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A B S T R A C T

Inland waterways are vulnerable to climate change as river navigation depends on water levels.
Droughts can severely disrupt inland navigation services by reducing water levels either to
completely non-navigable ones or to levels that oblige operators to reduce vessel load. We
analyse the impacts of droughts induced by climate change using projections of river discharge
data provided by eleven different climate model runs. We consider location specific character-
istics by focusing the analysis on four specific locations of the Rhine and the Danube where a
substantial part of the total freight activity in the European Union (EU) takes place. For the
majority of the cases and scenarios considered, a decrease of the number of low water level days
is projected, leading to fewer drought related disruptions in the operation of the inland waterway
transport system. Although the uncertainties from the climate projections should not be ne-
glected, the navigation sector could benefit from global warming which means that European
inland waterways might be one of the few sectors where climate change can have negligible, or
even positive, impact. The average economic benefit, for the cases considered, from the decrease
of low water levels by the end of the century is projected to be almost €8million annually.

1. Introduction

Inland Waterways (IWW) play a significant role in freight transportation in Europe. The freight activity by IWW between EU
Member States is only slightly smaller to that carried out by rail and one third of the corresponding figure by road. IWW are
considered to be a very reliable mode, but can be more vulnerable to climate change than road or rail because of the reliance of river
navigation on water levels and the limited flexibility of the European inland waterways network. Extreme weather events affecting
IWW include floods during which water levels exceed the maximum permitted ones and droughts due to which water levels become
critically low imposing limitations to navigation services (Jonkeren et al., 2007).

Besides the water levels, the formation of ice can also be disruptive to the operation of IWW especially in slow flowing rivers; for
example shipping on the Danube was interrupted for several days during the winters of 2005 and 2006 due to ice formation (Scholten
and Rothstein, 2016). However ice has limited effects in terms of duration or frequency, which are expected to be reduced further due
to the projected increase of temperatures in the (mid- and long-term) future.

Higher than normal water levels can affect IWW navigation especially when they exceed a critical limit as determined by in-
frastructure while stronger and adverse currents can increase the likelihood of accidents currents and travel times. The impacts of the
latter would be impossible to consider as we do not have projections on currents while, regarding the former, floods are considered to
have less severe impacts on IWW transportation than droughts because of their relatively shorter duration (Hendrickx and
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Breemersch, 2012; Scholten and Rothstein, 2016; Jonkeren et al., 2007). In addition, droughts can severely disrupt inland navigation
services by reducing water levels either to completely non-navigable ones or, more frequently, to levels at which operators are forced
to reduce the vessels' load factors. The analysis of the daily variation of the discharge data over the modelled period shows that the
lower limit of water levels tends to be exceeded more frequently than the higher one. This indicates that low discharge levels are
expected to be more disruptive to IWW traffic than high ones.

Droughts and as a result low water levels, may disrupt IWW activity by imposing restrictions to the amounts of loads transported,
increasing the number of vessels to compensate reduced load factors or increasing travel times when vessels stop and wait for the
water levels to rise again. Furthermore, a possible reaction of the market to disrupted navigation services might be shifting to more
resilient to climate change (but more environmentally harmful in terms of carbon emissions per tonne of cargo) modes such as road.
Jonkeren et al. (2011) found in their study which focused on the impacts of climate change on the river Rhine that the effect of low
water levels on modal split is limited. They estimated that the majority of the freight lost in IWWwill be transported by road transport
(around 70%) with negative impacts on the environment (higher emissions) and further loading of an already congested road
network.

Our main objective in this paper is to assess the economic implications of climate change for inland waterways transport by taking
into account the uncertainty associated with climate projections. We focus on the impacts of droughts on four key ports on the Rhine
and the Danube. We use high resolution projections of future water discharges based on different long term climate model runs. Our
method allows the estimation of the number of days for which the water levels at each point examined will be below the threshold
determined for each type of ship and quantifies the cost or benefit compared to the historical frequencies of such events.

The estimation of the economic impacts of climate change is of high importance for policy-makers and can influence decisions
regarding relevant investments. We estimate a moderate but positive impact on the majority of the cases considered as a result of a
decrease of low water levels. Furthermore, this exercise highlights the importance of multiple factors including spatial detail when
estimating the impacts on transport. Assessing the impacts of climate change is a particularly challenging task and one of the reasons
is uncertainty. Particularly for measuring the impacts of climate change on transport, uncertainty is very distorting because the level
of detail (including spatial resolution) required to measure vulnerability is difficult to be matched by the level of detail at which
climate projections are commonly produced. In order to address the issue of uncertainty, the economic impacts of droughts on IWW
are estimated using eleven different climate model runs while a hydrological model is used to produce river discharge projections.

This study was completed in the context of PESETA III project (Projection of Economic impacts of climate change in Sectors of the
European Union based on bottom-up Analysis)1 in which other transport sectors considered include seaports (Christodoulou et al.,
2018) and airports. The economic impacts of droughts are quantified by focusing on the impacts of change of transport activity in
terms of cargo transported or, better, cargo transportation potential of a given fleet. The impacts of climate change on IWW are
estimated by combining physical impacts with activity data on the IWW network.

2. Measuring the impacts of droughts on inland waterways

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

In this study, we combine daily discharge values with information on the relationship between water levels and discharges2 in
order to identify critical discharge levels. Depending on each scenario's expected frequency of low water levels, we estimate the
impacts on transport activity and relevant costs for different scenarios. The relation between water levels and discharges might
change – even drastically in some cases – over time while it can be affected by human interventions. The U.S. Geological Survey
estimated for the Mississippi and Missouri rivers more than two meters changes of the waters levels corresponding to the same
discharges during the last two centuries.3 However, even in the same river there might be opposite trends in different locations while
even in the same locations, the changes might fluctuate from positive to negative over the years (Pinter et al., 2006). Considering that
relevant trends are not necessarily consistent but also the scope of this study, a constant relationship between water level and
discharges is used to estimate the impacts of projected discharges ceteris paribus.

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

1 https://ec.europa.eu/jrc/en/peseta-iii.
2 E.g. ELWIS, 2016; Scholten and Rothstein, 2016; https://www.pegelonline.wsv.de/gast/start
3 https://www.umesc.usgs.gov/aquatic/jwlosinski_5001295.html.
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Low water levels affect IWW transportation by reducing the navigability of vessels. Practically, up to a certain level of water the
maximum draught of the ship cannot be utilised and the ship has to be operated at limited capacity, i.e. the cargo that can be
transported is reduced. As a result, more vessels have to be operated, or ships have to wait until water levels will rise, or the total
amount to be transported has to be reduced in absolute values. Although the positive relationship between cargo amounts and water
levels has been proven using detailed data for specific gauges, the number of ships seems to be weakly connected to water levels for
both the Danube and the Rhine rivers (Scholten and Rothstein, 2016).

Furthermore, under certain demand it is expected that prices should have a negative relationship with water levels. Jonkeren
et al. (2007) found that price per tonne may increase significantly during periods of low water levels, especially for vessels passing
from Kaub. On the other hand, the results in Scholten and Rothstein (2016) do not clearly indicate a similar tendency. In general,
market prices are affected by various factors, including seasonal demand, mode competition, direction of trip (the prices for upstream
trips are higher than those for downstream trips as fuel consumption is higher), closure of a gauge for other reasons etc. The
consideration of price differentiation according to water levels is beyond the scope of this study, especially taking into account the
long term projections used and data restrictions. However, as will be shown later, to represent price variation a range of prices is used
for the monetary cost estimation.

The most important assumptions that have been made for the estimation of the impacts of climate change on inland waterways
transport are summarised in the following points:

• The estimation of the impacts of droughts is based on discharges. The correlations between water levels and discharges for the
four points are shown in Fig. 1. They have been determined using data from comprehensive and reliable sources including the
following ones: ELWIS (2016), BMLFUW (2012), Scholten and Rothstein (2016), Bolle and Schwab (1980), https://www.
pegelonline.wsv.de and http://undine.bafg.de. ELWIS and Pegel-Online datasets/information systems are supported by the
General Direction for Federal Waterways and Shipping in Germany (Wasserstrassen- und Schifffahrtsverwaltung des Bundes,
Generaldirektion Wasserstarssen und Schifffahrt), BMLFUW refers to the Austrian Federal Ministry for Agriculture, Forestry,
Environment and Water while the Undine information platform is supported by the Federal Ministry for the Environment, Nature
Conservation and Nuclear Safety of Germany.
• The relationships between discharges and water levels have been determined based on time-series data and are assumed to remain
unchanged over the course of the projection period. Forecasting the over-time development of these relationships would be
extremely complicated, considering the relevant changes of the waterbed, sediment transport etc., and beyond the scopes of this
study. Furthermore, trends might not be consistent and changes might fluctuate from positive to negative (Pinter et al., 2006)
• The assessment of the impact of droughts on transport activity is based on the relationship of the bearing capacity of vessels with
water levels. Key variable is the level of discharges, or better, the distribution of the time periods according to discharge levels.
Transport activity data are given in average annual day tonnes and are assumed to correspond to normal water levels. This level of
detail for an analysis of future impacts is quite unique and could only be achieved with the help of high spatial and temporal
resolution discharge data.
• The transport activity considered is the total activity on the links intersecting the points examined. Activity and its distribution to
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Fig. 1. Relationship between water depth and discharge for the points considered.
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different types of vessels are assumed to remain unchanged over the projection period. Activity projections, that could be used to
relax this assumption, would be still subject to other assumptions and very difficult to obtain at this level of spatial detail. Hence,
they would not be without noise which should be also considered in the interpretation of the results. Furthermore, by not
changing activity over time, we can evaluate the impacts that future climate conditions would have on current activity and obtain
easy to interpret estimates.
• Transport costs per day were determined by combining cost data (cost per tonne) for specific trips with average travel time
estimates for these trips. The difference between the low and high values used is meant to serve as an indication of the variation of
prices that may occur for different reasons, including direction of trip (upstream or downstream), seasonality, etc. The potential
impact of water levels on cost is not modelled explicitly and costs are assumed to remain constant over time. On one hand,
assuming no changes over time might be a strong assumption but, on the other hand, it ensures that the calculated monetary cost
reflects only the impact of climate change.

The main steps taken for the estimation of the economic impacts of low water levels are the following:

• Data on river discharges are used to calculate the number of days with discharge values within location-specific thresholds. Daily
projections of river discharges offer a great opportunity to specify with precision the level of operation of the IWW system during
the year.
• The results are combined with data on IWW freight activity and indicators regarding the impact of water levels on the bearing
capacity of different types of vessels to estimate the impact on the amounts of cargo transported. By using activity at link level we
focus on freight associated with the specific locations which is a good estimation of the traffic to be affected according to the
duration of a drought event.
• The resulting cost or benefit is estimated by combining freight activity with transport cost values and comparing with the re-
ference period. By maintaining the levels of activity and costs over time, the monetary differences can be attributed to climate
change and refer to present day values.

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

3. Calculation and data

3.1. River discharges

We model the impacts of droughts on inland waterways using the discharge levels produced by the LISFLOOD hydrological model.
LISFLOOD is a GIS-based spatially-distributed hydrological rainfall-runoff model (De Roo et al., 2000; Van der Knijff et al., 2008;
Burek et al., 2013). The LISFLOOD model calculates a complete water balance at a daily time step for every grid-cell (5× 5 km). The
produced runoff is routed through the river network. More details on the model setup can be found in Burek et al. (2013).

To understand the current and projected future climate, numerical climate models are used to describe the physical processes of
the climate system. General circulation models (GCMs) describe the various climate components at a global scale. Due to the high
complexity of GCMs, it requires a large amount of computational resources. Therefore, regional climate models (RCMs) are using the
GCM output data to describe the local consequences of the global change in more detail. Every model applies different but plausible
methodologies to simplify the representation of earth’s physical processes and therefore generates different outcomes to describe
current and future climate, also known as climate modelling uncertainty. To account for this uncertainty within the framework of the
PESETA III project (Ciscar et al., 2018), 11 climate simulations within the EURO-CORDEX initiative (Jacob et al., 2014) are selected
for current and future climate (Table 1).

The simulations of the future climate in EURO-CORDEX use the new Representative Concentration Pathways (RCPs) as defined in
the Fifth Assessment Report of the IPCC (Moss et al., 2010). The climate projections considered in this work are all based on RCP8.5
(Riahi et al., 2011). The RCP8.5 scenario represents a situation in which emissions continue to increase rapidly (worst case scenario),

Table 1
EURO-CORDEX climate projections used in this study.

Institute GCM RCM

1 CLMcom CNRM-CM5 CCLM4-8-17
2 CLMcom EC-EARTH CCLM4-8-17
3 IPSL IPSL-CM5A-MR INERIS-WRF331F
4 SMHI HadGEM2-ES RCA4
5 SMHI MPI-ESM-LR RCA4
6 SMHI IPSL-CM5A-MR RCA4
7 SMHI EC-EARTH RCA4
8 SMHI CNRM-CM5 RCA4
9 DMI EC-EARTH HIRHAM5
10 KNMI EC-EARTH RACMO22E
11 CLMcom MPI-ESM-LR CCLM4-8-17
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and typically exceed 3 °C warming before the end of the current century.
After post-processing, the 11 climate projections are used as input for the LISFLOOD model. From LISFLOOD’s output, we used the

daily discharges (in m3/s) from 1981 to 2099 to calculate the number of days for which the discharges are within a certain threshold.
The results are aggregated to four time periods and the values reported refer to annual average number of days over the three periods
of analysis and the historic period:

• Short term future: 2011–2040
• Mid-term future: 2041–2070
• Long-term future: 2071–2099
• Historic period: 1981–2010

Apart from uncertainties in the model structure or parameters, the climate projections used here are accompanied by large
uncertainties due to varying, though plausible estimates of future warming. Therefore, we use an ensemble of 11 climate simulations
to increase the range of possible input values and ensure that our analysis represents a wide range of plausible future climate
projections.

3.2. Bearing capacity

The impacts of low water levels on transport activity and -as a result- on the corresponding costs depend on the draught of the
vessel and the gauge of the channel or river. As water levels become lower, vessels operate at reduced capacity in order to reduce
their draught, until the point of minimum water at which no transport activity is possible at all.

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

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

Fig. 2 presents the bearing capacity (as proportion) of different types of vessels at given water levels. It has been constructed based
on relevant information provided in Scholten and Rothstein (2016) that has been adapted to correspond to the CEMT classification
(European Conference of Ministers of Transport) of inland waterways in order to be compatible with the freight activity data. Larger
CEMT classes correspond to bigger vessels with bigger drought which are less resilient to the reduction of water levels.

The values in Fig. 2 are combined with transport activity data to estimate the total capacity to be carried through a point at given
water levels. The discharges corresponding to the water levels for the specific points on Rhine and Danube are obtained with the help
of the relationships presented in Fig. 1.

3.3. Freight activity

For the estimation of the economic impacts of low water levels, transport activity figures for 2015 are used (Fig. 3). Only freight
transport is considered and the demand is based on the ASTRA-EC (ASSIST, 2014; TRT, 2003) projections. Transport activity is
expressed in average year day tonnes carried by each type of vessel. Following the assignment of demand on the IWW network of
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TRANSTOOLS4, transport flows for each link are estimated. The activity on the four points of interest (Ruhrort, Kaub, Wildungsmauer
and Hofkirchen) is calculated by considering the flows (in terms of tonnes) on the links intersecting these points.

4. Results and discussion

4.1. Discharges

We used the discharge values of the eleven model runs to estimate the impacts of low water levels at the four selected points. In
order to allow the comparison between the different scenarios and points, the number of days with water levels below 1.5m is
calculated for each of the three future periods and the eleven model runs. The results are presented in Fig. 4 and the vertical lines
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4 More information on the TRANSTOOLS model: http://energy.jrc.ec.europa.eu/transtools/documentation.html.
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represent the variability of the different model runs.
For the two sites on the Danube, the number of days with low water levels is projected to decrease compared to the historic period

for both points (Wildungsmauer and Hofkirchen). For Ruhrort on Rhine, the average number of low water days is projected to
increase while for Kaub on Rhine to marginally increase in the last period (2071–2099) following an initial decline. For compar-
ability, in the ECCONET project (Nilson et al., 2012) a general trend of declining of the number of days with discharges under-
shooting the 95th percentile of the flow-duration curve was observed during the observed period (1950–2005) for both Rhine and
Danube.

Further elaborating on the critical water levels per ship type (Fig. 2), the distribution of the number of days of each of the four
time periods to the six following groups is calculated:

• Q0: number of days with discharges corresponding to gauge below 1.5m
• Q1: number of days with discharges corresponding to gauge between 1.5m and 2m
• Q2: number of days with discharges corresponding to gauge between 2m and 2.5m
• Q3: number of days with discharges corresponding to gauge between 2.5m and 3m
• Q4: number of days with discharges corresponding to gauge between 3m and 3.5m
• Q5: number of days with discharges corresponding to gauge higher than 3.5m

In Fig. 5 the distribution for each one of the four locations is presented. It refers to the average number of days as estimated by the
eleven model runs. It is observed that there is a general trend to decrease the number of days with lower water levels and increase the
number of days with higher water levels. As a result, the IWW network is projected to operate with fewer disruptions due to low
water levels in the specific locations. An exception is Ruhrort, where the frequency of Q3-Q5 events after 2070 is expected to be at
marginally higher levels than today. This projection is driven mainly by scenario 10 (Institute: KNMI, GCM=EC-EARTH and
RCM=RACMO22E), which assumes a lower discharge volume for the Rhine in the period 2070–2100, a decrease which would be
particularly pronounced in Ruhrort (Fig. 6).

4.2. Economic valuation

We calculate the monetary costs or benefits by combining current activity data with bearing capacity restrictions and trans-
portation cost. To determine the range of unit transport costs, data from various sources were considered, including Scholten and
Rothstein (2016) and Bruinsma et al. (2012). The range aims to capture price variation that may be attributed to various reasons
including season, direction of trip (upstream-downstream), data etc.

For the Rhine market, according to the ECCONET project (Bruinsma et al., 2012), transport cost varies from 3.5€/t to 7.5€/t for
the Rotterdam-Duisburg trip and from 9€/t to 20€/t for the Rotterdam-Basel trip. According to Scholten and Rothstein (2016) the
price range for trips from and to the ports of Amsterdam, Rotterdam and Antwerp is from 15€/t to 25€/t for Danube, and from 5€/t to
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12€/t for Rhine. Transport cost values for specific trips on Danube and Rhine were combined with the corresponding average travel
time obtained from the results of TRANSTOOLS to calculate transport cost per tonne per day. The daily transport cost values applied
to estimate the economic impacts are 4€/tonne/day (low) and 8€/tonne/day (high).

Fig. 6. Probability distribution of water levels, daily average for 2070–2100 period, normalised by maximum value across all scenarios for each
point (scenario 10 highlighted in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 7. Average annual benefit or cost of low water levels (in comparison to the reference period).
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In Fig. 7 the annual average costs or benefits for each projected future period (2011–2040, 2041–2070, 2071–2099) in com-
parison to the historic period (1981–2010) are presented and the vertical lines represent the variability of the different model runs.

For the majority of the cases (model runs and points), we expect a benefit from the decrease in the number of low water level days.
The expected monetary impact ranges from −€89 million (extreme negative scenario for Ruhrort) to €174 million (most optimistic
scenario for Kaub). On the Rhine -where freight activity by inland waterways is significantly higher than on the Danube- the impacts
are proportionally higher in Kaub, which is considered to be a key bottleneck on Rhine and seems to be benefiting on average
according to the projected discharges.

5. Conclusions

In this study we evaluate the economic implications of climate change for inland waterways transport focusing on the impacts of
low water levels and considering uncertainty associated with climate projections.

Due to the nature of this mode’s network, the location specific characteristics that define the gauge or discharge levels have to be
taken into account in order to evaluate the impact of projected discharges. We focus on four points on the Rhine and the Danube that
are critical for the operation of the inland navigation system across Europe as a whole. We identify location specific discharge limits
and compare the expected daily simulation results against them. This allows us to capture any value below the limits, regardless of
the season, and address the issue identified by Jonkeren et al. (2014) as regards the need to explore (increasing) winter and (de-
creasing) summer discharges separately.

Uncertainty is taken into account by considering various climate change scenarios. Furthermore, the projection potential of the
navigability of the rivers is significantly improved by using discharges from a dynamic hydrological model.

European inland waterways appear to be one of the few sectors where climate change can have negligible or even positive impact
even in the “worst case” RCP8.5 emission scenario. Most climate models simulate an increase of the discharge levels of the main
inland waterways routes, the Rhine and the Danube, probably due to the earlier start of the melt season. The projected discharge
levels would result in higher average water levels and –most importantly- would reduce the number of days with a water level below
the minimum required for navigation.

The results for the selected points show that for the two points on the Danube the number of low water days is projected to
decrease while a similar trend is projected for Kaub on the Rhine, leading to an overall positive average economic impact. More
specifically, the average annual economic benefits of the decrease of low water levels by the end of the century for Kaub,
Wildunsmauer and Hofkirchen were projected to be €31million, €6million and €4million, respectively. On the other hand, an average
annual economic loss of €10million has been estimated for Ruhrort as a result of the projected increase of the average number of low
water days by the end of century.

However, given the relatively moderate impact estimates and large uncertainty associated within the different model runs, we
consider that the results do not indicate a significant impact of climate change on the operation of IWW. This is in line with the
findings of Beuthe et al. (2014) who conclude that limited change would have a minimal impact on waterway's navigation while
modest effect of climate changes on modal shift were estimated by Jonkeren et al. (2014) and Beuthe et al. (2014).

The location specific nature of the relationship between discharges and water levels does not allow generalising this outcome but
the variation of the projections of the model runs indicates that the risks of droughts should not be ignored.

It is important to note that for the inland waterways to work as a system, all parts of the system should operate without dis-
ruptions. The sample of four points used here is only a preliminary indication of the direction of the impacts for IWW. As we have
seen in the case of projections for Ruhrort, in some scenarios and under specific conditions, one or more points of the IWW may face
low water levels, even if the other points do not. This is probably the case in the Danube with increasing discharges in the upper
Danube, while the lower Danube showing a decrease in water availability in the future (Bisselink et al., 2018). In such cases,
depending on the network connections and vessels traffic, the disruption in one point can indirectly affect the rest of the system.

To account for uncertainty in this study, we used an ensemble of future climate projections to force a single hydrological model.
For future work, a multi-model ensemble simulation method could be applied for more accurate future predictions as each hydro-
logical model has its own structure and characteristics with their own strengths and weaknesses.

6. Disclaimer

The views expressed are purely those of the authors and may not in any circumstances be regarded as stating an official position of
the European Commission.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.trd.2019.10.012.
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