




Table 4.2: Drivers and impacts to inland navigation

4.2.1 Water supply in the navigable river sections/waterways

Climate drivers in the form of increases and decreases in precipitation and changes in form and      
quantity of seasonal precipitation will cause a range of impacts to inland navigation (see Figures 4.6 
and 4.7).
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Figure 4.6: Precipitation changes over North America from the MMD A1B simulations: 
(top row) annual mean, DJF and JJA fractional change in precipitation from 1980 1999 

to 2080 2099, averaged over 21 models; (bottom row) number of models out of 21 
that project increases in precipitation (after IPCC, 2007d, Figure 11.12), 

superimposed over map of navigation from DOT freight analysis

These include increased and decreased water level and velocity, and resultant changes in sedimenta-
tion processes such as bank failure, local scour, and locations of aggradation and degradation. Chang-
es in water levels that impact the movement of sediment, and hence channel maintenance activities, 
will require increased or decreased dredging, depending on the locations and specific impacts. 

Changes in water level and velocity can also impact manoeuvrability and operational efficiency of 
navigation structures. Navigation structures may also experience loadings different from design load-
ing, affecting stability and resiliency. Higher water levels could require modifications to existing 
ports and mooring areas or reduce their potential for expansion. 

Changes in the timing of seasonal high water and seasonal low water may impact shipping and 
maintenance schedules. These issues are already being observed in the North American Great Lakes, 
where falling lake levels due to changes in precipitation reduces ship clearance in channels and har-
bours and increases demand for dredging (Kling et al., 2003).
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Figure 4.7: Precipitation changes over Europe from the MMD A1B simulations: 
(top row) annual mean, DJF and JJA fractional change in precipitation from 1980 1999

to 2080 2099, averaged over 21 models; (bottom row) number of models out of 21 
that project increases in precipitation (after IPCC, 2007d, Figure 11.5), 

superimposed over map of main inland navigation routes

4.2.2 Water temperature

Changes in water temperature are expected to affect navigation primarily through regulations to pro-
tect and enhance riverine and estuarine ecosystems. Warmer water temperatures, resulting in an in-
creased occurrence of oxygen deficits for the same nutrient loading, will adversely impact these eco-
systems. Since oxygen deficits are often compensated by discharging water over spillweirs, the water 
depth in navigable rivers could be reduced.

4.2.3 Extreme hydrological conditions

The occurrence of more extreme floods and droughts will exacerbate impacts identified in Section 
4.2.1. Increased flood levels may result in the need for re engineering infrastructure design (Caldwell 
et al., 2002). For example, Figure 4.8 depicts the changes to a dredged basin of the barrage at the 
River Rhine after a single extreme event. The large changes were caused by the suspended load trans-
ported from Switzerland due to the large summer flood in 2005. 
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Figure 4.8: Changes to a dredged basin at a barrage in the River Rhine 
after an extreme high water in August 2005  (left: bathymetry before the extreme discharge, 

right: bathymetry  after the extreme discharge, inset diagram: suspended load)
 (courtesy of Federal Institute of Hydrology, Germany)

4.2.4 River morphology 

The changes in sediment load will cause changes in river bed erosion and river dune development, 
as well as changes in floodplain sedimentation, and therefore will require an adaptation of sediment 
management, i.e. dredging or artificial sediment supply. Changing erosion, scour, and sedimentation 
patterns will also impact ecosystem structure and functioning.

4.2.5 Changes in ice cover

Although climate trends indicate shorter periods of ice cover, a high degree of variability in local 
climatic conditions is still expected to cause ice impacts to inland navigation in many years. Warmer 
early winter air temperatures, followed by a rapid decrease in air temperature, can result in thicker 
or rougher than normal ice cover formation or freeze up jamming. For example, the early winter of 
2006-2007 was relatively warm in the continental United States, with the result that few ice covers 
were formed. When temperatures dropped in late January, the combination of ice-free rivers and 
high discharge resulted in significant ice production which impacted navigation along the Mississippi 
River (Figure 4.9). While reducing the period of ice cover, earlier break up can coincide with higher 
than normal ice strength, resulting in midwinter ice jams that freeze in place or jams that occur in dif-
ferent locations than expected. In the Great Lakes, decreased duration of ice cover may be beneficial, 
resulting in extended navigation seasons.
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Figure 4.9: Tows delayed during ice conditions, Melvin Price Locks and Dam, 
Mississippi River, February 2007; ice build up in the lock caused one tow to become stuck, tem-

porarily shutting down the lock; later, width restrictions were implemented 
(photo by Russell Elliott courtesy of US Army Corps of Engineers)

4.3 Responses 

Discussion in Sections 4.1 and 4.2 of climate drivers and impacts indicates that rivers, channels,      
canals, and infrastructure will be impacted most by observed and expected climate changes, followed 
by navigation system operations and vessels. Impacts to rivers, channels and canals may be mitigated 
through changes in operational control of flow or by modifications to channel maintenance. Because 
water supply for inland navigation is intimately connected to and competing with other water users 
such as domestic water supply, industrial and agricultural demand, and ecosystem requirements, ope-
rational changes to water control will require legal and environmental analyses. However, control of 
water flow to improve navigation may well be in line with the principles for flood mitigation (IKSR, 
1998). Similarly, changes to existing maintenance practices such as channel and bank stabilization 
and dredging, will also require legal and environmental analyses before proceeding. Navigation sys-
tem operation may benefit from increased use of automation, queuing procedures and the application 
of River Information Services (PIANC, 2002).

- 41 - 



Extension of the time range of water level forecasts, increased data sharing regar-ding unexpected 
hazardous conditions or conditions requiring restrictions, and lessons learned from response suc-
cesses and failures, should also improve system operation in the face of climate changes. Impacts 
to infrastructure will require analysis of existing structures and potentially re engineering to meet 
expected loadings under various climate change scenarios. 

Impacts of climate change relevant to inland navigation, such as low water levels or floods, are well 
known phenomena in many parts of the world. The users of the navigation systems and the opera-
tors of the vessels try to respond to these phenomena in a way that assures the reliability of inland 
navigation. Thus, possible responses of the inland navigation sectors to the impact of climate change 
are already known and often applied (Middelkoop and van Deursen, 1999). Changes in transport 
management and operation of the vessels are short term responses addressing situations, when navi-
gation is inhibited for a short period of time. If navigation conditions are altered over longer periods 
of time, adaptation of the fleet and new vessels of different design seem to be inevitable. Waterway 
users sometimes have to respond, when the providers of the waterway cannot take action. Caldwell et 
al. (2002) addressed impacts in the US Great Lakes, Mississippi River and the St. Lawrence Seaway 
and noted that decreased water levels in the absence of increasing authorized dredged channel depths 
may require either light loading of current vessels or use of vessels with decreased draft.

Table 4.3 summarizes possible responses by inland navigation to climate change impacts. Some 
of these responses require additional investment and/or cause higher operational costs. In other 
words, there are not only legal or technical, but also economic limits to these responses (Renner and                 
Bialonski, 2003). Obviously, there is a portfolio of responses and in order for inland navigation to 
make the best choices of adaptation to climate change, the costs and benefits of the individual mea-
sures/responses should be known.
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Table 4.3: Possible responses of inland navigation to climate change impacts
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5 Mitigation – Navigation contributions to reduction of greenhouse gas  
 emissions

In 2004, transport caused some 23 % of the world’s energy-related greenhouse gas (GHG) emissions 
(International Energy Agency, 2006). Transport’s GHG emissions have increased at a faster rate than 
other energy using sectors, with freight transport growing even faster than passenger transport. Even 
though some 90 % of global merchandise is transported by sea, navigation currently seems to count 
for less than 10 % of transport GHG emissions (Kahn Ribeiro et al., 2007). 

The contribution of navigation to global warming is still highly debated. Studies by the Institute of 
Atmospheric Physics of the German Aerospace Centre, DLR, and by the College of Marine and Earth 
Studies of the University of Delaware, USA, conclude that emissions from maritime navigation count 
for 2.7 % of all anthropogenic CO

2
 emissions. Further studies by DLR reveal the aerosols from ship 

emissions causing a cooling of the Earth’s atmosphere that far outweighs the warming effects of their 
GHG emissions.

That makes GHG emissions from navigation appear small compared to road transport or other hu-
man activities. However, with the world maritime fleet growing steadily and with inland navigation’s 
substantial modal share in some of the growth regions of the world such as China, navigation’s share 
of GHG emissions may increase by as much as 75 % in the next 20 years (Vidal, 2007). 

Transport affects people in many ways: it enables economic growth and creates social benefits; at the 
same time it has negative impacts on people’s health, the economy and the environment (WBCST, 
2007). Thus transportation’s GHG emissions will be only one aspect of future transport development 
and must be addressed in the context of sustainable transport.

5.1  Technical, operational and transport management measures for 
 mitigation of GHG emissions from navigation

Numerous measures for the reduction of GHG emissions from navigation have been identified – and 
are already implemented in many cases. The most comprehensive study so far seems to have been 
undertaken by the International Maritime Organisation (IMO). The study identified significant poten-
tial for emission reduction by technical measures, which can be easily implemented, and by opera-
tional measures, which are more effective. The reduction of speed is seen as the single most effective 
measure (Henningsen, 2000). The IMO has commissioned an update of this study to be submitted in 
2010.

The IMO study deals only with maritime navigation and only with measures related to vessels and 
their operation. Table 5.1 includes measures related to navigation infrastructure and transport man-
agement, as they too provide potential for mitigation. Most of the measures can, to varying degree, be 
applied to both maritime and inland navigation.
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Table 5.1: Technical, operational and transport management measures
 for mitigation of GHG emissions from navigation
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The mitigation measures of Table 5.1 are limited to fuel consumption and use of alternative fuels. 
Further GHG reduction potential can be attributed to the use of material and energy during construc-
tion and scrapping of vessels as well as construction, maintenance and demolition of the shipping 
infrastructure.

5.2 Policies and instruments to create incentives for mitigation action

Most of the above mentioned measures are well known, but their application must be substantially 
broadened to have a real mitigation impact. A variety of policies and instruments are available for na-
tional governments and international organisations to create incentives for their application. Table 5.2 
lists those policies together with examples of current or future application in navigation and evalua-
tion of their performance.

Table 5.2: Policies and instruments to create incentives for mitigation (after Barker et al., 2007)

Most of the above mentioned policies and instruments have already been studied and some are applied 
to reduce GHG emissions from maritime navigation (den Elzen, 2007; Henningsen, 2000; IMO, 2005; 
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IMO, 2006; Kahn Ribeiro, 2007). For inland navigation, this seems not to be the case, possibly due 
to the fact that inland navigation 
 • is responsible for much less GHG emission than maritime navigation,
 • constitutes a small industry sector with very limited financial resources, 
 • is not governed by a single international organisation.

5.3 Costs and efficiency of mitigation of GHG emissions

Reducing the speed of vessels has been identified as the most effective measure for reducing fuel 
consumption and thus GHG emissions. This measure, even though it reduces the operational costs for 
the individual vessel, can be uneconomical when the increased travel or turnaround time for the ves-
sel makes it necessary to employ a second vessel or when the cargo is of a very high value. Choosing 
measures that make economic sense is not easy and the cost of the individual measure must always 
be seen in relationship to its GHG emission reduction potential.
 
Studies show that the marginal costs of different mitigation measures vary considerably. Therefore 
measures with lower marginal costs should be given priority. There are even some measures with 
negative mitigation or abatement cost – allowing cutting emissions and reducing cost at the same 
time. Low energy lighting is often cited as an example for such a measure (Enkvist, 2007). Calcula-
ting the marginal costs for different mitigation measures in navigation would enable informed deci-
sion making and allow concentration of further work on those measures that are most cost efficient. 
However, abatement costs and the potential for navigation don’t seem to be included in those studies, 
even when they cover transport in general (Vahlenkamp, 2007). 

One of the most important questions for ship owners as well as regulators is the additional costs that 
navigation will be faced with, either for mitigation measures or for having to buy emission rights in 
a future emission trading scheme. Studies have tried to answer this question for the world economy 
by establishing a price (range) for carbon. For stabilising CO

2
 concentration in the atmosphere at 550 

ppm or less, which is widely seen as a desirable goal, the price ranges from 20 to 80 USD per tonne 
emitted carbon, depending on different factors (The Economist, 2007). Using diesel, the standard fuel 
in inland navigation, as reference, a price of 50 USD per tonne carbon equals some 0.15 USD per litre 
diesel. In other words, under the chosen scenario, ship owners would have to pay some 0.15 USD 
extra per litre diesel consumed by their vessels. 

5.4 Interdependencies between mitigation, safety and environmental 
 protection

Navigation accidents often lead to additional GHG emissions, due to salvage operations, waiting 
times or detours for other vessels. Increasing safety of navigation contributes to GHG reduction. 
In any case, GHG reduction measures that may have a negative impact on the safety of navigation 
should be avoided.

Even though reducing GHG emissions has become more prominent in navigation, the environmental 
agenda of maritime and inland navigation is still determined by measures to reduce pollutants, such 
as NOX and particulate matter. As the burning of fuel is the overriding source of GHG emission from 
navigation, almost any GHG mitigation
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measure will also contribute to the reduction of these pollutants and thus create additional bene-
fits (Berk et al., 2006). However, reducing pollutants does not necessarily go hand in hand with a                
reduction of GHG emissions. For example, producing low sulphur fuel leads to higher CO

2
 emissions 

of the oil refineries.

Many GHG mitigation measures have a positive impact on the aquatic environment as generally 
GHG emission reduction means more (fuel) efficient navigation. This is often achieved by either 
fewer vessel journeys or journeys of vessels that move with lower engine power and thus less return 
current, waves or propeller current (PIANC, 2007)

5.5 Climate change mitigation – opportunities for navigation

Navigation, like many other sectors of the economy, will face serious risks from climate change, with 
unstable and unfavourable weather conditions making navigation difficult or even impossible, being 
one of them. Other risks derive from changes in transport demand. In certain parts of the world, fossil 
fuels such as coal and oil, which constitute perhaps the most important cargoes for navigation, will be 
replaced by other fuels or renewable sources of energies. 

However, research suggests that navigation may well be one of the winners of climate change, most 
likely due to regulatory measures for climate change mitigation. As transport demand for some        
traditional cargoes of navigation will decrease, demand for other cargoes will increase as the indus-
try producing or consuming these cargoes benefits from climate change and in particular from the 
regulatory-market economy dimension of climate change. For example, producers of biogenic fuels 
will create transport demand for their raw materials as well as for their final product. Other industries 
being identified as winners of climate change and traditionally relying on transport by navigation are, 
for example, the chemical and the construction industries (Heymann, 2007). 

Navigation is characterized by low energy consumption and therefore a small carbon footprint; in 
addition it has a good potential for reducing it even further (Ilgmann, 1998; Henningsen, 2000). Its 
climate-friendly image makes it already attractive for shippers of cargo. Carbon pricing or other regu-
latory measures will make it even more so and will give it a competitive edge over other modes of 
transport, especially road transport and aviation. Thus, being itself relatively climate-friendly and be-
coming a tool for mitigation of GHG emissions in tomorrow’s world economy, navigation may even 
be a double winner from climate change. Fuglestvedt et al. (2008) prepared a comprehensive analysis 
of radiative forcing by subsector of transport. Road transport was found to be the largest contributor 
to warming while shipping causes net cooling. Figure 5.1 identifies forcing from CO

2
 alone.
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Figure 5.1: Historical development in CO2 emission from the transport sector (left axis) 
and development in CO2 emissions from the various transport subsectors as a fraction 

(right axis) of total man-made CO2 emissions (excluding land use changes) 
(reproduced from Fuglestvedt et al., 2008)

- 49 - 



6  Conclusions 

Recognition of current climate change impacts and future impacts – both anticipated and unantici-
pated - provides an opportunity for the navigation community to shape polices, adaptation strategies 
and mitigation measures for inland and maritime navigation. This report explores climate change 
impacts and potential responses to infrastructure, vessels, and transport management in an effort to 
create a continuing dialogue for consideration of adaptation or mitigation strategies to climate change 
by the navigation community. 

We consider adaptation to include strategies that adapt our current systems and infrastructure to       
account for changing climate. Mitigation, on the other hand, refers to activities that directly decrease 
the contributions to global warming, which is the major driver of climate change. According to IPCC 
(Adger et al., 2007), many impacts can be avoided, reduced or delayed by mitigation, and while some 
adaptation is currently underway to address observed and projected climate change, more adaptation 
is required to reduce vulnerability and consequences associated with climate change. They point 
out that sustainable development is required to adapt successfully to climate change, but that costs 
could be prohibitive for some adaptation alternatives. The European Union recently implemented a 
Water Framework Directive, including for all new projects the concept of climate-proofing, defined 
as “Ensuring the sustainability of investments over their entire lifetime, taking explicit account of a 
changing climate.” This may become an important driver in all future planning processes. Portfolio 
management of adaptation and mitigation options may be useful in prioritizing investment strategies 
to encourage sustainable development.

Ideally, the navigation community will employ adaptive planning, operational, and infrastruc-
ture decision-making that take into account natural and social system features and the impacts of                      
incremental changes over time. A comprehensive systems approach that allows continuous upgrades 
as new knowledge emerges and new engineering practices are developed will support satisfactory 
system safety and performance under the dynamic conditions and in the face of nonlinear processes 
associated with climate change.
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