
 

 

 

 

  
 

 

 

 

 

 

 

D 4.1: Climate change adaptation strategies - information package for European inland 
waterway and port infrastructure managers 

 

¢Ƙƛǎ ǇǊƻƧŜŎǘ Ƙŀǎ ǊŜŎŜƛǾŜŘ ŦǳƴŘƛƴƎ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ IƻǊƛȊƻƴ нлнл ǊŜǎŜŀǊŎƘ ŀƴŘ ƛƴƴƻǾŀǘƛƻƴ ǇǊƻƎǊŀƳƳŜ 
under grant agreement No 101006364Φ ¢ƘŜ ƻǇƛƴƛƻƴǎ ŜȄǇǊŜǎǎŜŘ ƛƴ ǘƘƛǎ ŘƻŎǳƳŜƴǘ ǊŜŦƭŜŎǘ ƻƴƭȅ ǘƘŜ ŀǳǘƘƻǊΩǎ ǾƛŜǿ 
and in no way reflect the European CommissƛƻƴΩǎ ƻǇƛƴƛƻƴǎΦ ¢ƘŜ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴ ƛǎ ƴƻǘ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ŀƴȅ 
use that may be made of the information it contains.  

Grant Agreement No. 101006364 

Start date of Project 01-01-2021 

Duration of the Project 30 months 

Deliverable Leader Juha Schweighofer 

Dissemination level Public 

Status Final 

Submission Date 28-07-2022 

Author(s) Juha Schweighofer, via donau ς Österreichische Wasserstraßen-G.m.b.H. 

juha.schweighofer@viadonau.org   

Severin Fraunhofer,via donau ς Österreichische Wasserstraßen-G.m.b.H. 

severin.fraunhofer@viadonau.org 

Co-author(s) Viktoria Weissenburger, via donau ς Österreichische Wasserstraßen-G.m.b.H. 

viktoria.weissenburger@viadonau.org 

Kai Kempmann, CCNR ς Central Commission for the Navigation of the Rhine 

K.Kempmann@ccr-zkr.org   

Ruxandra Florescu, Pro Danube Management G.m.b.H. 

florescu@prodanube.eu 

Robert Rafael, Pro Danube Management G.m.b.H. 

Rafael@prodanube.eu  

Martin Quispel,SPB - Stichting Projecten Binnenvaart 

m.quispel@eicb.nl  

Manfred Seitz, Danube Commssion 

manfred.seitz@danubecommission.org   

Jaap Gebraad, Sea Europe/Waterborne TP 

jaap.gebraad@waterborne.eu  

mailto:juha.schweighofer@viadonau.org
mailto:severin.fraunhofer@viadonau.org
mailto:viktoria.weissenburger@viadonau.org
mailto:K.Kempmann@ccr-zkr.org
mailto:florescu@prodanube.eu
mailto:Rafael@prodanube.eu
mailto:m.quispel@eicb.nl
mailto:manfred.seitz@danubecommission.org


   

 
2 

Version 
 

Version # Date Author Organisation 

V0.1 24-03-2022 Juha Schweighofer viadonau 

V0.2 16-05-2022 Juha Schweighofer viadonau 

V0.3 27-06-2022 Juha Schweighofer viadonau 

V0.4 12-07-2022 Juha Schweighofer viadonau 

V0.5 28-07-2022 Martin Quispel SPB 

Final 7-12-2022  CINEA 

 

Release approval 
 

Name Role Date 

Juha Schweighofer Task leader, WP4 leader 27-06-2022 

Juha Schweighofer Task leader, WP4 leader 12-07-2022 

Martin Quispel Project coordinator 28-07-2022 

 



   

 
3 

Table of contents 

 

Executive summary ___________________________________________________________________________ 4 

List of figures _______________________________________________________________________________ 14 

List of tables ________________________________________________________________________________ 16 

List of abbreviations __________________________________________________________________________ 17 

1. Introduction ____________________________________________________________________________ 20 

2. Developments in meteorology and relevant weather phenomena __________________________________ 22 

2.1. Meteorological variables ______________________________________________________________ 22 

2.2. Critical weather phenomena ___________________________________________________________ 24 

3. Impact of climate change __________________________________________________________________ 41 

3.1. Inland waterway transport _____________________________________________________________ 41 

3.2. Infrastructure _______________________________________________________________________ 51 

3.3. Economy relying on inland waterway transport _____________________________________________ 55 

4. Adaptation strategies _____________________________________________________________________ 60 

4.1. Climate proofing of infrastructure in the period 2021-2027 ____________________________________ 60 

4.2. Climate change adaptation planning for ports and inland waterways ____________________________ 66 

4.3. Proactive waterway maintenance _______________________________________________________ 71 

4.4. Provision of information on waterway ____________________________________________________ 73 

4.5. River-engineering measures and novel approaches _________________________________________ 80 

4.6. Nature based solutions _______________________________________________________________ 83 

4.7. Canals ____________________________________________________________________________ 87 

4.8. Ports ______________________________________________________________________________ 88 

5. Recommendations for further development and research_________________________________________ 94 

 

References _________________________________________________________________________________ 96 

 

Annex 1: PLATINA 3 Stage Event 3 (Brussels Sessions) ï agenda and draft minutes of climate change sessions

  __________________________________________________________________________________ 102 

Annex 2: Major impacts of weather phenomena ___________________________________________________ 113 

Annex 3: Portfolio of adaptation measures dedicated to ports and inland waterways listed in the PIANC WG 178 

report (PIANC (2020)) ___________________________________________________________________ 116 

Annex 4: Critical bottlenecks along the Danube and its navigable tributaries _____________________________ 135 

 

  



   

 
4 

Executive summary  

Introduction 

!ŎŎƻǊŘƛƴƎ ǘƻ b!L!59{ LLLΣ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ 9¦Ωǎ ƛƴƭŀƴŘ ǿŀǘŜǊǿŀȅ ƴŜǘǿƻǊƪ ƛǎ ŎǳǊǊŜƴǘƭȅ ƴƻǘ ƻǇǘƛƳƛǎŜŘ ŘǳŜ ǘƻ ǘƘŜ ƭŀŎƪ of 
coherent infrastructure and fairway quality assurance. Droughts and floods can severely disrupt transport activities 
by: temporarily blocking waterway sections, imposing restrictions on the amounts of loads transported, and 
requiring additional vessels to compensate for reduced load factors, or even a shift to other modes of transport. In 
consequence, under such circumstances, the supply of raw materials and manufactured goods can become 
insufficient or even interrupted, the transportation costs will increase and the impact on the economy can be 
dramatic. For example, in the third and fourth quarters of the year 2018, the production losses of the German 
industry due to persistent low water levels on Rhine river amounted to approximatively 4.7 billion EUR. This 
corresponds to 0.63 % of the entire German industrial production. Several companies had to cope with substantial 
production losses, like BASF in the order of 250 million EUR and ThyssenKrupp in the order of 100 million EUR.  

 

In general, in the past 200 years, such low water events occurred regularly, although in the last 50 years these 
events have become less and shorter lasting. However, also in the light of no climate change such events will happen 
in the coming decades. Accounting for climate change impacts on the hydrology, it is expected that such events will 
occur more often in the future, as shown in this report. For example, in the Rhine area (Lobith) the low water event 
of 2018 is projected to take place every 10 to 20 years instead of once every 60 years till 2050, according to research 
findings of Deltares. The impact of the past longer lasting low-water events on inland waterway transport was not 
that strong as in 2018. The reason is that in those times the vessels were smaller and less vulnerable to water-level 
changes compared to the much larger new ones which entered operation in the past 20 years. This holds also for a 
part of the pusher and tug fleet on the Danube which displayed initial design draughts between 1.1 m and 1.5 m in 
the 1960s and 1970s, ǿƘƛƭŜ ǘƘŜ ŘǊŀǳƎƘǘǎ ƻŦ Ƴƻǎǘ ƭŀǘŜǊ ŘŜǎƛƎƴŜŘ ŀƴŘ ǘƻŘŀȅΩǎ ǇǳǎƘŜǊǎ ǾŀǊȅ ōŜǘǿŜŜƴ ŀǇǇǊƻȄƛƳŀǘƛǾŜƭȅ 
1.5 m and 2.2 m, allowing for higher propulsive power, larger convoys and, thereby, for greater energy and cost 
efficiency of the transport at normal water-level conditions.  

 

Considering these severe impacts on the economy and the inland waterway transport as result of low water, which 
is being increased by climate change impacts, it is necessary to re-evaluate the logistical concepts in place today, 
including the size and design of inland vessels, which can improve the vulnerability to climate change in single cases. 
However, it is stressed that in order to reduce the vulnerability of the entire EU fleet, comprising more than 12 000 
operational vessels (PROMINENT (2015)) of which approximately 40 % are assumed to be vulnerable to low water, 
dedicated infrastructure measures, starting with proper maintenance and management of waterways on short 
term, have to be considered for improving the climate resilience of inland waterway transport on the long term. If 
infrastructure measures are neglected, the navigation conditions will become worse as a consequence, and the 
vulnerability of inland waterway transport to climate change will increase, reducing thereby the service quality of 
inland waterway transport, which cannot be compensated by newly built vessels or modified logistics concepts, 
e.g. modified ship operation. 

 

Complementing existing research, this report provides an information package displaying the most recent 
developments focussed on climate change and infrastructure. It is not directly a guideline for waterway and port 
adaptation as such guidelines are already existing. Moreover, it can be taken as a guide to most recent guidelines, 
complemented with selected examples for climate change adaptation deemed important, assisting thereby 
waterway and port managers in their efforts to cope with climate change impacts. A concise state of the art on this 
issue became available through the realisation of the PLATINA 3 Stage Event 3 (Brussels Sessions), see also Annex 
1 of this report. 
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Developments in meteorology and relevant weather phenomena 

 

Temperature 

The global average temperature will increase significantly by the end of the current century. How much the exact 
increase will be cannot be said with 100 percent precision, but there is very high agreement in the scientific 
community that the climate will become warmer. The different studies consulted further suggest that this warming 
will have different regional impacts. While the temperature increase will be gradual from the northwest toward the 
southeast, it appears that global warming will also have a greater regional impact on the Danube river basin than 
on the global average. 

 

Precipitation 

The statements on the future change of precipitation are much less accurate than those on the future change of 
temperature. There is a small consensus that, at least in the Danube river basin, summer precipitation will decrease 
and winter precipitation will increase. However, even these statements are not universally valid. Due to high 
regional differences and a lack of nationally available data, especially from Southeastern Europe, it is very difficult 
to predict the future precipitation change for the whole continent. 

 

Low water 

Low water periods on European waterways will in all likelihood occur more frequently and last longer in the future. 
The seasons in which these periods occur more frequently may also shift from the winter months to the summer 
months. Reasons for all these changes, among others, are likely to be the higher average temperatures and the 
resulting increased evapotranspiration values. Another effect that is conducive to low flows is precipitation deficits 
over a longer period of time. The extent to which this effect affects future low flow trends is also subject to great 
uncertainty due to the uncertainty in the field of precipitation forecasting. One effect that has so far enjoyed rather 
marginal status in the literature, but which could promote low water in the future, especially in Southeastern 
Europe, is water withdrawals. Overall, the forecasts indicate that low water periods will change little until the 
middle of the current century, but there are increasing indications that more and longer low water periods are to 
be expected towards the end of the century (see also Fig. 1). 

 

 

Figure 1: Compilation and projections of low flow carried out for the Rhine, Main and Upper Danube, presented for three time periods 1989-

2018, 2031-2060 and 2071-2100. Horizontal line in bar = median value (50 % of projections are above it and 50 % of projections are below it); 

strongly coloured bars = 15 % of projections fall below this area, 15 % of projections exceed this ar ea => 70 % of projections fall in this area; 

lightly coloured bars denote minimum and maximum values of all projections (all projections fall in this range). Source: slid e from Nilson and 

Klein (2022). 

 

High water 

For the future high-water situation on European inland waterways, the picture that emerges from the data is not a 
clear one. Although trends can be identified that suggest a shift in seasonality in the occurrence of high-water 
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events towards the winter months, accurate forecasts are increasingly difficult to make the further one looks into 
the future. Due to the hydrometeorological changes influenced by climate change, it can be assumed that on 
average the number of days on which there will be navigation-relevant restrictions due to high water will increase. 
At mid-century, the changes are expected to be moderate but significant. Towards the end of the century, the 
dispersion of the results will be larger, but here, too, the trends point in the direction of an increase in the number 
of high-water days. 

 

Ice 

It is to be noted that not all waterways are affected by the occurrence of ice. E.g. on the Upper and Middle Rhine 
navigation has not been suspended due to ice since at least the 70s of the 20th century. 

 

In summary, it can be said that shipping-related restrictions on European waterways due to river ice will decrease 
in the future, although they will still occur in the distant future. The literature suggests that air temperature below 
0° C and ice formation on rivers are correlated and that, taking into account the future change in air temperatures, 
it is reasonable to assume that ice will be less likely to affect inland navigation negatively in the future. 

 

Visibility 

While there are changes in the frequency of sight-restricted days on European waterways, the apparent correlation 
with climatic change does not sufficiently explain the changes in fog occurrence. There are several hypotheses that 
try to explain the reasons for these changes, but not all of these reasons are climatic. In essence, there is still a need 
to catch up in the area of visibility on the waterways when it comes to relevant data, although the visibility has 
improved on the Rhine and the Main starting from the 1970s. 

 

Wind  

As already stated in EWENT (2011), wind gust is one of the most difficult variables for numerical models to predict 
and there are large differences in how they are parameterised in the Regional Climate Change models (RCMs). 
Therefore, for wind extremes, changes are expected to be fairly uncertain, with larger discrepancies among 
different models. Some pessimistic projections of the report indicate a slight increase of wind gusts of 17 m/s for 
Rotterdam and Amsterdam for the period 2041 ς 2070. In general, negative developments for inland waterway 
transport on the main inland waterways due to changes in wind gusts are not projected. However, it is noted once 
again that a valid conclusion on the occurrence of wind gusts with negative effects cannot be drawn. 

 

For completeness, results with respect to surface wind change of the latest version of the IPCC WG1 Interactive 
Atlas are given for the Mediterranean, Western and Central Europe, and Northern Europe. The results display 
changes in percent derived from comparisons of long-term projections (2081-2100) of surface wind velocities with 
the ones of the period 1995 ς 2014, using the SSP5-8.5 climate scenario and CMIP6 model projections. In general, 
no significant increase in surface wind is obtained for the European main land with waterways (the median stays in 
the range of 0 %), being in line with the results of EWENT.  

 

Sea-level rise 

Using the SSP5-8.5 climate scenario and CMIP6 model projections carried out for the long term (2081-2100), the 
changes in sea-level rise derived from the latest version of the IPCC WG1 Interactive Atlas compared with the one 
of the period 1995 ς 2014 amount to approximately 0.75 m (median), and 1.35 m (maximum) for the  
Mediterranean,  as well as Western and Central Europe till 2100. 

 

For Northern Europe, the median of sea level rise amounts to approximately 0.47 m, and the maximum amounts 
to approximately 1.2 m till 2100. 

 

  



   

 
7 

Impacts of climate change 

This report gives a comprehensive overview of the impacts of climate change effects on the performance of inland 
waterway transport, the infrastructure comprising waterways and ports, as well as the economy relying on inland 
waterway transport. A quick overview of impacts with threshold values for extreme weather events relevant to 
inland waterways and inland waterway transport is given in Annex 2 of this report. 

 

Inland waterway transport 

The reliability of navigation can be negatively affected by high water events and ice, resulting in suspension of 
navigation.  However, the most important climate relevant phenomenon having an impact on the performance of 
inland water way transport is the occurrence of low water causing the following impacts: 

¶ The cargo carrying capacity will be reduced, which is depending on the ship size: larger vessels are more 
vulnerable to low water than smaller ones if the load factor is considered. 

¶ The power demand and fuel consumption increase due to increased resistance and reduced propulsive 
efficiency and therefore the emissions increase. 

¶ The vessel speed decreases and the sailing time increases. 

¶ More vessel movements will be necessary for the transportation of the same amount of cargo. 

¶ The manoeuvrability becomes worse, which is depending on the ship type. In certain cases, also positive 
effects can occur. 

¶ The stopping duration and distance increase due to higher risk of ventilation, reduced thrust and a greater 
added mass. 

¶ Starting the movement and operation of a vessel may be prevented by ventilation of the propeller, resulting 
in a reduction of the thrust. 

¶ The safety of navigation is reduced due to greater risk of grounding and more vessel movements at low 
water. In addition, wind, high water, reduced visibility due to cloudiness, precipitation, position of the sun 
or fog and ice flow may cause weather-related accidents.  

¶ The transportation costs per tkm and freight rates increase. 

¶ Finally, goods will be shifted to other modes of transport, which will be difficult to revert, as well as which 
can cause capacity limitations of climate-mitigation relevant infrastructure like railways. 
 

Inland waterway infrastructure 

Weather phenomena with relevance to inland waterway infrastructure are ice occurrence and high water.  

 

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 waterway infrastructure e.g. locks may not be 
operated anymore due to ice jams clogging the lock area or due to freezing of moving parts and mooring devices. 
In general, 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. 

 

Long lasting heavy precipitation solely or in association with snow melt will result in increased discharges, flow 
velocities and water levels having a significant impact on the inland waterway infrastructure in severe cases. In the 
worst case, flooding endangering the property and lives of human beings can be the consequence. The most 
common impacts are: 

¶ significant changes in sedimentation and river morphology; 

¶ 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. 
 

The occurrence of low waters may lead to changes in the sedimentation and aggradation processes 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. Problems with low water are increased 
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by ongoing erosion in parts of the river bed. Low water in combination with erosion can lead to a restriction of the 
space available for navigation. 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 
according to international agreements, where infrastructure adaptation measures will play an important role. 

 

Due to higher temperatures waterway-infrastructure engineering structures, like moveable bridges and lock gates, 
might jam or not close fully. 

 

Ports 

Ports are important economic actors ς at local, national, regional and international level - that have been identified 
as being vulnerable to climate changes, and as such both seaports and inland ports have been particularly affected 
by climatic conditions in the recent years. Once a vessel reaches the port, ship manoeuvres and port operations can 
be hindered by the weather conditions related to wind, water levels caused by low and high waters, wave height, 
heat waves, rain, fog, ice, riverine and pluvial flooding, etc.  

 

Extreme precipitation leading to floods, as well as the lack of precipitation leading to droughts are the 
meteorological phenomena with the biggest impact on inland port operations, carrying the risk of decreasing, in 
extreme cases even paralysing, the activity in most European inland ports and along the inland waterways. 

  

For seaports, rising sea/river levels, increasing intensity of storms, increasing wave height surmounting breakwater 
design levels, and heavy rain above quay well drainage capacity increase the risk of flooding, demanding respective 
flood protection measures, e.g. the installation of flood protection entrance gates. 

 

Drought in association with inland waterway transport results in a higher number of motorised vessels and lighters 
to be loaded and unloaded.  A continuous arrival of vessels can be the consequence, leading to increased demand 
of mooring of vessels and higher traffic in the port. Longer sailing times of inland vessels may result in missing the 
departure of a sea-going vessel, demanding more capacities for storage of the cargo transported. 

 

Similarly to inland waterways, sedimentation and aggregation of the port area can be a consequence of extreme 
weather, e.g. floods, demanding regular monitoring and dredging of port areas and their entrances. 

  

Economy relying on inland waterway transport 

¶ The supply of raw materials and transportation of manufactured products can become insufficient or even 
interrupted due to e.g. low water. 

¶ Significant losses in production amounting even to several billion EUR in Western Europe can occur. 

¶ Finally, companies may consider the relocation of production and distribution facilities, resulting in losses 
to the local economy and endangering working places there. 

 

Adaptation strategies 

Infrastructure adaptation strategies with respect to inland waterway transport relate to the maintenance, 
improvement and extension of inland waterways, which should always be accomplished by taking the following 
two main aspects of inland waterway infrastructure development into account: 

¶ economics of inland navigation, i.e. the connection between the existing waterway infrastructure and the 
efficiency of transport; 

¶ ecological effects of infrastructure works, i.e. balancing environmental needs and the objectives of inland 
navigation (integrated planning). 
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A truly integrative waterway management system must be the objective to be reached. Essential features for 
integrated planning are: 

¶ identification of integrated project objectives incorporating inland navigation aims, environmental needs 
and the objectives of other uses of the river reach such as nature protection, flood management and 
fisheries; 

¶ integration of relevant stakeholders in the initial scoping phase of a project; 

¶ implementation of an integrated planning process to translate inland navigation and environmental 
objectives into concrete project measures thereby creating win-win results; 

¶ conduct of comprehensive environmental monitoring prior, during and after project works, thereby 
enabling an adaptive implementation of the project when necessary. 

 

Climate proofing of infrastructure in the period 2021-2027 

On 16.9.2021, the European Commission published the COMMISSION NOTICE - Technical guidance on the climate 
proofing of infrastructure in the period 2021-2027 in the Official Journal of the European Union C 373 (European 
Commission (2021)), setting out common principles and practices for the identification, classification and 
management of physical climate risks when planning, developing, executing and monitoring infrastructure projects 
and programmes. It shall give technical guidance on the climate proofing of investments in infrastructure, covering 
the period 2021-2027.  

 

It is aligned with a greenhouse gas emission reduction pathway of -55 % net emissions by 2030 and climate 
ƴŜǳǘǊŀƭƛǘȅ ōȅ нлрлΦ Lǘ Ŧƻƭƭƻǿǎ ǘƘŜ άŜƴŜǊƎȅ ŜŦŦƛŎƛŜƴŎȅ ŦƛǊǎǘέ ŀƴŘ άŘƻ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ƘŀǊƳέ ǇǊƛƴŎƛǇƭŜǎΣ ŀƴŘ ƛǘ ŦǳƭŦƛƭǎ 
requirements set out in the legislation for several EU funds such as InvestEU, Connecting Europe Facility (CEF), 
European Regional Development Fund (ERDF), Cohesion Fund (CF) and the Just Transition Fund (JTF). It also 
integrates climate-proofing with project cycle management (PCM), environmental impact assessments (EIA), and 
strategic environmental assessment (SEA) processes, and it includes recommendations to support national climate-
proofing processes in Member States. In short, the guidance is compulsory for all EU funded projects, and it is 
recommended to be applied also to small projects and nationally funded undertakings. 

 

Both issues are to be taken into account: mitigation of climate change demanding carbon footprint considerations 
according to updated methodologies of the European Investment Bank (European Investment Bank (2020 b), 
(2013)), as well as adaptation to climate change associated with a vulnerability and risk assessment. The basic idea 
is to take climate change effects into account already in an early stage when mitigation or adaptation measures can 
be relatively easily and at a lower cost implemented. Later infrastructure interventions are usually associated with 
high costs and more difficult to be realised.  

 

Climate change adaptation planning for ports and inland waterways 

In 2020, PIANC (The World Association for Waterborne Infrastructure) published the PIANC Report 178 CLIMATE 
CHANGE ADAPTATION PLANNING FOR PORTS AND INLAND WATERWAYS (PIANC (2020)). It is a very comprehensive 
guidance document of the PI!b/Ωǎ ǘŜŎƘƴƛŎŀƭ ²ƻǊƪƛƴƎ DǊƻǳǇ мту ǇǊƻǾƛŘƛƴƎ ŀ ōǊƛŜŦ ƛƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ǘƘŜ ǇƻǘŜƴǘƛŀƭ 
consequences of climate change and some of the challenges to be addressed in consequence if ports and waterways 
are to be adapted effectively. The guidance is focussed on the existing infrastructure, giving practical guidance to 
infrastructure operators, as well as setting out a portfolio of impact-specific measures and case studies. 

 

For practical use, the report contains a table with generic measures strengthening the resilience or adapting assets, 
operations or systems, as well as a comprehensive set of measures is given with respect to numerous climate 
change impacts. They were identified through an extensive international engagement exercise involving Working 
Group members and their colleagues from 14 countries; running workshops in Europe (UK, Norway), Asia (The 
Philippines), Africa (South Africa) and America (USA); and input from several international associations 
όLƴǘŜǊƴŀǘƛƻƴŀƭ aŀǊƛǘƛƳŜ tƛƭƻǘǎΩ !ǎǎƻŎƛŀǘƛƻƴΤ LƴǘŜǊƴŀǘƛƻƴŀƭ IŀǊōƻǳǊ aŀǎǘŜǊǎΩ !ǎǎƻŎƛŀǘƛƻƴΤ 9ǳǊƻǇŜŀƴ {Ŝŀ tƻǊǘǎ 
Organisation, UNCTAD and others). The measures considered relate to: 

¶ rainfall-related or groundwater flooding (see Annex 3A); 

¶ flooding due to overtopping (see Annex 3B); 
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¶ high in-channel river flow velocities or changes in sea state (see Annex 3C); 

¶ low flow or drought (see Annex 3D); 

¶ changes in sediment or debris regime (see Annex 3E); 

¶ bed or bank erosion (see Annex 3F); 

¶ reduced visibility (see Annex 3G); 

¶ change in wind characteristics (see Annex 3H); 

¶ extreme cold, ice or icing (see Annex 3I); 

¶ extreme heat (see Annex 3J); 

¶ changes in ocean water acidity (see Annex 3K); 

¶ changes in salinity or salt water intrusion (see Annex 3L); 

¶ changes in vegetation growth (see Annex 3M); 

¶ changes in species migration or range (see Annex 3N); 

¶ changes in native species survivability or growth rate (see Annex 3O); 

¶ introduction or spread of invasive, non-native species (see Annex 3P). 

 

Proactive waterway maintenance 

Continuous maintenance works, e.g. dredging, constitute a non-structural measure carried out by waterway 
administrations in order to maintain the required fairway parameters. Dredging works have to be contracted and 
assigned. Right before and after dredging measures in the fairway, the intervention areas are surveyed to enable 
monitoring of the works as quality control. The prioritisation of dredging activities within a defined time frame at 
the beginning of the annual low-water period constitutes one of the most important measures. If low water periods 
will change with regard to their seasonality due to climate change in the future, the dredging strategy has to be 
adjusted accordingly, comprising one cost-efficient adaptation measure to possible climate change impacts. In 
order to reduce the number of necessary interventions for the sake of ecology, amongst others the water depth to 
be provided at low navigable water level (LNWL) may be also changed, e.g. from 2.5 m to 3 m, reducing thereby 
the number of interventions to e.g. one per year, allowing for minimum impact on fauna and flora, as well as 
preservation of biodiversity for the rest of a maintenance year as the sensitive layer of 20 to 30 cm of the river 
bottom will be manipulated least. Done properly substantial savings of volume to be dredged, as well as 
maintenance costs can be achieved. 

 

Provision of information on the waterway 

The availability of sufficient personnel resources and modern surveying equipment (i.e. surveying vessels as well as 
software and hardware for data processing and analysing) is the basis for proper collection and provision of 
comprehensive information on the topography of the fairway and the corresponding water depths relevant for 
navigation. This information is of particular value in shallow water stretches of the waterway where regular 
surveying activities have to be carried out. The full picture on the topography allows vessels to choose a route 
within the fairway with sufficient water below the keel, even if the water depth is not sufficient over the entire 
width of the fairway. This way, the fairway can be optimally used. In addition, the vessel may choose also the route 
with greater water depths reducing the resistance and corresponding fuel consumption. Finally, the information 
gained can be used also for the monitoring of effects of rehabilitation and river engineering measures, as well as 
detection where maintenance and waterway management activities are necessary. For this purpose, also regular 
inspection trips with surveying vessels, being equipped with e.g. a single-beam echosounder, have to be carried out 
over longer distances of the river in order to get a first idea where shallows have established and where more 
detailed surveying, e.g. by multi-beam equipment, will be necessary. 

In addition, measurements of water depths or the river bottom performed on commercial vessels in operation can 
be used at locations where no or rare surveying results are available, e.g. via shipborne equipment. For this purpose, 
the CoVadem initiative can be applied, which is a commercial monitoring network comprising a growing fleet of 
over 200 vessels currently mapping out the latest data on depths and bridge clearances on the river Rhine. 
Additional developments were carried out in the H2020 EU project PROMINENT, where two different systems were 
created for the determination of navigation conditions by shipborne measurements performed on board 
commercial vessels. The first one was applied in three vessels sailing on the Rhine, the second one was applied in 
ten different pushed convoys sailing on the Middle and Lower Danube, both giving promising results, demanding, 
however, further activities for roll-out. 
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Usually, water level forecasts of only a few days e.g. one up to two days have been sate of the art. Within the 
Horizon 2020 EU project IMPREX, forecast products for the River Rhine ς 9ǳǊƻǇŜΩǎ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ǿŀǘŜǊǿŀȅ ς and 
the German parts of the waterways Elbe and Danube, covering different lead times have been developed by the 
Federal Institute of Hydrology (BfG) of Germany. The forecast products available at the time of writing this report 
comprise: 

¶ a deterministic 4-day water-level forecast (www.elwis.de);  

¶ a probabilistic 10-day water-level forecast developed for the waterway Rhine (www.elwis.de); 

¶ a probabilistic 6-weeks prediction (BfG to be contacted, operational in July 2022); 

¶ a probabilistic tree-month estimate: still under research. 

 

The products developed by BfG constitute a remarkable step forward. However, it has to be noted that the 
reliability and lead time of water level forecasts is depending on the characteristics and dynamics of the river and 
its catchment, meaning that one forecast product working well for one river may not work well for another river. 
In addition to improved water-level forecasts, BfG provides a comprehensive Climate Change Service, available at 
https://www.das-basisdienst.de/DAS-Basisdienst/DE/sub2_bfg/bfg_node.html . 

 

Means for provision of the information to the users of waterways can be Notices to Skippers, River Information 
Services, websites, ECDIS, and locks etc. 

 

River-engineering measures and novel approaches 

Classical river-engineering measures comprise the installation of groynes, training walls, and rip-rap amongst 
others, having an impact on the hydro-morphological characteristics of the river, e.g. sediment transport or water 
flow velocity, and influencing its and the fairways general dimensions, e.g. width and depth.  

 

The following measures contribute to the improvement of navigation: 

¶ optimisation of existing low water regulation to increase its effectiveness, to reduce sedimentation in 
groyne fields and to reduce maintenance efforts; 

¶ dredging and defined reintroduction of material leading to a sediment balance (sediment nourishment, see 
also Nature Based Solutions); 

¶ relocation of certain sections of the existing fairway in order to make use of deeper zones for navigation 
purposes. This measure also reduces the requirement for dredging. 

¶ Granulometric riverbed improvement. The reduced transport of bed load also reduces the need for 
maintenance dredging. 
 

An approach deviating from classical river-engineering installations is currently being planned in Austria and deals 
with the use of so-called "mobile groynes". In order to counteract the potential effects of climate change on the 
waterway in the least invasive way possible, in harmony with nature and yet with a focus on optimal fairway 
conditions, viadonau is investigating and testing a combined concept of small-scale, dynamic measures. Flexible 
hydraulic structures in the form of loaded hulls, e.g. lighters will be tested, which are strategically positioned in the 
vicinity of shallow areas in order to provide additional fairway depths in the event of low water by creation of higher 
flow velocities transporting the sediment and gravel away from the shallow. The dynamics of the river are used for 
this purpose which may be considered also as Nature Based Solution. The idea is that in the case of low water, the 
fairway depth can be increased with the help of the "mobile groynes", but in the case of high and normal water 
levels (i.e. when the "mobile groynes" are not needed) the flow velocity is not unfavourably influenced as the 
position of the groynes can be modified accordingly.  

 

Nature Based Solutions 

Nature Based Solutions are not new. Mackin mentioned as early as 1948 in his "Concept of the Graded River," " ... 
working with rivers rather than working on rivers ..." (Mackin (1948)). He described even at that time that all one 
had to do was to take advantage of the natural processes of the river. This concept has several names meaning the 
same: Nature Based Solutions, Building with Nature, Engineering with Nature, Natural Flood Risk Management, and 

http://www.elwis.de/
http://www.elwis.de/
https://www.das-basisdienst.de/DAS-Basisdienst/DE/sub2_bfg/bfg_node.html
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several more. They have many benefits besides flood risk reduction: for example, in terms of agriculture, recreation, 
and habitat in general. There are many guidelines with best practices and examples, but they are not yet widely 
used. Ventures are often in a pilot phase and need to be scaled up to become mainstream. However, this is a rapidly 
growing field in science and application. Nature Based Solutions are defined as measures reflecting a "working with 
nature" approach; they mitigate flood risk while being cost-effective, resource-efficient, and providing multiple 
environmental, social, and economic benefits. The International Guidance Document on Natural and Nature-Based 
Features for Flood Risk Management was published in August 2021 (Bridges et al. (2021)). This document is a very 
comprehensive guideline providing practitioners with the best available information concerning the 
conceptualisation, planning, design, engineering, construction, and maintenance of natural and nature-based 
features to support resilience and flood risk reduction for coastlines, bays, and estuaries, as well as river and 
freshwater systems. It contains five parts dealing with fluvial systems. It is not an instruction guide, but it offers 
suggestions and insights into benefits and best practices, as well as an eleven-step checklist for fluvial systems. 

 

In general, the solutions to be applied will be mixed solutions, i.e. green (natural), green-grey, and/or grey 
(traditional engineering). If done in the right way, they can contribute to overall well-being. Nature Based Solutions 
can be linked to the United Nations Sustainable Development Goals (SDG). However, for this purpose, impacts must 
be measurable and an assessment framework must be in place, allowing for monitoring and making adjustments. 
A methodology to this effect was published in Andrikopoulou (2021). 

 

Canals 

In general, canals display rather constant navigation conditions as water levels remain almost constant and flow 
velocities relatively low close to zero. The most relevant weather event is the occurrence of ice, which can result in 
suspension of navigation extending over several days up to several weeks. With respect to this issue, it is projected 
that climate change will have positive effects, resulting in less frequent and shorter lasting ice events. Although 
canals are expected to be rather insensitive to further direct climate change effects, in severe drought periods, 
problems can arise also there as they are fed by river water and extractions may take place for other economic and 
societal functions, and adaptation measures have to be taken.  For example, in the case of the new locks in the 
Albert Canal in Belgium, large Archimedes screw pumps at six lock systems were installed. In the case of a drought, 
water is pumped upstream to replace the water lost by the ships passing through the lock. In the case of an excess 
of water, mainly in winter, the pumps are used as a bypass and also generate hydroelectricity. 

 

Ports 

Climate resilience of ports is characterised by the ability to prepare for and adapt to changing weather conditions 
and withstand and/or recover rapidly from disruptions, with the aim of ensuring continuity of services and 
movement of goods to, from and through ports. 

 

There is no single approach to climate change adaptation and resilience planning for inland ports. Inland ports shall 
start by drawing up policies and strategies to identify climate-change risks, and also come up with scalable action 
plans that can be applied over time.  

 

Climate change is the second environmental priority of ports after energy consumption, according to the 6th 
Environmental Report by the European Sea Ports Organisation (ESPO) published in 2021. In 2021, the share of ports 
that are taking steps to strengthen the resilience of their existing infrastructure in order to adapt to climate change 
remains stable compared to 2020 (65 %), and 53 % of them has already faced operational challenges due to climate 
change. Meanwhile, ports put greater emphasis to climate change adaptation as part of new infrastructure 
development projects. 

 

A comprehensive set of adaptation measures dedicated to ports is given in PIANC (2020). 

 

Selected examples of implemented adaptation measures are given for inland ports in Austria, Croatia, Slovakia, 
Hungary and Romania, as well as the Port of Rotterdam comprising Botlek and Vondelingenplaat, Waalhaven and 
Eemhaven area, Merwe-Vierhaven area, Europoort, and Maasvlakte. 
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Recommendations for further development and research 

With regard to policy needs, it is noticed that the amount of research and pilot work needed to test new solutions 
for inland waterways to adapt to the changing climate is underestimated when it comes to research and 
development. The conduction of one research project, or the consideration of only inland waterways in the direct 
hinterland of maritime ports is not sufficient in order to arrive at a climate resilient inland waterway infrastructure, 
although it constitutes one important step forward. Moreover, a continuous consideration of the topic is necessary 
as the framework conditions are subject to continuous changes, new critical locations evolve, as well as new 
approaches adapted to local conditions can be developed.  
 
As this report shows, meanwhile, some research and development has been carried out. However, this mostly on 
a local level, e.g. the KLIWAS programme for the German waterways, or Climate Resilient Networks for the Dutch 
waterways. A comprehensive picture with a common climate modelling basis is still missing, in particular for the 
Danube region, calling for climate change projects on European level involving all relevant representatives of 
member states concerned. The following items shall be considered and where possible more in detail on a local 
level: 

¶ creation of a common data basis with respect to climate projections (temperature, precipitation, discharge, 
ǿŀǘŜǊ ŘŜǇǘƘΣ ǿŀǘŜǊ ǘŜƳǇŜǊŀǘǳǊŜΣ Χύ ŀƴŘ impacts relevant to inland waterway transport, the environment 
and possible users of waterways, as well as local economies, e.g. the Danube region which has not been 
considered yet; 

¶ forecasting for improved utilisation and management of the waterway: extension of existing lead-times 
and improvement of reliability by deterministic short-term predictions, as well as probabilistic mid-term 
and seasonal predictions (e.g. 3 month);  

¶ investigation of interrelations between developments of surroundings of waterways, land-borne activities 
and the ones on waterways, e.g. impact of water withdrawal for agriculture, or sealing of land in the vicinity 
of waterways, etc.; 

¶ review, elaboration and testing of maintenance approaches with respect to their appropriateness and how 
they can be improved; 

¶ review of fairways and navigation channels, as well as evaluation where relocation of fairways and marking 
are meaningful; 

¶ application of Nature Based Solutions:  
o promotion of main streaming; 
o evaluation of which and where they can be applied, e.g. creation of natural canals in a river delta 

with a lot of sedimentation;  

¶ development and testing of innovations e.g. flexible waterway infrastructure, eventually considering 
lessons from the past; 

¶ in general, research on river engineering and waterway management options for provision of reliable and 
predictable navigation conditions;  

¶ usage of aquatic and flying drones for collection of information on developments in fairways and wide 
waterways at low water for determination of e.g. new routes suitable for navigation; 

¶ water management, extension of existing water reservoirs and implementation of new water reservoirs; 

¶ implementation of the floating-ship-data approach, supporting waterway management, as well as 
providing improved information on navigation conditions (water depth); 

¶ further development of information systems providing relevant information to operation of waterways and 
navigation conditions to users of inland waterways; 

¶ promotion of integrative planning of infrastructure projects; 

¶ elaboration and initiation of measures for the reduction of administrative efforts with respect to 
permissions requested for the implementation of infrastructure projects. 

 
With respect to the adaptation of the infrastructure, a dialogue between the industry, logistics, politics, and 
environmental organisations, as well as regulations and funding for modernisation on European and national level 
will be necessary. Proper cooperation between the different stakeholders and an integrated approach for coping 
with climate change is necessary, what for also the European institutions are needed.  
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1. Introduction 

The Horizon 2020 PLATINA31 ǇǊƻƧŜŎǘ ǇǊƻǾƛŘŜǎ ŀ ǇƭŀǘŦƻǊƳ ŦƻǊ ǘƘŜ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴΩǎ 
NAIADES III action programme (European Commission (2021 a)), dedicated to inland navigation. PLATINA3 is 
structured around four fields: market (WP1), fleet (WP2), jobs and skills (WP3) and infrastructure (WP4). 
 
The work package 4 άInfrastructureέ ŘŜŀƭǎ ǿƛǘƘ ǾŀǊƛƻǳǎ ŀǎǇŜŎǘǎ ƻŦ ǘƘŜ infrastructure, such as  

¶ inland waterway and port infrastructure ready for a changing climate;   
¶ alternative energy infrastructure along the waterway and in ports;   
¶ smart waterway and port infrastructure and management;   
¶ barriers to infrastructure implementation and proposed solutions.   

  
¢Ƙƛǎ ǊŜǇƻǊǘ ŀŘŘǊŜǎǎŜǎ ǘƘŜ ǘƻǇƛŎ Ψinland waterway and port infrastructure ready for a changing climateΩΣ ǿƘƛŎƘ ƛǎ 
Task 2.2 of PLATINA3 according to the Grant Agreement. viadonau leads the execution of this task. The objective 
according to the Grant Agreement is: ά5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀ ǇǊŀŎǘƛŎŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ǇŀŎƪŀƎŜ ŦƻǊ 9ǳǊƻǇŜΩǎ ƛƴƭŀƴŘ 
waterway and port infrastructure managers illustrating strategies to react to climate change based on current state 
ƻŦ ǘƘŜ ŀǊǘ ŀƴŘ ōŜǎǘ ǇǊŀŎǘƛŎŜǎ ŀƴŘ ǇǊƻǾƛǎƛƻƴ ƻŦ ƛƴǇǳǘ ǘƻ wϧ5 ŀƴŘ ǇƻƭƛŎȅ ǊƻŀŘƳŀǇ ό²tрύέ, which is in line with the 
actions to be taken requested by NAIADES III (European Commission (2021 a)Υ άFlagship 1: Helping waterway 
managers to ensure a high level of service (Good Navigation Status) along EU inland waterway corridors by 31 
December 2030 Χ Moreover, the greater frequency of low-water events will require a faster development and roll-
out of innovative, climate-adaptable vessels able to sail with low water levels while minimising impacts on aquatic 
ecosystems. Horizon Europe will provide support to adapt fleets to future environmental, climate, and safety 
requirements and to develop and test new methods of transport infrastructure maintenance and upgrades in order 
to improve safety, climate resilience and environmental impact (including air and water pollution and biodiversity) 
and accommodate evolving transport modesέ. In addition, NAIADES III refers to the adoption of the technical 
guidance on climate-proofing (European Commission (2021)) to help promoters take into account climate and 
environmental objectives when investing in transport infrastructure, being also considered in this report.   
 
As regards the contents of this report to guide the reader:  

¶ Chapter 2 provides a comprehensive overview of the developments in meteorology and relevant weather 
phenomena till the mid and the end of this century (2050, 2100). In most cases, also results for the past, 
e.g. the time period 1971 ς 2000, are given. The meteorological variables considered comprise temperature 
and precipitation. The evolution of critical weather phenomena relevant to inland waterways and inland 
waterway transport (IWT) is described for low water, high water, ice occurrence, visibility, wind and wind 
gusts, as well as sea level rise relevant to sea ports. In general, the area considered is Europe with its main 
waterways where appropriate. However, the focus is on the Rhine-Main-Danube axis. 

¶ Chapter 3 gives a comprehensive overview of the impacts of climate change on the performance of inland 
waterway transport, the infrastructure including waterways and ports, as well as the economy relying on 
inland waterway transport, clarifying the complexity of the topic and highlighting the necessity for 
adaptation. 

¶ Chapter 4 summarises a greater number of different options for coping with the climate change impacts 
considered in Chapter 3, comprising climate proofing of infrastructure, adaptation planning for ports and 
inland waterways, proactive waterway maintenance, provision of information on fairways, river-
engineering measures and novel approaches, Nature Based Solutions, as well as measures dedicated to 
selected canals and ports. The installation of new locks and dams across inland waterways is acknowledged 
as a measure for improvement of navigation conditions in general. However, the impacts on the 
surroundings are of major significance and the political, societal and environmental challenges to be solved, 
as well as the achievement of a consensus between the different stakeholders to be involved are by far 
beyond the scope of PLATINA 3. Therefore, this issue is not considered in this report further. 

¶ Chapter 5 gives recommendations for further development and research. 

 
1 https://platina3.eu  

https://platina3.eu/
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¶ A concise sate of the art on the topic and stakeholder input of the inland waterway transport sector became 
available through the PLATINA 3 Stage Event 3 (Brussels Sessions), see Annex 1. 

¶ For a quick overview, the impacts of weather phenomena on inland waterways and inland waterway 
transport are listed in Annex 2, and possible adaptation measures addressing ports and inland waterways 
are given in Annex 3. 

¶ While, according to Klein and Meißner (2017), the Rhine displays mainly two major bottlenecks for 
navigation: one at Ruhrort and the other one between St. Goar and Mainz (reference gauge Kaub), the 
Danube is characterised by the presence of a great number of bottlenecks possibly vulnerable to climate 
change effects. In Annex 4 an overview including a map is given based on the latest version of the Fairway 
Rehabilitation and Maintenance Master Plan for the Danube and its navigable tributaries (update 2022). 

 
Complementing existing research, the report is to be taken as an information package displaying the most recent 
developments focussed on climate change and infrastructure. It is not directly a guideline for waterway and port 
adaptation as such guidelines are already existing. Moreover, it can be taken as a guide to most recent guidelines, 
complemented with selected examples for climate change adaptation deemed important, assisting thereby 
waterway and port managers in their efforts to cope with climate change impacts. 
 
Starting with the findings of the IPCC (Sixth Assessment Report, IPCC (2021)), and several EU projects, e.g. IMPREX, 
ECCONET, EWENT, MOWE IT and national projects, e.g. the KLIWAS programme (KLIWAS (2015)), this report brings 
together the know-how gained from a review of approximately 80 publications. The know-how was complemented 
by stakeholder involvement and reception of feedback realised through the organisation and conduction of the 
PLATINA 3rd Stage Event (Brussels Sessions, 236 registrants, 30 representing waterway managers, 28 representing 
national governments, 15 representing ports, 19 representing intergovernmental organisations), as well as the 
involvement of the majority of the PLATINA3 Advisory Board from the beginning on of the creation of this 
deliverable. The Advisory Board involved comprises the following organisations: 
 

Table 1: Members of the PLATINA 3 Advisory Board involved in Task 4.1 (Inland waterway and port infrastructure ready for a changing climate ).  

European Federation of Inland Ports (EFIP) Turi Fiorito 

International Sava River Basin Commission ¿ŜƭƧƪƻ aƛƭƪƻǾƛŏ 
Dusko Isakovic 

CBR Adri van der Hoeven 

European Barge Union (EBU) Theresia Hacksteiner 

Ministry of the Sea, Transport and Infrastructure 
(MMPI) 

Duska Kunstek 

German Federal Ministry for Digital and Transport 
(BMDV) 

Muhammed Elemenler 
Peter Segieth 

Ministry of Transport and Construction Slovakia 
(MoTCS) 

{ƻƶŀ WŀǊƻǑƛƪƻǾł 

Ministry of Transport Romania (MoTR) Cristina Cuc 

Ministry of Infrastructure and Water management 
The Netherlands (Ministerie I&W) 

Gert Mensink 

University Antwerp Edwin van Hassel 

Development Centre for Ship Technology and 
Transport Systems (DST) 

Benjamin Friedhoff 

Deltares Rolien van der Mark 

 
In addition, comprehensive input and feedback on the contents elaborated was obtained from Enno Nilson and 
Bastian Klein from the Federal Institute of Hydrology of Germany (BfG), as well as Karin de Schepper from Inland 
Navigation Europe (INE). The feedback received and recommendations for improvement are gratefully 
acknowledged.  
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2. Developments in meteorology and relevant weather phenomena 

2.1. Meteorological variables 

2.1.1. Temperature 

With respect to future temperature developments for the area of the European inland waterways, the results seem 
to be very similar both over time and on average. Looking at the regional impacts of climate change on temperature, 
a somewhat more heterogeneous picture emerges. 

 

Already in the KLIWAS final report (KLIWAS (2015)) in which mainly the rivers Elbe, Rhine and Danube within the 
German national border were investigated, relatively clear warming tendencies could be identified. According to 
the report, an average temperature increase of +1 to +2 °C is to be expected for the Elbe catchment area for the 
near future (2021 to 2050), and +2.5 to +4 °C for the distant future (2071 to 2100). The values for summer and 
winter are very similar in this case. For the air temperatures in the Rhine catchment area, an increase of up to +2.5 
°C is expected in the near future (2021 to 2050). In the far future (2071 to 2100), a further increase is expected. In 
the case of the Danube catchment, similar to the Elbe, very comparable values are reported when looking at the 
predictions for summer and winter. On average, a temperature increase of +1 to +2 °C is expected for the near 
future, or +3 to +5 °C for the distant future.  

 

In their revision and update of the Danube study, Mauser et al. (2018) conclude that, as in the first Danube study, 
temperature increase is more drastic, especially in South-eastern Europe. In general, the results of the previous, 
first Danube study have been confirmed. However, smaller but subsequently non-significant deviations from the 
first study were found, which can be explained by the different scenarios assumed and by the projection horizons. 
As already presented in the first Danube study, the findings coincide that air temperature is likely to increase in the 
future with a gradient from northwest to southeast in the Danube River Basin, both in the annual mean and at all 
seasons. For the future period from 2021 to 2050, the annual mean temperature is projected to increase between 
0.5 °C in the upper basins and up to 4 °C in the lower basins of the Danube River Basin. For the distant future 2071 
to 2100, an increase between 1°C in some parts of the upper basin and 5°C in the middle and lower basins is 
projected. Studies with recent and high-resolution regional climate models show that large differences are 
projected even within the Danube riparian countries. This is especially true for countries with large mountain ranges 
such as Austria, Croatia or Romania. This suggests that only using the temperature mean for the whole country 
does not seem appropriate. 

 

The Climate Change Adaptation Strategy by the ICPDR (ICPDR (2019)) also analyses and compares the results of the 
two Danube studies and confirms the trends identified by Mauser et al. The data used for the Danube study shows 
a regionally varying increase in mean annual air temperature between 0.5 °C and 2.6 °C by the mid-21st century. 
The increase reported in these documents is expected to level off at values between 1.8 °C and 5.4 °C by the end 
of the century. Modelling results from the EURO-CORDEX2 project show an increase in annual mean temperature 
for the near future period (to 2050) under RCP4.5 of +1.1 °C and +1.5 °C and for the far future period (to 2100) of 
+2.0 °C and +2.6 °C compared to the 1981-2010 reference period. The ranges for temperature increase under 
RCP8.5 are +1.3 °C to +1.7 °C (by 2050) and +4.0 °C to +5.0 °C (by 2100). The analysis of modelling results from 
EURO-CORDEX also provide a more nuanced view regarding the spatial heterogeneity of the range of temperature 
increase, showing pronounced warming hotspots in the Alpine region and South-eastern Europe. 

 

In their case study on the climate change adaptation strategy for the Danube River Basin, Mair and Vasiljevic 
examined a total of 59 projections and studies (Mair and Vasiljevic (2020)).  All of them indicate that temperatures 
will increase during this century. Both annually and per season temperatures will rise, although the models for 
winter show relatively large uncertainties. Again, the tendency for temperatures to rise intensifies as one moves 

 
https://www.euro-cordex.net/index.php.en 2  

https://www.euro-cordex.net/index.php.en
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from the northwest to the southeast of the Danube River Basin. Mair and Vasiljevic were also able to determine, 
despite considering climate-influencing factors such as elevation, mountain ranges, and oceans, that future trends 
for all regions in the Danube River Basin are very similar and show warming on average.  

 

At the third PLATINA 3 Stage Event in Brussels, Prof. Wolfram Mauser from Ludwig Maximilians University (LMU) in 
Munich summarized the current research situation for the Danube in his presentation "Climate Change and the 
Danube River Basin". The most important finding is that each additional ton of greenhouse gas emitted in the future 
leads almost linearly to a change in climate drivers (Mauser (2022)). This means that global surface temperature 
will increase correlatively with cumulative CO2 emissions. He also emphasized that global climate changes can differ 
significantly by region. For example, for the Danube River Basin, it can be said that a 2 °C increase in global average 
temperature means a regional temperature change of 3 - 4 °C.  

 

In summary, it can be concluded that the global average temperature will increase significantly by the end of the 
current century. How much the exact increase will be cannot be said with 100 percent precision, but there is very 
high agreement in the scientific community that the climate will become warmer. The different studies further 
suggest that this warming will have different regional impacts. While the temperature increase will be gradual from 
the northwest toward the southeast, it appears that global warming will also have a greater regional impact on the 
Danube River Basin than on the global average. 

2.1.2. Precipitation 

In the case of precipitation, no such unequivocal results can be reported compared to the temperature. Although 
it is expected that climate change will have a major influence on the amount and frequency of precipitation, it is 
difficult to make exact predictions in that field.  

 

In the final report of KLIWAS (KLIWAS (2015)), precipitation is also examined in the same way as temperature. 
Special attention is paid to the German rivers Elbe, Rhine and Danube. In the area of the Elbe, no clear trends are 
discernible for precipitation in the near future (2021 to 2050), whether in winter or in summer. In the distant future 
(2071 to 2100), a decreasing trend for summer precipitation and an increasing trend for winter precipitation are 
discernible. A similar picture can be seen in the Rhine area. Here, too, the projections for precipitation in the near 
future (2021 to 2050) do not show clear trends, neither in winter nor in summer. In the distant future (2071 to 
2100), on the other hand, a decreasing trend is expected for summer precipitation and an increasing trend for 
winter precipitation. The forecasts for the Danube are almost identical. For precipitation in the near future (2021 
to 2050), no clear trends are discernible neither in winter nor in summer. In the distant future (2071 to 2100), a 
decreasing trend for summer precipitation and an increasing trend for winter precipitation are discernible.  

 

In the revision and update of the Danube study (Mauser et al. (2018)), the authors are more specific. Since the 
Danube basin is located in a transition zone between increasing (Northern Europe) and decreasing (Southern 
Europe) future precipitation, only very small changes in precipitation are to be expected on average. Therefore, the 
mean annual precipitation sum should even remain almost constant. But in comparison to the first study models, 
it becomes apparent with much greater clarity that there will be an intensification of seasonal precipitation 
changes. Most likely are a strong decrease in summer precipitation and an increase in winter precipitation. In 
particular, in the south-eastern parts of the Danube river basin, the results of the second Danube study show a 
reduction in precipitation by about 25 % respectively 45 % for the end of the century. It also appears that the 
summer precipitation decrease is expected to be more pronounced in the Alps (Upper Danube river basin). Despite 
the high spatial variability, summer precipitation is expected to decrease and winter precipitation to increase on 
average. 

 

The authors of the ICPDR Climate Change Adaptation Strategy (ICPDR (2019)) come to similar conclusions. It is 
assumed that in the future wet regions will become wetter and dry regions even drier. According to the analysis of 
both Danube studies, it can be assumed that these effects will be felt more drastically in the second half of the 
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current century than in the first. Although mean annual precipitation is likely to remain nearly constant in many 
regions, a trend toward more precipitation than in recent decades in the northern parts of the Danube river basin 
and less precipitation in the southern parts is discernible for the next few decades. The general trend of wet regions 
becoming wetter and dry regions drier is also reflected regionally in the Alpine region, where the already drier 
south-eastern part of Austria will in all likelihood become drier. However, the most visible change is projected in 
the seasonal precipitation distribution. Across the Danube river basin, the summer months could become drier by 
up to 58 % on average and the winter months wetter by up to 34 %. Regionally, however, these numbers may differ 
again significantly. The most significant trends are increasing winter precipitation in mountainous regions and 
decreasing summer precipitation in regions that already experience relatively little precipitation. On the other 
hand, there are regions where summer precipitation is expected to increase due to increased frequency of 
thunderstorms and short heavy precipitation events. However, probably due to large spatial differences, in most 
simulations the predictions for future precipitation are less accurate than for future temperature changes. Data 
from the EURO-CORDEX initiative nevertheless provide a detailed picture of spatially distributed trends. For the 
winter, for example, higher temperatures affect the cryosphere. Overall, the snow season could become shorter at 
all altitudes in the future. This is due to a number of developments, such as an increasingly early onset of snowmelt 
and an increase in rainy days compared to snowfall days. However, these developments are not set in stone. Some 
results cannot confirm this trend. For some mountain areas, there is no clear trend or even an increase in snowfall 
due to a possible increase in winter precipitation. However, the results concerning the future of glaciers in the 
Danube river basin are clear. Climate change leads to the complete disappearance of all glaciers in the Middle 
Danube river basin to a very drastic decrease in the Alpine part of the Upper Danube basin by the end of the century.  

 

Prof. Mauser made the following comments on precipitation patterns at the third PLATINA 3 Stage Event (Mauser 
(2022)): according to him, precipitation changes are much more complex than temperature changes. Precipitation 
amounts will change in the future and seem to change more and more intensively due to increasing global warming. 
Since the Danube basin is in the border zone between an increase and a decrease in precipitation, it is difficult to 
make general statements about average precipitation amounts for the Danube river basin. One of the reasons why 
it is so difficult to make predictions is also because there is no consistent picture of temperature increase values 
from national adaptation studies, but available data indicate that the average regional temperature increase in the 
Danube river basin is largely consistent with global patterns and it is about twice the global average. Studies of 
precipitation patterns conducted in the 2010s do not show a clear picture. Precipitation patterns are complex and 
uncertain. They show an increase in winter and a decrease in summer. However, for the Middle and Lower Danube, 
a seasonal perspective far into the future is lacking. Nevertheless, there seems to be agreement that summer 
precipitation will decrease in these south-eastern Danube regions. 

 

In summary, it can be said that the statements on the future change of precipitation are much less accurate than 
those on the future change of temperature. There is a small consensus that, at least in the Danube river basin, 
summer precipitation will decrease and winter precipitation will increase. However, even these statements are not 
universally valid. Due to high regional differences and a lack of nationally available data, especially from South-
eastern Europe, it is very difficult to predict the future precipitation change for the whole continent. 

 

2.2. Critical weather phenomena 

2.2.1. Low water 

Typically, low-flow events or hydrologic droughts are seasonal phenomena, as they often occur after periods of low 
precipitation, higher temperatures, and thus higher evapotranspiration levels in precipitation-dominated flow 
regimes ("summer low-flow") or when precipitation is stored as snow in snow-dominated flow regimes ("winter 
low-flow"). Both types of low flows result in a decrease in water stored in soils and groundwater aquifers and a 
decrease in river flow. These low flow events generally occur during months when mean monthly flows are already 
lowest at present. (Klein and Meißner (2017)) In the context of climate change, both the usual frequencies and 
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durations and the seasonal distribution of low-water days appear to be changing, resulting in changes to the inland 
waterway that are relevant to navigation. 

 

The technical report (ECCONET (2012 a)) of the FP7-EU project ECCONET mainly investigates the impact of climate 
change on the rivers Rhine and Danube. Thereby, flow regimes from the past (1950-2005) as well as flow regimes 
predicted by simulations for the future (until 2100) were observed and compared.  

 

In the past, hydrological low flow indicators point to a general increase in the occurrence of low flows along the 
entire Rhine. In the first half of the 20th century, the winter season was the season with the lowest discharges. In 
the recent past, however, the situation on the Middle and Lower Rhine has changed. In general, however, there 
have been rather few low water events on the Rhine that have affected navigation. Since the 1970s, the number of 
days below the FDC_Q95 threshold (i.e., those discharge rates that were equal to or exceeded 95% of the time 
during the reference period from 1961 to 1990) has decreased at the Kaub and Ruhrort gauging stations. Beginning 
in the early 1990s, there was a decade with only a few days below this threshold at the respective gauging stations. 
The year 2003 was the first year in which longer low water events occurred again. 

 

At the gauges studied on the Danube (Hofkirchen, Germany; Vienna, Austria; Nagymaros, Hungary), similar trends 
as on the Rhine were observed in the 20th century: low water discharges generally increased, especially in the winter 
season. Similar to the Rhine data, a decrease in days below FDC_Q95 is evident from the 1970s onward. The 
following decades are characterized by a noticeably low number of underflow days. The low water period of 2003 
shows on the Danube for the first time a number of days below the threshold comparable to periods before the 
1970s. At the gauge Hofkirchen, however, a comparatively high number of days below the threshold was already 
reached in the 1990s.  

 

For the near future (through 2021-2050) at the Rhine, most discharge projections indicate that the number of days 
below the FDC_Q95 threshold will remain in the range observed since the 1950s. For the distant future (2071-2100), 
a much wider dispersion of results is evident, but trends do emerge. An increasingly pronounced shift of the low-
water season from the winter months to the summer months seems as likely as an increase in the intensity and 
duration of these low-water periods. 

 

On the Danube, the data were collected monthly. The results are therefore not fully comparable with the 
evaluations for the Rhine. Nevertheless, the main trends of change can be identified. The majority of the projections 
for the near future (2021-2050) show an increase in the number of months below the threshold mFDC_Q95 
(compared to the reference period 1961 to 1990). Again, the far future (2071-2100) shows much greater dispersion, 
with a large majority of projections signalling that the current low water threshold will be underrun more 
frequently. According to projections, the Danube also experiences a shift in the low-flow period and an 
intensification trend in terms of duration and intensity. (ECCONET (2012a)) 

 

In the KLIWAS final report (KLIWAS (20215)) the Elbe, Danube and Rhine rivers were examined with regard to low 
water forecasts. According to the report, the mean annual discharges of the Elbe will hardly change in the near 
future (2021 to 2050). Considering summer and winter separately, a tendency towards decreasing discharges can 
be seen in the summer half of the year, while inconsistent changes are projected for the winter half of the year.  

In the distant future (2071 to 2100), the difference between summer and winter semesters becomes more and 
more pronounced. Then, both the projections of the mean annual discharges and even more those of the summer 
half-year show predominantly a tendency towards decreasing discharges. For the winter half-year there are no 
clear predictions even in the distant future. 

 

Also on the Danube, the mean annual discharges hardly change in the near future. If summer and winter are 
considered independently, predominantly inconsistent changes are projected in the winter semi-annual period. 
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Exceptions are the Inn and the gauges influenced by the Inn, where rather increasing discharges are projected. In 
the summer half-year, a general tendency towards decreasing discharges can be observed. 

 

In the distant future, according to the projections for the mean annual discharges, the difference between summer 
and winter half-year will increase, with decreases rather than increases predicted for the annual mean. Only the 
Inn itself will then tend to show higher discharges in winter. 

 

For the Rhine, the vast majority of projections show increasing mean annual discharges in the near future, with the 
increase being mainly due to increases in the winter half-year with inconsistent changes in the summer half-year. 
In the far future, according to the projections, the difference between summer and winter half-year increases, with 
slight decreases and increases in the annual mean projected at about the same rate, except for the Lower Rhine. 
(KLIWAS (2015)) 

 

In the Technical report of the H2020 project IMPREX (Klein and Meißner (2017)), the authors describe the reasons 
and conditions for low water events on the rivers Rhine, Danube and Elbe. In summary, the following 
hydrometeorological conditions lead to extreme low water events for the considered basins: 

¶ precipitation deficit over a large period of at least 6 months; 

¶ high temperatures over a long period of time; 

¶ high evapotranspiration values due to higher temperatures. 

Above-average extreme low-water events in the study areas, which the authors used for closer examination, were 
those from the years 2003, 2005, 2008, 2011, and 2015. Based on the courses of the extreme low-water events of 
2003 and 2015, the conditions leading to low-water events can once again be clearly seen.  

 

The extreme low water event in 2003 was followed by a heavy rain period with high water in January 2003 on the 
three waterways considered. It was caused by a large precipitation deficit in the period from March to September 
and the exceptionally hot summer of 2003, which was characterized by extreme temperatures for the months from 
June to August. These two months were 5 °C warmer than the 1961-1990 average. High evapotranspiration values, 
were the consequence in all river basins. On the Rhine waterway, minimum water levels were observed at the end 
of September 2003. At the Upper Danube gauge Hofkirchen, minimum water levels were measured at the end of 
August. At the Kienstock and Nagymaros gauges, the low water event lasted until the end of 2003. On the Elbe, 
extreme water levels were observed at the end of August, but as at the Kienstock and Nagymaros gauges, the event 
lasted until the end of the year. 

 

The last of the droughts examined in Europe was that in 2015, which, with reduced discharge values from June to 
the end of November on the Elbe and from August to the end of 2015 on the Rhine and Danube waterways, was 
one of the most severe droughts since 2003. The summer was characterized in many parts of Central and Eastern 
Europe by exceptionally high temperatures with correspondingly high evapotranspiration values and reduced 
precipitation. Maximum daily temperatures in most of Western Europe were on average 2 °C warmer than the 
seasonal average (1971-2000). In the east, this value was as high as 3 °C above the seasonal mean. (Klein and 
Meissner (2017)) 

 

According to the Danube Study revision (Mauser et al. (2018)), climate change impacts will vary across the Danube 
river basin regions, and almost all water-related sectors are likely to be affected by changes in temperature and 
precipitation. These changes are likely to reduce water availability with changes in seasonal runoff patterns, mainly 
triggered by reduced snow storage, strong seasonality of precipitation, and increasing evapotranspiration. The main 
reasons for quantitative changes in water availability are the significant increase in temperature and changes in 
precipitation, groundwater recharge, soil water content, and glaciers. In terms of extreme events, droughts and 
low flows in the Danube river basin are expected to become more intense, prolonged, and frequent, as highlighted 
in the first study.  
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In the Climate Impact and Risk Analysis 2021 for Germany (Umweltbundesamt (2021 a)), the German 
Umweltbundesamt (Federal Environment Agency) concludes that for companies operating and using shipping, low-
water-related depth bottlenecks and associated unloading restrictions are often more relevant than flood-related 
restrictions due to their longer duration.  

 

The evaluations on the influences of climate change on waterway management as well as navigation are based on 
projected time series of daily discharges. These were simulated using the LARSIM-ME water balance model based 
on 16 climate projections for the RCP8.5 (RCP = Representative Concentration Pathway) scenario in a five by five 
kilometer grid. The indicator used here is the mean annual number of days with runoff below a low-water threshold. 
As a threshold value, a discharge is chosen that is undercut on about 20 days per year in the reference period 1971 
to 2000 (Q20 of the reference period 1971 to 2000). At this reference water level, which is undercut on a statistical 
average of 20 (ice-free) days per year, the target depth of the navigation channel is still guaranteed.  

 

For the optimistic case (15th percentile of RCP8.5, lower area of lightly coloured bars in Fig. 2), hardly any relevant 
changes compared to the reference period can be observed for the middle of the century. On the Middle and Lower 
Rhine up to the Dutch border and on the Moselle, an average of 20 to 28 days below the threshold is projected. For 
the remaining waterways, no increase in days below threshold can be detected. In contrast, a general increase in 
days below threshold can be seen for the pessimistic case (85th percentile of RCP8.5, upper end of strongly coloured 
bars in Fig. 2). Most waterways fall into the 20 to 28 day category under these conditions. Somewhat larger changes 
(28 to 35 undershoot days) are projected for sections of the Moselle, the Neckar, and the Rhine. For the Main River, 
no changes are recorded compared to the reference period. 

 

For the end of the century, in the optimistic case, an increase in the number of days below the threshold is only 
discernible for a few waterway sections. This applies to the Moselle and the Middle and Lower Rhine, which 
predominantly fall into the category of 20 to 28 days below threshold. For the remaining waterways, no changes 
can be observed. In the pessimistic case, the number of days below the threshold increases significantly. On most 
waterways (the Elbe, the Weser, the Ems and the Main), the threshold value, which is undercut on 20 days in the 
reference period on a long-term average, is undercut on 28 to 35 days. However, the focus for this indicator is on 
the Rhine and the Danube. In the pessimistic case, the threshold value is undershot here on 42 days and more 
compared to 20 days in the reference period. (Umweltbundesamt (2021 a)) 

 

At the third PLATINA III Stage Event in Strasbourg, Dr. Bastian Klein from the Federal Institute of Hydrology (BfG) in 
Germany spoke about the risks of climate change on German waterways (Nilson and Klein (2022)). Climate 
projections of the Rhine, Main and Danube rivers from the years 2031 to 2060 show large uncertainties when it 
comes to predicting how often the Q20 value (those water levels that were undercut twenty times in the 
comparison period from 1971 to 2000) will be undercut on these three rivers and a total of 8 gauging stations. In 
contrast, the summarized projections from 2071 to 2100 show a much clearer picture. The days when the Q20 
value is undershot will be much more frequent, see figure below. 

 

Another effect presented by Prof. Mauser at the third PLATINA 3 Stage Event (Mauser (2022)) that will influence 
future runoff concerns water withdrawals from rivers. As future temperature increases and longer or more frequent 
dry periods in the summer months lead to more irrigation demand in agriculture, water withdrawals from rivers 
are also likely to increase. Models show the hypothetical impacts of irrigating all currently existing maize fields in 
the Danube river basin. The results show almost no flow changes in the Upper Danube basin, but a nearly 60 % 
reduction in summer flow at the mouth of the Danube.  
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Figure 2: Compilation and projections of low flow carried out for the Rhine, Main and Upper Danube, presented for three time periods 1989 -

2018, 2031-2060 and 2071-2100. Horizontal line in bar = median value (50 % of projections are above it and 50 % of projections are below it); 

strongly coloured bars = 15 % of projections fall below this area, 15 % of projections exceed this area => 70 % of projections f all in this area; 

lightly coloured bars denote minimum and maximum values of all projections (all projections fall in this range).  Source: slide from  Nilson and 

Klein (2022). 

 

In summary, it can be said that low water periods on European waterways will in all likelihood occur more frequently 
and last longer in the future. The seasons in which these periods occur more frequently may also shift from the 
winter months to the summer months. Reasons for all these changes, among others, are likely to be the higher 
average temperatures and the resulting increased evapotranspiration values. Another effect that is conducive to 
low flows is precipitation deficits over a longer period of time. The extent to which this effect affects future low 
flow trends is also subject to great uncertainty due to the uncertainty in the field of precipitation forecasting. One 
effect that has so far enjoyed rather marginal status in the literature, but which could promote low water in the 
future, especially in Southeastern Europe, is water withdrawals. Overall, the forecasts indicate that low water 
periods will change little until the middle of the current century, but there are increasing indications that more and 
longer low water periods are to be expected towards the end of the century. 

2.2.2. High water 

High-water events can also lead to navigation-relevant restrictions on the European inland waterways. Although 
the economic consequences are not as serious as those of low-water periods due to the duration of these events, 
they are nevertheless relevant (Umweltbundesamt (2021 a)). Not only because the high-water situation is expected 
to worsen by the end of the century due to climate change.  

 

The technical report of the FP7-EU project ECCONET (ECCONET (2012 a)) deals, as already explained in the section 
"Low Water", with observations from the recent past (1950 - 2005) as well as projections extending to the year 
2100. Also when it comes to researching the other extreme, namely high-water situations, the two rivers Rhine and 
Danube are treated as research objects.  

 

In the observation period from 1950 to 2005, winter is the season with the highest discharges on the Middle and 
Lower Rhine. The annual maxima increased steadily over the entire 20th century. The reason for this is almost solely 
an increase in the maxima of winter discharges. Overall, however, it can be stated that the number of days with 



 

D4.1 

 

   

 
29 

restrictions for navigation varies considerably during the observation period and between the representative 
gauges Kaub and Ruhrort. The number of days with navigation-relevant restrictions due to high water is significantly 
higher for Kaub than for Ruhrort. However, clear trends or tendencies cannot be derived from these data. 

 

In the 20th century, increasing discharge maxima can be observed for the Danube at the gauges Hofkirchen and 
Vienna. The Nagymaros gauge, on the other hand, shows a slightly decreasing trend. However, these trends do not 
reflect the number of days with high-water-related restrictions for navigation in the period 1950-2005. A closer 
look at the Hofkirchen and Vienna gauges does not show a clear trend of increase or decrease. While the Hofkirchen 
gauge shows particularly high daily discharges in winter, further downstream at Vienna and Nagymaros the winter 
maxima tend to be lower than the summer maxima. 

 

The projections for the 21st century on the Rhine indicate increasing flood discharges. A large part of the discharge 
projections and most of the statistical indicators show an aggravation of the flood situation for the near and distant 
future compared to the reference period on the Middle and Lower Rhine. There are many indications that there 
will be a higher number of days with restricted navigation in the future than today. Most forecasts are in a range 
between 11 and 20 days. For the distant future, the range of results is much wider. Again, a majority of the 
projections show more days above the threshold. However, the range here goes from as few as 8 days per year to 
as many as over 30 days per year.  

 

Due to a lack of data, no comparable projection can be made for the Danube. The statements from the literature 
are ambiguous. For example, Dankers et al. (2007) concluded that the flood hazard in large parts of the Upper 
Danube catchment could increase in the period 2071-2100 compared to the period 1961-1990. Prasch and Mauser 
(2011) found regional differences with increased HQ100 flood events in the upper Danube reaches and alpine 
valleys, but almost unchanged flood conditions on the main Danube river in Germany in the periods 2011-2035 and 
2036-2060 compared to the reference period 1971-2000. 

 

In Austria, Blöschl et al. (2011) studied different processes generating HQ100 floods under changing climate 
conditions. Compared to the reference period 1976-2007, they found regional differences with presumably higher 
discharges in 2021-2050 in the north and northwest of Austria and less pronounced changes in the rest of the 
country. In addition, the authors find shifts in the seasonal occurrence of floods. Balint et al. (2006) expect more 
frequent floods in winter, but the data do not show a clear trend in the magnitude of flood events. In summary, the 
ECCONET report does not provide a clear picture of the future development of the number of days with restricted 
navigation caused by floods on the Upper Danube. However, for the mid-21st century, the changes seem to be 
comparatively moderate. (ECCONET (2012 a)) 

 

In the KLIWAS final report (KLIWAS (2015)), the rivers Elbe, Danube and Rhine were investigated. According to the 
projections for the Elbe, depending on the gauging station, the development will be partly inconsistent and partly 
slightly decreasing. For the Danube, small but frequent respectively annual floods will tend to stagnate on average 
in the near future at the gauges above the mouth of the Inn, and the frequency at the gauges influenced by the Inn 
will tend to decrease. These trends will intensify towards the end of the century. On the Rhine, floods occurring 
frequently respectively annually will tend to increase slightly on average in the near future and somewhat more 
strongly in the distant future. An accumulation of exceedances of critical thresholds is to be expected. 

 

Klein and Meißner (2017) conclude that the main drivers of high-water situations on major inland waterways are 
large-scale precipitation over several days, which is partly enhanced by snowmelt. Exclusively snow-related spring 
floods that occur without significant precipitation input, only due to warmer temperatures, do not usually lead to 
traffic-impeding high waters on central European waterways. Also, small-scale and / or short-term heavy 
precipitation events, which can cause severe flooding of smaller rivers, typically do not have a significant impact on 
the larger rivers such as the Rhine. To cause a major flood in a large river basin, two main factors must interact. A 
triggering hydrometeorological event such as intense precipitation as well as basic hydrological conditions of the 
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catchment area such as a snowy winter season or extensive land sealing triggered for example by intense frost of 
the previous days. However, the intensity of the flood of a large main river also depends to a large extent on the 
temporal interaction of the floods of its feeding rivers.  

 

It was observed that at the gauges Kaub and Ruhrort the Middle and Lower Rhine showed a pronounced winter 
tendency with respect to floods in the observed period from 1981 to 2015. At the gauge Maxau on the Upper Rhine 
there is no such clear behaviour of the discharge maxima with respect to the season. Discharge maxima occur here 
both as winter events and in late spring or early summer. Also along the Danube, no clear seasonality can be 
observed with regard to the annual maximum amounts. Events with high precipitation amounts in autumn and 
summer alternate with floods in spring which are mainly caused by snowmelt. The Elbe, on the other hand, shows 
a comparatively clear flood seasonality with a strong tendency towards winter. Although the analysis of floods 
generally shows a tendency towards winter floods, the most extreme flood events of the analysed period occurred 
in the summers of 2002 and 2013. (Klein and Meißner (2017)) 

 

In their climate impact and risk analysis (Umweltbundesamt (2021 a)), the authors of the German 
Umweltbundesamt note that navigation restrictions resulting from exceeding the highest navigation water levels 
are, on average, of significantly shorter duration than low-water-related restrictions. The 2013 flood represented a 
rare extreme, with a duration of restrictions of close to two weeks. For inland navigation, high water events are 
therefore considered less relevant compared to low water situations. 

 

The evaluations on the influences of climate change on flood-related navigation restrictions are based on 
projections of daily discharges, as are the evaluations on low-water-related navigation restrictions. The mean 
annual number of days with discharges above a flood-related threshold is used here as an indicator of flood-related 
navigation restrictions. The threshold value chosen is a discharge that is exceeded on average on about four days 
per year during the reference period 1971 to 2000. 

 

In the optimistic case (15th percentile of RCP8.5), there are hardly any changes in days above the threshold for the 
middle of the century. Threshold exceedances of five to seven days are projected for the Rhine between Mainz and 
Koblenz, as well as for the Ems and the Havel, which means a slight increase in exceedance days. The pessimistic 
case (85th percentile of RCP8.5) results in seven to 14 exceedance days at mid-century for almost all observed 
waterways. Exceptions are the Neckar, the Moselle and the Danube below the mouth of the Inn. 

 

Also for the end of the century, minor changes are to be expected on most waterways in the optimistic case. For 
the Middle and Lower Rhine as well as for the Elbe from the Saxon state border, there is a moderate increase to 
five to seven days above the threshold. For the pessimistic case, the number of days above the threshold increases 
at all waterways by the end of the century. In most cases, exceedances occur on seven to 14 days, but individual 
sections, for example on the Elbe, also fall into the category of 14 to 21 exceedance days. Isolated sections in the 
waterway system around Berlin show an even higher number of exceedance days. However, the validity of these 
data is questioned due to the lack of water management measures in the calculation model used. 

 

In their climate impact and risk analysis, the authors conclude that flood-related shipping restrictions on German 
inland waterways may increase in the future due to climate change. However, the restrictions are of less importance 
in purely economic terms compared to low-water events, as these are of much shorter duration. For the mid-
century, only minor changes in exceedance days are expected in the optimistic scenario. In the pessimistic case, up 
to 14 days above threshold are projected. No significant changes are projected for the end of the century in the 
optimistic case either. In the pessimistic case, there are no further changes compared to mid-century, apart from a 
few exceptions for most waterways. (Umweltbundesamt (2021 a)) 

 

Bastian Klein presented his view of future high-water events at the third PLATINA III Stage Event (Nilson and Klein 
(2022)). The projections for the years 2031 to 2060 as well as for the period 2071 to 2100 show a significant increase 
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in high-water days. This trend is observable for the Danube, Main and Rhine rivers, see figures below. It should be 
noted that the projection data are compared with simulation data from 1971 to 2000. The actually observed days 
on which there were navigation-relevant restrictions due to flood events approximately coincide with the 
simulations and suggest that the projections also have an acceptable accuracy. 

 

 

Figure 3: Development of the number days with water levels above the highest navigable water level (HSW) , presented  for the Rhine and  three 

time periods 19 71-2000, 2031-2060 and 2071-2100. Source: slide from Nilson and Klein (2022).  

 

 

Figure 4: Development of the number days with water levels above the highest navigable water level (HSW) , presented for the Main and three 

time periods 1971-2000, 2031-2060 and 2071-2100. Source: slide from Nilson and Klein (2022).  
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Figure 5: Development of the number days with water levels above the highest navigable water level (HSW) , presented for the Upper Danube 

and three time periods 1971 -2000, 2031-2060 and 2071-2100. Source: slide from Nilson and Klein (2022). 

 

In summary, for the future high-water situation on European inland waterways, the picture that emerges from the 
data is not a clear one. Although trends can be identified that suggest a shift in seasonality in the occurrence of 
high-water events towards the winter months, accurate forecasts are increasingly difficult to make the further one 
looks into the future. Due to the hydrometeorological changes influenced by climate change, it can be assumed 
that on average the number of days on which there will be navigation-relevant restrictions due to high water will 
increase. At mid-century, the changes are expected to be moderate but significant. Towards the end of the century, 
the dispersion of the results will be larger, but here, too, the trends point in the direction of an increase in the 
number of high-water days. 

2.2.3. Ice 

According to Klein and Meißner (2017), river ice is caused by persistently low air temperatures over several days in 
combination with low flow velocities. Therefore, canals and dammed rivers are particularly affected by river ice. 
Artificial influencing factors are heat and salt inflows from power plants and industry. In this section, mainly the 
climate change-related influences on river ice formation and the associated navigation-relevant restrictions on 
waterways are highlighted. 

 

There are different recording criteria into which river ice can be divided. The technical report of the FP7-EU project 
ECCONET (ECCONET (2012 a)) considers river ice from the point of view of its importance for the navigation fairway, 
as it is the most relevant information for navigation. For the observation period, the focus is on whether the 
navigation channel is closed or not.  

 

The sum of days between November and March when temperatures below 0°C are measured is typically used as a 
proxy for the intensity of a winter season associated with the disposition to ice formation on standing water (e.g., 
lakes). Here, this proxy is used to indicate changes in the disposition to ice formation on the Rhine-Main-Danube 
Canal, which has a comparatively low water velocity. The ECCONET report indicates that there is a correlation 
between the sum of winter temperatures below 0°C (measured in Nuremberg) and the number of days the Rhine-
Main-Danube Canal is closed due to ice formation. For the future, daily temperatures are extracted from 28 regional 
climate models in an area around the Rhine-Main-Danube Canal. The authors calculated changes in cumulative 



 

D4.1 

 

   

 
33 

negative daily temperatures in winter (November to March) as an indicator of changes in ice disposition. The 
validation performed shows that the observed value of river ice proxy is weakly reproduced by some climate 
simulations in the control period. Many models tend to overestimate air temperatures and consequently the 
disposition to river ice formation is underestimated according to the ice indicator. By choosing change signals, the 
authors partially circumvent this problem because the reference for the change analysis remains in the same 
(simplified) world of the climate model in question. Assuming that the simulated data for the reference and future 
periods have the same simplifications (and thus the same biases), the change signals are computationally 
unaffected by model biases. 

 

Since 1950, the number of days with river ice-related interruption of navigation has decreased. This is directly 
evident from the data for the Main river since 1945. Construction of the Rhine-Main-Danube Canal did not begin 
until 1960. Information on ice occurrence there has been available since 1970. The river ice proxy used here 
(cumulative sub-zero temperatures between November and March) shows that the disposition to ice formation in 
this area has a very similar temporal behaviour to that of the Main. 

 

Navigation was stopped somewhat more frequently due to ice on the Rhine-Main-Danube Canal than on the Main 
River during the overlap period. The same applies to the German and Austrian Danube. On the Rhine-Main-Danube 
Canal, closed navigation periods of 5 days or less per year occurred in 22 years of the 35-year observation period. 
In 7 years, navigation was interrupted for more than 30 days in total. These years coincide with particularly cold 
winters, as indicated by the cumulative negative daily temperatures. 

 

For the future, the ECCONET report points to a clear direction of change in temperatures, namely warming in all 
regions of the study area and over the entire simulation period (1950-2100). Therefore, it is not surprising that the 
direction of change in the river ice proxy indicates less icing of the Rhine-Main-Danube Canal. According to most 
projections, the river ice proxy will decrease by a value of 20 to 100 in the near future and 60 to 130 in the far future 
(2021-2050 and 2071-2100, respectively). For comparison, the threshold for a "severe" winter is 301, so a lower 
number of days of restriction for navigation due to river ice can be expected. (ECCONET 2012 a) 

 

In the Technical Report of the H2020 project IMPREX (Klein and Meißner (2017)), the authors describe that ice 
formation on canals and rivers is triggered by low flow velocities and persistent low air temperatures over several 
days. However, these factors are not fully sufficient to explain the occurrence and thickness of river ice. Heat and 
salt inputs from power plants and industry play a significant role. For all these reasons, canals and impounded 
sections of waterways are more susceptible to ice formation than free-flowing sections of waterways. Many ice 
forecasting techniques are based on the value of cumulative totals of freezing degree days (sum of temperatures 
below 0°C, e.g., between November and March) which is often used as a proxy for the intensity of a winter season 
associated with the disposition to ice formation on standing water bodies (e.g., lakes). The intensity of the winter 
season can be classified as a function of the sum of temperatures below 0° C3 as follows: 

¶ Sum < 100: mild winter 

¶ млл Җ ǎǳƳ ғ нллΥ ƳƻŘŜǊŀǘŜƭȅ ǿŀǊƳ ǿƛƴǘŜǊΦ 

¶ нлл Җ {ǳƳ ғ 300: moderately cold winter. 

¶ {ǳƳ җ оллΥ ŜȄǘǊŜƳŜ ǿƛƴǘŜǊ 

(Klein and Meissner (2016)) 

 

In 2020, Mair et al. (2020) described in a case study that with regard to extreme weather events, simulations for 
the Danube region show a future increase in the intensity and frequency of dry periods, heat days and heat waves, 
as well as an increase in heavy precipitation, the latter being uncertain in its spatial and temporal distribution. Due 
to the general warming trend, fewer frost days are expected in winter.  

 
3 E.g.: -10°, -15°, -20° gives a sum of 45° C below 0° C. 
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At the third PLATINA 3 Stage Event in Strasbourg, Dr. Bastian Klein from the Federal Institute of Hydrology (BfG) in 
Germany also spoke about the icing of fairways. He reinforced the fact that observations between 1970 and 2020 
on the Main/Main-Danube canal showed that the days with restrictions due to ice formation approximately 
coincide with the days when the temperature was below 0 °C. Therefore, the temperature is used as a proxy for 
future ice formation days. A total of 16 projections until 2100 show that in the future there will be less restrictive 
days due to ice but there will still at least be some ice winters in the far future (Fig. 6). (Nilson and Klein (2022). 

 

 

Figure 6: Number of ice winters within a period of 30 years  projected for the Main and the Main -Danube-Canal till 2100, based on 16 projections 

(RCP 8.5). Source: Nilson and Klein (2022). 

 

Observations of VITUKI (Environmental Protection and Water Management Research Institute Non-profit Company 
of Hungary, Balint (2011)) for the Hungarian Danube give a clearly declining trend for the ice flow (ice floe) and the 
ice cover. Ice flow refers to the occurrence of any drifting ice particles covering at least 10 to 20 % of the river 
surface. Ice cover refers to the phenomenon when the water surface is covered fully or partially with ice. Narrow 
stripes of ice cover formed during ice flow do not fall into this category. Between 1901 and 1960, the ice cover 
accounted for 60 % on the Hungarian Danube. Between 1994 and 2010, no ice cover was observed. The trend is 
caused partially by human influence and partially by global warming.  

For the Lower Danube, also decreasing trends are observed (Fig. 7). At Tulcea, the number of winters with ice cover 
has decreased significantly between 1960 and 2018, which holds also for the duration of the ice cover. 

 

 

Figure 7: The date of freeze -up and break-up (a) and the ice cover duration (days/winter) at Tulcea station, in the lower part of the Danube 

basin. Blue arrows indicate the freeze -up dates and red arrows indicate the break -up dates. Source: Ionita et al. (2018).  
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It is to be noted that not all waterways are affected by the occurrence of ice. E.g. on the Upper and Middle Rhine 
navigation has not been suspended due to ice since at least the 70-ies of the 20th century (Wasser- und 
Schifffahrtsdirektion Südwest, 2009). 

 

In summary, it can be said that shipping-related restrictions on European waterways due to river ice will decrease 
in the future, although they will still occur in the distant future. The literature suggests that air temperature below 
0°C and ice formation on rivers are correlated and that, taking into account the future change in air temperatures, 
it is reasonable to assume that ice will be less likely to affect inland navigation negatively in the future. 

2.2.4. Visibility 

Extreme weather phenomena of various kinds can negatively affect visibility on European waterways. Heavy 
snowfall or rainfalls are short-term phenomena that can reduce visibility for minutes to several hours. Longer term 
phenomena such as fog can affect visibility for the duration of several hours. Fog and haze are not only 
meteorological phenomena that contribute significantly to temperature variability, their understanding and 
prediction are also critical to transportation risk management. (Oldenborgh et al. (2010))  

 

In the technical report of the FP7 EU project ECCONET (ECCONET (2012 a)), fog is considered as a focus due to its, 
compared to rain and snowfall, longer duration. The causes of fog can be manifold. Kalb and Schirmer (1992) 
mention four different types of fog. For navigation, valley fog is of particular importance. Its causes of formation 
are characterized by low air temperature, high water content in the air, and stable atmospheric conditions. Another 
important factor for this type of fog formation is a high content of solid aerosols in the air which act as condensation 
nuclei when the air reaches its dew point. 

 

The ECCONET report looks at the trend in days with visibility less than 200 m between 1950 and 2005. The 
measuring stations record different frequencies of foggy days relevant for shipping. The measuring station in 
Würzburg is more affected than Karlsruhe and much more affected than Frankfurt. Despite these sometimes very 
significant differences, a general decrease in foggy days was observed at all stations in the 1970s. In Karlsruhe and 
Würzburg, the number of days with a significant reduction in visibility decreased by more than 60 % and amounted 
to only 5 to 10 days per year from 1980 (Fig. 8).  

 

 

Figure 8: Days with visibility < 200 m at three different meteorological stations at a similar elevation like the  neighbouring rivers Rhine and 

Main. Source: ECCONET (2012 a). 
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Oldenborgh et al. (2010) observed similar trends in data from other measuring stations. Oldenborgh and colleagues 
hypothesize that a large decrease in aerosol emissions over Europe may be responsible for this trend. 

 

Due to the lack of regional climate model data, it is not possible to draw direct conclusions about the number of 
days with fog occurrence for future time horizons. However, there are several hypotheses about possible future 
trends. Based on the assumption that changes in fog occurrence are related to changes in aerosol emissions, various 
predictions could be made with respect to technical innovations by emitters or advanced legislation. However, one 
observes developments that contradict this hypothesis: such as the increase in droughts which could result in more 
desert dust being discharged into the atmosphere. Of course, atmospheric circulation patterns also continue to be 
a relevant factor affecting fog formation. In addition, the effects of urbanization must be considered. There are 
various scenarios based on hypotheses about future socioeconomic development. Even if climate models were 
technically capable of providing quantitative information on fog, there would still be a large dependence on non-
climatic factors controlling fog formation, and thus inherently large uncertainties in the prediction of fog. (ECCONET 
(2012 a)) 

 

In summary, while there are changes in the frequency of sight-restricted days on European waterways, the apparent 
correlation with climatic change does not sufficiently explain the changes in fog occurrence. There are several 
hypotheses that try to explain the reasons for these changes, but not all of these reasons are climatic. In essence, 
there is still a need to catch up in the area of visibility on the waterways when it comes to relevant data. 

2.2.5. Wind 

As already stated in EWENT (2011), wind gust is one of the most difficult variables for numerical models to predict 
and there are large differences in how they are parameterised in the Regional Climate Change models (RCMs). 
Therefore, for wind extremes, changes are expected to be fairly uncertain, with larger discrepancies among 
different models. Some pessimistic projections of the report indicate a slight increase of wind gusts of 17 m/s for 
Rotterdam and Amsterdam for the period 2041 ς 2070. In general, negative developments for inland waterway 
transport on the main inland waterways due to changes in wind gusts are not projected. However, it is noted once 
again that a valid conclusion on the occurrence of wind gusts with negative effects cannot be drawn. 

 

For completeness, results with respect to surface wind change of the latest version of the IPCC WG1 Interactive 
Atlas4 are given in the figures below for the Mediterranean, Western and Central Europe, and Northern Europe 
(Figs. 9, 10, 11). The results display changes in percent derived from comparisons of long-term projections (2081-
2100) of surface wind velocities with the ones of the period 1995 ς 2014, using the SSP5-8.5 climate scenario and 
CMIP6 model projections. In general, no significant increase in surface wind is obtained for the European main land 
with waterways (the median stays in the range of 0 %), being in line with the results of EWENT. A maximum increase 
by 11 % in February is projected by one model for Western and Central Europe. Significant changes in surface wind 
are obtained for the Arctic, South-America (rain forest), Central Africa, as well as Asia in the vicinity and the Pacific 
little south of the equator. 

 

 
4 https://interactive-atlas.ipcc.ch/ , accessed 7.6.2022. 

https://interactive-atlas.ipcc.ch/
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Figure 9: Mediteranean: surface wind change (top: annual change, bottom seasonal change given a ll month of the year) given in percent. 

Comparison of long-term projections (2081 -2100) with surface wind velocities in the period 1995 ð 2014, using the SSP5-8.5 climate scenario 

and CMIP6 model projections. Source: IPCC, https://interactive -atlas.ipcc.ch/  , accessed 7.6.2022. 

 

 

Figure 10: Western and Central Europe: surface wind change (top: annual change, bottom seasonal change given all month of the year) give n 

in percent. Comparison of long -term projections (2081 -2100) with surface wind velocities in the period 1995 ð 2014, using the SSP5-8.5 climate 

scenario and CMIP6 model projections. Source: IPCC, https://interactive -atlas.ipcc.ch/  , accessed 7.6.2022. 

 

 

https://interactive-atlas.ipcc.ch/
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Figure 11: Northern Europe: surface wind change (top: annual change, bottom seasonal change given all month of the year) given in percent. 

Comparison of long-term projections (2081 -2100) with surface wind velocities in the period 1995 ð 2014, using the SSP5-8.5 climate sce nario 

and CMIP6 model projections. Source: IPCC, https://interactive -atlas.ipcc.ch/  , accessed 7.6.2022. 

2.2.6. Sea level rise 

Results with respect to sea level rise of the latest version of the IPCC WG1 Interactive Atlas5 are given in the figures 
below for the Mediterranean, Western and Central Europe, and Northern Europe (Figs. 12, 13, 14). The results 
display changes in m derived from comparisons of long-term projections (2081-2100) of sea level with the ones of 
the period 1995 ς 2014, using the SSP5-8.5 climate scenario and CMIP6 model projections.  

 

For the Mediterranean, the median of sea level rise amounts to 0.75 m, and the maximum amounts to 1.35 m till 
2100. 

 

For Western and Central Europe, the median of sea level rise amounts to approximately 0.75 m, and the maximum 
amounts to approximately 1.35 m till 2100. 

 

For Northern Europe, the median of sea level rise amounts to approximately 0.47 m, and the maximum amounts 
to approximately 1.2 m till 2100. 

 

According to the news of the Port of Rotterdam from February 16th, 2021, the port itself referred already at that 
time to climate change projections predicting a sea level rise between 0.35 m and 1.10 m, which is well in line with 
the latest findings of the IPCC.6 

 

 
5 https://interactive-atlas.ipcc.ch/ , accessed 7.6.2022. 
6 https://www.portofrotterdam.com/en/news-and-press-releases/port-authority-and-municipality-united-responding-sea-
level-rise-port#:~:text=Over%20the%20coming%20decades%2C%20the,from%201990%20until%20after%202100.  

https://interactive-atlas.ipcc.ch/
https://interactive-atlas.ipcc.ch/
https://www.portofrotterdam.com/en/news-and-press-releases/port-authority-and-municipality-united-responding-sea-level-rise-port#:~:text=Over%20the%20coming%20decades%2C%20the,from%201990%20until%20after%202100
https://www.portofrotterdam.com/en/news-and-press-releases/port-authority-and-municipality-united-responding-sea-level-rise-port#:~:text=Over%20the%20coming%20decades%2C%20the,from%201990%20until%20after%202100
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Figure 12: Mediterranean: sea level rise change in metres. Comparison of long -term projections (2081 -2100) with the sea level in the period 

1995 ð 2014, using the SSP5-8.5 climate scenario and CMIP6 model projections. Source: IPCC, ht tps://interactive -atlas.ipcc.ch/  , accessed 

7.6.2022. 

 

 

Figure 13: Western and Central Europe: sea level rise change in metres. Comparison of long -term projections (2081 -2100) with the sea lev el 

in the period 1995 ð 2014, using the SSP5-8.5 climate scenario and CMIP6 model projections. Source: IPCC, https://interactive -atlas.ipcc.ch/  

, accessed 7.6. 2022. 

 

 

https://interactive-atlas.ipcc.ch/
https://interactive-atlas.ipcc.ch/
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Figure 14: Northern Europe: sea level rise change in metres. Comparison of long -term projections (2081 -2100) with the sea level in the period 

1995 ð 2014, using the SSP5-8.5 climate scenario and CMIP6 model projections. Source: IPCC, https://interactive -atlas.ipcc.ch/  , accessed 

7.6.2022. 

  

https://interactive-atlas.ipcc.ch/
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3. Impact of climate change 

In Annex 2, a table is given which displays major impacts of weather phenomena on inland waterway infrastructure 
and inland waterway transport, including inland ports. For the different weather phenomena threshold values, as 
well as critical weather constellations of the past are presented. 

   

3.1. Inland waterway transport  

3.1.1. Cargo carrying capacity 

On European waterways, the water levels accept regularly such low values that many vessels cannot be loaded up 
to their maximum draught, resulting in reduction of the available deadweight (sum of provisions and cargo carried) 
and cargo carrying capacity. In severe cases, e.g. low water corresponding to the ones present in the years 2003 
and 2018, the draught has to be reduced significantly, leading to uneconomic operation of the vessel, and if the 
minimum draught has to be deceeded, then the vessel will be prevented from safe operation. 

 

 

Figure 15: Deadweight of common inland waterway vessels and pushed convoys in Europe. The deadweight distribution over the draught start s 

at the minimum draugh t of the vessel demanded for safe navigation. It ends at the maximum draught the vessel is designed for. Illustration 

created based on Klein and Meißner (2017) and internal data of viadonau.  

 

The impact of the draught on the deadweight is presented for different vessel types sailing European waterways in 
Fig. 15. The deadweight distribution over the draught is approximately linear as the vessels considered have a very 
long parallel body of the hull. Seagoing vessels have usually in relation to their lengths shorter parallel bodies, 
resulting in a non-linear distribution. The deadweight distribution starts at the minimum draught of the vessel and 
it ends at the maximum draught the vessel is designed for. The vessel can be loaded to draughts less than the 
minimum draught. However, then a safe operation of the vessel will not be possible anymore. This area is not 
displayed in the figure. A reduction of draught will cause a reduction of the deadweight available for transportation 
of cargo, being different for each vessel. Larger vessels and pushed convoys designed for transportation of great 
amounts of cargo show significant reductions. E.g. for the pushed convoy on the Rhine or the Danube (4 lighters), 
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a reduction of deadweight by approximately 330 t per 10 cm is obtained. For the large cargo vessel (110 m), 145 t 
and for the small Gustav Koenigs vessel, 57 t are obtained. The negative impact on revenue is greatest for larger 
vessels as it is depending on the cargo carried. The economic operation of a vessel is depending on its load factor 
being the relation between the cargo carried and the maximum amount of loading which can be taken on board. 
Considering as example a ship draught of 2 m, resulting in an approximate demand of 2.4 m up to 2.5 m for the 
water depth, the load factors of the following vessels are: pushed convoy (Rhine) = 40 %, the large motor cargo 
vessel (GMS 135) = 45 %, the large motor cargo vessel (GMS 110) = 40 %, the small Gustav Koenigs = 64 %, the 
shallow-water pushed convoy (Elbe) = 95 % and the pushed convoy (Danube) = 68 % 7.  The larger vessels show a 
greater sensitivity to low water events. Uneconomic load factors are reached already at moderately low water 
levels. Less sensitive to low water levels are smaller vessels, e.g. a Gustav Koenigs vessel, and pushed convoys using 
pushers with very low draughts, e.g. the pushed convoy operating on the Elbe. At the draught considered, the 
pushed convoy operating on the Danube shows also a reasonable load factor. However, if the water level is further 
reduced, only a maximum vessel draught of less than 1.8 m might be permitted, resulting in suspension of operation 
of the pushed convoy, which holds also for the one operating on the Rhine. For completeness, it is noted that on 
the Danube, pushers with a draught of less than 1.8 m are in operation, e.g. draughts down to approximately 1.3 
m can be observed. However, values between 1.6 m and 2 m are common. In Table 2, the main characteristics of 
different common ship types in Europe are given. 

 

Table 2: Main characteristics of different common ship types in Europe (minimum, maximum draught and minimum, maximum deadweight). 

Table created based on Klein and Meißner (2017) and internal data of viadonau.  

Vessel type Length  

L [m] 

Width 

B [m] 

Draught  

Tmax [m] 

Draught 

Tmin [m]8 

Deadweight 
tdwmax [t]  

Deadweight 
tdwmin [t]  

Gustav Koenigs 67 8.2 2.5 1.1 900 100 

Gustav Koenigs ext. 80 8.2 2.5 1.1 1100 250 

Johann Welker 80 9.5 2.5 1.2 1250 380 

Johann Welker ext. (Europe vessel) 85 9.5 2.5 1.2 1350 300 

Stein type cargo vessel (GMS 95 m) 95 11.4 2.7 1.3 2000 530 

Large cargo vessel (GMS 110 m) 110 11.45 3.5 1.35 2900 400 

Large cargo vessel (GMS 135 m) 135 11.45 3.5 1.35 3800 670 

JOWI (container vessel) 135 16.8 3.5 1.6 5200 1300 

Coupled convoy Rhine consisting of 

GMS-110 + 1 E II-lighter) 

186.5 11.45 3.5 1.35 5200 1000 

Pushed convoy Rhine (pusher + 2 x 2 
E II-lighters) 

153 19 4 1,75 11000 3600 

Coupled convoy Danube (GMS-95 + E 
II B-lighters)   

171.5 11.4 2.7 1.3 3700 1105 

Pushed convoy Danube (pusher + 2 x 
2 E II B-lighters) 

188 22 2.7 1.8 6800 3920 

Pushed convoy Danube (pusher + 2 E 
II B-lighters) 

188 11 2.7 1.8 3400 1960 

Pushed convoy Elbe (pusher 
+TC100+SP36/9.5 m lighters) 

129 9.5 2.1 1 1800 540 

 
7 The provisions, e.g. fuel carried, have been deduced from the deadweight at the considered draught. The maximum 
deadweight is considered as the maximum load of the vessel used in the calculation of the load factor. 
8 The minimum draught Tmin is the draught of the empty vessel trimmed aft and measured between the lowest point of the 
vessel and the undisturbed water line, as well as the draught of the vessel sailing with even keel which allows still for safe 
operation of the vessel. Therefore, the vessel carries some provisions or cargo at Tmin . If the minium draught is deceeded, safe 
operation is not guaranteed anymore. 
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3.1.2. Power demand and fuel consumption 

In comparison to a seagoing vessel sailing open waters without limitation of water depth and width with exceptions 
in coastal areas and in the port, an inland waterway vessel is usually operated in waters with limited water depth 
and fairway width. Due to the limitation of the water depth, the cross sections in the vicinity of the vessel in general 
as well as the one between the keel and the river bottom in particular are reduced. As a result of the continuity and 
the Bernoulli equations, the flow velocities below and aside the vessel increase and the pressure minima become 
more distinct. In addition, the pattern of the flow changes from a three-dimensional one to a more two-dimensional 
one, meaning that a greater amount of water is shifted from the bottom to the sides, which can be problematic for 
vessels with three propellers as the one in the centre of the propeller arrangement may suffer from a lack of 
incoming water. Even in the case of sufficient availability of water in the propeller plane, negative impacts may 
occur as the direction and speed of the incoming flow have changed, impacting the propulsive efficiency –Ὀ.  

 

In general, the power demand for operation of a vessel at a given speed is increasing, the shallower the water is. 
Alternatively, when the operation of the vessel is performed with constant engine power then the speed is reduced 
the shallower the water is. In both cases, the fuel consumption is increased at the same rate as the power is 
increased or the velocity is decreased. These effects become more distinct when the width is limited too, e.g. in a 
canal. However, in a canal, rather low power values associated with a low fuel consumption may be observed. This 
is due to the speed limitations in some canals which result in very low ship speeds, e.g. 11 km/h in the Main-Danube 
canal. 

 

In Fig. 16, the delivered power PD the versus the speed V of the motor cargo vessel Herso 1 in single operation is 
presented for water depths H ranging from 3 m up to deep water. The vessel draught for these speed/power profiles 
was T = 2m. Considering the ship speed in calm water of 10 km/h, the requested power for achieving this speed 
amounts to approximatively 100 kW in deep water and 135 kW at a water depth of 3 m. For a ship speed in calm 
water of 15 Km/h, the requested delivered power amounts to 225 kW in deep water and 900 kW in water with a 
water depth of 3 m.  

 

The significant impact on the power requirement at higher speeds and low water depth is clearly demonstrated for 
the speed of 15 km/h. Here, the power demand has increased by 300 % (= (900-225)/225*100)! Similarly, the impact 
of shallow water on the ship speed can be derived from Fig. 16. Assuming a delivered power of 500 kW, the ship 
speed in deep water amounts to 18 km/h, and, at 3 m water depth, it amounts to 14 km/h, resulting in an increase 
of sailing time in calm water with a limited water depth. For this vessel, the impact of shallow water on the power 
demand is visible even for relatively great water depths, e.g. equal to 8 m. 
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Figure 16: Delivered power PD versus speed V of the motor cargo vessel Herso 1 (L = 84.95 m, B = 9.5 m, Tmax = 2.7 m, tdwmax = 1382 t) i n 

single operation presented for water depths H ranging from 3 m up to deep water. Vessel draught = 2m. Source: Schweighofer and Suvańarov 

(2018). 

3.1.3. Vessel speed and sailing time 

Shallow water increases the resistance and power demand of a vessel. For a given engine power, this circumstance 
results in a loss of vessel speed which increases with decreasing water depth (see Fig. 16). The loss in vessel speed 
leads to an increase of sailing time being directly related to the reduction of the vessel speed. For a first evaluation 
of the loss in vessel speed, the method of Lackenby can be used (Bertram (2012), Pompée (2015)). Knowing the 
mid ship area !aΣ Ҡa, the water depth H, h and the ship speed in deep water V, V0, the loss in ship speed in % of 
the speed in deep water can be derived from the graphs in Bertram (2012) and Pompée (2015) or application of 
the formula of Lackenby (Lackenby (1963), Pompée (2015)). The method of Lackenby can be used in cases with 
weak shallow-water effects (Bertram, 2012). In the case of strong shallow-water effects, the physical phenomena 
become that complex that simple corrections like the one of Lackenby may be not sufficient anymore and testing 
or application of numerical methods have to be applied (Bertram, 2012). In the literature, a great number of 
different methods for estimation of the shallow-water impact on vessel speed and resistance can be found, see 
Pompée (2015), wŀŘƻƧőƛŏ Ŝǘ ŀƭΦ όнлнмύ, Rottevel (2013). 

 

The increase in sailing time can be very substantial, depending on the respective, transportation case, e.g. for some 
vessels of the shipping company NAVROM, the low water on the Danube in 2015 resulted in transportation times 
two up to three times higher than under normal water level conditions (22 days instead of 7 days, Negrea (2016)). 
Larger convoys comprising nine lighters had to be separated in smaller convoys consisting of one or two lighters, 
resulting in more ship movements relating to the transportation of the same amount of cargo, increasing also 
thereby the time for the delivery of cargo. 
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3.1.4. Manoeuvrability and stopping 

Shallow water as result of drought caused by climate change has an effect on the manoeuvrability of a vessel, as 
the flow field around the vessel is impacted by the limited water depth. According to Vantorre et al. (2017), the 
hydrodynamic forces acting on the vessel as well as its inertia including the added masses and inertia moments of 
sway increase. The impact of shallow water on the rudder forces seems to remain negligible. However, in the case 
of rudder action, an asymmetric pressure field around the rudder will be induced extending to the aft part of the 
hull. The sum of the rudder induced forces acting on the rudders and the hull increases in magnitude and the centre 
of action moves farther forward in relation to the ship. The effect on the yawing moment may become less 
important, and when the rudder induced total force (rudder + hull) acts in the forepart of the vessel, an adverse 
effect on the control actions may be encountered. 

 

The impact of shallow-water on the manoeuvrability of a vessel is not easy to be answered due to the complexity 
of the topic. In most cases, it has a negative impact and the manoeuvrability becomes worse than in deep water, 
which is shown in Fig. 17, displaying the turning circles and 20/20 zigzag tests of a ship model at 10 %, 20 %, and 
100 % under-keel clearance ¦Y/ όҐ όƘҍ¢ύκ¢ύ. h is the water depth and T is the draught of the vessel. A reduction of 
the under-keel clearance increases the diameter of the turning circle and reduces the amplitude of the oscillating 
zigzag path. 

 

 

Figure 17: Turning circles and 20/20 zigzag tests with a ship model (confidential) at 10%, 20%, and 100% UKC (= (hĬT)/T), performed at BSHC, 

Varna, Bulgaria, on behalf of FHR, Antwerp, Belgium.  Source: Vantorre et al. (2017).  

 

The impact of shallow water on the manoeuvrability of a vessel is also depending on the vessel type. In Liu et al. 
(2015), for three ships, a negative impact of shallow water is reported. However, for one ship, the impact becomes 
positive, meaning that shallow-water effects need not to be always negative. This vessel was a twin-screw vessel 
with a wide beam, somehow similar to an inland waterway vessel. The reason for this exceptional behaviour was 
an increase of the rudder forces due to high propeller loading in shallow water. A similar result is reported for a 
pushed convoy comprising a pusher and lighters (barges), see Liu et al. (2015). 

 

The shallow-water effects on manoeuvrability become noticeable when 1.5 < h/T <3.0, and significant for extremely 
ǎƘŀƭƭƻǿ ǿŀǘŜǊ ǿƘŜƴ мΦн ғ Ƙκ¢ ғ мΦр όwŀŘƻƧőƛŏ Ŝǘ ŀƭΦ όнлнмύύΦ 

 

The stopping characteristics of a vessel may be negatively affected by shallow water, resulting in longer distances 
for stopping. When sailing with reduced draught due to limited water depth and performing a stop manoeuvre, the 
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propeller loading may become very high and air suction to the propeller may occur due to the small distance of the 
propeller to the free surface and very-low-pressure areas at the propeller caused by the high loading.  

 

The manoeuvrability of a vessel is affected by the forces acting on it. In the case of strong winds and large surfaces 
above the waterline, e.g. when sailing with empty holds or empty containers, the wind forces may become so strong 
that the vessel cannot be kept on course and full control over the vessel may be lost. Collisions with other vessels 
or the waterway infrastructure, e.g. locks may occur. In addition, the time for manoeuvring operations may 
increase, as well as, in certain cases, the operation of the vessel has to be even interrupted, resulting in delays.  For 
example, on the Danube close to the Iron Gates, navigation of pushed convoys in ballast without bow thrusters 
may be suspended due to wind. Because of the large wind lateral area of the vessels above the waterline, the side 
forces acting on the vessel may become so high that safe manoeuvring may not be possible anymore by using only 
the propulsion devices of the pusher. A threshold value of 18 m/s for wind speed is in agreement with the threshold 
value authorities use in order to suspend navigation for certain vessels on the Danube close to the Iron Gates. 
Interviews with masters of vessels in this area indicated as critical an even lower wind speed of 15 m/s 
(Schweighofer (2013)). 

3.1.5. Safety of navigation 

Human error is by far the most common reason for accidents in inland waterway transport, e.g. improper navigation 
of a vessel or misleading communication (Schweighofer, 2013).  

 

Considering climate change impacts as well as the occurrence of extreme weather phenomena, strong wind, as a 
specific weather phenomenon, is the most common weather-related cause for accidents (Schweighofer, 2013). The 
full manoeuvrability of a vessel may be lost and collisions with waterway infrastructure, for example, when entering 
locks, or other vessels may occur, resulting in additional repair and maintenance works of the respective 
infrastructure and vessels. In order to keep the vessel on course, steering forces are to be applied, which may 
increase the roll amplitudes of a vessel compared with the ones of a vessel free to drift, leading to a more dangerous 
scenario. Additionally, open cargo holds may flood and unlashed empty containers located on the upper tiers may 
start sliding. For example, in 2007, the container vessel M/V Excelsior almost capsized on the river Rhine due to 
improperly stored containers and an unlucky combination of a turning manoeuvre, wind, current and squat action. 
32 containers were lost and navigation on the Rhine was suspended for 6 days, affecting approximately 500 vessels. 
However, in most cases, the consequences of wind are minor material damages, fortunately.  

 

Low water can have a negative impact on the safe operation of a vessel. This is very well demonstrated by an 
analysis of data obtained from the traffic reports of the German Waterway and Shipping Directorate South-West 
for the years 2002 up to 2010 (Schweighofer, 2013). The year 2003 was characterised by a very extreme and long-
lasting drought, leading to severe disruption of inland waterway transport in Europe. An increase in accidents was 
observed, mainly caused by the great number of groundings, which rose by approximately 150 % in comparison to 
the other years (Fig. 18).  

 

Considering the Danube stretch between Straubing and Vilshofen, Wessel and Menzel (2006) performed a 
comparison between accidents during 2002 and 2003. For 2002, 92 accidents, and, for 2003, 111 accidents were 
reported. In 2002, characterised by high water levels, collisions with navigation signs were predominant. In 2003, 
characterised by low water levels, groundings were dominant.  

 

Low water causes limitations in the cargo carrying capacity of vessels becoming more significant the greater the 
design draught of the vessel is, see Section 3.1.1. Therefore, more vessel movements will be necessary in order to 
maintain the total amount of cargo to be transported, resulting in increased traffic density and risk of accidents. 
Further causes for accidents due to low water relate to restricted fairway parameters as well as worsened ship 
performance as described in the previous sections. In addition, it increases the risk for human errors relating to the 
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correct determination of the safe draught of a vessel. For the sake of the maximum utilisation of the cargo carrying 
capacity, the draught chosen might become too large and grounding may be the consequence. 

 

The safety of navigation is not necessarily negatively affected by drought on all waterways or waterway sections. 
Usually, grounding is encountered mainly in free-flowing sections, where shallows are present and the accident 
rates seem to be highest. 

 

In addition to wind, low water and high water, reduced visibility due to cloudiness, precipitation, position of the 
sun or fog and ice flow may cause weather-related accidents.  

  

 

Figure 18: Development of grounding events on the Upper and Middle Rhine within 2002 and 2010. Source: Schweighofer (2013).  

 

3.1.6. Transportation costs 

The occurrence of extreme low-water conditions causes an increase of the transportation costs for one ton of cargo. 
In Fig. 19, the development of water depths of the Rhine at Bingen/Ostrich and the specific transportation costs of 
a large motor cargo vessel (GMS, bulk cargo) are presented for the years 2002 with moderate and high water levels 
and 2003 with extremely low water levels in the third and fourth quarter of the year. The specific costs in EUR/t 
were determined by simulations carried out by DST within the framework of the German Kliwas Programme 
(Holtmann and Bialonski (2009)). The cargo and relation considered are bulk cargo and the stretch between 
Rotterdam and Basel. In the year 2002 and the first two quarters of the year 2003, the transportation costs for one 
ton of cargo are relatively low due to relatively moderate or higher water levels. However, at extremely low water 
levels as they were present in the second half of the year 2003, a significant increase in the specific transportation 
costs is observed. In addition, the vessel cannot be operated anymore for several days due to the limitation of its 
draught, which is denoted by a limitation of the specific costs in Fig. 19 (e.g. days 220 up to 275). The increase in 
the specific transportation costs is caused by a reduction of cargo transported per round trip due to low water. In 
addition, low water results in lower vessel speeds and longer travelling times for round trips. The staff costs, 
operational costs and capital costs per day have to be applied to a greater number of days of a round trip, increasing 
the costs per round trip. Higher total costs and less cargo for a round trip result in a significant increase of the 
transportation costs for one ton of cargo as displayed in Fig. 19. 

 

Negrea (2016) reported for the low water on the Danube in 2015 a reduction of the cargo transported by vessels 
of the shipping company NAVROM by 30 % from approximatively 1300 t to 900 t, compared with normal water 
level conditions. Larger convoys comprising nine lighters had to be separated into formations of one to two units, 
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resulting in more movements with the pusher and increased number of sailed kms, as well as fuel consumption. In 
addition to increased transportation costs due to the circumstances mentioned above, significant delays (five to 
seven days and even more), damage of vessels as a result of grounding and loss of shipment contracts were 
reported. 

 

The statements mentioned above are also applicable to the development of freight rates in EUR/t. In Fig. 20, the 
development of cargo transported, the number of shipments and the freight rate of inland waterway transport on 
the Rhine are outlined for the year 2018, which was characterized by severe low water in the third and fourth 
quarter. The number of shipments increased in order to cope with the demand for supply, the cargo transported 
decreased due to lack of floating transportation capacity and the freight rates increased as a result of higher costs, 
low-water surcharges applied and less cargo carried. According to CCNR (2019 a), the freight rate index for gasoil 
from the ARA region to destinations on the Rhine increased by 800 % compared with the ones at the end of 2017 
and the first half of 2018, and the one for dry cargo, metals, and container transport in the Rhine basin (the 
Netherlands, Belgium, traditional Rhine) increased by approximately 100 % up to 150 %. More in detail, the freight 
rates for coal, iron ore and containers increased stronger during the low-water period than for sand, stones, gravel 
and building materials, as well as agribulk. 

 

Figure 19: Development of water depths at Bingen/Ostrich and specific transportation costs of a large motor cargo vessel (GMS, bulk cargo) 

presented for the years 2002 (moderate and high water levels) and 2003 (low water). Reproduced from Holtmann and Bialonski ( 2009). 
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Figure 20: Development of cargo transported, number of shipments and freight rate of inland waterway transport on the Rhine in the year 

2018. Reproduced from ZKR ð Zentralkommission für die Rheinschifffahrt (2021), source: BASF.  

 

3.1.7. Suspension and reliability of navigation 

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 temperatures 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). In general, the suspension of navigation is 
limited to a 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 Danube navigation had been suspended due to high water at the maximum of 8 days during a year 
within the period 1992 ς 2009, which took place in the year 2002 when severe flooding occurred in many parts of 
Europe (Schweighofer (2013)). 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. The significance of high waters on inland 
waterway transport is depending on the waterway under consideration, as well as the cargo transported. E.g. on 
the Middle 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 (Schweighofer (2013)). 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 percent 
of enterprises interviewed (Scholten and Rothstein (2009)). Most enterprises are able to cope with delays of 4 or 
more days.  

 

The occurrence of ice on inland waterways may lead to suspension of navigation, sometimes, even for many weeks 
(Schweighofer (2013)), 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 Middle Rhine navigation has not been suspended due to ice since at 
least the 70-ies of the 20th century (Wasser- und Schifffahrtsdirektion Südwest, 2009). 

 

Low water can have an impact on the reliability of inland waterway transport, resulting in the worst case even in 
suspension of navigation. This has been described in the sections before, as well as further considerations will be 
presented in the following sections.  
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3.1.8. Modal shift 

Extreme low water results in a decrease of the service quality of inland waterway transport due to less cargo 
transported, increased freight rates, eventually longer transportation times including interruptions of transport, 
increased administrative and financial burden with respect to organisation of more shipments, transfer of goods to 
other vessels and consideration of alternative means of supply, e.g. per road or rail transport. In the worst case, no 
satisfactory supply of goods and raw materials can be realised, resulting in severe losses in production, see Section 
3.3.  

 

As a consequence, the cargo will be shifted from waterways to rail or road, causing a reduction of the share of 
inland waterway transport in the modal split. This holds in particular for market segments which are in a strong 
multimodal competition, e.g. container transport. The low water period in the second half of the year 2018 resulted 
in a decrease of container transport by 16 % in the first half of 2019 compared with 2018 (ZKR (2021)). Severer is 
the fact that once cargo has been moved to rail or road, it will not come back easily due to lost confidence in the 
reliability of inland waterway transport, except noticeable restrictions in the service quality of the other modes of 
transport occur, e.g. in the first half of 2018, the interruption of the rail connection along the Rhine axis at Rastatt 
caused a cargo shift from rail to inland waterways. 

 

Although, rail and road benefit from the modal shift at low water, they are not necessarily capable of fully satisfying 
the supply demand of the industry due to limited free capacities which will be challenged even more as a 
consequence of steadily increasing demand for transportation and political objectives to shift cargo and passengers 
from road to rail. E.g., the year 2003 was characterised by many months of drought and low water levels, leading 
to less cargo transported 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 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 (Deutsche Verkehrs-Zeitung) the delay in delivery and the bad service 
of the Deutsche Bahn amongst others with the άlow waters of the rivers, which claimed all free reserves available 
at short noticeέ (Jägers (2005)).  

 

More importantly, given the current and foreseen policy changes at the EU ς e.g. the Green Deal ς and national 
levels, the IWT sector will not only need to compete, but also to collaborate with the land-transport sector, in 
particular the rail sector. Multimodality already is the norm in some geographical regions and/or for some 
commodities at the EU level, and it will become so for others in the coming period. The IWT sector needs to adapt 
part of its components in order to ensure a smooth and fast transport of goods, but also its loading and unloading 
operations in multimodal hubs. Additionally, while the more common (and preferred) types of transport operations 
are those involving long(er)-distance trips, in the future there may be a need for a more fragmented type of services, 
with an increased number of stops along a return trip. Consequently, the climate resilience changes of IWT ships 
also need to include these operational and commercial aspects. Part of them, such as the loading capacity, have 
already been referred to in the document. 

 

And while the (multi)modal shift will certainly be focused on the freight transport, in some cases, especially in and 
around the big riverine cities, the IWT sector can also witness an increase in the passenger transport, which will put 
further stress on the overall riverine transport operations. The IWT sector will thus start more and more facing 
similar challenges to that of the rail sector, which needs to prioritise one type of transport operations over another 
at diŦŦŜǊŜƴǘ ƳƻƳŜƴǘǎ ƛƴ ǘƛƳŜΣ ǿƛǘƘ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ƛƳǇŀŎǘ ƻƴ ōƻǘƘ ǾŜǎǎŜƭǎΩ ŀƴŘ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜǎΩ ŀŘŀǇǘŀǘƛƻƴǎ ǊŜǉǳƛǊŜŘΦ 
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3.2. Infrastructure 

3.2.1. Waterway 

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 waterway infrastructure e.g. locks may be not 
be operated anymore due to ice jams clogging the lock area or due to freezing of moving parts and mooring devices 
(Fig. 21). As already discussed, the occurrence of ice is strongly depending on the location under consideration. In 
general, 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 Chapter 2. 

 

 

Figure 21: 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: viadonau . 

 

Long lasting heavy precipitation solely or in association with snow melt will result in increased discharges, flow 
velocities and water levels having a significant impact on the inland waterway infrastructure 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 waters 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 extent, 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 (Fig. 22). 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. 
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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 Amounted to 1 800 000 
m3 on August 13th, 2002. The total amount of sediments transported through the same cross section amounted to 
5 000 000 m3 in the year 2002, illustrating very well how extraordinarily high the sediment volumes transported 
may become during a high-water event (viadonau (2009)). 

 

 

Figure 22: 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). 

 

Driftwood is not only a danger to the infrastructure. In free-flowing sections as well as accumulated in locks 
driftwood may damage vessels, in particular the propulsion devices may be severely affected 
(Wasserstraßendirektion - Österreich (2002)). 

 

As already stated in Chapter 2, a reliable 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 processes 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. Problems with low water are further 
increased by ongoing erosion in parts of the river bed. Low water in combination with erosion can lead to a 
restriction of the space available for navigation. 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 according to international agreements, where infrastructure adaptation measures will play an important 
role. 

 

Due to higher temperatures waterway infrastructure / engineering structures, like moveable bridges and lock gates, 
might jam or not close fully. 

 



 

D4.1 

 

   

 
53 

3.2.2. Ports 

Ports are important economic actors ς at local, national, regional and international level - that have been identified 
as being vulnerable to climate changes, and as such both seaports and inland ports have been particularly affected 
by climatic conditions in the recent years. Once a vessel reaches the port, ship manoeuvres and port operations can 
be hindered by the weather conditions related to wind, water levels (shallow and high waters), wave height, heat 
waves, rain, fog, ice, riverine and pluvial flooding, etc. (Fig. 23).  

 

Figure 23: Interactions between climate parameters and processes and representative port assets and operations . Source: PIANC (2020). 

 

It is widely acknowledged that extreme precipitation (leading to floods) as well as the lack of precipitation (leading 
to droughts) are the meteorological phenomena with the biggest impact on inland port operations, carrying the 
risk of decreasing (in extreme cases even paralysing) the activity in most European inland ports and along the inland 
waterways. In case of inland ports, extreme winds and waves may cause problems, but to a much lower extent than 
in comparison to seaports. The potential for loss of life due to climatic events is generally low. Threats related to 
higher temperatures are similar to that of other transport infrastructure in the context of thermal impact to paved 
surfaces and load bearing equipment, as well as the increased possibility of heat related illnesses amongst staff.  

 

Extreme weather conditions can have a massive impact on cargo ships and port operations, both in terms of costs 
and delays. A delay in the port will also cause disruption in several steps of the supply chain ς from port operations 
to further transportation of (intermodal) cargo ς affecting the customers in the end. The losses are not only in days 
of delay, but also in huge money loss as the lost time may have to be made up with increased speed. Inevitably this 
increases the fuel consumption, which leads to higher operating costs of the vessel. 

 

If hit by heavy winds, ports may be unable to operate their cranes, and even have to close down. Most facilities like 
quays, pavements, open storage areas are of relatively low height, therefore not much affected by strong winds, 
while covered warehouses and cargo handling equipment can be more sensitive to extreme effects. Potential 
power outages, reduced visibility, capacity overload of rainwater sewage, drainage elements, flooding of port 
infrastructure are other examples which can cause the interruption of port activities. 
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Some ports may reduce their delay charges and some terminal operators also stop their demurrage and detention 
clocks during the extreme weather conditions and start them again once the ports operations reopen. There is 
often a negotiation, based on force majeure, between carriers and terminals after a storm stop. Carriers may pay 
for storage or they can decide to move their cargo to another port. 

 

Scenarios of weather condition impact on ports 

 

A. Drought 
A clear decrease in precipitation in summer leads to dry weather conditions (experienced to a great extent 
especially in the southern Danube basin), causing low water conditions in the river, with a direct effect on 
navigation behaviour and port operations (such as vessels must to be underloaded in order to navigate the 
river, convoys are becoming bigger (more barges are needed to transport the same amount of cargo), or a 
higher number of motorised vessels is required and therefore continuous arrival of vessels in ports leading 
to increased demand of mooring of vessels in the port and higher traffic in the port, Fig. 24)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Simplified schematic sketch of the impact of drought on ship and port operation.  

 

B. Flooding of port area (flood protection entrance gates) 

The impact of climate change on port infrastructure and facilities may take the form of serious natural 
disasters and accidents as rising sea/river levels, increasing intensity of storms, increasing wave height 
surmounting breakwater design levels, rising water temperature, and heavy rain above quay well drainage 
capacity increases the risk of flooding. Therefore, in order to ensure that port areas remain flood-resistant 
in the future, more and more ports are looking into possible flood risks and how can these be prevented or 
managed to an acceptable level; some are also investing into flood defence systems ς a few examples from 
the Danube Region and the Port of Rotterdam have been included in the following sections on adaptation.   

 

C. Sedimentation and aggregation of port area 
Sediment aggregates are composed of smaller particles bound by the cohesive forces of clay or organic 
material. They are formed by varying processes, resulting in different characteristics. Aggregation state 
significantly influences the size, density, and transport characteristics of fine sediment which makes 
aggregates of significant interest to the management of sediment within ports, channels, and coastal 
waterways. 
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Dredged sediment from the port and access channels is mostly fine, cohesive material, often forming fluid 
mud ς a high concentration fluid-sediment suspension at the bed that can flow downslope. Filed 
measurements and analyses of hydrographic surveys show where sedimentation problems occur first, and 
that fluid mud formation is a primary component of the problem. Recommended solutions include agitation 
dredging, a fluid mud trap, and the practice of active nautical depth, a practice employed in several 
European ports, offering the greatest potential cost savings. Another form of mud aggregate is that which 
results directly from erosion. When consolidated cohesive beds are eroded, the erosion often occurs in the 
form of mud clasts, or bed aggregates, which have a particle density equal to that of the bed. Such action 
is previously described as mass erosion. Mud aggregates ranging in size from tens of microns to a few 
millimetres are also observed in less-energetic environments.  
 
Conducting regular dredging works aims to guarantee all port stakeholders operating in ports safe passage 
of vessels and will therefore continue to contribute to the stable operations of these ports. Port entrances 
need to be monitored regularly and dredging works need to be planned accordingly with a frequency of 
approximately 1/year and/or after major weather events. There are clear recommendations that 
inspections of the riverbed conditions in front of ports are done at least once a year, even after the 
completion of the dredging works. At the same time, vessels calling at the ports shall be informed of the 
changed riverbed conditions well in advance. The practices of several Danube ports such as Albern/Vienna, 
Budapest/Hungary, Lukoil port in Dunaföldvár/Hungary, Giurgiu/Romania, Reni&Ismail/Ukraine can be 
regarded as good practice examples for inland ports.  

 

D. Storage capacities too small, logistics chain modifications 
Ports are nodal components along transportation, logistics, and supply chains. Port infrastructures and 
facilities serve as the convergence points between different transportation and logistics 
components/stakeholders, hence they are pivotal in defining the smooth operation of regional and global 
supply chains. As ports never operate in isolation, but as parts of complex transportation, logistics, and 
supply chain systems, therefore any climate-related disruptions to ports have broader implications for the 
resilience of the global economy and human welfare. 
 
Therefore, the worse the weather conditions, the greater also the necessity for some overcapacity, which 
will be used only during demand peaks, remaining unused during low-demand periods. For example, cargo 
Ƙŀǎ ǘƻ ōŜ ǎǘƻǊŜŘ ŦƻǊ ŀ ƭƻƴƎŜǊ ǇŜǊƛƻŘ ƻŦ ǘƛƳŜ ƛƴ ǘƘŜ ǇƻǊǘ ŘǳŜ ǘƻ ǘƘŜ ǇƻǊǘΩǎ ǎǘƻǊƳ ǎǘƻǇ ǳƴǘƛƭ ǘǊŀƴǎƘƛǇƳŜƴǘ ǘƻ 
other modes of transport can be performed. 
 

Port operations may stop for entire days, and, this, in combination with a congested terminal, can cause 
ƘŜŀǾȅ ŘŜƭŀȅǎ ǳǇ ǘƻ ŀ ƳƻƴǘƘ ŀŦǘŜǊ ŜȄǘǊŜƳŜ ǿŜŀǘƘŜǊ ŎƻƴŘƛǘƛƻƴǎΣ ƭŜŀŘƛƴƎ ǘƻ ŘƛǎǎŀǘƛǎŦƛŜŘ ŎǳǎǘƻƳŜǊǎ ǿƘƻ ŘƻƴΩǘ 
receive their goods on time. 

 

3.3. Economy relying on inland waterway transport 
The industrial production relying on a properly working inland waterway transportation is affected by low water, 
high water and ice occurrence. The significance of high water on inland waterway transport is depending on the 
waterway under consideration. For instance, on the Middle Rhine, inland waterway transport is almost not affected 
by high water, whereas on the Neckar, the sum of all days with suspended navigation amounted to 37 in the year 
2002 (Schweighofer (2013)). Therefore, it is important to distinguish between the different waterways when 
considering the impacts of high waters on inland waterway transport and the economy. However, in comparison 
to low-water events, high water is usually a shortly lasting event with a relatively minor impact on the supply of 
goods by inland waterway vessels, although the impacts on the surroundings of waterways due to catastrophic 
flooding can be very dramatic, e.g. floods in the years 2002 and 2021. Ice occurrence as a longer lasting event 
resulting in suspension of navigation is not existing on the Upper and Middle Rhine since the 1970s (Schweighofer 
(2013)), as well as it is projected to be encountered less on other waterways, e.g. the Danube, in the future, see 
Chapter 2). 
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The occurrence of extreme low water is usually a long-lasting event, resulting in reduced transport performance 
and service quality of inland waterway transport. In the worst case, vessels cannot be operated anymore due to 
insufficient water depths. The associated impacts on the economy of the EU with major inland waterways and 
industrial production can be very serious. 

 

In the second half of the year 2018, the Rhine was characterised by very low water levels, leading to a significant 
drop of cargo transported (Fig. 25), exceeding even the drop due to the financial crisis in 2008, 2009 and 2010. In 
addition to low water, negative impacts resulting from the economic contraction in the second half of 2018 played 
also a role, however, of less importance (CCNR (2019 a)).  

 

Logistical chains, notably for the delivery of raw materials (iron ore, coal) and for the delivery of final products of 
the chemical and petrochemical industry, were heavily disturbed (Fig. 26).  

 

According to the Kiel Institute for the World Economy, the disturbances in logistical chains curbed the growth rate 
of industrial production in Germany in the third and fourth quarters of 2018 significantly (Fig. 27, CCNR (2019 a), 
Ademmer et al. (2019)). For the third quarter 2018, the Kiel Institute estimates a decrease of the German industrial 
production by 1.9 billion Euro due to low-water levels on the Rhine. In the fourth quarter of 2018, the industrial 
ǇǊƻŘǳŎǘƛƻƴ ǿŀǎ ƛƳǇŀŎǘŜŘ ōȅ ƭƻǿ ǿŀǘŜǊ ǇŜǊƛƻŘǎ ŀƭǎƻ ǿƛǘƘ ŀ ǘƛƳŜ ƭŀƎΦ ¢Ƙƛǎ άƭŀƎ ŜŦŦŜŎǘέ Ŏŀƴ ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ ǘƘŜ ŦŀŎǘ 
that raw materials, such as coal, iron ore, but also petrochemical commodities, are input factors in the entire 
production process of an economy. The loss of industrial production due to this lag effect amounted to 1 billion 
Euro in the fourth quarter of 2018, while the loss due to the low water levels in the fourth quarter of 2018 itself 
amounted to another 1.9 billion Euro (= 2.9 billion Euro in total for the fourth quarter of 2018). Detailed evaluations 
of the CCNR with respect to the monthly impact of the low water on the German industrial production are 
presented in Fig. 28. In total, the production losses in the third and fourth quarters of 2018 amounted to 
approximatively 4.7 billion EUR corresponding to 0.63 % of the entire German industrial production (ZKR (2021)).  

 

Another study carried out in the Netherlands by Streng et al. (2020)), arrives at lower values for the total losses 
resulting from the impact of low water in 2018 on inland waterway transport and shippers (transport, production, 
storage). In the Netherlands, the financial losses were estimated to 295 million EUR and for Germany 2.4 billion 
EUR. The impact on the economy is very significant also in this study. In Table 3, the impact of this low water on the 
production of different organisations is presented (Streng et al. (2020)). The sectors affected were 
construction/building, chemistry and steel production. Two companies gave a concrete estimate of their production 
losses: ThyssenKrupp lost approximately 100 million EUR and BASF even 250 million EUR, resulting in the 
construction of a dedicated low-water vessel for BASF in order to avoid such significant losses in the future. Many 
shippers expressed their intention to shift their cargo permanently from waterways to other modes of transport 
and to increase their storage capacities. Some representatives of the producing industry mentioned even that the 
continuation of business at the production locations along the Upper Rhine are critically evaluated due to the 
uncertain developments of supply in the future (ZKR (2021). 

 

According to BfG (2019), in 2018, the general provision of fuels was limited, causing very high fuel prices at petrol 
stations, as well as a part of the strategic energy reserves of the German government had to be released. Several 
power plants along the Rhine had to reduce their energy production, e.g. the nuclear power plant Philippsburg, as 
well as the coal-fired power plants Bergkamen, Walsum and Mannheim. 
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Figure 25: Development of transport performance in million tkm on European inland waterways between 2015 and 2019. Source: CCNR (2019 

b). 

 

 

Figure 26: Goods transported on the traditional Rhine by type of goods in million tonnes, presented for the years 2013 up to 2018. Impac t of 

low water du ring the year 2018 on the amount of transported goods. Source: CCNR (2019 a). 
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Figure 27: Impact of low water period on the Rhine in 2018 on the German industrial production. Source: CCNR ( 2019 a). 

 

 

Figure 28: Impact of low water on the Rhine in 2018 on the German industrial production. Losses in billion EUR in the months August up t o 

December, estimated by the CCNR. Reproduced from ZKR (2021). 

 

Table 3: Impact of low water on the Rhine in 2018 on the production of different organisations. Reproduced from Streng et al. (2020). 

Organisation Sector Costs/production 

Strukton Construction Postponement of production 

BTE Construction Suspension of production 

Nouryon Chemistry -25 % of production 

BASF Chemistry Total: 250 million EUR loss 

Solvay Chemistry Reduction of production 

Vestolit Chemistry Reduction of production 

Ineos Chemistry Reduction of production 

Covestro Chemistry Reduction of production 

Evonik Chemistry Reduction of production 

ThyssenKrupp Steel Total: 100 million EUR loss 

ArcelorMittal Steel Reduction of production 
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From a historical perspective, the low water in 2018 was not the severest one, although the impact on the economy 
was very significant as described above. In Fig. 29, the number of days per year with a discharge Q < 783 m3/s (= 
equivalent low water discharge) is presented for Kaub on the Middle Rhine, including 30-year moving averages. It 
can be seen that much longer periods with a discharge below 783 m3/s than in 2018 occurred in the past. In 2018, 
the number of days amounted to 107, while in 1971 the number of days was 146. In general, in the past 200 years, 
such low water events occurred regularly, although in the last 50 years these events have become less and shorter 
lasting. However, also in the light of no climate change such events will happen in the coming decades. Accounting 
for climate change impacts on the hydrology, it is expected that such events will occur more often in the future 
(BfG (2019)), e.g. the low water event of 2018 is projected to take place every 10 to 20 years instead of every 60 
years till 2050 according to research results of Deltares (WHdry 2050, Van der Mark (2021)). The impact of the past 
longer lasting low-water events on inland waterway transport was not that strong as in 2018 as in those times the 
vessels used were smaller and less vulnerable to water level changes than the much larger new ones which entered 
operation in the recent past years (ZKR (2021)). This holds also for a part of the pusher and tug fleet on the Danube 
which displayed initial design draughts between 1.1 m and 1.5 m in the 1960s and 1970s (Schifffahrts-Museum 
Regensburg e.V. (2004), wŀŘƻƧőƛŏ Ŝǘ al. (2021)ύΣ ǿƘƛƭŜ ǘƘŜ ŘǊŀǳƎƘǘǎ ƻŦ Ƴƻǎǘ ƭŀǘŜǊ ŘŜǎƛƎƴŜŘ ŀƴŘ ǘƻŘŀȅΩǎ ǇǳǎƘŜǊǎ ǾŀǊȅ 
between approximatively 1.5 m and 2.2 m, allowing for higher propulsive power, larger convoys and, thereby, for 
greater energy and cost efficiency of the transport at normal water level conditions. 

 

Considering the possible severe impacts on the economy and the inland waterway transport sector due to the 
currently existing risk of low water which is even increased by climate change in future, it is necessary to re-evaluate 
the logistical concepts in place today, including the size and design of vessels (ZKR (2021)). Such new concepts will 
contribute to the reduction of the vulnerability of inland waterway transport to low-water events, and they can be 
implemented relatively fast, e.g. within two up to three years, in dedicated single cases. However, in order to reduce 
the vulnerability of the entire fleet comprising vessels in operation and newbuildings. dedicated infrastructure 
measures. starting with proper maintenance of waterways on short term, have to be considered for improving the 
climate resilience of inland waterway transport on the long term. 

 

 

Figure 29: Number of days per year with a discharge Q < 783 m3/s (= equivalent low water discharge) at Kaub, Middle Rhine, including 30 -year 

moving averages. Source: CCNR (2019 a). 
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4. Adaptation strategies 

Infrastructure adaptation strategies relate to the maintenance, improvement and extension of inland waterways, 
which should always be accomplished by taking the following two main aspects of inland waterway infrastructure 
development into account: 

¶ economics of inland navigation, i.e. the connection between the existing waterway infrastructure and the 
efficiency of transport; 

¶ ecological effects of infrastructure works, i.e. balancing environmental needs and the objectives of inland 
navigation (integrated planning) 
 

According to Siedl and Schweighofer (2014), large river systems are highly complex, multi-dimensional, dynamic 
ecosystems and thus require comprehensive observation and management within their catchment area. The 
planning and implementation of waterway projects bring together sometimes conflicting interests of navigation 
and the environment. An interdisciplinary planning approach and tƘŜ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƻŦ ŀ άŎƻƳƳƻƴ ƭŀƴƎǳŀƎŜέ 
across all disciplines involved in the planning and implementation process can help to overcome such interests, 
resulting in win-win solutions for both sides. The basic philosophy is to integrate environmental objectives into the 
project design, thus preventing legal environmental barriers and significantly reducing the amount of potential 
compensation measures. A truly integrative waterway management system must be the objective to be reached, 
which will succeed in balancing the needs of inland waterway transport infrastructure and the natural or ecological 
functions of the rivers. 

 

Essential features for integrated planning are: 

¶ identification of integrated project objectives incorporating inland navigation aims, environmental needs 
and the objectives of other uses of the river reach such as nature protection, flood management and 
fisheries; 

¶ integration of relevant stakeholders in the initial scoping phase of a project; 

¶ implementation of an integrated planning process to translate inland navigation and environmental 
objectives into concrete project measures thereby creating win-win results; 

¶ conduct of comprehensive environmental monitoring prior, during and after project works, thereby 
enabling an adaptive implementation of the project when necessary.  
 
 

4.1. Climate proofing of infrastructure in the period 2021-2027 
On 16.9.2021, the European Commission published the COMMISSION NOTICE - Technical guidance on the climate 
proofing of infrastructure in the period 2021-2027 in the Official Journal of the European Union C 3739 (European 
Commission (2021)), setting out common principles and practices for the identification, classification and 
management of physical climate risks when planning, developing, executing and monitoring infrastructure projects 
and programmes. It shall give technical guidance on the climate proofing of investments in infrastructure, covering 
the period 2021-2027. The guidance is not completely new. It is an update of the one for major infrastructure 
projects between 2014 up to 202010 (European Commission (2016)) where a major project is defined as a project 
with a total eligible cost exceeding 50 million EUR (and 75 million EUR for e.g. transport projects). The European 
/ƻƳƳƛǎǎƛƻƴΩǎ DǳƛŘŜ ǘƻ /ƻǎǘ-Benefit Analysis of Investment Projects11 (European Commission (2014)) used for major 
projects in the period 2014-2020 remains a relevant reference for the consideration of mitigation as well as 
adaptation. 

 

 
9 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52021XC0916(03)  
10 https://op.europa.eu/en/publication-detail/-/publication/5535c968-7a41-11e6-b076-01aa75ed71a1/language-en  
11 https://ec.europa.eu/regional_policy/sources/docgener/studies/pdf/cba_guide.pdf  

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52021XC0916(03)
https://op.europa.eu/en/publication-detail/-/publication/5535c968-7a41-11e6-b076-01aa75ed71a1/language-en
https://ec.europa.eu/regional_policy/sources/docgener/studies/pdf/cba_guide.pdf
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The guidance adopted shall support the EU in delivering the European Green Deal, implementing requirements 
under the European Climate Law and making EU spendings greener. It is aligned with a greenhouse gas emission 
reduction pathway of -55 % net emissions by 2030 and climate neutrality by 2050. It follows the άenergy efficiency 
firstέ and άdo no significant harmέ principles, and it fulfils requirements set out in the legislation for several EU 
funds such as InvestEU, Connecting Europe Facility (CEF), European Regional Development Fund (ERDF), Cohesion 
Fund (CF) and the Just Transition Fund (JTF). It also integrates climate-proofing with project cycle management 
(PCM), environmental impact assessments (EIA), and strategic environmental assessment (SEA) processes, and it 
includes recommendations to support national climate-proofing processes in Member States. In short, the guidance 
is compulsory for all EU funded projects, and it is recommended to be applied also to small projects and nationally 
funded undertakings. 

 

Climate proofing means that both issues are to be taken into account: mitigation of climate change demanding 
carbon footprint considerations according to updated methodologies of the European Investment Bank (European 
Investment Bank (2020 b)12, (2013)13), as well as adaptation to climate change associated with a vulnerability and 
risk assessment. The basic idea is to take climate change effects into account already in an early stage when 
mitigation or adaptation measures can be relatively easily and at a lower cost implemented. Later infrastructure 
interventions are usually associated with high costs and more difficult to be realised.  

 

The approach is illustrated in Fig. 30. Climate proofing is carried out with respect to mitigation and adaptation. The 
process itself consists of two phases: 

1. screening; 
2. detailed analysis. 

 

4.1.1. Mitigation of climate change 

With respect to mitigation, first, a screening has to be carried out in order determine to which category the planned 
project belongs and whether a detailed analysis is required. While infrastructure projects for road and rail transport 
require a detailed analysis, inland waterway infrastructure projects are literally not mentioned, neither in the list 
of project categories demanding no analysis nor in the one requiring an analysis. However, as not specified in detail, 
inland waterway infrastructure projects may be assumed to fall ǳƴŘŜǊ άŀny other infrastructure project category or 
scale of project for which the absolute and/or relative emissions could exceed 20 000 tonnes CO2 eq./year (positive 
ƻǊ ƴŜƎŀǘƛǾŜύέΦ ¢ƘŜ ŀōǎƻƭǳǘŜ ƎǊŜŜƴƘƻǳǎŜ Ǝŀǎ ŜƳƛǎǎƛƻƴǎ ŀǊŜ ǘƘŜ ŀƴƴǳŀƭ ŜƳƛǎǎƛƻƴǎ ŜǎǘƛƳŀǘŜŘ ŦƻǊ ŀƴ ŀǾŜǊŀƎŜ ȅŜŀǊ ƻŦ 
operation for the project. The baseline greenhouse gas emissions are the emissions that would be generated under 
the expected alternative scenario that reasonably represents the emissions that would be generated if the project 
is not carried out. The relative greenhouse gas emissions represent the difference between the absolute emissions 
and the baseline emissions.  

 

If the screening results in a detailed analysis to be carried out, then the greenhouse gas emissions (CO2eq.) have to 
be quantified for one typical year of operation and a comparison with the thresholds for absolute and relative 
emissions has to be performed. If the expected impact on greenhouse gas emissions exceeds 20 000 tonnes 
CO2eq./year (positive or negative), the emissions must be monetised using the shadow costs of carbon, see Table 
4 and Fig. 31. 20 000 tonnes CO2 eq./year corresponds to the yearly CO2 eq. emissions of approximatively 20 motor 
cargo vessels (300 000 l gasoil/year and vessel) sailing on European inland waterways or 250 trucks (100 000 
km/year and truck, 30 l diesel/100 km).  

 

 
12  https://www.eib.org/attachments/strategies/eib_project_carbon_footprint_methodologies_en.pdf 
13 https://www.eib.org/attachments/thematic/economic_appraisal_of_investment_projects_en.pdf  

https://www.eib.org/attachments/strategies/eib_project_carbon_footprint_methodologies_en.pdf
https://www.eib.org/attachments/thematic/economic_appraisal_of_investment_projects_en.pdf
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Figure 30: Overview of the climate -proofing process. Source: European Commission (2021). 
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The guidance uses updated shadow costs of carbon published by the European Investment Bank (EIB) as the best 
available evidence (European Investment Bank (2020)) on the cost of meeting the temperature goal of the Paris 
Agreement (i.e. the 1,5 °C target). The shadow cost of carbon is measured in real terms and indicated in 2016 prices. 
The shadow costs of carbon to be used for infrastructure projects for the period 2021-2027 are given in the table 
and figure below.  

Table 4: Shadow cost of carbon for GHG emissions and reductions in EUR/t CO2eq, 2016 prices. Reproduced from European Commssion (2021).  

Year 2020 2025 2030 2035 2040 2045 2050 

EUR/t CO2 eq. 80 165 250 390 525 660 800 

 

 

Figure 31: Shadow cost of carbon for GHG emissions and reductions in EUR/t CO2eq., 2016 prices. Source: European Commssion (2021). 

 

The shadow costs above are minimum values to be used to monetise greenhouse gas emissions and reductions. 
Higher values for the shadow cost of carbon can be used for the purpose of climate proofing and cost-benefit 
analysis, for instance when higher values are used in the Member State or by the lending institution concerned or 
where there are other requirements. The shadow cost of carbon may also be adjusted when more information 
becomes available. Monetised greenhouse gas emissions are usually subject to discounting, which is to be described 
in the climate-proofing documentation. It is recommended to use for the social discount rate 5 % for major projects 
in Cohesion countries and 3 % for the other Member States.  

 

Finally, ǘƘŜ ǇǊƻƧŜŎǘΩǎ ŎƻƴǎƛǎǘŜƴŎȅ ǿƛǘƘ ǊŜƭŜǾŀƴǘ 9¦ ŀƴŘ bŀǘƛƻƴŀƭ 9ƴŜǊƎȅ ŀƴŘ /ƭƛƳŀǘŜ tƭŀƴǎΣ ǘƘŜ 9¦ ǘŀǊƎŜǘ ŦƻǊ ŜƳƛǎǎƛƻƴ 
reductions by 2030 and climate neutrality by 2050 has to be demonstrated, and a climate neutrality proofing 
documentation has to be elaborated as basis for investment decisions. 

4.1.2. Adaptation to climate change 

With respect to climate change adaptation, the first phase comprises the conduction of a screening where a 
vulnerability analysis consisting of a sensitivity analysis and an exposure analysis are carried out (Fig. 32). It aims to 
identify potential significant hazards and related risk, and it forms the basis for the decision to continue to the risk 
assessment phase. Typically, it unveils the most relevant hazards for the risk assessment (these can be considered 
ŀǎ ǘƘŜ ǾǳƭƴŜǊŀōƛƭƛǘƛŜǎ ǊŀƴƪŜŘ ŀǎ άƘƛƎƘέ ŀƴŘ Ǉƻǎǎƛōƭȅ άƳŜŘƛǳƳέΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ǎŎŀƭŜύΦ If the vulnerability 
assessment concludes that all vulnerabilities are ranked as low or insignificant in a justified manner, no further 
(climate) risk assessment might be needed (this concludes the screening and phase 1). Nonetheless, the decision 
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on vulnerabilities to take forward to a detailed risk analysis will depend on the justified assessment of the project 
promoter and the climate assessment team.  

 

 

Figure 32: Overview of the screening phase with the vulnerability analysis  of the climate -proofing process (adaptation) .  Source: European 

Commission (2021). 

 

If climate risks of significance are identified, a detailed analysis has to be carried out (phase 2) consisting of three 
pillars (see Fig. 33): 

¶ a likelihood analysis; 

¶ an impact analysis; 

¶ and a risk assessment. 
 

The likelihood analysis looks at how likely the identified climate hazards are to occur within a given timescale, e.g. 
the lifetime of the project. The impact analysis looks at the consequences if the climate hazard identified occurs. 
This should be assessed on a scale of impact per hazard. This is also referred to as severity or magnitude. For a 
range of climate hazards it can be expected that the likelihood and impacts will change during the lifespan of the 
project, as global warming and climate change unfolds. The projected changes in likelihood and impacts should be 
integrated in the risk assessment. For this purpose, it can be useful to divide the lifespan into a sequence of shorter 
periods (e.g. 10 to 20 years). Particular attention should be given to weather extremes and cascade effects. The 
results of the likelihood and the impact assessments of each hazard are combined in the risk assessment where the 
risks can be plotted on a risk matrix (as part of the overall project risk assessment) to identify the most significant 
potential risks and those where adaptation measures need to be taken. The categorisation used must be 
defendable, clearly specified and described in a clear and logical manner, and coherently integrated into the overall 
project risk assessment. For example, it may be considered that a catastrophic event, even if it is rare or unlikely, 
still represents an extreme risk to the project as the consequences are so severe. 
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Figure 33: Overview of the climate risk assessment in phase 2  of the climate -proofing process (adaptation) , including the identification, 

appraisal and planning/integration of relevant adaptation measures . Source: European Commission (2021). 

 

If the risk assessment concludes that there are significant climate risks to the project, the risks must be managed 
and reduced to an acceptable level by assessing and implementing targeted adaptation measures. Meanwhile, 
there is an increasing volume of literature and experience on adaptation options, appraisal and planning, as well as 
related resources in the Member States available14 (European Commission (2018)). More information on adaptation 
planning in the Member States is available on Climate-ADAPT15. With respect to inland waterways and ports, the 
following sections of this report will provide dedicated information for further use.   

 

Adaptation will often involve adopting a mix of structural and non-structural measures, e.g. infrastructure design 
or improved monitoring. Given the considerable uncertainty in future predictions for climate change hazards, the 
key is often to identify adaptation solutions (where possible) that will perform well in the current situation and in 
all future scenarios. Such measures are often termed low or no-regret options. It may also be appropriate to 
consider flexible/adaptive measures such as monitoring the situation and only implementing physical measures 
when the situation reaches a critical threshold. This option may be particularly useful when climate predictions 
show high levels of uncertainty. It is appropriate as long as the thresholds or trigger points are clearly set out and 

 
14 https://ec.europa.eu/regional_policy/en/information/publications/studies/2018/climate-change-adaptation-of-major-
infrastructure-projects  
15 https://climate-adapt.eea.europa.eu/  

https://ec.europa.eu/regional_policy/en/information/publications/studies/2018/climate-change-adaptation-of-major-infrastructure-projects
https://ec.europa.eu/regional_policy/en/information/publications/studies/2018/climate-change-adaptation-of-major-infrastructure-projects
https://climate-adapt.eea.europa.eu/
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the future proposed measures can be proven to address the risks sufficiently. Monitoring should be integrated in 
the infrastructure management processes.  

 

Assessing the adaptation options can be quantitative or qualitative, depending on the availability of information 
and other factors. In some circumstances, such as relatively low-value infrastructure with limited climate risks, it 
may be sufficient with a rapid expert assessment. In other circumstances, in particular for options with significant 
socioeconomic impact, it will be important to use more comprehensive information, for example on the climate 
ƘŀȊŀǊŘΩǎ ǇǊƻōŀōƛƭƛǘȅ ŘƛǎǘǊƛōǳǘƛƻƴΣ ǘƘŜ ŜŎƻƴƻƳƛŎ ǾŀƭǳŜ ƻŦ ǘƘŜ ŀǎǎƻŎƛŀǘŜŘ όŀǾƻƛŘŜŘύ ŘŀƳŀƎŜǎ ŀƴŘ ǘƘŜ ǊŜǎƛŘǳŀƭ ǊƛǎƪǎΦ 
Finally, the adaptation pillar of climate proofing should include: 

¶ ǾŜǊƛŦȅƛƴƎ ǘƘŜ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ǇǊƻƧŜŎǘΩǎ ŎƻƴǎƛǎǘŜƴŎȅ ǿƛǘƘ 9¦ ŀƴŘΣ ŀǎ ŀǇǇƭƛŎŀōƭŜΣ ƴŀǘƛƻƴŀƭΣ ǊŜƎƛƻƴŀƭ ŀƴŘ ƭƻŎŀƭ 
strategies and plans on adaptation to climate change, and other relevant strategic and planning documents; 
and 

¶ assessing the scope and need for regular monitoring and follow-up, for example of critical assumptions in 
relation to future climate change. 
 

Both aspects should be properly integrated into the project development cycle. 

 

The guide refers also to the compulsory Environmental Impact Assessment (EIA), as well as the Strategic 
Environmental Assessment (SEA). In all phases of an infrastructure project, mitigation and adaptation have to be 
integrated. This might lead to some overlap with the European regulations on the EIA and the SEA. However, the 
activities in the guide are meant to be a part of the compulsory EIA and SEA, meaning that the exercise should not 
increase the burden associated with the initiation of an infrastructure project.  

 

In general, the project promoter will include in the project organisation the expertise needed for climate proofing 
and coordinate with other work in the project development process, for instance, environmental assessments. 
Depending on the specific nature of the project, this may include bringing in a climate-proofing manager and a team 
of experts in climate change mitigation and adaptation. 

 

4.2. Climate change adaptation planning for ports and inland waterways 
In 2020, PIANC (The World Association for Waterborne Infrastructure) published the PIANC Report 178 CLIMATE 
CHANGE ADAPTATION PLANNING FOR PORTS AND INLAND WATERWAYS (PIANC (2020))16. It is a very 
comprehensive guidance document of the tL!b/Ωǎ ǘŜŎƘƴƛŎŀƭ ²ƻǊƪƛƴƎ DǊƻǳǇ мту ǇǊƻǾƛŘing a brief introduction to 
the potential consequences of climate change and some of the challenges to be addressed in consequence if ports 
and waterways are to be adapted effectively. The guidance is focussed on the existing infrastructure, giving practical 
guidance to infrastructure operators, as well as setting out a portfolio of impact-specific measures and case studies. 

 

It introduces a four-stage methodological framework to help port and waterway operators plan how best to adapt 
(Fig. 34): 

¶ Stage 1 facilitates understanding of the assets, operations and systems that could be affected by climate 
change; highlights possible interdependencies with other sectors that are also susceptible; encourages 
engagement with internal and external stakeholders; and enables the setting of climate change adaptation 
objectives. It also stresses the need for data collection and its effective management. 

¶ Stage 2 identifies the type of information needed to determine baseline conditions and to explore possible 
future changes in relevant climate-related parameters and processes. It also introduces the use of climate 
change scenarios to assist in understanding the range of possible future changes, and highlights the 
importance of monitoring and collecting local data. 

 
16 https://www.pianc.org/publications/envicom/wg178  

https://www.pianc.org/publications/envicom/wg178
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¶ Stage 3 describes how the vulnerability of waterborne transport infrastructure assets, operations and 
systems can be assessed and, where appropriate, a more detailed risk analysis undertaken to understand 
the likelihood and potential consequences of the projected changes. 

¶ Stage 4 introduces some of the concepts that need to be considered when deciding how best to address 
ŎƭƛƳŀǘŜ Ǌƛǎƪǎ ŀƴŘ ƘŀȊŀǊŘǎΦ Lǘ ŀƭǎƻ ǇǊŜǎŜƴǘǎ ŀ ΨǇƻǊǘŦƻƭƛƻΩ ƻŦ ǇƻǘŜƴǘƛŀƭ ƳŜŀǎǳǊŜǎ όǎǘǊǳŎǘǳǊŀƭΣ ƻǇŜǊŀǘƛƻƴŀƭ ŀƴŘ 
institutional), and provides guidance on how to screen and evaluate options that might be included on an 
adaptation pathway. 
 

In addition, sixteen international good practice case studies are appended to the guidance, along with various 
templates to be used for data collection and record keeping. 

 

Figure 34: The four stages in the climate adaptation planning process . Source: PIANC (2020).  
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The report contains a table with generic measures strengthening the resilience or adapting assets, operations or 
systems (see table below). 

 

In addition to generic measures, a comprehensive set of measures is given with respect to numerous climate change 
impacts. They were identified through an extensive international engagement exercise involving Working Group 
members and their colleagues from 14 countries; running workshops in Europe (UK, Norway), Asia (The Philippines), 
Africa (South Africa) and America (USA); and input from several international associations (International Maritime 
tƛƭƻǘǎΩ !ǎǎƻŎƛŀǘƛƻn; International Harbour aŀǎǘŜǊǎΩ !ǎǎƻŎƛŀǘƛƻƴΤ 9ǳǊƻǇŜŀƴ {Ŝŀ tƻǊǘǎ hǊƎŀƴƛǎŀǘƛƻƴΣ ¦b/¢!5 ŀƴŘ 
others). The measures considered relate to: 

ω rainfall-related or groundwater flooding (see Annex 3A) 
ω flooding due to overtopping (see Annex 3B) 
ω high in-channel river flow velocities or changes in sea state (see Annex 3C) 
ω low flow or drought (see Annex 3D) 
ω changes in sediment or debris regime (see Annex 3E) 
ω bed or bank erosion (see Annex 3F) 
ω reduced visibility (see Annex 3G) 
ω change in wind characteristics (see Annex 3H) 
ω extreme cold, ice or icing (see Annex 3I) 
ω extreme heat (see Annex 3J) 
ω changes in ocean water acidity (see Annex 3K) 
ω changes in salinity or salt water intrusion (see Annex 3L) 
ω changes in vegetation growth (see Annex 3M) 
ω changes in species migration or range (see Annex 3N) 
ω changes in native species survivability or growth rate (see Annex 3O) 
ω introduction or spread of invasive, non-native species (see Annex 3P) 

 
For completeness, the respective tables can be found in Annex 3. 
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Table 5: Generic measures for strengthening resilience or adapting assets, operations or systems of ports and inland waterway infras tructure. Source: PIANC (2020). 
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The report stresses that before accessing the impact-specific tables, be aware that the portfolio of measures is not 
intended to be a comprehensive list of possible solutions. Rather it is intended as a source of ideas and inspiration 
to supplement local knowledge and experience. It aims to encourage those developing adaptation pathways to 
consider emerging technologies, soft engineering or nature-based solutions, changes in operations or 
maintenance practices, hybrid options, or policy interventions, alongside more conventional structural solutions. 
Further, it is noted that for each impact affecting the infrastructure, potentially suitable short-term or interim, 
medium-term and long-term measures should be highlighted as appropriate, and the following points should also 
be noted: 

ω Not all climate change adaptation requires the port or waterway to engage consultants or 
undertake expensive retrofitting programmes. There can be some very simple and cheap options, 
including prioritising maintenance to maximise operational resilience, developing extreme 
weather warning systems and putting contingency plans in place, modifying working practices, or 
awareness raising. 

ω There may not be a single solution. Climate change adaptation measures are typically explored 
simultaneously or implemented in-combination. Developing a phased adaptation pathway, 
possibly including measures from each category (i.e. physical, social and institutional) may be the 
most effective approach. 

ω In addition to the direct physical impacts highlighted above, a port or waterway may also 
experience indirect, economic effects as a result of climate change, for example associated with 
changes in agricultural production, manufacturing, tourism, etc. As noted in the introduction, the 
stepwise methodology set out in this guidance document can equally well be used to identify and 
assess the adaptation responses needed to address such changes. 

ω Climate change adaptation or resilience strengthening is often an incremental process, addressing 
immediate concerns whilst retaining flexibility to respond appropriately if future requirements 
vary as the climate changes. In some cases, however, adaptation has to involve transformative or 
disruptive change. For example, increases in flooding frequency or erosion rates may make 
continued cost-effective operation untenable, such that (part of) a port may have to close or re-
locate, or the increased incidence of drought or low water levels may force a change to smaller, 
shallow draft vessels if waterborne transport is to remain viable. 

ω No or low-regret measures provide benefits under any foreseeable climate scenario including 
present day climate. Such interventions are useful irrespective of how climate parameters and 
processes change over time. 

ω Climate change is likely to drive collaboration in the interests of economic efficiency or to achieve 
cost savings. Win-win measures that provide co-benefits to other organisations may offer the 
possibility of sharing implementation costs, so should be explored. Organising a workshop with 
key stakeholders to discuss opportunities for collaboration could provide a useful means of 
identifying such measures. 

ω Adaptation measures might be implemented at a system or strategic level, or at the scale of the 
site, project, asset or operation. Measures might be grouped, or they might be implemented 
individually. 

ω Retrofitting existing infrastructure is listed in the tables as a generic option requiring a site- or 
asset-specific investigation into potentially feasible engineering designs.  

ω Nature-ōŀǎŜŘ ǎƻƭǳǘƛƻƴǎ Ŏŀƴ ŜƴŀōƭŜ ŀ ǇƻǊǘ ƻǊ ǿŀǘŜǊǿŀȅ ǘƻ ŎŀǇƛǘŀƭƛǎŜ ƻƴ ƴŀǘǳǊŜΩǎ ǊŜǎƛƭƛŜƴŎŜΦ ¢ƘŜȅ 
may also represent a cost-effective solution. For example, some habitats provide important 
ecosystem services such as storm surge attenuation. 

ω Climate change is already driving innovation; future changes in the technical or economic 
feasibility of options for adaptation may need to be anticipated. Non-conventional or innovative 
solutions can be the best ones: it is important to take account of local conditions and think 
ΨƻǳǘǎƛŘŜ ǘƘŜ ōƻȄΩ ǘŀƪƛƴƎ ƴƻǘŜ ƻŦ ǘƘŜ ǇŀǊǘƛŎǳƭŀǊ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǘƘŜ ǎǇŜŎƛŦƛŎ ǇƻǊǘ ƻǊ ǿŀǘŜǊǿŀȅΦ 
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4.3. Proactive waterway maintenance 
The first step and a rather simple measure for coping with climate change effects on inland waterway infrastructure 
is the conduction of suitable maintenance activities in a proactive way, resulting in certain cases even in less efforts 
to be taken and economic benefits if done in a proper way. Generally, it can be said that a well-maintained 
infrastructure is less vulnerable to climate change effects than a badly maintained one. In addition, a badly 
maintained infrastructure becomes even worse in the course of time, resulting in an ever-increasing vulnerability 
to climate change and failure in the worst case. 

 

According to ECCONET (2012), the basic elements of waterway maintenance are interdependent and 
interconnected in a logical context. Therefore, the interactions between these elements are subsequently described 
as "waterway maintenance cycle" being described in the following (Fig. 35): 

1. The first step in waterway maintenance is the continuous monitoring and general bathymetrical survey of 
the fairway in order to identify shallows. Detailed bathymetrical surveys are then undertaken for shallows 
which are the basis for the planning and monitoring of the subsequent dredging measures. 
 

2. Dredging works have to be contracted and assigned. Right before and after dredging measures in the 
fairway, the intervention areas are surveyed to enable monitoring of the works as quality control. The 
prioritisation of dredging activities within a defined time frame at the beginning of the annual low-water 
period constitutes one of the most important measures (Fig. 36). If low water periods will change with 
regard to their seasonality due to climate change in the future, the dredging strategy has to be adjusted 
accordingly, comprising one cost-efficient adaptation measure to possible climate change impacts. In order 
to reduce the number of necessary interventions for the sake of ecology, the water depth to be provided 
at LNWL may be also changed e.g. from 2.5 m to 3 m, reducing thereby the number of interventions to e.g. 
one per year, allowing for minimum impact on fauna and flora, as well as preservation of biodiversity for 
the rest of a maintenance year (see also Soare (2022), as the valuable layer of 20 ς 30 cm of the river bottom 
will be manipulated least. 

 

3. Dredging measures are followed by in-house documentation and external communication to target groups, 
e.g. shipping companies, assuring continuous information on the current status of the fairway 
infrastructure. The provision of information is achieved by means of various channels, e.g. Notices to 
Skippers, websites of River Information Services (RIS), information at locks or Inland ECDIS charts. 
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Figure 35: Waterway maintenance cycle . Source: ECCONET (2012). 

 

 

Figure 36: Water levels at the gauge Wildungsmauer (Danube). Timeframe for most urgent dredging activities. The y -axis denotes the average 

daily water level at the gauge Wildungsmauer on the Austrian Danube in the year  2009. The x-axis denotes the days and months of the year 

2009. RNW96 = LNWL96. RNW96+50 = LNWL96+50 cm. MW = MWL96. HSW96 = HNWL96. HSW96+90 = HNWL96+90 cm. Dredging shall take place 

in September prior to the low water in autumn and winter. Source: ECCONET (2012).  
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Effective measures of proactive waterway management have been implemented by viadonau in the past. In 2014, 
the viadonau efficiency enhancement programme was launched. The optimisation of the use of resources pursued 
in the efficiency enhancement programme was intended to ensure the economic implementation of the corporate 
and impact goals. In spring 2014, a catalog of efficiency-enhancing measures was developed and successfully 
implemented over the next four years. A significant monetary contribution, which could also be clearly measured, 
was made by hydraulic engineering measures. Between 2015 and 2017, two optimisations in the area of waterway 
management deserve special mention. By optimising the training walls and groynes at the Witzelsdorf and Bad 
Deutsch-Altenburg shallows (Fig. 37), it was possible to reduce the annual dredging volume by around 110,000 m³ 
ŀƴŘ ǘƘǳǎ ǘƘŜ ŀƴƴǳŀƭ ƳŀƛƴǘŜƴŀƴŎŜ ŜȄǇŜƴŘƛǘǳǊŜ ōȅ ŀǊƻǳƴŘ фсуΣллл ϵ όǘŀƪƛƴƎ ƛƴǘƻ ŀŎŎƻǳƴǘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 
construction costs). In Witzelsdorf in particular, it was possible to achieve a great effect with relatively little effort, 
both from a monetary and an ecological point of view. Bank reconstructions and backfilling with dredged gravel not 
only created habitats for fish, but also significantly improved fairway conditions. The annual cost savings there 
amounted to around 200,ллл ϵΦ   

 

Figure 37: Optimisation of the river section Witzelsdorf . Source: viadonau. 

 
Also on the Lower Danube, the principle of proactive waterway maintenance is currently being implemented (Soare 
(2022)). Based on monitoring results, a proper scheduling of interventions and an intervention plan is established 
in accordance with the development of water levels and the respective forecasts. E.g. at Bechet, the number of 
days with water levels below the Low Navigable Water Level accounted for 52 in 2021. The days occurred in the 
period between September and December. Knowing this behaviour of the water level development during a year, 
allows for proper scheduling of waterway interventions, e.g. prior to September before the occurrence of low 
water. This way, the waterway will be in an improved condition when it becomes necessary. In the Lower Danube 
area, low water occurs usually between August and November. Therefore, the optimal period for starting the 
maintenance works is between May and July, demanding a timely reservation of technical and financial resources.  
The number of interventions shall be minimised, reducing thereby the impact on the environment, navigation and 
resources demanded. The existing mechanisms and systems shall be further developed, considering the effects of 
climate change. All in all, the availability of sufficient financial resources and proper scheduling of activities are of 
key importance when the goal is to successfully maintain the waterway throughout the year.  

 

4.4. Provision of information on waterway 
The determination of proper knowledge on navigation conditions comprising allows for detection of unfavourable 
locations and improved maintenance and management of the waterway, serving the efficient navigation of vessels 
sailing in the respective areas, as well as the establishment of more reliable transport services. In addition, safety 
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margins with respect to the loading of a vessel can be reduced, allowing for more cargo to be transported. Finally, 
the knowledge on navigation conditions is also one precondition for energy-efficient ship operation and 
development of ship performance tools e.g. relating to voyage planning. 

4.4.1. Comprehensive information on the fairway 

The availability of sufficient personnel resources and modern surveying equipment (i.e. surveying vessels as well as 
software and hardware for data processing and analysing) is the basis for proper collection and provision of 
comprehensive information on the topography of the fairway and the corresponding water depths relevant for 
navigation (Fig. 38). This information is of particular value in shallow water stretches of the waterway where regular 
surveying activities have to be carried out. The full picture on the topography allows vessels to choose a route 
within the fairway with sufficient water below the keel, even if the water depth is not sufficient over the entire 
width of the fairway. This way, the fairway can be optimally used. In addition, the vessel may choose also the route 
with greater water depths reducing the resistance and corresponding fuel consumption. Finally, the information 
gained can be used also for the monitoring of effects of rehabilitation and river engineering measures, as well as 
detection where maintenance and waterway management activities are necessary. For this purpose, also regular 
inspection trips with surveying vessels, being equipped with e.g. a single beam echosounder, have to be carried out 
over longer distances of the river in order to get a first idea where shallows have established and where more 
detailed surveying, e.g. by multi-beam equipment, will be necessary, see also next section. 

 

 

Figure 38: Provision of comprehensive topography information on the fairway and fairway channel  of an inland waterway (Petronell -Witzelsdorf, 

Austrian Danube, LNWL = low navigable water level ). Source: viadonau.  

 

4.4.2. Floating ship data: on-board measurements by commercial vessels 

The determination of proper knowledge on navigation conditions comprising water depths and flow velocities can 
be derived by comprehensive surveying of the entire waterway using dedicated surveying vessels and application 
of proper water-level and hydro-morphologic models accounting for water-level and riverbed changes in real time, 
demanding significant efforts rarely available. In addition, measurements performed on commercial vessels in 
operation can be used at locations where no or rare surveying results are available, e.g. via shipborne equipment. 
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CoVadem 

One tool that can support proactive and intelligent management of the navigation channel is the "CoVadem" 
initiative17, which provides continuous insight into the current water depths, transport and consumption 
performance of inland vessels and their journeys in relation to the constantly changing river conditions (flow and 
water depth, Fig. 39). This inland navigation initiative, first activities were taken in the FP7 EU project MoVe IT!18 , 
lays the foundation for continuous improvement of both energy and transport performance of inland navigation. 
One of the beneficiaries of CoVadem is the dredging industry, where it is believed that the data from the initiative 
can contribute to a smarter, more efficient dredging process and thus improved navigability of waterways at a lower 
cost. Due to this increase in efficiency, not only is a positive contribution to the maintenance costs or navigability 
of the waterways in general expected, but also a structural contribution to the CO2 targets. 

 

In the short term, the initiative will allow an objective visualisation and optimisation of the loading and consumption 
of all inland vessels. It also paves the way for an independent platform in which the transport performance of 
vessels can be continuously compared on the initiative of participating skippers on the basis of objective, automated 
measurements. This development will make it possible to objectively demonstrate the transportation footprint of 
inland navigation to shippers and other stakeholders at any desired level of detail. 

 

The CoVadem monitoring network comprises a growing fleet of over 200 vessels currently mapping out the latest 
data on depths and bridge clearances on the river Rhine. 

 

 

Figure 39: Collective collection of water depth information by commercial vessels operating within the CoVadem initiative, promotion vid eo. 

IN the front of the vessel, the echo -sounder is located sensoring the river bottom. S ource: autena 19 

  

 

  

 
17 https://www.covadem.com/en/home/  
18 https://cordis.europa.eu/project/id/285405  
19 https://autena.nl/over-ons/innovatieprojecten/covadem/  

https://www.covadem.com/en/home/
https://cordis.europa.eu/project/id/285405
https://autena.nl/over-ons/innovatieprojecten/covadem/
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H2020 EU project PROMINENT 

In the Horizon 2020 EU project PROMINENT20, two different systems were developed for the determination of 
navigation conditions by shipborne measurements performed on board commercial vessels. The first one was 
applied in three vessels sailing on the Rhine, the second one was applied in ten different pushed convoys sailing on 
the Middle and Lower Danube (Schweighofer et al. (2020), Schweighofer et al. (2018)).  

 

For the Rhine vessels, in general, a very good agreement between surveying and on board measured results for the 
water depth was obtained (Fig. 40). Taking into account corrections for pitch and roll, the overall averaged 
difference between the on-board measurements and multi-beam soundings of the year 2014 amounted to 2 cm. 
However, due to their spatial resolution, the measurements cannot replace professional echo soundings with a 
multibeam-system. In areas where professional echo soundings are not available or the time between echo 
soundings is too long, ship-based measurements can significantly improve the data basis, providing additional 
information for navigation or route planning. The same applies to areas with high morphological activity. 

 

For the flow velocities at mean water level, a rather good agreement of the on-board measurements with the ones 
derived from a hydro-numerical-model was obtained (Fig. 40). The results obtained at the equivalent water level 
(GlW) showed greater deviations from the modelled ones, due to unreliable results for the magnitude of the flow 
velocities because of small under keel clearances together with a small immersion depth of the ADCP. 

 

The procedure for measuring and transmitting the data was promising. However, further developments relating to 
automatic plausibility check and processing of the collected data, as well as provision of it in a suitable manner to 
the boatmaster or shipping company are necessary. 

 

Starting in January 2016, on-board monitoring had been taking place for a group of ten vessels of the Romanian 
shipping company NAVROM sailing mainly on the Middle and Lower Danube. The measurements performed aimed 
at analysing the engine performance of the vessels and navigation conditions such as waterway depth and flow 
velocities. The measurements collected were stored in a database with over 100,000 hours of data utilised in this 
pilot for estimation of the waterway depths at the city of Corabia in Romania, which is considered a bottleneck due 
to the shallowness of the Danube there. 

 

In general, the on-board measurements gave plausible results for the water depth (Fig. 41). The agreement with 
the surveying results (single beam) was good at several points, although at some points maximum deviations of up 
to 1 m occurred. The deviations may be explained by lack of consideration of sinkage and trim of the vessels, 
different densities of measurement points across the fairway as well as different time periods between the on-
board measurements and the surveying results. 

 

The usefulness of the data and the quality of the depth estimates indicate that the method developed may be 
suitable to be used in other bottlenecks of the Danube as well. In a further step, it may be thought of extending the 
procedure for the creation of a waterway map with depth contours, demanding, however, a significant amount of 
efforts and resources. A meaningful processing of the flow-velocity measurements could not be performed. 

 

 
20 https://cordis.europa.eu/project/id/633929  

https://cordis.europa.eu/project/id/633929
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Figure 40: Onboard measurements of flow velocity and bottom height compared with results of a hydro-numerical -model and surveying of 

the river bottom carried in the H2020 EU project PROMINENT. Source: Schweighofer et al. (2020), poster.  
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Figure 41: Onboard measurements of water depth giving a qualitatively correct reproduction of the water depth at Corabia carried out in the 

H2020 EU project PROMINENT. Source: Schweighofer et al. (2020), poster. 

 

4.4.3. Water level forecasts: good practice services provided by BfG 

In order to be prepared for extreme low or high flow events, to optimise transport costs and efficiency, as well as 
to avoid supply shortfall for major industries as long as it is possible, there is a strong need for flow and water-level 
forecasts of different lead times with special focus on the waterway transportation sector (Klein and Meißner 
(2019)). 

 

Users of waterways need short-to-medium term water-level forecasts to optimise the load capacity of their vessels 
as well as to take into account in time that waterways might be blocked due to floods, to plan complete transport 
cycles, multi-modal transport planning, stock and supply management, and optimised timing of transports. Monthly 
to seasonal forecasts are required for the medium- to long-term planning and optimisation of the water bound 
logistic chain (stock management, fleet composition, adjustment of the industrial production chain, modal split 
planning). See also Table 6. 
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Table 6: User needs of the different waterway users  (mainly on the Rhine ) and corresponding decisions requiring additional forecast lead -

time 21. Source: Klein and Meißner (2019). 

 

Within the Horizon 2020 EU project IMPREX22, forecast products for the River Rhine ς 9ǳǊƻǇŜΩǎ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ 
waterway ς and the German parts of the waterways Elbe and Danube, covering different lead times have been 
developed by the Federal Institute of Hydrology (BfG) of Germany. The forecast products available at the time of 
writing this report comprise: 

¶ a deterministic 4-day water-level forecast (www.elwis.de);  

¶ a probabilistic 10-day water-level forecast developed for the waterway Rhine (www.elwis.de, Fig.42); 

¶ a probabilistic 6-weeks prediction (BfG to be contacted, operational in July 2022); 

¶ a probabilistic tree-month estimate: still under research. 

 
21 For the Danube and transportation from the Black Sea to Central Europe, most likely longer lead times than seven days will 
be necessary for optimisation of vessel load. 
22 https://www.imprex.eu/  

http://www.elwis.de/
http://www.elwis.de/
https://www.imprex.eu/
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Figure 42: Probabilistic 10 -day water -level forecast for the gauge Kaub on the Rhine . The vertical axis displays the water level in cm, the 

horizontal axis displays the date. The blue colours give the probability bandwidth of the projections.  Source: www.elwis.de   

(https://10tagerhein.bafg.de/Kaub_10Tage.pdf  , accessed 2.6.2022). 

Usually, water level forecasts of only a few days e.g. one up to two days have been sate of the art. Therefore, the 
products developed by BfG constitute a remarkable step forward. However, it has to be noted that the reliability 
and lead time of water level forecasts is depending on the characteristics and dynamics of the river and its 
catchment, meaning that one forecast product working well for one river may not work well for another river. In 
addition to improved water-level forecasts, BfG provides a comprehensive Climate Change Service, available at 
https://www.das-basisdienst.de/DAS-Basisdienst/DE/sub2_bfg/bfg_node.html . 

4.5. River-engineering measures and novel approaches 

4.5.1. Classical river-engineering measures 

Classical river-engineering measures comprise the installation of groynes, training walls, and rip-rap amongst 
others, having an impact on the hydro-morphological characteristics of the river, e.g. sediment transport or water 
flow velocity, and influencing its and the fairways general dimensions, e.g. width and depth. The effectiveness of 
river engineering elements can be measured and can also change in the course of time. Hydro-morphological 
processes in the river, e.g. erosion processes of the riverbed, can lead to an alteration of the relative position of the 
river engineering elements within the river and thus influence their effectiveness, and an altered temporal 
distribution of the water discharge, e.g. caused by climate change, may affect the effectiveness of the river 
engineering elements too and thus influence the available fairway parameters in the case of low water conditions, 
especially in free-flowing sections. (Simoner et al. (2012)). 

 

Furthermore, continuous maintenance works, e.g. dredging, constitute a non-structural measure carried out by 
waterway administrations in order to maintain the required fairway parameters. Related to improved coping with 
low-water events, effective dredging works of shallow sections are best carried out before the occurrence of low-
water periods (Simoner et al. (2012)). Dredging activities can be minimised by pro-active waterway maintenance, 
as well as proper installation of river-engineering elements or implementation of Nature Based Solutions, see the 
following sections. Further, the creation of a fairway- in-the fairway can be considered if the fairway interventions 
are to be kept at a minimum, demanding however most likely solutions for proper traffic management in the advent 
of a low-water event. 

 

http://www.elwis.de/
https://10tagerhein.bafg.de/Kaub_10Tage.pdf
https://www.das-basisdienst.de/DAS-Basisdienst/DE/sub2_bfg/bfg_node.html
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The following measures contribute to the improvement of navigation: 

¶ optimisation of existing low water regulation to increase its effectiveness, to reduce sedimentation in 
groyne fields and to reduce maintenance efforts; 

¶ dredging and defined reintroduction of material leading to a sediment balance (sediment nourishment, see 
also Nature Based Solutions); 

¶ relocation of certain sections of the existing fairway in order to make use of deeper zones for navigation 
purposes. This measure also reduces the requirement for dredging. 

¶ Granulometric riverbed improvement. The reduced transport of bed load also reduces the need for 
maintenance dredging. 
 

The realisation of these measures has to be accompanied by a continuous monitoring programme. (Simoner et al. 
(2012)). 

4.5.2. Flexible waterway installations 

An approach deviating from classical river-engineering installations is currently being planned in Austria and deals 
with the use of so-called "mobile groynes". In order to counteract the potential effects of climate change on the 
waterway in the least invasive way possible, in harmony with nature and yet with a focus on optimal fairway 
conditions, viadonau is investigating and testing a combined concept of small-scale, dynamic measures.  

 

One of these concepts is the idea of using flexible and adaptive regulation of hydraulic structures, so-called "mobile 
groynes". Flexible hydraulic structures in the form of loaded hulls, e.g. lighters will be tested, which are strategically 
positioned in the vicinity of shallow areas in order to provide additional fairway depths in the event of low water 
by creation of higher flow velocities transporting the sediment and gravel away from the shallow (Fig. 43). The 
dynamics of the river are used, which may be considered also as Nature Based Solution, see Section 4.6. In doing 
so, viadonau refers to historical sources dating back to the 19th century (Fig. 44). The idea is that in the case of low 
water, the fairway depth can be increased with the help of the "mobile groynes", but in the case of high and normal 
water levels (i.e. when the "mobile groynes" are not needed) the flow velocity is not unfavourably influenced. 
Potential savings in terms of costs through possibly lower dredging requirements or positive effects on the 
environment in the river basin cannot yet be quantified. Research in this area is still pending. However, the fact 
that it is possible to regulate the river basin flexibly in terms of time and thus react specifically to weather 
phenomena is already promising. 
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Figure 43: Use of a "mobile groyne" and its effects on the fairway.  It can be shifted up - and down-stream (acting like a training wall) , as well 

as it can be turned into fairway  (acting like a groyne)  impacting the sediment transport and water depth there.  In the case of high water, it 

can be put parallel to the bank or it can be completely removed. Source: viadonau.  

 

 

Figure 44: Two sketches from Lorenz-Liburnau (1890), showing that already at that time the use of "mobile groynes" was considered.  
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4.6. Nature based solutions 

Schielen (2022) gives a very concise overview of latest developments relating to the application of Nature Based 
Solutions (NBS), providing possible win-win solutions for dealing with a faster-changing climate. At the beginning, 
reference is made to the heavy rainfall and floods in the year 2021, which indicate rapid climate change. They 
caused severe damage, especially in Germany, but also in the Netherlands and Belgium. Discharges from the Meuse 
River exceeded levels never before observed during the summer. The associated damage amounted to around half 
a billion euros. In the past, severe high and low water events occurred with increasing frequency. However, the 
time span between these events was - the further one looks into the past - longer and was usually in the range of 
several years. Nowadays, such events occur over a shorter period of time. For example, in 2018, there was a severe 
high-water event at Lobith in January, and a severe low-water event in August of the same year. The difference in 
water level was 8 m within one year, which is a remarkable difference in level compared to the records. Other 
extremes are observed to follow each other more quickly. A similar message was conveyed by COP26 and the IPCC's 
Sixth Assessment Report (IPCC (2021), which was underscored by COP26 speakers such as Prince Charles and Sir 
Richard Attenborough, who pointed out that the impacts of climate change can be devastating and that Nature 
Based Solutions can be one way to address them. Nature Based Solutions are not new. Mackin mentioned as early 
as 1948 in his "Concept of the Graded River," " ... working with rivers rather than working on rivers ..." (Mackin 
(1948)). He described even at that time that all one had to do was to take advantage of the natural processes of 
the river. This concept has several names meaning the same: Nature Based Solutions, Building with Nature, 
Engineering with Nature, Natural Flood Risk Management, and several more. They have many benefits besides 
flood risk reduction: for example, in terms of agriculture, recreation, and habitat in general. There are many 
guidelines with best practices and examples, but they are not yet widely used. Ventures are often in a pilot phase 
and need to be scaled up to become mainstream. However, this is a rapidly growing field in science and application. 
Nature Based Solutions are defined as measures reflecting a "working with nature" approach; they mitigate flood 
risk while being cost-effective, resource-efficient, and providing multiple environmental, social, and economic 
benefits. The International Guidance Document on Natural and Nature-Based Features for Flood Risk Management 
was published in August 202123 (Bridges et al. (2021)). This document is a very comprehensive guideline providing 
practitioners with the best available information concerning the conceptualisation, planning, design, engineering, 
construction, and maintenance of natural and nature-based features to support resilience and flood risk reduction 
for coastlines, bays, and estuaries, as well as river and freshwater systems. It contains five parts dealing with fluvial 
systems. It is not an instruction guide, but it offers suggestions and insights into benefits and best practices, as well 
as an eleven-step checklist for fluvial systems:  

1. Complete a system analysis.  
2. Specify your specific challenge. 
3. Locate your position in the catchment (upper, middle, or lower). 
4. Create awareness of the challenge.  
5. Select a measure appropriate for your challenge and location in the catchment.  
6. Formulate a design and involve stakeholders, NGOs, landowners, and local authorities to get their support.  
7. {ŜƭŜŎǘ ŀǇǇǊƻǇǊƛŀǘŜ ƳƻŘŜƭǎ ǘƻ ǎƛƳǳƭŀǘŜ ǘƘŜ ƳŜŀǎǳǊŜΩǎ ŜŦŦŜŎǘΦ  
8. Formulate a long-term plan to monitor specific processes and parameters including adaptive management.  
9. Make sure there is sufficient funding to construct the measure.  
10. After construction, implement the monitoring plan.  
11. Regularly check whether the objective is being reached and the measure is working as anticipated.  

In general, Nature Based Solutions can work in larger and smaller systems. However, solutions may vary depending 
on the river system, e.g., a leaking dam concept that works on Eddleston Water would not work on the Rhine, where 
natural ways to increase discharge capacity are sought for flood control. With respect to navigation, low discharges, 
low water levels, and degradation are a problem. Especially when rock layers become more and more obstacles 
during low water because they do not show erosion or erosion is much slower than that of the river bed (Fig. 45). 
The Dutch Rhine system experienced 1 up to 2 m of degradation between 1959 and 2018, and trends are constantly 

 
23 https://ewn.erdc.dren.mil/?page_id=4351  

https://ewn.erdc.dren.mil/?page_id=4351
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changing. Low discharges in combination with erosion lead to a restriction of the space available for navigation (Fig. 
45). The impact is even more severe when solid layers, such as rocks, are present. In addition, cables, locks, sluices 
and connecting channels may become obstacles due to degradation of the riverbed as they may be considered in 
the same manner as fixed obstacles. Natural solutions may solve a part of the problem. Possible solutions that have 
been explored in the Netherlands include the "room for the river" concept24, where discharge capacity has been 
increased, but space for biodiversity and recreation has also been created (Fig. 46). Another solution is the 
construction of longitudinal dams, which seem to be a technical solution, but also create side arms with the 
mentioned benefits, in addition to providing enough water for navigation during low water (Fig. 47). Similar positive 
effects can be achieved by reconnecting flood plains (Fig. 30). The fourth measure mentioned concerns sediment 
nourishment (Fig. 48), a technical solution in which sediment or gravel is introduced into the river to mitigate bed 
erosion. 
 
 

 
 

Figure 45: Erosion with non-eroding fixed layers in fairway, e.g. rocks ( left ).  Impacts of low discharge without erosion and with erosion (right ).  

Source: Schielen (2022). 

 

 

 
Figure 46: Eight different Room for the River measures . Source: Silva et al.  (2001). Additional measures not featured in the figure relate to 

creating a by -pass or a high water channel, as well as proper land use planning within the floodplain, preventing the increase of flood 

exposition25.  

 
 

 
24 https://www.dutchwatersector.com/news/room-for-the-river-programme  
25 https://www.stowa.nl/deltafacts/waterveiligheid/waterveiligheidsbeleid-en-regelgeving/room-river#Technical  

https://www.dutchwatersector.com/news/room-for-the-river-programme
https://www.stowa.nl/deltafacts/waterveiligheid/waterveiligheidsbeleid-en-regelgeving/room-river#Technical
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Figure 47: Longitudinal dams (left). Reconnecting flood plains (right). Source: Schielen (2022).  

 

 
Figure 48: Sediment nourishment. Source: Schielen (2022). 

 

viadonau has already implemented several projects on the Austrian Danube in the past that use synergies between 
navigation and ecology in order to serve both aspects of the river basin. For example, a gravel island was heaped 
up at the flow cross-section in the "Rote Werd", a critical shallow section for navigation, which narrows the cross-
section in such a way that aggradation can no longer occur locally in the navigation channel (Fig. 49). In this way, 
the natural dynamics of the river were used sustainably to provide the prescribed fairway parameters for navigation 
without additional dredging measures. In addition to the hydraulic engineering optimisation, the island bank also 
has ecological advantages: on the back side of the island, calm areas protected against wave action and flowed 
through were created, which represent valuable fish spawning grounds. In addition, the island created new 
shorelines and areas with different flow conditions, creating new habitats. A total of around 50,000 m3 of gravel 
from maintenance dredging was relocated for the creation of the island, showing how gray (traditional engineering) 
and green (natural) solutions can be combined in a meaningful way 26. 

 
26 binnenschifffahrt-online, 2018, https://binnenschifffahrt-online.de/2018/03/haefen-wasserstrassen/2914/kuenstliche-
donau-insel-soll-seichtstelle-rote-werd-beheben/ . Accessed on: 02.06.2022. 

https://binnenschifffahrt-online.de/2018/03/haefen-wasserstrassen/2914/kuenstliche-donau-insel-soll-seichtstelle-rote-werd-beheben/
https://binnenschifffahrt-online.de/2018/03/haefen-wasserstrassen/2914/kuenstliche-donau-insel-soll-seichtstelle-rote-werd-beheben/





























































































































