WEATHER
Weather Extremes: Assessment of Impacts on Transport Systems and Hazards for European Regions

Deliverable 2:
Transport Sector Vulnerability

Annex 3
Vulnerability Assessment for
Road Transport

Status:

Public

Version:

1.1 (final draft)

Date:

11.3.2011

Authors:

Claus Doll, Niklas Sieber (Fraunhofer-ISI)

.
.
.

WEATHER D2 Annex 3 – Road Transport
th

Study funded under the 7 framework program
of the European Commission

2

WEATHER D2 Annex 3 – Road Transport

Document details
This document should be cited as:
Doll, C. and N. Sieber (2011): Vulnerability Assessment for Road Transport. Contribution to Deliverable 2:
Transport Sector Vulnerabilities within the research project WEATHER (Weather Extremes: Impacts on
th
Transport Systems and Hazards for European Regions) funded under the 7 framework program of the
European Commission. Project co-ordinator: Fraunhofer-ISI. Karlsruhe, 30.9.2010
Document title:

Status Report 1 covering the project phase November 2009 to September 2010

Lead author:

Claus Doll

Contributions:

Stefan Klug, Ina Partzsch (Fraunhofer), Riccardo Enei (ISIS), Norbert Sedlacek
(HERRY)

Version:

1.1 (final draft)

Date:

11.3.2011

Status:

Public

Quality review:
Accepted:

The WEATHER project:
Full title:

WEATHER – Weather Extremes: Impacts on Transport Systems and Hazards for European Regions.

Duration:

November 1 2009 to April 30 2012

Funding:

Call 2008-TPT-1, 7 framework program of the European Commission, Directorate General for Research and Technical Development

Contract:

Grant Agreement no. 233 783

Consortium:

Fraunhofer-Institute for Systems and Innovation Research (ISI), Karlsruhe – project coordinator
Fraunhofer-Institute for Transportation and Infrastructure Systems (IVI), Dresden,
Centre for Research and Technology Hellas (CERTH), Helenic Institute for Transport
(HIT), Thessaloniki
Société de Mathématiques Appliquées et de Sciences Humaines - International research
Center on Environment and Development (SMASH-CIRED), Paris
Karlsruhe Institute for Technology (KIT), Institute for Industrial Production (IIP), Karlsruhe
Institute of Studies for the Integration of Systems (ISIS), Rome
HERRY Consult GmbH, Vienna
Agenzia Regionale Prevenzione e Ambiente dell'Emilia Romagna (ARPA-ER), Servizio
Idro-Meteo-Clima (SIMC), Bologna
NEA Transport Research and Training, Zoetermeer

Internet:

www.weather-project.eu

Contact:

Dr. Claus Doll
Fraunhofer-Institute for Systems and Innovation Research (ISI),
Breslauer Str. 48, 76139 Karlsruhe, Germany,
T: +49 721 6809-354, E: claus.doll@isi.fraunhofer.de

st

th

th

3

WEATHER D2 Annex 3 – Road Transport

Content
1

2

3

Introduction ........................................................................................................ 10
1.1

Scope of the paper ............................................................................ 10

1.2

Contents of the paper ........................................................................ 11

Overview of International Literature ................................................................. 14
2.1

Overview of sources .......................................................................... 14

2.2

General overview on extreme weather impacts on the road
sector................................................................................................. 17

2.3

Impacts on road infrastructures.......................................................... 20

2.3.1

Damages to infrastructure assets....................................................... 20

2.3.2

Infrastructure management and operations ........................................ 26

2.4

oImpacts on transport services and fleet management ...................... 31

2.4.1

Vehicle assets.................................................................................... 31

2.4.2

Transport service operations.............................................................. 32

2.5

Impacts on users and society............................................................. 32

2.5.1

Safety issues ..................................................................................... 32

2.5.2

Congestion and delays ...................................................................... 39

Assessing Transport Sector and Media Data................................................... 44
3.1

The damage cost database................................................................ 44

3.2

Estimating the costs of damage records ............................................ 46

3.2.1

Assessing infrastructure damages ..................................................... 48

3.2.2

Assessing infrastructure operations ................................................... 52

3.2.3

Assessing vehicle damages ............................................................... 54

3.2.4

Assessing vehicle operations ............................................................. 55

3.2.5

Assessing user time costs ................................................................. 55

3.2.6

Assessing accident impacts on health and life ................................... 56

4

WEATHER D2 Annex 3 – Road Transport

4

5

6

3.3

Results of the damage cost database ................................................ 56

3.4

Generalising the incident database results......................................... 61

3.4.1

Methodology for generalising the incident database .......................... 61

3.4.2

Approach by cost elements ................................................................ 63

3.4.3

Vehicle assets and operations ........................................................... 64

3.4.4

User time and safety costs ................................................................. 65

3.4.5

Results and comments ...................................................................... 66

Alternative assessment by the Elasticity Model .............................................. 69
4.1

Definition of Extreme Events .............................................................. 69

4.2

Road damages caused by extreme winter conditions ........................ 70

4.3

Costs for snow removal and anti-icing ............................................... 72

4.4

Accidents caused by extreme weather ............................................... 73

4.4.1

Accidents cause by extreme precipitation .......................................... 73

4.4.2

Accidents caused by winter conditions ............................................... 74

4.4.3

Accidents caused by heat .................................................................. 75

4.4.4

Costs of accidents caused by extreme weather ................................. 75

4.5

Congestion and delays caused by extreme weather .......................... 76

4.5.1

Speed reduction due to winter conditions........................................... 76

4.5.2

Speed reduction due to precipitation .................................................. 77

4.5.3

Costs of delays caused by extreme weather ...................................... 78

4.6

Summary of costs caused by extreme weather .................................. 78

Harmonisation and Generalisation of Evidence .............................................. 80
5.1

The hybrid model for generalisation ................................................... 80

5.2

European damage costs 2010 ........................................................... 83

5.3

Outlook to 2050 and beyond .............................................................. 87

5.4

Intermodal issues............................................................................... 88

Final Remarks .................................................................................................... 89

5

WEATHER D2 Annex 3 – Road Transport

References ................................................................................................................ 90

6

WEATHER D2 Annex 3 – Road Transport

ndex of Tables
Table 1:

Classification of transport sector elements for assessment ........... 11

Table 2:

Examples for general impact patterns ........................................... 12

Table 3:

Classification of extreme weather event types .............................. 12

Table 4:

Weather Impacts on Roads, Traffic and the Driver/Vehicle ........... 19

Table 5:

Unit damages for roads and bridges (per km inundated) in
Queensland, Australia................................................................... 21

Table 6:

Damage Cost caused by Katrina on Bridges ................................. 22

Table 7:

Traffic damage indices for Canadian Conditions ........................... 23

Table 8:

Synthesis of literature findings on infrastructure assets ................. 24

Table 9:

Potential climate change impacts on the state highway
network in New Zealand ............................................................... 27

Table 10:

Snow and ice control measures in Finland .................................... 28

Table 11:

Synthesis of literature findings on infrastructure operations .......... 29

Table 12:

Synthesis of literature findings on vehicles assets ........................ 31

Table 13:

Synthesis of literature findings on service operations .................... 32

Table 14:

Synthesis of literature findings on safety ....................................... 37

Table 15:

Synthesis of literature findings on delays ...................................... 41

Table 16:

Weather events classification for road transport ............................ 45

Table 17:

Road incident database dimensions ............................................. 46

Table 18:

Synthesis of literature findings on delays ...................................... 47

Table 19:

Damage costs for Austrian motorways and express roads
(source: ASFINAG) ....................................................................... 49

Table 20:

Damage costs for Czech motorways and express roads
(source: ASFINAG) ....................................................................... 50

Table 21:

Evaluation principles for infrastructure assets ............................... 51

Table 22:

Standard cost values for road infrastructure .................................. 52

Table 23:

Regression results of German winter maintenance
expenditures ................................................................................. 53

7

WEATHER D2 Annex 3 – Road Transport

Table 24:

Evaluation principles for infrastructure assets ............................... 54

Table 25:

Vehicle damage cost values ......................................................... 54

Table 26:

Parameters for vehicle operating costs and delays ....................... 55

Table 27:

Parameters for safety costs .......................................................... 56

Table 28:

Aggregate results of the media cost model for road, 2005 2010 (1000 €) in current prices) .................................................... 57

Table 29:

Results of the media cost model by road sector, 2005 2010 (1000 €) in current prices) .................................................... 60

Table 30:

Country data for generalisation ..................................................... 62

Table 31:

Average costs for road infrastructures fromthe incident
database ....................................................................................... 64

Table 32:

Average costs for fleet operations from the incident
database ....................................................................................... 65

Table 33:

Average costs for transport users from the incident
database ....................................................................................... 66

Table 34: Incident database generalisation by climate regions ................................... 67
Table 35: Average number of extreme days in Europe 1960 -2010............................. 70
Table 36: Empirical evidence from the literature review .............................................. 71
Table 37: Estimation of Winter Maintenance Costs in Germany.................................. 72
Table 38: Increase of accident rates in Europe due to heavy rains ............................. 74
Table 39: Increase of accident rates in Europe due to extreme snow ......................... 75
Table 40: Speed reductions due to winter conditions .................................................. 77
Table 41: Speed reductions due to winter conditions .................................................. 77
Table 42: Costs of Extreme Weather in Europe .......................................................... 79
Table 43: Data availability for cost generalisation ....................................................... 80
Table 44: Detailed approach of the hybrid cost generalisation approach .................... 82
Table 45: Generalised costs of weather extremes for road transport by climate
regions .......................................................................................... 84

8

WEATHER D2 Annex 3 – Road Transport

Index of Figures
Figure 1:

Number of incidents by country reported in research
studies .......................................................................................... 16

Figure 2:

Number of incidents by transport sector element reported
in research studies ........................................................................ 17

Figure 3:

Relationships between climate and the built environment ............. 18

Figure 4:

Winter Maintenance Costs in Germany in Euro per
kilometre ....................................................................................... 29

Figure 5:

Weather-Related Crash Rates per Million Vehicle Miles
Travelled in the USA ..................................................................... 34

Figure 6:

German winter maintenance expenditures by road class
over snow days ............................................................................. 53

Figure 7:

Results of the incident cost database............................................ 58

Figure 8: Definition of large climate regions for Europe ............................................... 63
Figure 9: Frost and snow damage costs on road infrastructures in Europe ................. 71
Figure 10: Costs for snow removal and anti-icing during extreme days ....................... 73
Figure 11: Accident costs caused by extreme weather in Europe ............................... 76
Figure 12: Delays caused by extreme weather in Europe ........................................... 78
Figure 13: Costs of Extreme Weather in Europe ......................................................... 79
Figure 14: Generalised costs by sector element and weather category ...................... 85
Figure 15: Generalised costs by weather category and sector element ...................... 86
Figure 16: Generalised costs by climate region and category of extreme.................... 87

9

WEATHER D2 Annex 3 – Road Transport

1

Introduction

This paper forms an integral part of Deliverable 2 on transport sector vulnerability towards extreme weather events of the EC-funded research project WEATHER (Weather
Extremes: Impacts on Transport Systems and Hazards for European Regions) running
from November 2009 to April 2012. For details please refer to the project website at
www.weather-project.eu.

1.1

Scope of the paper

The paper covers available evidence on the impacts of weather extremes on road
transport in Europe. Road transport here is defined as passenger and freight transport
performed by individuals or companies on own account with own or directly hired vehicles. Included are all forms of individual passenger transport by cars and motorcycles,
bikes and walking, as well as freight transport including company-internal and commercial services.
Generally covered are inter-urban and urban roads throughout the European Union.
However, language and resource restrictions called for a concentration of the research
efforts on Western and Southern Europe and on some parts of Scandinavia and the
New Member States. Regions outside Europe are covered in a functional manner by a
international literature review for benchmarking purposes, but are not evaluated systematically.
On the transport sector level the WEATHER research distinguishes between classical
infrastructure-related transport sectors road, rail, waterborne and aviation, as well as
two inter-sectoral service types, namely urban public transport (UPT) and long-distance
intermodal services in combined freight transport (CT) and integrated road-rail aviation
services. Both intermodal sectors will be treated by separate papers with the following
concept:
UPT deals with urban and local regional rail and bus services, including the impacts
of weather extremes on passengers, safety and company operating costs. Further,
impacts on UPT-related rail infrastructures, including tramway and urban light rail
stations and tracks, bus stations, and underground facilities). General road infrastructure is fully covered by this paper.
Long-distance intermodal transport focuses on connection, transition and transhipment points. Infrastructure facilities mainly include freight terminals for transhipment
between rail, road and waterborne services, while infrastructures and services along
the single (uni-modal) elements along a combined transport chain are covered by
the respective contributions. The paper on combined (long-distance) transport to a
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large extends freight related impacts of weather extremes on the critical elements of
inter-modal chains.

1.2

Contents of the paper

The following two sections provide an overview of available evidence on weather inflicted impacts on the road transport sector. Section 2 reviews international literature
and discusses its relevance for European conditions, while Section 3 presents available quantitative data from statistics, media archives and from transport industries
(Section 3). The structure of the sections goes along the three major dimensions (each
of which is further subdivided by two categories), which had been identified within the
WEATHER General Assessment Framework (GAF).
Table 1:

Classification of transport sector elements for assessment

Basic Impact Category

Impact Sub-Categories

Infrastructures: costs to infrastructure
owners and managers, including the public
hand

Economic losses due to damages to infrastructure assets

Services and fleets: Impacts on vehicle
owners and service or fleet operators, private and public entities

Economic costs of physical damages to vehicles

Social impacts: effects on transport users
and the directly affected society

Safety impacts and their social costs

Additional infrastructure operating and servicing
costs

Additional costs due to servicing and fleet operations and management

Impacts on travel time, reliability and comfort of
passengers and freight forwarders

Source: Fraunhofer-ISI

Usually, a single type of impact on the transport sector, e. g. the physical destruction of
a bridge, will impose consequences on multiple transport system components. Table 2
shows some basic links between events and system component impacts. The entries
in the cells give guidance on the potential consequences of typical weather-inflicted
incidents on different system components by cost category.
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Table 2:

Examples for general impact patterns

Case / incident

Infrastructures

Vehicles / services

User

Investment

Operations

Investment

Operations

Time loss

Safety

Complete physical
destruction of assets

Reinvestment

Traffic
control

Accident at
incident

Driver
costs

Detouring

Casualties
at incident

Partial physical
damage of assets

Repair
investm.

Traffic
control

Increased
crash risk

Driver
costs

Reduced
capacity

Increased
crash risk

Fuel/driver
f. detouors

Time f.
detours

Risk on
detour

Driver
costs

Reduced
capacity

Increased
crash risk

Heating,
cooling,

Secondary
effect

Secondary
effect

Driver
costs

Reduced
speed

Increased
crash risk

Temporal closure of
infrastructure

Traffic
control

Temporal obstruction of infrastructure

Clearing,
tr. control

Direct damaging of
vehicles (hail, flood)

Increased
crash risk
Replacem.
/ repair

Impacts on vehicle
performance
Adverse driving
conditions
Source: Fraunhofer-ISI

Within these basic impact types, the assessment will identify the most relevant weather
categories and the related geographical regions in Europe. Out of the 11 weather extremes identified in the GAF, the paper will concentrate on four combined extreme
weather situations:
Table 3:

Classification of extreme weather event types

Combined event

Detailed event / component
Rainfalls

Heavy precipitation, floods
and mass movements

Floods / flash floods
Landslides / avalanches
Extratropical cyclones

Storms, storm surges and
combined events.

Storm surges
Hail and hail storms
Frost periods

Extreme winter conditions
including frost, ice and snow

Snow
Winter Storms
Heat periods

Heat periods, droughts and
wildfires

Droughts
Wild fires

Not considered

Extensive fog

Source: Fraunhofer-ISI
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Section 4 then provides a synthesis of the vulnerable elements in the European road
sector by region and weather phenomenon. The economic costs are finally estimated
for selected countries in Sections 5. Section 6 finally discusses options for the generalisation of the cost estimation results across Europe and over time. The concluding
Section 7 eventually summarises the results and lists further research demand.
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2

Overview of International Literature

In this section we review scientific studies, conference contributions and research papers as far as accessible in terms of language and access rights. Grey literature, i.e.
position papers and communications by associations and companies, are covered by
the subsequent section on media reviews.

2.1

Overview of sources

In the first paragraphs in turn we give a very brief overview of the main source without
going into detail on their approach and findings.
The review of international literature on the topic of impacts of extreme weather events
on transport leads to a substantial amount of publications, which are primarily issued in
North America and the Pacific area. With (Gardiner et al. 2008) for New Zealand, (TRB
2008) for the U.S. and (Lemmen, Warren 2004) for Canada, transport-specific national
inventories on the vulnerability of transport systems to climate change have been carried out. An overview of US literature on the topic by (Koetse, Rietveld 2009) reveals
that sea level rise and its consequences on the frequency and intensity of storm surges
currently receives the most attention. A particularly vulnerable element of surface
transport facilities are bridges. According to a review of damages by the hurricane
Katrina (Padgett et al. 2008), account for repair and replacement costs above $700
million, of which $550 million are attributable to two single assets near St. Louis.
(ICF 2007) calculates that up to 2% of roads, 1% rail tracks, 35% of seaports and 3%
of airports are at risk of regular inundation through storm surges in four east coast
states with a sea level rise of 59 cm. Similar computations for the Gulf coast region
even arrive at 64% of port infrastructures being affected by a 61cm sea level rise
(Savonis et al. 2008). This magnitude of seal level rise may be reached in 2100, according to the IPCC‟s fourth assessment report (IPCC 2007). While seaports appear to
be much more vulnerable to sea level rise and its consequences, than coastal road, rail
and airport facilities, (Gallivan et al. 2009) state that most US port authorities have not
even considered the problem they are facing in the future.
Even if infrastructures are not permanently damaged, adverse weather conditions impact their functionality in multiple ways. The coverage by water, snow or mud decreases capacity and travel speeds or even blocks the infrastructure temporarily. Extreme examples are the 1996 rainstorms in Chicago, preventing 46000 commuters to
enter the city (Koetse, Rietveld 2009). Similar patterns can be observed with many big
floods, winter storms and wild fires. Research on capacity issues of weather conditions
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has a long tradition. (Hanbali, Kuemmel 1993) for instance find s a capacity reduction
of up to 50% with 22 cm snow cover with winter storms and (Knapp et al. 2000) even
arrives at 80% at 92 maximum reduction volumes across 64 US winter storm events.
The findings on capacity effects, however, are very site and event specific, but it can be
concluded that they are considerable in magnitude.
Closely linked to capacity effects, but showing a far less clear outcome, are studies on
the accident consequences of extreme weather conditions. According to (National Research Council 2004), wet pavements and rainfall alone are responsible for about
1,8 million car crashes with 8600 death casualties and 820000 injuries. But most
analyses say, that due to considerable speed reductions under extreme conditions, the
number of severe accidents with death casualties and severe injuries decreases, compare (Goodwin 2002) and others. A salient research was done by Pisano, et al. (2007)
on U.S. highway crashes in adverse road weather conditions.
Even though the vast amount of research was conducted overseas, some research
was done in Europe, mainly the Netherlands: Stiers (2005) researches the general impacts of weather conditions on road traffic in the Netherlands, Sabir et al. (2008) research the welfare effects of adverse weather through speed changes in car commuting trips as well in the Netherlands, Hermans et al. (2005) analyse highway deaths in
the Netherlands, Bos (2001) observed the traffic impacts of storms on road transport as
well in this country. Chatterton, et al. (2010) analyse the costs of the summer 2007
floods in England, Hellman et al. (2010) develop an inspection and maintenance guide
for reducing vulnerability due to flooding of roads, Cypra (2006) describes the optimisation of winter maintenance in Germany and DVR (2000) observe the weather impacts
on traffic in general.
Also the European Commission has issued a White Paper on climate adaptation in the
EU in 2009 (EC 2009), but without addressing the transport sector. However, some
specific studies can be found on member state level, including (Saarelainen 2006) for
Finland, (Bengtsson, Tómasson 2008) for icelandic roads and (Lindgren et al. 2009) for
Swedish railways. In some of the larger EU Member States, including Germany,p
France and the UK, general adaptation programs are under way; however such attempts are missing for the southern and eastern part of the Union. Most notably studies
addressing Europe as a whole are missing, which may be due to the common assumption that climate change impacts for Europe are – in contrast to other world regions –
manageable (Hoffmann et al. 2009). Some European studies are following up the north
American and Pacific area studies, such as (Lindgren et al. 2009) for Swedish railways,
(Saarelainen 2006) for Finland and (Bengtsson, Tómasson 2008) for roads in Reykjavik. Furthermore, a number of national adaptation studies address transport as one of
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several sectors. Also European evidence on accident research confirms the increasing
crash rates with declining crash severities under adverse conditions (Bijleveld, Churchill 2009). Further studies on the topic are analysed in the following sub-sections.
These studies have well investigated the principal impacts that climate change and
extreme weather events may impose on transport infrastructure and on system operations. But due to the broadness of the transport sector, the uncertainty with local climate impacts and seldom occurrence of weather extremes the studies remain descriptive in nature. Nevertheless, we have extracted the quantitative information available in
these studies and have evaluated them by world region and by type of extreme.
As concerns the number of events, the vast majority of reports is available for North
America, which has, driven by the big catastrophes in the first half of this century, issued the first research programs in the impact of climate change on transport system.
In Europe, the high-level scientific tradition of Scandinavian countries shows up in series studies from this region (Figure 1).
Figure 1:

Number of incidents by country reported in research studies
70

Damage cases by extreme and country

60
12 Landslides

11 Avalanches

Number of cases reported

50

10 Floods
09 Wildfires
40

08 Storm surges
07 Storms

06 Drought

30

05 Snow
04 Rainfalls
20

03 Extensive Fog
02 Frost period
01 Heat period

10

0

1_CA

1_US

2_DE

2_FI

2_IS

2_NO

2_SE

2_UK

3_NZ

Source: Fraunhofer-ISI

Grouped by affected elements, damages to infrastructure assets and user operations
(delays) constitute the most reported incidents (Figure 2). Looking at the type of
weather extremes, rainfalls and (partly including local flooding) and storms (including
storm surges) appear to be the most relevant problem in road transport, measured by
the number of incidents.
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Figure 2:

Number of incidents by transport sector element reported in research studies
70
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60
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02 Frost period
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01 Heat period

0
01 Infrastructrure
assets

02 Infrastructure
operations

03 User assets

04 User operations

05 Safety

Source: Fraunhofer-ISI

2.2

General overview on extreme weather impacts on the
road sector

The influence of climate on various elements of the built environment is illustrated in
Figure 3. Climate is anticipated to change for natural or anthropogenic reasons. Climatic factors can be forecasted from model simulations, and a number of hazards are
the predicted consequences which again have their impacts on buildings, infrastructure, transport networks etc. This chapter will give an overview on impacts of climate
change on the road sector. Adaptation measures, depicted in the lowest row may be
defined as avoidance costs and are tackled in Deliverable 4 of the WEATHER project.
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Source: Saarelainen 2006

Figure 3:

Relationships between climate and the built environment

The US National Research Council (2008, p79ff) describes the impacts of climate
change on the road sector as follows: “Warming winter temperatures will bring about
reductions in snow and ice removal costs, lessen adverse environmental impacts from
the use of salt and chemicals on roads and bridges, extend the construction season,
and improve the mobility and safety of passenger and freight travel through reduced
winter hazards. Expected increases in temperature extremes, however, will have less
positive impacts. More freeze–thaw conditions may occur, creating frost heaves and
potholes on road and bridge surfaces and resulting in load restrictions on certain roads
to minimize the damage. With the expected earlier onset of seasonal warming, the period of springtime load restrictions may be reduced in some areas but is likely to expand in others with shorter winters but longer thaw seasons. Periods of excessive
summer heat are likely to increase wildfires, threatening communities and infrastructure
directly and bringing about road and rail closures in affected areas. Longer periods of
extreme heat may compromise pavement integrity (e. g., softening asphalt and increasing rutting from traffic); cause deformation of rail lines and derailments or, at a minimum, speed restrictions and cause thermal expansion of bridge joints, adversely affecting bridge operation and increasing maintenance costs…
The most immediate impact of more intense precipitation will be increased flooding of
coastal roads and rail lines… Low-lying bridge and tunnel entrances for roads, rail, and
rail transit will also be more susceptible to flooding, and thousands of culverts could be
undersized for flows. Engineers must be prepared to deal with the resulting erosion and
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subsidence of road bases and rail beds, as well as erosion and scouring of bridge supports. Interruption of road and rail traffic is likely to become more common with more
frequent flooding. When precipitation falls as rain rather than snow, it leads to immediate runoff and increases the risk of floods, landslides, slope failures, and consequent
damage to roadways, especially rural roadways in the winter and spring months.”
Table 4:

Weather Impacts on Roads, Traffic and the Driver/Vehicle

Weather Variables
Precipitation/
Rain

Road Impacts Traffic
• Visibility distance
• Road friction
• Road obstruction

Flow Impacts
• Road capacity
• Traffic speed
• Speed variance
• Time delay
• Crash risk

Driver/Vehicle Impacts
• Vehicle performance
(e. g. traction)
• Driver capabilities
• Driver behaviour

Thunderstorms/
Lightning

• Visibility distance
• Road friction
• Road obstruction
• Infrastructure damage
• Loss of power, e. g.
traffic signals

• Road capacity
• Traffic speed
• Time delay
• Crash risk

• Vehicle performance
(e. g. traction)
• Driver capabilities
• Driver behaviour

Cyclonic
Conditions
Floods

• Visibility distance
• Road friction
• Road obstruction
• Infrastructure damage
• Lane/road submersion
• Road buckling

• Road closures
• Travel delays
• Crash Risk

• Vehicle performance
(e. g. traction)
• Driver capabilities
• Driver behaviour

Wind Speed

• Visibility distance
(due to blowing dust
& debris)
• Lane obstruction

• Traffic speed
• Time delay
• Crash risk

• Vehicle performance
(e. g. traction)
• Driver capabilities
• Driver behaviour

Snow/Ice

• Visibility distance
• Road friction
• Road obstruction

• Traffic speed
• Time delay
• Crash risk

• Vehicle performance
(e. g. traction)
• Driver capabilities
• Driver behaviour

Fog

Visibility distance

• Traffic speed
• Speed variance
• Crash risk

• Driver behaviour

Temperature/
Humidity

• Road surface softening & rutting
• Road surface buckling
• Bleeding of asphalt

• Traffic speed
• Speed variance
• Time delay
• Crash Risk

• Vehicle performance
(e. g. traction)
• Vehicle damage
• Driver capabilities
• Driver behaviour

Source: Rowland, et al. 2007, p. 4f

19

WEATHER D2 Annex 3 – Road Transport

Since climatic conditions of USA are generally comparable to Europe, similar effects
will occur here as well. A systematic overview on the above described impacts of climate change hazards on road transport is given in Table 4. The impacts of different
weather situations are assessed for road traffic, on traffic flow and for drivers and vehicles.

2.3

Impacts on road infrastructures

2.3.1

Damages to infrastructure assets

Road infrastructure is a long-lived investment. Roads typically have design lives of 20
to 40 years and bridges of 100 years. An understanding of the expected impacts of
future climate change by road planners, designers and asset managers could engender considerable cost savings in the long term.
Climate change may cause damages on road infrastructures that may be expected
from, storms, heat and increase precipitation. Positive effects may be anticipated from
reduced winter conditions entailing less frost alteration to the infrastructures.
Norwell (2004) reveals that “rainfall changes can alter moisture balances and influence
pavement deterioration. In addition, temperature can affect the aging of bitumen resulting in an increase in embrittlement of the surface chip seals ... Embrittlement of the
bitumen causes the surface to crack, with a consequent loss of waterproofing of the
surface seal. The result is that surface water can enter the pavement causing potholing
and fairly rapid loss of surface condition. ... Changes in temperature and rainfall patterns can interact where higher temperatures increase cracking, which compounds the
effects of increased rainfall. … Flood heights and frequencies are important considerations for the location and design of roads and bridges. Sea level rise and increased
occurrence of storm surges will affect roads in coastal areas.
Doré et al. (2005) researched the damages caused by weather on arterial road in Canada and compared them to the impacts of traffic. Weather causes 23 - 69% of the
damage, depending on the pavement age. Similar research was done by Nix (2001)
who estimates the impact at 50 - 80% and Tighe (2002) 60 - 75%. Martin (2002) assesses the ratio at 35 - 45% in Australia. The Federal Highway Administration (1997)
estimates the weather impacts at 10 - 15% on US highways, while the effects on minor
roads are deemed to be higher. Sinha et al. (2001) find much higher impacts on US
roads (72%).
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Precipitation and floods
Chatterton et al. (2010) report about an exceptional rainfall in the summer of 2007
which “caused extensive flooding in parts of England, especially in South and East
Yorkshire, Worcestershire, Gloucestershire and Oxfordshire. The floods caused damage to roads and related infrastructure, requiring capital expenditure and rescheduled
extra maintenance. The closure of roads resulted in extra costs due to congestion, and
increased travel time and distances…. Estimated costs are about £191 million, about
half due to damage and half to traffic delays. .. Virtually all costs associated with damage to roads and related infrastructure such as bridges and culverts were incurred by
Local Government Authorities amounting to £85 million.
Another event happened 26 July 2008 in New Zealand, causing damages worth 5.3 m
NZ$ (3m Euro). The costs of repairing flood damaged roads on the Mt. BakerSnoqualmie National Forest, USA, between 1970-2003 amounted to $53,336,750 or
US$2,319,000 per flood (Doyle et al. 2008).
The Queensland Government (2002) estimates the damages by floods in Australia as
given in Table 5 including
initial repairs to roads
subsequent accelerated deterioration of roads (i.e. reduced pavement life)
initial repairs to bridges (based on one-third of road damages)
subsequent additional maintenance required by bridges.
Table 5:

Unit damages for roads and bridges (per km inundated) in Queensland, Australia

Source: Queensland Government (2002)
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Increasing precipitation causes a rise of groundwater levels (Saarelainen 2006) in
Finland. “Storm rains increase erosion of roadside slopes and bridge cones. The service level of roads is disturbed due to rising groundwater. The drainage ditches, bridge
openings and culverts do not let through large rains. The failure risk of railway tracks
and roads is increased with increasing rains and erosion by flooding. The denser occurrence of storms may cause new demands for port- and airport structures and communication networks based on aerial lines. “
Storms
The effects of strong winds are rarely researched. However, some evidence from the
hurricane Katrina in New Orleans 2005 might be used as exemplary evidence. The
overall cost to repair or replace the bridges damaged during the hurricane is estimated
at over $1 billion. Padgett et al. (2008) researched the damages on 44 bridges amounting to 600 m US$ (see Table 6). 11% of the bridges were entirely destroyed causing
93% of the costs. “All of the slightly damaged bridges had repair costs of less than
$10,000. These bridges were all movable bridges found in Louisiana that typically suffered slight damage to the operator house and to gates and signals, often as a result of
wind and rain. However, there is significant variation in the repair cost for bridges that
were in the extensive damage state, ranging from $25,000 to nearly $7.7 million. Many
of these bridges had repair costs between $1 million and $5 million and were typically
movable bridges. The repair costs, therefore, were highly dependent upon the level of
damage to and cost for repair of the submerged electrical and mechanical systems in
these movable bridges. The completely damaged bridge repair or replacement costs
ranged from $1.9–275 million, depending upon the size of the bridge, how many of the
spans were completely collapsed, and whether or not the bridge was salvageable or
required replacement.“
Table 6:
Damage

Damage Cost caused by Katrina on Bridges
No Bridges

Slight
9
Moderate
10
Extensive
20
Complete
5
Total
44
Source: Padgett et al. 2008

Share
20%
23%
45%
11%

Total Costs
m US$
0.03
7.10
37.87
584.40
629

Share

Per Bridge
000 US$
0%
1%
6%
93%

3
710
1,893
116,880
14,304

Winter conditions
Reduced frost damages to road infrastructures might compensate for the above effects. Milder climate, entailing less frosty nights will reduce the need to repair alter-
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nated roads and bridges. The amount may not be underestimated: The US Federal
Highway Administration (FHWA 2010) estimates the repair costs on its network caused
by snow and ice at 5 bn US$ annually. With an average of 81 frost days1, the damages
amount to 62 m US$ per frosty day.
Blair (2010) reports about “one of the most severe weather conditions” in Midlothian,
UK from December 2009 to January 2010 and March 2010. The total cost to return the
road network to its prior condition amount to £3.743m, which is 5,714 £ per kilometre.
Table 7:

Traffic damage indices for Canadian Conditions

Source: Doré et al. (2005)

Doré et al. (2005) research the impact of winter conditions on Canadian roads. The
traffic damage index (percentage attributed to road traffic) in frosty areas amounts to
61%, in no-frost areas 69%. Thus, 8% of the total road damages are due to temperatures below 0. Table 7 shows that this value increases up to 20% for highways in cold
and dry areas.

1

http://www.climatetemp.info/usa/.
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Table 8:
Event /
extreme

Synthesis of literature findings on infrastructure assets
Weather
event type

All weather

year

Description

Costs (range)

Study

Responsibility for road
damage by weather

23-69%.

Doré et al.
2005

Australia

35 - 45%.

Martin 2002

Canada

50 - 80%
60 - 75%

Nix 2001
Tighe 2002

USA

10 - 15%
72%

FHWA 1997
Sinha 2001

Major sealed roads

64 275 AUS
$/km

Minor sealed roads

20 160 Aus
$/km

Queensland
Government
2002

Unsealed roads

1 740 AUS
$/km

Immediate Response

864,800 NZ$

Permanent Repair

4,405,400
NZ$

26 JULY 2008
Storm Damage
Report, GHD
2008

10-Year Event

$400,000

FEMA 2008

50-Year Event

$4,000,000

100-Year Event

$7,000,000

Canada

impacts

Precipitation
and Floods

Country

Floods

Precipitation
and Floods

Floods

Precipitation
and Floods

Floods

Australia
Queensland

New Zealand

2008

Nebraska
USA

2008

Precipitation
and Floods

Floods

UK

2007

Economic costs of summer 2007 floods in England.

85 m UK£

Chatterton et
al. 2010

Precipitation
and Floods

Floods

USA

19702003

Costs of repairing flood
damaged roads on the
Mt. Baker-Snoqualmie
National Forest

Total:
$53,336,750
Cost per flood
US$2,319,000

Doyle et al.
2008

Precipitation
and Floods

Floods

Czech
Rep

2008

Damage with floods2002
and 2009 (k€/km):
road with bridge,
road with drainage:
road only
bridge

662 k€/km
310 k€/km
790 k€/km
914 k€/unit

Reconstruction
Tarmac
Gravel

40 €/sqm
8 €/sqm

Rehabilitation
Tarmac
Gravel

25 €/sqm
4 €/sqm

Value municipality

13% of com-

Precipitation
and Floods

Precipitation

Floods

Floods

D

German
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Herry 2010

Bronstert 2004

Reidenbach et
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Event /
extreme

Weather
event type

Country

and Floods
Storm

Storm
Landslides

municipalities

year

Description

Costs (range)

Study

bridges

munal road
network

al. 2008

Municipality Size, inhabitants
<200,000
50-200,000
< 50,000

Construction
costs roads
4mM €/km
3 m €/km
2 m €/km

Precipitation
and Floods
Storm

Floods
Storm
Landslides

USA

Construction Cost for a
Single Lane Mile

Average costs
US$2.3 m
Range:
US$1.0-8.5m

Washington
State Department of Transportation 2002

Precipitation
and Floods
Storm

Floods
Storm
Landslides

D

Construction Cost for
municipal roads
Residential Street
Bicycle Lane

€/sqm
60-100

Kommunale
Verwaltung
Sachsen
2008

Bridges2 damaged by
Katrina
Slight 20%
Moderate 23%
Extensive 45%
Complete 11%
93% of costs for complete damaged bridges

1000 US$ per
bridge

Storms

Hurricane
Katrina

USA

2005

40-60
25-40

Padgett et al.
2008

S: 3
M: 710
E: 1,893
C:116,880
All 14,304

Winter
conditions

Snow and
Ice

USA

Past

Repair infrastructure
damage caused by snow
and ice
81 frost days

5 bn US$ p.a.
or
62 m US$/
frosty day

FHWA 2010

Winter
conditions

Frost

D

2009/2
010

Extreme winter temperatures cause road additional costs

2.7 m€ for
City of
Schwerin

www.schwerinnews.de

Winter
conditions

Frost

Canada

Traffic damage index in
Frost areas 61%,in nofrost areas 69%.

8% of the
damage due
to frost

Doré et al.
2005

Winter
conditions

“one of the
most severe
weather
conditions”

UK,
Midlothian

Cost £3.743m to return
the road network to its
prior condition

Additional
costs 5,714
£/km road

Blair 2010

12/0901/10
and
03/10

Source: Fraunhofer-ISI

2

Mainly movable bridges!
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2.3.2

Infrastructure management and operations

The effects on infrastructure management and operations may be confined to:
Negative effects, caused by increase maintenance cost through storms,
high precipitation and heat
Positive effects through the reduced need for winter maintenance.
While the latter aspects are intensively discussed in the scientific literature, little economic quantifiable evidence for the first aspects may be found. Christensen (2008)
mentions the following effects:
1. Increasing max. temperature in surface layers: Less friction and more rutting
2. Increasing normal and maximum sea level: More frequent floods in low,
coastal areas
3. Increasing maximum wind speed: More frequent windfalls; damage of portal
signs.
Kinsella et al. (2006) collect evidence for New Zealand resumed in Table 9. In summary, the assessment showed that
current asset management practice is generally adequate to manage climate change impacts for most of the network; but
bridges and culverts with an intended design life of over 25 years may require case-by-case consideration to ensure protection from climate change
risks.
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Table 9:

Potential climate change impacts on the state highway network in
New Zealand

Source: Kinsella et al. (2006), p. 6

More economic evidence may be found for winter maintenance. Norway spends
roughly 30% of its maintenance budget for winter maintenance, Slovenia reports a
share of 50%, while in Switzerland these costs can amount to 15% - 25% of total annual maintenance costs (PIARC 2010).
Carter et al. (2003) describe that in Finland “frost protection will still be needed under a
warming climate in the future as it is today, but the risk of frost damage may be lower at
a given level of protection. . For the winter maintenance of roads, an increase in friction
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control would require more salting. On the other hand, to reduce pollution, salt use
should be minimised. Future winter precipitation is projected to increase, but mean
summer rainfall may even decrease, although maximum precipitation events are likely
to become more intense.” Table 10 gives an overview of the winter maintenance costs
in Finland according to road types.
Table 10:

Snow and ice control measures in Finland

Road Type

Length
km
3,025
3,881
10,250
20,018
41,014
5,400

Is
I
Ib
II
III
K1, K2 (bicycle)

Cost
m Euro
12
10
21
18
28
4

Cost/km
Euro/km
3,967
2,577
2,049
899
683
741

Description
salted, bare
partially bare
Mainly snow covered

Source: PIARC 2010, p. 86

A detailed costing of winter maintenance works on German federal roads is given in
Figure 4. The costs range between 2000 and 10,000 Euro per kilometre on highways.
Average cost amount to 5,000 €/km on motorways and 1,300 €/km on 2 land highways.
A regression with over the number of snow days is given in Section 0. For motorways
the results show fixed annual costs of €4251 per km and variable costs per snow day
of €99. In total 28% of winter maintenance costs for motorways are directly attributable
to winter weather (compare Figure 6 and Table 23).
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Figure 4:

Winter Maintenance Costs in Germany in Euro per kilometre

Source: PIARC Technical Committee 2010, p.107

More evidence on winter maintenance costs is listed in Table 11.
Table 11:

Synthesis of literature findings on infrastructure operations

Event /
extreme

Weather
event type

Country

year

Description

Costs (range)

Study

All climate
change
impacts in
New
Zealand

Sea level
rise, temperature
increase,
water availability, varying rainfall,
flooding of
low-lying
areas, storm
surges,
winds

New Zealand

2080

„Do Nothing‟
option:
costs of maintenance for
bridges and
culverts could
increase by a
factor of two

711 m NZ$

Kinsella,.
et al. 2006

„Total Retrofit‟
option Protect
the bridge and
culvert asset
from damage
and loss arising
from climate
change impacts.

295 m NZ$
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Event /
extreme

Weather
event type

Country

year

Description

Costs (range)

„Future Design‟
option:
Design all new
bridges and
culverts to accommodate
climate change

Approx. 700
mNZ$

Study

Winter
conditions

Winter road
maintenance

USA

2010

Winter road
maintenance
accounts for
roughly 20 % of
state DOT maintenance budgets.

Maintenance
2.3 bn US$
p.a.

FHWA
2010

Winter
conditions

Winter maintenance

Belgium

20032008

The annual cost
of winter maintenance

Average 0.25
€/sqm
Range:
0.15 to 0.75
€/sqm

PIARC
Technical
Committee
2010

Winter
conditions

Winter maintenance

Finland

2009

Costs per km for
winter maintenance in Euro
per km per road
type.

Is 3,967
I 2,577
Ib 2,049
II 899
III 683
K 741

PIARC
Technical
Committee
2010, p.
86

Winter
conditions

Winter maintenance

Germany

19882008

Spending during
one winter period on motorways and highways

Motorways
5,000 €/ km
Highways
1,300 €/ km.

PIARC
Technical
Committee
2010,
p.107

Winter
conditions

Winter maintenance

Norway

The cost connected to winter
maintenance

Roughly 30%
of the maintenance budget
for the country.

PIARC
Technical
Committee
2010,
p.160

Winter
conditions

Winter maintenance

Slovenia

For some years
now, the costs
of winter maintenance for
state roads
have been rising

Approximately
50% of the
total maintenance costs.

PIARC
Technical
Committee
2010

Winter
conditions

Winter maintenance

Switzerland

Winter maintenance costs can
15% - 25% of
total annual
operating costs.

Own calculation:
5.0-8.3 m
CHF p.a.

PIARC
Technical
Committee
2010

Source: Fraunhofer-ISI
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2.4

oImpacts on transport services and fleet management

2.4.1

Vehicle assets

The literature on weather impacts on vehicle assets is scarce. Some evidence may be
found about hail storms.
On April 14, 1999, a supercell thunderstorm developed south of the New South Wales
capital city of Sydney, Australia. As the storm moved through the densely populated
eastern part of the city, lightning, high winds, heavy rain, and large hailstones were
observed. According to Emergency Management Australia, the winds, rains, and in
particular, the large hail associated with storm damaged 24,000 homes and 70,000
automobiles along its path. At the time of the 1999 Sydney Hail storm, the insured loss
totalled AUD$1.7 billion (US$1.04 billion), and this cost remains the largest absolute
insured loss in Australian history.
The damage costs for hail on cars may be considerable. Cars receive 30-400 dents
during a hail storm. Insurances prefer a method to mechanically buckling the dents
without destroying the varnish of the car. The costs in Europe amount to 40-70€ per
dent. Thus minimum costs amount to 1200 Euro. Maximum costs are confined by the
replacement value of the car. The insurance costs for hail damages in the USA amount
to 2000 - 3000 US$.
Table 12:

Synthesis of literature findings on vehicles assets

Event /
extreme

Weather
event
type

Country

year

Description

Costs
(range)

Study

Precipitation
and Floods

Floods

UK

2007

90 m UK£

Chatterton et
al. 2010

Heat and
Droughts

Heat
periods

D

2010

Heat and
Droughts

Heat
periods

Heat and
Droughts

Heat
periods

Economic costs of
summer 2007 floods
in England.
Air Condition for cars
BMW - 1 -120i Coupe
FORD Focus Turnier
1.6
RENAULT - Clio
Air condition increase
fuel consumption of
private cars
Additional fuel consumption through air
conditions [l/100km]

Storms

Hail and
hail
storms
Source: Fraunhofer-ISI

USA

Average auto claim
for hail damage averages

31

€ 980
€300
€850

Schwacke
Liste

10-15%

Kågeson 2005

Motorway:
0.4-1.2
Urban:
2.0–4.5
$2000
$3000.

ADAC 2006

www.insuranc
e.com
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Another effect of climate change will be the increased usage of air conditioning systems in the cars. The additional costs for these appliances range between 300 and
1000 Euro. Another effect of air conditioning systems is the increase fuel consumption.
Kågeson (2005) reveals that “the direct effect on fuel consumption of using an airconditioner, for instance, is between 10 and 15 per cent.” The German Automobile
Club ADAC (2006) resumes higher consumption rates of 0,4–1,2 l/100 km on motorways and 2,0–4,5 l/100 km in urban traffic.

2.4.2

Transport service operations

According to a US study (check source, cited in ZEIT, 18.3.20103) the additional costs
for shock absorbers and other mechanical parts at passenger cars when constantly
driving on bad condition roads amount up to €500 per year.
Table 13:
Event /
extreme

Synthesis of literature findings on service operations
Weather
event type

Country

year

USA

Bad
weather

Description

Costs
(range)

Study

Loss of trucking of an
estimated 32.6 bn vehicle hours due to
weather-related congestion in the nation‟s 281
largest metropolitan
areas.

$2 billion
to $3 bn
US$

Mitretek
Systems
(2002)

Source: Fraunhofer-ISI

2.5

Impacts on users and society

2.5.1

Safety issues

According to Bijleveld, et al. (2009), weather conditions are believed to influence various aspects that can affect road safety:
1. The decision whether or not to travel
2. The choice of transport mode
3. Visibility of the road and other road users (for instance reflection of the
sunlight by the wet road surface)
3

http://www.zeit.de/2010/12/Strassenschaeden?page=1.
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4. Vehicle contact with the road (ability to brake and control the vehicle)
5. Behavioural changes such as more cautious driving.
In the event of extreme weather conditions it has been reported that drivers are more
likely to postpone or cancel road trips until the extreme conditions have passed. Several overseas studies found that traffic volumes decline during winter storms (Hanbali,
1994; Knapp, 2000; McBride et al., 1977; Nixon, 1998). Reduced traffic volumes during
inclement weather may be due to a number of reasons, including drivers diverting trips
to other modes or other paths, drivers cancelling trips, and drivers taking trips at other
times, before or after storms, etc (Maze et al., 2006). Research indicates that travel
levels are typically reduced during inclement weather conditions, with only minor
changes during light rain but with reductions of 20 percent or more during heavy precipitation. However, it is reasonable to infer that much of the observed change in volume is due to lower travel speeds rather than to trip rescheduling (Udrau & Andrey,
2006); indeed driver surveys confirm that trip cancellation is rare except in extreme
weather, such as freezing rain (Andrey & Knapper, 2003).
Pisano (2007) researches the impact of different weather conditions of accident risk in
the USA. He concludes that “in terms of crash frequency, rate, and severity; wet
weather is far more dangerous than winter weather. Most weather-related crashes
happen during rainfall and on wet pavement. This may be explained by exposure and
driver behavior. Rain occurs year-round in every part of the country, while snow and ice
are limited to one season and a portion of the country. Drivers reduce speed slightly on
wet pavement. During rainfall, people drive more cautiously and reduce speed further.
Drivers travel much slower when faced with winter weather, and many cancel trips resulting in lower traffic volumes. Weather-related crashes have significant impacts on
roadway mobility and the economy.” Figure 5 depicts accident rates in the USA under
different weather conditions.
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Figure 5:

Weather-Related Crash Rates per Million Vehicle Miles Travelled in
the USA

Source: Pisano (2007)

Precipitation
Research has shown that motorists adjust their road behaviour during showers. They
overtake less, drive slower, and increase their following distance. However, the risk of
a crash during rain is still greater than in dry weather. The changes in driving behaviour
are, apparently, insufficient to compensate for the greater risk during bad weather.
Road users can have problems with reduced visibility during periods of precipitation.
This can be reduced to approximately 50 meters during heavy rain or snow, and in
thick fog. Splashing water, particularly from lorries, can interfere considerably with the
visibility of other motor vehicle drivers. Clouded windows and windscreens as a result
of high humidity during rain can also reduce visibility. Furthermore, blinding can occur
at night because the headlights of oncoming vehicles reflect in the water on the road
surface.
The more rain, snow, or hail falls, the less the friction of the road surface. Rain can lead
to dynamic aquaplaning. A layer of water on the road surface can cause the vehicle to
lose contact with the road surface and to skid. The chance of aquaplaning depends on
the skidding resistance of the road, but of course also on the vehicle's speed and tyre
tread depths. When it has been dry for a long time, a drizzle can lead to viscous aqua-
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planing if drops of oil and dust, together with water, produce a thin liquid film on the
road surface. When the rain gets heavier, the chance of viscous aquaplaning lessens
because the road surface is swept clean.
Hermans et al. (2005) study road safety on highways in Belgium. The “study concludes
that the monthly number of days with precipitation influences both highway accident
and fatal risk. The signs tell us that a higher monthly percentage of days with precipitation causes for a given exposure, more accidents but less fatal accidents. A slippery
surface, lower visibility, the treacherous feeling of getting used to constant rainy
weather and need for more concentration are possible reasons for the higher accident
risk. The „negative‟ impact on fatal risk can partly be explained by a lower average
speed in wet conditions and consequently less serious accidents”. These results are in
line with Eisenberg (2005) in the USA who found that compared to fatal crash rates,
non-fatal crash rates are increased more by a given amount of precipitation.
During rains an increase in the number of accidents of between 25% and 182% on
Dutch national state roads was observed by Stiers (2005). According to Smith, (1982)
road crashes in Glasgow increase by 20% during rains. Crash rates on motorways are
5 times higher and on non-motorways 2.5 times higher (Thoma 1993). At night these
rates increase by 11 respectively 6.
Hermans et al. (no date) investigate the impact of several weather conditions on the
hourly number of crashes in the Netherlands in 2002. Ten extra minutes of precipitation
increases the number of crashes by 6.5% on average. Of all overall categorical
weather indicators, presence of precipitation has the most significant impact.
BOS (2001) made a research in the Netherlands which gives “clear indications that
precipitation and temperature are the most important factors, when examining the relationship of weather and road safety in both summer and winter. A great amount of precipitation, as either rain or snow, generally accompanies a higher victim rate for all
modes of transport, and a smaller exposure, especially for cyclists.
Karlaftis et al. (2010) researched the impacts of weather in Athens, Greece and find out
“that the most consistently significant and influential variable is mean daily precipitation
height... It is found that, contrary to much previous research, increases in rainfall reduce the total number of accidents and fatalities as well as the pedestrian accidents
and fatalities, a finding that may be attributed to the safety offset hypothesis resulting
from more cautious and less speedy driver behaviour.
The above evidence is supported by recent research in Europe (SWOV Fact Sheet
2009): “Based on literature, we can assume that the crash rate approximately doubles
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during rain. Snow seems to lower the crash rate because it makes people drive more
carefully and there probably are fewer vulnerable road users on the road. According to
the authors, the reduction in crashes was due to adapted driving behaviour and, in addition, possibly by an improved night-time visibility when there is snow on the road,
fewer novice drivers, and finally the limiting effect of vehicles that had skidded off the
road to the roadside.
Research in the USA corroborates these findings: Satterthwaite 1976, Brodsky,
Hakkert 1988, FHWA 2010, Pisano et al. 2007.
Winter conditions
Fridstrøm (1995) found decreasing accident rates during snow in Scandinavia. This
research concludes that in case of snowfall and frost drivers may be under the risk
compensation hypothesis and adjust their driving habits so as to more or less offset the
increased hazard due to slippery road surfaces.
However, these findings are not confirmed by many other researchers. Hermans et al.
(2005) research accident risk on highways in Belgium and conclude that “a reduced
exposure during winter conditions could not be concluded from the study”. Stiers
(2005) reveals that ice on Dutch National State Roads increases the number of accidents of between 77% and 245%. These findings are confirmed through research in
the USA by Knapp et al. (2000), Qiu (2007), Perry, et al. (1991) and Maze et al. (2005).
Storms
Gusts of wind can push relatively high vehicles such as busses, delivery vans, camper
vans, caravans, and lorries off course and, under extreme conditions, can even cause
them to roll over. This happens mainly on bridges and viaducts. Objects carried by the
wind, fallen trees, and broken-off branches can also cause traffic disturbance. Pedestrians and two-wheelers can be troubled by strong gusts of wind and therefore disturb
other traffic. Accordingly, Hermans et al. (no date) observed that an increase in maximum wind gust in the Netherlands causes an increase in the number of crashes. Unfortunately, the authors do not quantify their findings.
Heat
Evidence linking high temperatures to road crashes is sparse. High temperatures have
especially a psychological and/or physiological effect on a driver. According to a German study by DVR (2000), emotions rise with the temperature, people are more irritable to others, they get tired, lose their concentration, and their reaction time gets
slower. The study found out that with increasing heat above 27° the average accident
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rates in urban areas increases by 11%, with 32° by 22%. In rural areas the increase is
much lower. Here extreme heat above 37° increases accident rates by 18%.
Table 14:
Event /
extreme

Synthesis of literature findings on safety
Weather
event type

Country

General
Bad
weather
conditions

Canada

All bad
weather
conditions

Canada

year

2001

Description

Costs
(range)

Study

7 percent of all injury collisions
are attributable to weather

Damage
costs 400
m CAN$

Andrey et al.
2001

7 percent of all injury collisions
are attributable to weather

Health
costs
$700 m
CAN$

Andrey et al.
200:

Precipitation
and
Floods

Rain

Canada

Crash risk during rainfall was 70 % higher
70% higher

Andrey et al.
1993

Precipitation
and
Floods

Rain

USA

On very wet days crash frequency was
twice the rate on dry days.
2x

Satterthwaite
1976

Precipitation
and
Floods

Rain

USA
Israel

Injury crash risk was two to three times
higher than in dry conditions.

Brodsky,
Hakkert
1988

Precipitation
and
Floods

Rain

NL

Dutch national state roads increase in the
number of accidents of between 25% and
182%

Stiers, 2005

Precipitation
and
Floods

Rain

UK

Road crashes in Glasgow : 20% increase

Smith, 1982

Precipitation
and
Floods

Rain

CH

Crash rate
Non-motorways: 2.5 times higher
Motorways 5 times higher
At night:
Non Motorways 6 x
Motorways 11 x

Thoma,
1993

Precipitation
and
Floods

Heavy rains

USA

2010

Heavy rain in the Chicago metro area create
rain-slick streets and highways causing
three times the number of accidents than
occur in light rain conditions. They also
cause a 25% increase in the number of
fatalities.

FHWA 2010

Precipitation
and
Floods

Wet Pavement

USA

1995
to
2005

Weather-Related Crash Rates
per Million Vehicle Miles Travelled

Pisano et al.
2007

Rain
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Event /
extreme

Weather
event type

Winter
Conditions

Snowy/Slush
y/Icy Pavement

Country

year

Description

Costs
(range)

See Figure 5

0.10-0.20

Study

0.05-0.10

Snow/Sleet
Winter
Conditions

Snowy days

USA

1991

Total injuries and fatalities increased by 25
%; the rate of injuries and fatalities increased by 100 %

Perry, et al.
1991

Winter
Conditions

Severe snow
storms

USA

19951998

Crash rate of 5.86 mvkm compared to a
non-storm crash rate of 0.41 mvkm
No costs

Knapp, et al.
2000

Winter
Conditions

Snow

USA

2007

Crash rate increase by 84%; Injury rate by
increase 75%

Qiu 2007

Winter
Conditions

Winter storm

USA

20002003

Road crashes (roads closed) 7 to 27 times
more frequently

Maze et al.
2005

Winter
Conditions

Ice on road

NL

Dutch national state roads increase in the
number of accidents of between 77% and
245%

Stiers, 2005

Winter
Conditions

Snow

Scan
dinavia

Number of crashes decreased by 1.2%

Fridstrøm et
al. 1995

Heat and
droughts

Hot days

D

DVR 2000

Precipitation
and
Floods

Rain

NL

2009

Heat and
droughts

Hot and dry
days

NL

2009

Accident rates in urban areas:
27°=> +11%
32° => +22%
Non-urban areas:
lower impact
37° => +18%
No of casualties
MC: -0.06864
Car: 0.11613
Other modes none
No evidence for fatalities
No of casualties
Bicycle: 0.25938
MC: 0.43982
No of fatalities
Bicycle: 0.12419
MC: 0.19384
No of casualties
Bicycle: 0.17960
MC: 0.34062
No of fatalities
Bicycle: 0.17960
MC: 0.34062
No of casualties
MC: 0.24532
No of fatalities
MC: 0.12561

Winter
Conditions

Cold and dry
days

NL

2009

Winter
Conditions

Cold and wet
day

NL

2009

Source: Fraunhofer-ISI
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BOS (2001) made a research in the Netherlands and conclude that a warm summer is
accompanied by a higher victim rate for car occupants. Hermans et al. (no date) corroborate these findings: “Global radiation and sunshine duration both had a significant
negative impact on road safety.” This holds as well true for hot cities, such as Athens
(Karlaftis et al. 2010), where “temperature increase was found to lead to increased accidents”.

2.5.2

Congestion and delays

Research on the impacts of bad weather conditions on road congestion and delays has
been intensively done in the USA, while little evidence may be found in Europe.
Precipitation and floods
The US Federal Highway Administration concludes the results on its website4 as follows: “Rain causes wet pavement, which reduces vehicle traction and maneuverability.
Heavy rain also reduces visibility distance. These impacts prompt drivers to travel at
lower speeds causing reduced roadway capacity and increased delay. Speed reductions on arterial routes range from 10 to 25 percent on wet pavement. Light rain reduces freeway speed by 2 to 13 percent. Freeway speeds fall by 3 to 17 percent in
heavy rain. Rain and wet pavement increase crash risk as well.”
Although the average effect of rain appears to be small, rain does have a strong negative effect on trip speed during rush hours in congested areas. The welfare effect of
rain for these trips ranges between 10 to 15 percent of total commuting costs and
amounts to at least 88 eurocent per commuting trip.”
Floods may have strong economic impacts due to larger detours made, as the analysis
by Chatterton et al. (2010) shows. The 2007 UK summer floods, mentioned already
above, caused detours and delay that amounted to 22-174 m UK£.
Winter Conditions
According to the US Federal Highway Administration reduce snow and ice “pavement
friction and vehicle maneuverability, causing slower speeds, reduced roadway capacity, and increased crash risk. Average arterial speeds decline by 30 to 40 on snowy or
slushy pavement. Freeway speeds are reduced by 3 to 13 percent in light snow and by
5 to 40 percent in heavy snow”

4

http://ops.fhwa.dot.gov/Weather/q1_roadimpact.htm, retrieved on Dec. 2010.
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Research in Europe observes reduced traffic speeds by 7% in the Netherlands
(Muhammad et al. (2008) and capacity reduction by 10%-60% during snowfall in Germany.
Storms
High winds reduce roadway capacity by obstructing lanes or roads with drifting snow
and wind-blown debris, such as tree limbs. Wind-blown snow, dust and smoke can
impact mobility by reducing visibility distance. High winds can also impact the stability
of vehicles, particularly high-profile vehicles.
The results of the research are listed below in Table 15. Sabir et al. (2008) resume
their research findings for the Netherlands as follows: “The estimates show that wind
strength negatively affects the speed of car commuting trips. Compared to normal wind
conditions, strong winds reduce traffic speed by about 3 percent on average. Snow has
a more substantial negative effect of around 7 percent. We are not able to identify any
effect of c. Hence, although there appear to be negative welfare consequences of adverse weather conditions, in general the welfare costs are close to negligible except for
snow.
Heat
Sabir et al. (2008) researched as well the effects of heat on traffic flow in the Netherlands, but found no significant effects.
However, the question remains, if the above assessment really reflects the costs
caused by infrastructure disruption. Lenz (2008) poses a number of questions related
to the long-term consequences of reduced accessibility:
Reduced usage of public services through individuals
Long term impacts on the economy
Possible supply shortages for industry and population
Rising transport costs
Transport activities more difficult to schedule
Regional loss of attractiveness.
These costs cannot be assessed in this study.
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Table 15:
Event /
extreme

Synthesis of literature findings on delays
Weather
event type

Country

year

Description

Costs
(range)

Study

Adverse
Weather
Conditions

Switzerl
and/

2009

Scenario: two week closure of Gotthard road
tunnel

5.1 m
CHF

Maggi, R.
(2009):

Adverse
weather
conditions

USA

2002

Flow rates are 6-30%
lower

Goodwin
2002

Extreme
Weather
conditions

USA

2002

Travel time up to 50%

Goodwin
2002

Goodwin
2002

Italy

Adverse
weather
conditions

Precipitation, high
winds, low
visibility, or
slick
pavement

USA

2002

Time delay 12%

Precipitation
and
Floods

Floods

UK

2007

Economic costs of summer 2007 floods in England.

Precipitation
and
floods

Rain

NL

Precipitation
and
Floods

Wet pavement

USA

Precipitation
and
Floods

Wet pavement

Precipitation
and
Floods

22-174
m UK£

Chatterton
et al. 2010

Little general impact with
exception of rush hours in
congested areas.

Sabir et al.
2008

2010

Speed reductions on
arterial routes range from
10 to 25 %. Light rain
reduces freeway speed by
2 to 13 %. Freeway
speeds fall by 3 to 17 % in
heavy rain.

FHWA 2010

USA

2002

Travel time delay 11%

Goodwin
2002

Rain

USA

2000

Flow reduction 6%

Martin et al.
(2000)

Precipitation
and
Floods

Floods

UK

2007

Economic costs of summer 2007 floods in England.

Precipitation
and
Floods

Light and
heavy rain

USA,
Hawaii

2003

The average capacity
reduction is 8.4 % in light
rain and 20.0 % in heavy
rain.

Precipitation

Light
Rain/Snow

USA

Freeway Weather Traffic
Flow Reductions
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22-174
m UK£

Chatterton
et al. 2010

Prevedouros
2003

5% 10%

Pisano et al.
2007
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Event /
extreme

Weather
event type

Country

year

Description

Costs
(range)

Study

and
floods

Heavy
Rain

Precipitation
and
Floods

Rain (more
than 0.25
inch/hour),

Winter
Conditions

Snow
(more than
0.5
inch/hour)

Winter
Conditions

Snow

NL

Traffic Speed -7 %.

Winter
Conditions

Heavy
Snow

USA

Freeway Weather Traffic
Flow Reductions

Winter
Conditions

Snow

D

2003

Capacity reduction on
motorway during snowfall
Ulm-Dornstadt
Rüsselsheim
Alsfeld

Winter
Conditions

Wet &
Snowing

USA

2000

Flow reduction 11%

Martin et al.
(2000)

Winter
Conditions

Wheel
Path Slush

USA

2000

Flow reduction 18%

Martin et al.
(2000)

Winter
Conditions

Snowy &
Sticking

USA

2000

Flow reduction 20%

Martin et al.
(2000)

Winter
Conditions

Winter
Storm

Iowa,
USA

2000

Volume reduction:
Average 29%
Range 16 to 47%

Knapp, et al.
2000

Winter
Conditions

Winter
Storm

USA

1993

Reductions of the traffic
volume 7 to 56%

Hanbali et
al. 1993

Winter
Conditions

Snowy or
slushy
pavement

USA

2010

Average arterial speeds
decline by 30 to 40 %.
Freeway speeds are reduced by 3 to 13 percent
in light snow and by 5 to
40 percent in heavy snow.

FHWA 2010

Winter
Conditions

Snowfall

Canada

19901998

Collision risk increased by
more than 100 % for rain
and approximately 50 %
for winter precipitation
events. Injury risk was
also elevated, but to a
lesser extent. I

Andrey 2003

Winter
Condi-

Winter
storm

USA

20002003

Traffic volume reductions
(roads closed)

Maze et al.
2005

14%
USA

2006

Capacity reductions of 10
to 17 %,
Speed reductions of 4 to 7
%.

Agarwal, et
al. 2006

Capacity reductions of 19
to 27 percent,
Speed reductions 11 to 15
%
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Sabir et al.
2008
30%44%
10-60%
25%
35-40%

Pisano et al.
2007
Cypra 2006
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Event /
extreme

Weather
event type

Country

year

Description

Costs
(range)

Study

Storm

Strong
winds >6
bft,

NL

Strong winds reduce traffic speed by about 3 percent on average

Sabir et al.
2008

Heat and
droughts

Heat

NL

No effects of temperature
observed

Sabir et al.
2008

70-80%

tions

Source: Fraunhofer-ISI
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3

Assessing Transport Sector and Media Data

In this section we zoom deeper into the road sector by reporting on publicly available
data sources and on data and other information directly provided to the project team by
operators and authorities. The section order remains the same as in the previous chapter, i.e. starts from the transport sector elements affected and then assesses the impacts of the four major categories of weather extremes by going along the available
data sources.

3.1

The damage cost database

The vast majority of European trunk and urban road networks and a considerable
share of motorways is under public administration. Here, official accounts of damage
and incident causes are not systematically recorded or are hardly accessible. For this
reason we have conducted a review of press and transport sector publications in selected countries to get an overview of the structure of weather-related incidents on the
European road network. In conjunction with the evidence from literature (Section 2) and
further data sources, the media review shall help establishing a sufficiently large data
set for the economic assessment of entrepreneurial and social costs of extreme
weather events to infrastructure providers, transport operators, users and society.
Media reviews were conducted for Germany, Austria, Switzerland, the Czech Republic,
Italy and the UK. In general the online archives from 2001 to date of relevant supraregional newspapers and magazines have been checked. But the density and the time
span of reviews conducted differs between countries.
The reports have been categorized manually according to:
Weather event type, start date and duration
Country and region / NUTS-Code
Transport mode and infrastructure category affected
Impact description and (if available) costs reported
Standardized event type, severity and duration.
To carry out a standardized economic assessment on the media data records were
duplicated whenever different modes or several basic incidents (e. g. infrastructure
damages and accidents) were contained in a single source record. By this procedure
each incident represents a standard incident with default cost values for the six cost
categories:
Damages to infrastructure assets
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Increased infrastructure operating costs
Damages to vehicle property, including material damages due to accidents
Increased vehicle operating and transport service costs
Additional user time losses
External safety costs for human health or life.
In the media reports database the standard incidents could be scaled according to
Number and dimension (road-km) of the incident
Duration of the incident for users and / or infrastructure management and
general severity (affected network density, etc.).
The categorization of weather events considers two stages: A detailed classification
into 17 classes of primary and consequent events and an aggregated classification by
four basic weather phenomena (summer heat, winter conditions, rain and floods, and
storms). The event classes are listed in Table 16.
Table 16:
Category
Temperature
Precipitation

Wind

Atmospheric
Consequent events

Weather events classification for road transport
Extremes
Code
11
12
21
22
23
24
31
32
33
34
41
42
51
52
53
54
55

Event Category
Type
Heat
Cold
Rainfall
Snow
Hail
Drought
Storm
Storm surge
Rain storm
Snow storm
Fog
Ash cloud
Wild fire
Flood
Flash flood
Landslide
Avalanche

4
4
3
1
3
1
4
2
2
2
3
3
4
4
1
1
1

Heat+Drought
Ice+Snow
Rain+Flood
Ice+Snow
Rain+Flood
Heat+Drought
Storm
Storm
Storm
Storm
Other
Other
Heat+Drought
Rain+Flood
Rain+Flood
Rain+Flood
Rain+Flood

Source: Fraunhofer-ISI

In its current state the database contains 947 single entries (incidents) for Germany,
Austria, Switzerland, the Czech Republic, Italy, the UK and Ireland. The vast majority of
incident reports is estimated from media reports, but also contains damage records
provided from national authorities. Table 17 provides an overview of the number of
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records by course event type, country and year. Naturally, the second half of the current decade is represented best by the media reports.
Table 17:
Event /
Country
Flood
AT
DE
CH
CZ
UK
Heat
DE
Storm
AT
DE
IT
CH
CZ
UK
Winter
AT
DE
CH
CZ
UK
Total

Road incident database dimensions

Before
2000

Total
2000
57
3
44
7
3

2001
16
3
3
8

2002
65
1
19
24
21

2004
10
2
4
4

2005
74
13
6
55

3

8

14

10

3

4
1

12
1
1

3

2
2
7

20

3
2
1
1

11
5
4

7
1
5

10

3

28

26

16

3

8

2

28

22
2

14

2

1

34

82

41

3
3
23
13
3
5

1

3

63

2006
34
3
25
4
2

2

10

10

2003
4
1
3

2
56

2
21

2007
26
4
11
3

2008
12
10

2009
57
41

8

2

1
13
2

48
1
13
1
23
4
6
10

23
8

2010
21
19
1
1
12
12
58

3
8
4

55
4
2
7
40
2
26
1
9
13

110
4
88
10

3
138

8
201

10

2

19
1
1

25
2
4
19

97

81

84

60

37
8
6
7

376
78
93
144
44
17
17
17
276
14
95
49
88
22
8
278
7
197
55
6
13
947

Source: Fraunhofer-ISI

3.2

Estimating the costs of damage records

While the duration scaling factor is applied to operating and user time cost elements
only, the number and severity scale impacts apply to all six cost categories. Table 18
provides an overview of the currently used standard incidents and the attached default
cost figures. The values within the standard incident table have been set on the basis
of literature reviews (Section 2), transport sector interviews and direct data reports.
Nevertheless, a considerable number of parameters in the cost model had to be estimated. Typical examples are the duration of road closures due to inundation and landslides, or entailed detour lengths and durations. The mark-ups in the table reflect the
data quality (green, yellow and red) or the data source (orange = cross-reference or
computed data).
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Table 18:

Synthesis of literature findings on delays

ID

Costs per standard incident
Incident
Accidents
NR
Not Relevant
A11 Car crash, no casualty
A12 Lorry crash, no casualty
A21 Slight injury
A22 Severe Injury
A23 Fatality
A31 Car accident with casualty
A32 Lorry accident with casualty
A33 Mixed accident with casualties
A34 Bus accident with casuality
Infrastructure Damage
I11 Surface damage motorways
I12 Surface damage trunk roads
I13 Surface damage urban road
I21 Substantial damage motorways
I22 Substantial damage trunk road
I23 Substantial damage urban road
I31 Total loss motorway
I32 Total loss trunk road
I33 Total loss urban road
I41 Damaged bridge, motorway
I42 Damaged bridge, trunk road
I43 Damaged bridge, urban road
I51 damages on noise barriers and traffic signs
Contestion / delays
C11 Congestion on motorways
C12 Congestion on trunk roads
C13 Congestion on urban roads
C21 Value of time passenger car
C22 Value of time lorry
C23 Mixed value of time
C31 Closure of motorway
C32 Closure of trunk road
C33 Closure of urban road
L11 Lorries prohibited from using motorways
Vehicle damages
V11 Passenger car total damage
V12 Lorry total damage
V13 Average vehicle total damage
Public services
P11 Traffic control motorways
P12 Traffic control trunk roads
P13 Traffic control urban roads
P21 Fire bigade general mission
P22 Wage rate for service personnel
Flooding
F11 Flooded motorway, passable
F12 Flooded trunk road, passable
F13 Flooded urban road, passable
F21 Flooded motorway, closed
F22 Flooded trunk road, closed
F23 Flooded urban road, closed
F31 Flooded motorway, surface destroyed
F32 Flooded trunk road, surface destroyed
F33 Flooded urban road, surface destroyed
F41 Flooded motorway, complete destruction
F42 Flooded trunk road, complete destruction
F43 Flooded urban road, complete destruction
F51 Landslide on motorway, closed
F52 Landslide on trunk road closed
F53 Landslide on urban road closed
F61 Landslide on motorway, passable
F62 Landslide on trunk road passable
F63 Landslide on urban road passable
F71 Flood destructed motorway with delays
F72 Flood destructed trunk road with delays
F73 Flood destructed urban road with delays
Winter Maintenance
W11 Winter maintenance motorway
W12 Winter maintenance trunk road
W13 Winter maintenance urban road
W14 Winter maintenance staff
W15 Snow plough operation
W16 Fire brigade
W21 Winter conditions on motorway
W22 Winter conditions on, trunk road
W23 Winter conditions on urban road
W31 Snow: closure of motorway
W32 Snow: closure of trunk road
W33 Snow: closure of urban road
W41 Winter damages to motorway structure
W42 Winter damages to trunk road structure
W43 Winter damages to urban road structure
W51 Black Ice, Closure of motorway
S81 Bus traffic failed because of snow
Storm related maintenance
S11 Closure of motoray
S12 Closure of trunk road
S13 Closure of urban road
S21 Fallen tree on Motorway
S22 Fallen tree on trunk road
S23 Fallen tree on urban road
S31 Car repair after hail / landslide
S32 Truck repair after hail / mudslide
S41 Obstructed traffic on motorway
S42 Obstructed traffic on trunk road
S43 Obstructed traffic on urban road
S51 Tunnel, closed for risk, Motorway
S62 Bridge, closed for risk, trunk road
S71 Rockfall on motorway
S72 Rockfall on trunk road
Heat-Helated Impacts
H11 Heat damage on motorways
H12
H13
H21
H21
H21
H31

Heat damage on trunk roads
Heat damage on urban roads
Heat: traffic speed control motorways
Heat: traffic speed control trunk roads
Heat: traffic speed control urban roads
Damage to vehicles due to cracked road surface

Unit

Infrastructure
Vehicle / fleets
Social costs
Asset
Operation Assets
OperationsUser time Safety

Share of
freight

Description of the incident

50%
€ / incident
€ / incident
€/casualty
€/casualty
€/casualty
€ / incident
€ / incident
€ / incident
€/casuality
€ / km
€ / km
€ / km
€ / km
€ / km
€ / km
€ / km
€ / km
€ / km
€/case, 2 months
€/case, 2 months
€/case, 2 months
€/incident

1'000
2'000
1'000
10'000
10'000
1'450
2'900
1'740
2'900
599'760
449'820
239'904
600'488
450'366
240'195
8'675'100
4'098'360
2'967'384
2500000
1000000
500000
10'000

€/km, hour
€/km, hour
€/km, hour
€/veh., h.
€/veh., h.
€/veh., h.
€/km, day
€/km, day
€/km, day
€/km, hour
€/incident
€/incident
€/incident

€/km, day
€/km, day
€/km, day
€/person-h
€/veh-h
€/ h
€ / km, h
€ / km, h
€ / km, h
€ / km, h
€ / km, h
€ / km, h
€/km
€/km
€/km
€/ km, h

1'037
2'075
1'186
2'075

0
0
10'000
150'000
1'500'000
217'500
435'000
261'000
2'175'000

0%
1 vehicle involved, average age, total loss
100%
50%
VSL + police and medical treatment
50%
50%
0% 2 veh., plice, ambulance + VSL; severities acc. to German statistics; 20%
100%
share of lorries
50%
1 Bus, a certain number of injured passangers
36% 1km, only damage costs of road deck / pavement; no account for traffic
23%
control or user impacts
23%
36% 1km, replacement of main course and pavement; no account for traffic
control or user impacts
23%
23%
36% 1km, replacement entire road structure; no account for traffic control or
user impacts
23%
23%
36% Extended destruction (US-Values: moderate=600k€ to complete=100 mill.
€); 2 months repair time
23%
23%
23%

191521 225713.7
15567.76 35529.44
8728.825 22669.59

1'000
200
100

4'788
389
218
248

44
200
500
291

€ / km, h
€ / km, h
€ / km, h
€/ h
€/h,person
€/km, hour
€/km, hour
€/km, hour
€/km, hour
€/km, hour
€/km, hour
€/km, 2 months
€/km, 2 months
€/km, 2 months
€/km, 6 months
€/km, 6 months
€/km, 6 months
€/inc,5km, 4 days
€/inc,5km, 4 days
€/inc,5km, 4 days
€/inc.,5km, 3 days
€/inc.,5km, 3 days
€/inc.,5km, 3 days
€/km, 8 days
€/km, 8 days
€/km, 8 days

2'811
6'680
0
0
0
5'621
13'360
7'169
13'360

8'299
4'150
2'766
13
34
17
5'643
888
567
373

5000
18000
7285

36%
1 km, 1 h, 6 lanes; costs of general traffic regulation under unusual
conditions
23%
23%
0% Input data: VOT per vehicle-hour; all travel purposes (20% truck share for
mixed value)
100%
23%
36%
1 km, 1 h, 6 lanes; costs of general traffic regulation under unusual
conditions
23%
23%
100%
0%
100%
40%

1'000
200
100
5'000
80

599'760
449'820
239'904
8'675'100
4'098'360
2'967'384
173000
213000
100000
173000
213000
100000
599'760
449'820
239'904

1 km, 1 h; costs of general traffic regulation under unusual conditions

36% 1 km, 1 h; costs of general traffic regulation under unusual conditions
23%
23%
23% 1 brigade = 1 vehicle + crew, 1 hour
23%

1'000
200
100
1'000
200
100
2'000
400
200
4'000
800
400
5000
3000
2000
5000
3000
2000
64'000
12'800
6'400

599
49
27
191'521
15'568
8'729
574'563
46'703
26'186
95'761
7'784
4'364

700
500
300
60
300
5'000
88
63
38
44
31
19

599
49
27

113
27
55
705
111
71
225'714
35'529
22'670
677'141
106'588
68'009
112'857
17'765
11'335
2'707
639
1'312
57'758
13'638
27'990

36%
23%
23%
36%
23%
23%
36%
23%
23%
36%
23%
23%
36%
23%
23%
36%
23%
23%
36%
23%
23%
36%
23%
23%
23%
23%
23%
36%
23%
23%
36%
23%
23%
36%
23%
23%

226
53
109
705
111
71

5'998
4'498
2'399

14'107
1'110
354
2'821
444
283

1km, 1h, no physical damage but road clearing work, traffic control,
detours
1 km, 2 months closure for reconstruction, servicing, detours and time
losses
1 km, 6 months closure for reconstruction (total loss), servicing,
detouring, time losses
5km, 4 days closure for cleaning and traffic blocking (ASFINAG data)

1 km, 3 days cleaning, small repairs and traffic obstruction

Physical surface damage: 1 km, traffic imparement 4 km, 8 daysá 8h;
traffic control 1 km, 8 days à 8h

Average maintenance costs per road-km, full day (16 hours)

Hourly unit costs per worker
Hourly unit costs per vehicle + crew
Hourly unit costs per vehicle + crew
Traffic control, road servicing and reduced speed

Closure of roads due to heavy winter conditions: Servicing, detouring,
slow driving
Surface and structural damages after longer frost periods. 1/4 of
replacement costs (age, other stress factors

€/20 km, h
€/10 km, h
€/5km, h
€/incident,4h
€/incident,4h
€/incident,4h
€/veh.
€/veh.
€ / km, h
€ / km, h
€ / km, h
€/incident, hour
€/incident, hour
€/inc.,5km,4h
€/inc.,5km,4h

275'000
275'000

€ / km

599'760

36%

1 km from general infrastructure damages (pavement)

€ / km
€ / km
€ / km, day
€ / km, day
€ / km, day
€/vehicle

449'820
239'904

23%
23%
36%
23%
23%

1 km, 8 hours; traffic control + speed reduction

5'000
5'000
5'000
5'000
20'000

599
49
11'970
973

8'000
1'600
800

46
11
22
705
111
14'107
2'221

36%
23%
23%
36%
23%
23%
0%
100%
36%
23%
23%
36%
23%
36%
23%

1 km (both directions), 1 hour; 100 veh./h; traffic control + delays

357
84
173
3'643

47

50%

Closure or road section for along 20 / 10 / 5 km for 1 hour

4 hours, Removal activities and road closure

Repair / cleaning costs
Slow driving because of heavy winds; no damages or traffic control

Road clearing, 5km 4h, slight surface damage (ASFINAG data

Per case
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The standard incident table contains cost estimates for single transport sector impacts
as well as cost estimates for composite incidents. Examples for simple impacts are
wage rates, estimates of asset costs for infrastructures and vehicles, or the sole costs
of road closures to road users. Composite events refer to Table 2 by acknowledging
that in most cases several single events need to be considered at the same time.
Weather a media report is described by a composite standard incident or is inserted
multiple times into the database to address several simple standard incidents is decided case by case related to the quality of the reports and its specificity.
In the following sections the basic assessment principles and input values for the six
cost categories are explained.

3.2.1

Assessing infrastructure damages

The various components of road infrastructures are designed for a life span of a few
decades (pavements, equipment) to nearly a century (earthworks, tunnels). On average across construction elements a life expectancy of around 40 years can be assumed. During that period the asset should withstand a number of impacts, including:
Traffic loads, in particular from heavy axles
Continuous material deterioration due to vegetation, polluting substances and climate
Seasonal weather conditions and their changes
Accidents and natural catastrophes to some extent.
The economic costs of deteriorated transport infrastructures must reflect these multiple
impacts on asset losses. These impacts differ between climatic regions and categories
of weather extremes. We distinguish between sudden damages to roads and their construction elements, e. g. by storms, mass movements or floods, and more continuous
deteriorations caused by frost or heat. Further we need to distinguish between replacement investments affecting the asset‟s capital value and repair and servicing activities.
Due to its federal structure, a consistent set of transport infrastructure damage data for
Germany was not available. Nevertheless, through media reviews and several studies
(difu 2008) estimates of road damages after the past winter seasons were available.
The figures range between €1.4 billion for the winter 2009/2010 and €3.0 billion for the
year before. Most of these costs are for communal and lower level trunk roads.
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Table 19:

Damage costs for Austrian motorways and express roads (source:
ASFINAG)

Date
Road Incident
Large scale exceptional event
Aug 2005 S 16
damages an constructional constructions, whole of the Stanzertal
and some ski resort arlberg was not available for a few months
Landslides and mudflows on motorway, no bridges
Aug 2009 A9
Mudflow after stron rainfalls
Jul 2009 A 1
Undermined bridge exit and broken pavement after strong rainfalls
Jul 2009 A 21
Small landslide after storm and rainfalls
Jul 2009 A 1
While pumping water from detention basin, trees on road + land
slides
Jul 2009 A 2
Landslide after rainfalls
Jul 2009 A 1
Landslide after rainfalls
Jul 2009 A 1
Landslide after rainfalls
Jul 2009 A 6
Landslide after rainfalls
Jun 2009 A 2
Landslide after rainfalls
Jun 2009 A 1
Landslide after rainfalls
Jun 2009 A 9
Landslide after rainfalls and erosion
Jun 2009 A 1
Landslide after rainfalls
Jun 2009 A 2
Landslide after rainfalls
Jun 2009 A 3
Landslide after rainfalls (and other reasons)
Mai 2009 A 1
slump of ground and partially humps
Apr 2009 A 21
Landslide after rainfalls
Mrz 2009 A 2
Slump of ground after strong rainfalls
Feb 2009 A 3
Batter slide and emergency lane cut
Jan 2009 A 3
Batter slide and emergency lane cut
Sep 2007 A 1
Landslide after rainfalls
Sep 2007 A 1
Small flood, landslides, erosion, partially undermined lanes
Jul 2005 A 1
Small landslide after rainfalls
Mai 2005 A 10
land slide on the emergency lane and traffic lane
Mai 2005 A 10
after strong rainfalls river trespass the waterside
Jun 2004 A 10
Batter slide and land slide
Mai 2004 A 1
Landslide after rainfalls
Aug 2002 A 1
embankment slide
AVERAGE
Landslides and mudflows on express roads, no bridges
Sep 2009 S 33
land slide in the wake of long strong rainfalls
Jul 2009 S 6
Landslide after rainfalls
Jul 2009 S 4
Landslide after rainfalls on access road
Jun 2009 S 31
Landslide after rainfalls
Jun 2009 S 35
Landslide after rainfalls
Mrz 2009 S 4
Landslide after rainfalls
Mrz 2009 S 6
Landslide after rainfalls
Aug 2008 S 16
Flood mudflows and the road has been partially breaked off
Sep 2007 S 33
Small flood, landslides, erosion and partially undermined lanes
AVERAGE
Other events
Aug 2009 A 1
rain, river trespass the waterside,damaged, access road to motorway
Aug 2008 A 9
Rain, trespassed river, flooded emergency lane and first traffic lane
Aug 2008 A 1
Flood, motorway batter eroded (200m), emergency lane undermined
Jan 2008 A 9
Storm, rain, damages on noise barriers, traffic signs, direction signs
Aug 2005 A 9
Rockfall with damage on the emergency lane and traffic lane
Jan 2001 A 10
Snowfalls, closure of roads / danger of snow slides and avalanche
AVERAGE
Overall average excluding the exceptional event Aug. 2005
Overall average including the exceptional event Aug. 2005

Costs (€) Close (days)
223'225'314

n.a.

40000
11'000
65'000
40'000

180
n.a.
0
n.a.

97'000
150'000
300'000
400'000
44'124
390'000
105'000
25'000
42'299
85'000
400'000
130'000
73'000
200'000
200'000
42'000
520'000
60'000
1'500
3'100
33'600
1'100'000
120'000
173'245

0
n.a.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
n.a.
0
0
0
0
n.a.
0

30'000
12500
60'000
400'000
6'000
90'000
222'000
770'000
330'000
213'389

0
0
ca. 5
0
0
n.a.
0
n.a.
n.a.

18000

ca. 5

60'000
924'000

n.a.
n.a.

344'000
275'000
180'000
300'167
199'979
5'386'615

0
n.a.
0

Source: Herry (2010)

For this reason the figures have to be interpreted with care. Winter damages usually
appear on older roads with rather bad maintenance standards. Further, winter is only
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one of several factors causing potholes and other damages: heavy traffic and deliberate under-investment play an equally important role. We thus attach 25% of the reported damage costs to the harsh winter conditions.
Data on landslides is provided by the Austrian motorway and express road financing
society (ASFINAG).
The total amount of the damages reported is dominated by a single event at the S16,
affecting the entire Stanzertal and neighbouring ski resorts for several months. When
excluding this exceptional event, the average repair and replacement costs to
ASFINAG range around €13‟811 per landslide, mud flow or similar incident. These cost
values represent pure repair costs with presumably little replacement investments. This
makes then independent of the age of the road.
Table 20:

Damage costs for Czech motorways and express roads (source:
ASFINAG)

Date

Road
Incident
class
Damages due to Landslides
22.06.2009
Trunk road
Landslides damaging carriageways, breast walls, drainage
bridges
Inundation of roads due to heavy rain and floods
- damage to bridges, carriageways and drainage
22.06.2009
Motorway
Inundated drainage, fencing and one bridge
22.06.2009
Trunk road
Inundated carriageways, drainage and bridges
22.06.2009
Trunk road
Inundated carriageways., breast walls, drainage, bridges
22.06.2009
Trunk road
Inundated carriageways., breast walls, drainage 2 bridges
22.06.2009
Trunk road
Inundated carriageways, drainage and bridges
AVERAGE
- Damage to breast walls, carriageways and drainage
22.06.2009
Trunk road
Inundated carriageways, breast walls, drainage
22.06.2009
Trunk road
Inundated carriageways and drainage
22.06.2009
Motorway
Inundated drainage (1 carriageway)
22.06.2009
Trunk road
Inundated carriageways and drainage
AVERAGE
- damage of carriageways without drainage
22.06.2009
Trunk road
Inundated carriageways and breast walls
22.06.2009
Trunk road
Inundated road damaging drainage
15.08.2002
Trunk road
Damaging of the carriageways due to the floods
15.08.2002
Trunk road
Damaging of the carriageways due to the floods
15.08.2002
Trunk road
Damaging of the carriageways due to the floods
15.08.2002
Trunk road
Damaging of the carriageways due to the floods
15.08.2002
Trunk road
Damaging of the carriageways due to the floods
15.08.2002
Trunk road
Damaging of the breast walls due to the floods
AVERAGE
- damages to bridges
15.08.2002
Motorway
Damaging of the bridge due to the floods
15.08.2002
Trunk road
Damaging of the bridge due to the floods
15.08.2002
Trunk road
Damaging of the bridge due to the floods
15.08.2002
Trunk road
Damaging of the bridge due to the floods
15.08.2002
Trunk road
Damaging of the bridge due to the floods
15.08.2002
Trunk road
Damaging of the bridge due to the floods
AVERAGE

Source: Herry (2010)
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Costs
EUR

Close
days

30'000'000

10

600'000
260'000
300'000
1'050'000
1'100'000
662'000

0
0
0
0
0
0

300'000
800'000
100'000
40'000
310'000

0
0
0
0
0

1'000'000
60'000
460'000
460'000
1'200'000
1'200'000
1'400'000
540'000
790'000

0
0
240
90
300
300
180
120
154

2'500'000
15'000
630'000
1'000'000
870'000
470'000
914'167

330
90
240
240
240
270
235
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Data from the Czech Republic on two flood events in August 2002 and June 2006 are
presented in Table 20. The data distinguishes between different classes of consequences from heavy rain and flooding by addressing the road construction elements
affected.
Information on typical durations of traffic obstructions and road closures cannot be retrieved from the data provided by ASFINAG. Here, the review of Swiss media data provides values of
closure / traffic obstruction in case of no or very minor damage to the infrastructure:
3 to5 days
closure of road in case of considerable infrastructure damages: 2 months
closure of road after complete loss of the infrastructure: 6 to 8 months.
Using evidence from the literature review in Section 2 we apply the following cost allocation principles.
Table 21:

Evaluation principles for infrastructure assets

Event
category

Type of impact

Net cost value

Cost allocation

Regional disparities

Flood

Inundation and
landslides on
roads and bridges

Average damage data
from ASFINAG (AT),
CZ, FR (Loire 2000)
and DE (Elbe 2002)

Assessment of
specific events;
differentiation by
GDP/capita

Storms

Mainly damages
to bridges

Data from US
(Katrina, Rita 2005)

Sudden damage, mainly repair costs: 100%
allocation to
weather

Winter
conditions

Deterioration of
pavements and
main course

Damage reports from
German communities:
7800€/km average,
2000€/km coastal
area

Continuous deterioration (50%)
and mix of impacts (70%
weather related)

Higher gross
damage with
lower allocation
per frost day in
southern areas

Heat

Softening, cracking and bubbles
in pavement

Standard cost values
for pavements from
German road accounts (500 k€/km)

Age (50%) and
weather (Australia / US): 40%

Only relevant for
central Europe
and Scandinavia

Source: Fraunhofer-ISI

Whenever costs of infrastructure damages are reported, these are considered as the
basis for cost allocation. Otherwise the following standard cost values are applied
within the damage cost estimation model.
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Table 22:

Standard cost values for road infrastructure

Event and impact

Standard costs

Source

Storm damage to bridge

11‟000 k€ / case

Padgett et al. 2008

Flood damage to bridge

1‟400 k€ / case

Czech data

Flooded road with bridges

920 k€ / section

Data from DE and CZ

Flooded road without bridge

540 k€ per section

Czech data

Winter damage communal roads

2‟730 €/km

Estimates of Council of German Communities (DStGB)

Heat damage motorways

120 k€ / km damaged

German road accounts (ProgTrans/IWW
2008)

Source: Fraunhofer-ISI

3.2.2

Assessing infrastructure operations

All impacts on transport networks cause additional costs for traffic police to observe
and regulate demand. We assume values between 100€/h for urban roads to 1000 €/h
for motorways. Other public services are fire brigade missions to remove trees blown
on roads by floods or storms. Here costs of 500€ for case are reported. Further, cleaning costs are considered with 2000 € on motorways after floods and landslides.
The vast majority of infrastructure maintenance costs is due to strong winters with
many snow days. In this case, winter maintenance consists of snow and ice removal
and the small scale repair of road surface damages, i.e. the filling of potholes. According to PIARC data both elements range in a similar order of magnitude, i.e. around
50000 € per road-km. As part of infrastructure operations we primarily consider snow
and ice control, although we know that the above categories are frequently mixed in
spending statements.
In order to get an idea of the responsibility of weather conditions for snow and ice control we have made a simple regression of winter maintenance costs for Germany from
Figure 4 over the number ice days, i.e. days with a maximum daily temperature below
0°C. The meteorological data is extracted from the ECA&D database for three stations
in Germany (Hamburg, Berlin, Cologne and Munich). The national indicator if ice days
is corresponds to the weighted average of the station data by the inhabitants of the four
cities.
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German winter maintenance expenditures by road class over snow
days

Average winter maintenance costs (€/roadkm)

Figure 6:

Average winter maintenance costs by number of
snow days, Germany, 1988 - 2007
12000
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Number of ice days (Tmax < 0°C)

Federal Motorways Euro/km

Federal Highways Euro/km

Source: Fraunhofer-ISI

In result we receive 28% weather-related costs at motorways and 25% at federal trunk
roads. Accordingly, 72% to 75% of the annual costs for snow and ice control is due to
the availability of personnel and equipment.
Table 23:
Road category
(inter-urban)

Regression results of German winter maintenance expenditures
Variable
Annual
costs (€/km fixed costs
snow day) (€/km,a)

Average
full costs
(€/km, a)

Average
variable costs
(€/km, a)

Winterrelated
costs

Motorways

99

4'251

5'881

1'630

28%

Federal roads

22

1'111

1'483

372

25%

Source: Fraunhofer-ISI

These findings harmonize with the PIARC results for Norway (20%) and Slovenia
(50%). Eventually we apply the variable cost elements per season and network-km to
assess the additional road operating costs due to extreme winters.
Table 29 summarizes the main assumptions on costs and cost allocation and regional
differentiation.
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Table 24:

Evaluation principles for infrastructure assets

Event
category

Type of impact

Net cost value

Cost allocation

Regional disparities

Flood

Traffic police and
clearing of road
section

Public service costs
around 10‟000 €/day
and section

Full allocation to
event (marginal
costs)

Relevant across
all EU; no major
differences

Storms

Traffic control,
removal of items
(trees) on roads

8000 €/day and section, 500 €/fallen tree

Winter
conditions

Snow and ice
control; recording
of accidents and
medial services

Per road-km 1500€
(local roads) - 6000€
(motorway

30% of average
costs: 500€/km
– 2000 €/km

Scandinavia:
similar; Mediterranean: lower

Heat

Some traffic control after

Not relevant

Not relevant

Central Europe
only

Particularly for
storm surge
areas (western
Europe, UK/IE))

Source: Fraunhofer-ISI

In the damage cost database we first collect reports from media and public associations on real costs in the period 2000 to 2010. The analyses derived from literature will,
however be used for generalization issues in the subsequent section.

3.2.3

Assessing vehicle damages

Damages to vehicle assets may be caused by accidents or by the direct impact of
weather phenomena, such as hail or floods. From insurance statements we derive an
average loss per passenger car of €5‟000 and per lorry or bus of €18‟000. In any case
public services for accident recording, damage estimation or liability treatment of in
average €1‟000 are added. These figures, of course, depend on the type and severity
of the incident.
Table 25:

Vehicle damage cost values

Type of accident

P. car

Lorry

Direct damage by weather event

5000

18000

slight accident, only material damage

€2‟811

€12‟660

Severe accident with casualties

€5*621

€13*330

Average

€7‟169

Source: Fraunhofer-ISI

Vehicle damage costs are applied to the number of crashes and direct vehicle damages.
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3.2.4

Assessing vehicle operations

In case of private road transport vehicle operating costs in first instance consist of the
costs of fuel consumption due to stop-and-go traffic and detouring of closed road sections. From statistics of the German Automobile Club (ADAC) and the Association for
haulage, logistics and disposal (BGL) we derive marginal operating and fuel consumption costs of 0.23 €/km for cars and 0,70 €/km for lorries. We apply these costs to detour distances from road closures, which had been derived for a selected number of
sites with the help of route planning software. The parameters applied to reports on
road closures and extreme driving conditions are given in Table 26.
Table 26:

Parameters for vehicle operating costs and delays

Variable

Road class

P. car

Lorry

Average

Value of Time (€/veh.-h)

All purposes

11

36

14

Variable operating costs (€/vkm)

All purposes

0.23

0.70

0.28

Increased travel time

Traffic jam

1000%

1000%

1000%

Ice formation

100%

60%

96%

Heavy snow

50%

30%

48%

Heavy rain

50%

30%

48%

Inundation

50%

30%

48%

Storm

20%

15%

19%

pavement heating

20%

10%

19%

Detour travel time

Motorway

300%

300%

300%

(extra travel time)

federal roads

250%

250%

250%

County roads

200%

200%

200%

Urban arterial

150%

150%

150%

Urban side street

100%

100%

100%

Detour travel

Motorway

200%

200%

200%

distance

federal roads

175%

175%

175%

County roads

150%

150%

150%

Urban arterial

100%

100%

100%

Urban side street

75%

75%

75%

Source: Fraunhofer-ISI

3.2.5

Assessing user time costs

User time costs are assessed with standard values of travel time savings taken from
(Maibach et al. 2008). We apply time costs to three different cases:
Slow driving due to adverse traffic conditions
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Congestion due to accidents or adverse traffic conditions and
road closures due to flooded roads, landslides, fallen trees or severe accidents.
The assumptions applied to slow driving, congestion and detour times are given in Table 26. These are applied to media reports or transport sector data on specific events.

3.2.6

Assessing accident impacts on health and life

The discussion on the impact of extreme weather conditions on accident rates in Section 2 emphasizes the complexity of the topic. While we can assume crash rates leading to material damages rising significantly under any type of adverse driving condition,
the picture for injuries and fatalities looks more complex. And such is the background of
available accident reports. It is not in any case clear weather casualties reported during
extreme conditions, particular during snow and ice, refer to “weather inflicted incidents”
or to total figures.
Given that most study report a clear underproportional increase (or even a decrease) in
fatality rates we allocate only 30% of the social costs of a human live (= VSL = value of
a statistical life) to extreme weather conditions. Of course this should differ by weather
extremes as e. g. for heat and storms a divergence of fatality and crash rates is reported. But this is the case for the much more significant categories winter and precipitation / flooding. For injuries, in contrast, we apply 70% of the VSL for severely injured
and 100% for slightly injured casualties to extreme conditions. The values are summarised in Table 27.
Table 27:

Parameters for safety costs

slight injury
Severe injury
Fatality

Value of life

Allocation to weather

Final value used

16300

100%

16'300

211900

70%

148'330

1630000

30%

489'000

Source: Fraunhofer-ISI

3.3

Results of the damage cost database

Table 17 reveals, the number of reports for the six countries investigated do increase
significantly from 2005 on and strongly diverge between countries. This is primarily due
to the availability of press reports rather than to the absence of extreme weather and
climate conditions. The intensive event of the onset of the current winter season has
been excluded as the event is still on-going. The results for the six countries are thus
presented for the period 2000 to the summer of 2010.
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Table 28 presents the very aggregate results of the road cost models for this period.
Total weather-inflicted costs are estimated with €3.4 billion for the six countries within
the past decade or €343 million per year. Formally, these costs apply to roughly
230 million inhabitants representing 44% of EUR29 population, 24% of its road network, 47% of domestic haulage and 51 of passenger kilometers on roads. Related to
the roughly 1‟417 billion PCE-weighted vehicle kilometres in the six countries we receive average costs of 2,42 €-Ct/vkm. Expressed per road-km the average value
amounts to €300 per road-km (all categories).
Table 28:

Aggregate results of the media cost model for road, 2005 - 2010
(1000 €) in current prices)

Infra Assets (K€)
Flood
1'227'746
AT
262'877
CH
82'188
CZ
32'238
DE
673'741
UK
176'702
Winter
165'084
AT
0
CH
2'394
CZ
0
DE
162'666
UK
24
Storm
55'714
AT
41'048
CH
10'889
CZ
0
DE
3'177
IT
600
UK
0
Heat
43'183
DE
43'183
Total
1'491'727

infra OpVehicle
Fleet operations
Assets
erations
User
Health & All Cate(K€)
(K€)
(K€)
Time (K€) Life (K€)
gories (k€)
39'835
81'172
98'976 355'381
10'263 1'813'374
2'101
0
10'659
12'959
1'956
290'552
408
8
2'895
4'691
0
90'190
34'076
0
33'711
32'512
0
132'537
2'842
922
17'018
25'953
5'443
725'919
408
80'243
34'693 279'265
2'865
574'176
96'901
248'032
50'420 116'204
475'953 1'152'594
152
13
55
50
4'249
4'519
532
1'128
532
3'200
12'302
20'087
46
179
163
221
2'127
2'737
95'335
246'497
909
67'739
454'722 1'027'868
836
215
48'761
44'994
2'553
97'383
46'695
10'869
4'770 245'360
46'142
409'549
167
50
703
1'220
0
43'188
565
7'738
817
1'128
1'489
22'627
48
0
196
419
0
663
16'514
2'907
535
3'701
39'851
66'685
29'278
105
1'966 235'936
1'389
269'275
122
70
552
2'955
3'413
7'111
12'709
1'605
7
574
71
58'149
12'709
1'605
7
574
71
58'149
196'141
341'678
154'173 717'520
532'429 3'433'667

Source: Fraunhofer-ISI

Figure 7 shows the results graphically.

57

WEATHER D2 Annex 3 – Road Transport

Figure 7:

Results of the incident cost database
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1.200.000

Source: Fraunhofer-ISI

We characterize the quality of data as follows:
Regional coverage: The media research in the six countries investigated had been
carried out with varying intensity. Most data on costs and concrete events are available for the Alpine countries and the Czech Republic. For Germany a broad spectrum of press reports has been assessed, but no specific data has been retrieved.
For Italy and the UK less events are contained in the database.
Coverage of time: The assessment of climate and weather phenomena requires
long time series. However, for these damage reports are hardly available across
Europe. But even for the selected short reporting period from 2000 to 2010 not all
countries were able to deliver data.
Coverage of weather phenomena: Some country reports are biased by certain types
of events. This is
landslides in case of Switzerland and Austria
floods in case of the Czech republic and the UK
storms in the case of Italy and
winter conditions in case of Germany and the UK.
While in the first case the bias is explained by the relevance of mass movements for
the Alpine region, the Italian bias could be motivated by the search strategy applied.
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We thus have to constitute that the media review is biased by certain factors and is
lacking of validated economic information. But the assessment provides an insight into
the basic structure of the economic costs due to weather extremes:
Floods, including heavy rain falls, inundation and landslips, constitute the largest
cost block. The transport sector information provided by Austria and the Czech Republic and data from reports on significant events in the UK and Germany make
flood related cost estimates rather robust. By far the most affected transport sector
element in case of floods and related events are infrastructure assets.
Very important in the countries studies are the consequences of long and frosty winter seasons. Within this category, most costs assessed fall into the category “human
health and life”, followed by vehicle damages and infrastructure deterioration. By far
the highest costs among all cost categories and countries are reported for Germany.
The assessment of storm impact appears to be less reliable. The highest costs are
estimated for Italy, although the country does not range among those most affected
by extratropical cyclones. Here, much care needs to be taken when extrapolating
the results to Europe.
Impacts on heat have not been studied with sufficient intensity so far across the selected countries. The data contained in the database still lacks of the impacts of the
summer heat 2003 and the several forest fires in the Mediterranean area in the last
years. Here, the WEATHER case studies are expected to add additional knowledge.
Concerning the parties affected by these costs, the three main actors (infrastructure
managers, vehicle owners / fleet managers and transport users are distinguished. In
case of road transport we can, to a large extent, assume that the infrastructure network
is operated or at least owned by the public hand.
A further division was made between passenger and freight transport. Where the media reports did not allow for such an allocation, costs were divided by the traffic density
by road class, weighted by the respective values of travel time (VOT) or (in case of
accident material damages) vehicle capital costs. The rationale behind using the VOTweighted traffic volumes is to capture the utility value the transport sectors attach to the
availability of road capacity.
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Table 29:

Results of the media cost model by road sector, 2005 - 2010
(1000 €) in current prices)

Event/
country

Infrastructure
passenger
(€/road-km)

Infrastructure
freight
(€/road-km)

Operations
passenger
(€/vkm)

Operations
freight
(€/vkm)2

Users passenger
(€/vkm)

Users freight
(€/vkm)

Flood

9'357.26

3297.60

1354.80

816.04

2647.17

510.57

AT

1'867.08

614.50

93.04

41.64

216.43

120.13

CH

3'294.79

960.72

48.76

14.29

110.62

32.39

CZ

354.69

153.46

281.33

147.08

389.97

190.52

DE

2'262.57

664.55

13.91

5.23

43.32

18.84

UK

1'578.14

904.37

917.76

607.80

1886.84

148.69

Winter

1'122.56

260.86

691.03

202.73

4026.22

1154.96

AT

1.45

0.02

0.68

0.25

182.00

0.31

CH

138.24

38.87

39.45

7.45

1201.39

46.48

CZ

0.38

0.23

3.04

2.23

60.96

59.48

DE

953.61

204.30

358.55

20.95

2190.88

806.84

UK

28.88

17.43

289.31

171.85

390.99

241.85

Storm

992.30

312.23

263.03

11.63

605.84

303.53

AT

303.51

88.66

7.70

2.07

16.57

5.09

CH

472.92

137.37

247.96

5.65

144.73

28.90

CZ

1.32

0.39

1.93

0.56

5.76

1.72

DE

104.79

25.33

2.94

1.89

113.79

66.18

IT

109.12

59.79

1.87

0.91

280.18

157.48

UK

0.64

0.69

0.63

0.55

44.79

44.16

Heat
DE

159.18

92.95

0.04

2.32

0.86

0.31

159.18

92.95

0.04

2.32

0.86

0.31

3963.645029

2308.903641

1032.73329

7280.085908

1969.359202

Total
11'631.30
Source: Fraunhofer-ISI

The findings of the media-review and incident cost database will be carefully re-visited
when creating a matrix of vulnerabilities of road transport to the four weather categories
in the following section.
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3.4

Generalising the incident database results

3.4.1

Methodology for generalising the incident database

The generalisation of findings is carried out by the following steps:
Selection of valid data by cost category and weather event either from the incident
cost database (Section 3) or from literature for those countries, were reliable data is
available
Computation of standard values by road network kilometre (infrastructure costs) or
vehicle kilometre (other components) adjusted by a meteorological risk factor and a
economic adjustment value for the respective country and weather event
Computation of total costs for the remaining countries using the average costs and
the respective meteorological and economic adjustment factors.
The meteorological adjustment factors denote the risk level of the country to be hit by
one of the four main weather categories are derived from two sources: the European
Climate Assessment & Dataset (ECA&D) and the ESPON project:
Combination out of the average number of very heavy precipitation days
(>200 ml/day) from ECA&D and the ESPON-Indicators for flood and landslide risks
Storms and storm surges: ESPON data on NUTS-3 level averaged across countries
by road network density
Winter conditions: Average highest number of consecutive frost days from ECA&D
Heat and drought: Combination out of the average number of summer days from
ECA&D with the average length of drought periods and the risk for forest fires from
ESPON.
Economic indicators on PPP-adjusted gross national income (GNI) per capita, network
length and transport volume data is taken from EUROSTAT. The respective dataset is
shown in Table 30 (also compare Annex 1).
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Table 30:

Country

Country data for generalisation
Rainfall,
floods &
landslides

Storms &
Winter condistorm surges
tions

Heat,
drought &
wildfires

Relative
GNIp.c. by
PPP

Length of
inter-urban
roads (km)

PCEweighted
Vkm (million)

AT

1.31

0.20

1.11

0.73

1.03

106'817

55'515

BE

0.17

0.52

0.85

0.54

0.99

153'595

83'173

BG

0.76

0.07

1.09

2.24

0.35

19'425

32'405

CH

4.86

0.20

2.07

0.72

1.28

19'425

32'405

CY

0.75

0.00

0.01

4.76

0.76

7'842

4'390

CZ

1.68

0.11

1.67

1.12

0.64

130'503

55'124

DE

0.97

3.93

1.38

0.75

1.00

231'194

666'275

DK

0.07

0.19

0.96

0.42

1.03

73'197

40'088

EE

0.17

0.04

1.41

0.16

0.51

58'012

7'898

ES

0.81

0.31

0.38

2.82

0.87

667'064

280'297

FI

0.05

0.15

1.94

0.13

0.94

78'160

51'212

FR

0.76

0.91

0.81

0.90

0.92

1'027'183

553'946

GR

0.00

0.13

0.20

1.34

0.78

12'902

65'862

HU

0.51

0.05

1.03

0.71

0.50

189'943

32'835

IE

2.54

0.10

0.54

0.08

0.91

96'520

37'906

IT

1.84

0.40

0.99

1.42

0.85

182'136

546'363

LT

0.19

0.08

1.29

0.70

0.46

80'715

27'699

LU

1.32

0.01

0.84

0.90

1.62

2'875

4'957

LV

0.18

0.05

1.60

0.46

0.45

69'787

12'695

MT

0.00

0.01

0.00

0.00

0.62

2'228

1'579

NL

0.00

0.51

0.79

0.37

1.08

135'470

111'959

NO

3.66

0.20

2.06

0.36

1.49

135'470

111'959

PL

0.24

0.36

1.23

1.05

0.50

258'910

210'992

PT

0.34

0.14

0.03

4.36

0.65

12'902

65'862

RO

1.16

0.11

2.02

1.72

0.39

80'893

55'398

SE

0.15

0.19

1.94

0.48

1.05

425'440

78'550

SI

1.75

0.03

2.00

0.86

0.72

38'709

18'345

SK

0.64

0.02

1.41

1.01

0.59

43'825

20'231

UK

1.81

1.68

0.42

0.14

1.01

71'346

61'765

Total

1.1

1.1

1.0

1.1

1.0

4'412'488

3'327'685

Source: Fraunhofer-ISI

Based on the PRUDENCE project, the 29 countries were grouped into eight zones as
depicted in Figure 8. These large European climate zones are used in the following to
express the geographical spread of the data. But it is to be highlighted that this is only
a rough extrapolation of the results for a few countries. In particular in the periphery of
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the Union, namely Scandinavia, East Europe and the Iberian Peninsula, the validity of
the results is limited.

Figure 8: Definition of large climate regions for Europe

Source: Fraunhofer-ISI

3.4.2

Approach by cost elements

a) Infrastructure Assets and Operations
Infrastructure assets and operations are at most affected by floods and intensive winter
conditions. For floods reliable data from five countries (Germany, Austria, Switzerland,
the Czech Republic and the UK) is available and is used to generate European average values. For winter condition only German, and with some caution, Swiss data is
used for generating European values.
Storm damages are available for all countries but the Czech Republic and the UK. The
highest average cost value is found for Austria, accounting for 74% of total costs found
for the four countries. This can be explained as storm usually comes along with heavy
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rain and precipitation, and thus the allocation of impacts to classes of events is not always straight forward.
For heat data only estimates for Germany for road surface damages in the summer
2010 is available. Extrapolating this data to Europe by the procedure described above
would yield in the smallest cost block of infrastructure damages. Due to the thin data
base heat related costs are not considered in the further elaboration of infrastructure
costs.
The normalised annual average values per country and network kilometre are presented by Table 30. The EUR29 mean values represent the damage and operating
costs per network kilometre under average weather conditions across all countries.

Table 31:
Country

Average costs for road infrastructures fromthe incident database
Average costs per network kilometre (€/road-km, a)
Infrastructure assets
Flood

Storm

Winter

AT

181.9

186.5

CH

68.2

222.6

CZ

22.8

DE

300.4

IT

Infrastructure operations

0.3

Heat*

4.7

50.9

13.5

Flood

135.2

EUR29

183.9

0.8

0.1

0.3

11.6

1.0

24.1

0.5

0.0

1.3

1.8

29.8

46.9
0.1

45.4

Winter

1.5

1.0

UK

Storm

47.3

13.5

0.3

0.1

2.8

6.5

12.6

12.7

* ignored in further elaborations
Source: Fraunhofer-ISI

3.4.3

Vehicle assets and operations

Damages to vehicles are mainly caused by major floods and by winter-inflicted accidents. The latter are only applied to those countries where strong winters are exceptional, e. g. not to Scandinavia and the Baltic states. While flood related vehicle damages are extrapolated for UK and German records, winter-inflicted accidents are assumed to be considered only for Germany and the Czech Republic in sufficient density.
Data on vehicle damages due to hail or storms and increased crash rates in heat days
are contained in the database, but the evidence is considered too weak to permit their
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generalisation to Europe. Here, additional research using insurance data is recommended.
Vehicle operating costs are only considered with large-scale flood events in the UK and
the Czech Republic. Thus we must assume that the incident cost database here is
considerably under-reporting the true costs of detouring closed roads. Consequently
we take UK and Czech data to estimate flood-related operating costs for Europe. Other
causes for vehicle operations, which will in particularly be extreme winter conditions,
are omitted from the generalisation due to data availability.

Table 32:
Country

Average costs for fleet operations from the incident database
Average costs per vehicle kilometre (€/mill. vkm, a)
Vehicle assets
Flood

Storm

AT
CH

Fleet operations

0.00

Winter

Flood

0.14

IT
UK

Winter

0.44

0.02

14.19

6.15

0.09

94.82

1.32

1.44

10.02

0.62

0.30

56.55

5.22

0.28

26.74

2.63

0.02

0.10

CZ
DE

Storm

0.11
0.06

1.05

70.91

0.07

0.82

30.66

0.52

185.73

6.15

4.14

23.55

8.72

1.15

13.29

EUR29
Source: Fraunhofer-ISI

3.4.4

User time and safety costs

User time costs due to specific purposes are rather difficult to quantify on a national
level. From literature we know that speeds under winter conditions may decrease by
some 30% or more. Further, a considerable share of trips may be omitted. There is
some evidence in such behaviour for specific locations, of which most are located in
the US.
For delay costs in winter conditions we mainly rely on UK data as here the closed
roads had been reported in a high level of detail in the incident cost database. Moreover, delays are generalised for storm and flood events using records from all countries.
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User safety costs are most relevant for winter and to some extent for storm events.
Both are generalised from the incident cost dataset using all country records.

Table 33:
Country

Average costs for transport users from the incident database
Average costs per vehicle kilometre (€/mill. vkm, a)
User time costs

Storm

Flood

User safety

Storm

Winter

Flood

10.7

17.26

10.67

0.08

13.8

2.33

13.83

3.74

11.2

54.54

11.16

0.37

0.1

4.01

0.14

7.35

126.0

Storm
2.60

Winter
6.71

18.25

14.39
3.59

0.84

126.04

1.52

49.33

0.74

2.8

246.79

2.81

171.38

2.53

3.25

9.72

49.9

25.21

49.94

17.94

1.10

1.69

39.61

Source: Fraunhofer-ISI

These findings are to be considered with very much care as both, the source data for
the six countries investigated in the damage cost database, and the value transfer rules
comprise rather rough instruments. For a more sophisticated assessment of costs detailed climate and weather scenarios by European region are required. The subsequently described approach and results of the extremes elasticity model attempts to
quantify some cost categories accordingly.

3.4.5

Results and comments

Table 34 presents the generalisation results of the incident cost database. To allow
comparisons between cost categories and regions the values are normalised as average costs per year and million vehicle kilometres.
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Table 34: Incident database generalisation by climate regions
Annual average in
€/mill. vkm

Infrastructrure
costs

Extreme

Region

Assets

Rain &
flood

BI

589.5

15.0

85.9

42.5

302.4

3.8

1'039.1

IP

372.8

13.2

5.6

7.9

22.9

1.0

423.4

FR

474.5

16.7

8.6

12.1

35.1

1.5

548.6

ME

973.0

6.5

3.2

25.5

42.7

7.6

1'058.5

SC

165.6

5.8

4.2

6.0

17.3

0.8

199.6

AL

387.8

5.0

16.4

13.9

20.9

3.9

448.0

MD

56.4

2.0

5.6

7.9

22.9

1.0

95.9

EA

21.6

3.2

0.6

3.0

3.9

0.1

32.5

BI

59.3

1.2

0.2

0.6

4.7

3.5

69.6

Storms &
storm
surges

Ice &
snow

TOTAL
by region

Rain&flood
Storms

Operator costs

Operation Vehicles

User costs

Services

TOTAL

Time loss Safety

IP

35.8

9.9

1.5

0.4

17.7

0.6

65.8

FR

139.7

38.8

6.9

1.9

82.8

2.8

272.9

ME

96.6

47.6

9.6

2.3

74.0

55.3

285.4

SC

7.8

2.2

0.3

0.1

3.6

0.1

14.1

AL

46.7

0.7

7.3

1.4

2.3

1.5

60.0

MD

0.1

3.1

0.8

0.2

25.3

0.2

29.8

EA

2.2

0.5

0.1

0.1

1.6

0.1

4.6

BI

36.9

6.9

4.6

51.4

48.5

10.0

158.4

IP

45.1

12.2

9.6

5.4

7.3

16.1

95.6

FR

129.7

34.9

34.8

19.7

26.5

58.6

304.2

ME

372.7

168.8

381.5

31.7

131.1

694.9

1'780.7

SC

83.9

22.6

17.1

9.6

13.0

28.7

174.9

AL
MD
EA

77.0
7.8
18.0

6.9
2.1
3.5

19.9
11.7
4.9

3.6
6.6
2.2

7.1
8.9
3.0

24.1
19.7
6.7

138.6
56.9
38.4

BI

685.8

23.1

90.8

94.5

355.6

17.3

1'267.1

IP

453.7

35.2

16.6

13.7

47.9

17.7

584.8

FR

743.9

90.5

50.3

33.7

144.5

62.9

1'125.7

ME

1'442.3

223.0

394.3

59.4

247.8

757.8

3'124.5

SC

257.3

30.6

21.6

15.7

33.9

29.6

388.6

AL
MD
EA

511.5
64.3
41.9

12.7
7.2
7.3

43.6
18.2
5.7

18.9
14.8
5.3

30.3
57.1
8.5

29.5
20.9
6.9

646.6
182.5
75.5

Total by
extreme

365.7

12.7

14.1

17.4

54.4

2.2

466.6

44.2

13.1

3.0

0.8

36.6

3.5

101.1

113.7

31.5

44.6

19.0

28.5

75.6

313.0

523.6

57.4

61.7

37.2

119.4

81.3

880.7

Ice&snow
Heat
TOTAL
Source: Fraunhofer-ISI
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According to the incident database results the hot spots of extreme weather events to
road transport are as follows:
1.

By far the most costly event are flood damages to road infrastructures affecting
all climate regions, with special impact on Mid Europe (floods in Saxony in 2002,
2006 and 2010) and the UK (summer flood 2007).

2.

Second largest cost block are user time losses occurring under all weather conditions. Although all Europe is affected, the database entries are concentrating in
winter conditions.

3.

Third biggest cost item are safety issues due in winter condiotions, again concentrating in Mid Europe.

4.

Across all weather phenomena, Mid Europe, followed by France and the British
Islands are most affected. This can be explained by the dynamic, and thus difficult to predict weather conditions.

As heat conditions and the consequent wild fires have not been considered with sufficient detail in the database, the above ranking needs to be considered with some care.
Looking at the Assessment of total costs related to weather extremes by the reinsurance companies or databases like EM-DAT one needs to assume, that some additional
cost items for the Iberian Peninsula and the Mediterranean countries need to be added.
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4

Alternative assessment by the Elasticity Model

This section provides the methodology for a bottom up approach on the assessment of
costs induced in the road sector by extreme weather conditions. The literature review
revealed the research done on the nexus between transport and weather. An overview
on all extreme weather conditions and all cost effects is given in Table 43.

4.1

Definition of Extreme Events

Indices of extremes on precipitation, snow depth, cold and heat were taken from the
ECA&D database for the 50 year period 1960 to 2010. In order to transform station
data into country indices, for each of the 29 countries two to four stations near the largest agglomeration areas were selected. Country indices were then derived by weighting the station data with the number of inhabitants of the respective urban areas. This
approach was taken because the WEATHER project aims at identifying the impact of
extremes on transport networks and transport activity; and both are closely linked to
population numbers. The data is finally presented by the 8 European climate regions as
elaborated above.
Some events, such as landslides and storm surges are clearly defined as extreme
events. However for others, such as long winters and extreme rains, definitions have to
be found. Usually in meteorology, the 90-percentile or 99 percentile is used as an indicator for extreme weather. The following definitions were used:
Heavy rain: 99 percentile on a daily basis (1960-2010)
Extreme winters: 90 percentile, based on the annual number of days below zero
degrees Celsius. Extreme days are the number of days in extreme winters exceeding the average number of cold days(1960-2010).
Snow: 90 percentile, based on the annual number of days with snow coverage more
than 1 cm. Extreme days are the number of days in extreme winters exceeding the
average number of snow days(1960-2010).
Extreme heat: 90 percentile, based on the annual number of days with night temperatures above 20° Celsius. Extreme days are the number of days in extreme
summers exceeding the average number of hot days(1960-2010).
Here is an example from Vienna Austria, how the extremes were calculated: The average duration of a winter is 23 ice days below zero degrees. The 90percentile is at 38
days and holds true for the winters in 1985, 1970, 1969 and 163 that are identified as
extreme winters. For these extreme winters, the number days above average (23) were
counted as extreme days. Since many years are not extreme winters, the number of
extreme days amounts to 2.4 days.
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The calculations brought the results as listed in Table 35. Since the ECAD Database
had some major gaps and implausibilities, not for all regions meteorological data can
be provided.
Table 35: Average number of extreme days in Europe 1960 -2010
Region

Extreme Cold

Extreme Heat

Extreme Snow

Extreme Rain

Alps

2.2

1.7

4.1

1.2

British Isles

1.0

0.0

1.5

1.2

Eastern Europe

2.5

1.7

5.4

1.0

France

0.7

8.4

4.2

1.0

Iberian Peninsula

0.0

24.1

no Data

0.6

Mediterranean

0.2

46.9

0.3

0.8

Mid Europe

2.4

0.3

4.5

1.4

Scandinavia

3.3

0.3

3.5

1.3

Source: Fraunhofer-ISI

4.2

Road damages caused by extreme winter conditions

Frost and snow causes mayor damages on roads and bridges through alteration, chill
breakage and crack and corrosion. but only little empirical evidence about the costs
caused on the road network by winter conditions may be found in the literature and on
the web. There are a number of single events, but cost figures covering larger areas or
time periods is scarce. Two examples from UK and USA may serve as cost indicators:
Blair (2010) reports about “one of the most severe weather conditions” in Midlothian,
UK from December 2009 to January 2010 and March 2010. The total cost to return
the road network to its prior condition amount to £3.743m, which calculates to 6420
€/km or 80 € per km and day.
The US Federal Highway Administration (FHWA 2010) estimates the repair costs on
its network caused by snow and ice at 5 bn US$ annually. With an average of 81
frost days , the damages amount to 62 m US$ per frosty day. This calculates at
221Euro per km and day
The cost difference may be explained by the road function: „The US Data relate to
highways and the UK costs represent to the whole network subordinate to motorways.
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Table 36: Empirical evidence from the literature review
Country

year

Description

Costs
(range)

Costs/km/d
ay [Euro]

Source

USA

Past

Repair infrastructure damage caused by snow and ice
81 frost days
205,410 km Network length

5 bn US$
p.a.

18,031
€/km
221
€/km/day

FHWA
2010

UK,
Midlothian

12/0901/10
and
03/10

Cost £3.743m to return the
road network to its prior condition
Network length 655km

Additional
costs
5,714
£/km road

6420 €/km
80
€/km/day

Blair 2010

Source: Fraunhofer-ISI

It is assumed, that damages on roads are mainly caused by frost temperatures. Thus,
the number of frost days determine the damage costs. Since in this project extreme
weather events are researched, only the average number of extreme frost days (compare Table 35) are calculated.
Figure 9 shows an estimate of the costs for road damages caused by extreme winters
on European roads using the above costs from USA and UK. Total cost amount to 500
m Euro p.a., of which Eastern Europe (30%) and Scandinavia (29%) bear the largest
share. The Alps carry relative low costs, due to the small extent of the network.

Figure 9: Frost and snow damage costs on road infrastructures in Europe
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4.3

Costs for snow removal and anti-icing

The costs for snow removal and anti-icing were calculated on the basis of data for the
German Motorways and National roads. The data were retrieved by a regression of
winter maintenance costs over the number ice days, i.e. days with a maximum daily
temperature below 0°C (compare Figure 6 and Table 23). The meteorological data are
extracted from the ECA&D database for three stations in Germany (Hamburg, Berlin,
Cologne and Munich). The national indicator if ice days is corresponds to the weighted
average of the station data by the inhabitants of the four cities. In result we receive
28% weather-related costs at motorways and 25% at federal trunk roads. Accordingly,
72% to 75% of the annual costs for snow and ice control at is due to the availability of
personnel and equipment. The fixed and variable costs are listed in Table 37 The costs
for State, District and other Roads were estimated on basis of the average road surface.
Table 37: Estimation of Winter Maintenance Costs in Germany
Road Type Germany

Total Winter Maintenance Costs

Fixed Costs

Variable Costs (per
day)

Euro/km

Euro /km

Euro/km/day

Highways

5000

3,219

145

Federal Roads

1300

878

31

State Roads

991

669

26

District Roads

870

587

23

Communal Roads

807

545

21

Source: Own calculation based on PIARC 2010, p.107
Source: Fraunhofer-ISI

A cost comparison shows, that the costs per km in Finland are 20% lower than the
German estimates. This may be explained through the low road width in Finland. Additionally, Scandinavian countries have the practice not to remove snow from the secondary and tertiary road networks5. Therefore, costs for winter maintenance on these
parts of the network are not included for Scandinavian Countries. If the costs per sqm
are compared, they are 25% lower than the one reported in Belgium. Thus, German
5 This is emphasised in

http://www.dstgb.de/dstgb/Pressemeldungen/DStGB%20fordert%20mehr%20Unterst%C3
%BCtzung%20des%20Winterdienstes/DeutschlandfunkInterview%20Winterdienst%20vom%202212.pdf
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estimates seem to be rather a low. Since the costs are estimated per extreme snow
day, only variable cost figures, as given in Figure 10 are used for the estimation of
European values.
The total costs caused by snow removal and anti-icing during extreme weather periods
may be estimated at 450 m Euro p.a.. As depicted in Figure 10, the largest burden is
the Eastern Europe (31%) followed by Mid Europe (17%) and Scandinavia (15%).
Figure 10: Costs for snow removal and anti-icing during extreme days
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Source: Fraunhofer-ISI

4.4

Accidents caused by extreme weather

4.4.1

Accidents cause by extreme precipitation

Pisano (2007) researches the impact of different weather conditions on accident risks
in the USA. He concludes that “in terms of crash frequency, rate, and severity; wet
weather is far more dangerous than winter weather. Most weather-related crashes
happen during rainfall and on wet pavement”. The results from the Literature survey
show, that in Europe accident rates increase between 20% in Glasgow and 500% on
German Main Roads. Research from America reveals rate increases by 70%-300%.
The large divergence of the findings shows the influence of local road, environmental
and light conditions. Therefore, the assessment by SMOV (2009) shall be taken, that
assumes a doubling of the accident rates.
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Table 38: Increase of accident rates in Europe due to heavy rains
Country

Description

Source

NL

Based on literature, we can assume that the crash rate approximately
doubles during rain.

SWOV Fact Sheet
2009

NL

Dutch national state roads increase in the number of accidents of between 25% and 182%

Stiers, 2005

UK

Road crashes in Glasgow : 20% increase

Smith, 1982

CH

Crash rate
Non-motorways: 2.5 times higher
Motorways 5 times higher
At night:
Non Motorways 6 x
Motorways 11 x

Thoma, 1993

Source: Fraunhofer-ISI

Intensity and duration of rainfall are usually inversely related, i.e., high intensity storms
are likely to be of short duration and low intensity storms can have a long duration.
Heavy rains usually have a duration of few minutes up few hours. It is assumed that the
average duration is one hour, during which traffic is influenced. The accident costs
were calculated according to INFRAS/IWW (2004). The costs for Eastern Europe were
estimated using average accident costs and accident rates.

4.4.2

Accidents caused by winter conditions

Fridstrøm (1995) found decreasing accident rates during snow in Scandinavia. This
research concludes that in case of snowfall and frost drivers may be under the risk
compensation hypothesis and adjust their driving habits so as to more or less offset the
increased hazard due to slippery road surfaces. However, these findings are not confirmed by many other researchers. Hermans et al (2005) research accident risk on
highways in Belgium and conclude that “a reduced exposure during winter conditions
could not be concluded from the study”. Stiers (2005) reveals that ice on Dutch National State Roads increases the number of accidents of between 77% and 245%.
These findings are confirmed through research in the USA by Knapp et al (2000), Qiu
(2007), Perry, et al (1991) and Maze et al (2005), where an increase in accident rates
of 25% to 1400% is observed.
Obviously, drivers in Scandinavian countries are (Fridstrøm 1995) are more used to
snow than in the rest of Europe. Therefore, in these countries no increase in accident
rates is assumed. For the other countries, a doubling of the accident rates is assumed.
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Table 39: Increase of accident rates in Europe due to extreme snow
Country

Description

Source

NL

Ice on road

Dutch national state roads increase in the number of
accidents of between 77% and 245%

Stiers, 2005

Scandinavia

Snow

Number of crashes decreased by 1.2%

Fridstrøm et al 1995

Source: Fraunhofer-ISI

The main question is, how long is the duration of the impact from the snowfall on traffic
accidents. On motorways, usually the snow is removed fast after the snow falls, while
on other roads this might take a day or longer. However, speeds are lower here and
thus accident costs are not influenced as much as on fast roads. It is assumed, that
after snowfall, on average 3 hours will remain on the road until it is removed.

4.4.3

Accidents caused by heat

There are very few studies that reveal an increase in accident rates during heat periods. The German DVR (2000) reveals the following impacts: Accident rates in urban
areas increase by 11% if temperatures rise above 27° and by 22% if they exceed 32°.
In non-urban areas the impact is significantly lower.
For this study extreme hot days are measured using based on the annual number of
days with night temperatures above 20° Celsius as a proxy. For these days an increase
of 22% of the accident rates is assumed. It is assumed as well that in the Mediterranean Europe heat waves have little impacts on transport accident rates, since people
are used to hot weather and most vehicles are endowed with air conditioning systems.

4.4.4

Costs of accidents caused by extreme weather

Annual accident costs caused by extreme weather in Europe amount to 233 m Euro, of
which 70% is caused by extreme snowfall. 66% of the costs occur in Mid Europe and
France. This may be explained by the high costs per accident that is correlated to the
national wealth6.

6 Willingness to pay for the value of life make up the largest share of accident costs. These are

strongly related to GDP.
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Figure 11: Accident costs caused by extreme weather in Europe
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4.5

Congestion and delays caused by extreme weather

Congestion and delays are calculated through the increase in travel time due to extreme weather conditions caused by snow and rain. Basis are the number of extreme
days as given in Table 10. The annual travel time is estimated on the basis of transport
volumes (pkm) retrieved from EUROSTAT. The time needed for transport is calculated
using average speeds for cars and buses. Delays may be defined as additional travel
time caused by extreme weather events. They may be derived using the number of
extreme days and the below described impacts on speed. The additional time is monetarised using HEATCO time values.
Major assumptions are the duration of heavy rain- and snowfalls, which are set at one
respectively three hours.

4.5.1

Speed reduction due to winter conditions

While a large number of studies tackles the speed reduction due to winter conditions,
only two studies from The Netherlands and Germany have been done in Europe as
listed in Table 40. For this research the average of all studies is used: a 17% reduction
of speeds during heavy snowfall.
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Table 40: Speed reductions due to winter conditions
Country

Description

NL

Traffic Speed

7%

Sabir et al 2008

America

Speed Reduction

11 - 15 %
30- 40 %
3-13%

Several studies

D

Capacity reduction on motorway during snowfall
Ulm-Dornstadt
Rüsselsheim
Alsfeld

America

Flow Reduction

Source

Cypra 2006
10-60%
25%
35-40%
30%-44%; 11%;
18%; 20%; 19-27%;
29%; 7 - 56%

Several studies

Source: Fraunhofer-ISI

4.5.2

Speed reduction due to precipitation

Speed reductions during heavy rains have been exclusively researched in the USA.
Average speed reductions in the studies amount to 8%.
Table 41: Speed reductions due to winter conditions
Country

Description

Source

NL

Little general impact exception of rush hours in congested areas.

Sabir et al 2008

USA

2010

Speed reductions on arterial routes range from 10 to 25
%. Light rain reduces freeway speed by 2 to 13 %.
Freeway speeds fall by 3 to 17 % in heavy rain.

FHWA 2010

USA

2002

Travel time delay 11%

Goodwin 2002

USA

2000

Flow reduction 6%

Martin et al (2000)

USA,
Hawaii

2003

The average capacity reduction is 8.4 % in light rain and
20.0 % in heavy rain.

Prevedouros 2003

Freeway Weather Traffic Flow Reductions: 14%

Pisano et al 2007

Capacity reductions of 10 to 17 %,
Speed reductions of 4 to 7 %.

Agarwal, et al 2006

USA
USA

2006

Source: Fraunhofer-ISI
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4.5.3

Costs of delays caused by extreme weather

Delays due to extreme weather induce annual costs Europe amounting to 134 m Euro.
The biggest share is caused by heavy snowfall that comprises 94% of the costs. Mid
Europe and France bear half of the costs in Europe, which is due to the high kilometrage and the high values of time that are related to GDP.

Figure 12: Delays caused by extreme weather in Europe
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Source: Fraunhofer-ISI

4.6

Summary of costs caused by extreme weather

Total annual costs of extreme weather amount to 1.3 m Euro, as listed in Table 42 and depicted in Source:
Fraunhofer-ISI

Figure 13. 94% of the costs are caused by frost and snow. Winter conditions cause
equal costs for road damages (38%) and for snow removal (34%). Accidents have a
share of 18% of the costs and delays only of 10%. Mid Europe and France make up
the largest share of the costs (39%), followed by Eastern Europe and Scandinavia. The
costs in Southern Europe are low due to general warmer temperatures and little impacts of ice and snow. This general statement, however, shall not deny that parts of
southern Europe, namely the Italian and Slovenian Alps and the Spanish part of the
Pyrenees, are mountainous areas with all forms of winter related problems to the
transport networks.
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Table 42: Costs of Extreme Weather in Europe
Snow
Road DamRemoval
ages

m Euro p.a.

Accidents Congestion
& Delays

Total

Share

446

498

165

125

1234

94%

Rain

0

0

22

8

30

2%

Heat

0

0

47

0

47

4%

Total

446

498

233

134

1311

Share

34%

38%

18%

10%

Frost and Snow

Source: Fraunhofer-ISI

Figure 13: Costs of Extreme Weather in Europe
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5

Harmonisation and Generalisation of Evidence

In this section the results of Sections 2 and 3 are compiled in a common format and the
attempt is made to generalise the findings for a part of Europe as large as possible.
While the compilation process goes along with the affected elements of the road transport sector, the generalisation process changes the perspective towards the vulnerability of road transport by category of extreme weather events.

5.1

The hybrid model for generalisation

The generalisation of evidence from literature and from the incident database is carried
out in two separate steps finally combined to a single picture of weather–related cost of
extremes affecting the transport sector. The two branches of this hybrid assessment
model are:
Generalisation of the Incident Database (IDB) established in Chapter 3 using regional risk factors and
Generalisation of cost elasticities with respect to indices of Extremes, undertaken in
the Extreme Elasticities Model EEM.
While the two branches had been presented in detail in the above sections, the common approach and its results will be presented hereinafter. First, Table 43 gives an
overview of the availability and combination of data in the hybrid model.

Infrastructure assets
Infrastructure operations
Vehicle assets
Transport service operations
Safety issues
Congestion and delays

Data sources:

EEM

IDB

Source: Fraunhofer-ISI
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Both

No data Irrelevant

Wild fires

Droughts

Heat periods

Winter Storms

Snow

Frost periods

Hail and hail storms

Storm surges

Extratrop. cyclones

Mass movements

Floods / flash floods

Overview of the availability of
cost estimates in road transport
due to extreme weather conditions:
EEM: Extremes elasticity model
IDG: Incident Database Generalisation

Rainfalls

Table 43: Data availability for cost generalisation
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The final vulnerability matrix for the base year 2010 is composed of the generalisation
of the incident database (IDG) and the extremes elasticity model (EEM). Some of the
original results have been modified with respect to methodological consistency and
data quality. For other cases, where EEM and IDG results were available, data have
either been selected, merged or added. The following changes to the data were made:
EEM results on infrastructure damages due to frost: here the literature values seem
to contain gross reinvestment costs. Following the discussion of age structures and
multiple damage purposes in section 4.2, we subtract 50% of these costs.
Vehicle operating costs due to winter conditions and rain: we assume fuel and wear
and tear costs amounting up to 10% of user-time costs. Thus we apply this share to
EEM results of user time costs of the respective categories of extremes.
Vehicle operation and user time costs at rain&floods: while the incident database
mainly considers flood events, the elasticity model concentrates on heavy precipitation. Thus, we add the two components.
Storm impacts on traffic safety: here only IDG data mainly based on Italian observations are available. As Italy is not among the countries with a particularly high storm
risk in Europe we take a cautious approach by considering only 30% of the generalised costs.
Details of the hybrid procedure are presented in Table 44.
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Table 44: Detailed approach of the hybrid cost generalisation approach
Incident Database Generalisation (IDG)

Category
Sector
Type of exelement treme

Infra
assets

€m/a

Reliability of results

Ice&snow

good

195.9

gross replacement
costs

Rain&flood

floods, landslides

629.9

n.a.

Storm

Czech and US data
only

76.1

n.a.

76.1

n.a.

0.0

Ice&snow

rough estimate

54.3

good

Rain&flood

rough estimate

21.9

Storm

poor (DE and IT only) 22.6

Heat&drought n.a.
Vehicle
assets

50% of EEM

248.8

IDB

630.1

EEM

126.3

n..a.

IDB

21.9

n..a.

IDB

22.6
0.0

Crashes, all winter

81.3

n.a.

IDB

81.3

Rain&flood

Mainly UK flood

24.4

n.a.

IDB

24.4

Storm

Some follen trees

5.1

n.a.

5.1

n.a.

n.a.

0.0

32.8

10% of time costs

Ice&snow

Traffic jams all winter

Rain&flood

Flood detours only

30

10% of time costs
rain

Storm

Incomplete

1.4

n.a.

12.5

EEM

12.5

0.8

IDB+10%*EE
M

30.9

IDB

1.4

n.a.

0.0

Ice&snow

poor, big jams only

49.1

good

125

EEM

125.5

Rain&flood

Vague assumptions

93.6

Rain only

8

EEM + IDB

93.7

Storm

poor data on blockage

63

n.a.

IDB

63.0

n.a.

Heat&drought
User
safety

446

€m/a

n..a.

Heat&drought n.a.
User
time

498

Source

Ice&snow

Heat&drought
Fleet
oper.

€m/a

Selected values

Reliability of results

Heat&drought n.a.
Infra
oper.

Extremes Elasticity model
(EEM)

0.0

Ice&snow

Total crashes

130.2

good

165

EEM

164.9

Rain&flood

partial information

3.8

Rain only

22

EEM

21.5

Storm

poor, focus on IT

5.9

n.a.

IDB

5.9

EEM

46.9

Heat&drought n.a.
TOTAL
Source: Fraunhofer-ISI

good
1521.3
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5.2

European damage costs 2010

Detailed results of the hybrid cost generalisation exercise are presented by Table 45.
The exercise provides some insight into the relevant spots in the transport sector. Total
costs amount to roughly €1.8 billion in an average year. Related to passenger and
freight performance in the 29 countries considered, this is roughly 0.1 €-Cent per passenger kilometre. To put this value into relation: motorway tolls in many European
countries raising them range between 5 and 10 €-Ct./km. Moreover, the costs of CO2
emission amounts to roughly 1 €-Ct/vehicle-km.
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Table 45: Generalised costs of weather extremes for road transport by climate regions
Total costs (m€ p.a.) by climate region

Category

Results

Sector
element

Type of extreme

Total
costs
(€m/a)

Infrastructure
assets

Ice&snow

248.8

13.8%

16

17

74

25

1

1

43

71

Rain&flood

629.9

34.9%

43

59

29

133

86

53

73

153

76.1

4.2%

6

8

39

7

7

5

0

3

Infrastructure operations

Ice&snow

126.3

7.0%

53

6

8

39

7

7

5

0

Rain&flood

21.9

1.2%

1

3

5

0

5

1

2

4

Storm

22.6

1.3%

0

2

11

4

2

0

3

1

Vehicle
assets

Ice&snow

81.3

4.5%

2

0

7

11

2

12

29

17

Rain&flood

24.4

1.4%

9

1

2

0

4

2

5

1

Storm

Storm

EA

FR

IP

MD

ME

SC

0.3%

0

0

2

1

0

1

1

0

0.7%

1

1

2

0

0

0

6

1

30.9

1.7%

2

4

4

3

2

8

2

6

1.4

0.1%

0

0

1

0

0

0

0

0

Ice&snow

125.5

7.0%

10

14

22

3

0

4

62

12

Rain&flood

93.7

5.2%

30

5

10

3

16

2

22

5

Storm

63.0

3.5%

0

4

23

6

3

0

24

2

Ice&snow

164.9

9.2%

12

13

28

30

0

3

79

0

Rain&flood

21.5

1.2%

1

3

2

2

1

3

8

1

5.9

0.3%

0

0

1

4

0

0

0

0

Storm
Heat&drought
TOTAL by
sector
element

BI

5.1

Storm

User
safety

AL

12.5

Vehicle
Ice&snow
operations Rain&flood
User time
costs

Share

46.9

2.6%

3

0

5

35

0

0

3

0

Infra assets

954.8

53.0%

65

84

142

165

94

60

116

227

Infra operat.

170.8

9.5%

55

11

24

43

15

8

10

5

Vehicle assets

110.7

6.1%

11

2

11

12

7

15

35

18

Fleet operat.

44.8

2.5%

3

6

7

4

2

8

9

7

User time

282.2

15.7%

40

23

55

12

19

6

107

19

User safety

239.3

13.3%

17

16

36

72

1

6

90

1

TOTAL by Ice&snow
category
Rain&flood
of extreme
Storm

759.3

42.1%

94

52

142

108

10

28

224

102

822.2

45.6%

86

76

52

143

115

68

113

170

174.2

9.7%

7

15

76

21

13

7

28

6

46.9

2.6%

3

0

5

35

0

0

3

0

1'802.5

100.0%

190

143

276

307

138

103

367

278

Heat&drought
TOTAL

€m/a

Share
11%
8% 15% 17%
8%
6% 20% 15%
Symbols: AL: Alpes, BI: British Isles, EA: Eastern Europe, FR: France, IP: Iberian Peninsula, MD: Mediterranean, ME: Mid Europe, SC: Scandinavia
Source: Fraunhofer-ISI

Looking at the structure of results by cost categories the vulnerable elements of road
transport can be identified as follows (compare Figure 14):
Heavy rain and floods account for the highest mean annual costs, followed by winter
conditions with only little difference. Both account for roughly €800 million annually.
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Storms and storm surges (€175 million) and heat, drought and wild fires (€47 million) appear of comparably limited importance.
By far the most hit transport sector element are infrastructure assets (53% of total
costs), followed by user time losses (16%) and safety implications (13%).
Considering both dimensions, rain and flood impacts on road infrastructure, accounting to 35% of total costs, dominate all other consequences of weather extremes. Most affected related to vehicle kilometres are Scandinavia and France.
The impacts of snow and ice are less pronounced. Costs are rather evenly distributed over infrastructure assets and operations, vehicle assets, user time costs and
safety impacts. Most hit are Mid and Eastern Europe due to their high climate variability.
Storms mainly impact infrastructure assets and user time losses. Vehicles and
safety do not play a significant role. Most affected is the European belt from France
over Mid to Eastern Europe.
As concerns storm impacts, great uncertainties and gaps in the database have to be
constituted. The same holds true for the impacts of heat, drought and wild fires. Here
additional data collection is required.

Figure 14: Generalised costs by sector element and weather category
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400

Fleet operations
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Source: Fraunhofer-ISI

Turning the perspective towards cost categories, an even more imbalanced picture
appears. 53% of total costs go into infrastructure costs, which are again dominated by
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rain and floods (see above). The second and third order cost elements are time losses
and accident consequences. Both are mainly driven by winter conditions, with time
costs being also determined by rain, floods and storms.
Figure 15: Generalised costs by weather category and sector element
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The user time losses due to rain and floods attribute to detouring flooded areas and
roads blocked by landslides, mudflows or avalanches. These findings correspond with
the statements made at the 1st WEATHER workshop on the high importance of water
for road transport.
Looking at the regional distribution of costs we can identify the hot spots for weather
extremes in the central altitude of continental Europe reaching from France to Mid
Europe and the alpine region. The low values for the British Islands and East Europe
can be explained by the data situation of the incident database.
The same holds for southern Europe (Iberian Peninsula and the Mediterranean area).
But here, as well as in Scandinavia, climate is in general more extreme and thus more
predictable.
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Figure 16: Generalised costs by climate region and category of extreme
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5.3

Outlook to 2050 and beyond

The forecasting of transport sector vulnerabilities to climate change and weather extremes requires considering
changes in transport network assets endangered by the weather and climate activities,
changes in transport demand on these networks,
development of weather and climate scenarios.
Transport network and demand indicators are available from past research on European level (iTREN 2030, ADAM, etc.). However, the required climate and weather scenarios are still processed. According to the WEATHER work plan these will be available mid 2011. By that time a detailed forecasting of additional costs due to extreme
weather conditions by geographical zone and transport mode will be carried out. The
results will be integrated in Deliverables 1 and 4 of the WEATHER project.
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5.4

Intermodal issues

Providing access to and from railway stations, airports or freight terminals road transport plays a decisive role in intermodal chains in passenger as well as in freight transport. From the very rough assessment carried out here we cannot make clear statements on the sensitivity of these intermodal chains to disruptions in road transport. But
we can say that as soon as the reliability of road transport decreases, passengers and
shippers need to allocate more time to terminal access in order not to endanger the
transport chain to fail. This additional buffer will be more expensive than the delay due
to unexpected weather conditions alone.
These aspects have not been looked at in these contributions. The paper further omits
to consider urban public transport and its many commercial or semi-commercial variants, such as car sharing or car club operations. We further did not look specifically into
the cost structures of bus and coach operators. If considered relevant, this should be
done in the case studies.
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6

Final Remarks

In this section we have made the attempt to generate new data on transport sector
impacts by extreme weather conditions through an intensive review of media publications. This approach is not new and is applied by established research entities, such as
the WMO and its national organisations (e. g. DWD in Germany). Although the method
finally managed to deliver quantitative results, the underlying assessment method,
based on standard incidents, may be biased by the large number of assumptions,
which had to be taken.
Moreover, the database itself only reflects the information which has gained the attention of supra-regional print media. Neither the selection of topics by the newspapers or
magazines, nor our compilation will be comprehensive. Thus, results of the incident
database only reflect a cautious approach towards the true costs of extreme weather
impacts on transport.
Nevertheless, by establishing a model-making use of the elasticity of certain cost categories with respect to extreme weather conditions we have been able to close a number of gaps. Although some uncertainties remain, e. g. in the field of heat and storm
consequences, we can assume to have covered the most costly hot spots in European
road transport through this analysis.
Total annual mean costs are found ranging around €1.8 billion. This is €0.008 per vehicle kilometre in average, and thus hardly significant related to vehicle operating, fuel
and time costs. It is important to note that these rough cost estimates can only denote
extremely coarse house numbers of the true costs of weather extremes to their current
extent. But even if the true range is between one and three or even four billion Euro
annually, the significance towards other cost categories will not alter.
In the later course of the project these numbers will be applied to benchmark adaptation measures in road transport. For this purpose we establish a forecast model looking
until 2050 and beyond and take into consideration the projected development of
weather extremes as well as the likely evolution of transport networks and demand in
Europe.
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1. Data sources and quality
Different sources are useable to describe the vulnerability of the rail transport sector.


Literature review:
Different regional and local studies but also studies without specific geographical background have worked on vulnerability of the rail transport system (partly not especially focusing weather vulnerability) or on weather
events and there effects (partly not especially focusing on the transport sector).



Information and data from the transport sector directly
Rail infrastructure operators as well as railway undertakings (RU) both from
the former state railways and from private rail companies do partly collect information regarding effects of weather events to be able to manage future
events in a better way. This information partly includes data on costs. In addition experts of the sector have a good feeling on the railway systems vulnerability based on their experiences.
So data bases collected by them as well as expert interviews are helpful
data sources from the rail transport sector.



Media review
Media archives include a lots of information on extreme weather events including information on what happened to infrastructure. What is not included
in most of the media information is the part of the cost information.

1.1

Literature review

This sub section of the report gives summaries on relevant literature and external presentations to the first WEATHER – Workshop regarding vulnerability of the rail system to
extreme weather events.
The chapter is structured along the relevant literature analysed. For each literature the
main outcome regarding the rail system vulnerability is summarised. Additional information included in the analysed literature, not relevant information for this report is not
presented.
The findings of the following chapters are used for the analysis and implemented in the
results of the following chapters 2 to 5.
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1.1.1

Quantifying the effects of high summer temperatures due
to climate change on buckling and rail related delays in
south-east Kingdom (K. Dobney, C. J. Baker, A. D. Quinn and L.
Chapman, 2009)

Increased incidences of rail buckles are associated with extreme high temperatures.
Due to climate change the temperature profile is changing. In the UK extreme high
temperatures becoming an increasingly frequent occurrence. As a consequence of
extreme high temperature the number of buckles, and therefore delays, will increase if
the track is maintained to the current standard.
Estimates have shown that 20% of all unplanned delays on the UK rail network are the
cause of present day adverse weather conditions.
Thornes and Davis (2002) estimate that the weather is the cause of 5 million delay
minutes per year (delay minutes are defined as the total number of minutes delay to
passenger and freight trans). Network Rail reported around 3 million weather related
delay minutes in 2007 (Network Rail, 2007).
Due to climate change weather related problems such as buckling, flooding due to inadequate drainage, sudden earthworks failure, scour at the base of bridges and damage to overhead wires; Eddowes et al., 2003) will occur with increasing frequency on
the network.
A buckle is any track misalignment serious enough to cause a derailment (ORR, 2008).
Although railway track is pre-stressed to withstand a reasonable temperature range
(Chapman et al., 2006, 2008), extremes of temperatures can cause both jointed track
and continuously welded rail to buckle due to the forces produced by the metal expanding.
The threshold at which a rail may buckle is highly dependent on the condition of the
track.
Track in good condition would not be expected to buckle until 39°C ambient air temperature. In contrast for track in bad condition the track is at risk at 25°C.
An additional increase in delays can also be noted at lower temperatures. Cold weather
poses an alternative set of problems for the rail network such as frozen points, and
damaged rails due to tension cracking.
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Figure 1: Number of delay minutes attributable to „buckle‟ events recorded in the ADB1
for London and the south-east and the maximum temperature reached on the day of
occurrence.

Weather analogues: the 2003 heat wave
August 2003 was an exceptionally hot month in Europe and caused a great deal of
damage in many sectors. This extreme weather can clearly be detected in the ADB
where 137 railway buckles were reported compared to the long-term average of 30–
The area of study chosen for this research is the south-east region of the United Kingdom.
From the period between 14 May and 18 September 2003, 165 000 delay minutes
were considered attributable to heat-related incidents. This figure is significantly higher
than for the summer of 2004 which is considered „normal‟ with only 30 000 delay minutes recorded. The difference between the 2 years is largely attributed to the exceptionally hot conditions during August 2003.
The cost of the 130 000 additional delay minutes was estimated to be in the region of
£2.2 million, which gives an average outlay of £16.70 per delay minute. However, this
figure is conservative. It is based on UK-wide averages used to derive the cost of a
delay minute based on train-related delays. It does not include the cost of materials or
labour for infrastructure repairs.
An analysis of the cost of weather related seasonal delays performed by Rail Safety
and Standards Board used a notional value of £50 per delay (Eddowes et al.,2003).
1 ADB (alterations database) is a record of all incidents that have caused delay minutes on the

railway in the United Kingdom.
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The evident limitations of deriving a cost based solely on average train and passenger
profiles indicates that using the value of £50 cost per delay minute will produce more
realistic costing.

1.1.2

Climate change and the railway industry: a review (C J Baker,
L Chapman, A Quinn, and K Dobney, 2009); WEATHER, WS1 Presentation: Extreme Weather, climate change and the
railways” (Chris Baker, Professor of Environmental Fluid Mechanics,
University of Birmingham, Director of the Birmingham Centre for Railway
Research and Education, 2010)

The effects of high temperatures on track (buckling,etc), the effects of high rainfall on
earthworks, the effects of extreme precipitation levels on current drainage systems,
and the effects of extreme winds on the overhead system are the major effects that are
likely to be of concern to the railway industry in future.
Hotter, drier summers cause to pavement deterioration and melting / rail buckling,
ground shrinkage and a decreasing in passenger thermal comfort.
Hot dry summers have the following effects on the railway system in the UK:


increased buckling of train track



desiccation of track earthworks



increased ventilation problems on underground railway systems



increased vegetation because of longer growing season

Figure 2: rail buckling

There are well established limits on Network Rail for which speed restrictions are applied in periods of high temperatures when track buckling can be expected and greater
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resilience to an increased frequency of high temperatures could be provided by raising
the stress free temperature
It is appreciated that cracking (drying and desiccation of earthworks) can allow increased water infiltration, with an increased potential for collapse.
Warmer, wetter winters cause to increased surface water and flooding and increased
frequency of landslips, scours and washouts.
Warm wet winters have the following effects on the railway system in the UK:


increased flooding of the network and strain on drainage system:
example: flooding on the London underground between September 1999
and March 2004 has cost £14.6 million in passenger delays, with the severe
flooding event of August 2002 costing around £0.74 million
Figure 3: flooding of tracks



damage to earthworks; failure of saturated embankments: It is appreciated
that high pore water pressures in recently constructed embankments results
in short and medium term stability. These pore water pressures are gradually dissipated over decades partly because of cracking and water ingress
during hot dry summers combined with increased winter rainfall. This can
result in unexpected earthwork failures and highlights the importance of
well-maintained drainage systems.



track circuit problems: Track circuits, used to detect train positions on the
network, can be affected by local weather conditions, in particular the water
content of the ballast. The fault detection work is currently being extended
through a series of full scale experiments that are monitoring both track circuit performance and environmental conditions to quantify these effects
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more precisely. When this has been done, it may then be possible to estimate the likely effect of climate change on future performance of such systems.
Increasing in the frequency of extreme storms including intense rainfall and extreme
winds have the following effects on the railway system:


increased likelihood of dewirement (losing contact with the overhead wire)



increased possibility of train overturning derailment



accidents or network disruption because of trees and building debris being
deposited on the track

Sea level rise is also a big problem for railway sections near the coasts. Sea level rise
causes to flooding of track etc.

1.1.3

Cross-wind effects on road an rail vehicles (Chris Baker, Federico Cheli, Alexander Orellano, Nicolas Paradot, Carsten Proppe and
Daniele Rocchi, 2009)

The effects of cross-winds on rail vehicles can be broadly divided into two categories:


effects due to high cross-winds and



effects due to low cross-winds.

Trains are at risk of blowing over in high cross-wind conditions and recent accidents
have taken place in China, Japan, Belgium and Switzerland (Figure 4).
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Figure 4: Overturned trains

The wind speeds, necessary to blow trains over, tend to be rather higher than those for
blowing road vehicles over – of the order of 35–40 m/s. Nonetheless these can occur in
practice, and in the design of any new trains these risks have to be taken very seriously
indeed. This has led to the development of a number of standards and that address
this issue and lay out rigorous risk-assessment procedures for new vehicles or for older
vehicles that are required to operate on exposed routes. Such methods have been applied in Germany, France and the UK.
The risk of a blow over accident, highcross-winds can affect trains in a number of otherways: excessive deflection between the overhead wire, and the pantograph and infringement of the kinematic envelope for example. At rather lower wind speeds, the
effects of cross-winds are not so pronounced but can still lead to operational difficulties:
for example, Cooper has shown that there is a possibility of the excitation of suspension modes of high-speed trains in relatively low wind speed conditions.
A solution to avoid this, is to build wind fences on the side of the rail in the most sensitive parts of the line.
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WEATHER, WS1 - Presentation: Weather Extremes – Vulnerability of Combined Transport and measures to reduce
impacts (Martin Burkhardt, Director General, International Union of com-

1.1.4

bined Road-Rail transport companies, 2010)
Weather extremes have effects on infrastructure (e.g. lines, overhead lines), on terminal operation (swinging loads), on rolling stock and on loading units due to falling
trees/branches, inundation of rail tracks and routes. Because of storms accompanied
with falling trees etc. there are delays or stops of operation.
Transalpine Railways have to handle land slides, avalanches and storms. Based on
weather extremes transalpine railways close tracks in winter. Example: in the year
2002 there were land slides on the route line Bellinzona - Luino - Gallarante (DE – CH
– IT) – the land slides cause two closure of this route for several weeks. Afterwards to
line Bellinzona – Luino – Gallarante was reconstructed with galleries and fixing slopes
(Figure 5).
Figure 5: reconstruction of the line Bellinzona – Luino – Gallarante

1.1.5

WEATHER, WS1 - Presentation: Rail infrastructure answer
to extreme weather events: a first French study (Résseau
Ferré de France, 2010)

RFF has to face to the consequences of


More rain- and snowfalls resulting in damage on earthworks and structures



More and more serious storms resulting in troubles in electric and signalling
systems
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1.1.6



Windstorms and tornados resulting in tree falling and catenary injuries



Humidity (tunnel and earthwork fragility) and flooding (risk on embankments,
fundaments, seawalls and electric facilities)



Heatwaves and more changes in temperature (rail dilatation, electric systems failures)



Dryness: risk for structure fundaments on clay, risk of river drying (fundaments)



Coolwave: rail contraction, catenaries, ice in electric systems

Klimaänderung und die Schweiz 2050: Erwartete Auswirkungen auf Umwelt, Gesellschaft und Wirtschaft (OoCC /
ProClim; 2007)

Strong rainfalls cause danger of line stability, storms and heat-waves cause disturbance of tracks and catenaries. In 2005 the August-Flood flooded lot of railway stations
in Switzerland. Strong rainfalls can also implicate slides and slips. Due to strong rainfalls the disturbance of tracks and catenaries increase. An other problem is underwashing of lines while and after strong rainfalls.
In winter it is possible that strong rainfalls contain to an increased danger of avalanches or hindrance of the infrastructure (e.g. blockage of points, snow on the lines)
above the snow line. Today several critical areas are ensured with “protection galleries”
in Switzerland.
During the very hot summer 2003 there were effects from the high temperatures on the
stability of hillsides in regions with permafrost (e.g. falling rocks and rockslides).
Due to the increasing storms in winter it is to anticipate with overthrown trees on tracks.
Overthrown trees on tracks cause delays and disruptions in operations. In Switzerland
there are only small bushes and shrubberies along the tracks. Trees are growing in
increasing distance next to the tracks. Therefore overthrown trees cannot interrupt the
operations.
Distortions of tracks are the consequences of very high summer temperatures. During
distortions of tracks trains cannot operate or have to drive slowly on the relevant section of the line. There is a construction method which helps to avoid distortions of
tracks. During the fitting tracks are exposed to high temperatures, therewith later distortions are prevented.
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Thunderstorms in summer are risks, because lightings can lead to interruptions of operations due to damages of catenaries.

1.1.7

Impacts of Climate Change and Variability on Transportation Systems and Infrastructure: Gulf Coast Study, Phase I
(U.S. Climate Change Science Program Synthesis and Assessment Product 4.7, 2008)

Warming temperatures may require changes in materials, maintenance, and operations. The combined effects of an increase in mean and extreme high temperatures
across the study region are likely to affect the construction, maintenance, and operations of transportation infrastructure and vehicles. Higher temperatures may also suggest areas for materials and technology innovation to develop new, more heat-tolerant
materials. Some types of infrastructure deteriorate more quickly at temperatures above
32.2°C. As the number of very hot days increases, different materials may be required.
Rail lines may be affected by more frequent rail buckling due to an increase in daily
high temperatures.
Relative sea level rise may inundate existing infrastructure. Increased storm intensity
may lead to greater service disruption and infrastructure damage. Damage from the
force of storm surge, high winds, debris, and other effects of hurricanes can be catastrophic, depending on where a specific hurricane strikes. As in the case of relative sea
level rise, ports, highway and rail are the transportation facilities that would be most
directly affected by storm surge. 33% of rail lines are vulnerable to a storm surge of 5.5
m (18 ft); this proportion climbs to 41 % vulnerable at 7m (23 ft).
Nearly all of the US rail infrastructure is privately owned and operated. Disruption of
privately owned infrastructure can have huge costs for the owners and users of these
facilities. Repair costs for the more than 65km CSX railroad segment damaged in Hurricane Katrina, $250 million, could be dwarfed by the costs of moving the line if the
company chose to relocate the line further inland.
Temperature increases could raise the danger of rail buckling. This occurs when compressive forces in the rail, due to restrained expansion during hot weather, exceed the
lateral stiffness of the track, causing the track to become displaced laterally. The amplitude of track buckles can reach 75cm or more. Track buckling occurs predominately on
continuously welded track. It also can occur on older jointed track when the ends of the
track become frozen in place. Track buckling is most prevalent on an isolated hot day
in the springtime or early summer, rather than mid to late summer when temperatures
are more uniformly hot. Buckling also is more likely to occur in alternating sun/shade
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regions and in curves. Derailments are the most serious problems associated with
track buckling. A derailment can occur when a buckled section of track is not observed
in time for the train to safely stop. One way to overcome this is through blanket slow
order. In hot weather (more than 35°C), railroads issue blanket slow orders (generally
to reduce all train speeds by 16km/h) to help prevent derailments caused by buckling.
This has several negative consequences, such as longer transit times, higher operating
costs, shipment delays, reduced track capacity, and increased equipment cycle time
leading to larger fleet sizes and costs. Reduced train speeds similarly affect passenger
rail schedules, causing delays in travel schedules.
Research into improved track design and installation has reduced the derailments attributable to buckling. For example, concrete crossties with improved fasteners can
withstand greater track stress than wooden ties with spikes.
Erosion of the track subgrade and rotting of wooden crossties are the primary impacts
on rail infrastructure form precipitation. Erosion of the subgrade can wash away ballast
and weaken the foundation, making the track unstable for passage of heavy locomotives and railcars. Ballast is typically granite or other hard stone used to provide a flat,
stable bed for the track, and also to drain moisture from the track and ties. Without ballast, wooden crossties would rot at a faster rate, leading to more buckling and unstable
track. As with buckling, subgrade erosion and rotting crossties are difficult to detect
using methods other than visual inspection. This situation is improving, though, through
remote sensing advances that detect standing water and air pockets.
If the frequency and/or the intensity of extreme rainfall events increases, it could lead to
higher rates of erosion and railroad bridge scour, as well as higher safety risks and
increased maintenance requirements.
After Hurricane Katrina the rail infrastructure in coastal Mississippi and Louisiana suffered major damage that took weeks or months to repair. The worst storm damage was
focused on a 160km section of CSX‟s Gulf Coast line between New Orleans and Pascagoula, Mississippi. CSX had to restore six major bridges and more than 65km of
track, much of which was washed out or undermined. Damage was so extensive on the
line that CSX required more than 5 months an $250 million to complete repairs and to
reopen the line.
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1.1.8

Climate Change and Infrastructure – Planning Ahead: part
of the Victorian climate change adaptation program (A Victorian Government initiative, 2006)

Increased frequency and severity of extreme rainfall events may cause significant flood
damage to road, rail, bridge, airport, port and, especially, tunnel infrastructure. Rail,
bridges, airports and ports are susceptible to extreme winds. Ports and coastal infrastructure are particularly at risk form storm surges; sea level rise will add to the problem.
A rise in the frequency of lightning strikes would affect rail operators. The projected
increase in storm activity may increase the cost of transport infrastructure maintenance
and replacement. Increased ground movement and changes in groundwater would
accelerate degradation of materials, structures and foundations of transport infrastructure. The result would be reduction in life expectancy, increased maintenance costs
and potential structural failure during extreme events.
Higher temperatures may stress steel in bridges and rail tracks through expansion and
increased movement. Sea level rise may affect tunnels close to the coast through increased tidal and salt gradients, ground water pressure and corrosion of materials.

1.1.9

Arbeitspapier zur Vorbereitung des Stakeholderdialogs zu
Chancen und Risiken des Klimawandels (VerkehrsinfrastrukturDialoge zur Klimaanpassung Verkehrsinfrastruktur, 2009)

Expected climate change which effects transportation infrastructure are:
Increase of very hot days
Increase of heavy rain effects
Increase of strong storms
Near the coasts there are specific challenges for the transport infrastructure. Climate
change leads to a stronger abrasion of infrastructure. Furthermore stronger abrasion of
infrastructure results in reduced life-time, increased maintenance costs and increased
reinvestments.
High temperatures lead to material- und structural damage as well as to rail buckling.
Rail buckling occurs from 43°C. Fluctuating temperatures or very hot single days are
more incriminating than enduring hot temperatures for rail lines. Rail lines with changes
of sun and shadow as well as rail lines in curves have a higher risk of rail buckling. Often rail buckling lead to derailing.
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Due to an increasing number of very hot days the danger of overheating increases and
with it the default risks of electronic equipment (e.g. signals).
High temperatures and heat-waves can lead to line-side fires and fires along the rail
lines.
Heavy rain events can cause capacity overload of drainage-systems and therewith also
the risk of flooding of tracks and tunnels increase.
By corrosion and underwashing the stability of embankments and track bed is at risk.
Heavy rain events can also cause alteration of wood. An increased soil moisture due to
heavy rains can affect the stability of bridges and tunnels. Soil moisture can also affect
installed lines in the earth and increase the risk of landslides, particularly when the rainfalls are in an otherwise dry period
The increase of heavy storms often leads to damages on high installations like catenaries, signals, road signs and bridges. Furthermore heavy storms increase the risk of
fallen trees on tracks. Thunderstorms and lightning can lead to electrical power outage
an so to falling outs and damages on signals and on the electronic infrastructure.
Near the coast damages by flooding due to storm floods and squalls on the seaward
side can occur. In future the sea level rise affects the safety of the lines or the sea level
rise leads to relocation of lines.
The extension of the growing season of broadleaf trees can cause to more fall of
leaves – this implicates a lubricating film on tracks. Thereby the stopping distance of
trains become longer.

1.1.10

The impact of climate change and weather on transport: An
overview of empirical findings (Mark J. Koetse, Piet Rietveld,
2009)

In Duinmeijer and Bouwknegt (2004) the frequency and distribution of rail infrastructure
failures due to adverse weather conditions in the Netherlands in 2003 are reported.
Weather appears to cause approximately 5% of all rail infrastructure failures, which is
limited but far from negligible. Most of the weather-related failures are caused by high
temperatures, icing, storm and lightning. However, within the reporting system of Prorail it is assumed that when, for instance, temperature is between certain values it cannot cause a failure. When this assumption would be removed, and therefore failures
would be reported differently, the number of failures attributable to adverse weather
conditions would likely double to around 10% (personal communication).
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A study by Rossetti (2002) shows that for 66 out of 5.700 accidents and incidents in the
US between 1993 and 2002 the reported primary cause was weather, a figure much
lower than that for The Netherlands. Alternatively, when looking at the weather conditions at the time of the accident, snow, fog and rain seem to account for 131, 81 and
411 accidents, respectively. This would amount to approximately 10% of all failures,
which would be more in accordance with the Dutch situation. The main causes of
weather-related problems in both countries are, however, very different. Clearly, more
detailed research is needed in this area. In general, climate change likely causes an
increase in heat-related disruptions but a decrease in ice-related disruptions, making
the net impact ambiguous and region-specific.

1.1.11

Potential adaptation strategies for climate change in Scotland (Andy Kerr and Andy McLeod, University of Edinburgh, Scottish Executive Central Research Unit, 2001)

Railtrack Scotland has identified adverse weather as a key business risk. It has severe
commercial implications both in lost revenue and capital costs for infrastructure repair.
The main climate sensitivities inclue:


Flooding



High winds, interfering with the connection between the overhead line and
the train



Fallen leaves, particular wet leaves in autumn



Large temperature range stresses and fracturing rail lines

Currently Railtrack Scotland is identifying sites that are vulnerable to flooding and installing pumps and/or culverts. At present, rapid response teams are employed to clear
drains divert floodwater away form railway in emergencies. Reactive emergency response measures are very expensive.
The prospect of a significantly changed climate would require a reassessment of approaches to tackle such events. Railtrack Scotland works with the National Farmers
Union (Scotland) to encourage actions on land adjacent to railways that reduce flood
risk.
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1.1.12

Climate Change Impacts and Adaptation: A Canadian Perspective – Impacts on Transportation Infrastructure(http://adaptation.nrcan.gc.ca/perspective/transport_3_e.php)

Rail infrastructure is susceptible to temperature extremes. Railway track may buckle
under extreme heat, and this has been suggested as a possible contributing factor in
the July 29, 2002 Amtrak rail incident in Maryland. Extreme cold conditions are currently more problematic for railways than severe heat, and result in greater frequencies
of broken railway lines and frozen switches, and higher rates of wheel replacement. On
balance, it is expected that warming will provide a modest benefit for Canadian rail infrastructure, except in regions underlain by permafrost.
The impacts of climate change on future precipitation patterns are much less certain
than those on temperature, due in part to the highly variable nature of precipitation and
limited ability of current climate models to resolve certain atmospheric processes. It is
thought, however, that annual precipitation is likely to increase over much of Canada,
with an increase in the proportion of precipitation falling as rain rather than snow in
southern regions. In the past, there have been many examples of damage to transportation infrastructure due to rainfall-induced landslides and floods. For example, in 1997,
a mudslide in the Fraser Canyon washed out a section of Canadian National railroad
track, derailing a freight train and killing two crewmen. (Figure 6)
Figure 6: Derailed Canadian National train caused by landslide in the Fraser Canyon.
Photo courtesy of S. Evans.

If the timing, frequency, form and/or intensity of precipitation change in the future, then
related natural processes, including debris flows, avalanches and floods, would be affected. For example, there are concerns that future changes in hydroclimatic events,
particularly extreme rainfall and snowmelt, could result in more frequent disruptions of
the transportation corridors in the mountains of western Canada as a result of increased landslide frequency.
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Future increases in the intensity and frequency of heavy rainfall events would have
implications for the design of roads, highways, bridges and culverts with respect to
storm water management. Precipitation and moisture also affect the weathering of
transportation infrastructure, such as bridges. Accelerated deterioration of these structures may occur where precipitation events and freeze-thaw cycles become more frequent, particularly in areas that experience acid rain.
Rail companies have winter operating plans and procedures for dealing with winter
weather that cost millions of dollars each year. These include such measure as snow
removal, sanding and salting, track and wheel inspections, temporary slow orders and
personnel training.
For transportation and other structures built on permafrost, a number of lessons have
been learned over the past century. For example, failure to incorporate appropriate
design techniques and regularly maintain the rail line between
Average global sea level is expected to rise by between 9 cm and 88 cm by the year
2100, with considerable regional variation. Higher mean sea levels, coupled with high
tides and storm surges, are almost certain to cause problems for transportation systems in some coastal areas.

1.1.13

Impacts of Climate Change on Transport and Adaptation in
Asia (Madan B. Regmi and Shinya Hanaoka, 2009)

Transportation system will be affected by climate change. Increase in temperature,
precipitation, sea level and storm surges will have significant impact on infrastructure.
Some obvious impacts to the transportation system are traffic disruption due flooding
and heavy snow and rains, difficult driving condition, increase in maintenance requirement to the pavement due to high temperature and more frequent icing-thawing phenomenon, overflow of side drains and cross drainage works, submerged bridges due to
floods induced by intense precipitation.
Impacts of Climate Change in Asia
The predicted climate change will severely impact the transport infrastructure. The potential impacts on transport infrastructure and operation due to the climates are:
Temperature: the extended warm weather would affect heating and thermal expansion
of bridges and rail tracks and buckling of joins; decrease in temperature affects transport operation as well as snow and ice removal costs including salts used.
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Rainfall: the increase of rainfalls in winter precipitation would affect drainage capacities,
driving condition and visibility. Increase in intensity of summer precipitation creates
flooding, affect drainage and rail.
Storms and Storm surges: rainfall and winds associated with cyclone would create
flooding and affect rail, traffic boards and information signs.
Sea level rise: rise in sea level can affect railways and other transportation infrastructure. In many cases there may be need to realign or abandon the affected coastal infrastructure.
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Figure 7: Impact Matrix of selected Climate Events and Vulnerable Infrastructure in
Asia
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The figure shows that all rail infrastructure components (bridges, drains, culverts, rail
track, side slopes, coastal rails) are impacted by precipitation, storm and cyclones.
Therefore, appropriate consideration of potential weather events in planning, designing
and maintenance of the transportation system would increase their serviceability and
life. It is socially and economically important, that the transport system adapts to the
projected changes in climate.

1.1.14

The Potential Impacts of Climate Change on Transportation
- Potential Impacts of Climate Change on Railroads (Michael
A. Rossetti, 2002)

Railroad companies must deal with thunderstorms, tornadoes, flash and river floods,
rock and mud slides, avalanches, desert heat, extreme cold, high crosswinds, snow
and ice storms, limited visibility, lightning, and tropical cyclones.
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These events often requires specific actions such as train rerouting or stops with little
advance warning. Other events are amenable to planning and strategies with longer
lead times, but sometimes with more uncertainty.
Weather affects railroad safety and efficiency in many ways. Intermodal crossing
points, such as grade crossings and waterway/Railroad trestle intersections are vulnerable, as are remote stretches far from observational networks. Railroads may also be
subject to sudden weather. – induced mode shifts, such as occurred during the East
Coast blizzard of January 1996.
Precipitation and fog lead to decreased visibility of signals to locomotive engineers.
Flash floods can lead to washout of tracks and consequent derailment. Seasonal floods
from rivers may make some tracks segments impassable. Warping of tracks due to
uneven thermal expansion in the summer, or build up of snow and ice on the tracks in
the winter, can lead to decreased speeds and derailment. Extreme cold causes brittle
track and track separation.
Problems posed by high waters from flash floods, river floods, persistent heavy rains,
and hurricanes have historically been one of the most prominent weather-related concerns facing the railroad industry. Some climate models predict increased precipitation
in specific regions. This, along with faster melting of mountain snow and seasonally
high spring water levels, may significantly impact railroad operations in the next century.
Among weather events, floods annually produce some of the largest amounts of economic damage and fatalities.
The Midwestern river floods of 1993 devastated railways, with over 4,000 miles of track
either flooded or idled and over $200 million in estimated losses.
A flash flood that weakened an existing wooden trestle led to the 1997 Kingman, Arizona derailment of an Amtrak passenger train that injured 183 and produced damages
of $7.2 million.
Aside form possible increases in the number of floods, hurricanes, tornadoes, and
other violent storms, climatic fluctuations that produce increased precipitation and
greater temperature swings are likely to trigger more earth, rock and snow slides in
mountain areas.
Track misalignments caused by sun kinks have often been identified as a cause of train
derailments with the potential for injuries, fatalities, property damage, and toxic release
of hazardous materials.
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Railroad tracks may also be exposed to uneven thermal expansion when shade covers
nearby sections, thereby posing the risk of warp and misalignment to freight traffic.
Thunderstorm activity may harm rail operations through various means, including lightning strikes to switching equipment, flash floods of poor drainage areas, and high
winds associated with microbursts and squall lines.
Railroads often sustain damage from flooding, washouts, storm surges, and debris
flows associated with the passage of these storms.
Along the eastern seaboard, the intermountain states and northern tier or the U.S.,
severe winter storms sometimes disrupt the entire transportation system. Railroad operations degrade in such conditions, due to lowered visibility, icing, snowdrifts, and cold
temperatures. Railroad segments dependent on overhead electrical catenaries may
fare especially poorly since their exposure tends to allow ice build-up.

1.2

Transport sector information

In contrast to the chapter above where no geographical restriction has been made and
literature from all European regions and partly also literature from other continents has
been analysed, the search for data and information on effects of extreme weather effects on the rail transport sector has been limited to a few European countries in order
to meet the budget and time restrictions of the project.
Interviews respective data inquiries have been done in Austria, Germany, Switzerland,
Great Britain and Sweden.
For Austria 2 detailed data on single weather events and their impacts on the infrastructure could be gathered from the infrastructure operator. Similar databases do not exist
for the other contacted countries or are confidential and therefore not available for the
WEATHER-project.
Beside this, interviews with experts from


Network rail (GB),



German network of private rail companies (DE),



DB Netz (DE)



Traffikverket (SE)

2 ÖBB Natural hazard management
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have been conducted. Results of these interviews are more qualitative then concrete
data on weather events and their impacts. The information from the interviews are
complemented with additional sources from the rail sector such as annual reports and
other publications.

1.2.1

Qualitative results of interviews and other sources from the
transport sector

1.2.1.1

Infrastructure

Destruction of infrastructure due to weather events depends not only on the event itself
but very strongly on the asset. The older the rail infrastructure is and the less it is maintained, the higher a destruction (and the corresponding costs) will be. Especially very
old rail tracks have been built rather without any type of engineering standards (rather
trial and error) and are therefore more vulnerable then new infrastructure.
Earthwork failures due to heavy rain (about 50% of the failures are caused by such
events) are very often caused by missing accurate maintenance of the earthwork.
This is also true for problems caused due to storm that tumble trees (falling then on the
rail track). If the vegetation along the rail tracks is not controlled adequate the risk of
trees on the track gets higher.
So it is rather difficult to allocate costs to weather events and to maintenance of the
tracks.
In addition to this the type of trains or locomotives using the infrastructure asset in case
of an extreme event play a major role. The system impact of different vehicles strongly
varies due to their specific tolerance levels.
Weather events like heat waves or cold periods are at least in Germany, Austria and
Switzerland no problem. Again one reason for this is the maintenance. For instance
regularly made acoustic discharge measurements on the whole German rail network
identify problems at a very early stage.

1.2.1.2

Operations

In UK most relevant weather caused reasons for operational problems are storms and
snow. Rail tracks are closed in advance to avoid accidents. This leads to interruption of
services.
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Beside a complete closure due to safety reasons also speed reductions are possible
reactions to storms. This reduces the probability of derailment due to strong side winds.
But many countries do not have clear guidelines under which conditions a closure or a
speed reduction has to be set.
In case of a necessary closure due to trees on tracks it can take quite a long time (up
to two days) until the problem is solved. The same is true in case of heavy snow especially in regions that are not used to this and adequate support means have to be ordered from other places.
The increasing automation (e.g. implementation of electronic railway control centre) led
to a reduction of a direct connection of personal of the rail network companies to the
rail network. Therefore very often the situation on the track during difficult weather conditions is unclear to the personal. This leads to an increase of speed reductions and
track closure “to be on the save side”.

1.2.1.3

User impacts

A main affect on users are delays due to service reduction and/or interruption of services. The problem is, that causes for delays in the railway sector have not been collected in the past. This changes since customers can request compensation payments
if the delays are caused by the operator. In the UK total costs of the delays (including
all delay causes) amount to GBP 35 - 40 mio.
Regarding storm and especially avalanches the safety aspect is more an issue of closing a track in advance if a certain expected danger has been recognised. Therefore
train accidents causing damage on rolling stock and causing death or insured persons
are not a big issue in these cases.
But costs occur due to cancelled freight and passenger trains for railway undertakings
(rail replacement bus services; detouring of freight trains) and especially for the users
of the system (delays, longer lasting trips, change of mode).

1.2.2

Austrian data base

The data base delivered by the ÖBB-infrastructure (department for natural disaster
management) includes only “big” events. This is defined by either unusually long closures of tracks or high costs for reconstruction. Only natural disasters are included.
Cases caused by a natural disaster in combination with existing technical failures (eg.
damage due to a lighting strike, but missing or damaged lighting security system) are
not included.
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Reported information:


Location (community)



Date



Type of event



Length of affected rail track (not for all events)



Service interruption duration (not for all events)



Damage costs on rail infrastructure

35 extreme events (defined via costs and/or long service interruptions) reported between 1990 and 2009.
Reported rail costs between 0,01 Mio. EUR and 40 Mio. EUR per reported event. Reported service interruption duration between 2 and 65 days.

German info for “August flood” 2002

1.2.3

The DB has reported the kind of damages and the expected duration of service interruption caused by the August flood in 2002 in Germany in detail (per rail section affected).

1.3

Results from media review

The third main data source are media reports on extreme weather events and information on effects to rail infrastructure reported in these media articles. For this different
national media archives available on the internet have been browsed. This is a very
time consuming work and has been therefore restricted to the following view countries:


Switzerland



Czech Republic



Germany



Italy

For Austria, where data sets have been provided by the infrastructure manager no media review has been conducted.
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For Switzerland no own media review has been conducted because the Eidg. Forschungsanstalt für Wald, Schnee und Landschaft WSL has provided their own database (based on running media analysis since 1972) for the WEATHER project.
For the media review a template has been developed in order to collect the same information for all events (if the information is existing).
Media reports do not include cost information for most of the reported cases. But many
of the other relevant data (regional information, duration of event and effects on infrastructure, affected users, etc) could be found by the help of media reviews.

1.3.1

Swiss data base

This database has been provided by the Eidg. Forschungsanstalt für Wald, Schnee
und Landschaft WSL. The data is based especially on media analysis (running since
1972). Therefore the information on costs but also on the duration of service interruption are partly (rough) estimated. This has to be considered while working with the data
base and is also true for the results of the media reviews for the other countries.
The CH-database includes only damages caused by floods, landslides and mudflows.
Damages due to avalanches, storms and hail are not included.
Reported information:


Location (community)



Date



Type of event



Length of affected rail track (not for all events)



Service interruption duration (not for all events)



Damage costs on rail infrastructure (not for all events)



Damage costs total (all infrastructure types, buildings and agricultural
zones) (not for all events)



Verbal description of the effects

340 events reported between 2000 and 2009.

29

WEATHER D2 Annex 4 – Rail Transport

Reported costs are partly damage costs regarding rail infrastructure (290 cases), partly
(50 cases) only total costs of the event (including other infrastructure, buildings and
agricultural zones).
Reported rail costs between 0,01 Mio. CHF and 16 Mio. CHF. Reported service interruption duration between 1 hour and 120 days.

1.3.2

Czech Republic

For the online media review for Czech Republic the following main online media
sources have been used:


tn.nova.cz



rozhlas.cz



ct24.cz



mdcr.cz



zelpage.cz



aktualne.centrum.cz



zpravy.idnes.cz



spz.logout.cz

62 Events reported between 2000 and 2010.
Rail infrastructure damage costs reported for 13 cases (between 0,01 Mio. EUR and
200 Mio. EUR). For the other event no information on costs are available.
Reported service interruption duration between some hours and about one year (complete damage of rail track).

1.3.3

Germany

For the online media review for Germany the following main online media sources have
been used:


spiegel.de



tagesschau.de



n-tv.de
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zeit.de



sueddeutsche.de



focus.de



dvz.de



welt.de

26 cases are reported between 2009 and 2010. These events are almost all linked to
the three weather events


Daisy (winter low)



Keziban (winter low)



Xynthia (winter storm)

In addition to these events also information (in addition to the data from the DB) on the
“August flood” in 2002 was available.
The duration of the weather event is presented for all events but duration of the effects
(closure of tracks, duration of service interruptions) is only partly reported. Costs are
only reported for the “August flood”.
Due to the fact that the online archives of most of the used German media sources
include only information for about the last four to five years, older events are only included to a very limited number.

1.3.4

Italy

For the online media review for Italy the following main online media sources have
been used:


repubblica.it/online



corrieredelmezzogiorno.corriere.it



affaritaliani.it



trasporti-italia.com



corriere.it

25 events reported between 1999 and 2010.
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No infrastructure damage costs are reported. Infrastructure operation costs (rail replacement bus service, revenue loss) are reported for 6 cases (between 0,1 and 15
Mio EUR)
Reported service interruption duration between 1 day and 3 month, information on interruption duration partly only very vague (“some days”, “trains delayed or cancelled”).
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2

The vulnerable elements of the transport sector

Based on the information described in previous chapters the rail system is analysed
concerning its vulnerability regarding different weather events. This is described along
the three sub systems


Infrastructure (effects on assets)



Operation (effects for railway undertakings)



Use (effects for user of the railway system – passengers and goods transporting companies)

For each of these three subsystems the vulnerability of the different elements regarding
the different extreme weather events (and their subsequent events) are described.

2.1

Infrastructure

Rail infrastructure consists of several asset parts. These parts are partly affected in a
rather different way by the different weather events. Therefore this chapter is divided
into sub-chapters according to the main assets types.
Within this chapter only damages on infrastructure are discussed. All other effects (closure due to security reasons or due to blocked tracks) are part of operational impacts.

2.1.1

Basement

A damage of the basement of rail infrastructure is caused especially by the following
consequent events


floods



landslides and mudflows



avalanches

These consequent events can destroy complete infrastructure including also basements. Extreme weather events without such consequent events effect the basements
less. In some cases storms can damage the basements via cut trees. Heavy snow can
moisten the basement in regions where snow is not “normal” due to basements that are
not constructed for such conditions.
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2.1.2

Rail track

In all cases where the basement is damaged or even destroyed also damages of the
rail track can be expected. But this part of the rail infrastructure is threatened by other
weather events, too.
Extreme temperatures (both hot and cold) can lead to deformations of the rail track. But
this is only true if the extreme temperature is unusual for the region of the respective
rail track and therefore the rail track is not constructed for such specific temperatures.

2.1.3

Safety and other equipment

All consequent events damaging or destroying the basement (see chapter 2.1.1) can
also lead to destruction of electronic systems. The dimension of damage can differ between complete destruction to “simple” malfunctions.
In addition to impacts due to consequent events, thunderstorm (with lightning) can lead
to malfunctions of electronic systems.
A consequence of such malfunction is the closure of tracks due to missing security
(without functioning security systems). This is an operational problem described in section 2.2.

2.1.4

Catenary and lightning

Very often catenaries are destroyed if the basement is completely destroyed because
the masts of the catenary wire are based on the basement.
Catenaries are especially vulnerable to storms. Cut trees due to storms damage catenaries and block the respective part of the infrastructure network.
The light system is not as vulnerable as catenaries or the safety and electronic equipement. Moreover operation is not directly depending on the functioning of the lights.

2.1.5

Buildings

Railway stations and other buildings necessary for the operation of the railway system
have the same vulnerability as all other buildings. Floods, mass movements and
storms can damage or destroy these buildings.
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2.2

Operations

Impacts for railway undertakings can appear due to following reasons caused by extreme weather events:


Closure of rail tracks due to damaged infrastructure
All weather events that are possible destroying infrastructure (as described
in chapter 2.1) can cause such service interruption due to track damage.
This closure leads to additional service provision costs and to a loss of
revenues due to users not using rail during closure time. If rolling equipment
is not hit by an event or no derailment happens due to an event, additional
equipment replacement costs do not appear.



Closure of rail tracks due to safety reasons
In case of storms and avalanches parts of the railway network can be
closed in case of high risks in order to avoid accidents. Some railway companies have clear guidelines under which conditions (specific wind speeds
in connection with specific vegetation along the line or a certain avalanche
risk level of known avalanches threaten parts of the rail track).



Derailment of trains
If infrastructure is damaged but the damages are not recognised early
enough trains can derail due to this damaged infrastructure. Derailment is
also possible when external objects (e.g. trees or stones) are located on rail
tracks due to weather events and this is again not recognised early enough.
Finally also deformations of the rail track due to extreme temperatures (both
hot and cold) can lead derailments.
Derailment leads to damages of rolling stock, casualties and blocking of the
concerned rail track.



Directly hit trains
Trains can also get hit directly by consequent events of weather event such
as avalanches, landslides, mudflows and cut trees. In this (seldom) cases
the impact can be compared to the impact of derailments.
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2.3

User impacts

User impacts strongly correlate with the impacts on operation. If rail tracks are closed
due to a weather event and services have to be interrupted users are directly affected.
In this cases (of service interruption) the following negative effects appear for users:


Time loss of passengers due to delays



Time loss of passengers due to use of replacement services (that have
usually longer journey times)



Time loss of passengers due to use of (private) cars instead of railway system (which may cause longer journey times)



Increased travel costs due to use of private cars



Time loss of freight transport due to detouring of freight transport (including
all cost components of a full cost calculation – vehicle provision, personnel,
fuel or energy, second order effects of customers)

The above listed impacts are caused due to service interruption without direct (physical) effects on trains.
If trains derail (due to destroyed infrastructure) or are directly hit (by storms, cut trees,
avalanches or landslides) users can be injured or killed. This happens rather seldom
due to security mechanisms of the rail sector. Rail tracks are closed !”before something
happens” due to safety reasons. This leads to additional cases of above listed impacts
(time loss etc.) without direct impact on the infrastructure but avoids causalities to users.

2.4

Overview on vulnerability of the rail system

This sub chapter summarises the findings of the previous sub chapters and gives an
overview on the vulnerability of the rail system per extreme weather event. The following table presents the most relevant possible impacts of the different extreme weather
events on the rail system.
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Table 1: Vulnerability of the rail system regarding extreme weather events
WEATHER
Vulnerability of the rail system regarding extreme weather events
Temperature
Precipitation
Wind
without consequent events listes on the right side
Heat
Frost
periods periods
Infrastructure
Basement
Rail track
Safety and other equipment
Catenary and lightning
Buildings
Operation
closure of track (damage)
closure of track (safety reasons)
derailment
direct hit trains
User
Time loss passenger
Increased travel costs passenger
time loss freight
Legend:

Extensive
fog

Rainfalls

Snow Drought Storms

Consequent events

Storms
surges

Wild
fires

LandFloods/
slides/ AvalanFlash
Mudches
floods
flows

0
~
0
0
0

~
~
~
~
0

0
0
0
0
0

~
~
0
0
0

~
~
0
0
0

~
0
0
0
0

0
0
~
X
X

~
~
~
X
X

0
X
X
X
X

X
X
X
X
X

X
X
X
X
X

X
X
X
X
X

~
~
X
0

~
~
X
0

0
~
0
0

~
0
0
0

~
X
~
0

~
0
0
0

~
X
X
~

X
X
X
~

X
X
~
~

X
~
~
~

X
0
0
~

X
X
0
~

~
0
~

~
0
~

~
0
~

~
0
~

X
~
X

~
0
~

X
X
X

X
X
X

X
X
X

X
X
X

X
X
X

X
X
X

X
~
0

high influence of the weather event
medium influence of the weather event
rather no influence of the wather event

The above presented table gives a vulnerability assessment on average for Europe.
This characterisation can (slightly) differ between European regions (costal regions,
mountainous regions, northern region, southern regions).
In addition to this regional differentiation the impacts differ between type and especially
quality of infrastructure and its maintenance. The worse an infrastructure is maintained
the higher is the risk of damage and/or closure (due to safety reasons) of an infrastructure. The more an infrastructure is adapted to specific weather conditions the less is
the risk of damage and/or closure (due to safety reasons).
Therefore not all costs caused by an weather event can be allocated to the weather
event. Parts of the costs are caused by the infrastructure manager.
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3

Quantification of entrepreneurial costs

In this chapter the method and the results for estimating costs of extreme weather
events in the transport sector are presented.
The estimations and calculations are based on information presented in the chapters
above. For this, extreme weather events have been selected out of the gathered databases and media reviews. Data entries have always been clustered to one weather
event. So for instance all cases described in the Swiss database that belong to one
weather event are clustered and finally summed up to one cost value (even if the costs
have been calculated for each case separately).
The following weather events have been selected for the example calculations that are
presented in the following sub chapters:


Heavy rain falls in Austria (regions Außerfern and Tiroler Oberland – AT331,
AT334)) in 1999 with landslides and mudflows as a consequence



Heavy rainfalls in Austria (region Liezen – AT222) in 2000 with landslides
and mudflows as a consequence



Heavy rain falls in Austria (regions Waldviertel, Mühlviertel and Linz/Wels –
AT124, AT312, AT313) in 2002 with landslides and mudflows as a consequence



Heavy rain falls in Austria (region Tiroler Oberland – AT334) in 2005 with
landslides and mudflows as a consequence



Permanent rainfalls + snow melt (region Weinviertel – AT126) in 2006 with
flood as a consequence



Thunderstorm in Switzerland (regions Appenzell; CH053, CH054) in 2004



Heavy rain falls in Switzerland (regions Vaud, Bern and Ticino – CH011;
CH021; CH07) in 2000 with landslides and flood as a consequence



Heavy rain falls in Switzerland (regions Vaud, Valais and Bern – CH011;
CH012; CH021) in 2000 with landslides and flood as a consequence



Heavy rain falls in Switzerland (regions Bern, and Graubünden – CH011;
CH021; CH056) in 2001 with landslides as a consequence



Heavy rain falls in Switzerland (region Graubünden – CH056) in 2002 with
landslides and mudflows as a consequence
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Heavy rain falls in Switzerland (regions Bern, Luzern; Obwalden and Nidwalden – CH021; CH061; CH064; CH065) in 2005 with landslides and flood
as a consequence



An avalanche in Italy (region Campania – ITF3) in 2010



Winter storm in Italy (north and central regions - ITFD, ITE) in 2009
snow, rain, 450-550 mm of water



Thunderstorm in Italy (region Lombardia – ITC4) in 2008
Cloudburst with rain and hail; 60cm of water



Heavy rain falls in Italy (region Calabria – ITF6) in 2010 with flood as a consequence



An avalanche in Italy (region Molise – ITF2) in 2003



Winter low “Daisy“ in Germany (regions Bremen, Hamburg, MecklenburgVorpommern, Niedersachsen, Schleswig-Holstein – DE5, DE8, DE9, DEF)
in 2010
High wind speeds, up to 25cm snow within view hours, temperatures below
–10 ºC



Winter low “Keziban“ in Germany (regions Mecklenburg-Vorpommern,
Schleswig-Holstein – DE8, DEF) in 2010
Snow fall >25 cm, wind speeds > 100 kph



Heavy rain falls in Germany (whole Germany with especial effects in Sachsen – DE, especially DED) in 2002 with flood (“August flood”) as a consequence
Permanent rainfalls in the Alps, Erzgebirge und Riesengebirge in combination with heavy rainfalls (more than 300mm in 24h) in East of Germany



Heavy rain falls in Czech Republic (regions Jihočeský kraj, Olomoucký kraj
and Moravskoslezský kraj – CZ031, CZ071, CZ080) in 2009 with flood as a
consequence
ntensive rainfalls up to 80 l/m² within 2 hours



Storm “Emma” in Czech Republic (regions Středočeský kraj , Jihočeský krajj
and Plzeňský kraj – CZ020, CZ031, CZ032) in 2008
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Storms with speeds more than 120 km/h


Permanent rain falls in Czech Republic (regions Hlavní město Praha, Středočeský kraj and Jihočeský kraj – CZ010, CZ020, CZ031) in 2002 with
flood (“millennium flood”) as a consequence
Permanent rainfalls in the Alps, Erzgebirge und Riesengebirge in combination with heavy rainfalls (more than 300mm in 24h) – same weather event
as “August Flood” in Germany



3.1

Snow storm in Czech Republic (region Moravskoslezský kraj – CZ080) in
2002

Infrastructure damages

Rail infrastructure damage or replacement costs are either taken over from existing
data bases and information from media reports or calculated for those cases where
damage or replacement costs are not reported.
The calculation for these damages without existing cost information is based on the
following indicators:


Replacement costs per average track-kilometre (not network-kilometre!)



Information on destroyed network-length



Information on type of network (single-track or multiple track respective
main line or secondary line)

The average replacement costs are calculated by the following values (based on the
replacement costs of the ÖBB-rail network per asset type and the total track length of
the ÖBB-rail network):
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Table 2: Average rail replacement cost per track-km 2009
Average rail replacement cost per track-km 2009
(in Mio. EUR)
basement

0,77

railtrack

0,46

buildings

0,29

safety and other equipement

0,32

catenary and lightning

0,26

electrified asset with buildings

2,10

non electrified asset with buildings

1,84

electrified asset without buildings

1,81

non electrified asset without buildings

1,55

Source: ÖBB Infrastruktur, own calculations

For those damage cases where detailed information on what type of assets has been
destroyed is existing the specific value per track-km has been taken. For those cases
where this detailed information is not existing, the average value for electrified tracks
(without buildings) has been taken.
To give a yearly value, replacement capital costs of damaged tracks have been calculated by the use of the annuity method. For this the following average live span per
asset has been used:
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Table 3: Average live span of asset types
Average live span of asset types
(in years)
basement

70

railtrack

30

buildings

40

safety and other equipement

20

catenary and lightning

20

electrified asset with buildings

33

non electrified asset with buildings

36

electrified asset without buildings

32

non electrified asset without buildings

36

Source: ÖBB Infrastruktur, own calculations

The capital costs have been calculated with an interest rate of 3%.
As mentioned in chapter 2.4 damage costs depend also on the quality of the infrastructure and its maintenance. This fact is not considered in the presented calculation due to
missing information on this.
Similar to this also the age of the damaged infrastructure should be considered when
calculating the damage costs. The costs of a damaged old infrastructure which needs
to be replaced within the next years anyway should not be considered in total as damaged costs of an event, whereas a new infrastructure has to be accounted in total. Due
to missing information on the age of the affected infrastructure this principle could not
be incorporated in the caculations.
For the selected weather events this leads to the following replacement costs and their
capital costs:
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Table 4: Estimated of replacement costs – RAIL
WEATHER - estimation of costs to the rail transport sector due to extreme weather events
estimation of replacement costs - RAIL
selected events (values at current prices)
Event classsification

Event
name

Country
"Activator"

Region

Year

replacement costs
(infrastructure and running stock)
(Mio. EUR)
investment
costs

consequent event

capital costs
(per year)

-

Heavy rainfalls

landsildes and mudflows

AT

AT331; 334

1999

2,3

0,11

-

Heavy rainfalls

landsildes and mudflows

AT

AT222

2000

0,4

0,02

-

Heavy rainfalls

landsildes and mudflows

AT

AT124; 312; 313

2002

11,4

0,56

-

Heavy rainfalls

landsildes and mudflows

AT

AT334

2005

43,0

2,11

-

permenent rainfalls + snow
flood
melt

AT

AT126

2006

40,0

1,97

-

Thunderstorm

CH

CH053; 054

2004

0,8

0,04

-

Heavy rainfalls

flood + landsildes

CH

CH011; 021; 070

2000

1,3

0,06

-

Heavy rainfalls

flood + landsildes

CH

CH011; 012; 021

2000

17,2

0,85

-

Heavy rainfalls

landsildes

CH

CH021; 056

2001

0,4

0,02

-

Heavy rainfalls

landsildes and mudflows

CH

CH056

2002

5,3

0,26

-

Heavy rainfalls

flood + landsildes

CH

CH021; 061; 064; 065

2005

53,3

2,81

IT

ITF3

2010

1,8

0,09

-

avalanche

-

Winter storm

IT

ITD; ITE

2009

0,0

0,00

-

Thunderstorm

IT

ITC4

2008

0,0

0,00

-

Heavy rainfalls

flood

IT

ITF6

2010

0,0

0,00

avalanche

IT

ITF2

2003

0,0

0,00

Daisy

Snow, storm

DE

DE5; 6; 8; 9; F

2010

0,0

0,00

Keziban

Snow, storm

DE

DE8; DEF

2010

0,0

0,00

Augustflood

permanent rainfalls

flood

DE

DE (especially DED)

2002

1.025,0

50,37

Heavy rainfalls

flood

CZ

CZ031; 071; 080

2009

25,4

1,20

CZ

CZ020, 031; 032

2008

0,6

0,04

CZ

CZ010; 020; 031

2002

42,3

2,06

CZ

CZ080

2002

0,0

0,00

Emma

Strom

millenium
permanent rainfalls
flood

-

Snow, storm

flood

For events where the cost are zero, no infrastructure was damaged. In these cases a
service interruption (due to safety reasons or due to not passable tracks caused by
snow or water) let to operation costs and user costs which are described in the following sub sections of this report.

3.2

Increased (service) operation costs and service revenue loss

Increased operating costs can be caused by different reasons:
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Detouring costs of passenger transport (costs for rail replacement bus services)



Revenue loss if passengers are not able to use the railway at all (no installation of a rail replacement bus service) or if passenger use other modes (private cars) or cancel their trips due to missing “normal” rail services.



Detouring costs of freight transport (detouring of long distance freight via
other rail routes)



Costs for cleaning up the rail track due to heavy snow falls

Again it would be necessary to consider the quality of infrastructure and its maintenance for calculating the costs generated due to the closure of a track. The following
example illustrates the influence of maintenance on the necessity to close a rail track:
An adequate cutting of the vegetation along the railway line avoids trees falling on the
track (destroying the catenary wire) due to storms. Is this maintenance accurate additional service costs due to the closer of tracks caused by cut trees on the track can be
reduced considerably.
Due to missing information on infrastructure quality (and maintenance) along affected
tracks it is not possible to include this in the calculation.

3.2.1

Detouring costs of passenger transport

To calculate these cost the following data input is necessary (if possible differentiated
per network types single/multi-track or main/secondary network):


Cost of one bus per day (without fuel costs)



Fuel price (EUR/l) and fuel consumption (l/km)



Average distance between regional railway stations (non local)



Average trains per sections



Average persons per train



Average distance per train trip



Possible persons per bus



Closed network length per event (to calculate the number of affected network sections)
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Number of days with service interruption



Assumption on the reactions of the users (% of persons using the rail replacement bus service, % of persons using private cars instead of rail, % of
persons cancelling their trips)

With this information the number of needed busses per day, the affected network section and the number of bus-km per day and sections as well as the respective costs per
days and sections can be calculated. By connecting this cost information with the information on affected network section and the days of service interruption, the cost for
the rail replacement bus service can be calculated.
The calculations are based on the following values:
Table 5: Relevant Input parameters for calculation of cost for rail replacement bus service per day and section
Relevant Input parameters for calculation of cost for bus replacement service per day and section
Parameter
costs per day (escl. Fuel costs) per bus
fuel costs (excl ust)
average distance between stations
average persons per train
average trains per day and section

value
single
multi
track
track
1.500

EUR

bus company in Austria

0,99

EUR/l

www.clever-tanken.de (European average)

22

unit

19 km

171

source

ÖBB 2002

288 persons ÖBB 2002

23

67 trains

ÖBB 2002

average distance per train trip

25

trips

persons per bus

40

persons bus company in Austria

own calulation with Austrian mobility data

% of train users using bus replacement service

50%

own estimates

% of train users using private cars

20%

own estimates

% of train canceling their trips

30%

own estimates

Based on these values the following final input values that have to be connected with
the affected network length and the number of days with service interruption.
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Table 6: Deduced cost values for rail replacement bus services
Deduced cost values for bus replacement services
single
track
number of buses per day and section

multi
track

unit

2

4

number of bustours per day and section

49

240

number od bus-km per day and section

1.071

4.456

bus cost (excl. Fuel costs) per day and section

4.816

8.091 EUR

fuel cost per day and section

2.656

11.046 EUR

costs for additional services per day and section

7.473

19.137 EUR

The information on the affected network length and the number of days with service
interruption had to be gathered by the mentioned media reviews and was also (partly)
included in the used data sets. For the few cases where one of the information was
missing, average values from similar events have been taken over.

3.2.2

Revenue lost – passenger transport

Railway undertakings that have to interrupt their services are confronted with clients
that are either not able to use the train service any more (service interruption without
an replacement offer by the service provider) or not willing to use the replacement service (and using instead of this private cars or cancelling their trips).
In addition to the inputs presented in Table 5 some additional data is necessary to estimate the revenue loss of an event per day and affected section:
Table 7: Additional and deduced input parameters for estimation of revenue loss (passenger transport)
Additional and deduced input parameters for estimation of revenue loss (passenger transport) per day and section
Parameter
average ticket price per person-trainkm
persons not using replacement services per day and section
"lost" personkm per day and section
revenue loss per day and section

3.2.3

value
single
multi
track
track
0,15
1.969

unit

source

EUR/km Own estimations based on actual ÖBB-tarifs

9.619 persons

49.222 240.466 km
7.383

36.070 EUR/km

Detouring costs – freight transport

For the freight transport one main assumption is made based on statements from the
ÖBB-infrastructure management: A closure of tracks does more or less not lead to an
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reduction of the freight volume. Freight transport is detoured. This is “rather easy” for
long distance freight but also done for regional rail freight (which is only a very small
part of the freight volume on rail). Clients are informed about the situation and they
more or less except delays due to natural disasters (where as they do not except delays due to operational reasons). Therefore more or less no revenues loss due to an
service interruption caused by extreme weather events can be expected.
But in most of the cases detouring means to take a longer distance leading to increased operation costs per transported good.
To estimate these additional costs the following additional input parameters and deduced values are necessary:
Table 8: Additional and deduced input parameters for estimation of detouring costs freight transport
Additional and deduced input parameters for estimation of detouring costs - freight transport per day and section
Parameter
average freight trains per day and section

value
unit
single
multi
track
track
14
58 trains

average ton per train
average ton per section and day

236
3.302

17.519 tons

195

195 km/ton

detouring route length extension factor

1,2

1,2

average detouring-km per ton

233

233 km/ton

39

39 km/ton

average additional tonkm per day and section

ÖBB 2002
ÖBB 2002
own assumption

128.510 681.714 tonkm

average traction costs per tonkm (without infra user charge)

0,015

detouring costs per day and section

1.919

3.2.4

ÖBB 2002

304 ton/train ÖBB 2002

average km per ton

additional detouring-km per ton

source

0,015 EUR/tkm
10.181 EUR

Costs for Cleaning up of tracks

The last part of the operation costs to be considered are only relevant for closure of rail
tracks due to heavy snow fall – the necessary additional snow cleaning to be able to
open the tracks as soon as possible.
For this calculation it is necessary to know the affected net work length per event that
has to be cleaned and the average cost per network-km for snow cleaning.
The first information is partly available from the media review and data sets. For those
cases where such information is not available average values from similar events have
been taken over.
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For the cleaning of one km of network 2.000 EUR of costs are assumed (no information
could be gathered from railway companies). These costs are only estimated if snow
cleaning has been provided.

Results – (service) operation costs

3.2.5

The following table shows the results of the additional (service) operation costs of railway undertakings due to different selected extreme weather events.
Table 9: Estimation of operational costs – RAIL
WEATHER - estimation of costs to the rail transport sector due to extreme weather events
Estimation of operational costs - RAIL
selected events (values at 2010 prices)
operational costs
(Mio. EUR)

Event classsification
Event
name

Country
"Activator"

-

Heavy rainfalls

-

Heavy rainfalls

-

Heavy rainfalls

-

Heavy rainfalls

-

permenent rainfalls +
snow melt

-

Thunderstorm

-

Heavy rainfalls

-

Heavy rainfalls

-

Region

Year

consequent event

landsildes and
mudflows
landsildes and
mudflows
landsildes and
mudflows
landsildes and
mudflows

detouring
passengers
(bus
replacement
service)

revenue lost
passengers

detouring
freight

clean up (only
if no track
destroyed)

AT

AT331; 334

1999

0,61

0,75

0,20

0,00

AT

AT222

2000

0,06

0,07

0,02

0,00

AT

AT124; 312; 313

2002

1,45

2,17

0,60

0,00

AT

AT334

2005

0,80

1,88

0,53

0,00

AT

AT126

2006

1,00

1,88

0,53

0,00

CH

CH053; 054

2004

0,14

0,27

0,08

0,00

flood + landsildes

CH

CH011; 021; 070

2000

0,06

0,07

0,02

0,00

flood + landsildes

CH

CH011; 012; 021

2000

1,91

2,28

0,61

0,00

Heavy rainfalls

landsildes

CH

CH021; 056

2001

0,07

0,07

0,02

0,00

-

Heavy rainfalls

landsildes and
mudflows

CH

CH056

2002

0,25

0,29

0,08

0,00

-

Heavy rainfalls

flood + landsildes

CH

CH021; 061; 064; 065

2005

3,40

3,98

1,06

0,00

avalanche

-

flood

IT

ITF3

2010

2,15

4,06

1,15

0,00

-

Winter storm

IT

ITD; ITE

2009

0,05

0,09

0,02

0,30

-

Thunderstorm

IT

ITC4

2008

0,14

0,27

0,08

0,14

-

Heavy rainfalls

-

flood

IT

ITF6

2010

0,02

0,05

0,01

0,00

avalanche

IT

ITF2

2003

0,05

0,09

0,02

0,00

DE

DE5; 6; 8; 9; F

2010

1,24

2,30

0,65

1,76

Daisy

Snow, storm

Keziban

Snow, storm

DE

DE8; DEF

2010

0,18

0,33

0,09

0,48

Augustflood

permanent rainfalls

flood

DE

DE (especially DED)

2002

11,81

22,22

6,27

0,00

Heavy rainfalls

flood

CZ

CZ031; 071; 080

2009

6,88

9,38

2,56

0,00

CZ

CZ020, 031; 032

2008

0,06

0,11

0,03

0,00

CZ

CZ010; 020; 031

2002

1,95

3,30

0,92

0,00

CZ

CZ080

2002

0,26

0,26

0,07

0,00

Emma

Strom

millenium
permanent rainfalls
flood

-

Snow, storm

flood
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3.3

Damages to vehicles

Due to data reasons damaged vehicles due to weather events are included in the infrastructure costs. Reported cost (from media or data bases) included both infrastructure
damage and damage to rolling stock of the railways. A distinction if these costs was not
possible. In some reports the number of trains directly affected due to derailments are
listed. But in most cases a direct damage to trains was not the case due to closure of
tracks in time.
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4

Quantification of user costs

4.1

Vehicle operations costs

Users that either not able to use a replacement service due to a closed rail network
section (because non is offered) or are not willing to use this replacement service (because it is not adequate for them) have the possibility to cancel the trip or to use a private car.
In the second case they have to bear vehicle operation costs that have to be compared
to the ticket costs (in case of use of the railway without the weather event).
To be able to calculate this it is necessary to provide the following information:


Average rail ticket price per km



Average car operation costs per vehicle-km



Average occupancy rate of private cars



Average persons per train



Average trains per section



Average distance per train trip



Average persons changing from trains to cars due to the event

Most of the listed information is already presented in the pervious chapters. The following table shows the additional figures not yet presented in previous tables.
Table 10: Additional and deduced input parameters for estimation of additional vehicle
operation costs
Additional and deduced input parameters for estimation of additional vehicle operation costs
passenger transport per day and section

vehicle operations costs

value
single
multi
track
track
0,25

average occupancy rate

1,25

person/vehicle Austrian mobility data

vehicle operationcost per person

0,20

EUR/pkm

additional costs of car use

0,05

Parameter

additional pkm with cars per section and day
additional vehicle operation costs per section and day
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unit
EUR/vkm

EUR/pkm

19.689

96.186 pkm

984

4.809 EUR

source
Weather GAF

WEATHER D2 Annex 4 – Rail Transport

As described in chapter 3.2.3 a modal change due to extreme weather events is rather
not expected. Therefore also no additional vehicle operation costs due to the temporary
use of road freight transport has to be considered.

4.2

Time losses due to infrastructure closures

4.2.1

Passenger transport

For the estimation of the additional time that customers of the rail passenger transport
system have to spend due to the interruption of service provision caused by extreme
weather events again the different possible reactions of the customers have to be
taken into account:


Customers using the rail replacement bus service (if it is provided)



Customers changing from trains to car during the interruption of service provision and



Customers cancelling their trips.

For the first two possibilities changes in total journey times have to be estimated. If
customers cancel their planned trips, no time loss occurs. In this case a loss of live
quality arises. This negative affected will not be considered within the calculation of
user costs.
For the calculation of the time losses the following information is necessary:


Time costs per hour



average distance with train per trip



average train journey speed passenger train (including stops)



average journey time with train



average travel time with replacement bus service (except changing)



additional changing time



average journey time replacement bus service (including changes)



average journey time car (without parking search)



average parking search time



average journey time car (instead of bus, including parking search)
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passengers using the rail replacement bus service per section and day



passengers using cars (instead of rep. bus service) per section and day

Again a part of the needed input has been presented in previous chapters. The following table informs about the additional input data.
Table 11: Additional and deduced input parameters for estimation of time losses passenger transport
Additional and deduced input parameters for estimation of time losses
passenger transport per day and section
Parameter
Average time costs per hour

value
single
multi
track
track
11,3

unit

source

EUR/h

Weather GAF

average train journey speed passager train (including stops)

70

km/h

own assumption

average journey time train

21

min

average travel time bus rep. service (without changing)

21

min

assumption: same as train joureny time

additional changing time to bus rep. service

6

min

own assumption

average journey time car (without parking search)

19

min

own estimation (2 min less than train)

average parking search time

5

min

different parking studies in AT

average journey time rep. bus service (inlcuding changes)

27

min

average journey time car (including parking search)

24

passengers using replacement bus per day

min

1.969

9.619 persons

passengers using car instead of train

788

3.847 persons

additional time per day and section (rep. bus service)

197

962 h

39

192 h

additional time per day and section (cars instead of train)
average time loss (rep.bus service )per day and section

2.217 10.831 EUR

average time loss (car us) per day and section

4.2.2

443

2166 EUR

Freight transport

For the calculation of the time losses the following information is necessary:


Time costs per ton-hour



average km per ton (tkm/ton)



detouring route length extension factor



average km/ton with detouring



additional km per transported ton



average speed of freight trains

Again a part of the needed input has been presented in previous chapters. The following table informs about the additional input data.
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Table 12: Additional and deduced input parameters for estimation of time losses freight
transport
Additional and deduced input parameters for estimation of time losses
freight transport per day and section
Parameter
time costs

value
single
multi
track
track
1,22

unit
EUR/tonh

average speed freight trains

20

40 km/h

additional hours per ton

1,9

1,0 h

average additional tonh per day and section

6.425 17.043 tonh

additional time loss (freight) per day and section

7.839 20.792 pkm

4.3

source
Weather GAF
own assumption

External accident costs

Due to the fact that rail tracks are closed under certain weather conditions, accidents
directly linked to a weather event are rather seldom.
Especially the risk of avalanches and certain wind speeds are reasons for the closure
of rail network parts due to safety reason.
Additional operational costs (see chapter 3.2) and time losses due track closings are
the price for less accidents.
For the selected events no causalities due to accidents caused by extreme weather
events are reported. So no external accident costs occurred for these events.

4.4

Results – user costs

Based on the described input parameter and values deduced from these input parameters the following user costs have been calculated for the selected weather events:
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Table 13: Estimation of user costs – RAIL
WEATHER - estimation of costs to the rail transport sector due to extreme weather events
Estimation of user costs - RAIL
Selected events
social costs
(Mio. EUR)

Event classsification
Event
name

Country
"Activator"

-

Heavy rainfalls

-

Heavy rainfalls

-

Heavy rainfalls

-

Heavy rainfalls

-

permenent rainfalls +
snow melt

-

Thunderstorm

-

Heavy rainfalls

-

Region

Year
time losses
passengers

consequent event
landsildes and
mudflows
landsildes and
mudflows
landsildes and
mudflows
landsildes and
mudflows

time losses
freight

social
accident
costs

AT

AT331; 334

1999

0,37

0,64

0,00

AT

AT222

2000

0,04

0,06

0,00

AT

AT124; 312; 313

2002

1,07

1,55

0,00

AT

AT334

2005

0,75

0,87

0,00

AT

AT126

2006

0,93

1,08

0,00

CH

CH053; 054

2004

0,13

0,16

0,00

flood + landsildes

CH

CH011; 021; 070

2000

0,03

0,06

0,00

Heavy rainfalls

flood + landsildes

CH

CH011; 012; 021

2000

1,12

2,02

0,00

Heavy rainfalls

landsildes

CH

CH021; 056

2001

0,04

0,08

0,00

-

Heavy rainfalls

landsildes and
mudflows

CH

CH056

2002

0,14

0,27

0,00

-

Heavy rainfalls

flood + landsildes

CH

CH021; 061; 064; 065

2005

1,96

3,59

0,00

avalanche

IT

ITF3

2010

1,60

1,87

0,00

-

flood

-

Winter storm

IT

ITD; ITE

2009

0,43

0,50

0,00

-

Thunderstorm

IT

ITC4

2008

0,13

0,16

0,00

-

Heavy rainfalls

flood

IT

ITF6

2010

0,02

0,16

0,00

avalanche

IT

ITF2

2003

0,04

0,04

0,00

Daisy

Snow, storm

DE

DE5; 6; 8; 9; F

2010

1,13

1,34

0,00

Keziban

Snow, storm

DE

DE8; DEF

2010

0,16

0,19

0,00

Augustflood

permanent rainfalls

flood

DE

DE (especially DED)

2002

10,97

12,83

0,00

Heavy rainfalls

flood

CZ

CZ031; 071; 080

2009

4,63

7,33

0,00

CZ

CZ020, 031; 032

2008

0,05

0,06

0,00

CZ

CZ010; 020; 031

2002

1,63

2,10

0,00

CZ

CZ080

2002

0,13

0,27

0,00

Emma

Strom

millenium
permanent rainfalls
flood

-

Snow, storm

flood
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5

Generalization of results

5.1

Overview on estimated costs

In this section the costs presented in chapter 3 and 4 are summarised per event type to
give an overview on average costs caused by an event.
Table 14: Bandwidth of costs per costs type and weather event type for selected countries
Bandwith of costs per costs type and weather event type
in mio EUR
Heavy
Permanent
rainfalls
rainfalls
with
with
consequent consequent
events
events

capital
costs

oprational
costs

user
costs

Total
costs

min
max
average
median
min
max
average
median
min
max
average
median
min
max
average
median

0,00
2,81
0,73
0,26
0,15
18,82
3,84
1,56
0,10
11,96
2,44
1,01
0,26
31,97
7,00
2,69

1,97
50,37
18,13
2,06
3,40
40,29
16,62
6,17
2,01
23,79
9,84
3,73
7,37
114,46
44,60
11,96

Thunderstorms

0,00
0,04
0,02
0,02
0,49
0,63
0,56
0,56
0,29
0,29
0,29
0,29
0,82
0,93
0,87
0,87

Winterstorms

0,00
0,04
0,01
0,00
0,20
5,94
1,65
0,58
0,12
2,48
0,86
0,40
0,35
8,42
2,52
1,40

Avalanches

0,00
0,09
0,04
0,04
0,16
7,36
3,76
3,76
0,08
3,47
1,78
1,78
0,23
10,92
5,58
5,58

In addition to this the average costs of track closure per day and section (used for the
calculation of the costs) and the average infrastructure damage costs per km (including
the information on damage costs reported by the selected media data bases and the
railway companies) are presented. These average figures per unit are important due to
their transferability (se next chapter).
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Table 15: Unit costs for calculation of impacts
WEATHER
Unit costs for calculation of impacts
average
replacement
costs
per affected
network-km

average
replacement
capital costs
per affected
network-km

Mio EUR/km

Mio EUR/km
2,55

5.2

average
additional
service costs
and revenue loss
per day and
affected network
section
EUR/day/section
0,13

43.600

average
additional
user costs
per day and
affected network
section
EUR/day/section
27.700

Transferability of costs to other regions

Regarding transferability of the estimated costs presented in chapters 3 and 4 and
summarized in chapter 5.1 it is necessary to distinguish between

5.2.1



Unit costs



cost rates per day and infrastructure section



(total) costs of one type of weather event

Transferability of unit costs

A part of the unit costs (e.g. time costs per hour, costs per causality) have been taken
over from European research studies (like HEATCO, IMPACT). These studies already
present European values or different values for the different European countries. Specific transfer actions are either not necessary or easy to be done with the help of these
studies. For the present calculations average European unit cost values have been
taken where every possible.
The used units costs for the infrastructure assets (replacement costs per track-km) are
average Austrian values. They differ within Austrian regions as well as within whole
Europe.
The results can vary stronger due to main other uncertainties in the presented calculation (only view information regarding the degree of destruction) that than due to the
variation of different unit replacement costs. Therefore it is admissible to use the Austrian values for other parts of Europe, too.
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5.2.2

Transferability of cost rates per day and infrastructure

The estimation of replacement costs due to an extreme weather event needs “only” unit
replacement costs per track length and the information on the destroyed or damaged
track length. All other costs depend also on the time of track closure and service interruption.
This information can be connected with average cost rates per day and section. Two
main variables influence these cost rates per day and section: the average transport
volume per day and section and the average length of one rail infrastructure section.
Both items differ strongly within countries and also between countries. But differences
are higher within than between countries depending on the type of infrastructure (main
line, secondary line and other differentiations) and the type of region (agglomeration,
country side etc.).
Keeping in mind the already mentioned uncertainties the presented average cost rates
per day and section can be used for whole Europe. Important is the distinction between
main and secondary lines. An additional distinction that can improve the reliability of
the results is the development of different cost rates based on the population density of
the region. Within this report such a distinction was not possible because of partly
missing data. A follow up of the presented cost calculation method should implement
such a distinction.

5.2.3

Transferability of (total) costs of one type of weather event

In contrast to the two above described cost items (and their possible transferability)
average costs per type of event should not be transferred to other regions. The total
cost of an event depend strongly on the dimension of the event. Different regions suffer
different from the various weather events.
It is hardly recommended to use the cost rates per day and section and the unit costs
per infrastructure asset unit (which are independent from the type of weather event)
and connect them with information on (physical) impacts from weather events.
To derive cost per event and country the following steps have to be taken:


Estimation of the number of weather events per event type, country and
year



Estimation of average length of infrastructure (differentiated by infrastructure
type) affected by these event types (per event)
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Estimation of average number of sections (derived by the track length and
the average length of section) affected by these event types (per event)



Estimation of average days of (complete) service interruption (per event)



Connection of this information with the average cost rates per section days
(presented in chapters 3 and 4).

5.3

Trends for future development of costs

On the one hand total costs caused by extreme weather events are more or less directly linked to the number of events and the average impact per event. It is not task of
this part of the project to inform about the trends of extreme weather events.
On the other hand the cost depend also on some other factors like:


Occupancy rate of trains
The trend according train occupancy is twofold: in regions with growing
population density (existing agglomerations) the occupancy rate will increase in future which leads to an increase of operation and user costs; in
rural regions the occupancy rate will stay stable (due to less trains and less
persons driving in future)



Utilizations of existing infrastructure capacity
Again the future trend depends on the region where the infrastructure is
situated: in metropolitan and urban areas the utilization will increase (which
leads to increasing cost rates), but in rural region the utilization will decrease (which leads to decreasing cost rates for operational and user
costs).



Network density
In regions where the rail network density increases the replacement costs
increase because more parts of the network can be affected by one event.
On the other hand operation and user costs can decrease, because closed
parts of the network can easier be temporally replaced by other parts of the
network.



Quality of rail infrastructure
The quality of the rail infrastructure is increasing in future. This means
higher replacement costs per infrastructure unit.



% of tunnel length to total rail network length
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The higher the percentage of tunnel parts of a network is the less is the risk
to damage the infrastructure. With the planned tunnels in the alpine region
a reduction of costs due to weather events can be expected. This is especially true for closure of tracks due to risk reduction reasons (in case of high
avalanche risk or risks due to storms).


Vehicle operation costs on the road (relevant for rail replacement bus service and use of private cars)
Many experts expect an increase of road vehicle operating costs due to
higher infrastructure user charges and higher fuel prices in future. This increases the costs of rail replacement bus services on the one hand (operation costs) and the operation costs of private cars (user costs).



Value of time
The used values of time have been presented and used by many European
projects. They are based on several WTP-studies on this topic. A big
change of this values (beside the adaptation according to the GDPdevelopment) can not be expected for the next future.
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Annex A...
@@ ?? Tables with detailed calculations per damage case?? – Will be produced (huge
layout work) only if used as an annex for D2!
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1

Introduction

This contribution to Deliverable 2 focuses on extreme weather related costs in Urban
Public Transport (UPT) in Germany from 2000 to 2010. Interviews have been carried
out among the German Bundesland Saxony, being the region with most losses due to
the European Flooding in 2002.

2

Evidence from Literature and data sources

2.1

Literature review

Literature on UPT costs due to extreme weather situations is only available for single
extreme events, such as the European floods in August 2002. For this case governmental reports and scientific as well as non-scientific analyses exist. All other events
are mostly documented by newspapers, which cover such catastrophes at a broader
view not only taking the traffic sector into account.

2.2

Internet review

Used internet sources are accident databases of statistical offices (Saxony, Germany,
Europe, UN) as well as online archives of newspapers and governmental press releases.

2.3

Interviews

In combination with WEATHER-Task 3.2 (management of extreme weather situations),
following Saxon UPT providers were asked to deliver figures on weather-related financial losses (for profiles of the companies see Annex A):
Chemnitzer Verkehrs-AG [A]

Dresdner Verkehrsbetriebe AG [C, D]

City-Bahn Chemnitz GmbH[B]

Leipziger Verkehrsbetriebe GmbH [E]

Those companies are important providers in the region of Saxony and were affected by
extreme weather situations during the last ten years.

2.4

Access difficulties

During the interviews, it was stated that summaries on smaller, regular events are not
easily available (e.g. traffic chaos due to winter storms, repair due to summer heat).
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For example, reasons for vehicle repairs are not documented in such detail, and therefore a list of vehicle damages due to weather extremes is not easily available [D].
Facts and figures are often spread across the organization, so carrying out such analyses would mean intensive research work for those companies [A, B, C]. Thus, analyses have only been prepared for larger events, where governmental aids were
needed (larger flooding 2002/2006/2010, storm “Kyrill”, thunderstorms). Furthermore,
all given costs should be compared to the company’s profile.

3

The vulnerable elements of the transport sector

Important subnetworks of public transport to be considered when analysing the vulnerability of UPT networks concerning their infrastructure and operation are:
Bus/Taxi network
Metro network
Tram network
Railway network
Waterway network
Cableways (elevated trains)

3.1

The STAR-TRANS Project

EU-project STAR-TRANS analyses in its deliverable D1.1 urban transportation networks concerning its vulnerability. Based on those findings, the following chapter discusses the vulnerability of infrastructure and operations as well as consequential user
impacts.

7
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3.1.1

Infrastructure
Direct Assets

Means of
Transport

Transport
Demand

Transport
Network

Energy

Information

Indirect Assets

Figure 1: Vulnerable Assets of a Transport Network [Toenjes et al. 2010]

All UPT (sub-) networks may be considered as a composition of edges, nodes and
overlaps. All parts of such UPT networks may be interfered by extreme weather events.
Edges may be network internal (e.g. part of a tramway line) or network-connecting (e.g.
access footway) with regard to the means of transport and they may be origin/destination (e.g. edge starting at an UPT depot) or connection edges (e.g. railway
edge between two stations) with regard to their location in the network.
Nodes may be network-internal (e.g. railway intersection) or network-connecting (e.g.
Park and Ride station) linkage nodes, storage node (e.g. UPT depot) and access/exit
nodes (e.g. UPT stop).
Overlaps may be planar (e.g. intersection) and non-planar (e.g. bridge or tunnel) as
well as network internal (e.g. interchange) or network-connecting (e.g. level crossing).
Additionally all means of UPT (road and rail vehicles, watercrafts) may be interfered by
extreme weather events.
Another essential part of the UPT infrastructure is the energy supply with fuelling systems, electric power plants, transformer substations, contact wires, power rails and
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cables. Energy is also necessary for communication services. Energy supply might be
interfered by extreme weather events and has to be guaranteed by all means.
For the operation of a UPT (sub-) network further systems are necessary, including
communication as a vital part for control, safety and security. Telecommunication
including, telephony, telegraphy and television as well as radio communication (broadcast systems) have to be secured when operating a UPT network. Following modern
telecommunication media are examples used in UPT operation: VHF radio communications, SMS (GSM), e-mail, rss-feed, instant messaging, internet websites, UMTS, wideband, cell-broadcast, telefon, telefax, tv, radio (FM, internet, DAB, DVB), video-text,
Dedicated Short Range Communications (DSRC).
Further traffic-related communication systems are over-road gantry-signs, traffic lights,
dynamic traffic message signs and Car2X, where vehicles communicate either with
other vehicles (Car2Car) or with the traffic infrastructure (Car2Infrastructure).
Road traffic control centres and intermodal transport control centres coordinate information from individual and public transport. They are essential when managing emergency situations as they are designed to have an overall view of the situation. However
a breakdown of energy supply or of the communication system caused by extreme
weather situation obstructive and should be therefore avoided at all circumstances.
Decentralized control and safety systems are On-board systems, such as train control
systems, or trackside systems like static/dynamic traffic signs, optic/acoustic signals.
For security purposes, video surveillance and alarm devices are installed.

3.1.2

Operations

UPT services are affected by extreme weather situations in several ways.
Scheduled services may be delayed or disrupted. Many delays due to current weather
situations could be softened by time buffers; however operators are often not willing to
plan tolerant as this would require extra staff and rolling stock.
Passengers with monthly or weekly tickets will have paid for services in advance, which
might be delayed or not executed – the passenger bears the financial loss and in case
of delays additional waiting time. Passengers with single-trip-tickets might reschedule
their journey, causing financial loss for the operators. Reimbursement of UPT tickets is
nevertheless unlikely.
In extreme situations, whole subnetworks may be separated into parts (e.g. bridge closures). If means of transport (e.g. trams) are distributed unevenly across the subnets,
services have to be reduced or replaced (e.g. by buses, if available). This whole reor-
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ganisation process requires standby staff and means of transport in decentralized depots. Further personnel are needed for increased repair measures (infrastructure and
vehicles).

3.1.3

User impacts

Increased user costs due to extreme weather situations comprise the value of additional waiting time and the cost due to a risen risk in an UPT related accident.
If passengers are unable to plan their journey due to unknown delays or uncalculatable
risks, they may alter their preferred means of transport. The overall traffic demand may
be influenced.

3.2

Transport for London Climate Adaptation Strategy

At the second WEATHER project workshop in September 2010 in Brussels TfL presented their strategy for assessing and adapting to climate change. The main issues of
the presentation are summarised in turn:
The Greater London Authority (GLA) assumes the following climate conditions until
2050 at a high GHG emission scenario: +3°C and -30% to -40% rainfalls in summer,
+1.5 to -2.3°C and +25% to -30% rainfalls in winter, rising sea level and more extreme
events. Most penalising events are the summer heat 2003, 2007 rainfalls the longest
frost and snow periods in the two past winters (2009/2010 and 2010/2011.
This list of risks of assets to climate change identified by TfL embraces tracks, drainages, bridges, embankments, signals, stations, green estate, surface and interchanges. Further at risk are planned builds, service quality with impacts on communications and managing. Most important in the process of adapting to changing climate
conditions is the internal and external communication, time table setting, emergency
planning and the consideration of customer comfort.
Existing activities by TfL include flood risk assessment, road drainage works, underground groundwater management and tunnel cooling, emergency planning. Early results from TfLs risk assessment report suggest that all weather risks, including heat,
snow and ice, and high winds are manageable with some consideration in the rail sector. Concerning underground very hot days and rain and flooding are serious risks with
a very high likelihood to occur in the future and a high impact level (Figure 2)
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Figure 2: London rail and underground weather related risks
Source: Webb (2010)
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4

Quantification of entrepreneurial costs

4.1

Infrastructure damages

4.1.1

Damages due to floods

European Floods in August 2002
The European flood in August 2002 was one of the worst natural disasters in Germany.
It killed 20 people and caused economical losses of about 9.2 billion Euros (8.6 in Saxony)” [1] for the Elbe catchment. The total economic loss could be as high as 25 billion
Euros [2].
Table 1: Estimates of economic loss for the floods.
Sources are the European Union, Czech Hydrometeorological Institute, Munich Re.,
Partner Re., Swiss Re., from [2]

Traffic related cost estimates
Dresden
The municipality of Dresden suffered traffic related damages in 307 cases with overall
cost of 202.8 million Euros (roads 67%, bridges and supporting walls 30%, traffic lights
2%, lighting 1%) [3]
Dresden’s UPT provider [DVB AG 2010] claimed overall costs of 99.2 million Euro;
however these costs include repair at the current state of the art (that is, not only to the
state before the flood).
Claimed costs in detail:
Infrastructure costs (tracks, roads, ferry terminal): 83.821.008,05 €
Repair and replacement of vehicles and ships: 13.395.200,65 €
Buildings and others: 548.922,09 €
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Prague
The restoration costs for metro service as a whole were around 7 billion CZK (230 million Euro), [4, 5]
Website [5] reports: “In August 2002, the metro suffered disastrous flooding that struck
parts of Bohemia and other areas in Central Europe. 19 stations were flooded […]. It
caused partial collapse of the transport system in Prague; the metro lines had to be
substituted by trams and buses. The affected sections of the metro stayed out of service for several months, the last stations […] reopened on 22 March 2003. “
Chemnitz
Chemnitz’ UPT provider claimed 22000 Euro for reconstruction expenses of tracks [A].

2010 flood
City-Bahn, a urban railway provider, claimed 197 000 Euro for quality inspection and
necessary repair [B].
Chemnitz’ UPT provider reported 28000 Euro as reconstruction expenses for tracks
due to the 2010-flood [A]; this information is valid through 15.11.2010 (calculations not
finished at time of deliverable preparation).

4.1.2

Damages due to frost

Most problems – e.g. accidents, freezing switches or wires - occur as a combination of
coldness and snowfall or freezing rain.
Following winter damages at road infrastructure were reported for the years 2009 and
2010 in Saxony:
o Dresden:, Winter 2009/2010: damage: 8.3 Million Euro at around 700 km
roads [SZ 2010], compared to almost 5 Million Euro/year on average
o Saxony: 2010: 31.8 million Euro damage; 2009: 26.9 Million Euro damage at 4800 km state roads [6] [7]
For tramway frost shattering in infrastructure was reported [8].

4.1.3

Damages due to hail and thunderstorms

Hail and thunderstorms may cause immense damages [9]; in the case of UPT, Chemnitz’ UPT provider reported a damage of 24000 Euro due to a thunderstorm on
27.5.2007 [A].
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4.1.4

Damages due to storms

In the case of UPT potential consequences of storms are damages to overhead contact
wire of tram and railway as well as road closures due to overthrown trees. Due to storm
“Kyrill” Chemnitz’ UPT provider claimed 16000 Euro damages [A].

4.1.5

Damages due to heat

Infrastructure damages occur due to heat (e.g. melting of the asphalt, deformation of
tracks).

4.1.6

Other extreme weather situations

No larger damages for UPT infrastructures in Germany during the last 10 years have
been found during the research for the following extreme weather situations: wild fire,
landslides, avalanches, draught and fog.

4.2

Damages to vehicles

4.2.1

Damages due to the European Floods in August 2002

After the August flood in 2002, Dresden’s UTP provider needed 13.395.200, 65 € for
repair and replacement of vehicles and ships [DVB 2010].

4.2.2

Damages due to other weather extremes

Besides floods, heat and frost can also result in vehicle damages [D].
For example, power converters on top of the trams in Dresden (Type Bombardier Flexity Classic) may suffer damages due to heat levels above 55-60 °C (operational heat +
sun); hot days and extremely sunny are therefore critical [D].
Frost periods may cause frozen cooling water circuit [8] as well as other freezing liquids
and sand reservoirs [D].
Hail [9] and storm may also cause vehicle damages.
As reasons for vehicle repairs are not documented in such detail, a list of vehicle damages due to weather extremes is not easily available [D].

4.3

Increased costs of service provision and operation

There are several factors which increase the costs of service provision, e.g.:
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Lower maximum speeds due to extreme weather conditions (bad sight and road
conditions due to snow, rain, ice or fog),
higher cleaning costs (snow and rain),
extreme air conditioning/heating due to extreme temperatures
Standby personnel for weather and situation observation
Personnel and vehicles for rail-/tramway replacement bus service
City-Bahn Chemnitz reported costs around 150 000 Euro for replacement bus services
and loss of incomes due to a 3-week-repair period after flooding in 2010 at a track of
16,3 km in the surroundings of Chemnitz [B].

4.4

Summary of results

The review of impacts of weather extremes on public transport remains rather qualitative. The results are thus not included into the total cost matrix and can in now way be
extrapolated to Europe. Nevertheless, the available cost figures from the selected
damage events are presented by Fehler! Verweisquelle konnte nicht gefunden
werden..

Table 2: Damage cost figures for urban public transport in Germany for selected events
Event

Location

Impact description

2002 summer flood

Dresden

roads (307 cases)
UPT (full renewal), thereof
- infrastructures
- vehicles & ferries
- buildings & others

€202.8 mill.
€99.2 mill
€83.8 mill.
€13.4 mill.
€0.5 mill.

Prague

Metro restoration

€230.0 mill.

Chemnitz

Track reconstruction

Chemnitz

Quality inspection and repair (City-Bahn)

€197’000

Chemnitz UPT track reconstruction

€280*000

City-Bahn 3 week track repair, replacement bus service & lost income

€150’000

2010 flood

Thunderstorm 5/2007

Chemnitz

Asset damage due to hail

Hurricane Kyrill 2007

Chemnitz

Overhead wires & trees on roads
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5

Quantification of social costs

5.1

Time losses through reduced system capacity and infrastructure closures

Shortened traffic services due to floodings, storm surges, draughts, storms, snow,
freezing rain with/without infrastructure damages may cause delays up to a complete
traffic collapse.
During the 2002 floodings Prague encountered a partial traffic collapse due to metro
break down [5].
It is a complex problem to estimate the value of time loss due to delays and cancellations.

5.2

External accident costs

Statistics like those of DESTATIS (German statistical office) or the UN include figures
about road accidents. It is reported, that weather related circumstances like heat, fog,
rainfall, snow and freezing rain influence the numbers of accidents.

6

Generalization of results

The review of extreme weather related costs in UPT revealed that documentation of
cost is not focused on weather extremes so far – at least for the interviewed UPT providers in Saxony. Costs of larger extremes, like those of August 2002, have been documented carefully, as most UPT providers depended on governmental aids for reconstruction measures. However, “normal” weather extremes and their consequences are
accepted up to now.
With rising risks of extreme weather events, it is necessary to estimate the development of additional costs. A unified documentation scheme of extreme weather related
costs would be helpful.
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Details: Profiles of interviewed UPT providers
Following profiles have been prepared from company web-sites and VDV (2009).

Chemnitzer Verkehrs-Aktiengesellschaft (CVAG)
www.cvag.de

Infrastructure and means of transport:
Tramway (track length: 30.9 km, route length: 35.4 km, 34 tramways)
Bus (99 busses)

Service data:
Total number of passengers per year: 38,113,000
Gross fare revenues: 56.703.000 €

City-Bahn Chemnitz GmbH
www.city-bahn.de

Infrastructure and means of transport:
Railway (own track length: 23.0 km, route length: 100.8 km, 12 railway vehicles)

Service Data:
Total number of passengers per year: 2,300,000
Gross fare revenues: unpublished
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Dresdner Verkehrsbetriebe
www.dvb.de

Infrastructure and means of transport:
Tramway (track length: 132.7 km, route length: 204.5 km, 251 tramways)
Bus (184 busses)
Elbe ferries (4 ferry terminals, 5 passenger ferries, 1 car ferry)
Funicular, suspension railway

Service Data:
Total number of passengers per year: 145,158,000
Gross fare revenues: 121,476,000 €

Leipziger Verkehrsbetriebe
www.lvb.de

Infrastructure and means of transport:
Tramway (track length: 148.3 km, route length: 208.5 km, 258 tramways, 67 trailers)
Bus (111 busses)

Service Data:
Total number of passengers per year: 114,653,000
Gross fare revenues: 163.436.000 €
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1

Introduction

The winter seasons 2009/2010 and 2010/2011 as well as the volcano ash cloud over
Europe in April have made the past year a very interesting study case for the sensitivity of transport systems to adverse weather conditions. In particular aviation had to suffer from these conditions by closing down important hubs during the most severe winter
days and by completely closing parts of the European airspace in spring 2010. It
seems that all parties involved in aviation, the airports, air traffic control, the airlines
and finally the passengers had to bear their shares.
This paper contributes to deliverable 2: “Vulnerability of Transport Systems to Extreme
Weather Conditions” of the WEATHER project by aiming at estimating the costs of
weather-related disruptions in aviation for the period 2000 to 2010. Forecasts to 2050
and beyond will be subject to subsequent work packages of the study.
According to the project logic we concentrate on the EU Member States plus Switzerland and Norway (EUR29). For this area we estimate the average annual costs for
aviation infrastructure providers (airports and air traffic control), airlines and users in
form of additional infrastructure and service operating costs, time losses and accident
consequences caused by weather extremes. The cost estimation methodology is laid
down in the main part of Deliverable 2 and, in more detail, in the WEATHER General
Assessment Framework (GAF). By a simple means of generalisation we extrapolate
the estimated costs across Europe as far as the data validity allows for doing so.
This annex is organised as follows:
Section 2 briefly stresses the possible impacts weather extremes have on avaiation
by summarising parts of the WEATHER workshop 1 and by reviewing relevant literature sources and stakeholder documents.
Section 3 applies the WEATHER general assessment framework to the literature
study and thus generates a very rough figure of the costs air transport likely bears
due to weather extremes.
Section 4 finally summarises and generalises the results and Section 5 draws final
conclusions.
The results of these cost estimates are meant to determine the order of magnitude in
which aviation rrelated costs due to extremes under current market and weather conditions range in relation to other modes. Due to time and budget restrictions of the
WEATHER project, the results should provide orientation for preparing policy or industry actions across industry sectors and between adaptation and GHG mitigation programmes. More acurate calculations of specific damage costs are subject to later research activities.
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2

Evidence on Weather Impacts

2.1

Overview: WEATHER project workshop 1 on the vulnerability of transport systems

US figures suggest that the total costs of air traffic management (ATM) disruptions
amounts to US$41 billion, of which 70% (US$28 billion) are attributable to weather. Of
these, US$19 billion could be avoidable (EUROCONTROL 2009a) Among the most
critical phenomena are convective weather conditions, i.e. thunderstorms. For Europe,
similar figures are still lacking, but are planned to be generated under the Single European Sky (SES) research agenda (EUROCONTROL 2009d). Concerning aviation,
weather and climate change the 2010 aviation safety conference held by ICAO in
March 2010 in Montreal pointed out that knowledge on long term hostile weather and
climate effects on aviation is still not sufficient (ICAO 2010).
In order to provide practical insights into the problems caused by weather extremes to
the aviation sector, Swedavia, the Swidish airport association, and EUROCONTROL,
the organisation for the safety of air navigation in Europe, gave presentations at
WEATHER Workshop 1: Vulnerability of Transport Systems” held in Brussels, September 14th 2010. The full presentations can be accessed at www.weather-project.eu.
Henrik Littorini (Swedavia) highlights two reports dealing with the consequences of
climate change for the Swedish air transport sector: “Vulnerability analysis report from
the aviation sector” (LFV, Swedish Civil Aviation Authority, 2007) and “The Consequences of Climate Change and Extreme Weather Events” (Swedish Government Official Report, 2007).
Among the several weather and climate impacts assessed by these reports, in the
past decade storms during winter season are the main extreme weather events that
has (during short periods of time) affected Swedish air traffic.
The main problems of heavy snowfalls are visibility, friction and passenger access to
the airports. While current measures include a over-dimensioning of snow clean-up
and cooperation with road and rail authorities, climate forecasts indicate less snowfall for Scandinavia.
Flooding and sea level rise is only considered problematic for a few smaller airports
with old or under-dimensioned storm water systems and drainages. in the coming 50
years adaptation costs of €20 million are estimated to cope with the projected increase in precipitation, but these will largely be covered by continuous reinvestment
activities.
Frost is the main determinant for the dimensioning of runway superstructures. As
climate models indicate warmer winters there are not additional costs of climate
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change to be expected. The problem of ice is more differentiated: there will be more
days calling for de-icing and skid prevention, but less in the southern part. The overall need for de-icing and skid reduction will thus decrease, associated with cost savings of €5 million annually in 2050.
A major problem for aviation are thunderstorms causing cross-winds and the drop of
power supply. The lack of alternative airports in easy reach, the non-availability of
reserve power systems and the dependency on computer systems makes airports
particularly vulnerable. Adaptation costs are probably high, while information of climate models on the development of thunderstorms is hardly available.
Finally, ash is raised being a problem to different parts of aircraft, as the measurement of ash concentration is still not satisfying and due to lacking co-ordination in
the European airspace .
The perspective of air traffic control was introduced by Rachel Burbidge and Dennis
Hart (Eurocontrol) by stressing on the impacts of the past winter.
Reported are drops of aircraft movements by 0.5% in Frankfurt and heavy delays,
cancellations and flight re-routing in Paris. The seasonal difference in weatherrelated ATFM-delays are considerable: the shares at all AFTM delays have e.g. varied between 17.6% in December 2009 to 55.0% in January 2010, clearly indicating
the winter storm Daisy over Europe.
But ATFM delays are primary delays which are in first order the result of an imbalance between demand and available capacity en-route or at airports and thus depend more on airport and en-route capacities than on weather. At annual primary
departure delays roughly 4% are due to AFTM-related weather and another 6% are
reported weather delays by the airlines. Total annual delay costs amounted to €1.5
billion in 2008.
Future challenges of ATC are three times more traffic, safety and environmental
improvements by 10% while cutting costs by 50%. This shall be reached by a cooperative trajectory management of flight paths. Therefore, MET services need to
move from a problem-focussed view and the wait-and-see approach using information systems designed in the 1950s towards as system of “mapping uncertainty with
a high level of confidence”. In this system weather delays will not be prevented, and
thus become more predictable.
Climate change was considered a problem for the first time in the Eurocontrol work
“Challenges of Growth” 2008 by discussing sea level rise impacts for airports, increased storminess and climate-driven demand changes. In Europe 34 airports are
at risk through sea level rise until 2099 with impacts on runway capacity, ground
transport access routes and global knock-on effects.
A useful indicator for storminess is the Convective Available Potential Energy
(CAPE), indicating a strong increase (3 days / a) until 2020, but a potential fall under
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current conditions until 2050. For spring and autumn predictions show significantly
increasing trends until 2020 as well as 2050.

2.2

Impacts on Aviation Infrastructures

Aviation infrastructures consist of two major elements: the airports and air traffic control
(ATC), both involving capital investments and operations, but to a different degree.
European Airports in average have 26% of capital costs versus 71% operating expenses (ACI 2010).
U.S. evaluations show, that convective weather poses a problem for the efficient airspace operation. Thunderstorms and related phenomena can close airports, degrade
airport capacities for acceptance and departure, and hinder or stop ground operations.
Convective hazards en route lead to rerouting and diversions that result in excess operating costs and lost passenger time. Lightning and hail damage can remove aircraft
from operations and result in both lost revenues and excess maintenance costs. With
2001/2002 data from the U.S. it is estimated that the vast majority of the warm season
delays are due to convective weather (DOT 2002). But a direct transfer of these figures
to Europe is difficult due to diverse climate and the airspace operating environment.

2.2.1

Airport Infrastructures

(ACI 2010).states that European airport infrastructure involves annual capital costs for
depreciation and interest of €7.1 billion in 2008. With an economic life span of 40
years, an age index of 70 % and a share of interest at annual costs of 50 %, we can
estimate the net asset value – or replacement value - of European airport infrastructures ranging around €100 bn. But given the importance of non-aviation sectors at big
airports take a considerable share of these asset values it is virtually impossible to
conclude on elements that are both, relevant to air traffic operations and affected by
any type of weather conditions without having access to airport asset management
facilities.
According to (Littorini 2010) there are two major impacts of adverse weather and c
hanging climate conditions on Swedish airports: flooding due to rising sea levels and
winter damages to runways and taxiways. This does not hold true for Europe in total.
(EUROCONTROL 2009b) state that 34 major European airports are located on coastlines or river flood plains within the tidal limit (e.g. London City). Some airport (e.g.
Marseille) have runways constructed on artificial or reclaimed land stretching out into
the sea. Moreover, a number of airports are accessed by coastal roads, which themselves may be endangered by sea level rise.
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While the study confirms the likely positive effect of warmer winters on airport operations and infrastructure, longer and hotter summers are expected to decrease the
maximum payload of aircrafts necessitating investments in longer runways. More general, the shift of temperatures and water resources will most likely affect all actors in
aviation through changes in travel patterns in particular of holiday traffic.

2.2.2

Airport and ATM Operations

Airport operations
In its 2009 economics report the ACI Europe numeralises total operating costs of the
bulk of European airports with €19.2 billion in 2008. These represent 82% of European
passenger movements. 65% of total costs, namely personnel (24.5%), maintenance
(10%), energy&waste (6.5%) and other costs (24%) may partly be attributable to preparing or managing weather extremes. Quantifications of weather-related cost shares
are not available, but we can suspect that their proportion at total airport operating
costs is small.

Table 1: Operating cost structures of European airports
€19.2 billion

% of total operating expenses

Relevance for winter maintenance

Security (incl staff )

€6.2 billion

32%

-

Personnel (excl security)

€4.7 billion

24.5%

partly

Maintenance

€1.9 billion

10%

partly

Sales&Marketing

€0.4 billion

2%

-

Energy&Waste

€1.2 billion

6.5%

limited

Insurance

€0.2 billion

1%

-

Other costs

€4.6 billion

24%

partly

Total operating expenses

Source: (ACI 2010)

The strong and persistent winter conditions in the end of 2010 caused problems in
supply with de-icing substances. Their basic substance, glycol, is produced in only four
factories within the EU. The main problem is wet snow, requiring around 1000 litres per
aircraft, while dry ice can be removed with around 100 litres per aircraft. Modern airports (e.g. Munich) are equipped with recycling facilities allowing saving 40% of the de-
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icer used. In the second half of December 2010 the lack of de-icer has caused restrictions to flight operations in some major European Airports (Paris Charles-de-Gaulle,
Brussels and London-Heathrow)1.
A comparison of international airports shows that capacity and flight operations can be
maintained even under strong winter conditions with an anticipatory planning. Nordic
airports apply the following strategies2:
Oslo: The winter season lasts from October 15th to April 15th with a minimum of 60
snow days. Strategy: continuous weather observation and sufficient equipment
(several snow blowers, 8 snow ploughs plus several snow removal vehicles are prepositioned and the snow is stored outside the airport. 135 steady employees for
snow and ice removal plus 50 people on demand. Clearing one runway takes 15
minutes with the two runways cleared alternately. With very low temperatures
chemical de-icers do not work, instead big metal brushes are used.
Helsinki: Last time when the airports had been closed was in 2003 for 30 minutes
with 2 m snow depth with strong winds. No better equipment than other European
airports, but different strategy: 80 steady people for clearing services are supported
by 40 specific “winter men” from October on. which undergo a specific winter training every year. Time for snow removal per runway: 4 minutes, somewhat longer with
ice formation using heavy metal brushes plus de-icer. Airport configuration: low volume (60 movements per day) with high capacity (3 runways).
Moscow Domodedovo: Strategy: special equipment for snow and ice removal
adapted to the prevailing climate conditions. Cooperation with local weather service
reporting several times a day on expected snow amounts. The clearing time per
runway (3 km) is 20 minutes using 15 snow removal vehicles simultaneously.
Stockholm Arlanda: Winter season is 6 months a year. Problematic are only disturbances in road traffic from and to Arlanda and other European airports. Usually
flights are not delayed or cancelled. 130 people, of whom 85 are seasonal forces,
are working for the preparation of runways in the winter season. Snow removal time
per runway: 6 minutes, two times per hour. Most important: training for winter maintenance. De-icer substances: only acetat salt mixtures as uratic acid mixtures have
shown an over-fertilization impact on the surrounding nature. Additional measure:
huge cavern of water under the aircraft parking area, which keeps them largely icefree and is used for cooling during summer time.
Toronto Lester B. Pearson International Airport: 115 people employed for snow and
ice treatment. Most important is the coordination of the different airport divisions and
facilities. Equipment: the most high-tech engines, including 11 snow ploughs for
1 http://www.spiegel.de/reise/aktuell/0,1518,737217,00.html
2

http://www.spiegel.de/panorama/gesellschaft/0,1518,735963,00.html
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CA$ 1 million each, and the biggest de-icing facility worldwide allowing the simultaneous treatment of 12 aircrafts. De-icer: glycol-water mixture. Snow removed from
the runways is not transported off, but covered with sand. Costs of treating a single
snow storm: up to CA$ 500‟000 with an annual budget of the Toronto airport maintenance of CA$ 38 million
In average around 100 to 130 people are employed in these airports for winter maintenance. Deriving wage rates between €51‟000 and €120‟000 from the airports‟ annual
reports the following cost indicators for winter-specific staff costs for the three Scandinavian airport can be estimated. Depreciation and maintenance costs for snow ploughs
and other equipment must be added, but play a minor role. These figures, however,
need to be considerably increased for airports in milder climate zones due to the missing routine and cost effectiveness in winter maintenance.

Table 2: Winter-season specific staff costs at Scandinavian airports
Indicators

Oslo

Annual movements

ATM

Winter season

months

steady

Stockholm

Average

219573

319591

192558

243907

6

6

6

6

60

60

60

60

135

80

45

87

50

40

85

58

snow days
Employees

Helsinki

on demand
Staff costs

€/a

119'994

51'045

79'782

83'607

Labour costs

€/a

22'198'855

6'125'390

10'371'598

12'898'614

Average costs

€/snow day

369'981

102'090

172'860

214'977

101.10

19.17

53.86

58.04

1.69

0.32

0.90

0.97

€/ATM
€/ATM, SD

Source: own computation

Air Traffic Management (ATM) Operations
As part of the tactical and operative management of air space (ATM), the role of air
traffic flight control and management (AFTCM) is to ensure the safety and efficiency of
flights en route and around airports. It is thus necessary to react on mismatches of demand and capacity as well as on unusual or unexpected events such as adverse and
extreme weather. Both, demand development and weather extremes challenge air traffic management. But in the case of future climate risks to aviation, more research is
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required to fully understand potential risks, consequences and – if needed - adaptation
strategies to ATM services. A first assess,emt pf potential climate impacts on ATM
compiled by EUROCONTROL is listed by Table 3.

Table 3: Impacts of climate change on air traffic management

Source: {(EUROCONTROL 2009b)
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The international organisation of ATM entities, CANSO, reports in their 2009 benchmarking study (CANSO 2009) on average international costs of ATM of US$571 per
flight-hour, whereas Europe is at US$478/h. By aircraft-km European example values
are given for Boeing B747-400 (US$1902/km) and for an Airbus A320 (US$736/km).

2.3

Impacts on Airlines

2.3.1

Aircraft Assets

The majority of sources analysing the impacts of weather extremes on aviation are
available for the US. Although the differences in weather and climate conditions between the US and Europe, in particular concerning thunderstorms, are acknowledged,
we report on these findings in order to set an upper benchmark of their impacts on
aviation. Safety impacts refer to commercial air services as well as general aviation.
Following (Kulesa 2002) aircraft damages can result from a number of weather phenomena, including:
Lightning and hail in Thunderstorms
Turbulences of all type (convective and non-convective weather) in all altitudes. Major impacts arise from sudden accelerations of the aircraft affecting the aircraft itself
and its passengers.
Lightning and hail damage can remove aircraft from operations and result in both
lost revenues and excess maintenance costs.
Aircraft accidents are commonly very well documented (see sections on safety below).
This provides the opportunity to approach the costs of aircraft losses or damages.

2.3.2

Airline Operations

According to (Kulesa 2002) effects of severe weather conditions on air carriers‟ operations under north American climate and aviation market conditions can be summarised
as follows:
Thunderstorms and related convective weather affect air carriers when airport
capacity is reduced or airports have to be closed temporarily for safety reasons and
when ground operations are hindered. Convective phenomena en route can increase operating costs by re-routing flight paths. Lightning and hail damage can re-
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move aircraft from operations and result in both lost revenues and excess maintenance costs.
In-flight icing is a particular problem in low altitudes and during ascent and decent.
Consequences are the rerouting and delays of commercial carriers, especially regional carriers and commuter airlines, to avoid icing conditions, entailing primary arrival and reactionary delays. Diversions en route cause additional fuel and other
costs for all classes of aircraft. Ice on wings, control surfaces and carburettors increase weight, degrades lift, manoeuvrability and instrument accuracy, impairing
engine performance and reducing their power.
By a statistical analysis of flight schedule data of two US airlines (Rosen 2002) concludes that (1) hub-and-spoke airline schedules, and thus hub airports, are much more
affected by weather impacts than point-to-point systems or smaller airports, and that
snow constitutes the major challenge for flight operations. He concludes that, related to
summer time (quarter 3 of the year) the following additional travel times are to be expected:
Winter (Q1): 3:00 minutes
Autumn (Q4): 2:00 minutes and
Spring (Q2): 0:45 minutes.
The extra costs for detouring hurricanes have been estimated by (Quan et al. 2002) for
the U.S. Depending on the duration and extension of the hurricane, values between
US$51000 and US$225000 for 1998 traffic levels are found. With projected 2015 traffic
levels the range is US$ 185‟000 to US$615‟000. The economic valuation of these delays is done on the basis of (Cook et al. 2004c). Under European climate conditions,
where hurricans occure more rarely and with lower intensities, these costs are expected to be considerably lower.

2.4

Impacts on Passenger and Freight

2.4.1

Delays and cancelled flights

General issues on flight delays
Air traffic delays are commonly classified by the reporting entity. These can be ATFCM
(air traffic flow control management) covering only those delays caused by air traffic
control, and Airlines reporting on all delay causes.
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In 2009 (2008) ATFCM delays have been 25% (28%) of airline delays. Airline delays
further distinguish between primary delay causes and reactionary delays. Commonly
reactionary delays, which describe delays due to late incoming planes, amount to
about 45% of total airline delays. (EUROCONTROL 2010). According to
(EUROCONTROL 2011) “Air transport punctuality in 2010 was the worst recorded
since 2001 (24.2% of flights delayed more than 15 minutes vs. schedule), although
traffic was below 2007 levels and traffic growth was modest”. While the volcanic ash
cloud largely lead to the cancellation of flights, main reasons for delays were indistrial
actions and the exceptional winter conditions in December 2010.
EUROCONTROL describes the impact of weather on aviation delays as follows (Guest
2007): “Weather delays may be encountered at either departure or destination airport
and, occasionally, en-route as with airport delay, some weather delays affect the ability
of aircraft to move around the airport of departure, while some may be due, for instance, to a requirement to de-ice departing aircraft for safety reasons. Other weather
events may affect the destination. These include reduced landing rates due to high
winds, or the need for additional separation due to low visibility procedures. This, as
mentioned earlier, can impose delay on aircraft yet to depart for the affected airport”.
Weather, in particular poor visibility, low clouds and strong winds at the destination
airport, is responsible for approximately 35% to 50% of non-airline related delays, costing approximately €900 million annually. In the recent years EUROCONTOL statistics
have shown a tendency for growing en-route regulations impacting ATM performance
(ICAO 2009).
Air traffic flow and capacity management (AFTCM) is a complex task requiring tactical
and strategic co-ordination. As high cost are associated to keep aircrafts in holding
loops around airports with restricted landing capacity, re-scheduling at the departure
airport and during the flight phase have to be considered whenever weather, or other
reasons, cause problems at a destination. In addition air traffic control (ATC), airlines
and airports have to deal with local problems and with the impact of previous disturbances of flight activities elsewhere in the network. Air traffic delays are thus not primarily a local, but a regional, and sometimes global, phenomenon.
Delay causes and their propagation
Weather-related primary delays are subdivided into two groups:
Airline-inflicted delays (IATA delay codes 71-79). These show a strong seasonal
development (Figure 1). These types of delays are encountered by the airlines or
the airport due to adverse weather conditions before a departure slot has been requested from air traffic management (ATFCM).
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ATFCM (or ATM-) delays (IATA-code 84) are managed by air traffic control when a
departure slot has been assigned. This can either be by holding the aircraft at the
departure airport due to weather problems en-route or at the destination, by redirecting flight routes, by enforcing holding-laps at the destination or, in extreme
cases, by assigning alternative destination airports. AFTM delays due to weather
have a small peak in October, which may be due to storm activities in that season.
Looking at non-AFTCM delays Eurocontrol reports that weather caused 600‟000 delay
minutes in 2009 to instrument regulated flights (IRF), which is 13% of all departures.
Adding another 230‟000 delay minutes (5% of flights) due to ATFCM-measures, in total
830‟000 flight-minutes are attributable to weather causes. While until 2008 this share
used to remain rather stable at 5 % to 6 % across Europe, the weather causes of delays have gone up significantly in 2009 (9 %) and 2010 (12 %) as shown in Figure 1.
Remarkably, air navigation services (ANS) delays, also containing weather elements,
have stayed constant during this period, meaning that the harsh winter conditions in
2009 and 2010 affected air traffic management (ATM) to a limited extent only.

Figure 1: Drivers of departure delays (2007 – 2010)

Source: (EUROCONTROL 2011)

Figure 2 illustrates the evolution of weather-related delay causes (codes 71 to 77) as
reported by the airlines by months from January 2007 to December 2010 (data from
EUROCONTROL CODA). While in the winter months (December to February)
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weather-related delays range between 13% and 17%, their contribution to total delays
ranges round 4% or less in the summer months. The extreme peaks from December to
February particularly for the past three winters with rather harsh conditions impressively show that ice and snow is the predominant cause of disrupting airline schedules.
The smaller summer peaks in June / July are most likely attributable to convective
weather situations, i.e. heavy rain, hail and thunderstorms.
However, flight volumes and average delays per flight are significantly higher in summer. With increased traffic volumes of 30%, a 15% higher number of delayed flights
and roughly constant late time per delayed flight, total delays in summer months are
roughly 45% above winter season delays. Applying this to the delay shares we receive
total flights affected by weather in winter still being 2.6 times higher than during the
summer season.

Figure 2: Airline delay reports for 12 countries on weather purposes 2007 to 2010
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The Association of European Airlines (AEA) reports on time series of delays and delay
causes from 2003 to 2007 in three month steps. As in EURCONTROL data the winter
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season is clearly visible – with the exception of the first quarter 2007. This was when
hurricane Kyrill blew across Europe. By jointly looking at AEA and Eurocontrol time
series we can suspect, that winter storms are dominated by the strength of ice and
snow conditions when looking across Europe. Kyrill supports this theses as during its
occurrence no significant airport closures had been reported. But on the very local level
and in particular for general aviation this might look different.
Figure 3: AEA quarterly delay rates on intra-European services 2003 - 2007

Source: (AEA 2007)

For the airports most affected by delays the EUROCONTROL-CODA Annual Delay
Reports provide the share of weather all ATFCM delays (see Figure 4Fehler! Verweisquelle konnte nicht gefunden werden.). The figures reported in the Delay Reports are rather selective and due to the rather recent inclusion of airline delay reports
the time series do not date back beyond 2005.
Here, the generally low share of weather related delays contrasted by the high values
for London-Heathrow are remarkable. Also the rather constant evolution of the weather
share across the selected years appears counter-intuitive. But the following conclusions can be drawn:
Most of the airports selected are in remote regions of the Union, mainly in southern
Europe. This can be explained by the selection of arrival delays, which may be amplified by the longer flight distances form the big hubs. Further, most of these air-
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ports carry tourist traffic, which may be considered less time sensitive by the airlines.
For most airports weather-related delays range between 5% and 8% of primary delay causes.
The London airports are an exception from the geographical location and level of
weather-related delays. Heathrow shows by far the highest shares, being constantly
between 25% and 28% across the observation period, contrasted by the usual rate
of 4% to 7% for Luton and Gatwick. The most plausible explanation for the Heathrow value is its function as main international hub accumulating delays from many
other destinations and its tight capacity situation. But as the ICAO delay coding system leaves considerable freedom to the selection of codes the local coding policy
will also play an essential role as suggested in (Jetzki 2009)
Figure 4: Primary delays and delay causes at major European airports 2007 to 2010

Source: (EUROCONTROL 2011)

Delays due to extreme weather
A comparison between flight performance in the US and in Europe (EUROCONTROL,
FAA 2009) points on some differences in the recording of delays and delay causes.
FAA codes contain the specific category “extreme weather” accounting for 1% of delay
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minutes, while all other weather related delays are subsumed under the category ATM
system (NAS). By analysing the detailed ICAO categories for delays, the report arrives
at the same order of magnitude for extreme weather events for the major European
airports in 2008 (Figure 5). The study suspects that the winter peaks are more the result of weather related delays at airports, while the summer peaks are driven by the
higher level of demand and resulting congestion but also by convective weather in the
en-route airspace in the US and a lack of en-route capacity in Europe.

Figure 5: Drivers of on-time performance in Europe and the US 2008

Source: (EUROCONTROL, FAA 2009)

A study commissioned by the Eurocontrol Performance Review Unit in 2006 on the
assessment of punctuality drivers (EUROCONTROL 2005) goes a bit deeper into
weather-related delay causes. Analysed are arrival delays due to ATFM regulations at
11 major European airports in the years 2002 to 2004. The authors assessed the voluntary field for detailed delay causes in the airports‟ flight assessments. With this
method it could be distinguished between wind, visibility / fog and other weather conditions. The term “extreme weather conditions” for European flights are defined by the
IATA codes 71, 72, 73, 75, 76 and 77. AFTM have been excluded as it can be assumed that airlines only request for a departure slot in case weather conditions seem in
principle manageable.
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Figure 6: ATFCM departure delay causes at major European airports 2002-2004

Source: (EUROCONTROL 2005)

Reading from the graph we receive the following shares for AFTCM delay minutes at
total weather-related AFTCM delays:
Wind: 27%
Visibility / fog: 35%
Other weather: 38%
This analysis contrasts the findings from EUROCONTROL-CODA data depicted in Figure 2, where the last three winter seasons dominate the picture. The discrepancy may
be explained by the very mild winter seasons in 2002 to 2004.

2.4.2

Safety

Aviation accidents in particular in commercial air transport, are widely considered as
well documented. However, in its 2010 annual report (EUROCONTROL 2011) the
EUROCONTROL Performance Review Commission raises concern about the data
quality of air safety reports. The document cites estimates of 2/3 of all incidents remaining unreported and concludes that “There is an urgent need to accelerate the deployment of automatic safety data reporting tools in Europe in order to improve the reporting culture and consequently the level of reporting. Sufficient resources are needed to
validate the data properly, analyse the results and draw lessons”.
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Accordingly, we use multiple sources for approaching safety impacts on aviation due to
severe weather conditions. As for road transport, were we consider walking and cycling
accidents as well as car drivers and passengers, we consider general aviation as well
as commercial air service. But were possible we separate between the two sectors.
(ICAO 2010) estimates for Europe that nearly 20% of all accidents and nearly 8% of
fatalities are weather-related. The contribution suggests that, given these significant
numbers, the impact of climate change on aviation is to be further tested. According to
(EASA 2009) the accident category with the highest shares of fatal accident is “controlled flight into terrain (CFIT), were in most cases adverse weather conditions were
prevalent, such as reduced visibility due to mist or fog. In the period 2000 – 2009, 8 of
10 accidents in Europe in the CFIT category were severe. All accidents by cause in
commercial and general aviation in Europe during the past decade are depicted in Fehler! Verweisquelle konnte nicht gefunden werden..

Figure 7: Accident categories for fatal and non-fatal accidents – number of accidents by
EASA MS operated aeroplanes (2000 – 2009)
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Source: (EASA 2009)

We assume that the CIFT fatal accident rates are attributable 32% to adverse weather
as suggested for pilot errors by (PlaneCrashInfo.com 2011). Eventually we assign the
categories Icing (ICE) and Windshear or thunderstorm (WSTRW) completely to
weather issues. Using these data and assumptions we receive an overall share of adverse weather at fatal aviation accidents in Europe of 22%. These are due to winter
conditions (12%) convective weather and precipitation (8%) and storms (3%). The details are given by Table 4.

Table 4: Aviation accidents codes and fatality rates attributed to weather
Total accidents 2000 - 2009

Number of
accidents

Fatal accidents

Allocation Share at total fatal
to weather
accidents

Total 2000 - 2009*

256

34

Controlled flight into or toward
terrain (CFIT)

10

8

32%

8%

Icing (ICE)

8

4

100%

12%

Wind shear or thunderstorm
(WSTRW)

12

1

100%

3%

Weather-related fatalities

30

13

58%

22%

Source: Data from (EASA 2009) and own calculations
A different view on flight safety in commercial and general aviation is allowed by seasonal accident statistics by degree of severity and time of year. For the 11 year period
01/2000 to 12/2010 EASA has provided a statistical analysis of flight accidents by degree of damage and fatality, which are to some degree related to weather issues. The
final accident cause is not known, but depicting accidents over months provides valuable insights into possible drivers (Fehler! Verweisquelle konnte nicht gefunden
werden.).
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Figure 8: Monthly distribution of weather-related air accidents over EUR29 countries
between 2000 and 2010 by degree of fatality
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Source: Data provided by EASA, 2011

Between 2000 and 2011 88 accidents have happened over the EUR29 territory, being
fully or partly caused by weather conditions with 325 death casualties and 71 injuries.
Their annual pattern is similar to that of delays, showing a clear peak in the autumn
and winter months. Thus, besides storms and fog, snow and ice conditions seem to
play a major role. This observation confirms the ranking of causes derived in Table 4
from general accident causes.
The global multi-decade accident statistics in (PlaneCrashInfo.com 2011) show two
major impacts of weather on flight operations: affecting the pilots and affecting the aircraft and its manoeuvrability itself. Weather-related pilot errors have caused 16% of
fatal crashes from the 1950s to the past decade, while another 12% of fatal accidents
were caused by other weather –related factors. Except from a decrease of unspecified
pilot errors these percentages have remained rather stable over the past decades
(compare Figure 9).
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Figure 9: Causes of fatal air accidents worldwide 1995 – 2010.
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(Quan et al. 2002) analyses studies on fatal aviation accidents in extreme weather and
concludes, that in most cases spatial disorientation with low visibility are caused by a
high level of self confidence of the pilots. (Kulesa 2002) reports on findings from the
U.S. National Transportation Safety Board (NTSB) on the share of weather –related
aviation accidents. Weather contributes to 23% of incidents, impacting human error as
the primary accident cause. Total weather-related costs for accident damages, injuries,
delays and unexpected operating costs are estimated with 3 billion US$. With a focus
on general aviation, the following weather categories are discussed:
Thunderstorms are considered responsible for 2% to 4% of air accidents, diverging
by aircraft type.
Hail and heavy (convective) precipitation are responsible for accidents in commercial aviation (6%), general aviation (10%) and commuter and air taxi services
(19%). Further, 55% of turbulence-related accidents are considered to be caused by
convective weather conditions.
In-flight icing: Based U.S. data from 1989 – 1997 icing can be attributed to air accidents
Turbulences may, in extreme cases, affect passengers‟ health and even may (as
happened in the past) cause death casualties.
Low ceiling and reduced visibility are safety hazards for all categories of aviation.
But the main share of accident risks is recorded for general aviation (24%) and
commuter / air taxi services (37%). Due to the equipment with respective instruments commercial carriers‟ accidents are attributable less than 2% to low visibility.
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Table 5: Accident causes by several weather phenomena, USA 1989-1997
Weather phenomenon

Commercial aviation

General
aviation

Commuting / air
taxi services

Convective rain

6%

10%

19%

In-flight icing

3%

11%

6%

Low ceiling / reduced visibility

<2%

24%

37%

Weather-related accidents

11%

45%

62%

Source: compilation according to (Kulesa 2002)

(Hauf et al. 2004) also refer to the period 1987 to 1996 when reporting on aviation fatality causes. 137 fatal accidents caused 7493 death casualties, of which 4617 (or 62%)
were in-flight fatalities. Statistically 55 people died per flight. The main causes are reported as collision with terrain (36% of fatalities) and loss of control in flight (31% of
fatalities) and inflight fire, sabotage and hijack (24% of fatalities). Weather-related impacts as ice and snow, lightning and wind shear are reported being responsible for
roughly 3% of fatalities each.
To conclude we must acknowledge that the range of weather-related fatalities in air
transport seems to be rather wide. Concentrating on commercial transport studies and
statistics suggest between 11% (DOT 2002) and 28% (PlaneCrashInfo.com 2011) attributable to bad visibility, icing, convective weather conditions and storms. The final
dataset and its valuation will be discussed in Section 4.
From the elaboration in this section we can conclude the following shares of the main
weather phenomena at fatalities in commercial aviation. These percentages reflect
more the general impact of adverse weather on aviation than the mere effect of extremes, but a more precise delimitation of the consequences of extremes was not feasible with the available accident data.
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Table 6: Assumptions on share of aviation fatalities related to weather extremes
Wather category

Share at total Fatalities

Source

Regions

Precipitation / convective

8%

Estimates with data
from EASA (2009)

All Europe

Storms, wind shear

3%

Values from EASA
(2009)

Atlantic coast

Winter conditions (Icing)

3%

Value from Kulesa
(2002) for extremes

Europe North

Total Share of extremes

14%
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3

Estimating damage costs

3.1

General approach for generalisation

This section selects final quantitative data on the impacts of extreme weather on aviation. Here we concentrate on the most significant impacts and cost categories. The
weather phenomena relevant for aviation focus on:
convective weather (rain, thunderstorms and low visibility),
hurricanes and strong wind gusts,
winter conditions with snow and ice formation.
Cost factors considered are generally operation-related:
airport operations under adverse winter conditions,
plane crash costs due to air accidents,
airline operations due to delays,
user time costs due to delays,
safety costs to human health and life.
Aviation is a mainly international business, and such are the majority of statistics and
cost estimates we consider in this section. Total costs available for the EUR29 countries (EU + Switzerland and Norway), i. e. delay- and safety related costs are broken
down to the country level by air passenger volumes and by meteorological adjustment
factors. The latter are derived from two sources:
the ESPON project (2006) providing hazard risk factors on a NUTS-3 basis and
the European Climate and Assessment Database (ECA&D) providing weather station data for precipitation, snow depth and temperatures by European weather stations.
By allocating NUTS-3 zones and weather stations to countries, national risk indicators
have been determined. These were further aggregated to eight European climate
zones according to the approach taken for road transport (Annex 3). Figure 10 defines
the climate zones and Table 7 presents the derived adjustment factors.
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Figure 10: Definition of large climate regions for Europe

Source: Fraunhofer-ISI

Table 7: Country indicators and adjustment factors
Indicator

AL

BI

EA

FR

IP

MD

ME

SC

TOTAL

Traffic demand indicators 2008 (EUROSTAT)
Passengers (mill.)

63

245

86

123

187

152

242

76

1'174

Comm. ATM (1000)

544

2131

748

1‟067

1‟626

1‟324

2‟108

664

10‟212

Risk factors derived from ESPON and ECA&D
Index ice&snow

1.40

0.57

1.76

1.09

0.01

0.11

1.54

1.52

1.00

Index rain&flood

1.10

1.13

0.99

0.97

0.55

0.73

1.33

1.20

1.00

Index storm

0.74

1.52

0.81

1.21

0.90

0.44

1.18

1.20

1.00

Region shares by category of extreme
Share ice&snow

9%

14%

15%

13%

0%

2%

37%

11%

100%

Share rain&flood

6%

23%

7%

10%

9%

9%

27%

8%

100%

share storms

4%

30%

6%

12%

13%

5%

23%

7%

100%

Source: Fraunhofer-ISI
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3.2

Costs to airports

The huge hub airports in Western Europe suffer particularly from harsh winter conditions, as they are commonly not prepared to cope with intensive ice and snow. But also
the well prepared Scandinavian airports invest large amount of resources year by year
in staff and equipment for maintaining the airport functionality. We extrapolate the
Scandinavian experiences to the rest of the EUR29 countries by the following procedure:
From the elaborations in Section 2.2.2 we select the average costs of €116 per takeoff as a standard European cost value for winter maintenance, including snow removal, runway preparation and aircraft de-icing.
The number of take-offs per climate region and day is derived from EUROSTAT
data on seasonal passenger movements, assuming an average load rate of 130
passengers per flight.
The number of days for exceptional winter maintenance work is derived from
ECA&D data by computing the average duration of the 10% longest snow and ice
periods from 1960 to 2010 above the annual means.
Input values and results per climate zone are shown in Table 8. Total annual mean
costs for additional winter servicing of airports are found to be €m11.2 with the highest
value of €m4.1 found for Mid Europe, i. e. Germany and the Benelux countries.
Table 8: Indicative shadow costs for winter maintenance in the big western European
hub airports
Commercial flights
2008 per day

Mean additional
ice&snow days p.a.

Annual additional
costs for extreme
winters (1000 €)

AL

1'319

6.3

962

BI

5'164

2.6

1'536

EA

1'812

7.9

1'658

FR

2'586

4.9

1'473

IP

3'941

0.0

11

MD

3'209

0.5

187

ME

5'110

6.9

4'112

SC

1'609

6.8

1'275

TOTAL

24'751

3.9

11'215

Climate zone

Source: Fraunhofer-ISI
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3.3

Costs to Airlines

In the assessment of economic costs to the airlines we concentrate on:
damages to aircrafts in case of fatal accidents and
costs due to weather-inflicted delays.
Other cost elements are not considered due to a lack of sufficient incident or economic
assessment data. Among these are:
Additional fuel use and reduced take-off weight under extremely hot conditions
Detouring costs of adverse weather conditions. Here only some general cost estimates from the US are available, not allowing a serious transfer to the European
situation.

3.3.1

Damages to Aircrafts

The number of accidents by degree of severity and type of service (commercial aviation and other, composed of general aviation and areal works) for the period 2000 to
2010 was provided by EASA. Information on purchase costs of aircrafts were added to
the database from sales lists of Boeing and Airbus and from internet sources. Missing
information on specific aircraft types was interpolated by computing average costs for
commercial and other services. Table 9 presents the assumed purchase costs per aircraft type as basis for the estimation of accident-inflicted damage costs. .
Table 9: Aircraft purchase cost data
Manufacturer
FOKKER
SAAB
AVIONS DE TRANSPORT REGIONAL
BEECH
BOEING
BOEING
BOEING
AIRBUS INDUSTRIES
AIRBUS INDUSTRIES
AIRBUS INDUSTRIES
AIRBUS INDUSTRIES
BOMBARDIER
BRITISH AEROSPACE
BRITISH AEROSPACE
CESSNA
LET AERONAUTICAL WORKS
MCDONNELL-DOUGLAS
Average commercial aviation
Average other services
Source: Fraunhofer-ISI from various sources

Type
50
340A
ATR 72
300 KING AIR
737-800
747 SP
737-500
A319
A320
A330-200
A340-300
BD-700 Global Express
146-200
31 JETSTREAM
CITATION
L410UVP
MD 83
37 cases
7 cases

33

Purchase costs (US$ mill.)
2.01
2.95
18.1
3.7
80.8
317.5
56.9
77.7
85
200.8
238
45.5
3.5
0.9
2.5
0.2
5.6
37.4
20.9
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As data on the age of the aircrafts was not available, we assume an age factor, i.e. the
actual age of the aircraft by its expected life span, of 50%. Further we acknowledge
that not all crashes are primarily caused by extreme weather conditions by subtracting
another 50% from the damage value. A further deduction of crash costs to the aircraft
owner is done by considering the severity of the accident. We apply the following capital costs after depreciation and other weather impacts:
Destroyed: 100%
Substantial damage: 67%
Minor damage: 33%
No damage: 0%
The purchase costs in US$ from Table 9 are transformed into €-values by a $/€exchange rate of 1.40. Finally, each of the 88 crashes is allocated to one of the eight
climate zones by the location of the incident contained in the database. In the absense
of detailed crash causes, finally the allocation to categories of weather extremes is carried out in a very general way solely based on the season of the year:
NOV – FEB = ice&snow,
MAY – AUG = rain and convective events and
MAR – APR and SEPT – OCT = storm.
This procedure respects that obviously winter conditions have a much stronger impact
on air safety than stated in literature. The results of the cost estimate is €m69 for damages to aircrafts annually. The details are given in Table 10. By far the most affected
crash regions are France and the Iberian Peninsula. But as the number of crashes in
Europe is very limited, a high level of uncertainty remains.
Table 10: Annual aircraft damage costs due to weather-related accidents
Aircraft damage
costs (€ mill. p.a.)
Ice&snow

AL

BI

EA

FR

IP

0.63

1.05

1.34

6.50

0.69

0.42

0.03

2.60

Rain&flood

MD

ME

SC

Total

0.06

1.74

12.00

0.12

3.17

Storm

0.63

3.16

0.91

21.37

17.46

9.99

0.08

0.17

53.77

TOTAL

1.25

4.63

2.28

30.48

18.16

9.99

0.14

2.02

68.95

Source: Fraunhofer-ISI, 2011

The level and the allocation of these cost results have to be interpreted with much care
for several reasons. First, the very low number of incidents limits the reliability of seasonal and spatial patterns. The evidence could be improved by longer time series, but
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then we run into problems with the development of demand, airspace operation and
technology. Second, the economic cost estimates used here are rather illustrative. Improvements could be made by adding the age of inflicted aircrafts and by carrying out a
market research on the price development of aircrafts with their age. If deemed necessary, these steps are to be carried out by subsequent research project. Nevertheless,
the figures presented here provide a house number of the economic losses, which airlines, other aircraft owners or their insurance companies bear due to weather-inflicted
aircraft crashes.

3.3.2

Airline operating costs

Airline operating costs due to weather extremes arise from the handling of delays, detouring, managing accidents and other issues. Here we concentrate on delay-inflicted
additional operating costs as they may arise from all primary events and are well
documented by international databases (e.g. EUROCONTROL-CODA onesky online).
For assessing the entrepreneurial costs of delays to airlines we depart from a traffic
volume of 10 million movements in the European airspace 2007/2008 operated by
ATFCM. 2008 was selected the latest year before the onset of the world economic crises. To these we apply the delay shares of groups 71 – 73 and 75 – 77 as presented in
Figure 2. We allocate these delays to weather causes and regions. The share of
weather causes is determined by delay groups and seasons as described by Table 7.
Figure 11 summarises the values given in Figure 2.
Figure 11: Summary of delay groups 71-77 by month

Average delays 71-77 by month, 2007-2010
DEC
N…
OCT
SEP
A…

JUL

Delaycode 71

JUN

Delaycode 72

M…

Delaycode 73

APR

Delaycode 75

M…

Delaycode 76

FEB

Delaycode 77

JAN
0,00

0,50

1,00

1,50

Average delay (minutes)

Source: Fraunhofer-ISI with data from EUROCONTROL-CODA
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Table 11 presents the derived allocation scheme by delay group. Of the weather
events we further assume that 50% of winter related delays, but 100% of precipitation
and storm related impacts are attributable to extreme conditions.
Table 11: Allocation of delay groups to weather extremes
IATA delay groups

Category of
extremes

71

72

Ice&snow

0.5

0.5

Rain&flood

0.4

0.35

Storm

0.1

0.15

73

75

76

77

1

1

0.6
0.1

1

0.3

Source: Fraunhofer-ISI, 2011

The most recent and comprehensive study on the assessment of delay costs to airlines
was carried out by the University of Westminster on behalf of EUROCONTROL in 2004
(Cook et al. 2004b). The study concludes in a delay cost model by aircraft sizes, flight
phases and delay length as shown in Fehler! Verweisquelle konnte nicht gefunden
werden..
Figure 12: Unit delay costs to airlines by delay length, flight phase and aircraft size

Source: (Cook et al. 2004a)
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Based on a permutation of a large sample of flight movements, the report concludes
with an average value of €72 per minute and delay for airlines. This includes tactical
ground costs with reactionary delays and the carriers‟ opportunity costs due to potentially lost passengers. The latter is ignored in this section, but will be re-visited when
assessing user time costs. The concentration of ground delays seems reasonable as
weather phenomena are commonly recognised before take-off, such that en-route delays can be avoided.
Figure 13: Composition of average airline delay costs
€/min., flight

Components of delay costs
Fuel costs

0

Maintenance costs

1

Crew costs

10

Airport charges

0

Aircraft ownership costs (DRL)

-

Passenger compensation

24

Direct cost to an airline

36

Passenger opportunity cost

36

Overall cost

72

Source: (EUROCONTROL 2006)

With these assumptions and parameters we arrive at annual costs of €m119. These
are rather equally shared between ice&snow (44%), storms (26%) and convective
weather situations (20%). The geographical hot spots reach from the British Islands
over France and Mid Europe to Eastern Europe. Table 14 shows the results.

Table 12: Results for airline operating costs due to delays

€m p.a.
Ice&snow
Rain&flood
Storm
TOTAL

AL
5.0
1.6
1.3
7.8

BI
7.9
6.2
10.2
24.3

EA
8.5
1.9
1.9
12.4

FR
7.6
2.7
4.1
14.3

Source: Fraunhofer-ISI
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IP
0.1
2.3
4.6
7.0

MD
1.0
2.5
1.8
5.3

ME
21.2
7.3
7.9
36.3

SC
6.6
2.1
2.5
11.2

TOTAL
57.7
26.5
34.3
118.6
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3.4

User costs

The computation of user time losses and safety impacts makes use of the respective
databases for aircraft crashes and airline operating costs. The presentation of the applied methodologies is thus kept short here.

3.4.1

User time losses

User time costs are computed from the EUROCONTROL delay statistics for delay
codes 71 to 73 and 75 to 77 for the period 2007 to 2010 as airline delays. Also the allocation of delays to regions and weather types is carried out accordingly. In addition, the
following assumptions are taken:
Passenger numbers are taken from Eurostat, 2011. Relating these to the number of
air traffic movements we receive an average occupancy rate of passenger aircrafts
of 115 passengers.
The assessment of a delayed passenger hour is done with €21.00, estimated on tha
basis of the HEATCO study (Maibach et al., 2008) updated to 2008 prices (+15%
from 2002 to 2008 according to Eurostat) and reflecting a mix between business
(24%, emerging from German estimates at pkm of 21% accordin to (BMVBS 2010)
plus an addition for other EU countries with less intensive long distance holiday activities) and private travellers (76%).
For the physical impacts, i.e. delay minutes, we refer to Section 3.3.2. The value of
time used by the studies cited above refers to a composition of European national values used in transport project appraisal, and stated preference surveys. The values distinguish between modes and travel purpose in passenger transport. For air freight
transport reliable values are not provided by Maibach (2008). Although we acknowledge the relevance of air freight transport, in this exercise we concentrate on the passenger side.
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Table 13: „Value of travel time savings for delay assessment
Sector/purpose

Unit

Car/
HGV

Rail

Bus/Coach

Air

23.82

19.11

32.80

Commuting, short distance

8.48

6.10

*

Commuting, long distance

10.89

7.83

16.25

Other, short distance

7.11

5.11

*

Other, long distance

9.13

6.56

13.62

/

n. a.

Passenger transport
€/passenger,
hour

Work (business)

€/ton, hour

Freight transport

2.98

1.22

All values in price level 2002 - * Values presented by HEATCO (70% of long distance values)
have been removed, because short distance air transport (below 50 km) does not happen.
- Remark: The VOT in commercial transport contains all components of a full cost calculation including vehicle provision, personnel, fuel and second-order effects on customers. Source: Maibach et al. (2008)

The calculations result in annual mean costs of €m132 across the EU27. 49% of these
costs are attributed to winter conditions. The most penalised regions are Mid Europe
and the British Islands. With roughly 20% of total delay costs winter problems in Mid
Europe reflect impressively the problems faced by the big hubs during the past winter
seasons. But the values for France may be underestimated as here the ECA&D indicators for snow depth turned out not to be very reliable in the ECA&D climate indiator
database. In consequence we suspect that probably a higher share of winter related
delay costs should be allocated to the French climate zone, but in absense of more
reliable data we remain with the numerical results derived by Table 14.

Table 14: Results for user time costs by region and type of extreme

€m p.a.
Ice&snow
Rain&flood
Storm
TOTAL

AL

BI

EA

FR

IP

MD

ME

SC

TOTAL

5.5
1.7
1.4
8.7

8.8
6.9
11.4
27.2

9.5
2.1
2.1
13.8

8.5
3.0
4.5
16.0

0.1
2.6
5.2
7.8

1.1
2.8
2.1
5.9

23.7
8.1
8.8
40.6

7.3
2.3
2.8
12.5

64.6
29.6
38.4
132.6

Source: Fraunhofer-ISI
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3.4.2

User safety impacts

Safety impacts on users include the loss of lives and cases of severe or minor slight
injuries. These numbers are provided by the aircraft crash from EASA used for the
computation of vehicle damage costs.
To put the results of the database and the related cost estimation in perspective we
need to re-emphasize the statements made in Section 2: On the one hand there seems
to be a considerable under-reporting of air accidents, and on the other hand the relatively few statistical cases and missing incident details make the allocation to weather
extremes and climate regions difficult. Finally, we face large uncertainties in the economic assessment. Nevertheless, we consider the attempt to put a money value on the
likely impact of weather extremes in air safety worth doing. As other cost figures in this
paper and the related WEATHER Deliverable 2, these results rather should give an
orientation than present firm estimates. Improvements to the methodology and data
inputs may be subject to further research.
We use the following parameters for cost estimation:
share of weather extremes at total fatalities and injuries due to weather-related
crashes: 50%,
distribution of weather conditions by seasons as for aircraft crash costs,
assessment of death casualties: €m1.65, including the social preference for safety
standards, medical, administrative and labour market costs (compare (Schreyer et
al. 2004)),
assessment of severe injuries: €150‟000 for suffer and grief, medical care and production losses, and
assessment of slight injuries: €10‟000 for medical care.
Resulting total annual costs range around €m30. In relation to the roughly 1 billion passengers boarding aircrafts in the EUR29 annually, this is roughly 3 €-Ct per flight ticket.
Astonishingly, health impacts due to accidents are much less costly than the related
material damages, which may be due to the high safety priorities in European aviation.
The most affected climate zone is the Mediterranean area (€m17.8) and, with some
distance, France with €m6.1 of accident costs to users. Contrasting material damages
to aircrafts, the most dangerous weather category for pilots, crews and passengers are
storms, costing €m28. However, given the vague assessment procedures some caution is needed. As all costs in the Mediterranean area are attributable to this weather
category, we can suspect that here a single event determines the overall allocation.
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Table 15: Annual aircraft damage costs due to weather-related accidents
Aircraft damage
costs (€ mill. p.a.)
Ice&snow

AL

BI

EA

FR

IP

0.89

0.15

0.15

0.07

0.23

0.00

0.00

0.19

Rain&flood

MD

ME

SC

Total

0.15

0.26

1.90

0.01

0.20

Storm

1.82

0.00

0.00

5.81

0.82

17.77

1.79

0.32

28.33

TOTAL

2.71

0.15

0.15

6.08

1.04

17.77

1.94

0.59

30.42

Source: Fraunhofer-ISI
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4

Overall Results

The evaluation of aviation-related costs leads to an overall cost figure of €362 million
per year. This constitutes an average figure which is not based on any specific incident.
Accordingly, we are talking about a strategic cost value, which can only provide a very
coarse indication of the problem‟s extent and the likely impact of changing climate and
weather scenarios during this century.
Related to the roughly 10 million flights operated by EUROCONTROL annually, an
amount of €36 per take-off is directly or indirectly related to the impact of weather extremes. Given that airport charges range between €500 and €1,500, this amount does
not seem to be significant. The look at passenger kilometres expresses this statement
even more. According to Eurostat statistics we had 995‟659 million pkm in 2008 attributable to the European airspace. This leads to an average figure of €0.36 per 1000
pkm, i.e. for a flight from Frankfurt to Rome. For comparison: The external costs of climate gas emissions in aviation ranges between 20 and 60 €-Ct. per 1000 pkm.
Table 16: Costs of weather extremes to European air transport
€m p.a.

€m p.a.

AL

BI

EA

FR

IP

MD

ME

SC

TOTAL

Infra oper.

Ice&snow

1.0

1.5

1.7

1.5

0.0

0.2

4.1

1.3

11.2

User time

Ice&snow

5.5

8.8

9.5

8.5

0.1

1.1

23.7

7.3

64.6

Rain&flood

1.7

6.9

2.1

3.0

2.6

2.8

8.1

2.3

29.6

Storm

1.4

11.4

2.1

4.5

5.2

2.1

8.8

2.8

38.4

Ice&snow

5.0

7.9

8.5

7.6

0.1

1.0

21.2

6.6

57.7

Rain&flood

1.6

6.2

1.9

2.7

2.3

2.5

7.3

2.1

26.5

Storm

1.3

10.2

1.9

4.1

4.6

1.8

7.9

2.5

34.3

Ice&snow

0.6

1.1

1.3

6.5

0.7

0.1

1.7

12.0

Flee oper.

Veh. assets

Rain&flood
User safety

0.4

0.0

2.6

Storm

0.6

3.2

0.9

21.4

17.5

Ice&snow

0.9

0.1

0.1

0.1

0.2

0.0

0.0

0.2

Rain&flood

10.0

0.1

3.2

0.1

0.2

53.8

0.1

0.3

1.9

0.0

0.2

Storm

1.8

0.0

0.0

5.8

0.8

17.8

1.8

0.3

28.3

Total by

Infra Operation

1.0

1.5

1.7

1.5

0.0

0.2

4.1

1.3

11.2

category

Veh. assets

1.3

4.6

2.3

30.5

18.2

10.0

0.1

2.0

68.9

Fleet oper.

7.8

24.3

12.4

14.3

7.0

5.3

36.3

11.2

118.6

User time

8.7

27.2

13.8

16.0

7.8

5.9

40.6

12.5

132.6

User safety

2.7

0.2

0.1

6.1

1.0

17.8

1.9

0.6

30.4

Total by

Ice&snow

13.0

19.5

21.2

24.1

1.1

2.2

49.2

17.2

147.4

event

Rain&flood

3.3

13.6

4.1

8.4

4.9

5.3

15.4

4.5

59.5

Storm

5.1

24.8

5.0

35.8

28.0

31.7

18.5

5.8

154.8

21.4

57.9

30.3

68.3

34.0

39.2

83.1

27.5

361.8

TOTAL
Source: Fraunhofer-ISI
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But here it should be considered that the analysis focus on extreme weather
conditions, i.e. excluding the costly impacts of the ash cloud in April 2010 over Europe.
The values are averaged across the decade from 2000 to 2010, which was largely
characterised by rather modest winters. Focussing on single events like the winter
season 2009/2010 or December 2010 will result in more significant costs.

4.1

Results by extreme and cost category

In the current stage of analysis we have looked at five cost blocks: airport winter maintenance, airline vehicle assets, delay costs, passenger delay and safety impacts. Out
of these we find user time costs (€m132), i.e. the delays experienced by passengers
due to severe weather conditions, being the most costly impact. Here we have focussed on passenger delays as the valuation of cargo time preferences in air transport is
extremely difficult.
The second largest cost block is fleet operations due to delays (€m119). This is not
surprising as the EUCONTROL-study on air delay costs as found the similarity between user delay and airline delay recovery and management costs. Delays alone thus
account for roughly 70% of weather inflicted impacts.
Safety costs to airlines through damaged aircrafts (€m69) and to passengers by lost
lives and health damages (€m30) are the third and fourth largest cost blocks, in total
accounting for 27% of total costs. When comparing the high importance of material
damages to personal impacts we find a totally different proportion than for road transport where the loss of lives dominates the picture.
Finally infrastructure maintenance costs for extra long winters (€m11) contribute to the
least to total costs. Here, however, we have applied the most rigid approach for filtering
out the impact of weather extremes.
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Figure 14: Aggregate results by cost category and weather extrreme

Annual costs by extreme and cost category
140,0

Average annual costs (mill. €)

120,0
100,0
Storm

80,0

Rain
60,0

Ice&snow

40,0
20,0
0,0
Infra Operation

Veh. assets

Fleet oper.

User time

User safety

Source: Fraunhofer-ISI

4.2
4.3

The most costly weather conditions

How the picture turns towards the impact of extremes, is shown in Figure 15. In contrast to road transport, where rain damages to infrastructures dominate the picture, air
traffic is equally penalised by storms (€m155) and winter conditions (€m147). The single biggest cost elements or hot spots are:
user time costs in winter,
fleet operating costs in winter and
aircraft damages in storms.
Relating back to cost causes, delay impacts on passenger and airlines due to winter
conditions constitute the most serious weather-related problem of air transport.
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Figure 15:Aggregate results by weather extreme and cost category

Annual costs by extreme and cost category
180,0

Average annual costs (mill. €)

160,0
140,0

User safety

120,0

User time

100,0

Fleet oper.

80,0

Veh. assets

60,0

Infra Operation

40,0
20,0
0,0
Ice&snow

Rain

Storm

Source: Fraunhofer-ISI

4.4

The geographical scope

The allocation of costs to regions has been done on a rather general basis. Nevertheless we can make the following statements:
The most hit area in Europe is the central belt from the British Islands over France to
Germany and Benelux (Mid Europe).
Mid Europe and the British Islands are characterised by equally high and dominating
delay impacts on users and airlines, while in France plane crash costs play the most
important role.
The most regionalised cost categories are vehicle damages due to crashes (France)
and user health and life impacts (Mediterranean area).
Least affected in terms of total costs are those regions which experience the most
intensive winter and flood conditions anyway: Scandinavia and the Alpine arc.
The results by region are depicted in Figure 16.
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Figure 16:Aggregate results by region and cost category

Annual costs by region and cost category
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BI

EA

FR

IP

MD

ME

SC

Source: Fraunhofer-ISI

The results for plain crash costs are surprising. But, in contrast to the very generic allocation methodologies in other cost categories, the underlying crash database from
EASA allowed for a distinct allocation of incidents to geographical areas. As, on the
other hand, no incident causes are provided, general rules for allocating weatherinflicted incidents to types of extremes across all countries had been used. As finally
fog was excluded from the applied list of weather extremes, storms are the predominant cause of plane crashes. This is in particular true for France and other Atlantic
coast line regions due to their high exposure to extratropical cyclones. Finally, the remarks on data quality and uner-reporting of air accident data from (EUROCONTROL
2011), made earlier in this document, should be considered (see next section)

4.5

Remarks on data quality

At first glance, aviation delays and air traffic safety appear to be one of the best documented and best researched fields in transport statistics. However, diving a bit deeper
into the available records raises a number of serious concerns. these are on the level
of general data quality, reliability, timeliness and statistical sufficiency as in the case of
aircraft fatalities and incidents. Here, the review of the EUROCON‟TROL Performance
Review Unit claims a number of improvements in data recording and processing. In
both cases, accidents and delays, the available records make a direct assessment of
the impacts of weather extremes difficult. In the case of delays, regression analyses
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with weather data were made, but here the length of time series and the numerous
different factors impacting aviation on-time performance only allowed for rather coarse
statements on cost responsibilities.
Further we still have not regarded flight cancellations, which might even be more relevant than the rather vague field of delay causes. For the year 2010 (EUROCONTROL
2011) reports that of the approximately 182‟000 cancelled flights in 2010, around
45000 (25 %) were due to adverse weather. Relating these to the €3.7 billion mean
costs of the volcano ash cloud to industry and users (Section 4.6) we arrive at €1.5
billion for 2010 or €150 million across the 10 year average. This is even slightly above
all costs estimated for winter conditions to airports, airlines and users per year (Figure
15). But these figure are driven by huge uncertainties on the true impacts on passengers and air cargo forwarders. But the limitation of project resources makes an in-depth
analysis of these issues a subject for further, deepening work.
The data situation becomes much more difficult in case of airport information. Here,
standardised databases like the CODA-Database on flight delays and cancellations do
not exist. Conditions and cost structures are subject to regional specificities, airport
characteristics and traffic patterns. Thus, the assessment of airport operating costs
presented here is to be considered with caution.
In case of airport costs due to winter maintenance we have taken the opportunity cost
approach derived from Scandinavian airports to quantify potential economic losses.
Due to time and budget reason, the above results did not make full use of the available
data at single airports or at central entities like ACI or the EUROCONTROL Performance Review Unit. Accordingly cost elements like de-icing substances, extra capacities
or the economic losses due to weather-related flight cancellations are partly or fully
excluded from this study and are subject to further research.
Finally one needs to keep in mind the objective of this work when judging the economic
indicators derived. The intention of the work is to establish house numbers of economic
effects of weather extremes on transport systems to benchmark future adaptation and
mitigation strategies. Although the level of uncertainty of the figures presented above is
high, the overall goal of this report has been well achieved for air transport.

4.6

Putting the results into perspective

With €362 tjhis study reports significantly lower costs than the aviation industry. According to EUROCONTROL‟s second MET workshop (EUROCONTROL 2009c) estimates are €900 mill. for Europe and even €28 billion for the US.
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Further we can compare our results to the costs of the 2010 volcano ash cloud over
Europe. The six days of flight bans are considered costing between €1.5 and €2.5 billion to the airline sector, involving 111000 cancelled flights (EUROCONTROL 2011),
leaving more than 10 million stranded passengers. If we calculate only eight additional
hours of travel time or €168, we arrive at total delay costs of €1.7 billion. This results in
total delay costs between €3.2 and €4.2 billion. In other words: against the cautious
approach that was taken in this study the Island volcano consequences to air transport
are roughly the year costs of weather extremes.
We explain these differences as follows:
Definition of extremes: this study focuses on the additional costs of extreme weather
conditions. For winter conditions, which appears to be the most penalising weather
category for air transport, we consider only the additional ice and snow days above
the 90 % strongest winters. Averaged across the last 10 years this is in the order of
five to eight days per year.
Cost categories: We have picked out a few rather obvious cost elements of airport,
air traffic management and airline assets and operations. Most likely there are further costs blocks, such as the provision of additional aircrafts of staff to react in the
emergency case, the catering of stranded passengers or in general impacts of cancelled flights and missed connections, which were not taken into account in this
study.
These characteristics hold for all modal sections of this Deliverable of the WEATHER
project. Insofar, the values are less to be seen as absolute cost figures, but rather as
economic indicators of the vulnerability of transport modes to weather extremes. More
accurate modal studies may be subject to later research.
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5

Conclusions

This paper, as part of WEATHER Deliverable 2, follows the objective to generate a first
idea of the level of costs the aviation sector and its users bear due to extreme weather
conditions. In consistency with other modal assessments within this report, the term
“extreme” has been defined in a rather rigid way. Considered are primarily events,
which either cause extraordinary damages to impartant parts of the transport sector
(e.g. the closure of big hub airports or plane fatalities) or which exceed the duration or
intensity of the 90 % strongest event in the past decades. In this sense we have classified winter days, storms and rain and flood events. The presented costs thus only reflect a friction of the full impacts of weather on aviation.
By applying this rule we had been somehow inconsequent. I.e. we have included all
weather related aircraft delays. On the other hand, we have omitted the impacts of
cancelled flights. Moreover, we have detected major uncertainties in assigning incidents to weather categories. As, without deeper research, we cannot say in which direction the results would develop when correcting for these methodological and data
difficulties, we remain with the results of this exercise as “first guess” of aviation related
losses due to extreme weather conditions. The figures rather intend to provide a
benchmark against other modes, which have been quantified with a similar methodological approach, than to absolute values for the aviation industry or other decision
makers.
The results of the exercise can be summarised as follows:
With €360 million overall annual costs imposed by extreme weather conditions, i.e.
adverse weather exceeding currently expectable seasonal conditions, on air transport
are considerable in absolute terms. But when relating them to industry estimates of
total weather inflicted costs (€900 million p.a.) or relating them to aircraft movements
(€36 per ticket), they appear to be of a less significant level. The inclusion of further
cost categories like flight cancellations or cargo related costs may significantly impact
their absolute values. If we have under-estimated the true costs of extremes by a factor
two, ticket prices would rise in average by €72. For some airlines and flight relations
this may then be considerable.
The most affected actors are airlines and air passengers through delays. Already now
they bear 69% of total costs. But safety costs are, although safety standards and procedures are well developed in aviation, still significant with 27% of total costs. If respecting the level of under-reporting uncovered by EUROCONTROL Performance Review Unit, the share of safety related costs may in reality even be higher. But here we
would need more reliable data for a better allocation of accident causes.
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The most pressing cost drivers are strong winters with much snow and storms. Convective weather conditions seem, surprisingly, not to have a significant impact on air
punctuality and safety. But the allocation procedures applied here are rather coarse
and may over-value one or another type of extreme.
From a regional perspective the most penalised area are found to be Western Europe,
and in particular the North Sea coast (including the British islands). First, these regions
are most directly affected by weather activities entering Europe from the Atlantic
Ocean. Second, the relatively mild but varying climate makes infrastructure operators,
including airport authorities, take less care for effective but expensive winter preparation measures. But also in case of geographical allocation the applied procedures could
substantially benefit from improvements. First, the geographical data used in some
cases appeared to be of doubtful quality and second, some of the hazard related allocation indicators were originally not intended to be used in the transport sector. A
deepening investigation of cost drivers and cost elasticity values by further studies
would be appreciated.
Further steps taken are the comparison to other modes and the forecast of these cost
figures to the year 2050 and beyond. While the comparison is done in the main part of
Deliverable 2, the forecast will be part of Deliverable 1. Finally, these figures will support the identification of hot spots for adaptation measures to be carried out in Deliverable 4 and to design respective policy instruments in Deliverable 5. Deepening case
studies on aviation are not foreseen in the WEATHER project.
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1

Data sources and quality

Two main issues are of importance when discussing the impacts the of extreme weather
events on maritime transport.
First of all, there are two types of effects on maritime transport (MT): direct and indirect.
The first category of effects are those that directly involve activities of shipping lines and
port operations. Thus, the first category of impacts will include all costs incurred by shipping companies/port authorities, from infrastructure damage, inability to load/unload the
cargo because of the port‟s infrastructure damage, necessity of route rescheduling for
the shipping company due to the extreme weather event (EWE), costs of delays due to
the infrastructure being broken, costs of service interruption for ferries, etc. The second
category of impacts are indirect and take place because of the port-hinterland connection problem that occurred due to the EWE. For example: inaccessibility of the port to the
employees because of access damage to the hinterland, flooding of inland waterways,
railways or roads which provide access to the ports etc.
Secondly, the impacts of EWE‟s on MT are random and are hard to be put in the framework of “tendency”. Infrastructure damages are recorded at port level, but transport service providers and transport user costs are harder to generalize, as they are individual
for each event. Therefore, the cost calculation approach needs to be built around two
types of costs: long-term and short-term costs.
Therefore, in our literature review we‟ve focused on the direct effects of the EWE‟s on
MT. Furthermore, through literature reviews the elements were collected in order to elaborate cost calculation approaches for the short-term costs. The long-term costs are
discussed as well in this deliverable under the trends for the future development.

1.1

Transport sector data availability

In our literature review we have focused on six main information sources:
-

research projects of international institutions;

-

articles in scientific magazines (maritime transport and meteorological issues);

-

insurance-related companies and media ;

-

reports of consulting companies on catastrophe management;
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-

general news media sources;

-

news on the port‟s websites.

Over the last years, large international organizations have been focusing more and more
attention on the possible impacts of climate change on the different economy sectors,
including transport. In this framework, a lot of research projects were initiated focusing
on the impact of climate change on the different transport modes, including maritime
transport. For example, in the framework of the PESETA project (Projection of Economic
Impacts of climate change in Sectors of the European Union based on the bottom-up
analysis) sea-level rise projection was done and possible economic and physical effects
induced from it were studied. The ESPON project (the Spatial Effects and Management
of Natural and Technological Hazards in Europe) studies the main technological and
natural hazards, their geographical scope and spatial effects. Projects like ASTRA (Developing Policies and Adaptation Strategies to Climate change in Baltic Sea Region)
assess impacts of the climate change in the concrete region and sectors. Another study,
performed by OECD focus on assessing the climate change impacts on port cities (Assessing climate change impacts, sea level rise and storm surge risk in port cities: a case
study on Copenhagen). All these reports are more focused on long-term effects of the
climate change on the different transport sectors and make an overview of recent extreme weather events as an example of the on-going tendency.
From the above mentioned literature, the most relevant EWE‟s for the MT are:
Storms/hurricanes, followed by heavy rains, high wind speeds and, sometimes, hail,
causing all kinds of damage, from infrastructure destruction to the impossibility of accessing the port;
Extreme frost periods and iceing, causing a temporary blockade of the port activities.
Therefore, the subsequent literature review was focused on these extreme weather
events and their impacts on maritime transport.
A number of scientific articles, studying different effects and meteorological evolution of
the EWE‟s were reviewed. These articles provide good background information about
events, sometimes estimation of the losses and very often results in the prospects of
future trends.
A very useful information source is insurance companies reports and media (e.g. Munich
Re Group, Lloyds list, Guy Carpenter).
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These sources usually report particular events, provide estimation of losses (most often
insured losses): economic losses, estimations of infrastructure and electricity damages,
forest damages and others. They also report a shipping line accident or shipping related
casualities if they occur.
Table 1.1 Literature review of the EWE’s in Maritime transport
Source

Example

Example of report/article

International organization projects and initiatives

European Union projects, United
Nation reports, OECD studies,
etc

Scientific magazines

e.g. Natural Hazards and Earth
System Sciences

Insurance related
companies and media

Munich Re Group, Lloyds List,
Guy Carpenter

Dotzek et al (2002) Pilot Study for a European
Severe Storms Laboratory ESSL
Hallegatte et al (2008), Assessing climate
change impacts, sea level rise and storm surge
risk in port cities: a case study on Copenhagen,
OECD Environment working papers no 3.
Haanpaa et al (2006) Impacts of winter storm
th th
Gudrun of 7 -9 January 2005 and measures
taken in Baltic Sea Region. EC ASTRA project
Didenkulova I et al (2006), Freak waves in
2005. Nat. Hazards Earth Syst. Sci., 6, 1007–
1015, 2006
Fink et al (2009), The European storm Kyrill in
January 2007: synoptic evolution, meteorological impacts and some considerations with respect to climate change, Nat. Hazards Earth
Syst. Sci., 9, 405–423, 2009
Winter storms in Europe (II). Analysis of 1999
losses and loss potentials (2002). Munich Re
Group
www.claimsjournal.com
www.insurancejournal.com
Windstorm Erwin/Gudrun – January 2005. Guy
Carpenter, Practice Briefing, issue no 2 (2005)
http://www.lloydslist.com/ll/
http://www.guycarp.com
http://www.munichre.com

Consulting companies
on catastrophe management

AIR Worldwide, RMS, EQECAT

News media

BBC, Le Monde, CNN, Meteo
France

Dailey P.S. (2004) Anatol, Lothar and Martin –
When will they happen again? AIR worldwide
Corporation report
http://www.air-worldwide.com/
http://www.rms.com/
http://www.eqecat.com/
www.cnn.com
www.news.bbc.co.uk
www.france.meteofrance.com

Reports of the consulting companies on catastrophe management (e.g. AIR Worldwide,
RMS, EQECAT) represent another valuable source of information. These companies
also usually estimate economic losses from different extreme weather events and provide their detailed description.
8
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Finally, on-line media sources and port‟s websites give concrete indications on the infrastructure damage from the EWE‟s or other significant accidents that have occurred.
An overview of the main reviewed sources is presented in the table 1.1.

1.2

Results from media review

Searching for the impacts of the EWE‟s on maritime transport has determined that
storms/hurricanes and extreme ice periods have the most impact on the maritime transport. Sections 1.2.1 and 1.2.2 will focus more in detail on the most powerful hurricanes
over the last 20 years and will review the extreme cold periods (if any), which could have
caused the temporary blockage of the port activities because of the ice.

1.2.1

Hurricanes

Even thought not regular, hurricanes can have a considerable impact on the maritime
transport. They occur because of the:
Extremely strong wind: when the wind power (km/h) exceeds the maximal critical
value above which the normal operation of the port or safe navigation in the port area
is no more allowed due to increased risks, i.e. interruption of usual operation and routines within the affected region);
High amplitude waves in open sea : high waves in combination with strong wind
gusts makes navigation in open sea extremely complicated and risky, in particular for
smaller ships, and can lead to a ship damage, can bring the ship to an out-of-balance
state because of cargo sliding or even to sinking, can cause a loss of some of onboard cargo or pollutant leakages.
Therefore, the direct impact from strong wind and high wave amplitude can be: infrastructure damage, the sinking of the ship, environmental effects, death of ship crew
members, cargo loss or damage, port operation with limited capacity, flooding of the port
terminals, complete suspension of ferry services, etc. Secondary effects linked with
storms, are hail, flash floods, lightning discharges, large snow or ice masses during winter storms. As mentioned in the ESSL study (2002) “some of the latter phenomena have
a similarly high or even higher damage potential as the mere wind phenomena of these
storms alone”. For maritime transport this is translated in complication of the porthinterland connections which can cause delays in cargo deliveries, impossibility to remove cargo from the port, manpower shortages, etc.
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The ports on the “hurricane belt” (figure 1) have a higher chance to face these different
challenges than those on emergent coastlines far removed from storm-impacts. Still, the
ports outside the storm‟s path can also be indirectly affected by the hurricane, as they
will need to adapt to handle the cargo that would normally flow through the affected
ports.
Figure 1.1 Storm surges

Source: EPSON

Literature and media review present a lot of evidence about these different impacts. For
example, after the windstorm Erwin/Gudrun (January 2005), Guy Carpenter reported that
“around 100 passengers and crew were stranded on the P&O European Highlander
ferry, which ran aground off the south-west coast of Scotland” and that “The ferry transport in the south Baltic Sea was suspended”. The ASTRA project reported the damage
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from Gudrun and specified that “a large amount of the damage related to Turku harbour,
where several hundreds of freshly imported cars got destroyed as harbour storage areas
flooded” and that in “In Finland all major ferry operators cancelled some ferry departures”. Wikepedia reported that during hurricane Klaus (January 2009) a Portuguese
captain died after being rescued in the North-Western port city of A Coruna in Portugal.
For the windstorm Emma (February – March 2008) Guy Carpenter reported that the
“Storm caused damage to two newly delivered multi-million pound cranes, when a Chinese container ship broke its moorings at the port of Flexistowe. In Romania there was a
collapse of a bridge and the closure of 4 ports on the Black Sea”.
Therefore, some evidence of separate impacts and assessment of hurricanes/storms on
maritime transport exist in the literature and media. Nevertheless, there is no available
estimation gathering together all the impacts from one particular hurricane/storm on the
maritime transport. Estimations of losses from the storms are available through different
insurance companies and catastrophes management consultancy firms (e.g. table 1.2).
Table 1.2 Comparison of insured losses from the windstorm series in 1990 and
1999 (€m)

In the majority of cases these the last source provides estimations of insured losses per
country or per sector. Unfortunately, that is not done for the maritime sector.

1.2.2

Extreme cold periods

The impact of an extreme cold period on the maritime transport will depend a lot on the
geographic area under consideration. What is considered “low temperature” for some
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ports will differ from one port to another. A case of when the temperature is significantly
lower than the average temperature of a regional climate can be used as an indication of
the “extreme cold period”.
The PIANC study indicates that in general icing increases the weight and raises the centre of gravity of ships, lowering its freeboard and reducing stability. This is of particular
concern for smaller (fishery) vessels. Icing also affects personnel and equipment operations, emergency evacuation procedures and communications.
Some statistics are available on the number of days with ice conditions. For example,
the German Institute “Bundesamt fur seeschifffahrt und hydrigraphie” makes early overviews of the ice conditions in the Szczecin Lagoon and Pomeranian Bay1. These overviews report ice conditions during winters on the North Sea and Baltic Sea Coastlines,
especially in their German parts. They observe if there were any obstructions to navigation.
Another information source are the reports from the potentially concerned port authorities (for example, Latvian port authority, Finish port authority, etc).
As extreme low temperatures, resulting in ice thickness, are regular for the areas as Baltic Sea and North Sea, usually infrastructure operators, transport service providers and
transport users take them in consideration within their annual planning. Therefore, extreme low temperature have bigger impact on MT costs in long term than in short term
scale.

1 www.bsh.de
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2

The vulnerable elements of the transport sector

Three main actors of the maritime transport will be affected by the Extreme weather
events: port operators, maritime transport service providers (freight shipper and ferry
operators) and transport users. In the following sections we describe these different impacts.

2.1

Infrastructure

By the very nature of their business, seaports are located in one of the most vulnerable
areas to climate change impacts: on the coast, susceptible to sea level rise and increased storm intensity and/or at mouths of rivers susceptible to flooding. Port Operators
are considered here in a broad sense representing both, port authority and private/public
terminal/site operators. The EWE‟s result in contingent direct costs of infrastructure
damage repair and in planned maintenance costs (e.g. ice-breaking and ice-cleaning in
port areas).
Because of the infrastructure damage, ports can be forced to temporally interrupt its
normal operations, which can result in: suspended navigation in the port area, suspended cargo loading / unloading activities in open area‟s within the port territory and
suspended passenger activities (e.g. stranded passengers). Value-added production
activities, which usually are performed on the premises, are likely to be continued even
during an EWE (using available reserve supplies and putting the end-product in a storage). Infrastructure damage results as well in the costs of repair work for damage to
port facilities and the environment.
Media reviews provide additional information on side effects of extreme weather events.
For example, as a secondary effect of the hurricane, port operators can experience
workforce: “Beyond the physical damage. They are also run into severe manpower
shortages. Truck drivers that work at the Port of New Orleans are still displaced by
Katrina, while mountains of debris that need to be hauled away has created competition
for drivers that remain” (Hurricane Katrina, 2005, www.money.cnn.com).
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Because of the change of the ship itineraries due to the EWE or port infrastructure damage, neighbouring ports can also have side effects as they need too increase working
capacity and to handle cargo that would normally flow through the affected ports. There
is also an indirect impact on port operation through the damage of port-hinterland connection. As read in the media reports, after hurricane Katrina“, dredging needed to be
done to restore some waterways to their pre-hurricane depth. Unfortunately, some will
need to wait until the middle of next year due to a shortage of dredges. That could further reduce the capacity of the ports as barges and ships with petroleum and chemicals
won‟t be able to carry their full loads until the dredging is complete”.

2.2

Operations

Maritime transport service providers (ferry operator or cargo vessel operator) are affected by the EWE in several ways.
There is a risk of the “forced waiting” of a ship due to closure of the port and the interruption of navigation (all vessels, both ferries and cargo, must anchor until the extreme
weather condition ends). In this case the waiting time is proportional to the duration of
the event. Cargo shippers can also experience an additional waiting time in a queue of
cargo vessels waiting to be handled at a loading/unloading site. Due to accumulated
work-load, the site after, reopening needs to work at maximum capacity, in order to cope
with the waiting ships. There is additionally an increased risk to damaging the ship or its
cargo on-board or to pollutant leakages.
In regards to ferry operators, all scheduled services during the EWE will be annulated.
Therefore, transport service providers will need to reimburse all tickets sold to travelers
and in some cases take charge and responsibility for catering and accommodation if
passengers become stranded.

2.3

User impacts

In the case of maritime transport, the user costs are the direct costs of value of time for
passengers and value of life in case of any maritime-transport related accident. Usually
freight transport operators do not have significant costs as they are not sensitive to a
couple of days delay.
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If the EWE‟s become more recurrent and involve continuous periods of suspension of
navigation, impact on transport user costs will be higher and these costs will be requested to be taken into account during their production planning.
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3

Quantification approach

As the impacts of an EWE on maritime transport do not have a regular character and are
hard to forecast (especially from hurricanes), it is hard to determine a systematic costs
calculation approach. Infrastructure damages are recorded at the level of ports and can
be verified through the concerned port websites. Transport service providers and transport user costs are difficult to generalize as they are individual for each event. Specifics
of maritime transport for that sector, is that transport users can wait a couple of days for
cargo delivery, therefore these delays are not crucial. They only cost running costs of
ships (fixed costs).
In our estimation process we have focused on the short-term costs from extreme weather events, which occur directly after the event. In section 3.1 the elements for the cost
assessment approach for different maritime transport actors are presented. The EWE
bound costs vary for a shipper of maritime cargo and for a ferry operator (ro-ro) and
therefore are presented in different paragraphs. As extreme low temperatures have more
impact on MT in long-term scale (increase in port maintenance costs, type of vessels
operating, rates on ice-breaking services, etc) and are not usually characterised by the
infrastructure damage or suspension of navigation, we further illustrate our approach on
the case of the windstorm/hurricanes.

3.1

Assessment of the port operator costs

Input information for the assessment of port operator costs can first be verified through
the media review for each particular EWE. Usually port websites provide information on
damage produced by the Extreme weather event. Furthermore, interviews with port authorities and terminal operators can be done for the assessment of the additional cost
components.
The EWE type specific costs for the port operator would consist of the following main
components:

1) Idle operation costs (due to interruption of port loading/unloading activities)
2) Damage costs (costs due to possible damage of facilities, navigation hinders, environmental pollution)
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3) Rescue costs (costs due to rescue of vessels and people in trouble)
4) Missed incomes (no port dues collected due to annulated ferry trips)
The total costs for the port operator would thereby represent a sum of all these components. Box 1 presents these costs in more detail.

Box 1. Total costs of Port operator
Total Costs (PO) 2 = Costs (Idle) + Costs (Damages) + Costs (Rescue) + Missed Income (annulations)
(1)
Where,
Costs (Idle)=Costs (idle personnel) + Costs (idle facilities)

(1.1)

Costs (Damages)=Costs(damaged infrastructure) +Costs (polluted environment)
Costs (Rescue) = Costs (rescue personnel) + Costs (rescue means)
Missed Income (annulations)= Port duty (ferry) * Number of annulated calls

(1.2)

(1.3)
(1.4)

Source: NEA

The cost components (1.1) will be always present during the EWE‟s related to
windstorms. The missed income component will be relevant only for those ports which
offer ferry connections. The remaining cost components will either occur or not, depending on the severity of the weather event and the circumstances at that moment.
In conclusion, the longer the duration of a windstorm and higher the wind power, the
higher the costs would be for the port operator and the higher the risks for experiencing
serious damages caused by EWE.

3.2

Assessment of the cargo vessel operator costs

The EWE type specific costs, that the shippers of maritime cargo can expect, may consist of the following main components:
2 Important to mention, that the magnitude of each of these costs component is proportional to the following EWE bound
factors:
Costs (Idle)
≈ fI(T2-T1)
Costs (Damages) ≈ fD(V,T2-T1)
Costs (Rescue)
≈ fR(V,T2-T1)
Missed Income (annulations) ≈ fro-ro(T2-T1, V, Tariff)
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1) Ship anchoring costs (forced anchoring due to interruption of port loading/unloading
activities and disruption of navigation)
2) Queuing costs (extra waiting due to queuing at the terminal)
3) Damage costs (vessel or cargo)
4) Fines for polluting the environment
5) Rescue bill
For each particular case its necessary to check who is paying the penalty in case of
Force Major events, and does the rescued shipper have to reimburse the rescue costs
afterwards. The total costs for the cargo shipper would usually be a sum of all the abovementioned components (Box 2).

Box 2. Total cost of cargo vessel operator
Total Costs(CO)*3 = Costs(Anchor) + Costs(Queue) + Costs(Damages)+ Fine (2)
Where,
Costs(Anchor) = Costs(idle crew) + Costs(missed income) + Penalty(late delivery) (2.1)
Costs(Queue) = CostsQ(idle crew) + CostsQ (missed income) + PenaltyQ(late deliv.) (2.2)
Costs(Damages)=Costs (ship repair) + Costs (damaged or lossed cargo)
Fine = Fine (IMO tariff) or Fine(country specific fine regulations)

(2.3)

(2.4)

* for the ease of the assessment the costs for paying the rescue bill by the shipper in trouble are ignored.
Source: NEA

The penalty costs due to late delivery of cargo is dependent upon the clauses of the contract between the Shipper and the Client. This parameter needs to be verified in each
particular case. The costs remuneration mechanism for damaged or lost cargo is usually

3 Again, the magnitude of each of these costs component is proportional to the following EWE bound factors, terminal
characteristics, lucky timing and regulations in force:
Costs (Anchor)
≈ fA(T2-T1)
Costs (Queue)
≈ fQ(1/CT , NT *ST)
Costs (Damages) ≈ fD(V,T2-T1)
Fine (pollution)
≈ fP((fD(V,T2-T1)) * Fine tariff)
Where: CT -: spare capacity; number of queuing ships NT (in front of a shipper concerned) and ship sizes ST (per DWT
category).
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also part of the contract between the transport provider and the client and falls under the
Insurance Policy.
The cost components due to queuing at the terminal after the EWE is over, depends on
the spare capacity the respective terminal has, as well as the number of queuing ships
(in front of a shipper concerned) and ship sizes (per DWT category). For the sake of
simplicity, we can neglect those extra waiting costs (in practice they do exist!), assuming
that the ship luckily arrived on time, the shipper we wish to present waits at the beginning of the queue and can be served immediately once the terminal is reopened.
The anchoring cost components are always present for any cargo vessel operator
trapped in by the EWE, whilst the costs for repairing damages or paying environmental
fines will only occur in the event that something is damaged.
This proposed methodology for estimation of EWE consequences in monetary terms for
a Cargo Vessel operator foresees the following range of assumptions.
1) It can be assumed that the EWE disrupts/hinders the navigation or the ship serving
operations at the port. It depends in which state of operation the cargo ship was in when
an EWE happened. One can assume the following possible ship‟s operational situations:
-

Sailing loaded

-

Sailing unloaded

-

In process of loading

-

In process of unloading

In real life the ship can also be in other operational situations, such as “ready for departure”.
2) The location of the ship in relation to the port of call needs to be taken into account.
The possible locations are:
-

At the port

-

Prior to arrival to the port

-

After departure from the port

-

In open sea
The identification of the location is relevant in estimation of the queuing costs, which
might be the case when the port opens after its closure due to extreme weather conditions.
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3) As far as the EWE implications for the ship are concerned, one can make assumptions on the following plausible situations:
-

ship damaged (unrepairable, out of service)

-

ship damaged (repairable, service is re-established)

-

no damage.

The methodology also needs to take into account the costs for damaging commercial
cargo and the cargo for own use. The costs for casualties need to be incorporated.
In case the data are not available, assumptions will need to be made on the insurance
arrangements for the damage of cargo, ship and life insurance of the crew. Finally, assumptions will need to be made on who is compensating rescue costs and environmental clean-up costs caused by the shipper.

3.3

Assessment of the ferry operator costs

For the ferry operator the crucial and relevant effect caused by this EWE type, is the
forced cancellation of the scheduled ferry services during the extreme weather event.
This has the following costly implications:
1) Missed income (return of sold tickets to passengers choosing for other travel options)
2) Catering and accommodation for stranded passengers (as far as it is foreseen in the
rules)
As in previous cases, the total EWE bound costs for the ferry operator would be a sum of
the abovementioned components (Box 3).

Box 3. Total cost for Ferry operator

Total Costs(FO) = Costs(missed income) + Costs(catering & accommodation) (3)
The missed income for the ferry operator:
Costs(missed
income)=NRTp*TicketPrice
+∑i(NRTv,i*VehicleTicketPricei)+Income(on-board
shopping) –Tax(port) – Costs(crew) –Costs(fuel)
(3.1)
Where
NRTp – number of returned traveller tickets,
NRTv,I – number of returned vehicle tickets per vehicle pricing category i.

20

WEATHER D2 Annex 7 – Maritime Transport

Source: NEA

The costs (catering & accommodation) would be subjected to the rules applied by the
ferry operators themselves. This needs to be checked for each particular case.
Our methodology for the estimation of the EWE costs for ferry operators assumes the
cancellation of scheduled trips, which result in missed income and idle operation costs.
The cost estimation approach is therefore based on a set of realistic assumptions which
are derived from the operational patterns that are typically shown how ferry operators
function in real life.
The main operational patterns concern the seasonal differences and the flexible fare
pricing policies applied by commercial ferry operators, namely:
-

the frequencies of scheduled trips on the connection under consideration might differ in the Winter and Summer navigation seasons (as a rule, in summer time frequency is higher);

-

number of ferry boats deployed in each particular connection might differ in the Winter and Summer seasons;

-

Low Fare Calendar and High Fare Calendar can be applied for low/high sailing seasons;

-

the applicable fares and prices that fluctuate during the week need to be taken in
consideration.

Another empirical finding, which is incorporated in the methodology is that the frequencies and the number of boats are higher on popular routes.
In the calculations we need to consider that the longer the trip, the greater the chance is
that travellers will use catering, shopping and resting facilities on board. Travelling in the
night hours on a longer route will mean that the majority will book the sleeping cabins.
One more assumption needs to be kept in mind and that is that travellers with caravans/trailers can primarily be seen in Summer navigation season and not in the Winter
season.
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4

Windstorm Kyrill case study

In section 4 we estimate the effects from the windstorm Kyrill, which struck Europe in
January, 2007.

4.1

Description of the Extreme Weather Event

The windstorm Kyrill occurred in January, 2007 and lasted in some regions for more than
24 hours. It was referred to as a widely spread extra-tropical cyclone with hurricanestrength winds. Kyrill formed over Newfoundland on the 15th of January, 2007 and
moved across the Atlantic Ocean reaching Ireland and Great Britain by the evening of
the 17th of January. The storm then crossed the North Sea on 17th and 18th of January,
making landfall on the German and Dutch coasts on the afternoon of 18th, before moving
eastwards toward Poland and the Baltic Sea on the night from January 18th to January
19th and further on to Northern Russia. Kyrill affected large parts of Europe; however, the
hardest hit countries included the Southern UK, the Netherlands and Germany (Figure
4.1). As an indication, Alovisi et al (2007) “Kyrill was the worst windstorm to hit the continent since Lothar and Martin in 1999”.
Figure 4.1 Countries affected by windstorm Kyrill

Source: Source: Guy Carpenter ( 2007)
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As the media reported, Kyrill resulted in at least 47 people killed, rooves having been
ripped off of properties, the knocking out of power to hundreds of thousands of homes
and the severe disruption of all forms of transport. The insured loss estimates from the
modeling providers varies a great deal: RMS estimates insured loss from Kyrill as being
between €3bn and €5bn, EQE between €2.5bn and €5bn and AIR between €4bn and
€8bn. Some of the damages for concrete countries are summarized in table 4.1.
Table 4.1 Losses from the windstorm Kyrill
Country

Loss/damage

Source

Insured loss estimate is €1.9bn; eleven fatalities; more than
130 injuries; German National Rail was completely suspended; Berlin main train station had one of its roof girders
blown off; flights were cancelled in Munich and Frankfurt
airports; over 300000 households reported to be without electricity; 40 mln trees were toplled, etc.
Insured loss estimate is between €150 mln and €200 mln; two
injuries; 100000 households were cut off electricity supply; rail
traffic between Salzburg and Germany was partly suspended
Insured loss estimate is CZK 800 mln; three causalities and
several injuries; power cuts and blackouts affecting one million households; the roof of Prague international airport was
damaged
Insured loss estimate is between €50 mln and €100 mln; two
people killed; 50000 houses had power cuts; ferries and train
services were disrupted or cancelled
Estimated industry loss is €330 mln; five casualities; 5000
stranded In rail disruption; flights and ferry services were
delayed and cancelled; in Rotterdam harbour a container ship
broke free.

German Insuarance Association;
Guy Carpenter (2007); Willis
(2007)

Poland

Six fatalities; 20 injuries; thousand of households wre cut off
from electricity; train connections were delayed or cancelled;

Willis (2007)

Switzerland

Insured loss less than €1 mln; Swiss International Airlines
cancelled at least 88 flights; roads were closed for several
hours

Guy Carpenter (2007); Willis
(2007)

UK

10 fatalities; 180 flights cancelled at Heathrow airport; ferry
and train services were cancelled or delayed; damage of
cargo ship in the English Channel

Willis (2007)

Germany

Austria

Czech Republic

France

Netherlands

Guy Carpenter (2007); Willis
(2007)
Guy Carpenter (2007); Willis
(2007)

Guy Carpenter (2007); Willis
(2007)
Dutch Insurers Association; Guy
Carpenter (2007); Willis (2007)

In addition to these general economy losses, windstorm Kyrill resulted in a number of
events which had a direct impact on the maritime transport sector. Kyrill had severe
disruption effects on the operation of harbors and shipping lines in the areas involved.
The scale of the effects varied from the temporary closure of ports to disruption of
navigation, as well as damage to ships and cargoes onboard, including pollution of the
environment.
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Amongst the most considerable impacts are: foundering of the container ship Napoli,
interruptions of the ferry services and the crash of the container ship into the oil pipeline.
Moreover, the windstorm “Kyrill” especially affected port hinterland connections in Germany and the Netherlands. Many railway lines in Germany were temporarily put out of
operation. Less than 40% of the container trains were on time, even months after the
storm. During the morning of the 18th of January the rail freight transport in the Netherlands ground to a halt. The cranes at the transhipment terminal were stopped. Only the
trains that were already loaded continued their journey to their final destination.
For the demonstration of the proposed costs estimation methodology we have
focused on two specific study cases:
Case 1: Damage of a container ship MSC Napoli in the English Channel on the 18th
of January, 2007, including the damaged cargo onboard and the environmental
pollution;
Case 2: Disruption of ferry services on the connection „Rosslare-Fishguard’ between
Ireland and the UK on January 17th and 18th, 2007.
In the following two paragraphs a demonstration is given of the proposed methodology
on the estimation of the financial consequences to the maritime sector caused by an
Extreme Weather Event. The cost estimates provided further down are based on the
empirical, operational and commercial data of the shipping operators under
consideration.

4.2

Case 1: Damage of a container ship MSC Napoli

4.2.1

Description of the case.

The container ship MSC Napoli, was owned by the Mediterranean Shipping Company,
and registered to London. According to the last inspections by the Maritime and Coastguard Agency in May, 2005 the 16-year-old vessel complied with the safety regulations.
When the hurricane Kyrill occurred, the 275m long container ship was passing through
the English Channel on its way to Sines in Portugal.
The 62,000-tonne freighter was loaded with 2,394 containers, of which 158 contained
hazardous goods, such as industrial and agricultural chemicals.
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The high motion of the sea caused structural failure including a 1x0.5m large hole on the
starboard side of the container ship. Water flooded into the hull and the vessel had to be
deliberately run ashore off the East Devon coast in Branscombe.
The 26 crew members were rescued by British and French sea rescue services. The day
after the foundering the MSC Napoli had to stop over in Lyme Bay due to the continuing
gale force winds, before it was taken for repairs to Portland Harbour in Dorset (Figure 3).
Figure 4.2

Location of the foundering of the MSC Napoli, 18.01.2007

Source: BBC News, 22.01.2007

As the result of the accident, about 200 containers went overboard, of which 97 contained hazardous substances, such as battery acid. Furthermore, the MSC Napoli leaked
200 tonnes of oil. Hull and cargo losses were afterwards estimated at over 74 million
EUR, which does not include the environmental damage.
The ship-wreck was subject to a complex clean-up operation which took until July, 2009.
It was estimated to take a week to pump 3,500 tones of oil from the ship to prevent more
oil spillage into the sea.

4.2.2

Case input values

In the particular case of the MSC Napoli accident, we make an assumption that the shipper was fined by the port authority to compensate the rescue costs and the environmental clean-up costs caused by the shipper. We assume that the latter costs were not
covered by insurance.
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The input values for the calculation of the EWE costs for the cargo shipper include: general characteristics of the involved ship; commercial performance of the involved ship;
empirical data for the ship when the EWE occurred and effects caused by the EWE in
relation to the ship involved.
Table 4.2 General characteristics and commercial performance of MSC Napoli
General characteristics
Ship launched:

24-08-1991

Tonnage GT:

53.409

Tonnage DWT:

62.277

Speed:

24 kts

Capacity:

4734 TEU

Crew:

26 (in theory 31)
Commercial performance

Average loading rate per sailing:

62%

Average annual commercial mileage:

73500

Charged tariff per TEU per 1 mile distance:

€ 0,21

Average loading cost per TEU:

€ 78

New Ship building price:

€ 47 mln

Expected life cycle:

30 years

% insured depreciated value:

80%

Daily cost price per crew member:

€ 850

Daily allowance per crew member:

€ 50

Life insurance per crew member:

€ 300.000

Source: www.stenaline.ie; www.stenaline.co.uk; www.stenaline.com; www.irish-ferriesenthusiasts.com; NEA estimates

As far as the empirical data at the moment of the EWE is concerned, the situation can be
described as follows:
-

ship‟s location when caught by an EWE: open sea

-

Ships operation state: sailing loaded

-

Queuing time to enter the port: 0 days

-

Cargo onboard (Tonnage): 41.773

-

Cargo onboard (TEU): 2.394
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-

Monetary value of onboard cargo: € 47.880.000

-

% insured commercial cargo: 100%

Finally, the summary of the implications caused by the MSC Napoli incident are summarized in table 4.3
Table 4.3 Summary of the damage from the MSC Napoli accident
Type of damage to ship:

unrepairable

% of damaged commercial cargo:

4%

Fatalities:

0

Amount of leaked pollutants:

200 t

Pollutant unit price:

€ 560

Clean-up costs per pollutant unit:

€ 14.320

Rescue costs:

€ 213.700

Other environmental costs:

€ 12.600

Source: NEA estimates

Using this input value and assessment approach presented in section 3, we have estimated the total costs of the accident for the MSC Napoli operator. A detailed assessment approach is presented in Annex A.

4.2.3

Costs of the cargo vessel operator

The costs experienced by the MSC Napoli operator due to being caught by the hurricane
Kyrill on January 18th, 2007 are summarized in table 4.4.

Table 4.4 Different cost components of MSC Napoli
Costs “Idle operation” (crew):

€

23.400

Missed potential income:

€

3.020 mln

Depreciation costs (outstanding value):

€

21 mln

Costs due damaged cargo:

€

2,2 mln

Rescue costs:

€

0,2 mln

Environmental costs:

€

2,9 mln

Source: NEA calculation
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Given the above indicated input values for the insurance arrangement, the following estimated costs can be claimed:
Claimed ship damage: € 17.5 mln
Claimed cargo damage: € 2.1 mln
Fatality claims: € 0
Therefore; the total costs of the accident for the MSC Napoli would be in the range of €
3.060 mln.

4.3

Case study 2: Disruption of ferry sailings on the Rosslare-Fishguard route

One might expect that due to increased risks to safe navigation in the event of a hurricane all ferry operators operating in the region exposed to the extreme weather conditions would temporally interrupt their scheduled ferry trips. The total number of the cancellations would depend on the duration of the hurricane itself as well as the duration of
the risky post-storm conditions (such as, high amplitude waves in an open sea) and/or of
relevant hinders on the port side.
Our proposed EWE-cost estimation methodology for a ferry operator is built upon a ferry
connection approach. This means that all connections operating within the geographical
area affected by the extreme weather event need to be identified first. The total costs for
the ferry operators serving this area would be obtained by summing up the costs for
each disrupted connection. Due to a pan-European scale of the hurricane Kyrill a significant number of ferry connections were affected on January 17th and 18th, 2007 in the
waters of North-West Europe. For the illustration of the methodology we narrow the calculations just to one specific ferry connection and will estimate the EWE costs which
resulted from cancellation of the scheduled trips on that particular ferry connection between Rosslare in Ireland and Fishguard in the UK.

4.3.1

Description of the case

The ferry connection between Rosslare in Ireland and Fishguard in the UK (Figure 4)
was severely affected by the windstorm Kyrill in the late hours on January 17th and
throughout the day on January 18th, 2007.
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Ireland was one of the countries which was exposed to heavy gales gusting up to 140
km/h. This caused chaos on transport networks, amongst others, on the country‟s ferry
connections with the UK and continental France.
Figure 4.3

Stena Line route network on the Irish Sea

Souce: http://www.stenaline.co.uk/ferry/routes/

The chosen route Rosslare-Fishguard is operated by STENA LINES (Area Irish Sea
Group). The operator offers 2 daily return sailings during the Winter and 4 return trips in
the Summer navigation seasons. The connection is served by a multi-purpose ferry
“Stena Europe” all year round. The boat was built in 1981 and rebuilt in 1995. It sails at
18 kts and covers the one-way distance in 3 hours 30 minutes. It can transport up to
1400 passengers and 520 cars at a time. The vehicle boarding capacity - 1150 lane meters. For an additional price, the boat offers 2 berth and 4-berth cabins as well as luxury
cabins and Stena Plus Lounge seats.
In the Summer season the “Stena Express” ferry is also added as a second boat on this
connection. The latter is an HSS class fast ferry, twice as fast as “Stena Europe”. It can
ship 650 passengers and 150 cars onboard.
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4.3.2

Case input values

A range of assumptions were made to this particular case:
-

the applicable fares and prices fluctuate during a week, i.e. the lowest being on
Tuesday/Wednesday, the highest on Friday/Saturday and those in between for the
remaining days of the week;

-

on the same connection the operator might deploy up to 4 ferry boats;

Furthermore, in order to have a clear cut and simple cost estimation methodology we
include no special price arrangements usually offered by Stena Lines, such as the “Sail
& Rail” arrangement etc. Finally, the historical evidence shows that a hurricane-type
storm in Europe and respectively a disruption of ferry trips will not continue longer than 6
full days.
The input values for the calculation of the EWE costs for specific ferry routes include:
identification of the navigation season when the EWE happened; identification on which
day(s) of the week the sailings were cancelled; identification of how many sailings were
effected by the EWE; technical specifications of the ferry boat(s) deployed on that route;
commercial data (fares for travellers and their vehicles) and empirical data (average occupancy rates typical for that season and that day of the week).
Namely, the date when hurricane Kyrill approached the area under investigation (i.e.
January 17th and 18th, 2007) suggests that the Winter navigation regime was in practice
at that moment on the connection Rosslare-Fishguard by the ferry operator Stena Lines.
The disruption of sailings took almost two days starting on Wednesday through Thursday. This means that in total 4 return sailings of the Stena Europe ferry were most likely
suspended.
The technical specifications of the ferry boat Stena Europe are as presented in table 4.5.

Table 4.5 Technical specification of the Stena Europe ferry
Capacity travellers:

1400

Capacity cars:

520

Total berths:

456

2-berth cabins:

137

4-berth cabins:

40
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2-berth luxe cabins:

11

Lane meters:

1150

Crew:

26 persons

Source: www.stenaline.com

The commercial input data concerns the fares for travellers and their vehicles. We could
not find the fares which were valid for the connection Rosslare-Fishguard in January,
2007. Instead, we used the fares which were valid at that time. The fares are as summarized in table 4.6 for travel on Wednesdays (Low Fare tariff).
Table 4.6 Low Fare tariff Stena Lines, 2010
Single ticket (adult):

€ 25

Single ticket (child):

€ 15

Ticket (car):

€ 54

Ticket (coach):
Ticket (light truck):
Ticket (truck):

€ 119
€ 69
€ 119

Stena Plus seat:

€ 15

2 berth cabin:

€ 33

4 berth cabin:

€ 43

Luxury cabin:

€ 65

Source: www.stenaline.ie; www.stenaline.co.uk

For travel on Thursdays, a middle fare tariff has been applied, which is derived from the
differences between the low fare and high fare tariffs.
In addition, we can assume that a traveller on a 3.5 hrs duration trip will buy food and
drinks on board and such expenses will reach approximately € 4 per person.
For the calculation of the idle operation costs, we use the average cost price daily rate
for a crew member as input. In our calculation we assumed an € 850 man-day cost price.
For identification of the daily depreciation costs for ferry we assume that to build a Stena
Europe type ferry would cost approximately € 60 mln. The operation life cycle 40 is
years. In this case we come up € 4.110 per day.
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Finally, the empirical values on the actual usage of the boat by the travellers per each
sailing (i.e. sold tickets) usually is not available online. However, from some reporting
figures by the operator (e.g. Annual Report), one can derive the statistical averages of
travellers/vehicles flows shipped. For our calculations we assumed the empirical input
values for Wednesday and Thursday in the Winter season as presented in table 4.7.
Table 4.7 Average occupancy rates on Stena Lines
Average occupancy rate (travellers):

62%

Percentage travelling children:

15%

Average occupancy rate (car capacity):

68%

Average occupancy rate (lane meters:

70%

Occupancy rate (2 berth cabin):

15%

Occupancy rate (4 berth cabin):

15%

Occupancy rate (luxe 2 berth cabin):

10%

Source: NEA estimates

On the basis of the assumptions made and the use of previously described input values,
we have estimated the total costs of the suspension of navigation for Stena Line on the
Rosslare- Fishguard connection, due to the windstorm Kyrill. A detailed assessment approach is presented in Annex B.

4.3.3

Costs of the ferry operator

The costs experienced by the operator Stena Line due to the cancellation of the scheduled sailings on the Rosslare-Fishguard connection on January 17th and 18th, 2007 are
presented in table 4.8.
Table 4.8

Costs of the ferry operator Stena Line from the cancellation of the sailings on Rosslare-Fishguard connection due to the windstorm Kyrill
January 17

January 18

Income sold tickets:

€ 85.880

€ 94.874

Income vehicle fares:

€ 85.277

€ 116.410

Income sold facilities:

€ 5.938

€

Income onboard shopping:

€ 13.749

€ 20.887

Costs crew:

€ 22.100

€ 22.100

Depreciation costs:

€ 4.110

€

TOTAL COSTS

€ 217.054.

€ 265.438
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Source: NEA calculations

The total costs of the disruption period for Stena Lines will therefore approximate €
482.493.
To be more precise, the abovementioned grand total does not include the port due payments that the ferry operator has to pay for calling at the port of departure/arrival. Depending on the arrangements between the ferry operator and the ports of call on the
served route (in our case Rosslare Port Authority and Fishguard Port Administration), the
amount of port dues have to either be added or subtracted from the grand total. Namely,
if the arrangement with particular port authorities includes a fixed lump-sum fee for a
whole year, then the amount, which would be ( [lump sum]/365 days x 2 days of disruption), needs to be added to the grand total. In these instances, where the payments are
arranged per actual call, the amounts, which would be equal to (call due x 4 disrupted
sailings), need to be subtracted from the grand total.
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5

Generalization of results

5.1

Transferability of costs to other regions

The methodology proposed to evaluate the EWE costs for the maritime sector (Maritime
Shippers and Port Operators) in quantitative terms, can be applied to any ferry operator,
any maritime cargo shipper and any port operator. The developed methodology is universal, built upon the typical features, provides the possibility to use case specific input
values and is oriented towards the actor types within the maritime sector.
We have combined the methodology and underlying formulas into a spreadsheet format
model. The user can fill in the input values for any concrete case for any actor type and
the model will calculate the outcome.

5.2

Trends for future development of costs

In the long-term, climate change and weather-related variables might have both positive
and negative impacts on the maritime transport. Table 10 summarize the potential implications of the climate change on the maritime transport.
Two main categories of impacts can be distinguished: the impact on the maritime infrastructure and equipment and the impact on maritime service providers.
Maritime infrastructure and equipment can be affected by extreme temperature variations, long-term sea level rise and increased sediment mobility. For example, large temperature variations could result in deterioration of the ports‟ paved areas. Heat can damage equipment with limited heat resistance and prolonged freezing periods can result in
increased energy consumption and CO2 emissions.
Maritime transport service providers will experience more irregular and prolonged service disruptions, as well as more challenging sailing conditions. In the long-term this can
even lead to a modal shift, if other modes of transport are considered less vulnerable to
the extreme weather events. As the PIANC study indicates, “a potentially positive impact
of climate change relates to shipping routes, since rising temperature in the Arctic could
open some new opportunities for shipping. Although existing trade lanes are likely to
continue serving the bulk of international trade, new trade may emerge with some existing trade being diverted towards northern routes”.
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Table 5.1 Potential implications of the climate change on the maritime transport
Climate change factor

Potential implications

Rising temperatures:
High temperatures

Longer shipping season, new sea routes

Melting ice
Large variations (spatial and
temporal)
Frequent freeze and thaw cycles

Shorter distance for Asia-Europe trade, less fuel consumption
Additional support activities and navigation aids such as ice-breaking
and rescue
Competition, lower passage tolls and reduced transport costs
New trade, diversion of existing trade, structure and direction of trade
Damage to infrastructure, equipment and cargo
Increased construction and maintenance costs; new ship design and
strengthened hulls; environmental, social, ecosystem related and
political considerations;
Higher energy consumption in ports;
Variation in demand for and supply of shipping and port services
Challenge to service reliability

Rising sea level:
Flooding and inundation
Erosion of coastal areas

Damage to infrastructure, equipment and cargo (coastal related
infrastructure, port-related structures, hinterland connections)
Increased construction and maintenance costs, erosion and sedimentation
Relocation and mitigation of people and business, labour shortage
and shipyard closure
Variation in demand for and supply of shipping and port services,
modal shift
Structure and direction of trade
Challenge to service reliability and reduced dredging, reduced safety
and sailing condition

Extreme weather conditions:
Hurricanes

Damage to infrastructure, equipment and cargo (coastal related
infrastructure, port-related structures, hinterland connections)

Storms

Erosion and sedimentation, subsidence and landslide

Floods

Damage to infrastructure, equipment, cargo

Increased precipitation

Relocation and migration of people and business

Wind

Labour shortage and shipyard closure
Reduced safety and sailing conditions, challenge to service reliability
Modal shift, variation in demand for and supply of shipping and port
services
Change in trade structure and direction

Source: PIANC (2007)

35

WEATHER D2 Annex 7 – Maritime Transport

The overall impact on the maritime shipping costs, via a number of transmission mechanisms, can be summarized as follows:
-

Increase in the vessel construction costs: need to make new vessels more resistant
to ice or high winds.

-

Change in direct (voyage) operating costs e.g. decreases in effective speed, or increases in fuel consumption.

-

Increase in insurance and maintenance costs, reflecting the direct impact of the
weather damage.

-

Higher port dues reflecting higher maintenance costs in ports, or lower operational
capacity (fewer ship calls possible per year due to closure or delay).

-

Change in port service costs, where the increased risk of delay within a schedule
leads an operator to deploy more ships or to drop port calls in order to maintain a
given frequency.

-

Loss of business or equivalently lower freight rates, where reliability issues prompt a
modal shift e.g. to air or land services, or equivalently from longer to shorter sea
routes where the risk factors are lower.
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Web sites
Information for the case studies
http://news.bbc.co.uk/2/hi/uk_news/england/devon/6287457.stm; retrieved on 01.11.2010
http://news.bbc.co.uk/2/hi/uk_news/england/devon/6277651.stm
http://www.agenda21-treffpunkt.de/dossier/Orkan_Kyrill.htm#Schaeden
http://www.spiegel.de/panorama/0,1518,460639,00.html
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http://www.ag-ems.de/Fahrplan-Schiff.4.0.html
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http://www.wangerooge.de/cms/upload/pdf/Fahrplan_2010.pdf
http://www.syltfaehre.de
http://www.faehre.de/faehrfahrplan/online-auskunft/online-auskunft.html
http://www.spiegel.de/panorama/0,1518,460639,00.html
http://www.faehre-pellworm.de/fileadmin/images/Fahrplan_Reservierung/FAHRPLAN_2010.pdf
http://www.teso.nl/index.php?option=com_content&view=article&id=97&Itemid=64&lang=nl
http://www.vlieland.net/bereik-vlieland/dienstregeling-2010
http://www.rederij-doeksen.nl
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http://www.ameland-tips.de/die-faehre/fahrplan/holwerd-ameland-2010/index.php;
http://www.ameland-tips.de/die-faehre/fahrplan/ameland-holwerd-2010/index.php
http://www.wpd.nl/nl/home.ashx
http://kueste-und-inseln.de/inseln/infos_001.html;
http://docs.google.com/viewer?a=v&q=cache:VpUN_ZJl3zwJ:www.eia-ngo.com/wpcontent/uploads/2009/08/Intermodal_Sustainable_Green_Logistics_EIA.pdf+port+hinterland+Kyrill&hl
=nl&gl=uk&pid=bl&srcid=ADGEEShBs0oc9gnSDuJIIZU5vsk5fsCTiQfoGjej64SJO_R1Ev7brMBhl
FF5nULsocEB4QYVgRmXZVExmd34MHCh9HllTPJ8pjdXAYi5CmpL7e7Yt9wXgcRMICPdLqP8t4
l8NLsdsyK9&sig=AHIEtbQjk7p8oGOOJt1LgViuuTI7b8SHUg
http://meteodemarne.blogse.nl/archief/2007-01/
http://news.bbc.co.uk/2/hi/uk_news/england/devon/6287457.stm
http://static.rnw.nl/migratie/www.wereldomroep.nl/actua/nl/samenleving/act20070118_stormredirected
http://meteodemarne.blogse.nl/archief/2007-01/
http://www.agenda21-treffpunkt.de/dossier/Orkan_Kyrill.htm#Schaeden

General information
http://www.air-worldwide.com/
http://www.eqecat.com/
http://www.guycarp.com
http://www.lloydslist.com/ll/
http://www.munichre.com
http://www.rms.com/
www.bsh.de
www.claimsjournal.com
www.cnn.com
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www.france.meteofrance.com
www.insurancejournal.com
www.irish-ferries-enthusiasts.com;
www.news.bbc.co.uk
www.stenaline.co.uk;
www.stenaline.com;
www.stenaline.ie
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Annex A Spreadsheet-based model for calculation of cargo
vessel operator costs
Example of costs costs for MSC Napoli container ship operator due to severe accident
during the hurricane Kyrill
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Annex B Spreadsheet-based model for calculation of ferry
operator costs
Example of costs for Stena Line ferry operator due to disruption of sailings on the route
Rosslare – Fishgard because of the windstorm Kyrill (2 days of service interruption, 17 –
18 January 2007)
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1.

Data sources and quality

1.1

Transport sector data availability

We have followed a three step approach in our literature review. First of all, our objective was to receive the general understanding of how large the impact is of extreme
weather events (EWE) on inland waterways transport (IWT). Secondly, we have focused our literature analysis on the EWE‟s which have the strongest impact on IWT.
Finally, we have further delimited our research to the navigable European rivers.
Searching for the impacts of the EWE‟s on IWT in media and literature provided us with
the first impression on the frequency of occupancy of different events and the scope of
impact th ey might have. In our literature review we have looked through extensive projects that have been executed by international organisations and financial institutions
(EU, the World Bank, UNECE, etc), websites of the River Basin commissions and other
river organisations, EU national IWT agencies and responsible authorities, at the outcomes of the major conferences and newsletters of the IWT related projects (the overview of the information sources is in Annexe A). These sources provide extensive and
comprehensive general information about rivers, navigation conditions and weather
event occurrences on rivers.
As outcomes from initial research, the EWE‟s that have the biggest impact on the IWT
are:
-

floods causing high water levels and possibly resulting in lack of bridge clearance
and, if critical values are exceeded, in a disruption of traffic;

-

drought periods causing low water levels and resulting in lower load factors, lower
speeds, more fuel consumption and possibly a disruption of traffic (in particular for bigger vessels);

- ice causing severe delays or a blockade for the inland waterway vessels.

Therefore, the literature review was further focused on spotting the biggest floods,
droughts and extreme cold periods. Recent work from the ECCONET project (FP 7,
European Commission DG MOVE) was also taken into account.
A lot of information (especially on floods and droughts) and some databases are available for public use, but there is not much information which describes specific economic impact on inland waterways and its operators. At the same time, the available
information is important as it gives the general qualitative description of the event,
global estimation of the event costs in terms of damaged property (buildings and farm
lands) and casualties.
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In some cases, rough indications were provided on the financial losses for shipping
companies. This information was used to derive some specific cost elements for the
further estimations.
Finally, the literature/media review was limited only to the floods, droughts and ice periods on the navigable European rivers (according to UNECE classification), which are
illustrated on the map below (figure 1).

Figure 1.1

Navigable rivers in Europe

Source: UNECE map of navigable rivers

In this deliverable we are estimating the impact of EWE‟s on inland waterways freight
transport. As passenger transport on rivers plays a very minor role data collection
represents difficulties, the estimation of the economic loss has only been done for
freight transport.
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1.2

Results from media review

1.2.1

Floods

The biggest reference, providing an overview of the large flood events worldwide from
1985 to date is the Darmouth Flood Observatory (DFO2). Using sources from media
reports, DFO systematises information on the location of the flood, areas affected, duration of the event, its severity and main cause, number of people dead and displaced
because of the flood, as well as some quotations from press describing the main effects. In some cases, the damage estimates are provided in US$. More than 310 floods
within the EU and accession countries were reported in this database during the period
1990 – 2010. At the same time not each reported flood (as well as drought or ice period) will have an impact on the IWT, that is why a more elaborated approach for the
eligible flood selections was necessary.
Estrela et al (2001) on the basis of available historic data, have defined the main predisposed to floods areas in Europe (figure 2).

2 http://www.dartmouth.edu/~floods/Archives/index.html).
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Figure 1.2.

Main areas in Europe prone to frequent flooding

Source: Estrela (2001) T

Authors conclude, that “the main areas in Europe prone to frequent flooding episodes
are the Mediterranean coast, the dyked areas of the Netherlands, the Shannon callows
in central Ireland, the north German coastal plains, the Rhine, Seine and Loire valleys,
some coastal areas of Portugal, the Alpine valleys, the Po valley in Italy, and the Danube and Tisza valleys in Hungary. These areas are among the economic heartland of
the European Union and are rich in assets and production capacity”.
Nowadays, the Joint Research Centre of the European Commission monitors European floods via the Floods Portal3. The incoming information from on-going EU flood
reserach, media news and public available informtaion from EU countries is summarized there.
An insightfull source of information for the estimation of the economic losses from
floods are the World Bank project reports. For example, the project “Oder river basin
flood protection“ provides with quite detailed description of damages and estimations of
the Polish economy losses from the Oder river flood in August 1997.

3 http://floods.jrc.ec.europa.eu/home.html
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As floods become more frequent and their social and economic impacts are more significant, a lot of research, articles, reports and media news are available in literature
and media. Depending on the purpose of the report, they generally provide information
on the scope of the event; its meteorological development, general economic and social losses from floods, possible mitigation measures and give recommendations on the
further improvement of flood management plans and protection measures from floods.
Sometimes different impacts of floods on IWT actors are mentioned, but these single
sources can not provide an aggregated database. Therefore, a more elaborated approach is needed in order to estimate the losses of different actors of IWT from floods.

1.2.2

Droughts

Drought is considered to be one of the biggest natural disasters. Some recent studies,
performed for and by the European Commission and Member States, estimates the
costs of droughts in Europe over the last thirty years to be at least 100 billion Euro4.
In order to have a more systematic approach to the monitoring of droughts the Joint
Research Center of the European Commission has set up DESERT, which stands for:
Desertification, Land Degradation, and Drought (Monitoring, Mitigation, and Early
Warning). DESERT stimulates the international scientific community to provide knowledge and tools for implementation of policies related to drought and desertification. In
the framework of this program, JRC has developed a European Drought Observatory,
which monitors droughts and assesses as well as forecasts them.
Droughts represent a growing challenge for the IWT, as their severity and duration increase from year to year. Recent decades were characterised by long summer periods
with low precipitation levels, which was translated into the severe droughts on the
IWW.
A lot of different information on the topic of droughts is available in the media and on
the internet. This information can be summarized into three main categories (table 3),
provided by some examples. These are reports/articles that focus on the meteorological description of the drought, describing more in detail the precipitation levels, evolution of events, groundwater levels and giving a general overview of the main impacts
(mortality, agriculture, electricity production, etc). A big part of the research is devoted
to the Drought Management Plans, discussing lessons learned from recent droughts
and possible mitigation measures.

4 http://edo.jrc.ec.europa.eu/php/index.php?action=view&id=2
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Finally, there are documents that study, in more detail, the overall economic and social
impacts of droughts, as well as their impact on the transport modes.

Table 1.1 Overview of the main research domains on droughts
Topic
Meteorological description of
droughts

Example of references
Henny A.J. van Lanen, 2006 Drought in the Netherlands, 20 July 2006
SEDEMED Hydro meteorological monitoring systems and drought
bulletins. www.uirsicilia.it
Hisdal, H., Stahl, K., Tallaksen, L.M., Demuth S. 2001, Have droughts
in Europe become more severe or frequent? International Journal of
Climatology, 21, 317 – 333

Drought Management Plans

EurAqua, “Discussion document Towards a European Drought Policy,
November 2004
Rossi, G., Cancelliere, A., Pereira, L., and Oweis, T. (2003). Tools for
Drought Mitigation in Mediterranean Region, Kluwer.

Impacts of droughts

EurAqua, “Discussion document Towards a European Drought Policy,
November 2004
Olaf Jonkeren, Piet Rietveld and Jos van Ommeren, Climate Change
and Inland Waterway Transport: Welfare Effects of Low Water Levels
on the river Rhine, Journal of Transport Economics and Policy, 2007,
vol. 41, issue 3, pages 387-411
UNEP, 2003. Impacts of summer 2003 heat wave in Europe.
DEWA/Europe/GRID – Geneva.
European Environment Agency (2004). Mapping the impacts of recent
natural disasters and technological accidents in Europe. Environment
issue report No 35. European Environment Agency, Copenhagen.

Moreover, the internet and media represent insightful information sources. For example, www.swissinfo.ch reported on the impacts of the 2009 Summer drought on the
Rhine near Basel5, http://www.expatica.com described the same problem for the Netherlands6, http://www.dw-world.de/ made an interesting overview of the 2003 ummer
impact on inland waterways shippers7, etc. This information was used to create a more
complete and detailed picture of the impacts that drought have on concrete actors of
the inland waterways transport.

5 http://www.swissinfo.ch/eng/business/index/Rhine_shipping_hampered_by_low_water.html?cid=67652
6 http://www.expatica.com/nl/news/dutch-news/Low-water-levels-in-Rhine-cause-problems_56904.html
7 http://www.dw-world.de/dw/article/0,2144,985856,00.html
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The most important and relevant is done by O. Jonkeren et al (2007), in regards to
concrete research about the impact of droughts on the IWT. This study is about the
welfare effects of low water levels on the river Rhine. Using detailed trip data between
2003 and 2005 the authors derive the annual welfare effects of low water levels on the
Rhine. They conclude that water levels have a considerable impact on freight price per
ton and load factor. At the same time, the effect on the price per trip is close to zero.
Furthermore, based on the water level information over a period of 20 years they estimate the average annual welfare loss from the low water level to be about 28 million
euro. In years with extremely low water levels, such as in 2003, the losses amounted to
about €91 million, which is about 13 per cent of the market turnover in that part of the
Rhine market that was considered.

1.2.3

Ice periods

The extreme ice periods are not very well described in the literature. They are reported
by the meteorological services and various particular river organisations. The North–
Eastern parts of Europe are mostly concerned with this extreme weather event, as well
as the Danube, Rhine and Main rivers. It is also important to consider that extreme ice
periods are more common in some areas of Europe (e.g Baltic Sea area) and therefore
are less problematic to deal with.
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2

The vulnerable elements of the transport sector

EWE‟s can have a different scope of impact on public and port authorities, private operators, transport service providers through the costs of infrastructure damaged, suspension of navigation, increased waiting times and others factors. In the following sections these impacts on IWT are described in more details.

2.1

Infrastructure

During EWE river port and handling infrastructure can be damaged. This is directly
translated into the costs for the public and port authorities as well as for the private
companies operating in the ports. For example, wind storms or strong floods are the
most often reason for maintenance and repair works in the ports due to EWE. Long ice
periods require additional costs for ice-breaking and ice-cleaning in port areas. As a
concern, droughts within a short period of time do not cause substantial damage to the
infrastructure. However, occasionally the damage of dykes is possible because of the
soil dehydration.

2.2

Operations

EWE has an economic impact on the costs of the transport service provider, which
operates on the inland waterways. There are both positive and negative impacts, which
are described below for each particular type of event.

2.2.1

Floods/Extreme ice period

Floods and extreme ice periods have the same effects on the transport providers: in
both cases the transport operators experience an impact when the suspension of the
navigation takes place and there are costs from an interruption of services. In this case
there is a first order economic impact: there are costs for the waiting time for the ship
as the waterway is closed for navigation. These are capital costs of the vessel, personnel, fixed maintenance and repairs and overhead costs. Due to the waiting of the vessel, the productivity declines resulting in less transport performance and less turnover
for the transport operator.
However, a second order impact may occur, especially in the case of the floods. Due to
the blockage, transport users may have to postpone new shipments. As a result, shortly after the flood, there can be a high demand for transport capacity, while there are not
sufficient vessels in the area to move the goods.
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In particular on the spot market, there will be a price increase for transport of goods by
IWT after a flood, a matter of supply and demand. In this case, despite some loss of
revenues in the days during the blockage, the transport operator can have additional
revenues during the period after the flood. However, in case of a long duration of the
flood/extreme ice period the navigation is suspended for a number of days in a row and
the transport users redistribute the goods that were intended to be send by IWT on
other modes of transport. This represents definite loss of cargo transported by the IWT
service providers.

2.2.2

Drought

Drought causes low water levels on the waterways, especially open rivers without locks
such as the Rhine river are sensitive to drought periods. In case of low water situations,
the possible draught of the vessel is limited resulting in less cargo that can be transported by the barge. As a result more journeys are needed to transport the same
amount of cargo. Also, transport time and fuel consumption increases due to more resistance in the waterway
In particular the larger vessels are affected because of their bigger draft. In case of
severe droughts, there can even be less water to be possibly navigate with empty (big)
vessels. In that case the waterway is blocked for large vessels. Such situations occured for example in the year 2003 on the upper Rhine when there was too little water
at Kaub to pass with empty vessels. However, while these large vessels are blocked in
such circumstances, smaller vessels would usually still be able to navigate, in case of
extreme droughts.
Therefore, while considering the impact of droughts on the transport service providers,
particular attention needs to be paid to the size of the transport operator‟s vessel.
Moreover, during the droughts the transport operator is usually compensated by means
of low-water surcharges paid by the client. Depending on the water levels at some critical spots on the waterway, there are common surcharges that are paid. In the following
table (table 2.1) is an example of the surcharges which clients pay in case of low water
situations at Kaub, for transports south on the Rhine of Kaub, including Neckar and
Main-Danube canal. “
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Table 2.1

Surcharges paid by transport users in case of low water situations at
Kaub

Water level (m)

Surcharges (%)

1.50 - 1.36

20

1.35 – 1.21

30

1.20 – 1.01

50

1.00 – 0.91

60

0.90 – 0.81

70

Source: “Internationale Verlade - und Transportbedingungen für die Binnenschiffahrt (IVTB), 1999“

Furthermore, in case of low water situations, there is less transport capacity available
since vessels cannot be loaded to their maximum. The reduction of supply of transport
capacity can result in scarcity and higher freight transport prices. Therefore, the transport operator can benefit from such a situation, in particular if it concerns a relatively
small vessel which loading conditions are not (very much) affected by low water levels.
However, as in the case of floods and ice periods, if drought has a long duration and
the water levels are extremely low. The transport users will redistribute the goods either
to trucks or to the railways. This represents a definite loss of cargo transported by the
IWT service providers.

2.3

User impacts

Very often EWE results in the suspension of navigation on the inland waterways and,
therefore, delays in cargo delivery. This can result in costs for the cargo owners.
Traditionally goods transported by IWT are bulk goods such as8:
-

heavy bulk: coal, ores, sand and gravel (20%)

-

light bulk: agricultural products, foodstuffs (9%)

-

liquid bulk: petroleum products and chemicals (25%)

-

machinery, transport equipment and other manufacturing articles (30%)

8 Eurostat
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In general the transport of these products is not very time critical and a delay of a couple of days is usually not a big problem for the clients of inland waterway transport.
That is why usually in case of short term EWE transport users do not bare any significant costs, as their clients usually have enough of the cargo in stock to cover short
term delivery delays. It is often possible to postpone the transports or to accept a few
days of delay. In case of longer EWE, goods volume to be delivered by IWT will be
cancelled and could be redistributed to other transport modes, for example by rail or
road. In particular if the production processes are disrupted because of transport problems, there will be a strong demand for alternative transport options.
More recent is the transport of containers by inland waterways. Specialised container
barges are equipped for the transport of containers that, most of the time, are directly
loaded in the seaports. The smallest barges would take 32 TEU‟s, the largest ones can
transport up to 500 containers. All kind of cargo can be transported in containers.
Container transports in Europe are mainly related to intercontinental traffic via Ports of
Antwerp and Rotterdam. Together is accounts to a few million TEU. There is a high
growth of container transport by barge foreseen. For example the flows from Port of
Rotterdam by barge are expected ton increase with a factor 5 from 1.6 to 8.1 million
TEU in 2035 (after the completion of the new huge container port area „Maasvlakte II‟
in the Rotterdam port). Container transports are more sensitive to delays and hick-ups
in the transport operations. The value of time for such transports is higher compared to
bulk cargo.
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3

Approach to the estimation of the impact of the
EWE on IWT

Available media and literature on the impact of EWE on inland waterways transport
have not provided detailed and encompassing information on impacts that selected
events (floods, droughts and ice periods) have on the cost elements of inland waterways transport. Therefore, based on previous experience and some insights received
from the literature review, NEA has developed an approach to estimate different cost
elements of EWE for the IWT.
Nevertheless, its necessary to keep in mind, that as each extreme weather events are
unique in terms of the severity, impact on economy and ability of individuals and society to prevent the losses, an assessment framework can be only a guide and each particular case needs to be treated separately.

3.1

General presentation of the approach

The overall general approach for the costs assessment is presented in figure 3.1. Infrastructure providers costs (infrastructure damages and increase from operating costs)
will be estimated case by case, through the evidence found in the literature and media.
Per case a specific literature/media review on the river port or river stretch needs to be
done to see if there were any infrastructure damages recorded. Port websites, river
basin commission websites, insurance reports can be of a big use. In case more details
are necessary, interviews with infrastructure managers (e.g. waterway operators, port
authorities) will be carried out to describe the impacts and relevant costs for infrastructure operators due to extreme weather events. If no information is available through the
mentioned sources, these costs are considered as non identified.
Damage to vehicles will be recorded only if any indication of it is found in media/literature sources. The gathered information will be checked with concerned operators and will then be further reported.
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Figure 3.1 General approach to the information collection

Total economic impact of the EWE
on the IWT

Assessment approach

Entrepreneurial costs

Literature and media review for the concrete EWE and concrete port/river stretch
Infrastructure damages
Infrastructure operating costs

Literature and media review for the concrete EWE and concrete port/river stretch

Literature and media review for the concrete EWE
Damage to vehicles
Assessment approach for floods/ice periods and droughts
Costs of service provision

Social costs
Time losses through system capacity

Estimations, depending on cases

Time losses through infrastructure
closure

Estimations, depending on cases

External accident costs

Literature and media review for the concrete EWE and concrete port/river stretch concerned
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As the effects of floods/ice periods on the IWT differs from those of droughts, two different
cost calculation approaches were developed in order to estimate the economic impact on
the transport service providers. Costs calculations for the transport operators from floods
and ice periods are developed around calculations of volume of different types of goods
transported in the area where navigation was interrupted, number and types of ships
which circulate per day in the area concerned, costs of the waiting time for ships and
other parameters detailed in section 3.4. For the calculation of the impact of the drought
period, the ship draught parameter is very important. Therefore, the calculations take into
consideration the drought severity, ship draught measurements, volume of goods transported in the drought area, costs of waiting time of ships and other parameters. In both
cases, the critical parameter to have is the number of days that navigation was suspended.
The costs for the transport users (time losses through system capacity and infrastructure
closure) are highly dependent on the duration of the extreme weather event. The first reaction will be to postpone the transports and in the case of the short service interruption
(which often take place during floods) transport users do not record any substantial additional costs. However, in case of a flood or drought period exceeds a certain time period,
the transport user will pay surcharges for the transport service provider or even will shift
the cargo to other modes of transport, e.g. rail or road transport. In that case, the transport costs can increase significantly: both for the transport user, who has to pay substantial higher freight rates and/or need to find an emergency measure and for the transport
service provider who will have missed transport volumes. The situation however will be
different for each user and also depends on the value of the goods and the stock levels. It
would require a very detailed assessment to make an estimation. Such detailed assessments are planned in 2011 in the ECCONET project (June 2011). Therefore, a knowledge
transfer is recommended as soon as results from ECCONET become available.
The costs from time losses through system capacity depends a lot on the EWE duration.
They can have an impact both on transport service providers and transport users. For the
first ones, these costs are already taken into account in the methodology of transport service providers costs calculation. The estimation of the transport users losses through the
reduced system capacity will be done in June 2011 within the ECCONET project, as described beforehand. Therefore, these costs are not assessed within this deliverable.
The costs from infrastructure closure occurs in two cases: because of the infrastructure
damage or because of the obligatory suspension of navigation due to the high or low water levels.
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Therefore, the first case will be assessed only if any infrastructure damage is identified in
previous phases. The second case is already included in the assessment of transport
service providers costs.
External accident costs have an impact on IWT in the case if there was environmental
damage on IWW due to the EWE or there were social costs from persons injured or dead
involved in the inland waterways industry. In the quantification of the external accident
costs we are following the same approach as for the infrastructure damage costs. Literature/media review for each particular case is done and if there is no information on time
loses because of the infrastructure closures, accident or environment damage costs, then
these costs are considered as non identified.

3.2

Selection of the Rhine river case study

The river Rhine and its tributes (Neckar, Mosel, Saar) were chosen to illustrate calculation
methodology of the impact of floods/ice periods and droughts on inland waterways transport.
The Rhine river is one of the longest (about 1232 km) and most important rivers in Europe, which crosses the territory of the Netherlands, Germany, Switzerland. Through its
main tributes, the Rhine is also connected to France and Austria. More than 63% of the
goods volume transported by IWT in Europe is done via Rhine route9 and this volume
continues to grow. The following map (figure 3.2) illustrates the importance of the Rhine
river for the European IWT.
The structure of goods transported by IWT on the Rhine varies. The Rhine is for example
used for hinterland distribution of energy (coal and oil) as well as for the supply of raw
materials for industries (e.g. steel plants located along the Rhine). Moreover, there is a
vast network of container terminals along the Rhine linked to the maritime container flows
via seaports. There is for instancem, a lot of transport of oil and oil products. Detailed data
on the transportation on the Rhine can be found in the Market Observation Reports provided by the CCNR (see http://www.ccr-zkr.org/ ).

9 Market observation for inland navigation in Europe, 2007-1. Central Commission for Navigation on the Rhine, EC DG
TREN, April 2008
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Figure 3.2 Main transport flows of the inland navigation in Europe

Source: Market observation for inland navigation in Europe, 2007 – 1, p. 11

As trends show (figure 5), container traffic on the Rhine has had a stable increase over
the last decades.

Figure 3.3 Container transport growth on Rhine

Source: Market Observation no.9. Supply and Demand in 2008 and Analysis of the Situation as of Mid-2009.

22

WEATHER D2 Annex 8 – Inland Waterway Transport

The water level observations on the Rhine are done at so called “Pegel” points. The assessment of all the costs in this study is further made for the Kaub pegel point, which is
considered to be the most critical for the Rhine river and determines the load factor of
vessels that perform transports to/from the the upper Rhine (e.g. Basel, Mannheim, Stuttgart area).

Figure 3.4 Overview of the pegel points on Rhine River

Source: http://www.general-anzeiger-bonn.de/index.php?k=wett&itemid=10192

Kaub pegel point belongs to the Middle Rhine area. It is situated in between the Koblenz
and Mainz Rhine river ports.

3.3

Selection of floods/droughts/ice periods for Kaub Pegel
point

The literature review gives an indication of when the flood, drought or ice period took
place. It does not provide a concrete indication on the number of days of suspension of
navigation, nor about specific river sections that were affected or blocked.
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This information is however crucial for the calculation of the different costs for transport
operators and transport users. Thus, an additional research, based on the water levels
and ice occurrence on the waterways was done in order to derive the duration and severity of floods, droughts and ice periods.

3.3.1

Floods

In order to delimitate concrete flood areas on the Rhine, we use water level measurement
points on the Rhine and its tributes (www.elwis.de). Where available, for each of the measuring points (pegel) the HSW indicator (highest water level possible, after which the interruption of navigation in the section is obligatory) is illustrated in the figure 3.5.

Figure 3.5 Overview of the HSW indicator for the Rhine river
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Using historic data available10 for the period 2000-2010 it is possible to determine the
days when water level exceeded the HSW mark for each of the pegel points. If the HSW
value was exceeded, then no navigation was possible in this area. Following this approach we were able to determine if during the period 2001 – 2010 the water levels observed at Kaub pegel point were exceeding its HSW indicator. A summary of the results is
presented in the table 3.1. A detailed water level overview for these floods can be found in
Annex B.

Table 3.1

Year

Suspension of navigation because of flood at Kaub Pegel point
Rhine, 2001 – 201011

Start date

2001
2002
2003

24-mrt
23-mrt
05-jan

End Date

on

Number of days of suspension of navigation

28-mrt
24-mrt
07-jan

5
2
3

Source: NEA

Even though after 2003 some floods occurred, the observed water level at Kaubpoint did
not exceed its HSW indicator of 640 cm. Therefore, these floods did not lead to the suspension of navigation at Kaub point and we are not considering them in our further analysis.
For simplicity of calculation, the assumption is made that HSW 2010 for the measurement
stations is the same for the period 2000-2010. In reality its possible that some HSW indicators differ from the 2010 data, following adjustments that were made by each specific
river commission.

3.3.2

Droughts

The selection of drought periods can also be based on the daily water levels for certain
bottlenecks. Bottlenecks on the Rhine are for example the stretch at Kaub and Ruhrort.

10 http://www.wetteronline.de/dldlpeg.htm
11 10 months for 2010
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The pegel value is used to determine the actual water level12. The difference between the
pegel value at Kaub and the possible draft of a moving vessel is 85 cm. That is why for
the further definition of drought periods we are adjusting recorded water levels to 85 cm.
Afterwards this level is compared with the maximum empty draught of the vessel (table
3.2).

Table 3.2 Ship classes and draught of the vessels
CEMT class

I

II

III

IV

V

Draught (empty), cm

120

140

150

160

180

Draught (fully loaded), cm

250

260

270

300

350

Source: NEA Kostenkengetallen binnenvaart 2008

For each category of ship we can further determine how long these ships were not able to
circulate (e.g. with possible draft of less than 120 cm for CEMT I ships, less than 140 cm
for CEMT II ships, etc) through a pegel point and how many days they were able to navigate with a reduced load factor. In the case of water levels being too low (e.g. below 1.5
meters) large vessels can no longer pass, which means that the waterway is blocked. For
example in 2003 there were severe low water conditions in September, resulting in a
blockage of the upper Rhine for almost all vessel types.
The overview of the draught periods subdivided for the different ship categories at Kaub
pegel point during the period of 2001 -2010 is summarized in a table 3.3.

Table 3.3

Suspension of navigation at Kaub pegel point due to droughts for different categories of ship

Number of days / Year

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

Below 180 cm

0

0

75

10

51

30

8

0

34

0

Below 160 cm

0

0

28

0

23

17

0

0

14

0

Below 150 cm

0

0

19

0

14

4

0

0

10

0

Below 140 cm

0

0

13

0

0

0

0

0

2

0

Below 120 cm

0

0

2

0

0

0

0

0

0

0

Source: NEA

12 http://www.wetteronline.de/dldlpeg.htm)
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Detailed description of draught occurrence per month is presented in Annex C.

3.3.3

Ice periods

The waterway managers provide information on the number of days when there was a
suspension of navigation due to ice. Available information is quite general for the Upper
Rhine, Middle Rhine, Neckar, Saar and Mosel, but does not provide detailed information
on what particular part of the river is concerned (Annexe D). Kaub pegel point is situated
in the Middle Rhine area. During the period of analysis (1990-2010) there were no ice
periods to consider.
A blockage due to ice has the same impact on transport operators and transport users as
floods do. In both situations, the navigation stops completely for all vessels. Therefore, we
are only providing further calculation examples for floods and droughts.

3.4

Example of calculations of the transport service providers costs

3.4.1

Floods

Here we illustrate the calculation methods used for the flood on March 24th, 2001. During
this period at Kaub pegel point the navigation was completely suspended for consecutive
days. Annex E presents all the calculations made in detail as well as information sources
for each concrete step.
Each calculation follows the same sequence described below. It starts from the overview
of the assumptions made, general description of the flood and flooded area and continues
with concrete steps to be followed. Steps are indicated according to the calculations in
Annex E.
Step 1. Assumptions:
The costs of ships are the same for the all Rhine and its tributes.
HSW reference levels of the Pegel point is the same for the period 2001 – 2010
Structure of the types of ships (per type of cargo) is same for the period 2001 –
2010
Step 2. Information on flood:
Starts: 24-03-2001
Ends: 28-03-2001
Year: 2001
Suspension of navigation, days: 5
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Calculation Steps:
Step 3. The PLATINA project provides us with information on the volume of goods that
have been shipped over the Rhine at Kaub point in 2007.
Step 4. Using indices we are able to determine how many tones of goods have been
shipped at Kaub in 2001.
Step 5. German statistics provide us with the total volumes of goods shipped on the
Rhine as well as the number of ships that sailed there during the year13. Therefore, we are able to calculate the average tonnage per ship on the Rhine.
Step 6. In step 6 we are dividing the volume of goods shipped at Kaub in 2001 (st.4) on
the average tonnage per ship on the Rhine (st.5) and therefore have received information on the number of ships that navigate at Kaub per year and per day.
Step 7. Using the information on the amount of days that navigation was suspended at
Kaub due to this concrete flood we can calculate the total number of ships which
were out of navigation because of the high water level.
Step 8. German statistics provides us with information on the distribution of ships on the
Rhine per cargo type.
Step 9. We translate this information into the number of ships with a concrete cargo type
(dry bulk, liquid bulk, containers).
Step 10. We know the total loading capacity of ships on the Rhine in 2001. If we divide
this number by the number of ships navigating through Kaub in 2001 (this information is available in the German statistics), we can estimate the average available tonnage per ship on the Rhine.
Step 11. Using the DVS ship classification we determine the type of the ship.
Step 12. The NEA “Kostenkengetallen binnenvaart 2008“ report provides detailed information on costs per waiting hour for different categories and types of ships for 2008.
Step 13. Using price indices we further are able to estimate costs per waiting hour for
different categories and types of ships in 2001
Step 14. As we know the number of working hours per year for each category and type of
the ship, we can determine the number of working hours per day.

13 Information available for all years as from 2001
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Step 15. Using the previousely obtained information on working hours per day, number of
ships per day at Kaub and waiting costs per hour, we are able to determine the losses
due to the suspension of navigation for different types of ships, as well as the total loss.

3.4.2

Drought

The calculation method for the economic loss of transport service provided from drought
is done using the year 2003 as an example. During this year, a lot of ships were not able
to circulate through Kaub point because of the low water levels (table 3.4) and great
losses to transport service providers. Annex F provides a detailed calculation for the
drought of 2003 as well as for other droughts.
In the case of floods, each calculation follows the same sequence and starts with assumptions made, information on the year when drought occurred and continues with concrete steps to follow.
Step 1. Assumptions:
The costs of ships are the same for the Rhine and its tributes.
Structure of the types of ships (per type of cargo) is same for the period 2001 –
2010
Step 2. Information on drought:
Year: 2003
Amount of days when different classes of ships were not able to navigate at Kaub
in 2003 (table 3.4)
Table 3.4

Number of days of suspension navigatio for different types of ships at
Kaub in 2003

CEMT class

I

II

Draught (empty), cm

120

140

150

160

2

13

19

28

Number of days below drauht (empty)

III

IV

Source: NEA

Calculation Steps:
Step 3. The PLATINA project provides us with information on the volume of goods that
have been shipped over the Rhine at Kaub point in 2007.

29

WEATHER D2 Annex 8 – Inland Waterway Transport

Step 4. Using indices we are able to determine how many tonnes of goods have been
shipped at Kaub in 2001.
Step 5. German statistics provide us with the total volumes of goods shipped on the
Rhine as well as number of ships that sailed their during the year. Therefore, we
are able to calculate the average tonnage per ship on the Rhine.
Step 6. In step 6 we are dividing the volume of goods shipped at Kaub in 2001 (st.4) by
the average tonnage per ship on the Rhine (st.5). In doing this, we receive information on the number of ships that navigate at Kaub per year and per day.
Step 7. From statistics we know which percentage of which CEMT ship types are circulating through Kaub per year. For 2003 we are therefore calculating the number of
ships per different CEMT type.
Step 8. German statistics provides us with information on distribution of ships on the
Rhine per cargo type.
Step 9. The NEA “Kostenkengetallen binnenvaart 2008“ report provides detailed information on costs per waiting hour for different categories and types of ships in for
2008.
Step 10. Using price indices we are further able to estimate costs per waiting hour for
different categories and types of ships for 2003.
Step 11. As we know the number of working hours per year for each category and type of
ship, we can determine the number of working hours per day.
Step 12. Putting together the information on working hours per day, number of ships within a particular category navigating throught Kaub in 2003, waiting costs per hour
and number of days of suspension of navigation for each CEMT category of
ship, we are able to calculate losses from the suspension of navigation due to
the drought in 2003, as well as, the total loss.
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4

Quantification of entrepreneurial costs

Following the proposed general approach, for each cost category and each selected
weather event through media search we have verified if there were any infrastructure or
vehicle damages reported in and between the ports of Koblenz and Mainz (Kaub pegel
point is situated inbetween them).

4.1

Infrastructure damage

No port infrastructure or bridge damage was recorded in media or literature for the Kaub
pegel point area for the studied floods and droughts. Therefore, infrastructure damage
costs from droughts and floods are considered as non-identified.

4.2

Increased infrastructure operating costs

No increased infrastructure operating costs were recorded in media or literature for the
Kaub pegel point area for the studied droughts and floods. Therefore, increased infrastructure operating costs from droughts and floods are considered as non-identified.

4.3

Damages to vehicles

No vehicle damages were recorded in media or literature for the Kaub pegel point area for
the studied droughts and floods. Therefore, increased infrastructure operating costs from
droughts and floods are considered as non-identified.

4.4

Increased costs of service provision

4.4.1

Flood

Calculation results of transport service provider costs for three floods, which resulted in
temporary suspension of navigation at Kaub point, is summarized in table 4.1.

Table 4.1 Costs of transport service providers from suspension of navigation at
Kaub pegel point because of floods

Cost category/ thousand euro
Service provision

Flood 2001
900

Source: NEA
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Flood 2002
340

Flood 2003
550
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For detailed calculations please refer to Annex E.

4.4.2

Drought

Previously we have indentified that from 2000 to 2010, over a period of six years, low water levels were recorded which resulted in a suspension of navigation at Kaub pegel point
for different types of ships. A summary of service providers costs induced from these
droughts it presented in table 4.2.

Table 4.2

Costs of transport service providers from suspension of navigation at
Kaub pegel point because of droughts

Cost category/ mln euro

2003

2004

2005

2006

2007

2009

Service provision

9,6

1,0

7,5

4,7

0,9

5,5

Source: NEA

Detailed calculations can be found in Annex F.
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5

Quantification of social costs

5.1

Time losses through reduced system capacity

The longest duration of floods which contributed to the suspension of navigation at Kaub
area was 5 days (year 2001). This number of days is not crucial for transport users.
Therefore, time losses through the reduced system capacity will have the highest effect
on transport service providers, because they represent the idle costs. These last costs are
already taken into account in the calculation of the transport service provider costs
(§4.4.1).
The situation differs in the case of droughts, as the number of days where the suspension
of navigation around the Kaub area took place, is quite high for some years and for some
categories of ships. Especially in the case of the 2003 drought, transport users needed to
redistribute their cargo volumes on other transport modes. These situation requires detailed assessment and high volume of input information.

5.2

Time losses through infrastructure closures

There was noo damage to infrastructure reported in the media and literature for all studies
on floods and droughts. The time losses through infrastructure closure because of the
suspension of navigation are already included in the calculation of the transport service
providers costs (§4.4.1).

5.3

External accident costs

No external accident costs were recorded in the media or literature for the Kaub pegel
point area for the studied droughts and floods. Therefore, increased infrastructure operating costs from droughts and floods are considered as non-identified.
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6

Generalization of results

6.1

Summary of calculation results

The estimation of economic loss on IWW from floods in Kaub area is presented in table
6.1.
Table 6.1

Summary of economic impact from floods and droughts on Kaub area,
mln euro

Cost category/ mln euro
1)
Infrastructure damage
1)
Infrastructure operating costs
1)
Damage of vehicles
Service provision
2)
Time loss through system capacity
2)
Time loss through infrastructure damage
1)
External accident costs
TOTAL costs, euro

Flood 2001
0,9
0,9

Flood 2002
0,3
0,3

Flood 2003
0,5
0,5

1) not identified
2) not relevant

Therefore, the total economic loss per year can be attributed to the transport service provider‟s personal loss, when taking the small number of days when suspension of navigation took place around the Kaub area, due to floods into consideration. The estimation of
economic loss from droughts in the Kaub area is presented in table 6.2.

Table 6.2 Summary of economic impact from droughts in Kaub area, mln euro
Cost category/ mln euro
1)

Infrastructure damage
Infrastructure operating costs
1)
Damage of vehicles
Service provision

1)

3)

Time loss through system capacity
Time loss through infrastructure dam2)
age
1)
External accident costs
TOTAL costs, euro

2003

2004

2005

2006

2007

2009

9,6

1

7,5

4,7

0,9

5,5

-

-

-

-

-

-

9,6

1

7,5

4,7

0,9

5,5

1) not identified
2) not relevant
3) not estimated

In addition to this table, the economic impact of droughts on IWT is the one estimated for
the service provision. As described before, one also needs to take in consideration transport user impacts, which require a more detailed assessment.
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6.2

Transferability of costs to other regions

Developed methodology on the estimation of impacts of EWE on IWT can be applied to
any navigable river when the data is available. A sensitivity analysis needs to be done,
taking into consideration the assumptions made for the calculation of the transport service
provider‟s costs.

6.3

Trends for future development of costs

Over the 2000 – 2010 period there is no trend visible of an increase or decrease of costs
from floods and droughts for the different inland waterways operators. As extreme
weather events become more regular, transport service providers, infrastructure managers and transport users put the risk of a flood or drought occurrence in a particular season
of the year in their working plans and budgets.
Nevertheless, future climate change patterns will need to be taken in consideration. For
example, it is expected that for the Rhine river in the Summer months, even longer periods with low water levels will occur. As O. Jonkeren et al (2009) indicates, “in periods of
low water levels inland waterway vessels have to reduce their load factors and, as a result, transport prices per tonne will increase. One possible consequence of these higher
transport prices is a deterioration of the competitive position of inland waterway transport
compared with rail and road transport, and thus a change in modal split“.
Besides the economic effects, other longterm impacts of climate change on IWT can be;
changes in manoeuvrability of vessels, increased load on port structures, reduced regularity of ports and others.
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Annex A Information sources

EC IWW observatory
NAIADES
PLATINA
REGINA
ESPON
WISE (Water information system for
Europe)
Dartmouth flood observatory
Flooding Odra River
Water Project Croatia
Emergency flood and earthquake recovery
Hazard risk mitigation project

Inland Waterways
International Sava river commission
Central Commission for the Navigation on
Rhine
Danube Commission
Mosel Kommission
International organisation of protection of
Danube river
Odra river commission
Danube ports
Odra River
Elbe River
Meuse
Rhine River
Rhine River
Scheldt
Waterborn Association for IWW infrastructure
IVR
European Barge Union
Inland Navigation Europe
European River-Sea Transport Union
Dutch Promotion Council for IWW
Romanian maritime training center
EU river catchments (EEA source)
International river water levels

INLAND WATERWAYS
EU Projects
http://ec.europa.eu/transport/inland/index_en.htm
http://www.naiades.info/
http://naiades.info/platina/downloads
http://www.naiades.info/downloads
http://www.espon.eu/main/Menu_Projects/Menu_ESPON2006P
rojects/Menu_ThematicProjects/naturalhazards.html
http://water.europa.eu/en/welcome
http://www.dartmouth.edu/~floods/
WB projects
http://web.worldbank.org/external/projects/main?pagePK=642
83627&piPK=73230&theSitePK=40941&menuPK=228424&Proj
ectid=P086768
http://web.worldbank.org/external/projects/main?pagePK=643
12881&piPK=64302848&theSitePK=40941&Projectid=P098948
http://web.worldbank.org/external/projects/main?pagePK=642
83627&piPK=73230&theSitePK=40941&menuPK=228424&Proj
ectid=P058877
http://web.worldbank.org/external/projects/main?pagePK=642
83627&piPK=73230&theSitePK=40941&menuPK=228424&Proj
ectid=P075163
UNECE
http://www.unece.org/trans/main/sc3/sc3.html
River basin commission and other river organizations
http://www.savacommission.org/
http://www.ccr-zkr.org/
http://www.danubecommission.org/
http://www.moselkommission.org/
http://www.icpdr.org/
http://www.mkoo.pl/index.php?mid=2
http://www.danubeports.info/index.php?id=1206
http://www.mkoo.pl
http://www.ikse.de
http://www.meuse-maas.be
http://www.icpdr.org
http://www.iksr.de
http://www.isc-cie.com
OTHER
http://www.pianc.org/
http://www.ivr.nl/
http://www.ebu-uenf.org/
http://www.inlandnavigation.org/
http://www.erstu.com/
http://www.bureauvoorlichtingbinnenvaart.nl/
http://www.ceronav.ro/
http://www.cbrb.nl/links
http://www.eea.europa.eu/data-and-maps/data/europeanriver-catchments
http://www.doris.bmvit.gv.at/en/water_levels_low_sections/int
_water_levels/
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France
Via Donau (Austria)
Germany
Flanders
Croatia
Finalnd
France
Hungary
Poland
Scottland
Danube days
EIWN Euopean Inland Waterways Navigation Conference
Flood conference
European Flood conference

National IWW agencies
http://www.vnf.fr/vnf/home.vnf?action=vnf
http://www.via-donau.org/
http://www.binnenschiff.de/
http://www.binnenvaart.be/
http://www.bureauvoorlichtingbinnenvaart.nl/
http://www.vesitiet.org/
http://www.cetmef.equipement.gouv.fr/
http://www.rsoe.hu/
http://www.kzgw.gov.pl/en/; www.imgw.pl
http://www.sepa.org.uk/about_us.aspx
Big conferences
http://www.danubeday.org/
http://rht.bme.hu/eiwn/
http://www.ecologicevents.de/floods2003/en/presentation.htm
http://www.wassernet.at/article/articleview/42992/1/1460
Newsletters

NAIADES European IWT news
PLATINA newsletter
Austria
Belgium
Bulgary
Cyprus
Czech Republic
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Italy
Latvia
Lithuania
Luxembourg
Malta
Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain
Sweden
United Kingdom

EC Water Framerowk Directive
http://www.lebensministerium.at/wasser/
http://eau.wallonie.be
http://www.ciwvlaanderen.be
http://www.ibgebim.be/francais/contenu/content.asp?ref=2102
http://www.moew.government.bg/
http://www.wfd.wdd.moa.gov.cy
http://www.env.cz
http://www.mze.cz
http://www.mst.dk/vand/06000000.htm
http://www.envir.ee
http://www.ymparisto.fi/
http://www.eaufrance.fr/
http://www.bmu.de/gewaesserschutz
http://wasserblick.net/
http://www.minenv.gr/welcome_gr.html
http://euvki.hu
http://www.wfdireland.ie/
See annex 4 of the Commission's Staff working document
SEC(2007) 362 final
http://www.lvgma.gov.lv
http://aaa.am.lt/
http://www.waasser.lu/gestion_de_leau/gestion.html
http://www.mra.org.mt/wfd_introduction.shtml
http://www.kaderrichtlijnwater.nl
http://www.waterland.net
http://www.rdw.org.pl/index.php
http://dqa.inag.pt/
http://www.rowater.ro/
http://www.enviro.gov.sk
http://www.mop.gov.si
http://www.mma.es/portal/secciones/acm/politica_agua/directi
va_marco_aguas/
http://www.vattenportalen.se/
http://www.defra.gov.uk/environment/water/wfd/index.htm
http://www.scotland.gov.uk/Topics/Environment/Water/WFD
http://www.ni-environment.gov.uk/water-home/wfd.htm
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Annex B Water level at Kaub pegel point resulting in floods

HSW indicator for Kaub pegel point: 640 cm

Year
2001

2002
2003

Month
March

March
January

Dates

Water level
28
27
26
25

668 cm
692 cm
708 cm
714 cm

24

689 cm

24

652 cm

23

655 cm

7
6

665 cm
678 cm

5

667 cm

Source: www.wetteronline.de/dldlpeg.htm
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Annex C Water level at Kaub pegel point resulting in
droughts
Year 2003

Drought level

Drought

Drought

Drought

Drought

Drought

Pegel water
level

PWL + 85 cm

<120 cm

<140cm

<150cm

<160cm

<180cm

So, 14.12
Sa, 13.12
Fr, 12.12
Do, 11.12
Mi, 10.12
Di, 09.12

94 cm
84 cm
84 cm
83 cm
88 cm
95 cm

179
169
169
168
173
180

179
169
169
168
173
180

Sa, 29.11
Fr, 28.11
Do, 27.11
Mi, 26.11

91 cm
80 cm
79 cm
82 cm

176
165
164
167

176
165
164
167

Sa, 15.11
Fr, 14.11
Do, 13.11
Mi, 12.11
Di, 11.11

86 cm
86 cm
85 cm
87 cm
93 cm

171
171
170
172
178

171
171
170
172
178

Mo, 06.10
So, 05.10
Sa, 04.10
Fr, 03.10
Do, 02.10
Mi, 01.10
Di, 30.09
Mo, 29.09
So, 28.09
Sa, 27.09
Fr, 26.09
Do, 25.09
Mi, 24.09
Di, 23.09
Mo, 22.09
So, 21.09
Sa, 20.09
Fr, 19.09
Do, 18.09
Mi, 17.09
Di, 16.09
Mo, 15.09
So, 14.09

81 cm
65 cm
56 cm
52 cm
47 cm
44 cm
42 cm
35 cm
35 cm
37 cm
40 cm
40 cm
41 cm
46 cm
49 cm
53 cm
56 cm
58 cm
61 cm
64 cm
76 cm
83 cm
79 cm

166
150
141
137
132
129
127
120
120
122
125
125
126
131
134
138
141
143
146
149
161
168
164

166
150
141
137
132
129
127
120
120
122
125
125
126
131
134
138
141
143
146
149
161
168
164

Date

120
120
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137
132
129
127
120
120
122
125
125
126
131
134
138

150
141
137
132
129
127
120
120
122
125
125
126
131
134
138
141
143
146
149

150
141
137
132
129
127
120
120
122
125
125
126
131
134
138
141
143
146
149
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Sa, 13.09
Fr, 12.09
Do, 11.09
Mi, 10.09
Di, 09.09
Mo, 08.09
So, 07.09
Sa, 06.09
Fr, 05.09

75 cm
76 cm
78 cm
78 cm
87 cm
77 cm
76 cm
81 cm
92 cm

160
161
163
163
172
162
161
166
177

Di, 02.09
Mo, 01.09
So, 31.08
Sa, 30.08
Fr, 29.08
Do, 28.08
Mi, 27.08
Di, 26.08
Mo, 25.08
So, 24.08
Sa, 23.08
Fr, 22.08
Do, 21.08
Mi, 20.08
Di, 19.08
Mo, 18.08
So, 17.08
Sa, 16.08
Fr, 15.08
Do, 14.08
Mi, 13.08
Di, 12.08
Mo, 11.08
So, 10.08
Sa, 09.08
Fr, 08.08

88 cm
87 cm
85 cm
77 cm
69 cm
66 cm
66 cm
71 cm
74 cm
75 cm
79 cm
82 cm
87 cm
91 cm
87 cm
83 cm
83 cm
77 cm
73 cm
73 cm
77 cm
79 cm
86 cm
87 cm
91 cm
95 cm

173
172
170
162
154
151
151
156
159
160
164
167
172
176
172
168
168
162
158
158
162
164
171
172
176
180

160

154
151
151
156
159
160

158
158

160
161
163
163
172
162
161
166
177
173
172
170
162
154
151
151
156
159
160
164
167
172
176
172
168
168
162
158
158
162
164
171
172
176
180

Average water level

120

128,1538

133,4737

140,8214

158,6

Number of days

2

13

19

28

75
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Kaub 2004

Drought level

Drought

Drought

Drought

Drought

Drought

<120 cm

<140cm

<150cm

<160cm

178

<180cm
178

Date
Fr, 17.12

Pegel water
level
93 cm

Mi, 15.12

95 cm

180

180

Fr, 09.01
Do, 08.01
Mi, 07.01
Di, 06.01
Mo, 05.01
So, 04.01
Sa, 03.01
Fr, 02.01

92 cm
85 cm
79 cm
77 cm
80 cm
83 cm
85 cm
92 cm

177
170
164
162
165
168
170
177

177
170
164
162
165
168
170
177

Average water level

171,1

Number of days

10

PWL + 85 cm

43

WEATHER D2 Annex 8 – Inland Waterway Transport
Kaub 2005

Drought level

Drought

Drought

Drought

Drought

Drought

PWL + 85 cm

<120 cm

<140cm

<150cm

<160cm

164
171
179

<180cm
164
171
179
176
166
165
167
170
179

Date
Sa, 31.12
Fr, 30.12
Do, 29.12

Pegel water
levels
79 cm
86 cm
94 cm

Sa, 17.12
Fr, 16.12
Do, 15.12
Mi, 14.12
Di, 13.12
Mo, 12.12

91 cm
81 cm
80 cm
82 cm
85 cm
94 cm

176
166
165
167
170
179

Mo, 05.12
So, 04.12
Sa, 03.12
Fr, 02.12
Do, 01.12
Mi, 30.11
Di, 29.11
Mo, 28.11
So, 27.11
Sa, 26.11
Fr, 25.11
Do, 24.11
Mi, 23.11
Di, 22.11
Mo, 21.11
So, 20.11
Sa, 19.11
Fr, 18.11
Do, 17.11
Mi, 16.11
Di, 15.11
Mo, 14.11
So, 13.11
Sa, 12.11
Fr, 11.11
Do, 10.11
Mi, 09.11
Di, 08.11
Mo, 07.11
So, 06.11
Sa, 05.11
Fr, 04.11

78 cm
61 cm
58 cm
65 cm
66 cm
59 cm
60 cm
59 cm
59 cm
61 cm
61 cm
63 cm
64 cm
63 cm
66 cm
65 cm
69 cm
71 cm
71 cm
64 cm
68 cm
71 cm
73 cm
75 cm
77 cm
82 cm
85 cm
94 cm
93 cm
89 cm
90 cm
83 cm

163
146
143
150
151
144
145
144
144
146
146
148
149
148
151
150
154
156
156
149
153
156
158
160
162
167
170
179
178
174
175
168
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146
143
150
144
145
144
144
146
146
148
149
148
150

149

146
143
150
151
144
145
144
144
146
146
148
149
148
151
150
154
156
156
149
153
156
158
160

163
146
143
150
151
144
145
144
144
146
146
148
149
148
151
150
154
156
156
149
153
156
158
160
162
167
170
179
178
174
175
168
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Do, 03.11
Mi, 02.11
Di, 01.11
Mo, 31.10
So, 30.10
Sa, 29.10
Fr, 28.10

77 cm
79 cm
80 cm
88 cm
91 cm
91 cm
93 cm

162
164
165
173
176
176
178

162
164
165
173
176
176
178

Mo, 24.10

93 cm

178

178

Fr, 21.10
Do, 20.10

95 cm
95 cm

180
180

180
180

Average water level

146,5714

149,8696

161,8039

Number of days

14

23

51
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Kaub 2006

Drought level

Drought

Drought

Drought

Drought

Drought

PWL + 85 cm

<120 cm

<140cm

<150cm

<160cm

<180cm

Date

Pegel
water
levels

Do, 16.02
Mi, 15.02
Di, 14.02
Mo, 13.02
So, 12.02

73 cm
58 cm
61 cm
70 cm
79 cm

158
143
146
155
164

Fr, 10.02
Do, 09.02
Mi, 08.02
Di, 07.02
Mo, 06.02
So, 05.02
Sa, 04.02
Fr, 03.02
Do, 02.02
Mi, 01.02
Di, 31.01
Mo, 30.01
So, 29.01
Sa, 28.01
Fr, 27.01

92 cm
75 cm
61 cm
61 cm
66 cm
69 cm
69 cm
70 cm
70 cm
70 cm
75 cm
85 cm
90 cm
91 cm
93 cm

177
160
146
146
151
154
154
155
155
155
160
170
175
176
178

Do, 19.01
Mi, 18.01
Di, 17.01
Mo, 16.01
So, 15.01
Sa, 14.01
Fr, 13.01
Do, 12.01
Mi, 11.01

92 cm
72 cm
69 cm
70 cm
76 cm
80 cm
86 cm
89 cm
89 cm

177
157
154
155
161
165
171
174
174

So, 01.01

79 cm

164

143
146

146
146

158
143
146
155

160
146
146
151
154
154
155
155
155
160

157
154
155

158
143
146
155
164
177
160
146
146
151
154
154
155
155
155
160
170
175
176
178
177
157
154
155
161
165
171
174
174
164

Average water level

145,25

153,1765

161

Number of days

4

17

30
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Kaub 2007

Drought level

Date
Fr, 09.11
Do, 08.11
Mi, 07.11
Di, 06.11
Mo, 05.11
So, 04.11
Sa, 03.11

Pegel water
levels
95 cm
89 cm
88 cm
89 cm
92 cm
94 cm
93 cm

Di, 30.10

95 cm

Drought

Drought

Drought

Drought

Drought

<120 cm

<140cm

<150cm

<160cm

180
174
173
174
177
179
178

<180cm
180
174
173
174
177
179
178

180

180

Average water level

176,875

Number of days

8

PWL + 85 cm
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Kaub 2009

Drought
level
PWL + 85
cm

Drought

Drought

Drought

Drought

Drought

<120 cm

<140cm

<150cm

<160cm

<180cm

Date

Pegel water levels

Di, 03.11
Mo, 02.11
So, 01.11
Sa, 31.10
Fr, 30.10
Do, 29.10
Mi, 28.10

86 cm
78 cm
79 cm
81 cm
83 cm
88 cm
89 cm

171
163
164
166
168
173
174

171
163
164
166
168
173
174

Sa, 24.10
Fr, 23.10
Do, 22.10

88 cm
89 cm
93 cm

173
174
178

173
174
178

Sa, 17.10

91 cm

176

176

So, 11.10
Sa, 10.10
Fr, 09.10
Do, 08.10
Mi, 07.10
Di, 06.10
Mo, 05.10
So, 04.10
Sa, 03.10
Fr, 02.10
Do, 01.10
Mi, 30.09
Di, 29.09
Mo, 28.09
So, 27.09
Sa, 26.09
Fr, 25.09
Do, 24.09
Mi, 23.09
Di, 22.09
Mo, 21.09
So, 20.09
Sa, 19.09

83 cm
61 cm
57 cm
59 cm
60 cm
57 cm
53 cm
54 cm
58 cm
59 cm
61 cm
69 cm
73 cm
72 cm
74 cm
79 cm
82 cm
85 cm
87 cm
87 cm
89 cm
91 cm
91 cm

168
146
142
144
145
142
138
139
143
144
146
154
158
157
159
164
167
170
172
172
174
176
176

138
139

Average water level
Number of days

138,5
2

48

146
142
144
145
142
138
139
143
144
146

146
142
144
145
142
138
139
143
144
146
154
158
157
159

142,9
10

146,9286
14

168
146
142
144
145
142
138
139
143
144
146
154
158
157
159
164
167
170
172
172
174
176
176
161,0588
34
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Annex D Suspension of navigation due to ice and high water
represented for the Upper Rhine, Middle Rhine,
Neckar, Moser and Saar

Source: Wasser und Schifffahrtsdirektion Sudwest.2009, Verkehrsbericht der Wasser und und Schifffahrtsdirektion Sudwest 2008
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Annexe E Calculation of the economic loss of transport service providers from floods

50

WEATHER D2 Annex 8 – Inland Waterway Transport

Flood 2001
Step 1. Assumptions:

Step 2. Information on flood:

The costs of ships are the same for the all Rhine and its tributes.
HSW reference levels of the Pegel point is the same for the period 2001 – 2010
Structure of the types of ships (per type of cargo) is same for the period 2001 – 2010

Starts: 24-03-2001
Ends: 28-03-2001
Year: 2001
Suspension of navigation, days: 5

Calculation Steps:
Step 3. Volume of goods shipped over the Rhine at Kaub in 2007
Input: TRANSTOOLS 2007
Volume of goods shipped at Kaub , tones
82922000

Year
2007

Step 4. Goods shipped at Kaub in 2001.
Input: Goederenvervoermonitor, 2009, Dammis van 't Zelfde, Publisher: NEA
Year
2001
2002
2003
2004
2005
Indices
100
95
89
97
95
Calculation : Goods shipped at Kaub in 2001
Year
Volume of goods, shipped at Kaub, tones
Indices

2007
82922000
100

2001
83292267
100

51

2006
99

2007
100

2008
102

2009
93

2010
91
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Step 5. Average tonnage per ship on Rhine in 2001
Input: Binnenschifffahrt Dezember 2003, Publisher: Statistisches Bundesamt Deutschland
Year
2001
2002
2003
2004
2005
Number of ships
195609
187915
203771
196798
201134
Volume of goods,
shipped on Rhine,
thousand tones
211403,3
206765,8
198529,9
211685,5 213204,4
Calculation: Average tonnage per ship on Rhine in 2001
Volumes of goods shipped on Rhine, 2001, tones
Number of ships on Rhine, 2001
Average tonnage per ship on Rhine, 2001

211403300
195609
1081

Step 6. Number of ships navigating at Kaub per day in 2001
Input: Previous calculations
Year
Volume of goods, shipped at Kaub, tones
Average tonnage per ship on Rhine, 2001

2001
83292267
1081

Calculation: Number of ships at Kaub per day in 2001
Ships per year at Kaub
77069
Ships per day at Kaub
211

Step 7. Number of ships that were out of navigation because of the flood
Ships per day at Kaub
Interruption of service in days
Ships out of navigation

211
5
1056
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2006
198999

2007
192296

2008
183673

2009
165439

2010
165439

219808,2

226078,1

222935

184593

184593
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Step 8. Distribution of ships on Rhine per cargo type
Input: Binnenschifffahrt Dezember 2003, Publisher: Statistisches Bundesamt Deutschland
Dry cargo
74%
Container
5%
Liquid cargo
21%

Step 9. Number of ships with a concrete cargo type (dry bulk, liquid bulk, containers).
Dry cargo ships
Container ships
Liquid cargo ships
Total ships out of navigation

781
53
222
1056

Step 10. Average potentially available tonnage per ship at Kaub in 2001
Input: Binnenschifffahrt Dezember 2003, Publisher: Statistisches Bundesamt Deutschland
Year
2001
2002
2003
2004
2005
2006
Number of ships
195609
187915
203771
196798
201134 198999
Total loading capacity
301591,2
298574,7 334303,7 326537,6 346523,5 344591
Calculation: Average tonnage per ship at Kaub in 2001
Year
2001
Total loading capacity
301591200
Number of ships
195609
Average tonnage
1542

Step 11. Identification of the type of the ship (by CEMT and DVS classifications)
Input: Kostenkengetallen binnenvaart, nov 2009, S. van der Meulen and M. Quispel, Publiser : NEA

53

2007
192296
339263,2

2008
183673
313734

2009
165439
302080,6

2010
165439
302080,6
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CEMT-klasse
O
I
II
III
III
III
IVa
IVa
Va
Va
VIa

DVS-klasse
M0
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10

Type schip
Overige motorvrachtschepen
Spits
Kempenaar
Hagenaar
Dortmund-Eems
Verlengde Dortmund
Rijn-Herne schip
Verlengde Rijn-Herne schip
Groot Rijnschip
Verlengd Groot Rijnschip
Rijnmax Schip

LV Bandbreedte (ton) LV Gemiddeld (ton)
1-250
150
251-400
370
401-650
540
651-800
730
801-1050
900
1051-1250
1150
1251-1750
1360
1751-2050
1910
2050-3300
2410
3300-4000
3900
>4001
5550

Step 12. Cost per waiting hour for different cargo categories ships in 2008
Input: Kostenkengetallen binnenvaart, nov 2009, S. van der Meulen and M. Quispel, Publiser : NEA
Costs per waiting hour, euro
DVS-Klasse
Dry bulk Containers
Liquid bulk
M0
30,33
31,76
36,00
M1
35,15
41,84
52,65
M2
39,66
52,19
63,82
M3
45,58
66,09
76,09
M4
51,34
80,08
87,07
M5
67,06
109,34
109,82
M6
74,17
126,73
123,69
M7
99,09
179,96
155,88
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M8
M9
M10

118,87
155,97
179,73
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230,68
171,85
316,15
238,20
362,61
307,13

Step 13. Costs per waiting hour for different cargo categories ships in 2001
Input: Kosten- en vrachtprijsontwikkeling IWT, 2010, N. Dasburg, Publisher NEA
Year
2001
2002
2003
2004
2005
Dry bulk and containers
77,50
77,33
78,19
81,34 84,93
Liquid bulk
80,65
82,58
84,47
87,43 88,03
Calculation: Costs in 2001, euro/hour
Dry cargo
57,48
Containers
98,22
Liquid
99,75

Step 14. Number of working hours per day per ship in 2001
Input: Kosten- en vrachtprijsontwikkeling IWT, 2010, N. Dasburg, Publisher NEA
DVS Class
Dry bulk and container Liquid bulk
M0
3556
3160
M1
3667
4103
M2
3752
4497
M3
3848
4812
M4
3933
5031
M5
4058
5287
M6
4164
5462
M7
4440
5816
M8
4691
6059
M9
5439
6562
M10
6242
6921
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2006
87,73
89,47

2007
90,84
93,48

2008
100,00
100,00

2009
91,95
97,20

2010
95,69
98,41
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Calculation: Number of working hours per day
Ship
Hours/year Hours/day
11,41
Dry cargo
4164
11,41
Containers
4164
14,96
Liquid
5462

Step 15. Losses from the suspension of navigation due to the flood

Dry cargo
Containers
Liquid
TOTAL loss

Working hours/day
11,41
11,41
14,96

Number of ships
781,25
52,79
221,71

Euro/hour
57,48
98,22
99,75
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Total loss, euro
512 304
59 145
330 932
902 381
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Annexe F Calculation of the economic loss of transport service providers from droughts
Step 1. Assumptions:
The costs of ships are the same for the all Rhine and its tributes.
Structure of the types of ships (per type of cargo) is same for the period 2001 – 2010
Step 2. Information on drought:
Year: 2003
Amount of days when different classes of ships were not able to navigate at Kaub in 2003 (table 9)
Table 9. Number of days of suspension navigatio for different types of ships at Kaub in 2003
CEMT class
Draught (empty), cm
Number of days below drauht (empty)

I
120
2

II
140
13

III
150
19

IV
160
28

Source: NEA

Calculation Steps:
Step 3. The PLATINA project provides us with information on volume of goods that have been shipped over the Rhine at Kaub point in 2007.
Step 4. Using indices we are able to determine how much tones of goods have been shipped at Kaub in 2001.
Step 5. German statistics provide us with the total volumes of goods shipped on Rhine as well as number of ships that sailed their during the
year. Therefore we are able to calculate the average tonnage per ship on Rhine.
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Step 6. In step 6 we are dividing the volume of goods shipped at Kaub in 2001 (st.4) on the average tonnage per ship on Rhine (st.5) and
therefore receive an information on the number of ships that navigate at Kaub per year and per day.
Step 7. From statistics we know which percentage of which CEMT ship types is circulating through Kaub per year. For 2003 we are therefore
calculating the number of ships per different CEMT type.
Step 8. German statistics provides us with information on distribution of ships on Rhine per cargo type.
Step 9. NEA “Kostenkengetallen binnenvaart 2008“ rapport provides with detailed information on costs per waiting hour for different categories and types of ships in 2008.
Step 10. Using price indices we further are able to estimate costs per waiting hour for different categories and types of ships in 2003.
Step 11. As we know the number of working hours per year for each category and type of the ship, we can determine the number of working
hours per day.
Step 12. Putting together the information on working hours per day, number of ships of particular category navigating throught Kaub in 2003,
waiting costs per hour and number of days of suspension of navigation for each CEMT category of ship we are able to calculate losses from
the suspension of navigation because of draught in 2003 as well as total loss.
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Annexe F Calculation of the economic loss of transport service providers from droughts
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1. Data sources and quality
1.1

Evidences from literature

The literature review on the impacts of climate change and extreme weather events on
transport vulnerability has stressed the general lack of available impact assessments
(e.g., Koetse, M.J, Rietveld, P. (2009). In such a context, the situation for intermodal
transport may be considered even worse.
The basic reason relies on the fact that the case of the relationship between climate
change and intermodal transport vulnerability basically implies the consideration of the
interchange and transhipments facilities and infrastructures involved in this type of
transport, and the way in which they are affected by extreme weather events.
The concepts of “intermodal transport“ can be defined as “the movements of goods in
one and the same loading unit or vehicle which uses successively several modes of
transport without handling of the goods themselves in changing modes”, according to
the definition of The European Conference of Ministers of Transport (ECMT) and the
European Committee for standardisation (CEN).
The most important implication is that the goods have to be transported in one loading
unit from the loading at the beginning until the unloading at the end of the transport
chain, without handling the goods themselves. Containers, swap bodies, trailers, semitrailers and whole trucks (backpack traffic or rolling highways and roll –on roll-off) are
allowed to transport the goods and are transhipped at terminal and interchanges
points, as depicted in the following figure.
Figure 1: Representation of a typical intermodal chain

Terminal

pre haulage

Terminal

main haulage
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The following table shows the key infrastructure and intermodal techniques involved in
the intermodal transport.
Table 1: Overview of intermodal transport infrastructure (intermodal freight transport)

Intermodal
Intermodal infrastructure
techniques
Intermodal
Swap bodies
transport units
[ITU]

Containers

Semi-trailers

Movable boxes put

Mostly

by

A semi-trailer com-

on a road chassis

ocean carriers, the

prises a chassis and

and

containers

a body

specially

owned

can

which to-

adapted for loading

stowed and handled

gether form a single

on to « spine wagons

by spreaders using a

solid structure. At the

» intended for travel

twist lock.

multimodal terminal,

at 100 to 120 kph.

the

semi-trailer

is

loaded on to a special

wagon:

a

«

pocket » or Kangaroo wagon, using a
crane

or

reach-

stacker

Horizontal

Low

transhipment
Rail-road

wagon
Low

floor Multi-berces

floor

Polyrail

Mobiler system

An ordinary flat rail

This system can be

wagon and a road

installed on an HGV

vehicle

or a semi-trailer. The

system
wagons

Light-duty combined

make it possible for

rail-road techniques

heavy goods vehi-

that do not require a

cles (HGV) to use

transhipment

the rail network while

nal.

with
remaining

equipped

termithe

Polyrail

technique
easy

enables

system. A flat truck is

the

tranship-

used, equipped with

ment of ITUs without

a transhipper (a sort

resorting to a multi-

of pusher with hy-

modal platform or a

draulic rams)

branch line.

within

gauge. This system
was

designed

to

avoid vertical handling and the use of
cranes.
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Intermodal
Intermodal infrastructure
techniques
Vertical tran- Gantry cranes
shipment Railroad

Reach stacker

Pocket wagon

The gantry crane on

Reach stackers are

The pocket or kanga-

rails

often

for

roo wagon has a «

secondary

pocket » between its

Transport

sites or in addition to

bogies to accommo-

Units). This one can

gantry cranes. They

date an ITU – a

tranship swap bodies

require an extremely

liftable

and containers from

large area in which

container

rail to road and vice

to carry out loading

body – while remain-

versa.

and unloading opera-

ing within the rail

tions.

height gauge. The

is

used

for

handling

ITUs

(In-

termodal

use

reserved
on

semi-trailer,
or

swap

ITU must be transferred vertically using
a crane or a reach
stacker.

Vertical

tran- Gantry cranes

shipment Waterway-road

Intermodal

gantry

cranes (Wide Span
Gantry or WSG) are
used

in

terminals
certain

waterway
above

size.

a

They

can provide handling
for inland waterway
container

carriers,

management of the
container stack and
the

load-

ing/unloading

of

swap bodies, trains
and road vehicles.
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Intermodal
Intermodal infrastructure
techniques
Vertical tran- Ship to wharf
shipment Searoad

The stack

Lifting

equipments

Containers

are

related

to

stored

the

Lo-Lo,

behind

short for Lift on – Lift

wharf while awaiting

off.

delivery or loading.
In this part of the
terminal,
is

the stack,

managed

:

by

reach stackers or by
straddle carriers or
by

rubber-tyred

rail-mounted
cranes

(RTG

or

gantry
and

RMG).
Automated Stacking
Crane (or ASC) for
managing the stack

Source; Adapted from www.viacombi.eu

The table shows that the type of infrastructures considered are mainly involved in the
intermodal freight transport. In fact, the analysis of the intermodal transport vulnerability
to climate change carried out in this report is primarily focused on intermodal freight
transport, due to the fact that the intermodal passenger transport infrastructures, e.g.
airports, ports and rail stations, are already taken into account in the dedicated sections
of this Deliverable, i.e. Airports and air services, Maritime and inland ports and Public
Transport.
It should be stressed that the vulnerability to heavy storms, rain, ice is in general lower
than in other transport means, e.g. trucks in pure road transport, due to the heaviness
of the intermodal transport infrastructures described in the above table (track keeping
in line vehicles, gantry cranes, intermodal wagons, loading units, terminals).
On the other hand, the less flexibility of intermodal freight transport network, i.e. due to
a limited number of lines in the railway network that are able to meet the technical re-
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quirements allowing combined transport (e.g. Seidelman C., 2010), makes the intermodal transport more vulnerable to rail lines interruptions caused for example by avalanches.
The following tables provides a qualitative evaluation of the climate change weather
related events and their likely impacts on intermodal transport (operation and infrastructure).
Table 2: Qualitative assessment of climate change impacts on intermodal transport
Potential Climate Change
extreme weather events

Impacts on Intermodal land transportation
Operation

Infrastructure

Temperatures increases in Mild: Vehicle overheating Mild: Rail track deformity
very hot days and heat and tire deterioration
waves
Change in seasonal pre- High: Frequent interrup- High: Flooding of road/rail
cipitation and flooding pat- tions, increases in weather lines, tunnels, landslides,
terns
related delays
damages to road and
tracks
Increase in drought condi- Medium: Wildfires reduc- Medium: Wildfires threattions
ing transport activities
ening intermodal infrastructure
Increased

intensity

storms, winds and waves

in High: Debris on road and High: Increase probability
rail lines, interruptions

for infrastructure damages,
supports, lighting fixtures,
etc

Source: Adapted from Committee on Climate Change and U.S. Transportation, National Research Council
(2009)

The table shows that the extreme weather events potentially affecting intermodal
transport are flooding, landslides, avalanches, to the extent that they are causing delays in operations or interruptions in transport services. Damages from extreme temperatures, winds and intense precipitations can be considered of minor importance,
due to the heaviness of intermodal infrastructures. However, it should be considered
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that heavy rain and winds can hamper terminal operations with swinging loads, ultimately reducing productivity and causing delays.

1.2

Transport sector data availability

Concerning data availability on intermodal freight transport, two main channels can be
exploited: 1) European research projects and 2) official statistics from international organizations and statistical offices.

1.2.1

European Research projects

The recent European research projects (in the research Framework Programme FP6)
focusing on intermodal transport, as summarised in the Thematic Research Summaries on freight transport and intermodal transport (TRKC, 2009), have addressed several issues concerning intermodal network efficiency, technical improvements of intermodal transport, and applications of ICT to intermodality. As far as available data of
intermodal transport are concerned, a useful reference is the FP5, in which in parallel
to the development of suitable technical advancements, e.g. suitable wagons for travelling at high speed, innovative solution for transferring semi-trailers, conceptual terminal
designs with fully automated loading and unloading systems, other research projects
have focused on the analysis of intermodal transport chain and related costs.
In particular, The RECORDIT project (Real Cost Reduction of Door-to-door Intermodal
Transport - http://www.recordit.org/ ) has been carried out in order to address relevant
pricing-relevant objectives, i.e. designing an original accounting framework for intermodal transport, and documenting the value of individual cost items (both internal and
external) based on the detailed, bottom-up analysis of three intermodal trans-European
corridors and their all-road competing alternatives.
Furthermore, the REALISE Thematic Network (http://www.realise-sss.org/ ) has analysed short sea shipping, and, in the context of its integration into overall logistics
transport chains, during its 3-year activities, has achieved interesting and important
results on Statistics, Environment impacts comparisons across modes for the internalisation of external costs, Transport Market functioning and services, Port Hinterland
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Developments, Infrastructure requirements and Modal Drivers and modes performance.
In the context of the EU Marco Polo Programme, helping to reduce the costs of transport
to
the
environment,
the
economy
and
society
(http://ec.europa.eu/transport/marcopolo/), the project VIACOMBI (www.Viacombi.eu)
has provided a user friendly presentation of the intermodal services supply, associated
with an intermodal routing system for door-to-door shipments. A tool to assess environmental performances of the different transport solutions has also been developed.
This project represents a relevant source of information and data: operators' contacts,
grants and financial support schemes details available throughout Europe.

1.2.2

Statistical sources

Other than from European research projects and initiatives, relevant sources on traffic
volumes, economic performances and statistics on intermodal transport can be found
on the UIRR web site (http://www.uirr.com/). The UIRR is the International Union of
Combined Road-Rail Transport Companies, encompassing 19 member companies,
and providing an overview of the activities of the relevant stakeholders involved in the
CT:
the infrastructure managers (IMs), who put the railway network at the operators’
disposal for a fee;
the railway undertakings (RUs), which operate rail traction services;
the CT operators, who buy transport capacity from the RUs going from the
equivalent of one isolated loading unit (distribution traffic) to the whole train;
they provide about half the required wagons, the other half coming from the
RUs;
the terminal managers, who are, according to the circumstances, CT operators,
RUs or local operators.
the clients – road haulage companies, freight forwarders, logistics companies –
who deliver the loading units to the departure terminal and collect them at the
destination terminal.
Furthermore, data on intermodal transport flows in Europe (e.g. ITU carried on by rail)
can be found in the EUROSTAT web site (http://epp.eurostat.ec. ).
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2

The vulnerable elements of the transport sector

2.1

Infrastructure

The review of extreme weather events that are likely to address intermodal infrastructures has shown that climate change is projected to increase precipitation frequencies
and magnitudes, and therefore it is possible that the frequency and magnitude of
storms will increase in some regions. As consequence, closures of roads, railways, and
airports are likely to happen. Furthermore, increases in temperature and precipitation
together with increases in storm magnitude and frequency are very likely to increase
the frequency of avalanches and slides in soil and rock. In some areas, that would lead
to the high probability that these events will affect settlements, roads, and railways.
One implication is that intermodal infrastructure located in areas prone to slope failure,
e.g. terminal and transhipment points, are very likely to be more exposed to slide activity as groundwater amounts and water pressure increase.
The vulnerability list of elements potentially sensitive to climate change impacts on intermodal infrastructures is the following:
Road and rail infrastructures design. The impacts are manifold, e.g. from the
development of new, temperature-resistant paving materials for road and rail
lines, to the use of insulation material for extreme low temperatures. In case of
high risks of flooding and landslides, even the relocation of road and rail sections to more secure locations may be incurred to infrastructure planners and
managers. Increases in drainage capacity for new transportation infrastructure.
Maritime and airport infrastructures design. Increase the robustness of port
infrastructure from waves and storm surges. Terminal, cranes and other dock
facilities and warehouse protection. Development of new temperature-resistant
runway paving materials
Rolling stock design and construction. In rail intermodal transport, technical
standards for wagon construction (combined transport) take account of devices
for contrasting the effects of side winds.
Infrastructure maintenance. Additional maintenance costs may be incurred to
infrastructure managers due to of drainage canals near coastal roads and rail
infrastructure sections, cutting trees along the road and rail infrastructures.
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Facing the climate change impacts, it can be said that the most likely vulnerable elements are infrastructure maintenance and technical design.

2.2

Operations

The vulnerable elements related to the climate change impacts and affecting the intermodal transport operations are twofold.
1. Delays and the corresponding the time costs faced by the operator(s) when producing the intermodal service. Loss of productivity due to the adverse weather
conditions during terminal operations, e.g. quayside container crane productivity loss due to high waves
2. Service interruption, leading to closure of lines and loss of revenues.
The valuation of time costs from delays in the intermodal transport addresses the
monetary value of costs incurred by the users of the intermodal transport process as a
result of the flowing of time during the transport process itself.
This approach generally requires:
the identification of users
the identification and valuation of the time-related costs borne by the users.
In such a framework, we shall therefore consider as time costs only those which are
intrinsically associated to the flowing of time, independently from the operating step
within the transport chain, and for which the calculation procedure cannot be geared to
direct operating costs.
An attempt to identify and describe time costs compatible with these definitions is provided below.
Time costs are the sum of two basic cost components:
inventory costs
costs which measure the loss of value of the goods transported as a result of the
duration of the trip
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2.3

User impacts

In the case of intermodal passengers transport, the users are the persons on board,
and the time costs borne by the users can therefore be calculated by application of the
Value-of-Time estimations (as made available by different WTP studies, or/and derived
from wage rates, etc.). This usually allows to account for the difference of VoT for different categories of users (business Vs leisure, short Vs long trips, etc.)
In the case of intermodal transport this approach does not apply: the users are not the
persons on board - who are in fact contributing to the production of the transport service. - but rather the economic players involved (consigner/consignee). Among the
costs borne by those users, there is a wide range of cost factors that are time dependent, in the sense that their value varies with the duration of one or more steps of the
transport process.
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3

Quantification of entrepreneurial costs

3.1

Infrastructure damages

On February 2002, at Colmegno near Luino a landslide made the railway line as well
as the road unusable. The Swiss intermodal operator and UIRR-member Hupac on 27
February explained the situation due to the interruption of the lines in Chiasso and Luino. 10 daily trains were sent via Lötschberg/Simplon and the Domodossola border, 2
daily trains go via Austria and Brenner, and 10 daily trains stopped in the southern
Swiss terminals Chiasso, Lugano and Stabio (near Chiasso). Hupac was forced to
equip the terminals in Tessin (southern canton in Switzerland) with further cranes and
personnel to achieve higher lifting capacity.
The total interruption of the lines in Chiasso, made clear how important a definitive line
reconstruction on the line Bellinzona – Gallarate via Luino was in order to allow the
further development of combined transport flows.
Estimates of the construction costs for similar infrastructure lines in the Alpine crossing
of Gotthard and Lotshchberg amount to 90-100 M€/km (RFI, 2007).

3.2

Increased infrastructure operating costs

Literature review has stressed the lack of evidences on the impacts of climate change
and changes in weather conditions on infrastructure operating costs. In fact, this appears to be more an engineering that an economic issue ( Koetse, M.J, Rietveld, P.
(2009), whose access to information, evidences and impact assessment is in general
limited.
Available evidences have been provided in the context of the Arctic Climate Impact
Assessment, with reference to areas with permanent and discontinuous permafrost
(Instanes, A; et al. (2005).
However, despite the lack of evidences, the review of climate change related events
and the available studies have pointed out that infrastructure maintenance costs are
likely to increase relative to those at present, due to the impacts of climate change.
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The hypothesis assumed in this evaluation is that the increase of maintenance costs
due to the impacts of climate change (extreme weather events) is something about
10%-20%.
This percentage relates to the following cost items:
Maintenance of quay-rail cranes
Maintenance of marshalling locomotive and wagons
Storage cranes maintenance
Technical assets (Maintenance)
Personnel costs (monitoring of infrastructure lines, marshalling control staff, rail
cranes personnel, etc)
According to the RECORDIT project outcomes (2003), a detailed classification of intermodal costs (jncluding maintenance costs at terminal and transhipment points) was
carried out along three pan-European intermodal corridors, involving different transport
modes, of which a brief description is provided:
Freight freeways corridor (Patras-Gothenburg): a Class A and respectively Class
C swap body is door to door hauled from Patras to Gothenburg by pre haulage
by truck from Athens to Patras, short sea shipping to Brindisi, rail haulage
through Italy, Germany, Denmark and Sweden to reach Gothenburg, from
where the loading unit is transported by truck to the consignee;
Tri-modal corridor (Genoa-Manchester): a container is hauled from Genova
Manchester by rail haulage from Voltri Terminal Europa to Basel, by barge
Rotterdam, by short sea shipping to Felixstowe and finally by rail haulage
Manchester, where it is transhipped on the final post haulage leg by road
Preston;

to
to
to
to

Door-to-door corridor (Barcelona-Warsaw): a Class A and respectively Class C
swap body is pre-hauled to Barcelona and then completely hauled by train from
Barcelona to Warsaw, incurring seven train-to-train transhipments until Warsaw,
from where the loading unit is transported by truck to the consignee.
Intermodal transport requires the use of terminals at the interface between modes, and
sometimes between the same mode. In the case of rail to rail transfers, at €2000 costs,
the RECORDIT project showed the lowest cost at an average €27 per movement of a
40’ container. Road-rail transfers were rather higher at €36. In the case of inland wa-

17

WEATHER D2 Annex 9 – Intermodal Transport

terways and short sea shipping even higher figures were reported rising to around €60
with a figure of €166 quoted for the case of a transfer between an inland water vessel
and a ship.
The following table summarises the detailed maintenance costs by each RECORDIT
corridor (in € 2010 costs) and the resulting average costs assumed as standard cost
per Loading Unit transported (A Class 40' container).
Table 3: Average maintenance costs per Loading Unit (€2010)

GenovaPatrasManchester Gothenburg
Maintenance of quay-rail
cranes
Maintenance of marshalling locomotive
Storage cranes maintenance
Personnel costs (monitoring of infrastructure
lines, marshalling control
staff, rail crane personnel, etc)
Total

BarcelonaWarsaw
23.3

Average costs
per LU

37.3

12.9

24.5

10.7

3.7

5.3

1.8

2.6

3.3

214.1
267.5

88.8
107.1

137.2
163.2

146.7
181.6

7.2

Assuming the average maintenance costs of €181.6 per Loading Unit, the hypothesis is
that the additional impacts of the extreme weather events on infrastructure maintenance costs range between +10% and +20%, corresponding to an average increase by
€18 per loading Unit.

3.3

Increased costs of service provision

In terms of impacts on service provision, the assessment must considered the complexity of the organisation of the intermodal market, which is characterised by a multiplicity of players, including end-users (shippers and consignees), infrastructure managers, operators (modes, terminals) and service providers (forwarders, integrators), interacting at various levels and in non standardised forms. The cost and price formation
mechanisms associated to the production of the intermodal transport service are therefore extremely difficult to assess.
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The emerging role of the so-called integrators, while simplifying the picture by consolidating the process of service production, may on the other hand induce an increased
lack of transparency for the market users (whereby a significant part of transaction
costs would become agency costs).
As discussed in the above section, the elements of intermodal transport infrastructures
potentially affected by climate change events can be classified in the following items
(from the RECORDIT project, 2003):
Depreciation (of quay cranes, locomotives, wagons, etc)
Maintenance (storage, cranes, wagons, locomotives, etc)
Personnel costs (personnel at terminal, marshalling point, etc)
Energy consumption (Diesel cost for marshalling locomotives, etc)
Other costs (other terminal costs, marshalling and shunting personnel, shunting
operations costs)
Infrastructure charges, paid by transport operators for using infrastructure, e.g.
the rail network)
The list also includes infrastructure charges, to the extent that the major costs for repairing damaged infrastructure and maintenance can be partially passed on to the customers. Assuming 100 as the final intermodal service price for the user (shippers or
forwarders), the following table shows the share of these costs on the final price in the
three RECORDIT corridors.
Table 4: Share of climate change sensitive infrastructure items on the final price (€2000
prices)

GenovaPatrasManchester Gothenburg
Maintenance and use of
infrastructure

17.2%

12.1%

BarcelonaWarsaw
9.4%

Average share
on final price
per LU
12.2%

The impacts on the final cost for service provision will range between +0.5% and
+0.8%.
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4

Quantification of social costs

4.1

External accident costs

According to Lindberg (Lindberg, 1999), approximately 85% of the fatalities and 66% of
injuries in rail accidents are non-rail users, mainly road users at crossings. Rail accidents differ between rail track types, on high quality tracks the fatality risk is 30% lower
than on the average track. A fatality and injury risk below average is thus appropriate to
use on new constructed rail corridors.
The risks for railway users are limited, therefore system externalities (I) and traffic volume externalities (II) are small. As goods trains do not affect users other than railway
personnel, these externalities are negligible compared to the traffic category externality
(III), which may be significant.
In sum, the external accident costs from rail freight transport are the sum of risks to rail
passengers, rail employees and, significantly, risks which are imposed on users of
other modes (mainly road users). These externalities for rail freight transport are based
on fatality risks due to goods trains in the European countries where data is available.
Translating the estimates of external costs in intermodal transport (RECORDIT, 2003)
per train km into euro per load unit leads to figures between 0.2 and 1.5
€c/40’containerkm – considerably below that found on the road system. Updated to
2010, this leads to 0.008 €/40’ containerkm.
According to Koetse, M.J, Rietveld, P. (2009) , in the Netherlands, climate change extreme weather events related to climate change (snow, fog and rain) accounted by
10% of all rail accidents (2002).
Considering the overall volume of tonkilometer of rail annual railway transport of goods
in intermodal transport units (EUROSTAT) at EU level, the application of the average
costs of external accident costs in the Netherlands provides an estimate of about €100
k at 2009 prices.
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5

Generalization of results

The following table generalizes the results at EU level. The assessment of intermodal
transport vulnerability to climate change extreme weather events leads to €6.8 million
of annual costs, borne by infrastructure managers (57.0%) and social actors (43.0%),
i.e. the overall cost for the society due to additional accidents costs.
Table 5: Annual costs (mil. €) by affected actor groups

Type of event

Annual costs (mil. €) by affected actor groups*

Infrastructure
managers

Social costs
(accidents)

Total

Floods, avalanches

2.1

0.3

2.4

Storms, winds, waves

1.3

2.0

3.3

Extreme temperatures

0.5

0.6

1.1

Total

3.9

2.9

6.8

*The reference year is 2009

The allocation of costs by type of event, due to the lack of quantitative evidences
through significant case studies, has been conducted through qualitative insights from
the literature review. Storms, winds and strong waves, accounting by 50% of total
costs, are considered to exert a relevant influence of operational activities (use of infrastructure, loading and unloading, Origin/Destination trips, etc). The same can be said
for floods and avalanches, accounting for 35% of total costs, to the extent that their
impact is particularly relevant in interrupting services, and extreme temperatures (16%
of total costs), causing accidents and higher maintenance costs.
In terms of impacts on intermodal operational activities, it should be stressed that the
above table is not exhaustive. For example, concerning rail delays, the available evidences (Dobney, K and al, 2009 ) related to the UK Network Rail alteration database
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(reporting the origins of delays caused by weather events), do not allow to ascertain
the delays attributable to the freight transport network failures. Furthermore, the influence of bad weather conditions on terminal operation productivity (e.g. crane quays
operations) has been acknowledged in literature (A. Goussiatiner, 2009). However, the
current evidences are not sufficient to generalize the impact at EU level.
Besides, the above table does not include a proper generalization at EU level of the
assessment of weather extreme events on infrastructure damages, i.e. causing interruption of lines and services and quantifying the relative reconstruction costs. The only
exception is the landslide destroying the line Bellinzona – Gallarate via Luino in 2002,
for which an assessment of €1.3 m per year has been estimated and included in the
table on the basis of an overall cost of €90 m per kilometre for an infrastructure lifetime
of 72 years.
For the estimates included in the table, the assumptions behind the generalization at
EU level of the climate change costs are the following:
Cost borne by infrastructure managers. Other than the allocation of the annual
investment costs for the reconstruction of the line Bellinzona – Gallarate via Luino, it has been assumed an increase of +10% of maintenance costs for terminal infrastructures, crane, quay-rail cranes, etc, due to extreme temperatures,
storms, waves. An average lifetime of 15 years for these infrastructures has
been assumed. The corresponding increase of €0.2 at 2010 prices per Loading
Unit (a 40 feet container), estimated from the RECORDIT dataset, has been
multiplied by the overall Loading Unit transported in Europe in 2009 by rail
(EUROSTAT, 2010).
Cost borne by society. The €0.008 per Loading Unit kilometre (in 2010 prices)
accidents costs in intermodal transport estimated in the RECORDIT project
have been multiplied by the EU Loading Unit kilometre transported by rail in
2009 (EUROSTAT; 2010). According to the available literature, 10% of this
costs can be attributed to weather conditions Koetse, M.J, Rietveld, P. (2009) .

22

WEATHER D2 Annex 9 – Intermodal Transport

5.1

Transferability of costs to other regions

The allocation of the EU wide area costs to specific EU regions through the transferability of case studies evidences to other regions can be carried out basically through
two approaches (to be taken in isolation or in combination):
1. Using the intermodal transport activities as the key distribution variable implies to
assume that the volume of intermodal transport, i.e. the number of Loading Unit
carried on, is proportional to the overall costs incurred by the operators and society (including the costs caused by weather events)
2. Using the distribution of weather extreme events across European regions implies to allocate the costs according to the presence of the causing factor (the
extreme weather event) in order to estimate the damage distribution.
The application of the first approach can be carried out though the EUROSTAT tables
on the distribution of the railway transport of goods in intermodal transport units by
country and the number of empty and loaded intermodal transport units carried on railways by European countries.
These two sources have been used for generalising accident and maintenance costs at
EU level and can be used as proxy for the assessment of the intermodal transport activities and operations in specific European regions.
The following tables show in fact that Western Europe (Austria, Belgium, France, Germany, Luxembourg, Netherlands and Switzerland) is the European zone in which there
is the highest concentration of intermodal transport activity (number of Loading Unit
carried on and transported on railways), followed by the Southern countries (Cyprus,
Greece, Italy, Portugal, Slovenia, Spain).
Table 6: Annual number of empty and loaded intermodal transport units carried on
railways (2009) by European regions

Eastern

Northern
14,7%

Southern
11,6%

Western
16,7%
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Table 7: Annual railway transport of goods in intermodal transport units million-vkm
(2009) by European regions

Eastern

Northern
8,0%

Southern
15,3%

Western
19,1%

57,6%

Concerning the second approach (the use of the distribution of the number of extreme
weather events) the figure below shows that the most affected countries are located in
the south-western and western countries, in particular, as far as concern extreme temperatures and floods events.
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Data source:
EM-DAT Database
CRED, KU Leuven

The combination of the two approaches leads to the conclusion that it is likely that the
intermodal costs due to extreme weather events are mostly concentrated in the Western European countries and, to a minor extent, European Southern countries.
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5.2

Trends for future development of costs

The assessment of future costs in a medium/long period (20-30 years) depends on the
evolution of two main drivers:
Trends in future extreme weather events
Trends in technological development and future investment
Concerning the evolution of weather extreme events, it should be stressed that despite
the uncertainties in forecasting weather conditions due to the high non-linear behaviour
of weather events, it is likely that extreme warming temperatures and sea level rise will
are likely to happen (Committee on Climate Change and U.S. Transportation, National
Research Council, 2009).
Floods, extreme winds and waves are projected to increase and, as consequence, an
increase in the negative impacts (higher costs) of intermodal operations. The implications on intermodal transport infrastructure may be milder: firstly, the heaviness of intermodal infrastructures make them more resistant to bad weather conditions, and secondly the intermodal infrastructure (i.e. terminals) are in general not located on terrain
with flooding risks or along coastlines susceptible to erosion or floods.
On the other hand, maintenance costs are likely to increase relative to those at present, and rail and road network will be continually exposed to the risk of landslides and
avalanches.
Concerning the future investment, it has been stressed (Seidelman C., 2010), that new,
and rapidly growing container traffics forecasted in the future will require:
new specialised port facilities.
efficient rail-road combined transport network and infrastructure for longer distances.
To meet the growing demand at 2015, the UIC study (UIC, 2004) estimated the need of
huge investments (for new terminals, reducing bottlenecks, etc) able to improve by
80% the current (at 2002) capacity.
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It is likely to expect that the association of extreme weather events with new investment
and costly technologies can depict a dark picture for the vulnerability of intermodal
transport to higher weather-related costs.

References
CE Delft, 2008 “Handbook on estimation of external costs in the transport sector”, DG
TREN, 2008
Committee on Climate Change and U.S. Transportation, National Research Council
(2009) “Potential Impacts of Climate Change on U.S. Transportation: Special Report
290
Dobney, K and al, 2009 “The future cost to the United Kingdom’s railway network heatrelated delays and buckles caused by the predicted increase in high summer tempertures owing to climate change
ECMT (1998) Report on the Current State of Combined Transport in Europe”, Paris
EUROSTAT (2010) Tables from the Intermodal transport dataset EUROSTAT web site
A. Goussiatiner (2009). “Systematic Approach to Quayside Container Crane Productivity Improvement”. Container Management, Feb 2009:
Istanes, A; et al. (2005) ” Infrastructure: Buildings, Support Systems, and Industria Facilities”, Arctic Climate Impact Assessment, Cambridge
Koetse, M.J, Rietveld, P. (2009) “The impact of climate change and weather ontransport: An overview of empirical findings”, Transportation Research, Part D
Lindberg, G. (1999), Calculating transport accident costs, Final report of the expert
advisors to the High Level Group on Transport Infrastructure Charging, Working Group
2, European Commission, Brussels.
Seidelman C., 2010 “40 years of Road-Rail Combined Transport in Europe”, UIRR
RECORDIT (2003) “Real Cost Reduction of Door-to-Door Intermodal Transport”, Deliverable 3 Resource cost calculation for selected corridors
RFI, 2007 “Rete AV/AC Analisi dei Costi”, presentation to the internal seminar at RFI
(Italian Railway Network manager)
TRKC (2009) “Thematic Research Summary Freight Transport”, available at
www.trasport-research.info

26

WEATHER D2 Annex 9 – Intermodal Transport

UIC (2004) “Study On Infrastructure Capacity Reserves For Combined Transport By
2015”
UIRR (2009) “Annual Report”, Bruxelles

27

WEATHER D2 Annex 9 – Intermodal Transport

28

