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Executive summary 
 

This document is the third step in the EWENT approach to analyse and mitigate the influence of 

extreme weather on the European transport network. The two previous documents deal with the 

weather phenomena, which have influence on the different traffic modes (road, rail, aviation, in-

land waterways and maritime shipping), and with future weather scenarios, which impact these 

phenomena. 

 

In this document a quantitative approach to analyse the different traffic means is developed, which 

is used in the subsequent work packages to carry out cost analysis and develop risk mitigation 

strategies. 

 

The approach is two-stepped. First the impact of extreme weather phenomena on the abovemen-

tioned modes of transport is analysed. Example corridors or hot spots are identified for each traffic 

mean in each of the five identified climate areas (Nordic, Temperate, Alpine, Mediterranean and 

Maritime) and quantitatively assessed. Then following, the cost inducing effects of the weather 

phenomena are discussed. 

 

Both steps are evaluated separately for each transport mode because their sensitivity and resili-

ence differ significantly from each other. Finally, the expected impact changes are shown in a 

comprehensive summary table. 

 

The analysis shows that especially road traffic with its two traffic patterns, freight transport be-

tween major knots on corridors and passenger flows in large cities that are affected by delay. Also 

aviation that has high weather dependence already today, will suffer from extreme weather events 

in the future. The reason for this is two-folded. On one hand, wind gusts will increase, especially in 

the southern part of Europe and on the other hand, free capacity, which is currently used to buffer 

weather events, will be occupied by additional flights. Hence the impact of weather will be even 

higher than today. For the other traffic modes no significant change in delay behavior due to ex-

treme weather is expected in the long-term future, but already at present the delays do exist to the 

extent that requires attention. 

 

For all transport modes the accident rates should have a declining trend or stay on a low level in 

the future as it is expected that better technique and higher safety standards, which today are best 

adopted in aviation, will influence the accident rate more than the expected weather changes. 
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1. Introduction 
This document summarises the content of the work, done in work package 3 of the EWENT pro-

ject. It is based on the following documents: 

 D3.1: Extreme weather impacts of extreme weather 

 D3.2: Traffic safety impacts of extreme weather 

 D3.3: Extreme weather impacts on European transport operators and their customers 

 

In the previous work packages of the EWENT-project (“Extreme weather impacts on European 

networks of transport”) the focus has been laid on the identification of extreme weather impacts 

(WP1) and assigning probabilities to these phenomena (WP2). This was done in order to be able 

to identify their significance from the transport mode and regional importance point of view. This 

enables us to narrow the scope of analyses to those weather impacts that are most relevant for 

each region. 

 

Based on the work so far, the purpose of work package 3 is to focus on identifying the impacts of 

extreme weather impacts on infrastructure, its operators and users as well as the safety implica-

tions. The key aspect is to identify consequences of various extreme weather impacts on all 

transport modes and with geographical focus to capture the variety of European weather condi-

tions. The regions were identified as country groupings in the work package 1 and the most signif-

icant impacts were assigned for each region.  

 

The overall goal of work package 3 is to provide a quantitative assessment of impacts of extreme 

weather phenomena on transport modes, by regions. To achieve this target, for each of the identi-

fied climate regions [5], typical traffic nodes or corridors are identified. Based on these nodes and 

corridors, traffic volumes are identified and the consequences of adverse weather are analysed. A 

simplified generic example for these dependencies is shown in Figure 1. The more elaborated 

inter-dependencies will be reviewed in the next chapter when the methodological approach is re-

viewed. 

 

 

Figure 1: Generic example of harmful weather impacts and consequences to transport 

 

The following chapter 2 presents the methodological approach in greater detail. Chapter 3 gives a 

more global view on the present impact of extreme weather conditions on different transport 

modes and explains mode specific weather dependencies. The cost inducing effects of harmful 

weather events for the different transport modes are given in chapter 4. At the end a conclusion is 
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given in chapter 5. This document D3.4 build bridges to the following work package, i.e. the con-

tent of this document focuses on the needs and expectations from WP4.  
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2. Methodical approach 
Within the preliminary work packages WP1 (Phenomena: Identification and definition of extreme 

weather events) and WP2 (Probabilities: Estimation of probabilities of extreme weather in chang-

ing climate and different scenarios), an overall assessment of relevant weather phenomena and 

their occurrence has been created. In WP3 (Consequences: Estimation of consequences of ex-

treme weather) the consequences for each of the transport modes are analysed. The following 

Figure 2 shows input and output processed in this work package. 

 

Overall Impact per 

Transport Mode

D3.4

Impact

Phenomena

Transport mode

Impact on 

Infrastructure

D3.1

Impact on Safety

D3.2

Impact on 

Operators

D3.3

D1.1

Input                                       Result                                                 Output

 
Figure 2: Input-Output relation for WP3 

 

Within WP3 three different views are processed. These are the impacts of extreme weather on 

 the infrastructure and its operations,  

 safety issues 

 transport operators and their customers. 

These three views are combined in a final deliverable, which will be used for further studies on the 

costs of extreme weather events in subsequent work packages. 

 

Especially the analysis of the safety impacts of extreme weather phenomena needs a special ap-

proach. Methodologically, two challenges are encountered when the safety impact of extreme 

weather is discussed. First of all, there is a need to establish a baseline of accidents data, against 

which the impact of extreme weather conditions can be identified. Second, the nature of accidents 

due to extreme weather has to be analysed. Unlike in the infrastructure and operator view, where 

categorically impacts are of certain nature with different durations or magnitude, the accidents 
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pose a question of what types of accidents tend to occur as a consequence of extreme weather. 

For instance, if the result of extreme weather is slippery conditions, depending on the speed of 

traffic impacts can be either material damages or more severe accidents. If the selected transport 

corridors and nodes are used to analyse the safety impacts some key data on the current safety 

issues within these sections of transport systems are essential for the analysis. 

 

Independent from this methodical approach, the structure of the different views, i.e. infrastructure, 

safety and operator view, is related to the different traffic mode in order to allow an adapted ap-

proach for each of these modes. But the impact is not only depending on the transport mode. It 

also depends on the phenomena. This additional dependence is described within each transport 

mode chapter separately.  
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3. Impact of extreme weather phenomena 

3.1. Road 

3.1.1. Infrastructure 

As discussed and analysed in the Work package 1, we can distinguish the weather phenomena to 

have sector-specific impacts, which would also become region-specific, when the Europe is con-

sidered to have several climate zones. Typically, the regions will have their specific phenomena to 

deal with, which can take different magnitude on the transport sector and specific transport 

modes. Expressed alternatively, same weather phenomena may cause quite different impact on 

different regions due to the transport operators‟ preparedness to deal with the phenomena. 

 

Starting from the research conducted in Work package 1, we can take the threshold values de-

fined and see what their particular impact on road transport would be. For road transport, several 

thresholds were defined for high temperatures. All temperature thresholds lead to different conse-

quences as they have different impacts on the road and road users. Annex 1 presents the full 

range of impacts on roads, and identifies which phenomena are most relevant for each region. 

Most regions become affected by almost all phenomena, so the challenge next is to identify which 

regions are most affected by a certain phenomena. 

 

Table 1 presents the weather phenomena for road transport at the generic level. Almost all phe-

nomena are relevant for the road transport in all the climate zones. This is even further the case 

when we look at the Annex 1, where this information is presented broken down to more detail. It is 

surprising that even in the Mediterranean climate zone snowfall, and not e.g. heat waves, are re-

ported more often by media as harmfully impacting phenomena.  

 

 

ROAD TRANSPORT 

Phenomena Scandinavia Temperate Alpine Mediterranean Maritime 

Low temperature √ √ √  √ 

Snowfall √ √ √ √ √ 

Wind gusts √ √ √  √ 

Heavy precipita-

tion 

√ √ √ √ √ 

Table 1: The most harmful weather phenomena by region for road transport based on me-

dia mining [5] 

 

Road traffic/transport is a challenging case compared to other modes of transport as there are two 

distinctive travel patterns, both of which are affected by weather. Most part of freight transport de-

lays in road transport is a result of impacts on the long-haul transport, whereas for the passenger 

transport the impacts are created through volumes of passengers in urban transport. From the 

regional point of view, identifying the transport corridors for freight is crucial, from passenger 

transport point of view the focus will be on the major cities in the regions. This is because the ma-

jority of trips affected by extreme weather consists of travel within and to cities.  
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From the passenger transport perspective, the most of the trips take place in major cities, which 

create the biggest impact on passenger transport. The following Table 2 lists the major cities of 

the 5 European sub-regions, based on the population. Instead of estimating the impact on every 

single trip we will focus on impacts on major cities and the results can be used as low-end esti-

mates of the total impacts.  

 

 

  
Major cities  Population 

Scandinavian 

SAINT PETERSBURG 4,661,219 

STOCKHOLM 1,252,020 

COPENHAGEN  1,189,231 

HELSINKI MA 1,029,773 

OSLO 907,288 

Temperate 

BERLIN 3,440,441 

PARIS 2,203,817 

HAMBURG 1,773,218 

WARSAW 1,711,466 

BUDAPEST 1,721,556 

BELGRAD 1,594,000 

BUCHAREST 1,944,367 

COLOGNE 1,000,298 

Alpine 

VIENNA 1,712,903 

MILAN 1,311,741 

MUNICH 1,356,594 

TURIN 909,960 

Mediterranean 

MADRID 3,255,944 

ROME 2,756,502 

BARCELONA 1,621,537 

Maritime 

LONDON 7,556,900 

BIRMINGHAM 1,016,800 

LEEDS 770,800 

GLASGOW 581,900 

SHEFFIELD 534,500 

Table 2: European cities by region and population;  (population data compiled from various 

sources) 

 

Similarly, the European road network between major cities can be defined for major freight 

transport corridors. Many of the routes serve also maritime transport, moving goods from ports to 

final consumers. The distance between cities is of relevance, as the delays make travel times 
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longer and contribute to costs of extreme weather. There are hundreds of routes in Europe used 

for freight transport, which can be also combined to a single route (for instance, London-Paris-

Berlin-Warsaw could be understood as a single route or a combination of several routes). For the 

purposes of trying to present quantifiable results in WP4, we focus on shorter routes, mainly within 

the regions. These routes are presented in Table 3. Colours indicate the climatic regions of nodes, 

and where two colours are used the end nodes of a corridor are located in different climate zones. 

 

 

  
Corridor  Length (km) 

Scandinavian 

TURKU-ST PETERSBURG 445 

OSLO-STOCKHOLM 415 

COPENHAGEN-STOCKHOLM  521 

TALLINN-WARSAW 831 

COPENHAGEN-VIENNA 869 

Temperate 

WARSAW-BERLIN 516 

BERLIN-PRAGUE 280 

ROTTERDAM-BERLIN 609 

PARIS-MARSEILLE 777 

GDANSK-VIENNA 702 

Alpine 
MUNICH-BUDAPEST 564 

VIENNA-MILAN 623 

Mediterranean 

ATHENS-PATRAS 177 

THESSALONIKI-IGOUMENITSA 261 

LISBON-BILBAO 721 

LISBON-MADRID 503 

MILAN-NAPLES 657 

Maritime 

LONDON-LIVERPOOL 289 

LIVERPOOL-GLASGOW 280 

CORK-DUBLIN 220 

Table 3: Selected major freight transport corridors in Europe by region. 

 

The routes are mapped in Figure 3 below. As we can see, several cities act as intersect nodes in 

the freight transport network, However, despite the fact that some freight is likely to travel distanc-

es greater than one single identified transport corridor, focusing on shorter corridors makes more 

sense. The portion of freight travelling longest distances in European transport corridors is only a 

fraction of the total volume. 
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- 

Figure 3: Selected freight transport corridors in Europe. 

 

Freight routes are quite short in the Maritime area and Scandinavia, due to the geographically 

small regions. In these routes traffic volumes are also smaller than in more densely populated re-

gions in Europe. 

 

We also need data on the volumes of vehicles, for urban areas for commuting traffic and for 

freight corridors for total amount of vehicles, broken down to trucks and passenger cars. For in-

stance, the Turku – Saint Petersburg freight corridor has daily volume of 1,200 – 2,000 trucks, 

along with 10,000 – 20,000 passenger cars, out of which we can assume the lower level volumes 

to be connected with poor weather conditions.  (For more thorough review of traffic volumes in 

Finland and along the corridor, see [66]).  

 

From the infrastructure operators and users point of view, the road maintenance and repairs 

needs are the most significant cost resulting from the extreme weather. The needs result from 

various weather phenomena, which are: 

 Heavy precipitation 

 Wind gusts 

 Heavy snow 

 High temperature 

 Low temperature; and 

 Blizzards 

 

Climatic zones 

Scandinavian 

Temperate 

Alpine 

Mediterranean 

Maritime (N/S) 
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The mechanism of translating extreme weather phenomena to damages to infrastructure is shown 

in Figure 4. The fact that in some cases the impact is a damaged construction has not been cap-

tured in the figure explicitly, but is considered to be part of the maintenance required. This will be 

the case, for instance, with the potholes resulting from winter conditions. However, in practise the 

particular coldness is not itself the process that creates the potholes but rather the impact of fall 

and rise of temperatures on the roads and their construction.  

Road repair
Flooding

Maintenance

ConsequenceImpactWeather phenomena

Repair need

Wind

gusts

Blizzards

Heavy 

precipitation

Maintenance need

Bridge and 

pavement repair

High 

temperature

Damage to 

constructed 

environment 

(road, bridges, 

pavements etc.)

Physical obstacles 

to users (trees, 

power lines etc.)

Low 

temperature

 

 

Figure 4: The impact of extreme weather on road transport operators. 

 

The fact that some of the impacts are more easy to deal with (for instance, physical obstacles in 

many cases can be removed relatively quickly) is making some issues only a short-term concern 

for the operators. However, this requires that the operators become aware of the issues quickly 

and can also respond to maintenance needs without delay. In cases where the repair or mainte-

nance needs cause a more long-term impact, resulting in total or partial closure of a section of the 

road, the ability to respond to user needs is crucial. The longer the delays or the prolonged poor 
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condition of the road, the greater the social costs in terms of time loss and accidents to road us-

ers.  

 

3.1.2. Safety 

The main reason for road transport accidents is identified as the loss of vehicle control. Most of 

the previously identified extreme weather phenomena that can result in the loss of control: 

 Heavy snow 

 Heavy precipitation 

 Wind gusts 

 High temperature 

 Low temperature 

 Blizzards  

 

There are also several different mechanisms through which the safety impacts can materialise. 

Reduced visual recognition leads to difficulties to identify obstacles and consequently accidents 

can take place more frequently. Slipperiness caused by water and ice can result in poor driving 

performance. Damages to constructed environment can lead to problems in controlling the vehi-

cle. Reduced situational awareness, for instance due to fatigue, can also lead to users inability to 

control the vehicle. Consequently, the physical obstacles created by blizzards and wind gusts are 

also potential causes of safety issues. 

 

Road is a transport mode whose safety standards are inter alia affected by quality of road envi-

ronment encompassing weather conditions. Therefore, chapter 3 presents a summary of a range 

of European and North American studies which analysed risk factors contributing to road acci-

dents in an attempt to single out weather-induced collisions‟ triggers. However, exploration of ac-

cident causality is a complex task because road crashes are often causally connected to manifold 

of risk factors which more often collectively than individually underlay the accident events. Alt-

hough there is always an element of randomness in road accident‟s occurrence, several risk fac-

tors have been identified and investigated. As a result, weather-induced impairment of visibility 

and driving condition was among the significant collision hazards. In recognition of the latter, our 

survey incorporated several individual risk factors connected to road users-external environment 

and road users‟ actions, as well as interaction between these two elements of driving circum-

stances.  

 

More concretely, research on the following road accident risk factors is presented here: 

1) Type of roads and traffic conditions 

2) Quality of road design 

3) Environmental risk factors ( including weather-impaired driving conditions) 

4) Structure and characteristics of road users, and 

5) Traffic behaviour of road users 

 

Looking at road safety statistics globally, Table 4 presents the OECD countries fatalities data. Ma-

jority of fatalities takes place in roads outside urban areas (only notable exceptions being Canada 

and Japan), which is a result of higher speed in accident situations. In general the amount of fatal-

ities is related to the population and vehicle fleet of countries.  
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Year all roads 

 

road 

outside 

urban 

areas % all roads 

 

whereof 

motorways 

%roads 

outside 

urban 

areas 

Australia 2008 1442 - - - - 

Austria 2008 679 490 72.2 75 15.3 

Belgium 2007 1057 737 69.1 152 20.6 

Canada 2007 2761 1346 48.8 375 27.9 

Czech Republic 2008 1076 632 58.7 30 4.7 

Denmark 2008 405 277 68.2 34 12.3 

Finland 2008 344 236 68.6 9 3.8 

France 2008 4275 3040 71.1 254 8.4 

Germany 2008 4477 3216 71.8 495 15.4 

Greece 2008 1553 809 52.1 120 14.8 

Hungary 2008 996 577 57.9 54 9.4 

Iceland 2008 12 7 58.3 - - 

Ireland 2008 279 202 72.4 2 1.0 

Israel 2008 412 249 60.4 - - 

Italy 2008 4731 2665 56.1 452 17.0 

Japan 2008 5772 2636 45.7 134 5.1 

Korea 2008 5870 2945 50.2 440 14.9 

Luxembourg 2008 35 - - - - 

Netherland 2008 644 415 64.4 70 16.9 

New Zealand 2008 366 274 74.9 6 2.2 

Norway 2008 242 210 86.8 - - 

Poland 2008 4572 2401 52.5 43 1.8 

Portugal 2008 840 454 54.0 89 19.6 

Slovenia 2008 214 141 66.9 10 7.1 

Spain 2008 3100 2466 79.5 109 4.4 

Sweden 2008 397 298 75.1 18 6.0 

Switzerland 2008 357 222 62.2 27 12.2 

United Kingdom 2007 3059 2095 68.5 185 8.8 

USA 2008 37251 23066 61.9 4675 20.3 

Table 4: Fatalities in OECD countries [67]. 

 

More detailed data from fatalities in Europe is shown in Table 5. Last decade has seen a drastic 

decline in the amount of total fatalities at the European level, Many countries have launched ac-

tive campaigns on road safety, both in terms of technical solutions (for instance, roundabouts in 

France and median dividers in UK and Nordic countries) as well as awareness raising (blackspot 

management in France, zero vision traffic safety papers).  

 

The changes in fatalities and injuries in road transport in the EU countries between 1997 and 

2006 are illustrated in Figure 5. Most countries have been able to reduce the amount of accidents 

as well in addition to fatalities, with the notable exceptions of Spain, Italy and Sweden where acc 

dents have increased. The challenge is to link the weather data with accident data.  
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Below statistics depicts the monthly fatalities data by country for the year 2006. This shows that 

there have been slightly more than average amount of fatalities July to October and below the 

average in January to April. There is likely correlation between the traffic volume and the acci-

dents, particularly during the European holiday season. 

 
Figure 5: Percentage change in number of fatalities and injury accidents by country (20061 

compared to 1997) (Source: [68]) 

 

 
Table 5: Road traffic fatalities data by month, 2006. (Source: [68]). 
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The Finnish statistics compile data according to weather event and consequences (see Table 7). 

According to that statistic 18,6 % of fatal accidents takes place in bad weather conditions (water in 

road ruts, snowy, slushy or icy road) in Finland. Fatal accidents represent only 3,3 % of all the 

personal injury accidents.  

  

The statistic show that bad driving conditions cause about 1600 personal injury accidents in Fin-

land per year.  

 
 

  Fatal accidents % 
All personal injury 

accidents % 

Good driving conditions 135 60,0 4041 58,0 

Good wintery conditions 6 2,7 134 1,9 

Wet road 42 18,7 1204 17,3 

Water in road ruts 1 0,4 39 0,6 

Snowy road 7 3,1 356 5,1 

Slushy road 6 2,7 236 3,4 

Icy road 28 12,4 959 13,8 

  225 100,0 6969 100,0 

Table 7: Means of all personal injury accidents and fatal accidents in Finland 2005 – 2009 

[78] 

 

3.1.3. Operators 

When we are discussing the transport operators and their customers in each transport mode, the 

nature of the relationship between the two has to be understood. We can distinguish three main 

types of operator-customer relationships, which are: 

 Freight transport 

 Long distance passenger transport 

 Short-distance passenger transport 

 

Each type of relationship has its special features, for instance the freight transport is almost entire-

ly based on contracts between service providers and clients, which specify the form of compensa-

tion for unexpected delays. With regards to weather, such contracts are likely to contain clauses 

against force majeure, which cover the extreme conditions beyond reasonable control of the ser-

vice provider. In some cases, when priority clients or goods are in question, it is possible that the 

contract also specifies some form of compensation. 

 

In the passenger transport, the current European Union legislation has set rules for passenger 

compensation
1
. When the weather conditions result in delays, the operators are required to pro-

                                                      
1
 For reference, see for aviation Regulation (EC) No 261/2004 of the European Parliament and of the Coun-

cil of 11 February 2004 establishing common rules on compensation and assistance to passengers in the 

event of denied boarding and of cancellation or long delay of flights, and repealing Regulation (EEC) No 

295/91. For rail, Regulation (EC) No 1371/2007 of the European Parliament and of the Council of 23 Octo-

ber 2007 on rail passengers’ rights and obligations. For bus transport, Regulation (EU) No 181/2011 of the 

European Parliament and of the Council of 16 February 2011 concerning the rights of passengers in bus and 

coach transport and amending Regulation (EC) No 2006/2004. 

 

 

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32007R1371:EN:NOT
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vide compensation according to an agreed scheme. This has led to more preventive measures for 

operators to cope with the extreme weather, but at the same to increasing operation costs through 

compensations paid to passengers. 

 

As short distance passenger transport occurs in the commuting transport, it is clear that this is a 

case of large volumes of passengers in the system with relatively short travel distances. In these 

cases the volume of passengers leads to the significant delay effects. 

 

In principle, the issues road transport deals with are related to delays and accidents again.  

 

3.2. Rail 

3.2.1. Infrastructure 

Compared to other modes, rail transport can be considered largely dependent on the physical 

transport infrastructures. Serviceable, undamaged rail tracks are a prerequisite for any rail 

transport service, along with functional train fleet and power supply. An isolate disturbance, for 

example weather induced damage to rail tracks, can stop all traffic on that railway section. Re-

routing is difficult especially in case of single track environments. 

 

Table 8 summarises the most harmful weather phenomena for rail transport by region. Included 

are both the very low and high temperatures, wind gusts and heavy precipitation in forms of rain 

or snow. When extreme, these phenomena threaten most importantly the physical infrastructures 

(rail tracks, train fleet and power supply systems) and therefore the operability, accuracy and safe-

ty of rail transport services. In addition, these weather phenomena cause inconvenience to pas-

sengers and staff, especially the maintenance staff. 

 

 

RAIL TRANSPORT 

Phenomena Scandinavia Temperate Alpine Mediterranean Maritime 

Low temperature √ √ √  √ 

Snowfall √ √ √  √ 

Wind gusts √     

High tempera-

ture 

   √  

Heavy precipita-

tion 

 √ √ √ √ 

Table 8: The most harmful weather phenomena by region for rail transport based on media 

reports [5]. 

 

To enable quantitative analysis in the following work, four to six rail infrastructure subsystems 

were identified for each of the five regions or climatic zones (Scandinavian, Temperate, Alpine, 

Mediterranean and Maritime) to represent typical high transport volume rail networks in Europe. 

The selections include two types of rail infrastructure elements: corridors for rail freight transport 

and urban rail networks for rail passenger transport (see Figure 6 and Table 9). 
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Figure 6: Rail corridors (freight), marked with lines, and urban/regional/commuter rail net-

works (passenger transport), marked with stars, for the five climatic zones. 

 

The selections on corridors (two to four for each zone) were made based on the ERTMS (Europe-

an Rail Traffic Management System) corridors, the RNE (RailNetEurope) corridors and the TEN-T 

(Trans-European transport network) Priority axes. The six ERTMS corridors represent 6 % of the 

European track length and 20 % of European freight traffic (2005) and therefore serve as the prin-

ciple reference. 

 

One or two urban rail networks were selected for each zone to represent the most vibrant public 

transport systems in terms of rail passenger volumes. These over ground networks typically con-

nect major cities to the surrounding suburbs, serving especially commuter traffic. 

 

 

Climatic zones 

Scandinavian 

Temperate 

Alpine 

Mediterranean 

Maritime (N/S) 
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 Rail corridors /  

urban rail networks 

Rail length
*
  

(number of passengers) 

Scandinavian 

Stockholm - Malmo - Hamburg
2
 1 140 km 

Turku - Helsinki - Lahti - Sankt Pe-

tersburg 
1 140 km 

Copenhagen S-train (S-tog) 170 km (2009: 92.146 million) 

Helsinki commuter rail (2009: 54.439 million) 

Temperate 

Rotterdam - Cologne -Mannheim
1
 500 km 

Dresden - Praha – Budapest
4
 760 km 

Berlin – Warsawa
5
 570 km 

Hamburg - Hanover - Nuremberg - 

Munich
2
 

770 km 

Paris RER 590 km (annual 782.9 million) 

Berlin S-Bahn 331 km (daily 1.060 million)  

Alpine 

Mannheim - Basel - Milano - Ge-

nova
1
 

730 km 

Lyon – Verona
4
 630 km 

Munich - Verona
1
 440 km 

Zurich S-Bahn 380 km (2008: daily 382 526) 

Mediterranean 

Valencia – Lyon
3
 1 040 km 

Verona - Naples
2
 730 km 

Lisbon - Porto 340 km 

Madrid Cercanías 339 km 

Maritime 

Glasgow - Manchester - London - 

Lille 
920 km 

Cork - Dublin - Belfast 450 km 

Liverpool Mersey rail 120 km (daily 100 000) 

London commuter rail (daily 860 000) 

Table 9: Rail corridors (freight) and urban/regional/commuter rail networks (passenger 

transport) for the five climatic zones. 

 

Distances for corridors are calculated using [69]. Rail length for urban rail networks comes from 

different sources [70]. Comparison to ERTMS corridors shows the following. Corridors are only 

looked at partially with the cities crossed not being part of the corridors.  
1
 ERTMS corridor A (Rotterdam - Genoa, 3 760 km) 

2
 ERTMS corridor B (Stockholm - Napoli, 2 000 km) 

3
 ERTMS corridor D, partial (Valencia - Verona – Ljublana - Budapest, 2 270 km) 

4
 ERTMS corridor E (Dresden - Praha - Budapest, 1 620 km) 

5
 ERTMS corridor F, partial (Aachen - Berlin - Warsawa, 1 930 km) 
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3.2.2. Safety 

Introduction 

Rail safety issues are also results of several weather phenomena. The volume of injuries and fa-

talities in European rail transport is significantly lower than that of road transport. 

 

The Railway Safety Directive 2004/49/EC of the European Parliament and of the Council defines 

the terms accident, serious accident and incident as follows: 

 

- accident means an unwanted or unintended sudden event or a specific chain of such 

events which have harmful consequences; accidents are divided into the following catego-

ries: collisions, derailments, level-crossing accidents, accidents to persons caused by roll-

ing stock in motion, fires and others 

- serious accident means any train collision or derailment of trains, resulting in the death of 

at least one person or serious injuries to five or more persons or extensive damage to roll-

ing stock, the infrastructure or the environment, and any other similar accident with an ob-

vious impact on railway safety regulation or the management of safety; extensive damage 

means damage that can immediately be assessed by the investigating body to cost at 

least EUR 2 million in total 

- incident means any occurrence, other than accident or serious accident, associated with 

the operation of trains and affecting the safety of operation. 

 

 
Table 10: Rail safety statistics for 2010,[159] 

Safety statistics and databases 

The ERADIS (ERA Database of Interoperability and Safety Documents) is an extension to the 

former public database of safety documents [111] established and managed by the European 

Railway Agency (ERA). Common safety indicators (CSIs), as defined by the Railway Safety Di-

rective 2004/49/EC, are collected from each of the European Union member state by ERA and 

published in the ERADIS database. The data consist most importantly of the total and relative (to 



 

 

     

26/136 

train kilometre) number of accidents and a break-down by type of accident and by type of conse-

quence. The ERADIS database also compiles accident investigation reports from the member 

states and based on all the information and data received, a synthesis report Railway Safety Per-

formance in the European Union is published every other year, most recently in 2010. 

Railway accident statistics is also collected from the national authorities by the Statistical Office of 

the European Communities (Eurostat), and three types of data are published on the website 

(available at http://epp.eurostat.ec.europa.eu/portal/page/portal/transport/data/database): annual 

number of victims by type of accident, annual number of accidents by type of accident and annual 

number of accidents involving the transport of dangerous goods. 

 

The actual collection of the national data on rail safety performance is, for example in Finland, 

done by VR Group, which is currently the only rail transport service provider. A summary of the 

reported incidents and accidents is then compiled by the national statistics authority, Statistics 

Finland. The information and data concerning the Finnish rail safety performance to ERA is deliv-

ered by The Finnish Transport Agency and to Eurostat by the Finnish Transport Safety Agency 

(Trafi). 

Linkage between safety performance and weather phenomena 

 

The aggregate level safety data as published by ERA, Eurostat or national authorities such as 

Statistics Finland does not usually reveal the actual causes or prerequisites to the accidents. 

Therefore the amount and share of weather-induced accidents cannot be derived from these 

sources. 

 

As a literature survey by [160] suggests, studies to investigate the effects of weather on rail 

transport safety are scarce. Only a few sources come up with statistical analyses on the amount 

of weather-induced accidents and incidents, and, as stated in each of these studies, the numbers 

underestimate the situation, because of the reporting practices. Even if multiple causes are re-

ported (e.g. direct and indirect or primary and secondary causes), the impact of weather may still 

be ignored. 

 

A Dutch study by [161] analysed the frequency of weather related rail infrastructure failures in the 

Netherlands in 2003. Out of the over 8 000 failures recorded, approximately 5% were reported to 

result from adverse weather conditions. However, it was estimated that the number would double 

to 10% if the reporting system was adjusted to better support the examination in context of weath-

er. The weather phenomena to cause most damage were high temperatures, icing, storm and 

lightning. 

 

The Federal Railroad Administration (FRA), governed by the United States Department of Trans-

portation, maintains an online database on it‟s website [162], where historical data on railway ac-

cidents and incident can be downloaded and dynamic queries can be run based on various crite-

ria. The data from FRA reporting systems has also been used in studies by [163] examining the 

share of weather induced accidents and incidents. Rossetti found out based on a review of over 

40 000 records over the ten-year period 1995-2005 a total of 861 weather related records (less 

than 2.2%). The most frequently reported weather phenomenon to cause accidents was tempera-

ture extremes and temperature variability (25 %), followed by liquid precipitation (23%). The most 

common type of consequence in weather related accidents and incidents were derailment (about 

75%), typically associated with heat, rainfall, snow or ice. Derailments were also the type of acci-
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dent to cause most severe consequences to passenger safety (fatalities and injuries). In addition, 

Rossetti analysed the seasonal and daily patterns of weather related accident and incident rec-

ords. Annually two peaks were identified: one in January (snow and ice) and another one in July 

(high temperatures). Daily peak at around 3 pm was also observed, but it was suspected to simply 

mirror the traffic volumes. 

 

 
Table 11: Precursors recorded in the UK in the period 2005-2010 [71]. Potentially weather-

related precursors are highlighted in blue. 

 

The British Rail Safety and Standards Board (RSSB) (2010) publishes safety performance data 

concerning the rail transport in the UK, and an interesting inventory has been made on precursors 

or failures and conditions that could lead to accidents, retrieved from the report, shows recorder 

precursors from 2005 to 2010, some of which are related to weather phenomena. In this context 
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the term „precursor‟ means “a system failure, sub-system failure, component failure, human error 

or operational condition which could, individually or in combination with other precursors, result in 

the occurrence of a hazardous event” [[116]] 

Rail safety issues are also results of several weather phenomena. The volume of injuries and fa-

talities in European rail transport is significantly lower than that of road transport.  

 

3.2.3. Operators 

Situation in rail is very similar to roads, the major difference of course being that in many countries 

only one company or a small group of companies is responsible for the actual operation of freight 

and passenger services. This leads to accumulation of both information and responsibilities to a 

more limited group of actors. This can also create a significant financial liability to the actor(s) in 

question. 

 

3.3. Aviation 

3.3.1. Infrastructure 

The aviation infrastructure is in difference to other transport means like road or rail concentrated 

on relatively small points, the airports and navigation facilities. During the normal cruise aircrafts 

fly in 10.000 metres or above. Therefore, the influence of weather is minimal. But during the arri-

val and departure procedures at the different airports, aviation is much more sensitive against 

even slight weather phenomena. But it has a shorter recovery time from very strong phenomena 

(see also Figure 7). 

 

The infrastructure dependent operations can be effected by many weather phenomena even at a 

low level (see Table 12). Wind, rain, snow, etc. are all possible factors for significant delays even 

airport closures, actually if no other transport mode is affected. These delays can be seen espe-

cially at very busy airport, which operate at their maximum capacity. Here you can get accumula-

tion effects, i.e. if you have disturbing weather for only a short period of time (e.g. 1 hour), the traf-

fic operation will suffer the whole day, because there is no possibility to reclaim. 

 

AVIATION 

Phenomena Scandinavia Temperate Alpine Mediterranean Maritime 

Low temperature √ √ √ √ √ 

Snowfall √ √ √ √ √ 

Wind gusts √ √ √ √ √ 

Fog √ √ √ √ √ 

Heavy precipita-

tion 

√ √ √ √ √ 

Table 12: The most harmful weather phenomena by region for aviation based on media 

mining analysis [5] . 

 

On the other hand, looking at extreme weather phenomena, like tornados or heavy thunder-

storms, air transport has the shortest recovery time of all traffic modes. This results from the fact 

that airports and air navigation facilities are much easier to maintain or repair as complex net-

works like streets or rail tracks. The advantage of the point-base maintenance can also be seen 
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during or short after catastrophic events. Air is the transport mode, which performs the first 

transport to and from the catastrophic area, because it is much easier to build or repair a runway 

than a long street or even rail track. But after a while the network-base transport modes take over 

the main transport task as they have a much higher capacity. 

 

 

  
Typical major 5 Airports  Departures / Year (2008) 

Scandinavian 

COPENHAGEN - KASTRUP 132 097 

OSLO - GARDEMOEN 117 948 

STOCKHOLM - ARLANDA 111 524 

HELSINKI - VANTAA 92 651 

SAINT PETERSBURG 63 402 

Temperate 

PARIS CHARLES DE GAULLE 279 988 

FRANKFURT MAIN 242 693 

AMSTERDAM SCHIPHOL 220 656 

BRUSSELS NATIONAL 125 890 

DUSSELDORF 113 786 

Alpine 

MUNICH 214 675 

VIENNA SCHWECHAT 144 803 

ZURICH 131 499 

MILAN MALPENSA 109 070 

GENEVA COINTRIN INT. AIR-
PORT 

87 910 

Mediteranean 

MADRID BARAJAS 234 889 

ROME FIUMICINO 173 326 

BARCELONA 160 743 

ISTANBUL - ATATURK 129 972 

ATHENS E. VENIZELOS 96 708 

Maritime 

LONDON HEATHROW 239 280 

LONDON GATWICK 132 048 

DUBLIN 104 106 

MANCHESTER 101 412 

LAS PALMAS 57 168 

Table 13: Five typical major airport for the five climatic zones [1], [8] 

 

The heavy snowfall and cold weather in December 2010 showed another problem for air traffic 

operations. The number of available snowploughs is not sufficient at each airport. But even if run-

ways and taxiways are cleared, operations cannot be processed normally, because the supply 

chain, depending on other transport means is disrupted. In this particular event, de-icing liquid for 
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aircraft was in shortage and could not be delivered in time. But there may be also other reasons. 

However, airport operators were accused for not solving these problems in an efficient manner 

and the European Commission plans to release new regulations to reduce this kind of disruption 

from winter weather. 

 

A great example of severe weather phenomena leading to massive delays at an airport were the 

heavy snow falls at London Heathrow in December 2010 with a peak snowfall of 7cm per hour 

[72] (compare [5]). During 16th to 21st of December operations were badly affected as 7% to 95% 

of departures were cancelled with the rest being highly delayed. As Heathrow is Europe‟s leading 

hub airport with about 450.000 air transport movements per year, these snow falls led to disrup-

tive effects in schedule not only in the mentioned period of time but also in the following days. Re-

garding the aftermaths that are explained in detail in [72], this weather event can be defined as 

the worst case scenario for aviation.  

 

Apart from London Heathrow, following Figure 6 gives an overview of the percentage of cancelled 

flights for selected European airports. As can be easily seen, London Heathrow was hit the most 

by the severe weather events between 16
th

 and 21
st 

of December. Other important European hub 

airports such as Frankfurt or Paris Charles de Gaulle were in comparison to London only slightly 

affected by these events.   
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Table 14: Notified zero rating and % cancelled flight departures for selected European air-

ports 16-21 Dec 2010 [72] 

 

Considering heavy snow falls, the already mentioned de-icing procedures need to keep in mind 

whereby the average delay increases. De-Icing is required starting at temperatures of 3°C. In ex-

treme cases, this threshold can be up to 15°C when the aircraft was airborne more than 3 hours 

and time at ground is very short. The reason is that overcooled fuel might be in the wings and 

could lead to icing at critical parts of the aircrafts wing [[113]].  

 

In average de-icing procedures take about 10 min at the de-icing pads/de-icing area or about 20 

min when the aircraft is at its position [12]. The main parameters affecting these values are  

 the number of employees per de-icing pad,  
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 the number of de-icing vehicles available at the same time and  

 the consistency of snow.  

 

 

Another harmful weather phenomenon that has already mentioned in Table 12 is fog (see also 

[5]). As a result of low visibility the separation of aircraft has to be increased. The different catego-

ries as well as the corresponding Runway Visual Range (RVR) are shown in Table 15.  

 

Category RVR Ceiling [*100 ft] 

Non-precision approach 
Visibility > 1500m and RVR> 1450 m  

800 ≤ RVR ≤ 1450 m 

 

300 ≤  C ≤ 1450 ft 

CAT I  550 ≤ RVR ≤ 750 m 200 ≤  C ≤ 250 ft 

CAT II 350 ≤ RVR ≤ 500 m 100 ≤  C ≤ 150 ft 

CAT III ≤ 325 m ≤  50 ft 

Table 15: ILS-Categories [13] 

 

In consequence of higher separations, the amount of aircraft that take off or land per time unit de-

creases and the average delay per aircraft increases.  

 

To be able to make not only qualitative but also quantitative analysis of the consequences, five 

typical major airports for each the climatic zones [5] are identified (see Table 13). 
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Figure 7: Causal diagram aviation 

 

A closer look to Table 13 shows another difference for airports, which has an even bigger impact 

on the weather sensitiveness of an airport than the geographical region. Airports operating at their 
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capacity limit are much more sensitive to impacts of extreme weather than other airports. The dif-

ference in movements and capacity of the airports London Gatwick and Helsinki Vantaa is a good 

example for this. Gatwick has approximately 40% more movements than Vantaa, but has to carry 

out these movements on a single runway system. In opposite to London Gatwick, Helsinki Vantaa 

has three runways even though two can be closed for cleaning and maintenance purpose while 

operating all movements on the third runway without creating cancellations or excessive delay. In 

Gatwick the closing of the single runway results in cancellation and delay. As said before, this is 

an example for an effect that is totally independent from the allocation to a specific geographical 

area. 

 

3.3.2. Safety 

The aviation infrastructure is in difference to other traffic means like road or rail concentrated on 

relatively small points, the airports and navigation facilities. During the normal cruise aircraft fly in 

10.000 metres or above. Therefore, the influence of weather is minimal. But during the arrival and 

departure procedures at the different airports, aviation is much more sensitive against even slight 

weather phenomena (see Figure 8). For this reason, aviation has low weather thresholds (e.g. for 

traffic suspension) to avoid situations, which can result in harmful events. Nevertheless, even with 

these low thresholds weather is one of the main circumstantial reasons for accidents in air trans-

portation. 

 

 

 
Figure 8: Fatal accidents for period 1959-1995 [11] 

 

Impacts on safety in air transportation can result in an accident or an incident. The definition of an 

accident according to ICAO Annex 13 means any event which causes  

a) fatally or serious injury to a person,  

b) sustain damage or structural failure to the aircraft, and / or  

c) the aircraft is missing or completely inaccessible. 

 

Following ICAO Annex 13 an incident is an occurrence which affects or could affect the safety of 

operation and is an important factor/indicator for accident prevention studies.  



 

 

     

35/136 

In comparison with other traffic modes accidents in air transportation are relatively rare relating to 

passenger kilometres (pkm). Incidents arise more often and because of technical development 

and a more and more evolved safety culture they are well documented in the meantime. However, 

reliable statistics with information regarding accidents and incidents associated with several 

weather phenomena are rare or confidential and therefore, only a raw assessment is possible. 

Weather related accidents 

For aviation safety the influence of even slight weather phenomena is significant. According to the 

International Air Transport Association (IATA), 43% of the accidents occurred during operations in 

adverse weather (contributing factor) [38] in 2006. The CAA Accident Analysis Group (AAG) re-

views worldwide fatal accidents and divided the assessment criteria of accidents into causal and 

circumstantial factors
2
, consequences and the level of confidence [39]. Weather related factors 

are included in the environmental category and were allocated as causal factor for 10 (or 4%) ac-

cidents
3
 of the 245 fatal accidents with sufficient information for the ten year period 1997 to 2006. 

Of the 689 number of times a circumstantial factor was allocated, 173 (or 25%)
4
 of them were 

weather related
5
.  

 

Unfortunately accident reporting criteria are not consistent throughout the world. Thus the number 

of factors assigned to accidents is different as you can see at the different result of IATA (43%) 

and CAA (25%) mentioned above which makes a conclusion complicated. 

 

Another perspective gives the EASA Annual Safety Review especially for Europe. Based on the 

EASA Annual Safety Review 2009 [40] in commercial air transport worldwide only 2.6% of all fatal 

accidents occurred with aeroplanes operated by a company of EASA MS
6
 and the fatal accident 

rate of scheduled passenger operations in Europe is significantly lower than in the rest of the 

world. The number of fatal accidents for commercial air transport (passenger, cargo and air taxi or 

ferry flights) for EASA MS operated aeroplanes were 43 compared to 503 (excluding EASA MS) 

worldwide in the decade 2000 – 2009. On closer examination to the accidents per category oper-

ated by EASA MS (see [50]) only three categories are weather related (TURB, WSTRW and 

ICE
7
). Just WSTRW and ICE were involved in 4 fatal accidents for the ten years period; thereby 

also an accident may be assigned to more than one category. 

 

 

                                                      
2
 A causal factor is an event or item, which was directly instrumental in the causal chain of events leading to 

the fatal accident. A circumstantial factor is an event or item, which was not directly in the causal chain of 

events but could have contributed to the fatal accident. 
3
 Include icing, lightning and wind shear, upset or turbulence. 

4
 Include poor visibility, other weather and runway or taxiway condition (e.g. ice, slippery, standing water, 

debris, etc.) 
5
 Note: Each accident can have more than one factor and therefore these factors are not mutually exclusive. 

6
 EASA MS: European Aviation Safety Member States. These States are the 27 European Union Member 

States plus Iceland, Liechtenstein, Norway and Switzerland. 
7
 TURB (turbulence encounter), WSTRW (windshear or thunderstorm) and ICE (icing) belong to the 

CAST-ICAO Common Taxonomy Team accident categories. 
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Figure 9: EASA Accident categories for fatal and non-fatal accidents in commercial air 

transport – number of accidents by EASA MS operated aeroplanes (2000-2009) 

 

Traffic development and correlation of incidents with extreme weather 

Despite the steadily increasing volume of air traffic, all air transport stakeholders emphasize that 

the high safety level in aviation won‟t decrease in future. That said, it can be stated that bad 

weather or an increasing number of extreme weather events won‟t have an impact on the accident 

rate in aviation. But it will effect the operations even more than today [41, 42]. 

 

3.3.3. Operators 

Similar to road, the air traffic market is characterized by many different operators whereas traffic 

modes such as rail are affected by one dominant operator. In case of extreme weather phenome-

na aircraft operators from all over the world are affected by the consequences, whereas in rail traf-

fic mainly the national rail organization suffers from the aftermaths.  

 

From the airlines view, the consequences depend on the amount of flight operations being sched-

uled at the concerned airport. The most affected airline is the so called home base carrier as it 

offers the largest amount of services to and from this airport. Notwithstanding the fact that delays 

are of concern to any users (aircraft operators, customers and others), they are most disruptive to 

aircraft operators whose schedules are made up of tightly connected operating resources (e.g. 

aircraft and crews). Having a closer look at the hub and spoke system of major European airports, 
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delays coming up early in the day may be more disruptive than those late in the day, as they 

propagate through the flight schedule and can not be relieved quickly.   

 

In case of delays airlines are primarily affected by additional costs such as higher fuel, labour or 

maintenance costs. The amount of additional costs basically depends on the flight phase (aircraft 

being on ground, e.g. at gate, or being airborne, e.g. en-route) in which delays occur. In case of 

ground delays additional costs are expected to be lower than in case of airborne delays.  

Additional costs for airlines and airlines customers will be looked at more precisely in the following 

chapters.  

 

Notwithstanding the purpose of a journey (business or holiday trip) delays or flight cancellations 

are also an inconvenience to the majority of passengers. This can be decisive for declining image 

values of airlines and may have negative effects on their market share. Furthermore, opportunity 

costs arise even for passengers in case of delays as they miss their (connection) flight and (in the 

worst case) can not attend a meeting for example.  

 

3.4. Marine / short sea 

3.4.1. Infrastructure 

Compared to other traffic modes, sea transport contains voyages and operations in more flexible 

and varying environment. Weather-effected bottlenecks of the sea transport can be found in ar-

chipelagos, channels and ports. Buoys and lighthouses for example are a part of marine transport 

infrastructure. Infrastructure is not necessity at open sea; instead properties of ships define their 

performance on routes. Ships cannot maintain their speed and course during strong winds or high 

seas. Re-routings and voyage cancellations are occasionally done due to poor weather condi-

tions. Delays in channel passages and port operations can be consequences of weather phenom-

ena. Wind storms especially can cause significant breaks in cargo handling operations at ports.  

 

Table 16 summarises the most harmful weather phenomena for sea transport by region. Alpine 

region is not examined since all sea ports of the area are also included in Mediterranean region. 

Included phenomena are wind and waves, fog, heavy precipitation in forms of rain or snow, and 

both the very low and high temperatures. When extreme, these phenomena threaten both the op-

erations and the infrastructure.  

 

 

SEA TRANSPORT 

Phenomena Scandinavia Temperate Mediterranean Maritime 

Wind and waves √ √ √ √ 

Fog √ √  √ 

Snow √   √ 

Rain  √ √ √ 

Low temperature √ √   

Table 16: The most harmful weather phenomena by region [5] 

 

Sea routes 
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Sea transportation often takes place between regional climatic zones. For the quantitative analy-

sis one to four regional sea routes were defined. Additionally, some selected routes between the 

four regional areas were chosen. Routes are not necessarily largest measured by volume but they 

give a good idea of the directions and distances of the traffic. Distances are in Table 17 given in 

nautical miles, which is a common maritime measure. They can be observed as single routes or 

as a combination of several routes.  

  

 

Area Route Distance (nm) 

    (1 nm=1852 m)  

Scandinavian 

 (Baltic Sea + Norway) 

Primorsk - Skagen via Great Belt 960 

Umeå - Kiel Kanal 750 

Trelleborg-Travemünde 120 

Riga-Stockholm 270 

Immingham - Bergen 470 

Rotterdam - via Great Belt - Primorsk 1300 

Temperate 

 (North Sea from Ger-

many to France) 

Antwerp - Rauma 1250 

Rotterdam - Hull 210 

Le Havre -Hamburg 500 

Amsterdam - Antwerp 180 

Rotterdam - Gibraltar 1370 

Mediterranean 

 (Mediterranean Sea + 

Spain & Portugal) 

Algeciras - Messina 1030 

Messina - Odessa 1140 

Barcelona - Genoa 350 

Suez - Gibraltar 2000 

Marseilles - Algiers 410 

Maritime 

Valencia - Las Palmas 1080 

Bergen - Reykjavik 1050 

Bilbao - Southampton 550 

Dublin - Liverpool 120 

Table 17: Typical sea transport routes in European and nearby areas. 

 

 

Black lines in figure Figure 10 show selected sea routes in the European area. Some bottlenecks 

and intersecting traffic/routes can be observed.  
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Figure 10: Typical sea transport routes (black lines). 

 

Ports 

 

A sea port is an infrastructure were ship cargo handling operations take place. When extreme 

weather conditions are experienced, all port operations are stopped or delayed. Port procedure 

guides, cargo handling gear and cargo properties determine safe and loss preventive operating 

speed. 

 

In Table 18 five major ports of every region are defined. Baltic Sea and Norway are included in the 

Scandinavian climatic zone, North Sea from Germany to France is included in Temperate zone, 

Mediterranean and Black Sea, Spain and Portugal are included in Mediterranean zone, and Mari-

time zone contains all the Atlantic islands.  Port volumes are measured by gross weight of han-

dled goods in year 2008 or 2009. 

 

Area Port Gross weight of goods  

    handled in port (2009) 

Scandinavian 

(Baltic Sea+ Nor-

way) 

Primorsk 79 157 

Bergen 56 010 

Gothenburg 38 934 

Tallin 31 384 

Riga 29 724 

Temperate Rotterdam 346 668 
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(North Sea  

from Germany to 

France) 

Antwerp 142 116 

Hamburg  94 762 

Amsterdam 73 492 

Le Havre 69 228 

Mediterranean 

(Mediterranean Sea 

+ 

Spain &Portugal) 

Marseilles 79 846 

Algeciras 55 840 

Valencia 48 343 

Genoa 42 708 

Odessa 28 007 

Maritime 

Grimsby&Immingham 54 708 

London 45 442 

Milford Haven 39 293 

Dublin 18 606 

Table 18: Major European ports by region. 

 

Distances for sea routes are calculated using Voyage Calculator [112]. Port volumes were re-

ceived from [73]. 

3.4.2. Safety 

 

Accidents in marine transport can be divided into ship sinking or grounding, collision with other 

ship or contact with infrastructure, fire or explosion onboard and other types of accidents. Other 

types of accidents consist of crew members/passengers lost overboard, significant cargo loss, 

major weather damage, structural failure and infrastructure collapse. Accidents lead to material 

damages, oil spills and/or rescue operations. Crew members, passengers or bystanders may be 

injured or loose their lives as a cause of there casualties.  

 

In Figure 11 and Table 19 maritime accidents in European area in 2009 are specified by type and 

region. Collisions and contacts and groundings form the greatest quantities of accidents. Even 

though accidents rates are significant, very serious casualties of fatalities or total loss of ships by 

sinking occur rarely.  

 

Different kinds of accidents are not divided equally in the three regional areas. Regional circum-

stances, such as environmental landscape and weather conditions effect on the accidents rates. 

Additionally, traffic densities and safety culture as well as accident monitoring and reporting level 

vary in European sea areas.  
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Figure 11: Types of Maritime accidents in 2009 by region [[74]]. 

 

Regional area Sinking Grounding 

Collisions 
/ 

Fire / Other  Lives 

 Contacts 
 Exposi-

tions 
accidents  lost 

The Atlantic Coast, North Sea and English 
Channel 22 124 197 46 48 34 

The Baltic and Approaches 3 33 24 10 5 9 

The Mediterranean and Black Seas 3 20 71 11 9 9 

Table 19: Quantities of maritime accidents in Europe 2009 [[74]] 

 

 

 

  
Sinking Grounding 

Collisions/ Fire/ Other 
Fatalities 

contacts Explosions accidents 

General cargo ships 6 67 73 24 18 17 

Bulk Carriers 0 9 20 6 2 2 

Tankers 0 28 30 2 7 2 

Container ships 0 10 30 2 10 1 

Cruise ships 0 2 5 2 5 1 

Ferries 0 28 75 9 9 3 

Fishing vessels 18 20 22 9 5 16 

Other vessel types 4 13 37 13 6 10 

Total 28 177 292 67 62 52 

Table 20: European maritime accidents in 2009 [[74]] 

 

In Table 20 maritime accidents in European area in 2009 are presented by accident and ship type. 

EMSA has registered 626 significant casualties in 2009 Collisions with other ships or contacts with 

infrastructure form the largest number of accidents. Groundings in coastal and fairway area or 
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harbour basin are also a significant accident type. Additionally, accident rates included ship sink-

ings, fire or explosion onboard and other types of accidents. 52 fatalities were reported lost their 

lives in maritime accidents.  

 

Weather related accidents 

 

EMSA Annual Maritime Accident Review 2009 names 65 most significant maritime accidents in 

European region. Short accident descriptions include some mentions of weather phenomena af-

fected to the accidents. Weather impacts on significant maritime accidents are collected to Figure 

12. Poor weather conditions of storm or winds, snow storm and fog have been involved at least in 

24 significant accidents.  
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Figure 12: Weather impacts on significant maritime accidents 2009 [74] 

 

Maritime casualties and incidents are also collected to International Maritime Organization (IMO) 

GISIS database globally. GISIS includes 166 worldwide incidents on year 2009. Of them 74 casu-

alties occurred in European regional area. Weather impacted casualties on Table 30 are picked 

from the 166 worldwide incidents on year 2009. In 11 cases weather was listed as a major impact 

on an accident. Adverse or bad weather and sea conditions in table refer to strong winds and high 

sea.  
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Date Region Weather impact 

Casual-

ty im-

pacts 

Fatalities Injuries 

Materi-

al dam-

dam-

age 

Pollu-

tion 

21.1.2009 
Mediterrane-

an 

Strong wind and 

high sea 
Serious 

    
x 

  

30.1.2009 Maritime Strong wind Serious     x   

23.3.2009 Maritime 

Adverse weather 

and sea condi-

tions 

Serious 

  

x x 

  

28.3.2009 Maritime 
Previous weather 

impacts (fatigue) 
Serious 

    
x 

  

26.5.2009 Temperate 
Wind gusts, ebb 

stream 
Serious 

    
x 

  

21.6.2009 
Mediterrane-

an 

Wind gusts, 

squall 
Serious 

    
x 

  

29.6.2009 Maritime 
Tidal stream and 

wind 
Serious 

    
x 

  

29.6.2009 Temperate Fog 
Less 

serious     
x 

  

18.7.2009 Maritime 

Strong current 

(heavy precipita-

tion) 

Serious 

    

x 

  

4.10.2009 Scandinavian Bad weather Serious     x   

18.12.200

9 
Temperate 

Strong wind and 

high sea 

Very 

serious 
x 

      

Table 21: Weather impacted casualties in European marine transport on 2009 [77]. 

 

3.4.3. Operators 

 

The maritime sector closely resembles the air traffic market: many different operators are directly 

or indirectly affected by adverse weather conditions and their consequences, in regional and in-

ternational level. The EU has the world‟s largest maritime area (1200 ports) and the world's larg-

est merchant fleet. There is a very wide spectrum of maritime activities within the EU, ranging 

from shipping (within and outside EU) of people and goods, fishing, marine farming, continental 

shelf operations and survey, and their respective related industries such as tourism. According to 

the European Commission‟s, DG Fisheries and Maritime Affairs report, all sea related sectors 

alone generated approximately 5 million jobs in 2004/2005  [78] and all are affected by disruptions 

due to extreme weather phenomena.  

 

Each branch of maritime activity has its own characteristics. Shipping (of passengers and goods), 

in cases of extreme weather, faces risks ranging from minor (small delays, slight structural dam-

ages) to major (loss of cargo, loss of ship and life). Delays, the most common of the lot, can have 

profound effects, especially when related to sensitive/ important cargo or transportation of pas-

sengers and tourists. With the recreational boating industry in Europe growing at more than 5 % a 

year,[79] and the European cruise industry showing two-digit annual growth it is easy to assess 
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the impact of disruptions both to the shipping and the tourism industry. Schedules might not be as 

tight as in the case of aviation, they remain, however, important if only for the sheer volume of 

goods/people transported. Shipping companies, in cases of extreme weather, are primarily affect-

ed by additional costs such as more fuel for longer shipping routes, labour or maintenance costs, 

compensations for passengers/tourists delayed arrivals to their destinations, added insurance 

costs, bad publicity. The fact that the shipping industry is a means of transport for both short and 

long distance for people and goods makes the effects of such disruptions even more severe. Ex-

treme weather events, such as intense storms, could disrupt services, including in ports, as well 

as challenge sailing conditions and potentially pose hazards to navigation, ship, cargo, crew and 

the environment. Difficult sailing conditions could also lead to a modal shift – when technically 

feasible and economically viable – if other modes are deemed less vulnerable to weather. This 

may entail further implications for infrastructure investments, fuel consumption and GHG emis-

sions, as well as transport efficiency and trade facilitation. 

 

Considering the fishing industry, the EU fishing industry is the fourth largest in the world and pro-

vides some 6.4 million tonnes of fish each year. Fishing and fish processing provide jobs for more 

than 350,000 people [80]. Aquaculture provides a quarter of the tonnage of fish and seafood pro-

duced in the EU. Extreme weather events have a profound impact on those industries since they 

affect it in all levels: from the actual fishing to the transportation, distribution and quality of ser-

vices.   

 

Human activities on land connected to maritime activities also are profoundly affected by adverse 

weather conditions. The European Union„s coastline extends for almost 70,000 kilometres and as 

has been already mentioned, has more than 1200 ports handling 90% of Europe's international 

trade and 40% of the intra-Community trade. More than 400 million passengers pass through Eu-

rope‟s ports every year using ferry and cruise services [81]. Almost half of Europe‟s population 

lives within 50 km of the coast and the population growth in coastal regions and islands has been 

doubled over the last decade. Some 70% of shipping-related jobs are onshore – in shipbuilding, 

naval architecture, science, engineering and electronics. Maritime jobs also cover energy, aqua-

culture, tourism, inshore fishing, angling and diving. Ports especially face a multitude of problems 

such as increased waiting times of anchoring of ships (in a limited area, resulting in bottleneck 

effects) which can be frustrating for all parties (passengers/ship personnel/port authorities), pro-

longed use of different fuel within a port (for slower speeds) resulting in added pollution of the ar-

ea, increased maintenance of coastal platforms and coastal protection infrastructure (seawalls, 

dunes, breakwaters, etc) which impacts the economy of the local community, bad publicity for 

provision of services to tourists or passengers especially to coastal areas whose main income is 

tourism.  
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Figure 13: The impact of extreme weather on marine transport 
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3.5. Inland Waterways 

3.5.1. Infrastructure 

Similarly to other modes transport, inland waterway transport has to deal with weather events, 

affecting navigation conditions and the infrastructure on inland waterways.  

 

The water levels and flow velocities as well as the absence of obstacles e.g ice are the key pa-

rameters for economical and safe inland waterway transport. 

 

 Most significant extreme weather events result from high precipitation, droughts as well as tem-

peratures below zero degrees. Heavy rainfall, in particular in association with snow melt, may lead 

to floods resulting in suspension of navigation and causing damage to the inland waterway infra-

structure as well as the property and health of human beings living in areas exposed to flooding. 

Long periods of drought may lead to reduced discharge and low water levels limiting the cargo 

carrying capacity of vessels and increasing their sailing times, in particular, when sailing down-

stream, and temperatures below zero degrees Celsius over a longer period may cause the ap-

pearance of ice on waterways leading to suspension of navigation and possible damage of infra-

structure e.g. buoys.  

 

The most relevant weather related phenomena having an effect on inland waterway transport and 

inland waterway infrastructure are high water, low water, ice, wind and reduced visibility, whereby 

the latter two ones are of less importance from an economical point of view. In Table 22 the re-

spective weather phenomena affecting inland waterway transport are presented for the five climat-

ic zones under consideration. 

 

INLAND WATERWAY TRANSPORT 

Phenomena Scandinavia Temperate Alpine Mediterranean Maritime 

Heavy precipita-

tion 

N/A √ √ √ N/A 

Drought N/A √ √ √ N/A 

Low temperature √ √ √  N/A 

Wind gusts √ √ √ √ √ 

Fog √ √ √ √ √ 

 

Table 22: The most harmful weather phenomena by region for inland waterway transport; 

modified table from [5]; N/A denotes the non-availability of suitable information 

 

Long lasting heavy precipitation, in particular in association with snow melt, results in high water 

levels and flow velocities. Navigation will be suspended when a certain water level threshold is 

reached, sailing times may become longer, fuel consumption may increase and infrastructure may 

be damaged as well requirements related to infrastructure maintenance may increase. In the 

worst case flooding will occur, leading to damage of not only the transportation infrastructure but 

also infrastructure and housings close to the transportation infrastructure as well as loss of human 

lives. The consequences of high water can be very severe. However, from the perspective of 

transportation the occurrence of high water is often a short-lasting phenomenon of only a few 

days in general, and therefore it is considered not too critical.   
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Critical weather constellations leading to significant high waters occurred in Europe in August 

2002, July and August 2005 and January 2004. In January 2003 on the Elbe the occurrence of ice 

lead to ice jams resulting in combination with winter precipitation to critical high water situations 

[76]. 

 

Drought is the consequence of long lasting periods without precipitation amplified by the appear-

ance of high temperatures. Drought leads to low water levels and flow velocities having an impact 

on the cargo carrying capacity, sailing times and fuel consumption of a vessel. Water levels may 

remain low for a rather long time e.g. weeks or even months, affecting inland waterway transport 

correspondingly long. Therefore, low water levels due to drought are considered as highly relevant 

for inland waterway transport and research related to climate change impacts on inland waterway 

transport is very much focused on this phenomenon [156], [157]. 

 

Severe low water situations were present on almost all European inland waterways in summer 

2003, which has been the hottest and driest summer since centuries. More frequent summers like 

the summer 2003 may affect inland waterway transport significantly demanding most likely com-

prehensive adaptation measures related to the inland waterway fleet and the inland waterway in-

frastructure.  

 

Long lasting low temperatures lead to the occurrence of ice on inland waterways, which is not 

necessarily always a serious problem. However, once the ice cover becomes that thick that inland 

waterway vessels cannot proceed anymore, then the impacts on the transport system may be-

come severe as navigation has to be suspended, sometimes, even for many weeks. It is important 

to note that not all waterways are affected by the occurrence of ice. E.g. on the Rhine navigation 

has not been suspended due to ice since at least the 70-ies of the 20
th
 century. Vulnerable to ice 

occurrence are waterways with low flow velocities and canalised sections where locks are pre-

sent, e.g. the Main-Danube Canal and the Elbe.  

 

In the winters 1996/97, 2005/2006 and 2008/2009 severe ice occurrence developed hindering 

navigation in many parts of Europe. 

 

Wind gusts and fog may occur everywhere in Europe. However, these phenomena are of less 

economical importance to inland waterway transport than the former three ones. Wind may be 

considered as one important environmental cause for accidents in inland waterway transport, 

which will be demonstrated later. Reduced visibility is not a major obstacle to inland waterway 

transport as most vessels are equipped with radar, and navigation may be carried on even under 

such circumstances, which are not possible for other modes of transport e.g. road and rail.   

general trends and projections with relevance to inland waterway transport are given based on 

IPPC, 2007b. It seems to be likely that precipitation in winter time will change from snow fall to 

more rain fall, and that the duration of ice presence will be reduced due to warmer and fewer cold 

days and nights over most land areas. Further, it is expected that the appearance of droughts will 

increase due to warmer nights, heat waves as well as increasing area where droughts occur. 

More frequent heavy precipitation events, even in areas where the annual mean of precipitation is 

decreasing, seem to become very likely leading to floods. 

 

The general trends are presented in Table 23:  
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 Table 23: Trends and projections for extreme climatological and hydrological events [83] 

 

Table 23 gives a first overview of what inland waterway transport may have to face with respect to 

extreme weather events. However, for valid statements with respect to the effects of changing 

weather and hydrological conditions on inland waterway transport local considerations are neces-

sary. E.g. change of snowfall to more rainfall in winter time may lead to more balanced navigation 

conditions on waterways located in nivale mountainous regions (Upper Rhine) as less water will 

be bound by snow and more water will be feed into the waterway system increasing its low water 

levels. In summer time the hydrological conditions are favourable anyhow and droughts may have 

little impact on these conditions (Figure 14, Figure 15 and Figure 16). The water levels may de-

crease, but they may remain still close to the highest ones of the year. The contrary may be ob-

tained for pluvial regions, where high water levels appear in the rainy winter months and low water 

levels in the dry summer months caused by strong evapotranspiration. Increased rainfall in winter 

may increase the high water levels, and droughts in summer may decrease the low water levels, 

leading possibly to unfavourable conditions for inland waterway transport (Figure 17). Further, it is 

necessary to consider where inland waterway transport is going to take place as in southern parts 

of Europe summer precipitation is expected to decrease more than in northern parts, as well as 

one has to be aware that the projections of the future climate and hydrological conditions are still 

uncertain in the regions where most significant inland waterway transport takes place (see Figure 

18). For a proper evaluation of the future navigation conditions on the European waterways the 

usage of a multi-model approach, using an ensemble of global and regional climate models, com-

bined with the application of hydrological models transferring the weather related information e.g. 

precipitation into discharges as well as local relationships between discharge, water levels and 

flow velocities are necessary and state-of-the art. EWENT does not provide information on future 

navigation conditions as no hydrological models are applied. Therefore, the main conclusions are 

expected to be mainly qualitative, complemented by quantitative statements derived from results 

of other comprehensive projects like the KLIWAS programme (see [156]) and the FP7 project 

ECCONET
8
.   

 

(Nivale) snow regime of

mountain area (Ilanz)

(Pluvial) oceanic

rain regime (Treves)

Rain-snow

regime (Cologne)

 
 

                                                      
8
 http://www.ecconet.eu 
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Figure 14: Discharge represented by the Pardé coefficient in the Rhine area (based on 

[87]). 
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Figure 15: Standardized multi-annual (1931-1990) monthly discharge (so called Pardé coef-

ficient) on the Danube. Modified after [89]. 
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Figure 16: Gauge Maxau (Upper Rhine, nivale regime): Changes in discharge represented 

by the Pardé coefficient in the 20th century ([90]). 

Jan           Feb         Mar        Apr          May        Jun Jul        Aug        Sep         Oct Nov        Dec

P
a
rd

é
c

o
e
ff

ic
ie

n
t

[-
]

Period

Period

Period

Period

Jan           Feb         Mar        Apr          May        Jun Jul        Aug        Sep         Oct Nov        Dec

P
a
rd

é
c

o
e
ff

ic
ie

n
t

[-
]

Period

Period

Period

Period

 
Figure 17: Gauge Cologne (Lower Rhine, rain-snow regime): Changes in discharge repre-

sented by the Pardé coefficient in the 20th century ([90]). 
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Figure 18: Precipitation changes over Europe from the MMD A1B simulations. Top row: 

annual mean, DJF and JJA fractional change in precipitation from 1980 - 1999 to 2080 - 

2099, averaged over 21 models; Bottom row: number of models out of 21 that project in-

creases [83]. 

 

 

 

 

Selected IWT corridors and nodes  

 

  
Selected IWT corridors and nodes 

Distance  
(km) 

Scandinavian 

LAPPEENRANTA – SAVONLINNA – JOENSUU 
~ 350 

LAPPEENRANTA – SAVONLINNA – SILINJÄRVI 
~ 350 

GÖTA CHANNEL: GÖTEBURG – VÄNERN – VÄTTERN - SÖDERKÖPING 
~ 190 

KLAIPEDA - KAUNAS 
~ 250 

SAIMAA CANAL: VYBORG - LAPPEENRANTA 
43 

Temperate 

ROTTERDAM – DUISBURG – KOBLENZ –- KAUB – MAINZ – KEHLHEIM   
1056 

KOBLENZ – TRIER – NEUVES-MAISONS  
395 

TRIER – HOSTENBACH 
83 

BRATISLAVA – BUDAPEST – MOHÁCS 
433 
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HAMBURG – BRAUNSCHWEIG  
181 

HAMBURG – MAGDEBURG – DRESEDN 
530 

 

DUISBURG –  BRAUNSCHWEIG – MAGDEBURG – BERLIN 
606 

MANNHEIM – PLOCHINGEN 
 

SZCZECIN – BERLIN 
217 

Alpine 
MAINZ – MANNHEIM – BASEL 

336 

KEHLHEIM – PFELLING – ACHLEITEN – KIENSTOCK –  
WILDUNGSMAUER – BRATISLAVA 

543 

Mediterranean 

MOHÁCS – BELGRADE – VIDIN – GIURGU –- CERNAVODA 
1147 

CERNAVODA –- CONSTANTA 
60 

CERNAVODA – RENI  
176 

RENI – SULINA  
124 

RENI – IZMAIL – KILIA 
116 

MARSEILLE –- LYON 
299 

Maritime 

LE HAVRE – PARIS 
327 

LONDON  
 

MANCHESTER 
 

BIRMINGHAM 
 

LEEDS 
 

GLASGOW – EDINBURGH 
~ 100 

Table 24: Selected IWT corridors and nodes for the five climatic zones. 

 

In Table 24 selected IWT corridors and nodes are presented with the aim to illustrate where in-

formation on extreme weather events are tentatively requested. The selection does not raise any 

claim to completeness as the inland waterway network is by far more complex. The nodes repre-

sent a selection based on either important transhipment locations or gauges relevant for the de-

termination of the cargo carrying capacity of vessels. The distances are considered tentative in 

order to give an approximate idea about the possible transportation lengths in each corridor. They 

were derived either by measurement from maps or the following references: 

http://www.donauschifffahrt.info/transport/zeit/fahrzeiten/ 

http://www.ecotransit.org/ecotransit.de.phtml 

via donau (2007), Manual on Danube Navigation 

 

Description of the Rhine-Main-Danube Corridor 

 

Due to the availability of research results available to EWENT and importance of the corridor, the 

further investigations will be focussed mainly on the Rhine-Main-Danube Corridor, being repre-

sented to a large part by the TEN-T Priority Axis 18. Through three climatic zones (Temperate, 

Alpine and Mediterranean, Table 24) it crosses Europe transversally from the North Sea at Rot-

terdam to the Black Sea in Romania (Sulina, Constanta). The Meuse and the Rhine Rivers are the 

entrance gates for the Belgian and the Dutch inland waterways to this Priority Project corridor. 

Through the Main River and the Main-Danube Canal, the Rhine River is connected to the Danube 

http://www.donauschifffahrt.info/transport/zeit/fahrzeiten/
http://www.ecotransit.org/ecotransit.de.phtml
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that flows until the Black Sea. With a length of approximately 3500 km this corridor is one of the 

longest ones in the Trans European Transport Network and crosses European Union countries 

(The Netherlands, Belgium, Germany, Austria, Slovakia, Hungary, Romania, Bulgaria)  as well as 

non-EU ones (Croatia, the Republic of Serbia, Moldova and Ukraine).  

 

The main cargo types transported on the Rhine-Main-Danube Axis are dry bulk, liquid bulk, high 

value goods and containers. 

 

The main cargo commodities transported on German waterways reflecting roughly the situation on 

the Rhine-Main-Danube Axis in Germany are: traditional bulk cargo e.g. iron ore (55 %), medium-

value cargo e.g. steel or construction materials (30 %) and high-value goods e.g. vehicles or 

manufactured goods in containers (15 %), in the year 2006. 

 

The main commodities transported on the Danube are: traditional bulk cargo e.g. iron ore (83 %), 

medium-value cargo e.g. steel or construction materials (15 %) and high-value goods e.g. vehi-

cles or manufactured goods in containers (2 %), in the year 2003.  

 

The Rhine River and the Danube have significant free capacities for the transportation of cargo. 

E.g. approximately only 10 percent of the capacity of the Danube is utilized. Within a homogenous 

European Union including also the South-Eastern European countries and already by removal of 

the bottleneck between Vienna and Bratislava being underway as well as the one at Straubing-

Vilshofen approximately a doubling of transport volumes to up to 80 million tons is expected for 

the Danube. 

 

Critical waterway sections with respect to low water occurrence and relevance to the cargo carry-

ing capacity of vessels are: 

 Rhine: Ruhrort, Kaub 

 German Danube: Straubing-Vilshofen 

 Austrian Danube: free-flowing sections in the Wachau and between Vienna and Bratislava 

with relevant gauges Kienstock and Wildungsmauer  

 Hungarian Danube: free flowing sections between Gabcikovo and Budapest (Nagymaros) 

as well as Budapest and Mohács. 

 

3.5.2. Safety 

Inland waterway transport is the safest freight transport mode compared with rail and road 

transport. Accidents and human injuries in freight transport on inland waterways are few and 

death cases are even rarer.  

 

Accidents in inland waterway transport are caused by human, technical or environment related 

reasons. The most abundant cause is human error (Figure 19). The most important human errors 

are navigation or communication errors, e.g. when vessels encounter each other or the infrastruc-

ture on the waterway. The most common technical reasons are deficiencies of engines, propellers 

or rudders. These threats are enhanced by nautical conditions like flow velocity, radius of curva-

ture or width of the fairway. Environment or weather dependent accidents happen because of 

storm, wind, reduced visibility, ice flow and high or low water. 
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Figure 19: Distribution of accidents due to human, technical, environmental and miscella-

neous reasons in percent related to inland waterway transport on the Danube River in Aus-

tria for the years 2000 up to 2006 [14] 

 

Weather-induced accidents 

In general, it is difficult to carry out an assessment of weather related impacts on the safety of in-

land waterway transport as not much documentation is publicly available, and only severe acci-

dents will be documented more in detail, which are usually not caused by weather. Commonly, in 

reports available to the public, accidents are reported as number of collisions, groundings etc. per 

year without any information on circumstances. Some information on the circumstances are avail-

able to the respective local authorities dealing with each accident occurring, being however inter-

nal.  

 

A comprehensive study dealing with different causes of accidents in inland waterway transport 

was carried out by Lammer (2007), using data related to the Austrian part of the Danube and a 

Dutch part of the Rhine.  

 

The data used for the Danube was taken from the internal accident database of the Austrian Su-

preme Shipping Authority covering the period 2002 up to 2006. According to the database, the 

accumulation points of accidents are in descending order of occurrence: straight routes, locks, 

bridges and curves. The most common types of accidents are collisions with vessels, objects (e.g. 

buoys), infrastructure, riversides or bridges as well as grounding of the vessel. Nearly two out of 

three (67.14%) of all the accidents recorded were caused by human error and just 10.71% were 

due to environment related causes. Material damage was the most common consequence of an 

accident. 

 

The accidents were classified according to their severity. The grade of severity was used to de-

termine the weight of an accident. The four classifications and the appropriate weights are: 
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 Less severe accident - light to medium material damage: Weight: 1. 

 Severe accident - material damage leading to interruption of navigation and requiring tow-

ing or shore-side assistance, pollution of the waterway at least to some degree: Weight: 2. 

 Very severe accident - total ship loss, fatality, massive pollution of the waterway: Weight: 

3. 

 Not available - (“N.A.”): Weight 0.5. 

 

The entire five very severe accidents from 2002 up to 2006 on the Danube were due to human 

error. No fatality, total ship loss or massive pollution occurred because of weather related or tech-

nical causes in the entire period. Out of the 15 environment related accidents, 13 were caused by 

weather, containing 8 less severe, 3 severe and 2 not specified cases.  

 

With respect to the most common types and the accumulation points of accidents the accident 

database of the Dutch Ministry of Transport, covering the Dutch part of the Rhine and being main-

tained since 1976, gives similar results to the ones of the database of the Austrian Supreme Ship-

ping Authority (Table 26). Considering the traffic density and day time, accidents occur most likely 

in the evening. Also reduced visibility of less than 1000 m leads to significant increase of acci-

dents. These conclusions are not that obvious when considering Table 26 where most accidents 

appear during the day and at good visibility. The reason for this result is the traffic density being 

highest during the day and by approximately 40 % lower during the night, leading also to a higher 

probability of accidents during the day when good visibility is present. 

 

Regarding the influence of weather and climatic conditions the temperature is decisive for weather 

phenomena on the global and local scale. Strong wind, as a specific weather phenomenon, is the 

most common weather related cause for accidents. The impact of wind can be that serious that 

the vessel may loose its full manoeuvrability, yet, in most cases minor material damages are the 

consequences. Further accident causes are reduced visibility due to cloudiness, precipitation, po-

sition of the sun or fog, ice flow and high or low water. 

 

  

Failure group Cause of failure 

Abundance by weighting 

Less 

severe 
Severe 

Very  

severe 

N.A

. 
Total Weight 

Weather/current/ 

obstacles 

Severe wind 4 1     5 6,0 

Buoys 1       1 1,0 

Underwater obsta-

cles 1 1     2 3,0 

Fog       1 1 0,5 

Strong current 2       2 2,0 

Low water       1 1 0,5 

Severe storm   1     1 2,0 

Deficiencies of the 

waterway 

Shallows in the port 

entrance area   1   1 2 2,5 

Table 25: Environment related accidents on the Danube River between 2002 and 2006 

(based on Lammer, 2007).  
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  Accidents Vessels involved 

Total accidents  637 962 

Condition of water-

way 

   

Curve  187 289 

Straight river section  351 532 

Crossing  20 30 

Entrance to port  38 41 

Type of accident    

Collision Ship - ship 282 586 

 - Bow - bow 42 89 

 - Bow - stern 47 96 

 - Bow - side 133 278 

 - Side - side 40 83 

 - Side - stern 19 38 

 Floating object 25 25 

 Fixed object 142 142 

Grounding  69 69 

Running ashore  18 18 

Visual conditions    

Visibility < 1000 m 106 178 

 > 1000 m 446 680 

 Not known 85 104 

Day light Day 290 468 

 Night 219 325 

 Twilight 29 38 

 Not known 99 131 

Table 26: Overview of accidents on the Dutch Rhine river since 1976 ([14]. 

 

 

The analysis of data derived from the traffic reports of the German Waterway and Shipping Direc-

torate South-West reveals for the year 2003, which was characterised by extreme drought and 

long lasting low-water conditions, a noticeable increase in accidents on the Upper and Central 

Rhine (Figure 20, blue colour, 233 accidents), although the amount of cargo transported was less 

than in the years 2002 and 2004. However, the amount of vessels operated was highest in order 

to compensate for the limitations in cargo carrying capacity due to low water in 2003, contributing 

to increased risk of accidents. 
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Figure 20: Development of the number of accidents on the Rhine (Upper Rhine and Central 

Rhine), the Neckar, the Mosel and the Saar. The y-axis represents the number of accidents 

per year. The x-axis represents the respective year under consideration [64] 

 

For the year 2003 an obvious increase in the number of groundings is observed in Figure 21, be-

ing the main cause for the increase of the total accidents. Therefore, it is concluded that low water 

conditions enhance grounding and affect the safety of navigation, although the accidents itself 

may be due to human error e.g. false estimation of the proper sailing draught of a vessel or un-

derestimation of the risk of grounding for the sake of maximum utilisation of the cargo carrying 

capacity left. A similar conclusion is obtained for the Danube stretch between Straubing and 

Vislhofen by Wessel and Menzel [92] A comparison between accidents of 2002 and 2003 gives 92 

accidents in 2002 and 111 accidents in 2003. In the 2002 being characterised by high water levels 

an increase in collisions with navigation signs is observed, and in 2003 being characterised by low 

water levels groundings are observed to be dominant. 

 

Not all waterways or sections of waterways are negatively affected by drought with respect to the 

occurrence of increased accidents. Usually grounding appears mainly in free flowing sections with 

shallows, where the accident rates seem to be highest.  
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Figure 21: Development of grounding events on the Upper and Central Rhine within 2002 

and 2009. The year 2005 is not represented. Based on Wasser- und Schifffahrtsdirektion 

Südwest, 2004, 2005, 2008, 2009, 2010 
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Ship accidents on the fairway

Ship accidents in locks      

Ship accidents on the fairway

Ship accidents in locks      
 

 

Figure 22: Accidents on the Upper Danube for the years 1997 and 1998. The stretch be-

tween Straubing and Vishofen is a free flowing section with shallows. The stretches be-

tween Kehlheim and Straubing as well as Vilshofen and Jochenstein contain locks. The y-

axis denotes the number of accidents. The x-axis denotes the stretch and the years 1997 

and 1998 [105]. 
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4. Cost inducing effects of extreme weather phenomena 

4.1. Road 

The key impacts and resulting consequences for road transport are shown in Annex 1. The table 

covers both the infrastructure and operator perspective on the consequences. The presentation is 

organised to cover the phenomena and specific thresholds. 

 

High temperature has three types of impacts: increased accident rates, delays and diversions. 

Increased accident rates are linked to impact of heat on road users, the pavements and asphalt. 

Delays are a result of restrictions in road maintenance and construction. Diversions are also 

linked to maintenance and construction and result in delays due to increase in travel time and 

possible congestion impacts. These impacts are most likely to be severe in Mediterranean and 

temperate climate zones. 

 

Snowfall is typically causing severe delays to transport times. Impacts are again related to acci-

dent rates and delays. Accidents occur due to slippery road conditions, through impact of excess 

snow on usability of the road and bad visibility. Delays in travel are caused by the same conse-

quences. 

 

Heavy precipitation leads to excess water on the roads and in some areas to mudslides, which 

also impact the accessibility of certain parts of the road network. Two types of consequences 

emerge as the response to heavy precipitation: slower driving speeds and changes in accessibil-

ity. The consequences are again related to accident increases and longer travel times. All climate 

zones are likely to experiences similar conditions on the road network.  

 

Low temperatures have consequences related to changes in accessibility and quality of transport 

network and related services. Slippery road surface, particularly in the temperatures just below 0 

degrees, and flooding are key impacts observed. Again, the impact is measured in terms of in-

crease in accidents and longer travel times due to reduced speed. 

 

Blizzards can have potential impact on transport network, mainly similar to those described in the 

context of snowfall and low temperatures.  

 

4.1.1. Delays in road transport 

 

Delays in road transport are a result of congestion or worsening condition on the roads, which 

cause drivers to reduce speed and increases the travel time. Delays are a “convenient” impact to 

deal with, as they usually result in quantifiable and monetised congestion costs. Many European 

Union Member States have published their monetary values for travel time savings, which can be 

applied to those Member States where no official figures are available. We approach the delays 

from a rather orthodox point of view, meaning that we look at the impact on the main cities and 

transport corridors, where traffic volumes are identifiable and, thus, quantifiable.  
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By focusing on the main freight transport corridors we see the overall impact in particular regions 

and on inter-regional transport. As main roads are generally used to service the long-haul routes 

instead of lower-level network, it is evident that by focusing on main regional and inter-regional 

corridors we also capture the majority of freight transport between key nodes of the network, 

 

For passenger transport, the major focus is on urban traffic, particularly commuter traffic. Again, 

when extreme weather conditions take place, they are likely to affect most the urban commuter 

traffic, which is fixed for travel on certain patters. Again, as major cities are the ones with largest 

population and related traffic, they will give a good estimate of the impact by regions. 

 

4.1.2. Accidents in road transport 

 

The other major consequence of extreme weather is accidents. As conditions change, road users 

react to changing environment, but adjustments may not be sufficient. In fact, in most cases read-

iness of users varies greatly and non-adjusting users may cause other users unintended acci-

dents as well. Many European countries have values of various accidents types that can be used 

in the analyses.  

 

In the following, a range of contemporary Norwegian, Danish, Swedish , Finnish,  European and 

American studies of accident risk factors where heavy goods vehicles (HGV), personal automo-

biles and other road users have been involved are reviewed in order to assess whether, and if so, 

how these accidents could be attributed to bad-weather impacts. 

 

Norwegian Studies  

An in-depth study of 135 HGV which over 2005-2009 have been involved in or exposed to 130 

front collisions [118] in Norway shows that consequences of such accidents are almost always 

grave because of large difference in mass between the HGV and other parties involved (i.e., other 

motorists or pedestrians). Among twenty six accident risk factors that contributed to fatalities ex-

amined were also bad-weather conditions that impaired road visibility and/or contributed to slip-

pery road surface
9
. The number of fatalities attributed to these two factors during 2006-2009 peri-

od were four (three ascribed to slippery roads and one to bad visibility).  

 

An overwhelming majority of accidents investigated has been triggered by excessive speeding, 

improper vehicle maneuvering when overtaking/changing the lane, over-fatigue/falling asleep by 

driver, time pressure to reach the destination, faulty mounting of cargo on the load carrying devis-

es, elevated centre of gravity in cargo, vehicle defects, blind angle, incompatibility between the 

vehicles travelling on the same and/or adjacent lane, and poor technical road conditions.  

 

A review of research on the above subject conducted in Norway over the last ten years provided 

by the above study confirms that excessive speeding, skidding of vehicles on slippery roads, driv-

er errors and vehicles‟ bad technical conditions were associated with majority if accidents oc-

                                                      
9
 In line with Nordic road safety research tradition these studies investigated circumstances that prevailed 

when the accidents occurred without however framing the risk factors as immediate causes. Therefore, the 

term “accident causes” was explicitly avoided. Reason is that probability for an accident to occur under the 

same set of circumstances such as excessive speeding and/or slippery roads, varies considerably with major-

ity of vehicle trips ending accident-free. 
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curred. However, bad-weather conditions were not explicitly mentioned as a sole contributor to 

accident rate. 

 

Terje Assum, a senior road safety researcher at Institute of Transport Economics at Oslo, Norway 

indicated in an in-house interview that the number of road accidents (with-and-without HGV in-

volvement) that occur inExperience from Norway also confirms the previous data in Chapter 2, 

where during summer time the number of accidents is higher by a factor of two as compared to 

winter. This could be connected to higher traffic density during the summer season. This can im-

ply that circumstances other than weather-impaired driving conditions may more strongly contrib-

ute to road collisions. 

  

The variation in accident exposure due to density of traffic volume has been studied by [119] be-

cause “ …increasing traffic volumes are usually related to increasing number of accidents”  . 

However, the number of accidents is not linearly related to traffic volume, because the percentage 

increase in the number of accidents is less than the percentage of increase in traffic volume. 

Without going into discussion on the shape of mathematical relationship between these two varia-

bles (estimated as N= AADT
β10

 ) the studies exploring contribution of traffic volume to systematic 

variation in number of accidents reveal a multifactor character function.  

 

Fridstrøm‟s (1995) examination [119] of relationship between traffic volume and variation in occur-

rence of injuries by county and month in Norway resulted in 80 per cent of R
2 
in the dependent 

variable (number of injury accidents) being accounted for by the following eight explanatory fac-

tors. 

 

Table 27 indicates that “weather and daylight conditions” alone did not muster enough explanatory 

power as compared to the most significant factor, traffic volume. This casts some light on why the 

studies reviewed above did not single out weather-related factors as a clear-cut contributor to risk 

of road accidents. The explanation is that several and various risk factors contribute to accidents 

and injuries, and that they interact in complex ways that not always are easy to discern. 

 

Explanatory Factors Percentage of Explained Variation 

(R
2
) in Occurrence of Injury Acci-

dents 

Traffic Volume 66.8 

Weather and Daylight 6.1 

County ( of occurrence) 7.2 

Month 1.5 

Long-term trend 0.3 

Rules for accident reporting 4.8 

Unexplained systematic variation 5.2 

Random variation 8.1 

 Table 27: Contribution of different factors to explaining the variation in injury accidents by 

county and month in Norway [120] 

 

Danish Studies 

Norwegian results were also confirmed by Danish studies, where surveys of HGV drivers   

                                                      
10

 AADT stands for annual average daily traffic. 
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A survey of 1,250 HGV drivers of which about 50 p.c. were involved /exposed to accidents that 

was conducted in 2000 by the Danish Council for Traffic Safety Research [121] revealed that 

young drivers with inadequate driving experience were major accident risk factors; younger driv-

ers with short mileage records accounted for higher level of accident risk. Further, the study has 

also revealed that drivers working for professional transportation companies had higher accident 

risk than those in firms performing own-account transport.  Professional drivers drive far more 

than any other group of road users, which may enhance their exposure to traffic risk. In addition, 

drivers operating truck trains (composed of tractor and semitrailer and/or van semitrailer) experi-

enced higher accident risk per mileage driven than those driving vans with tank containers. How-

ever, anled to the interesting observation was that bad-weather-induced impairments of driving 

conditions in the form of wet, slippery and/or icy road surface were not among the most notewor-

thy accident triggers. 

 

Another Danish in-depth study of twenty one accidents in which the HGV were involved conduct-

ed in 2001 by a group for analyses of road traffic accidents [122] has partly confirmed the findings 

from the 2000-study but also added some other accident triggering mechanisms such as faulty 

vehicle brakes, unfastened safety belts and technical flaws in road curve design which contributed 

to quite a few severe accidents. However, again, weather-impaired driving conditions (due to 

heavy precipitation and low temperatures) leading to wet or icy road surface, poor visibility and/or 

skewed road angle was not identified as single accident risk enhancing factor. 

 

 

Swedish Studies 

The Swedish Public Road Administration‟s study of 2002 [123] which in-depth analysed sixty three 

collisions between HGV, personal automobiles and pedestrians resulting in seventy seven fatali-

ties concluded that faulty technical highway design and excessive speeding were behind 62-76 

p.c. of accidents investigated. [124] investigated accidents on communal roads in Sweden which 

occurred during 1997-2002 and involved cyclists, HGV, personal automobiles and pedestrians. He 

found that majority of accidents occurred during the daylight and on dry roads, and could be at-

tributed to high traffic volume and road standards inadequate for accommodation of three different 

groups of road users. 

 

[125] examined circumstances surrounding fatalities which occurred in Sweden during 2002-2007 

and involved both HGV and personal automobile drivers.  They concluded that drivers‟ age and 

roads‟ poor technical conditions were the most important accident underlying factors followed by 

the age of HGV and personal automobiles.  They have also found that HGV‟s foreign drivers had 

no higher probability of being involved /exposed to accidents than the Swedish ones. The authors 

postulate that a set of highly focused traffic safety measures improving road technical conditions 

may reduce the amount of casualties by about 70 p.c., while measures improving drivers‟ tech-

nical capabilities could abate about 20 p.c. of collisions.   

 

Survey performed by Volvo Truck Manufacturing Division using accident data base where the 

Volvo-produced VHG have been registered [126] revealed that 24-metre-long and longer vehicles 

(such as truck and semitrailer with front axle and with axle in the middle)  were more frequently 

involved in collisions as compared to  other vehicle types (e.g., smaller vans). However, this oc-

currence was predominantly attributed to inadequate road technical standards and not to vehicle 

characteristics or the lack of drivers‟ skills or weather-aggravated driving conditions. [127] [128] 

[129] [130]  



 

 

     

65/136 

 

Yet, the risk produced by bad weather has been in focus of an analysis of the first-order attributa-

ble risk to the accident risk factors done for Sweden and cited by [120]. This assessment has 

ranked the various risk factors without however accounting for the overlaps between the types of 

accidents affected by correlation in exposure to these factors. The estimates of the first order at-

tributable risks (of injuries and fatalities) for the five types of road safety problems were as follows: 

 Bad system design – risk factors attributed to road design and traffic environment (0.56 

fatalities;0.37 injuries)  

 Environmental risks – effects of bad vision and weather(0.38 fatalities; 0.29 injuries) 

 Vulnerability of road users – risks runs by pedestrians, cyclists and inexperienced drivers 

(0.63 fatalities: 0.46 injuries) 

 Unsafe road user behavior – violation of road traffic legislation (0.63 fatalities; 0.37 inju-

ries) 

 Provision of medical services- limited availability of rapid rescue services in remote loca-

tions in Sweden (0.17 fatalities; 0.07 injuries) 

 

Bad system design, vulnerability of road users and road user behavior are the three most im-

portant categories of safety road problems because each of them accounted for about 60 per cent 

of fatalities and 40 per cent of all injuries. Against this backdrop, the bad-weather-related road 

traffic problems attributed for almost 40 per cent of fatalities and 30 per cent of injuries.  

 

The sum of all first-order-attributable risk was 2.36 for fatalities and 1.56 for injuries. This confirms 

the findings mentioned in table 1 that more than just one factor usually contributes to each acci-

dent. 

 

Finnish Studies 

[127] investigated relationship between drivers‟ observance of traffic rules and occurrence of acci-

dents resulting in fatalities and/or severe injuries without finding statistically significant links be-

tween these two factors. 

 

[128] reviewed circumstances under which the front collisions where both HGV and personal au-

tomobiles were involved did occur. Results show that about twenty five percent of all accidents 

could be related to drivers‟ inattention, over-fatigue and/or low concentration level. Collisions that 

occurred during winter time could be linked to poor vehicle maneuvering skills under (unspecified) 

driving conditions, while those during the summer season were related to drivers‟ over-fatigue 

and/or inattention during the lane change. 

 

A study by [129] concludes that “Speed appears to be a major risk factor in series of head-on col-

lisions. Ninety percent of head-on-collisions happens on roads with speed limit of at least 80 km/h. 

In nearly 30 p.c. of fatal accidents, the principal party involved was speeding at 10-20 km/h higher 

pace than the speed limit”. The authors recommend installation of median barriers, pulsar light-

ning to mark the road centres and better road maintenance for enhancement of traffic safety. Alt-

hough the study does not say so, it may be deduced, that these safety improvements may im-

prove road visibility and thereby reduce the bad-weather impacts on impairment of driving condi-

tions. 

 

[130] analysed risk factors that contributed to HGV accidents in Finland using data recorded by 

the official Finnish accident investigation body. Two major risk factors were detected, these relat-
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ed to drivers‟ behavior and background, and those linked to risk level of the colliding party. Still, 

one third of the accident risk was linked to poor match between the different categories of road 

users and the physical conditions of road infrastructure. Again, weather-specific impacts have not 

been identified as distinctive risk factor. 

 

The European ETAC study 

 “The ETAC” (European Truck Accident Causation) study [131] funded by European Road 

Transport Union and conducted in 2008 by eight research institutes  from Germany, the Nether-

lands, Italy, Hungary, Slovenia, Spain and France has in-depth analysed 625 accidents that oc-

curred in the above countries and involved at least one truck. The accidents have been investi-

gated at the scene of the crash and evaluation covered over 3,000 parameters per accident.  In 

order to isolate the different categories of risk factors, the analyses covered characteristics of road 

users and the accident configuration, i.e., accidents that happened at intersections, in the queue, 

due to lane departure, after an overtaking manoeuvre or changing lane, and single truck acci-

dents. In an attempt to cast more light on circumstances leading to fatal vs. non-fatal accidents 

and these circumstances‟ contribution to risk level, the study has also minutely examined the ac-

cidents that incurred in urban and rural areas, and under varying weather, lighting and time condi-

tions.  

 

The impacts of weather (fog, drizzling rain and snow fall) that reduced road visibility and/or road 

surface friction have been analysed. However, the accident records indicate that 82 per cent of all 

accidents occurred in good weather conditions. Yet, for 50 per cent of collisions that happened in 

bad weather (adjusted for the country of occurrence), weather-induced risk factors exacerbated 

the accident development (p.72). Another finding related to bad-weather-impacts in chapter deal-

ing with single truck accidents shows that in 50 per cent of the cases analysed, single truck acci-

dents could be related to wrong speed adaptation to situational conditions, over-fatigue or falling 

asleep by the truck driver and reduced road friction (12 per cent). Whether the latter was a conse-

quence of snow and rain fall or low temperature that reduced the road surface friction has not 

been elaborated on. 

 

Finally, in the pursuit for more specific studies of effects of inclement weather conditions on risks 

of road accidents, The Handbook of Road Safety Measures” [120] has been consulted. The book 

contains the world‟s most comprehensive overview over research on factors associated with oc-

currence of road accidents and measures used/ recommended to prevent, neutralise and/or abate 

the impacts of different classes and categories of accidents. The handbook‟s chapter 3 “As-

sessing the  Relative Importance of Risk Factors” spells out explicitly that the effects of various 

risk factors overlap  and therefore  it is ….” difficult  to define  road safety problems in orderly and 

logical way” ( p.70).  

 

Indeed, section 3.7 “A Survey of Some Risk Factors for Accident Involvement” lists the following 

factors that statistically were associated with increased accident rates.  

1 Type of road or traffic environment   

2 Elements of the design of roads 

3 Environmental risk factors (including weather-induced impairment of driving conditions) 

4 Age and gender of road user 

5 Medical condition of road user 

6 Impairment through the use of alcohol, and 

7 Speed of travel. 
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The handbook lists multiple studies which provided empirical evidence that darkness, precipitation 

and slippery road surface conditions are significant accident triggers [119], [132], [133], [134], 

[135], [136], [137], [138], [139]. Based on these studies, the relative accident rates have been es-

timated and reproduced in table below. 

 

        Factor Value of factor Relative accident  

Rate 

Confidence interval 

Light conditions Daylight * 1.0  

 Darkness- vehicle accidents 1.0 (0.9;1.1) 

 Darkness- pedestrian accidents 2.1 (1.7;2.5) 

 Darkness –bicycle accidents 1.6 (1.2;2.0) 

Road surface  

condition 

Dry bare road* 1.0  

 Wet bare road 1.3 (1.1-1.8) 

 Wet snow 1.5 (1.1-2.0) 

 Snow or ice covered road 2.5 (1.4-4.0) 

Table 28: Relative risk of injury accidents in different environmental conditions: estimate 

for Norway [120] 

*Baseline for assessment of accident rate 

 

The handbook lists multiple studies which provided empirical evidence that darkness, precipitation 

and slippery road surface conditions are significant accident triggers [119], [132], [133], [134], 

[135], [136], [137], [138], [139]. Based on these studies, the relative accident rates have been es-

timated and reproduced in table 3. It shows clearly that the rate of accidents increases with re-

duced road friction and impaired visibility revealing that bad weather is one of statistically signifi-

cant accident risk enhancing factors. However, as confirmed by considerable body of research, 

this risk factor covaries with inter-individual characteristics of road users, and particularly, drivers 

[140]. [141] observed already in 1974 that when dealing with accident risks and driver behavior 

“ ….driver is always inclined to react to changes in traffic system, whether they be in the vehicle, in road envi-

ronment, or in his/her own skills or states, and that this reaction occurs in accordance with his/her motives. 

This principle of behavioral adaptation, also called risk compensation, is a focal element in driver behaviour” 

(p.103) 

 

The above excerpt indicates that when exposed to weather-impaired driving conditions, drivers 

adjust driving mode by reducing the speed of vehicle movement and/or increasing mental concen-

tration on driving function and/or traffic characteristics in order to avoid collision.  

 

Higher levels of accident rates under aggravated traffic environment shown in table 2 indicate that 

the (putative) behavioral adaptation did not compensate entirely for the increased accident risk 

associated with slippery road and/or darkness.  The mismatch between the drivers‟ adaptation 

and the environmental risk factors is a subject of many road safety scientific enquiries. Drivers 

may assess the road conditions as less slippery than they actually are. This fact was pointed out 

by [151], who in their study in Finland also found that the risk of accidents resulting in physical 

damage or injuries was ca four times higher during snowy or icy road conditions compared to bare 

road conditions. [152] found that in Finland the so called “peak days of traffic accidents” (= at least 

doubled daily accident rate) were linked either to the passage of a low pressure area causing 

plenty of snowfall or to very low temperatures with some snowfall, resulting in slippery conditions. 
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During the winter, there were typically 5-10 such peak days of traffic accidents (based on the sta-

tistics from ten winters, 1997/98-2006/07). The accident risk (and related costs) can be reduced 

by efficient winter maintenance.  

 

The relation between road friction (grip) and traffic safety has been reviewed for example by [153]. 

The coefficient of friction is a measure of grip and it has a typical scale from 0 to 1 (0.05-0.10 for 

wet black ice, 0.20-0.30 for packed snow and 0.8-1.0 for dry bare surface). If the driver reaction 

time is assumed to be 1 second and the friction coefficient drops from 0.8 to 0.25, the stopping 

distance with a speed of ca 90 km/h is doubled, from 65 to 129 metres [153].  

 

In a Norwegian Road-Grip Project accident rates for different roadway conditions as well as for 

different friction intervals were assessed (see Table 29). The highest accident rates were linked to 

ice or hoarfrost covered roads. The accident rate in very slippery conditions (friction coefficient 

value below 0.15) appeared to be four times higher compared to “more normal” winter conditions 

(friction coefficient 0.35-0.44, see Table 29). However, [153] pointed out, that the relation between 

road surface friction and accident rate is not a straightforward problem to explain. 

 

 

Friction interval Accident rate 

< 0.15 0.80 

0.15-0.24 0.55 

0.25-0.34 0.25 

0.35-0.44 0.20 

 

Table 29: Accident rates (personal injuries per million vehicle kilometers) at different fric-

tion coefficient intervals (source [153]]) 

 

The situation is very dangerous when reduced road surface friction and poor visibility are com-

bined, especially if the reduction of visibility occurs suddenly. This can bring about the occurrence 

of severe pile-ups on the highways [154]. Such an event occurred in the Helsinki metropolitan ar-

ea in southern Finland on 17 March 2005 due to the passage of a band of intense snowfall with a 

sharp leading edge. The drivers coming towards Helsinki (and the snowfall) from the north were 

forced to encounter simultaneously a sudden decrease in visibility and road surface friction. In the 

resulting pile-ups, almost 300 cars crashed, three people died and over 60 persons got injured. 

Similar incidents, induced by intense snowfall, have lately occurred for example in Austria and in 

the Czech Republic during March 2008. In the latter case, 231 cars were crashed and 30 persons 

got injured, resulting in total costs of around 1 million euro. Also, on 24 March 2011, ca 70 vehi-

cles piled up during sudden snowfall north of Kuopio city in Eastern Finland.  

 

The driver behavior adjustment vis-á-vis the risk level was a subject examined by classical studies 

of behavioral adaptation to changes in traffic systems carried out by [141], [142] and Wilde [143], 

[144].They proposed a threshold model envisaging that in dynamic driving situation, drivers actu-

ally control the safety margins rather than some specific safety measure, and that only when the 

risk or fear threshold is exceeded, they do influence drivers‟ behaviour. They postulated that in-

nate mechanisms such as “subjective risk” assessment or “fear monitor” alarm and influence driv-

ers decisions when safety-margin thresholds are violated. However, with repeated exposures, 

drivers adapt to situations which at first elicited “risk response” and drive most of the time with 
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over-learned habitual pattern based on safety margins, with no concern for (the objective) risk. 

[142], [145] labeled this adaptation as “zero-risk theory”  

 

[146] and [147] proposed an individual accident risk management model hypothesising that every 

individual is comfortable with certain level of risk and aims to balance the rewards of risk-taking 

against perceived hazards. Since the lower speed of vehicle movement may lead to perception of 

lessened risk, the rewards of risk taking become then more attractive and trigger a compensatory 

increase in risk taking (risk compensation). This may bring the accident rates back to their original 

level (risk homeostasis) or produce a rearrangement of hazards manifested in driving behaviour 

that increases the risk level. 

 

In a pursuit to discern the mechanisms contributing to increase in risk levels, [137] explored the 

content of behavioral adaptation and risk compensation concepts (p.210). He proposed to reserve 

the term “behavioral adaptations” to “strategic decisions” only which are made consciously. Stra-

tegic decision making may take place outside as well as inside the road traffic system. He vali-

dates the “strategic decision making “by showing that the numbers of elderly drivers and women 

(all ages) increase as a function of better road lighting because this specific driver group feels in-

secure in darkness. Another strategic judgmental case [137] invokes pertains to situation when a 

driver decides to take alternative route because of the shortage of time and/or weather-induced 

road impairment based on pre-assessment of driving conditions [148].  

 

[137] admits that although risk compensation  also falls into behavioral adaptation pattern, it is the 

one that occurs predominantly without conscious involvement and may apply to decisions made 

on unconscious level such as when driving speed is  (suddenly) increased [149]or when time 

headways are reduced [150]. “This distinction is deliberately made because these types of deci-

sions origin in bodily reactions… that drivers do not necessarily experience at conscious level” 

(p.211). The latter may trigger overrating of drivers‟ ability of handling the environmental hazards, 

and consequently, contribute to higher accident rates. 

 

 

4.1.3. Consequences from infrastructure point of view 

 

Extreme weather phenomena tend to create impacts on the road infrastructure that last during the 

phenomena and have a lagged impact thereafter. Long-term impacts are rare, mainly related to 

damages to bridges or pavements. However, due to the fact that volumes of traffic in road 

transport are in many cases large and that the sudden change in weather conditions affects all 

users either directly or indirectly results in any part of the infrastructure collapsing causing a large 

impact on the rest of the network. Particularly bridges and intersections provide challenges to 

network maintenance as they are also first to create bottlenecks. 

 

The ability to provide maintenance service is crucial. The faster the maintenance can interfere 

with the consequences the faster the impact will be minimised. However, the maintenance can 

encounter interference from the traffic, which leads to delays if section of roads need to be closed 

or they are blocked by maintenance work. Short-term closures have to be assessed with respect 

to longer term impact on transport system accessibility. Furthermore, the impacts on accidents will 

also become reduced when the network operates normally again. 
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The key element to quick response is the availability of necessary equipment and manpower to 

clear the road as soon as possible. In the regards, regions will have different preparedness. For 

instance, for impacts of snow the Alpine and Nordic regions have experience and expertise to 

deal with, such preparedness does not exist in the Mediterranean or Maritime climate zones, 

where snow is more rare and preparedness to deal with much lower.  

 

From the network point of view, the key challenge in work package 4 will be to estimate the costs 

of impact on users and the costs of providing services to mitigate the impacts. This will be of in-

terest to road and city administrators, who will be facing challenges in the future to deal with more 

frequent extreme weather.  

 

4.2. Rail 

The key impacts and consequences in relevant climatic zones for rail transport, caused by the 

weather phenomena identified in chapter 3.2, are shown in Annex 2. The table is divided into four 

sections based on the essential phenomena (low temperature, snowfall, wind gusts, blizzards, 

high temperature and heavy precipitation).A further subdivision is implemented based on phe-

nomenon-specific threshold values defined in the EWENT project work package 1. The weather 

impacts and resulting consequences to the transport system are covered both concerning 

transport infrastructures and transport operations or services. 

 

The causal effect of the weather phenomena on rail transport (through impacts and consequences 

to infrastructure and infrastructure-related operations is illustrated in Figure 23. In conclusion, five 

interlinked traffic implications or final consequences can be identified as alternative but not exclu-

sive ending points of the causal chains: injuries, increased maintenance and repair costs, delays, 

other disturbances in operations and customer dissatisfaction. 
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Figure 23. Causal diagram linking weather phenomena and resulting impacts, conse-

quences and traffic implications regarding rail transport. 
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4.2.1. Overview of impacts and consequences by weather phenomena 

 

Low temperature is a relevant weather phenomenon in the Scandinavian, Temperate, Alpine and 

Maritime climatic zones. Especially long periods of very low temperatures, combined to snowfall 

can be difficult as snow and ice keep piling up without any opportunity to melt naturally. On the 

other hand, rapidly changing conditions under constant freeze-thaw cycles are also problematic, 

causing a lot of pressure for the railway maintenance work. Low temperature can have a number 

of impacts on the railway system, and the consequences mainly consist of physical damage to the 

infrastructures resulting in delays and rail service cancellations. 

 

The Scandinavian, Temperate, Alpine and Maritime climatic zones are also the regions where 

heavy precipitation in form of snowfall is relevant. This phenomenon is closely connected to low 

temperature, with similar impacts and consequences. Manual melting, de-icing and removal of ice 

and snow are typical measures to prevent and fix snow related problems, resulting in additional 

labour, material and equipment costs. Under extreme conditions abrupt events such as ava-

lanches may occur, causing a major risk to the passenger safety.  

 

Wind gusts and storm winds are to some extent relevant to all climatic zones, but especially so in 

the Scandinavian region. Falling trees among other impacts are a threat to the power supply of 

electric trains (damage to overhead lines and pylons, power outages) and they can also block the 

rail tracks. Wind gusts, particularly when combined to other weather phenomena, have numerous 

impacts and consequences to the rail transport infrastructure and operations, most typically lead-

ing from short to long-lasting interruptions and delays in transport services. 

 

High temperatures are a weather phenomenon to mainly concern the Mediterranean region. Ab-

rupt temperature changes or long-lasting heat waves can have various consequences on the rail 

infrastructures, for example buckling and heat exhaustion of the rail track. In addition, extreme 

heat is a serious consideration to passenger comfort and health and staff working conditions. 

 

The impacts from heavy precipitation in form of rain include flooding, soil erosion, land slides and 

rock falls. These pose a risk to the physical transport infrastructures in all climatic zones, except 

for the Scandinavian region, where heavy rainfall effects are mainly experienced in the form of 

snow. Flooding can lead to a variety of infrastructure damage, which may take a lot of time to be 

sorted out. Furthermore, the working conditions for the staff at repair work may also be very chal-

lenging. The consequences to the transport services and operations may therefore be long-lasting 

interruptions and cancellations 

 

4.3. Aviation  

Airport closure 

The closure of an infrastructure is the most drastic measure for any traffic mean. Due to the high 

safety standards and the sensitivity of the air transport system, this measure occurs more often for 

airports than for other traffic means like road or rail (see Annex 3). But as these closures can be 

timely restricted for a short period of time, the impacts have to be evaluated on an hourly base.  

The effects are twofold. On the one hand, all operations at the airport are suspended for the peri-

od of the closure; on the other hand, the operations after the end of the suspension are still dis-
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rupted, which can be seen on the delay situation. The recovery from this situation takes place in 

periods of less traffic, which is at most major airports the night time between 0:00 and 06:00 AM. 

The flights during the time of suspensions are cancelled, redirected or delayed. This depends very 

much on the time of day, flight direction (departure or arrival), duration of the suspension, utilisa-

tion ratio and recovery time of the airport. 

 

In a first rough estimation, the average movements per hour can be used for the number of can-

celled flights. This number was basically derived from Table 13 that shows the number of depar-

tures per year for the typical major airports. Dividing this value by the number of days in the year 

2008 (in this case 366 days due to a leap year) and the average opening hours for each airport 

based on their published flight plans, the average number of departures per hour can be calculat-

ed. Assuming that the number of departures equals the number of arrivals, the average amount of 

departures per hour is multiplied by two in order to get the average movements per hour. Addi-

tionally for a “worst case calculation” the declared capacity values can be used as upper bounda-

ry, because they show the maximum numbers of planned flight for an airport in one hour. 

 

The result of this estimation for the selected 25 airports is shown in Table 30. 

 

  
Top 5 Airports  

Declared Capacity 
[mv/hr] 

Avg. Movements 
hour 

Opening 
hours 

Scandinavian 

COPENHAGEN - KASTRUP 83 [6] 42 06.00 - 23.00 

OSLO - GARDEMOEN 60 [7] 38 06.00 - 23.00 

STOCKHOLM - ARLANDA 90 [3] 38 07.00 - 23.00 

HELSINKI - VANTAA 80 [8][6] 28 06.00 - 00.00 

SAINT PETERSBURG 39 [2] 19 06.00 - 00.00 

Temperate 

PARIS CHARLES DE 
GAULLE 

114 [6] 85 06.00 - 00.00 

FRANKFURT MAIN 83 [6] 70 05.00 - 00.00 

AMSTERDAM SCHIPHOL 106 [8] 63 05.00 - 00.00 

BRUSSELS NATIONAL 74 [6] 38 06.00 - 00.00 

DUSSELDORF 40 [8] 37 06.00 - 23.00 

Alpine 

MUNICH 90 [6] 62 05.00 - 00.00 

VIENNA SCHWECHAT 66 [6] 44 06.00 - 00.00 

ZURICH 66 [6] 42 06.00 - 23.00 

MILAN MALPENSA 69 [8] 33 06.00 - 00.00 

GENEVA COINTRIN INT. 
AIRPORT 

36 [10] 28 06.00 - 23.00 

Mediteranean 

MADRID BARAJAS 90 [8] 71 06.00 - 00.00 

ROME FIUMICINO 88 [8] 53 06.00 - 00.00 

BARCELONA 64 [6] 52 06.00 - 23.00 

ISTANBUL - ATATURK 40 [6] 37 05.00 - 00.00 
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ATHENS E. VENIZELOS 60 [8] 28 05.00 - 00.00 

Maritime 

LONDON HEATHROW 88 [6] 73 05.00 - 23.00 

LONDON GATWICK 50 [8] 40 05.00 - 23.00 

DUBLIN 48 [6] 32 06.00 - 00.00 

MANCHESTER 59 [8] 33 06.00 - 23.00 

LAS PALMAS 22 [2] 20 06.00 - 22.00 

Table 30: Typical hourly movements (reference see declared capacity column)  

 

Depending of the time of the closure, it can effect the airport operations over the whole day or 

even the next day, which leads to additional delay in operations. 

Delay effects on airport 

In case of extreme weather phenomena disruptions in flight operations will inevitably lead to de-

lays. In order to satisfy their customers (airlines and passengers) and fulfil legal requirements, 

airports provide resources such as snow plows/salt dispenser and other equipment. Provided that 

all flight operations - despite delays -can be carried out during the operating times of the airport, 

consequences for the airport are limited to a distortion of the planned processes and staff sched-

ules.  

 

In case of long-term delays resulting in an extension of the operating times, additional costs (e.g. 

labour costs) may apply to the airport. Furthermore revenue losses in form of lower airport charg-

es may arise if aircraft are re-routed to other airports. Considering a longer period of time with 

dramatically increasing average delay values, the declared capacity might be reduced by the co-

ordinating committee. This will lead to significant losses in total revenue for the airport as, for ex-

ample, the total number of movements and consequently the amount of airport charges will de-

crease.    

 

Apart from that, increasing average delay values may have a significant effect on airports´ reputa-

tion. Especially secondary airports make great efforts to satisfy their customers and attract new 

customers in order to stay competitive in the market. Nevertheless even primary airports do their 

best to sanitize their public image as their position as leading hub airports might be at stake in the 

long run.  

 

Furthermore, if the delay becomes too great, some single flights might be cancelled. But the num-

ber of cancelled flights depends on various factors, like safety restrictions or operators decision. 

The AEA Consumer Report [1] lists some major events at European airports (see example at  
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Figure 24: Excerpt from the AEA consumer report [1] 

 

Effects on ANSP 

The influence of delays in the international air traffic on the work of the air navigation service pro-

viders depend on the geographical extension of the weather phenomena. In case of local weather 

events, such as thunderstorms, some controllers are affected by lower work load if flights are re-

routed. Others consequently suffer from higher work load as their sectors are free of any disrup-

tions and more aircraft than planned are guided through these sectors.  

 

In opposite to airports, increasing average delay values may neither lead to changes in the per-

ception and reputation of the ANSP nor to any changes in total revenue. In the case of a more 

global phenomena (e.g. volcano ash), a huge number of flight might be cancelled, which results in 

less revenues. But phenomena of this size have been very rare in the past 

. 

Summarizing, effects caused by extreme weather events are of lower importance for the ANSP 

than for other ATM-stakeholder such as airports or airlines.   

4.4. Marine / short sea 

4.4.1. Ports 

The main hub of the marine/short sea transport is the port and the European Union simply cannot 

function without its seaports. 90 % of Europe‟s cargo trade in goods passes through the more 

than 1200 seaports existing in the EU and more than 400 million passengers pass through Eu-

rope‟s ports every year using ferry and cruise services [94]. Simply put, without seaports, the Eu-

ropean Union would not exist as an economic world power. It is imperative to assure both the con-

tinuous and the peak function of port facilities. 

 

Ports are clusters of industrial and economic activities but, above all, are nodal points connecting 

all transport: They are the first step of the national and international transportation chain, from sea 

to the inland regions, interconnected with railroads and motorways. Cost and efficiency in cargo 

handling depend not only on containerization, but also on port efficiency in loading, unloading and 

forwarding the container to its final destination. Seaport efficiency is important in the maritime 

supply chain and for the competitiveness of short-sea shipping towards rail and road transport. 

Any factor that hampers the loading/unloading of goods and passengers creates congestion (in 

various degrees of severity, depending on the degree the port facilities operate) and affects a 

whole chain of industries.  
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Port State of Congestion Most possible future devel-

opments of congestion  

Humber (UK, east coast) No congestion No immediate worsening 

Felixstowe (UK, south east 

coast) 

No congestion No worsening expected 

Hamburg (Germany, North) Congestion occurs, but not 

quantified 

No worsening 

Rotterdam (Netherl., Atlantic) Only congestion on hinter-

land side 

Pessimistic 

Antwerp (Belgium, Atlantic) Sometimes congestion, es-

pecially at terminals 

Situation will improve: new 

quays, better rail, inland nav-

igation and trucking system 

Zeebruges (Belgium, Atlan-

tic) 

Mainly congestion in hinter-

land 

No immediate worsening 

Marseille (France) Only congestion for tankers Other commodity types may 

be affected too 

Portuguese ports (Atlantic) No congestion No worsening 

Rostock (Germany, Baltic) Congestion at gates and at 

terminal; peak congestion in 

hinterland transport 

Road situation may get 

worse 

Aarhus (Denmark, Baltic and 

North Sea) 

Minor congestion at terminals Worsening through overflow 

from other ports 

Kotka (Finland, Baltic) No real congestion No worsening expected 

Rauma (Finland, 

Baltic) 

No recurrent congestion No worsening 

Gdynia (Poland, Baltic) No congestion, at least not 

on maritime side 

Worsening if no measures 

Barcelona (Spain, Med.) 

 

Some inland congestion No worsening expected 

 

Genova (Italy, Med.) Minor congestion in hinter-

land 

No clear view 

Table 31: overview of major EU ports and their statements regarding congestion in a study 

performed in 2006 [96] 
 

It is important at this point to differentiate between the port area and harbour. The former refers to 

the facility for loading and unloading vessels and the surrounding structure on land, the latter is a 

place where ships, boats and barges can seek shelter from stormy weather, or else are stored for 

future use. Both are susceptible to congestion; however a harbour faces problems usually due to 

high winds and fog only (within the harbour and outside in open waters) unlike a port. 

 

Extreme weather phenomena can be a factor for intensifying congestion in a port: Anything, from 

extensive rainfall to a heat/cold wave, from hail to fog and high winds can slow down or entirely 

disrupt the chain of operations of loading and unloading within a seaport. Since there are already 

severe capacity restrictions, especially for terminal capacities, quays to berth and crane capaci-

ties, further restrictions due to extreme weather are certainly undesirable. Congestion (recurring 

and non recurring) is increasing costs and affecting reliability. For the case of possibly loosing of 

clients, reliability can be much more important than direct costs. The transport and logistics sector 
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use several strategies such as night haulage, information and planning instruments to avoid con-

gestion, but this is non-applicable in the case of severe weather. 

 
 

 
Figure 25: scheme of a seaport structure and functions [114] 

 

The main costs of using those structures follow in the table below 
 

Service provided by port Percentage of total cost 

Port tariffs on the use of infrastructure 5% - 15% 

Berthing services 2% - 5% 

Cargo handling 70% - 90% 

Consignees 3% - 6% 

Figure 26: main costs of using those structures follow in the table below Source: Suykens 

(1996) [97] 
 

 

It is evident that the lion‟s share of the cost is cargo handling. This is known as Terminal Handling 

Cost (THC) and is the price for a number of services related to loading/offloading and general 

care of cargo. Terminal Handling Cost is closely associated with the twenty-foot equivalent unit 

(TEU) and the forty-foot equivalent unit (FEU). The following table presents the Range of Charges 

for Combined Containers (FEU and TEU) for European Ports after April 2009 
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Port Range of THC 

Southampton  £ 80-140 

Felixstowe  £ 96-140 

Antwerp € 88-170 

Zeebrugge € 88-170 

Rotterdam   € 129-200 

Bremerhaven € 138-210 

Hamburg  € 170-210 

Goteborg   Kr 550-1,240 

Klaipeda € 50-147 

Algeciras  € 130-255 

Valencia  € 125-255 

Barcelona   € 80-255 

Le Havre € 150-240 

Genoa   € 111-180 

La Spezia € 111-180 

Gioia Tauro € 111-180 

Piraeus (Import)* € 112-112 

Constanza (Import)  $ 40-382 

Table 32: Range of Charges for Combined Containers (FEU and TEU) for European Ports 

after April 2009 
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Table 33: Eurostat’s Top-20 container ports in 2009 - by volume of containers handled in (1000 TEU's) 
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One can have a rough estimate of the cost of delays or closing down of ports due to extreme 

weather phenomena by estimating the TEU‟s per day (or per 6-hour periods) handled for each 

port and then calculate the cost of THC not received due to suspension of services. Of course, 

there are many factors to be taken into account, like peak-hours and the day-night circle but a 

general idea of the losses can be achieved. 

 

Other costs related with extreme weather phenomena include damage to infrastructure, and 

goods. The latter is especially important since storage like port warehouses are particularly critical 

points. Values to the order of several hundred millions of euros are stored on few square kilome-

tres of storage space in such facilities – values that are moreover extremely susceptible to hail or 

floodwaters for example. Usually a ports infrastructure takes account of the rough conditions 

(close proximity to the sea and the effect of erosion), however it is still susceptible to wear and 

tear. These costs, however, are difficult to estimate. 
 

4.4.2. Passenger & Cruise ships 

 

Another aspect of congestion in ports, besides the handling of goods, is the handling of passen-

gers. As previously mentioned, there are more than 400 million passengers each year embarking 

and disembarking through the European ports. However, these inflows and outflows are concen-

trated in a limited number of coastal regions. In 2007, the total number of passengers per coastal 

region was more than 2.5 million in 40 regions only, and less than 100000 in more than half of the 

coastal regions. Thus, 77% of marine passengers depart or arrive in only 9% of coastal regions. 

The coastal areas most frequented by passengers are the coastal regions of Attiki (48 million) in 

Greece, the Italian coastal region of Napoli (20 million) and the coastal region of Skåne län in 

Sweden (15 million).[98] 

 

From Figure 27 below it is evident that the most frequent use of maritime transport facilities, is 

when crossing coastal regions to and fro. 
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Figure 27: Use of maritime transport facilities [164] 

 

Also, a high concentration in the number of passengers in the coastal regions located fairly close 

to each other is present. This can be explained by the density of passenger traffic for short cross-

ings. This is particularly the case between the coastal regions of Denmark but also between them 

and the Swedish coastal region of Skåne län and Västra Götalands län. Similarly, although mari-

time transport of passengers between the UK and France is competing with either rail or air 

transport, the number of arrivals and departures of maritime passengers are significant between 
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the coastal region of Kent in the United Kingdom and the French department of Pas-de-Calais. 

The concentration of movements is even more marked among the Maltese islands, where there 

are no alternative connections. 

 

Factors like the growing demand for transportation means, growing net migration from outside EU, 

EU‟s aging population, growing demand for the mobility of workers, growing urbanization to the 

coastal regions coupled with the fact that maritime transport is the most energy-efficient mode of 

transport given its large loading capacity, will put a further strain to the already busy coastal re-

gions and the system. In order to prevent delays from congestion, a proposal was made by the 

Commission in December 2008 the Council and the European Parliament adopted on 24 Novem-

ber 2010 Regulation 1177/2010 concerning rights of passengers when travelling by sea and in-

land waterway [165]. The Regulation was published on 17 December 2010 in the Official Journal 

of the EU and its provisions will apply as from 18 December 2012 and it provides for the following 

new passenger rights:  
  

 guarantee of reimbursement or rerouting in situations of cancellation or of delay at depar-

ture of more than 90 minutes;  

 adequate assistance (such as snacks, meals, refreshments and, where necessary, ac-

commodation up to three nights, with a financial coverage up to €80 per night) in situa-

tions of cancellation or delay at departure of more than 90 minutes;  

 compensation, between 25% and 50% of the ticket price, in situations of delay in arrival or 

cancellation of journeys;  

 non-discriminatory treatment and specific assistance free of charge for disabled persons 

and persons with reduced mobility both at port terminals and on board ships, as well fi-

nancial compensation for loss or damage of their mobility equipment;  

 minimum rules on information for all passengers before and during their journey, as well 

as general information about their rights in terminals and on board ships;  

 

 establishment by carriers and terminal operators of complaint handling mechanism avail-

able to passengers;  

 establishment of independent national bodies for the enforcement of the regulation, 

through, where appropriate, the application of penalties. 
 

However, these new measures are expected to come at a higher cost of maritime tickets and the 

cost-benefit analysis of that is yet to be shown in action. 

 

Another important aspect of the impact of weather on maritime economy is the EU cruise shipping 

industry.  Some of the major highlights of cruise operations in Europe during 2009 were: 

 

• During 2009 there were 45 cruise lines domiciled in Europe, operating 124 cruise ships with a 

capacity of around 127,000 lower berths. Another 64 vessels with a capacity of 76,600 lower 

berths were deployed in Europe by non-European lines. 

 

• Over 4.9 million European residents booked cruises, a 12.1% increase over 2008, representing 

nearly 29% of all cruise passengers worldwide. 

 

• More than 4.8 million passengers embarked on their cruises from a European port, a 3.2% in-

crease over 2008, with over 75% of these being European nationals. 
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• The vast majority of these cruises visited ports in the Mediterranean, the Baltic and other Euro-

pean regions, generating 23.8 million passenger visits at European port cities, a 9.4% increase 

over 2008. 

 

• In addition, an estimated 12.4 million crew also arrived at European ports 

 

It is important to note that the cruise industry is also linked with major other industries, such as 

services, tourism, shipbuilding, supply chains and has a direct impact to all of them. And, if any-

thing, cruises are about leisure: weather conditions during transit and port-calls can effectively 

make or break a cruise. 
 

 
Table 34: Number of Cruise Passengers by Country of Embarkation in 2009 [166] 
 

And the following table shows the number of European Cruise Passengers by Country of Destina-

tion (2009) 
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Table 35: Number of European Cruise Passengers by Country of Destination (2009) [166] 

 

It is evident that the lion‟s share of the industry is centred around the Mediterranean Sea. Thus, it 

is imperative to examine the weather conditions in the area during transit in order to have a better 

view of the general picture. However, this is not easily achieved since one must quantify the pas-

senger‟s expectations, something that is purely subjective (some may see a little bit of “rough 

weather” as an adventure, others may detest it and ruin their whole experience). Furthermore, 

there are factors that have conflicting natures and affect the general view: rising temperatures in 

the Mediterranean may prove too much for some who eventually shift their focus to “higher lati-

tudes” but, on the other hand, rising temperatures may also extend the “warm period” of the area, 

thus providing more time for peak-season cruises. The general view of the industry, however, is 

one on the rise: In 1999 an estimated 1.9 million Europeans cruised but by 2009 this figure had 

grown to 4.9 million, representing an increase of 163%. 
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4.5. Inland Waterways 

4.5.1. Suspension of navigation and transportation time 

 

The main causes for suspension of navigation are high water as a result of heavy precipitation, 

precipitation and snow melt, or snow melt, precipitation and ice jams in the case of winter high 

water or winter floods, as well as the appearance of ice on waterways due to long lasting tempera-

tures far below zero Celsius degrees. 

 

In the case of high waters navigation is usually suspended once the water level has reached or 

exceeded the highest navigable water level (HNWL) by a certain degree (e.g. 90 cm in Austria, 

Figure 28). In general the suspension of navigation is limited to a very short period of only a few 

days, and it may take place only a few times or not at all during a year. E.g. on the Austrian Dan-

ube navigation had been suspended due to high water at the maximum of 8 days during a year 

within the period 1992 – 2009, which took place in the year 2002 when severe flooding occurred 

in many parts of Europe (Table 36) . Although the occurrence of high waters and suspension of 

navigation is a short lasting phenomenon, it has some significance to inland waterway transport 

as it is difficult to predict, in particular on waterways like the Danube where water levels may 

change very fast (Figure 28) The significance of high waters on inland waterway transport is de-

pending on the waterway under consideration as well as the cargo transported. E.g. on the Cen-

tral Rhine inland waterway transport is almost not affected by high water, whereas on the Neckar 

the sum of all days with suspended navigation accounted for 37 in the year 2002 [93]. Therefore, 

it is important to distinguish between the different waterways when considering the impacts of high 

waters on inland waterway transport. Related to the cargo transported, bulk cargo, e.g. iron ore, 

where just-in-time-deliveries are not necessary is less sensitive to delayed deliveries as usually a 

larger stock is existing being regularly complemented. More sensitive to suspension of navigation 

are high value goods e.g. containers which are provided by liner services according to a strict 

schedule. Referring to the KLIWAS project manufacturers of chemical products as well as (pre-) 

manufactured products can cope only with 1 up to 2 days delays, accounting for around 30 per-

cent of enterprises interviewed [106]. Most enterprises are able to cope with delays of 4 or more 

days.   

 

According to results of the JRC project Peseta the 100-year return levels of river discharge are 

projected to decrease in Finland, parts of Russia and South-Spain for the period 2071 – 2100. For 

the other parts of Europe either no changes or significant changes are projected depending on the 

location of consideration, indicating that the consideration of high waters will remain or become 

more important. Considering the general assessment of climate change effects on European in-

land waterways carried out in the FP7 EU project ECCONET as a first preliminary investigation, 

winter discharge is projected to increase and summer discharge is projected to decrease. 
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Figure 28: Distribution of daily water levels at the gauge Wildungsmauer on the Austrian 

Danube in 2006. The y-axis denotes the gauge value in cm, the x-axis denotes the days and 

months of the year 2006. HSW 96 is the highest navigable water level (Source: via donau).  

 

Depending on the location this may lead to more extreme waterway conditions in regions with 

high winter discharge and low summer discharge e.g. in some sections of the Rhine and more 

balanced waterway conditions in regions with low winter discharge and high summer discharge 

e.g. on the Upper Danube. Currently no proper information is available with respect to the fre-

quency and length of high water periods [107]. Therefore, a quantitative conclusion on the future 

effects of high water on inland waterway transport cannot be drawn at this stage. Nevertheless, 

the consideration of high waters will remain important to inland waterway transport in the immedi-

ate future, as a general conclusion. 
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Suspension of Navigation on the Danube  
1992-2009 

 

Year Ice High water 

1992 0 0 

1993 0 0 

1994 0 0 

1995 0 0 

1996 4 0 

1997 25 4 

1998 0 0 

1999 0 0 

2000 0 0 

2001 0 0 

2002 0 8 

2003 0 0 

2004 0 0 

2005 0 6 

2006 18 6 

2007 0 4 

2008 0 0 

2009 11 0 

Table 36: Suspension of navigation due to ice and high water represented as accumulated 

days for the Danube in Austria. Source: via donau 

 

The occurrence of ice on inland waterways may lead to suspension of navigation, sometimes, 

even for many weeks (Table 36), contrary to the relatively short-lasting high-water events. Not all 

waterways are affected by the occurrence of ice. E.g. on the Upper and Central Rhine navigation 

has not been suspended due to ice since at least the 70-ies of the 20th century (Wasser- und 

Schifffahrtsdirektion Südwest, 2009). 

 

Figure 29 shows the development of the annual mean water and air temperatures on the Danube 

at Kienstock and Hainburg. The trend of the water temperature is clearly increasing and almost 

equal to the one of the mean air temperature. As ice occurrence is depending on air and water 

temperatures, whereby the amount of days with temperatures of less than 0° C and -7° C is clear-

ly decreasing in the Rhine-Main-Danube Corridor according to Deliverable 2.1 of EWENT,  it may 

be expected that ice phenomena will become less severe in the future, leading to less days of 

suspension of navigation due to ice. This seems to be confirmed by observations of VITUKI for 

the Hungarian Danube (Table 37), giving a clearly declining trend for the ice flow and the ice cov-

er. Between 1901-1960 60% of the Hungarian Danube reach was covered by ice. Between 1994-

2010 no ice cover was observed. The trend is caused partly by human influence and partly by 

global warming.  
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Figure 29: Development of the annual mean water and air temperatures on the Danube at 

Kienstock and Hainburg. JWT = water temperature. LT = air temperature at Neustift. 

Source: [155] 
 
 

 1901 - 1960 1964 -1986 1994 - 2010 

Ice flow 80% 60% 40% 

Ice cover 60% 40% 0% 

Table 37: Ice phenomena on the Hungarian Danube reach [88] 
 

The transportation time is affected by suspension of navigation as well as flow velocities of the 

river and shallow water effects.  

 

The stream velocities of a river are a function of the discharge and cross section of the river. In-

creased discharges result in high water levels and high stream velocities, which may differ signifi-

cantly from the ones associated with low discharges and water levels, depending on the river un-

der consideration (Table 38). The velocity of a vessel over ground determining the transportation 

time is obtained by adding the stream velocity to the velocity of the vessel in still water when sail-

ing downstream and by subtracting the stream velocity from the velocity of the vessel in still water 

when sailing upstream. High waters with high stream velocities lead to increased sailing times 

when sailing upstream. As the power utilized is close or equal to the maximum at lower and higher 

water levels and the fuel consumption is directly related to the product of the power and the sailing 

time, the increased sailing times will lead also to increased fuel consumption. When sailing down-

stream the power requirement will be reduced leading to reduced fuel consumption, or if most of 

the power can be utilized as no speed limitations are reached then the sailing times will be re-

duced leading to reduced fuel consumption, too. The significance of the effect of high water on the 

transportation time is different for the different European waterways and numerous vessel types. 
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Begin of 

stretch at 

river 

kilometre

End of 

stretch at 

river 

kilometre

Fairway 

depth at 

RLWL 

(RNW)

Fairway 

depth at 

HNWL 

(HSW)

Stream 

velocity at 

RLWL 

(RNW)

Stream 

velocity at 

HNWL 

(HSW)

River 

kilometre

River 

kilometre
[m] [m] [km/h] [km/h]

1848 1855 9 1 4,5

1855 1858 10 1,2 7

1858 1862 9 1,3 7,5

1862 1865 7 1,7 11

1865 1868 7 2,2 11

1868 1873 5,5 3 12,5

1873 1875 3 4,5 13

1875 1878 4 5 13

1878 1882 3,5 8,51 5 9

1882 1885 3 7,81 4,8 8,6

1885 1889 3 4,5 8

Border 

Slovakia - 

Border 

Slovakia -  

Austria (rkm 

Gauge 

Bratislava-

Gauge 

Hainburg                                                   
Table 38: Stream velocities at different locations on the Danube. Source: via donau and 

navigation charts of the Danube Commission. 

 

The sailing times may be increased by low water, too, due to shallow water effects on ship hydro-

dynamics. The resistance of inland waterway vessels is significantly increased in shallow water 

and canals when the speed is close to the critical speed (Fnh = V/(g•h)
0.5

 = 1). V is the speed of 

the vessel, g is the gravity constant, and h is the depth of the water. The flow undergoes a change 

from a three-dimensional one to a two-dimensional one along the sides of the vessel with in-

creased flow velocities, wave making and wall shear stresses. Shallow water affects not only the 

ship resistance negatively, but the dynamic sinkage and trim, the propulsive efficiency as well as 

the manoeuvrability, too. The mentioned hydrodynamic effects become more significant the shal-

lower the water is (Figure 30). Due to the shallow water effects, at given delivered power the ves-

sel velocity to be reached will be much lower than the one in deep water. In Figure 31 the deliv-

ered power is given as a function of the velocity for different existing vessels. For a large motor 

cargo vessel (GMS 110 m) 500 kW delivered power result in a vessel speed of 17 km/h at h = 5 m 

and T = 2.5 m. However, the same delivered power results in a speed of only approximately 8 

km/h in shallow water conditions (h = 2.5 m and T = 2 m), increasing the transportation time by 2 

whereby here no streaming velocities of the river are taken into account which may increase the 

transportation time even more when sailing upstream. The increase in transportation time leads to 

an increase in fuel consumption per ton cargo transported as the total energy required for moving 

one ton cargo, being obtained as product of the engine power and the time sailed divided by the 

amount of cargo transported, will increase. When considering the reduction of ship speed due to 

shallow water effects, it is important to account for the interrelation between the requested deliv-

ered power, the rates of revolutions of the propeller and the engine as well as the maximum pow-

er output of the engine available for utilisation, which will be lower if the resistance is increased 

due to shallow water effects as the propeller curve becomes steeper and the maximum power at 

maximum continuous rating cannot be necessarily utilised.   

 

 In Figure 31 the delivered power is presented as a function of the vessel speed for different exist-

ing vessels and sailing conditions. The respective main characteristics of the vessels are present-

ed in Table 39. For a proper estimation of shallow water effects on transportation times and fuel 

consumption a comprehensive set of power – speed curves is needed, which usually is protected 

knowledge of research facilities and towing tanks.     
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Figure 30: Sketch of the influence of shallow water on the resistance of a vessel. In general 

a buoyancy vessel is not able of exceeding Fnh = 1 due to insufficient power and occur-

rence of grounding. 
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Water depth h = 5.00 m
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Figure 31: Delivered power as a function of velocity for different vessels and sailing condi-

tions (shallow water (curves on the left: water depth h = 2.5 m and vessel draught T = 2. 00 

m as well as increased water depth (curves on the right): water depth h = 5 m. [108]  
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4.5.2. Limitation of cargo carrying capacity 

 

In the case of shallow water the full cargo carrying capacity of a vessel cannot be used anymore. 

E.g. if the draught of a vessel permitted accounts for 2 m then a large motor cargo vessel (GMS 

110 m) is able to carry about 1200 tons (Figure 32), accounting for 40 percent of its full cargo car-

rying capacity. A small vessel e.g. of the type of Gustav Königs is able to carry about 800 tons, 

accounting for approximately 70 percent of its full cargo carrying capacity. Therefore, smaller ves-

sels with less maximum draught are less affected by shallow water conditions and drought than 

larger vessels. However, it must be noted that larger vessels are more economical at sufficient 

water conditions. This is illustrated in Figure 33 based on calculations carried out in the KLIWAS 

programme. In Figure 33 the developments of the specific transport costs of a large motor cargo 

vessel (GMS) and a small motor cargo vessel (Gustav Königs) are presented as a function of the 

water depth for the period 1980 – 2006. Higher water depths lead to lower specific transportation 

costs of the large motor cargo vessel (GMS) than the ones of the small motor cargo vessel (Gus-

tav Königs), due to good utilization of its scale. At low waters e.g. in the year 2003 the smaller 

vessel performed more economically. However, the transport costs were highest for both vessel 

types within 1980 – 2006 endangering the competitiveness of inland waterway transport per-

formed with large as well as with small vessels. Therefore, the usage of smaller vessels, if suffi-

ciently available, being not the case, is not sufficient for coping with low-water events; it is impera-

tive to provide sufficient navigation conditions also in periods of drought, leading to lower specific 

transport costs for both vessel types. 

 

 

Ship type Abbreviation Length 

[m] 

Breadth 

[m] 

Draught 

[m] 

Deadweight 

[t] 

Gustav Kö-

nigs 

(long version) 

G. Königs 

verl. 

80,00 8,20 2,50 1100 

Johann 

Welker  

(long version) 

J. Welker 

verl. 

85,00 9,50 2,70 1500 

Large Motor 

Cargo Vessel 

(L = 110 m) 

GMS 110 m 110,00 11,45 3,50 3000 

Pushed con-

voy (Elbe) 

SV Elbe ca. 120,00 8,20 2,32 1450 

Pushed con-

voy (Channel) 

SV Kanal ca. 185,00 11,40 2,80 3700 

 

Table 39: Main characteristics of selected existing vessels sailing on German waterways. 

[108] 
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Figure 32: Dependence of cargo carrying capacity of different existing vessels on German 

waterways on the draught of a vessel [108].  

 

Year

Water depth GMS specific costs Gustav Königs specific costs

Year

Water depth GMS specific costs Gustav Königs specific costs
 

Figure 33: Development of the specific transport costs of a large motor cargo vessel (GMS) 

and a small motor cargo vessel (Gustav Königs) as a function of the water depth. Transport 

of bulk cargo from Rotterdam to Basel [109].  

 

The year 2003 was characterized by many months of drought and low water levels (Figure 34), 

leading to less cargo transported, which, however, cannot be attributed solely to the low-water 

occurrence, and more vessel movements in order to satisfy the demand for transportation. The 

limitation in transport capacity led to a shift of cargo from water to railways. However, the railways 
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could not cope with the cargo shift sufficiently. Bernd Malmström, at that time CEO of Deutsche 

Bahn Cargo AG, justified in November 2003 in an interview with the DVZ the delay in delivery and 

the bad service of the Deutsche Bahn amongst others with the “low waters of the rivers, which 

claimed all free reserves available at short notice” [110].  Droughts like the one in 2003 are very 

seldom. However, these are long lasting events which have a significant influence on the competi-

tiveness and reliability of inland waterway transport. Inland waterway transport seems to be able 

to cope with such events if they remain seldom single events. However, if such an event occurs 

several times consecutively then the confidence of shippers in inland waterway transport will be 

severely lowered, leading to the usage of other modes of transport. Nevertheless, due to shortage 

of transport capacities and increased transport volumes these modes of transport will be faced 

with problems related to service quality, too, as a consequence. 

 

 
Figure 34: Annual hydrographs at Kaub on the Rhine for the years 2003 up to 2007. After 

Belz et al. (2007). The year 2003 characterized by severe drought and low-water occurrence 

is shown in dark blue. The grey zones denote the so called low-water surcharges ("Klein-

wasserzuschläge"). 

 

Referring to the general assessment of climate change effects on European inland waterways of 

the ECCONET project, for the Rhine region recent and comprehensive results related to hydrolo-

gy are available from the KLIWAS programme. Based on an ensemble of 20 discharge projec-

tions, results from KLIWAS for the occurrence of summer half-year (May through October) low-

water discharge show no clear changes for the entire Rhine until the middle of the 21
st
 century 

(Figure 35). For the winter half-year (November through April), a moderate increase is obtained, 

indicating less severe low-water conditions (not shown). 

 

For changes in mean discharge, a clear tendency is not evident from the KLIWAS results. 

 

Summarising the results of studies published between 2000 and 2008, the expert group KLIMA of 

the International Commission for the Protection of the Rhine (ICPR) obtains increasing trends for 

the average discharge in winter and decreasing trends in summer. At Lobith the average dis-

charge is projected to increase by 16% in winter and to decrease significantly by 42% in summer 



 

 

     

94/136 

as described by the extreme KNMI „06 W+ scenario, which, however, must be considered as 

worst case deviating significantly from the majority of projections available. 

 

For the Upper Danube in Germany, based on results of the GLOWA Danube project
11

, low-water 

discharge as represented by NM7Q, the lowest seven-day discharge, is projected to decrease 

clearly until 2060, whereas the regional climate models used in GLOWA Danube as alternatives to 

the climate simulator produce contradictory trends. For the Central Danube close to Bazias, Ro-

mania, hydrological simulations carried out in the Clavier project
12

 for the period 2021-2050 indi-

cate that the mean spring and summer discharges decrease moderately, the mean winter dis-

charges increase moderately, and the autumn discharges will remain unchanged, leading to a 

more balanced distribution of monthly discharge over the year, compared with the reference peri-

od 1961-1990. The duration and frequency of occurring low-water periods is projected to de-

crease. The occurrence of a more balanced distribution of monthly discharges is confirmed by 

projections of Kling et al. 2011 for the Danube at Vienna covering the period 2021-2050, where no 

indications for severer low-water situations are visible. However, for the period 2071-2100 an ob-

vious increase in severer low-water events is projected.  

 

In general it may be concluded that for the Rhine-Main-Danube waterway no significant increase 

in low-water events is projected by the majority of existing climate models till 2050, although a 

limited number of models arrives at significantly contrary results. Severe low-water situations  

 

 
Figure 35: Lowest seven-day mean discharge (NM7Q) at major gauges along the Rhine dur-

ing the summer half year (May through October) according to an ensemble of 20 discharge 

                                                      
11

 www.glowa-danube.de 

 
12

 http://www.clavier-eu.org 

 

http://www.glowa-danube.de/
http://www.clavier-eu.org/
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projections. Values are expressed as percent changes in the period 2021-2050 (near future)  

[85]. 

 

seem to become more important in the period 2071-2100. Therefore, till 2050 the effect of low-

water situations on inland waterway transport in the Rhine-Main-Danube corridor may be ex-

pected to remain on a similar level as it is today.  There is no convincing evidence that low-water 

situations will become significantly severer and more frequent till 2050. Further clarification will be 

available through results of the FP7 EU project ECCONET and the KLIWAS programme in the 

immediate future. 

 

 
Figure 36: Comparison of the mean monthly simulated discharges for the selected 30 years 

future periods (2001-2030, 2011-2040, 2021-2050) and those for the reference period (1961-

1990), Danube–Bazias, [167]  
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Figure 37: Monthly distribution of discharge at Vienna projected by 21 regional climate 

models for the period 2021-2050 [86]. 

 

4.5.3. Infrastructure 

The occurrence of ice as a result of long lasting periods with temperatures below zero degrees  

Celsius may damage navigation signs leading to reduced safety of navigation, but also the water-

way infrastructure e.g. locks may be not operated anymore due to ice jams clogging the lock area 

or due to freezing of moving parts and mooring devices (Figure 38). As already discussed in Sec-

tion 4.5.1, the occurrence of ice is strongly depending on the location under consideration. In gen-

eral, it may be expected that the infrastructure related consequences due to ice will be become 

less severe in the future as a result of global warming and warming trends in water temperature. 

See Section 4.5.1. 

 

 
Figure 38: Ice occurrence in locks on the Danube preventing their operation. The figure left 

was taken in the year 2006. The figure right was taken in the year 2008. Source: via donau 

  

Long lasting heavy precipitation solely or in association with snow melt will result in increased dis-

charges, flow velocities and water levels having a significant impact on the inland waterway infra-
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structure in severe cases. In the worst case flooding endangering the property and lives of human 

beings can be the consequence. 

 

ZENAR, 2003 gives a comprehensive overview of the impact of heavy precipitation and high wa-

ters on several modes of transport in Austria in the year 2002, when severe flooding occurred in 

many parts of Europe, including a detailed presentation of associated costs. In the following the 

damages which occurred on the different parts of the Austrian Danube are described. To some 

extend, at similar conditions, they may be expected to occur on other waterways, too. 

 

In general, a strong change in river morphology and sedimentation took place (Figure 39). The 

tow paths were clogged by fallen trees, driftwood and drift items, as well as parts of them were 

washed away. Banks and training walls were damaged. Aggradation took place in river junctions, 

port areas and shallows of the fairway.  

 

In particular the following impacts occurred: 

 

 Driftwood, fallen trees and clogging by drifting items at and on river banks as well as on 

tow paths, 

 Aggradation in ports and the fairway as well as at port entrances, berths, river junctions, 

and pipes, 

 Damage of river banks, training walls, flood protection dams, bridges of tributaries, tow 

paths, signs, stairs, ramps and gauges 

 Scour occurrence at paths and river banks 

 

 

 

Figure 39: Changes in the river cross-section geometry of the Danube at river kilometre 

1887.1 in 2002, being partly caused by the flood in August. The y-axis denotes the height in 

meters above Adria. The x-axis denotes the extension of the cross section in meters. 

Source: ZENAR, 2003. [65] 

 

Similar results are presented in [63], where a damage of the lock Freudenau caused by high water 

prior to the one in August as well as aggradation in lock and hydropower plant areas are reported. 
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Sediment transport during high waters can be very significant leading to significant aggradation. 

E.g. at the cross section of the Danube in Aschach the daily amount of sediments transported by 

the river accounted for 1 800 000 m
3
 on August 13

th
, 2002. The total amount of sediments trans-

ported through the same cross section accounted for 5 000 000 m
3 
in the year 2002, illustrating 

very well how extraordinarily high the sediment volumes transported may become during a high 

water event [62].  

 

Driftwood is not only a danger to the infrastructure. In free flowing sections as well as accumulat-

ed in locks driftwood may damage vessels, in particular the propulsion devices may be severely 

affected [63]. 

 

As already stated in Section 4.5.1, a quantitative conclusion on the future effects of high water on 

inland waterways cannot be drawn at this stage. Nevertheless, the consideration of high waters 

will remain or become even more important to inland waterway operation and maintenance in the 

immediate future, as a general conclusion. 

 

The occurrence of low waters may lead to changes in the sedimentation and aggradation pro-

cesses compared with normal or high water conditions. However, due to the associated low flow 

velocities changes in riverbed morphology may be expected to remain small once low water has 

occurred. To waterway infrastructure operators the consideration of low waters is of importance in 

order to create strategies and to take proper actions for the provision of navigation conditions ac-

cording to international agreements, where infrastructure adaptation measures may play an im-

portant role.    

 

However, as already stated in Section 4.5.2, till 2050 the effect of low-water situations on inland 

waterways in the Rhine-Main-Danube corridor may be expected to remain on a similar level as it 

is today. There is no convincing evidence that low-water situations will become significantly 

severer and more frequent till 2050. However, it has to be noted that the “real” future may produce 

low water situations exceeding the bandwidth of currently available projections already due to the 

limitations of the models used. 
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5. Conclusion and Outlook 
Impacts and consequences of extreme weather phenomena vary strongly for the different 

transport modes. They depend of various factors like quality of the infrastructure, training of the 

operators, topology of the infrastructure, or sensibility of vehicle operations. A summarised  over-

view is given in Table 40. 

 

Transport 

Mode 

Quality of 

infrastructure 

Training of 

operators 

Topology of 

infrastructure 

Sensibility of 

vehicle and 

fleet opera-

tions (Resili-

ence) 

Recovery  

Road Very different 

in each coun-

try 

Very different 

in each coun-

try 

Network with 

some domi-

nant knots 

Robust 

against 

weather phe-

nomena 

Moderate 

Rail Different in 

each country 

Different in 

each country 

Network Very robust 

against 

weather phe-

nomena 

Slow 

Aviation International 

standard 

International 

standard 

Knots Very sensible 

against 

weather phe-

nomena 

Fast 

Maritime International 

standard 

Different in 

each country 

Knots Robust 

against 

weather phe-

nomena 

Fast 

Inland Wa-

terways 

Different in 

each country 

Different in 

each country 

Network Robust 

against 

weather phe-

nomena 

Moderate 

Table 40: Overview of transport mode factors 

 

This diversity results in a separate analysis of each transport mode regarding infrastructure, safe-

ty, and operator/user impacts. 

 

Table 41 gives a summary of the added risks for delay and accidents dependent from the ex-

pected climatic changes. As the expected changes concerning heavy precipitation are negligible, 

focus is laid on the other phenomena of extreme weather (Wind gusts, Snowfall, Heat waves and 

Cold waves). The development of the risks is shown by symbols "<", "=" and ">" and is based on 

judges by the respective experts of the different means of transportation. An expected decrease 

compared to present situation is embodied by "<", no change in the effect of extreme weather 

phenomena by "=" and an increase by ">". A strong increase is shown by “>>” and a strong de-

crease with “<<” vice versa. The symbol “<>” means that both possibilities (increase and de-

crease) might be possible. “N/A” indicates that there are no values available in order to give any 
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assessments. Especially road traffic with its two patterns, freight transport between major knots on 

corridors and passenger flows in large cities is affected regarding delays. Also aviation, which has 

high weather dependence already today, will suffer from extreme weather events in future. The 

reason for this is two-folded. Wind gusts can increase, especially in the southern part of Europe. 

As wind has major impact on flight operations and runway usage, this will affect the traffic the 

whole year. The reduction in cold waves and snowfall will only lead to a relief during winter month. 

So an overall negative impact for aviation is possible. In addition, free capacity, which is currently 

used to buffer weather events, will be occupied by additional flights due to the increasing air traf-

fic. Some of Europe's leading airports like London Heathrow or Frankfurt do not have this buffer 

already today. In consequence effects due to bad weather phenomena are significant already to-

day. This can be expected for other airport in future, too. Hence the impact of weather will be even 

higher than today. For the other transport modes no significant change in delays due to extreme 

weather are to be expected. 

 

For all transport modes the accident rate should be reduced or stay on a low level in future as it is 

expected that better technique and higher safety standards, which today are best utilised in avia-

tion, will influence the accident rate more than the expected weather changes. From an economic 

point of view, the former trend clearly outweighs the latter. 

5.1. Outlook for Road 

As for the road transport, the future changes are likely to reduce the impact of extreme weather. 

However, the causality is linked to the improved technologies that assist road users and the oper-

ability of the road transport system in a more safe way. Partially these technologies assist in re-

ducing the impact, for instance through reductions in collisions and contacts between road users. 

As the largest volumes of road transport users are in the Central and Southern Europe, the fact 

that extreme conditions there become rare also means that majority of road users are less vulner-

able to impacts.  

 

The amount of delays in road transport will increase, but only partially due to the extreme weather. 

More of the increase is result of increased traffic and the intensity especially in the urban context.  

Road transport volumes will continue to increase in terms of both passengers and freight, but 

more smart corridors and traffic management can slightly compensate for these events. More can 

be achieved through specific measure directed against extreme weather. It is a worthy assump-

tion that resilience of road transport sector will be addressed between now and 2040 by specific 

measures, once the costs of extreme weather are known to policy-makers. 

 

5.2. Outlook for Rail 

Road and rail suffer from similar extreme weather phenomena, and thus the future reduction of 

impacts is also expected, analogous to road transport. By improving the maintenance processes 

impacts of heavy snowfall and rain can be dealt with. Also, by taking into consideration for in-

stance the impact of wind as creating obstacles to tracks or affecting the power supply gains can 

be made. 

 

Rail transport will see developments that are related to technology that enhance the journey. The-

se developments are likely to include also deployment of tools and technologies that can improve 

the resilience. Global warming may result in some negative impacts, such as avalanches in the 

Alpine region. In critical places, these occurrences can be fatal. These can take place due to the 
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fact that trains that utilise narrow corridors in the region can have avalanches due to melting of 

slow in the upper slopes. At present the existing safety measures may not adequately prevent 

such incidents from happening. However, these effects can be mitigated through advance plan-

ning of the required counter-measures to tackle the problems.   

 

5.3. Outlook for Aviation 

Looking at the expected development for aviation, it can be stated that the influence of weather on 

aviation will increase in future. The reason here is not primarily the climate change, but the prog-

nosis for growth in world wide air traffic. 

The effects of climate change for air traffic can be hardly foreseen, as there are many overlapping 

effects, which can offset or accumulate. Below you can find some examples: 

 A reduced number of fog situations leads to avoidance of higher separation and finally in 

higher yearly capacity 

 An increased number of thunderstorms result in more temporary closure of airspace or 

airport and so in a lower yearly capacity 

 Increasing temperatures reduce the necessity for de-icing procedure, resulting in shorter 

turn-around times and hence in an increase of capacity 

 More sandstorms in the Mediterranean region reduce the visibility, what leads to an in-

crease in separation and so in a loss of capacity. 

But due to the expected growth in aviation, an increasing number of airports will operate near their 

capacity limit and hence will be more sensitive to disturbances by weather phenomena. An in-

crease of the capacity by airport extension programs is especially in Central Europe very difficult 

due to environment restrictions and the noise awareness within the vicinity of an airport. There-

fore, technical and procedural developments are needed to face this challenge and maintain the 

high standards of safety and quality in air travel. These developments include also the improve-

ment of intermodal processes especially with the rail system to strengthen the overall European 

network. 

 

5.4. Outlook for Maritime Shipping 

Considering marine/short ship shipping outlooks, future weather changes are already been ad-

dressed and things look optimistic. The fact alone that shipping consists of 90% of Europe‟s trade 

in goods and the dual advantages of low fuel consumption and bulk transfer of goods has lead to 

addressing problems such as port congestion and interconnectivity with other modes of transpor-

tation, as well as the safety of passengers and the elimination of delays in transit. 

 

Future weather changes are expected to affect, both directly and indirectly, infrastructures, per-

sonnel and transit in the two main branches of marine shipping: Transport (of goods and people) 

and Recreation/cruise shipping. Considering infrastructure and, in particular, ports, steps have 

already been taken to identify and to address the problem of congestion which will most certainly 

intensify in the future if preventative measures (such as better management, dealing with port 

spatial constrains, better loading/unloading equipment, better utilization of weather related infor-

mation) are not taken and is susceptible to weather conditions, as well as the problems of inter-

connectivity to other modes of transport in order to minimize the congestion of goods in ports. Port 

growth rate, on the other hand, is not homogenous across the EU and this could lead to problems 

if flexibility to adapt is not present. 
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Technologies on the marine sector constantly improve and stricter regulations considering safety 

are implemented and enforced, such as risk assessment, risk management and security to ports 

and ships. Maritime accidents in the EU fleet seem to get lower by the year (or, at least, not rising) 

and weather-related information for seafarers becomes more easily attainable, more accurate and 

more “tailor-made” in order to be better implemented to the task at hand. 

 

Finally, the recreation and cruise shipping industry seems to be on the rise, attracting tourists from 

both inside the EU and outside.  The Mediterranean Sea and the countries around it remain a 

popular tourism destination. Rising temperatures may move tourists to “higher latitudes” (still with-

in the EU) but may also open a “winter market” for southern Mediterranean providing more time 

for peak-season cruises. 

 

A positive feature could be the potential decrease in ice cover of the Baltic Sea. This will inevita-

bly, if taking place, decrease the need for ice-breaking operations and hence reduce the fairway 

winter maintenance costs. It will also increase the winter time reliability of vessel schedules de-

creasing the time losses of cargo. 

 

5.5. Outlook for Inland Waterway Transport 

In the Rhine-Main-Danube corridor no decrease in the performance of inland waterway transport 

due to extreme weather events is expected till 2050. Extreme weather events relevant to inland 

waterway transport are low-water events (drought), high water events (floods) and ice occurrence. 

Of less importance are wind gusts and reduced visibility. There is no convincing evidence that 

low-water events will become significantly severer on the Rhine as well as the Upper Danube in 

the near future. On the Lower Danube some impact of drought in association with increased 

summer heat might appear, demanding however dedicated research. Related to high-water 

events no reliable statement with respect to increase of discharge and frequency of occurrence 

can be given. However, consideration of floods on inland waterways will remain important also in 

the future due to reasons related to flood protection. Ice occurrence is decreasing, due to global 

warming as well as human impacts leading to shorter periods of suspension of navigation in re-

gions where navigation may be prevented by ice. Wind gusts are expected to remain on the same 

level as today, thereby not decreasing the safety of inland waterway transport. Visibility seems to 

improve if results for European airports are considered, thereby improving the safety of inland wa-

terway transport as well as operation of inland waterway vessels. 

 

Improving the inland waterway infrastructure by implementation of the respective TENT-T priority 

projects acknowledged by the European Commission as well as national activities will have a sig-

nificant positive impact on the reduction of the vulnerability of inland waterway transport to ex-

treme weather events today and in the future. Further measures with high potential comprise the 

development of customer oriented waterway management as well as River Information Services 

and new ICT technologies. 

 

5.6. Outlook for Non-motorized Traffic 

Non-motorised traffic belongs to the coverage of EWENT project, although just a brief analysis is 

pursued. Therefore a short outlook is given below for light traffic (pedestrians, cycling) based on 

the results of D1 [5] where the costs and impacts of slippery light traffic pathway conditions were 
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already reported and of D2.1 [158] where the probabilities of adverse weather phenomena were 

projected. 

 

The gravest impacts on light traffic are caused by the wintery weather conditions resulting in slip-

periness. Falling accidents, faced both by pedestrian and cyclists, generate large socio-economic 

costs especially in the Nordic countries where most the research on the subject has been carried 

out. In Finland alone, the socio-economic costs of the aforementioned accidents yield to more 

than 2 billion euros per. Upscaling this figure in a very rough manner means that in Northern Eu-

rope these costs yield probably to around 10 billion euros each year. For other type of weather 

phenomena the impacts are by and larger unknown and most likely do not reach a level of signifi-

cance. Even in the case of slippery conditions one can almost certainly exclude the extreme in-

tensities of weather.  

 

There are two trends that affect these accidents. First, the ageing of population in Europe, includ-

ing the Northern parts where the problem is present. Ageing citizens have a particular risk and in 

Swedish studies 2/3 falling and slipping accidents occur in slippery conditions. The other trend is 

the warming of the climate. In several studies, the warming has been associated with more tem-

peratures around zero centigrade hence resulting in more slippery conditions that there would be 

in colder circumstances. This seems to be specifically again a Northern European issue, where 

winters might get warmer and more slippery on sidewalks, pedestrian and cycle paths and court-

yards.  

 

The only effective way to combat slippery light traffic pathways is winter time maintenance, of 

which much is mandated to real estate owners in city areas, where the problem obviously mostly 

exists. Cities and municipalities in Northern areas are in the key role to tackle the challenge. The 

national authorities‟ role can only be a supportive one, though guidelines and standards regarding 

light traffic pathway winter time maintenance. 
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Forecast per 

region 

Nordic Temperate Alpine Mediterranean Maritime 

2011-2040 2041-2070 2011-2040 2041-2070 2011-2040 2041-2070 2011-2040 2041-2070 2011-2040 2041-2070 

Wind gusts -1,5% to 

0,3% 

-2,1% to  

-0,2% 

-0,4% to 

1,5% 

-1,3% to 

0,5% 

-1,1% to 

0,8% 

-5,8% to 

0,3% 

-0,6% to 

2,5% 

-2,3% to 

4,1% 

-0,5% to 

1,6% 

-3,1% to  

-0,9% 

Snowfall -7,7% to  

-2,6% 

-14,2% to  

-7,2% 

-3,1% to  

-0,8% 

-7,4% to  

-1,2% 

-4,5% to  

-0,9% 

-9,6% to  

-1,3% 

-2,0% to 

0% 

-3,5% to 

0% 

-2,9% to  

-0,2% 

-3,9% to  

-0,3% 

Heat Waves 0% to 

4,0% 

0,1% to 

6,5% 

0,1% to 

7,0% 

2,8% to 

18% 

6,2% to 

14,6% 

15,8% to 

28,4% 

12,7% to 

29,1% 

24,6% to 

41% 

0,1% to 

2,8% 

0,2% to 

7,6% 

Cold Waves -16% to  

-7,8% 

-41% to  

-22% 

-8,8% to  

-0,5% 

-25% to  

-5,3% 

-15% to  

-5,1% 

-29% to  

-12% 

-8,1% to 

0,5% 

-18% to 

0% 

-7% to  

-3,5% 

-14% to  

-1,5% 

Road 
Delay > > > > > > > > > > 

Acc. < << < << < << < << < << 

Rail 
Delay <> <> <> <> <> <> <> <> <> <> 

Acc. < < < < < < < < < < 

Aviation 
Delay ≤ << ≤ ≤ ≤ ≤ <> <> <> ≤ 

Acc. = = = = = = = = = = 

IWT
13

 
Delay < << = > < ≤ > >> N/A N/A 

Acc. = = = = = = = = = = 

Coast 
Delay < < = = N/A N/A = = < < 

Acc. = = = = = = = = = = 

 

Table 41: Overview about consequences of weather phenomena per region

                                                      
13

 The approximate assessment is based on the assumption that the waterway infrastructure is not going to be changed and the transport volumes are approximately the 

same as today. Accidents are expected to remain unchanged or to decrease due to improved fairway information and technological developments. Considering the current 

technology level and assuming no further development, an increase of accidents related to grounding may be expected in areas vulnerable to low-water occurrence.  
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Annex 1: Road transport: thresholds, impacts, consequences to infrastructure and op-
erations in relevant climatic zones by weather phenomena 

 

 

Phenomena (and 

thresholds) 

Impacts Consequences to infrastructure Consequences to to services and 

operators 

Regions where rele-

vant 

High temperature     
≥ 
25 

 o
C Fatigue among bus-drivers 

and truck-drivers  

Possible increased crash rate in road 

transportation 

 Mediterranean, 

Temperate, Scandi-

navian 
≥ 
32 

 o
C Damages on pavement, e.g. 

softening, traffic-related rut-

ting, migration of liquid as-

phalt, roadway buckling. 

Restrictions in road mainte-

nance and construction 

 

Increased accident rate, delays, diver-

sion 

 Mediterranean, 

Temperate 

≥ 
43 

 o
C Heat exhaustion Increased accident rate, delays, diver-

sion 

 Mediterranean, 

Temperate 

Snowfall •  •  •   

 • Flooding 

• Avalanche 

• Poor visibility 

• Slippery road surface 

 

• Erosion of construction material 

(damage to pavement [km2]; dam-

age and collapse of culvert and 

drainage pipe  blocking of drain-

age systems[km]) 

• Water on road and in underground 

systems [km] 

• Destruction of road infrastructure 

• Sliding,  snowdrift slower driving 

speeds  congestion  delays 

[h/min] 

• Road blocks, etc. (accidents [number 

of dead and injured persons]; material 

damage to vehicles, equipment and in-

frastructures [€]; slower driving speeds 

 congestion  delays [h/min])  

Mediterranean, 

Temperate, Scandi-

navian, Alpine, Mari-

time 
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[km] 

• Damage to bridge support [km2]  

• Destruction of bridge [km2] 

• Destruction of embankments and 

slopes [km2] 

• Changes in accessibility of e.g. basic 

daily services, terminals [km, min] 

• Changes in quality of transport ser-

vices e.g. frequency, routes, waiting 

times, predictability, information, etc. 

[min, km] 

Heavy Precipitation •  •  •   
> 

50 mm/24 h Flooded roads, reduced 

pavement friction 

Damages in secondary (sand-covered) 

roads, increased collision risk on roads 

•   

100 mm/48 h  Lower road network: land-

slides, erosion , bridge dam-

ages, slippery road surface, 

poor visibility 

 

The sewer system fills up; 

water rises up to the streets 

from drains. Rainwater fills 

the underpasses and lower 

laying streets. Drain  

well covers may become de-

tached and cause danger to 

street traffic. 

Reduced visibility, flooded 

underpasses 

• Erosion of construction material 

damage to pavement [km2]; damage 

and collapse of culvert and drainage 

pipe  blocking of drainage sys-

tems[km] 

• Damage to bridge support [km2]  

 

Rebuilding, delays in traffic, direct re-

building costs 175 k€ 

• Slower driving speeds  congestion 

 delays [h/min] 

• Changes in accessibility of e.g. basic 

daily services, terminals [km, min] 

• Changes in quality of transport ser-

vices e.g. frequency, routes, waiting 

times, 

Mediterranean, 

Temperate, Scandi-

navian, Alpine, Mari-

time 

150 mm/24 h Regional foods, landslides, 

erosion, mud flow, poor visi-

bility 

 

Road structures may collapse 

and gravel roads are badly 

• Water on road and in underground 

systems [km] 

• Destruction of road infrastructure 

[km] 

• Destruction of bridge [km2] 

• Destruction of embankments and 

• Slower driving speeds  congestion 

 delays [h/min] 

• Changes in accessibility of e.g. basic 

daily services, terminals [km, min] 

• Changes in quality of transport ser-

vices e.g. frequency, routes, waiting 

Mediterranean, 

Temperate, Scandi-

navian, Alpine, Mari-

time 



 

 

     

116/136 

damaged. 

Bridges may be flooded. Met-

ro system might be flooded 

damaging track switch mo-

tors, signalling system, power 

distribution system (for ex. 

Boston, Seoul) 

If car is driven into deep 

enough water, their motor 

stops, and maybe flooded.  

Rainfall may induce land-

slides causing wash-out of 

roads or rail-tracks. 

Roads and rails might be 

covered by water or by the 

transported debris, mud 

(Southern France June 2010, 

180 mm/12 h, train stuck on 

track due to water and debris 

slopes [km2] 

 

Road closed 1 – 6 days. Underpasses 

under water Delays in traffic direct 

rebuilding costs 400 k€ 

timesAccidents [number of dead and 

injured persons] 

• Material damage to vehicles, equip-

ment and infrastructures [€] 

Wind gusts • Falling trees 

• Changes in sea level, flood-

ing 

• Vehicle behaviour 

• Erosion of construction material 

(damage to pavement [km2]; dam-

age and collapse of culvert and 

drainage pipe  blocking of drain-

age systems[km]) 

• Water on road and in underground 

systems [km] 

• Destruction of road infrastructure 

[km] 

• Damage to bridge support [km2]  

• Destruction of bridge [km2] 

• Accidents [number of dead and injured 

persons] 

• Material damage to vehicles, equip-

ment and infrastructures [€] 

• Slower driving speeds  delays 

[h/min] 

Temperate, Scandi-

navian, Alpine, Mari-

time 
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• Destruction of embankments and 

slopes [km2] 

• Material damage to equipment and 

infrastructures [€] 

Low temperature • Flooding 

• Ice dam 

• Falling stones from cuttings 

• Slippery road surface 

• Erosion of construction material 

(damage to pavement [km2]; dam-

age and collapse of culvert and 

drainage pipe  blocking of drain-

age systems[km]) 

• Water on road and in underground 

systems [km] 

• Destruction of road infrastructure 

[km] 

• Damage to bridge support [km2]  

• Destruction of bridge [km2] 

• Destruction of embankments and 

slopes [km2] 

• Falling stones from cuttings [km2] 

• Slower driving speeds  congestion 

 delays [h/min] 

• Changes in accessibility of e.g. basic 

daily services, terminals [km, min] 

• Changes in quality of transport ser-

vices e.g. frequency, routes, waiting 

times, predictability, information, etc. 

[min, km] 

• Accidents [number of dead and injured 

persons] 

• Material damage to vehicles, equip-

ment and infrastructures [€] 

Temperate, Scandi-

navian, Alpine, Mari-

time 

Blizzard •  •  •  •  Temperate, Scan-

dinavian, Alpine, 

Maritime 
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Annex 2: Rail transport: thresholds, impacts, consequences to infrastructure and op-
erations in relevant climatic zones by weather phenomena.  

 

Impacts and consequences accumulate from the lowest threshold to the following ones. 

Adapted and merged from several tables in D1. EWENT project. D1 Review on extreme weather impacts on transport systems. 

Other sources:    
1)

 Tuominen, Anu; Auvinen, Heidi; Nyman, Tapio & Hänninen, Saara. 2010. Winter resilience of the Finnish transport system. Background report. [in Finn-

ish, abstract available in English]  Publications of the Ministry of Transport and Communications 40/2010. 
2)

 Nolte, Roland. 2010. ARISCC Adaptation of Railway Infrastructure to Climate Change. Interim report, draft version in December 2010.  
3)

 Department for Transport. 2010. The Resilience of England‟s. Transport Systems in Winter. An Independent Review. Final Report October 2010 

 

RAIL TRANSPORT 

Low temperature – daily mean temperature 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 
<
 0 

o
C (This is an important 

threshold related to slipper-

iness (ice formation, form of 

precipitation: 

rain/sleet/snowfall). The 

temperature itself is rather 

a modifier of hazardous 

conditions for transportation 

than a main cause. Low 

temperature combined with 

precipitation and wind can 

have a disruptive affect on 

traffic.) 

• Occurrence of freezing 

drizzle, increased fre-

• Overheating of safety device [n, 

€] 

• Other material damage to equip-

ment and infrastructures [km, €]  

• Frost crack, freezing of equipment 

and structures of track  [km, €] 

• Supply cable sag or tensional 

failure [km, €] 

• Damage to rail track [km] 

• De-icing and point heaters re-

quired
3)

 

• Malfunction of sliding doors etc.
3)

 

• Stopped and/or cancelled rail ser-

vices [min/h, €]; delays [min, €] 

• Inefficient acceleration and braking 

 slower speedsdelays [h/min] 

• Accidents [number of dead and in-

jured persons]  

• Material damage to supply cables, 

rail fleet, equipment and infrastruc-

tures [€] 

• Freezing of switches, blocking of 

railway yard and equipment 

slower speeds delays [h/min] 

• Changes in accessibility by train 

(urban and/or inter-urban) [km, min] 

• Changes in quality of transport ser-

Scandinavian, Temper-

ate, Alpine, Maritime 
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quencies of freeze-thaw 

cycles. 

• Damage to cables 

• Loss of electricity 

• Freezing, frost, ice for-

mation, slipperiness 

 

vices e.g. frequency, routes, waiting 

times, predictability, information, 

etc. [min, km] 

<
 -7 

o
C • Rail points may get stuck 

by drifting snow in low 

temperatures (observed 

in Finland and Canada).  

• Problems, leaks and damage 

with/to pneumatic appliances, 

compressors, etc.
 1)

 

• Increased accident risk, delays and 

cancellations in road and rail traffic. 

 

Scandinavian, Temper-

ate, Alpine, Maritime 

<
 -20 

o
C   • Limitations for the transport person-

nel working outdoor. 

Scandinavian, (Tem-

perate), Alpine, (Mari-

time) 

Snowfall (1 mm precipitation equals approximately to 1 cm of snow) 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 
> 

1 cm/24 h (This is the practical lower 

limit of snowfall occurrence 

that is reasonable to use in 

climatic calculations. In 

some situations can cause 

slipperiness, for example 

combined with very cold 

conditions.) 

• Flooding 

• Freezing  

• Damage to cables 

• Loss of electricity 

•  

• Damage to railway embankment 

and slope [km, km2] 

• Scour of bridge supports [m/km, 

m2/km2 ?] 

• Water on track or in underground 

structures [km] 

• Damage to rail track [km] 

• Other material damage to equip-

ment and infrastructures [km, €] 

• Stopped and/or cancelled rail ser-

vices [min/h, €]; delays [min, €] 

• Passengers trapped on trains
3)

 

• Inefficient acceleration and braking 

 slower speedsdelays [h/min] 

• Accidents [number of dead and in-

jured persons]  

• Material damage to rail fleet, 

equipment and infrastructures [€] 

• Freezing of switches, blocking of 

railway yard and equipment, snow 

accumulating to cuttingsslower 

speeds delays [h/min]  

• Changes in accessibility by train 

Scandinavian, Temper-

ate, Alpine, Maritime 
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(urban and/or inter-urban) [km, min] 

• Changes in quality of transport ser-

vices e.g. frequency, routes, waiting 

times, predictability, information, 

etc. [min, km] 

• “Snow ploughs” and “ghost train” 

rides required to clear the tracks 

and overhead wires, brushing, 

scraping…
3)

 
> 

10 cm/24 h • When combined with low 

temperature and wind rail 

points may get stuck.  

• Blowing snow 

• Blocking of tracks and 

yards 

• Accumulated snow covering 

switches and tracks.
 1)

 

 

• Delays and cancellations in rail traf-

fic. 

• Accumulated snow on tracks, 

switches, rail car structures and 

platforms needs to be mechanically 

melted or removed and transported 

(long-lasting cold periods)  extra 

staff needed.
 1)

 

• Reduced visibility (blowing snow 

and whirling snow caused by pass-

ing trains).
 1)

 

• Damage to train cars and windows 

because of accumulated ice blocks 

flinging at them from passing trains.
 

3)
 

Scandinavian, Temper-

ate, Alpine, Maritime 

> 
20 cm/24 h • Accumulated snow 

banks. 

• Snow accumulation of 20 

cm/24h or more doesn‟t 

occur very often in low-

land districts.  

• Accumulated snow covers 

switches and tracks.
 1)

 

• Delays and cancelations in rail traf-

fic. 

• Accumulated snow needs to be 

mechanically melted / removed and 

transported (long-lasting cold peri-

ods).
 1)

 

Scandinavian, (Tem-

perate), Alpine,  (Mari-

time) 
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• Avalanches 

Wind gusts 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 
> 

17 m/s • Changes is sea level; 

flooding 

• Damage to cables 

• Falling trees over tracks 

or over power lines 

• Loss of electricity 

• Freezing 

• Blocking of tracks 

• Thuderstorms, lightning
2)

 

• Falling tree leaves espe-

cially in autumn
2)

 

• Damage to railway embankment 

and slope [km, km2] 

• Scour of bridge supports [m/km, 

m2/km2?] 

• Water on track or in underground 

structures [km] 

• Damage to rail track [km], over-

head lines and pylons 

• Other material damage to equip-

ment and infrastructures [km, €] 

• Supply cable sag or tensional 

failure [km, €] 

• Falling tree leaves pile up and 

cause slipperiness.
2)

 

• Local/occasional problems in rail 

traffic (big problems if combined to 

snowfall).  

• Stopped and/or cancelled rail ser-

vices [min/h, €]; delays [min, €] 

• Passengers trapped on trains
3)

 

• Inefficient acceleration and braking 

 slower speedsdelays [h/min] 

• Accidents [number of dead and in-

jured persons]  

• Material damage to supply cables, 

rail fleet, equipment and infrastruc-

tures [€] 

• Freezing of switches, blocking of 

railway yard and equipment 

slower speeds delays [h/min] 

• Changes in accessibility by train 

(urban and/or inter-urban) [km, min] 

• Changes in quality of transport ser-

vices e.g. frequency, routes, waiting 

times, predictability, information, 

etc. [min, km] 

• Disruptions in passenger infor-

mation services (electricity breaks 

etc.)
3)

 

• Disruptions in heating and lighting 

inside rail cars (electricity breaks 

Scandinavian, (all 

zones) 
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etc.)
3)

 
> 

25 m/s • A lot of fallen trees. Long 

lasting electricity cuts, re-

duced visibility due to the 

blowing snow, dust, de-

bris. 

• Long lasting electricity cuts. • Delays and cancellations in rail traf-

fic. 

Scandinavian, (all 

zones) 

> 
32 m/s • Fallen trees over rail-

lines, wide and long-

lasting power failures 

possible. 

• Large material damages.  • (If the case is a blizzard, then surely 

“everything stops”). 

Scandinavian, (all 

zones) 

Blizzards 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

Snowfall 
> 

10 cm/24 

h,  wind gust 
> 

17 

m/s and daily mean 

temperature 
<
 0 

o
C 

• Fallen trees, snow banks, 

slippery rails, poor visibil-

ity, rail points may get 

stuck. 

• Low temperature + snow-

fall + wind gust impacts 

• Low temperature + snowfall + 

wind gust consequences 

• Delays, and cancellations/stops in 

all the transportation modes. 

• Low temperature + snowfall + wind 

gust consequences 

Scandinavian, Alpine 

High temperature – daily maximum temperature 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 
≥ 
25 

 o
C • Heat 

• Direct sunlight exposure
2)

 

• Sudden temperature 

changes
2)

 

• Wild fires 

• Overheating of infrastructure and 

rolling stock equipment
2)

 

• Sudden temperature changes  

tension  buckiling
2)

 

•  

• Fatigue among personnel.  

• Signalling problems
2)

 

 

Mediterranean 

≥ 
32 

 o
C • Draught 

• Sandstorms 

 

 • Passenger health and comfort con-

siderations
2)

 

• Staff working condition considera-

tions
2)

 

Mediterranean 

≥ 
43 

 o
C • Extreme heat and • Damage to rail track: buckling, • Increased accident rate, delays, Mediterranean 
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drought. 

• Low groundwater
2)

 

heat exhaustion, thermal expan-

sion [km] 

• Other material damage to equip-

ment and infrastructures [km, €] 

diversion. 

• Material damage to rail fleet, 

equipment and infrastructures [€] 

Heavy precipitation 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 
> 

50 mm/24 h • Flooding, coastal flood-

ing, fluvial flooding 

• Soil erosion
2)

 

• Damage to railway embankment 

and slope [km, km2] 

• Scour of bridge supports [m/km, 

m2/km2?] 

• Water on track or in underground 

structures [km] 

• Damage to rail track [km] 

• Other material damage to equip-

ment and infrastructures [km, €] 

• Problems with drainage systems, 

tunnels and bridges
2)

 

• Stopped and/or cancelled rail ser-

vices [min/h, €]; delays [min, €] 

• Passengers trapped on trains
3)

 

• Inefficient acceleration and braking 

 slower speedsdelays [h/min] 

• Accidents [number of dead and in-

jured persons]  

• Material damage to rail fleet, 

equipment and infrastructures [€] 

• Changes in accessibility by train 

(urban and/or inter-urban) [km, min] 

• Changes in quality of transport ser-

vices e.g. frequency, routes, waiting 

times, predictability, information, 

etc. [min, km] 

• Additional earthworks
2)

 

Temperate, Alpine, 

Mediterranean, Mari-

time 

> 
100 mm/24 h  • The sewer system fills up; water 

rises from drains. 

• Flooded underpasses. 

• Safety of work force carrying out 

inspections and repair work
2)

 

Temperate, Alpine, 

Mediterranean, Mari-

time 
> 

150 mm/24 h • Rainfall induced land-

slides, mudslides
2)

 and 

rock falls
2)

. 

• Flooded rail tracks. 

• Flooded bridges. 

• Metro systems: damaged track 

switch motors, signalling systems, 

power distribution systems. 

• Delays in rail traffic. 

• Closed rail tracks. 

Temperate, Alpine, 

Mediterranean, Mari-

time 
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• Landslide  wash-out of rail 

tracks and mud/debris on tracks. 
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Annex 3: Aviation: thresholds, impacts, consequences to infrastructure and operations 
in relevant climatic zones by weather phenomena.  

 

Impacts and consequences accumulate from the lowest threshold to the following ones. 

Adapted and merged from several tables in D1. EWENT project. D1 Review on extreme weather impacts on transport systems. 

 

AVIATION 

Low temperature – daily mean temperature 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 
<
 0 

o
C This is an important threshold 

related to slipperiness (ice 

formation, form of precipitation: 

rain/sleet/snowfall). The tem-

perature itself is rather a modi-

fier of hazardous conditions for 

transportation than a main 

cause. Low temperature com-

bined with precipitation and 

wind can have a disruptive 

affect on traffic.  

Occurrence of freezing drizzle, 

increased frequencies of 

freeze-thaw cycles. 

• Premature deterioration of runway 

pavements 

• De-Icing procedures are in place for 

any aircraft, i.e. increase of the 

turnaround-time, resulting in delays 

Scandinavian, Temper-

ate, Alpine, Maritime 

<
 -7 

o
C The effect of salting for ice 

removal decreases in low tem-

peratures. So, even relatively 

small amounts of snowfall can 

cause slippery conditions on 

runways, taxiways and apron. 

• Premature deterioration of runway 

pavements 

• De-Icing procedures are in place for 

any aircraft, i.e. increase of the 

turnaround-time, resulting in delays 

Scandinavian, Temper-

ate, Alpine, Maritime 
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<
 -20 

o
C Dangerous wind chill condi-

tions occur when moderate 

winds prevail 

• Premature deterioration of runway 

pavements 

• Public transport may encounter breaks 

due to supply problems. Limitations for 

the transport personnel working out-

door. 

Scandinavian, (Tem-

perate), Alpine, (Mari-

time) 

Snowfall (1 mm precipitation equals approximately to 1 cm of snow) 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 
> 

1 cm/24 h This is the practical lower limit 

of snowfall occurrence that is 

reasonable to use in climatic 

calculations. In some situa-

tions can cause slipperiness, 

for example combined with 

very cold conditions (below -10 
o
C). In the Mediterranean 

countries, where snows sel-

dom, can also cause trouble. 

•  • De-Icing procedures are in place for 

any aircraft, i.e. increase of the 

turnaround-time, resulting in delays 

 

Scandinavian, Temper-

ate, Alpine, Maritime 

> 
10 cm/24 h Causes slipperiness and re-

duces the visibility. 

 • De-Icing procedures are in place for 

any aircraft, i.e. increase of the 

turnaround-time, resulting in delays 

• Snowploughs and other mainte-

nance cars operate on runways, 

taxiways and apron. This may result 

in temporary closure of sections of 

the airport. 

• Low visibility procedures may apply. 

Scandinavian, Temper-

ate, Alpine, Maritime 

> 
20 cm/24 h Snow accumulation of 20 

cm/24h or more doesn‟t occur 

very often in lowland districts. 

For example in Helsinki city in 

Finland, the winter 2009/10 

•  • De-Icing procedures are in place for 

any aircraft, i.e. increase of the 

turnaround-time, resulting in delays 

• Snowploughs and other mainte-

nance cars operate on runways, 

Scandinavian, (Tem-

perate), Alpine, (Mari-

time) 
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was quite tough, but the big-

gest 24h precipitation during 

December – February was 

only 10.1 mm on 1 February, 

corresponding to a snow depth 

increase of 10 cm. During the 

last ten years in Helsinki city 

there were only four cases 

when the precipitation amount 

of the snowfall event exceeded 

20 mm/24h. One of the biggest 

events was recorded on 21/22 

December 2003. 

In December 2010 the airport 

London Heathrow had a peak 

snow fall of 7cm/1hr, resulting 

in a complete breakdown of 

the airport operations. 

taxiways and apron. This or the fact 

that the capacity to clear the ways 

is insufficient may result in tempo-

rary or even permanent closure of 

sections of the airport. 

• Low visibility procedures 

Wind 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

Head wind 

Vhead<Vmin 

Reduced ground speed  • Delay All zones 

Tail wind 

10 kt for 4 km RWY 

Reduced lift / Moderate take-

off, landing 

 • Reduced runway capacity, ground 

strike, too fast 

All zones 

Cross wind/gust 

a/c dependent 

Stabilization of a/c / Moderate 

in landing 

 • Reduced runway capacity, go-

around, ground strike 

All zones 

Blizzards 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

Snowfall 
> 

10 cm/24 

h,  wind gust 
> 

17 

Slippery runways, poor visibil-

ity 

•  • Delays and cancellations/stops  Scandinavian, Alpine 
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m/s and daily mean 

temperature 
<
 0 

o
C 

Heavy precipitation 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

30 mm/1 h Route blocked, airport closed; 

Damage of a/c & APT, loss of 

situational awareness 

• Flooding 

• Damage to airport facilities 

• Delay 

• Diversion 

• Low visibility procedures 

All zones 

Low visibility 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

CAT I : decision height 

(DH) >= 60 m, runway 

visual range (RVR) >= 

550 m 

Separation between aircraft 

increased 

 

 • Delay All zones 

CAT II : 30 <= DH <= 

60 m; RVR >= 300 m 

Separation further increased 

 

 • Delay 

• Missed connections 

• Loss of situational awareness 

All zones 

CAT III a : 15 <= DH 

<= 30 m; RVR >= 200 

m 

Separation further increased  • Strong Delay 

• Cancellations 

• Diversion 

• Missed connections 

• Loss of situational awareness 

All zones 

CAT III b : DH < 15 m; 

75 <= RVR < 200 m 

Separation further increased  • Strong Delay 

• Cancellations 

• Diversion 

• Missed connections 

• Loss of situational awareness 

All zones 

CAT III c : DH = 0m; 

RVR = 0 m 

Stop of operations  • Airport closed 

• Strong Delay 

• Cancellations 

• Diversion 

All zones 
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• Missed connections 

• Loss of situational awareness 

Hail 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

Diameter: 2.0-4.0 cm Route blocked, airport closed; 

Damage of a/c & APT, loss of 

situational awareness 

• Damage to airport, aircraft and 

navigation facilities 

• Airport closed 

• Strong Delay 

• Cancellations 

• Diversion 

• Missed connections 

• Loss of situational awareness 

Scandinavian, Alpine 

Diameter: 4.0-6.0 cm Route blocked, airport closed; 

Damage of a/c & APT, loss of 

situational awareness 

• Damage to airport, aircraft and 

navigation facilities 

• Airport closed 

• Strong Delay 

• Cancellations 

• Diversion 

• Missed connections 

• Loss of situational awareness 

Scandinavian, Alpine 

Tornado 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

F1 (33 m/s) Route blocked, airport closed, 

damage of  a/c & APT 

• Damage to airport, aircraft and 

navigation facilities 

• Airport closed 

• Strong Delay 

• Cancellations 

• Diversion 

• Missed connections 

Mediterranean 

Lightning 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

APT: CG in 5km radius Route blocked, airport ground 

operation interrupted, damage 

of a/c & APT, loss of situation 

awareness 

• Damage to airport, aircraft and 

navigation facilities 

• Airport ground operations interrupt-

ed 

• Route blocked 

• Delay 

• Loss of situational awareness 

All zones 
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Sand storm 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

0.2-2 mg/m
3
, Red VFR 

> 2 mg/ m
3
, Black  

Airspace closed, erosion of 

hull and windows 

• Damage to aircraft • Airport closed 

• Strong Delay 

• Cancellations 

• Diversion 

• Missed connections 

• Loss of situational awareness 

• Reduced manoeuvrability 

All zones 

Turbulence 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

Light Slight, erratic changes in alti-

tude and/or attitude or 

slight, rapid and somewhat 

rhythmic bumpiness without 

noticeable changes in altitude 

or attitude 

 • Passenger discomfort All zones 

Moderate Similar to light turbulence, but 

greater intensity; changes in 

altitude/attitude occur; varia-

tions in indicated air speed 

 • Passenger discomfort 

• Flight altitude change if it lasts long 

time 

• Injuries of crew 

All zones 

Severe Large, abrupt changes in alti-

tude/attitude; large variation in 

indicated airspeed; aircraft 

may be temporarily out of con-

trol 

 • Incident 

• Injuries of crew and passengers 

All zones 

Extreme Aircraft is violently tossed 

about and is impossible to 

control 

• Structural damage of the aircraft • Incident or in worst case accident 

• Injuries of crew and passengers 

All zones 

In-flight-icing/snow 
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Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

-40 °C< T<6 °C 

20μm<D<500 μm 

Icing of a/c, loss of control  • Strong Delay 

• Diversion 

• Reduced manoeuvrability 

All zones 

Volcanic ash 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

0.2-2 mg/m
3
, Red VFR 

> 2 mg/ m
3
, Black  

Airspace closed, erosion of 

engines 

• Damage to aircraft • Cancellations 

• Strong Delay 

• Diversion 

• Loss of thrust 

All zones 
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Annex 4: Inland waterway transport: thresholds, impacts, consequences to infrastruc-
ture and operations in relevant climatic zones by weather phenomena.  

 

Adapted and merged from several tables in D1. EWENT project. D1 Review on extreme weather impacts on transport systems. 

 

 



  

Grant No. 233919 

133/136 

 

INLAND WATERWAY TRANSPORT 

Heavy precipitation (high water) 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

 > Highest 

Navigable Water 

Level (HNWL) or 

HNWL + 90 cm 

(in Austria); the 

threshold value is 

locally different 

providing the 

responsible 

authorities with a 

tentative criterion 

for decision 

making;
 

High discharge, high water 

levels, high flow velocities, 

changes in sediment 

transport, occurrence of 

driftwood, local 

aggradation, degradation 

and scour; 

• Modification of river and bank  

morphology 

• Damage to as well as clogging or 

sedimentation of navigation signs, 

gauges, ramps and stairs, berths, 

banks, tow paths, port and lock 

areas, dams, groins and training 

walls; 

• Usually, suspension of navigation, 

• Delays 

• Vessel damage (e.g. propulsion 

devices by driftwood) 

All 

> HWL30 (water 

level according to 

a 30-year level of 

discharge HQ30) 

High discharge, high water 

levels, high flow velocities, 

changes in sediment 

transport, occurrence of 

driftwood, local 

aggradation, degradation 

and scour; 

• Modification of river and bank 

morphology 

• Damage to as well as clogging or 

sedimentation of navigation signs, 

gauges, ramps and stairs, berths, 

banks, tow paths, port and lock 

areas, dams, groins and training 

walls 

• Flooding of areas protected 

against HWL30 

• Suspension of navigation, 

• Delays 

• Vessel damage (e.g. propulsion 

devices by driftwood) 

All 

> HWL100 (water 

level according to 

a 100-year level 

of discharge 

Very high discharge, high 

water levels, high flow ve-

locities, changes in sedi-

ment 

• Severe modification of river and 

bank morphology 

• Severe damage to as well as 

clogging or sedimentation of nav-

• Suspension of navigation, 

• Delays 

• Vessel damage (e.g. propulsion 

devices by driftwood) 

All 
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HQ100 = often 

design water level 

related to flood 

protection) + 

freeboard 

(approx. 0.5 – 1.0 

m, depending on 

the location) 

transport, occurrence of 

driftwood, local 

aggradation, degradation 

and scour; 

igation signs, gauges, ramps and 

stairs, berths, banks, tow paths, 

port and lock areas, dams, groins 

and training walls 

• Catastrophic flooding of areas 

protected against HWL100 

Wheather constella-

tions of August 2002 

(severe threshold), 

July and August 

2005 and January 

2004; 

High discharge, high water 

levels, high flow velocities, 

changes in sediment 

transport, occurrence of 

driftwood, local 

aggradation, degradation 

and scour; 

• Severe modification of river and 

bank morphology 

• Severe damage to as well as 

clogging or sedimentation of nav-

igation signs, gauges, ramps and 

stairs, berths, banks, tow paths, 

port and lock areas, dams, groins 

and training walls 

• Catastrophic flooding 

• Suspension of navigation, 

• Delays 

• Vessel damage (e.g. propulsion 

devices by driftwood) 

Temperate, Alpine, 

Mediterranean 

Weather constella-

tion of January 2003 

as occurred in the 

Elbe region 

High discharge, high water 

levels, high flow velocities, 

changes in sediment 

transport, occurrence of 

driftwood, local aggrada-

tion, degradation and scour; 

occurrence of ice and ice 

jams; 

• Modification of river and bank 

morphology 

• Damage to as well as clogging or 

sedimentation of navigation signs, 

gauges, ramps and stairs, berths, 

banks, tow paths, port and lock 

areas, dams, groins and training 

walls 

• Danger of dam overflow and cat-

astrophic flooding of protected ar-

eas 

• Suspension of navigation, 

• Delays 

• Vessel damage (e.g. propulsion 

devices by driftwood) 

Temperate 

Drought 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 
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Weather constella-

tion of 2003, in par-

ticular of the summer 

2003 (June, July, 

August); accumula-

tion and stability of 

anticyclone weather 

conditions; 

Locally low discharge, low 

water levels, low flow veloc-

ities; mainly in free 

flowing sections; canalized 

sections are much less or 

not all affected; 

• Changes in sedimentation and 

aggradation processes in compar-

ison with normal or high water 

conditions 

• Insufficient navigation conditions 

deviating from internationally 

agreed ones   

• Reduced cargo carrying capacity of 

vessels 

• Increased power demand due to 

shallow water resistance and in-

creased sailing times 

• Delays due to shallow water re-

sistance 

• Possibly interruption of navigation 

• Increased probability of grounding 

of vessels 

 

Temperate, Alpine, 

Mediterranean 

Temperatures below 0° C 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

Weather constella-

tions of winters 

1996/97 (= severe 

threshold), 

2005/2006 and 

2008/2009; 

Locally appearance of ice 

and ice jams, freezing of 

locks and mooring devices; 

• Possible damage to navigation 

signs and infrastructure 

• Prevented lock operation 

• Need for ice breaker assistance 

on selected waterways, in hydro-

power plant and port areas 

• Suspension of navigation  

• Navigation at own risk due to miss-

ing navigation signs damaged by 

ice 

• Delays 

Scandinavia, Temper-

ate, Alpine 

Fog, snow and rainfall 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

Reduced visibility 

= decision of the 

master of a vessel 

(formerly < 1 km 

according to 

CEVNI 2007); 

Reduced speed, interrup-

tion of navigation of vessels 

without radar; 

•  • Delays All 

 

Wind 

Thresholds Impacts Consequences to infrastructure Consequences to operations/services Relevant climatic zones 

18 m/s for large Increased side forces on • Possible material damage due to • Possible sliding of empty unlashed All (however, the 
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motor cargo 

vessels (110 m x 

11.4 m x 3.1 m) car-

rying containers, and 

pushed convoys 

in ballast without 

bow thrusters in the 

Danube region close 

to the Iron Gates; 

vessels and cargo on deck, 

increased heel and rolling, 

reduced manoeuvrability; 

collisions containers on deck and loss of car-

go 

• Suspension or interruption of navi-

gation 

• Flooding of cargo holds and loss of 

stability, capsize 

• Accidents with material damage 

• Increased time for manoeuvring 

operations 

• Delays 

threshold is valid main-

ly for Danube at the 

Iron Gates) 

 


