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1. Introduction

The Rhine basin is a very densely populated and industrialized area in 
Central Europe, therefore, floods and droughts occurring in the basin can 
have vast consequences (Middelkoop et al., 2000; Kleinn et al., 2005). For 
example, the near-floods in the 1993 and 1995 caused many problems and 
huge damage (only in Germany about 900 million USD; see also Kleinn et 
al., (2005)). Also the drought period in 2003 impacted a wide range of sec-
tors,  from  inland  navigation  to  hydropower  generation  (Middelkoop, 
2001). Under climate change the hydrological cycle is expected to intensi-
fy, causing more extreme precipitation events, and increasing temperatures 
(e.g., IPCC, 2007; Kwadijk, 1993). Both factors will have major impacts 
on hydrological regimes globally; the temperature increase will cause more 
precipitation to fall as rain instead of snow, and the winter snow pack will 
melt earlier in spring (Barnett, 2005). The Rhine basin, therefore, will shift 
from a combined rainfall and snow melt regime to a more rainfall domin-
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ated regime, resulting in increased flood risk in winter and a higher prob-
ability of extensive droughts in summer. 

To be prepared for these projected changes, a thorough understanding of 
the impacts of climate change to the hydrological regime is necessary. To 
assess these impacts, and to predict the frequency, timing and magnitude 
of floods and droughts, accurate streamflow simulations are crucial. Many 
studies, (e.g., Kleinn et al., 2005, Aerts et al, 2006), have been carried out 
to quantify the impact of climate change on streamflow, often using con-
ceptual water balance models driven by climate scenarios to simulate fu-
ture streamflow. Land surface models (LSMs), however, carry the poten-
tial to more accurately estimate hydrological partitioning (and thus stream-
flow) than water balance models,  because the former solve the coupled 
water and energy balance and are able to exploit a larger part of the in-
formation provided by regional climate model output.  Due to increased 
model complexity, on the other hand, they are also more difficult to para-
meterize. A recent model intercomparison study reported in Hurkmans et 
al.,  (2007),  found an LSM (Variable Infiltration Capacity (VIC) model, 
version 4.0.5) to be more robust compared to a more conceptual water bal-
ance model (STREAM: Spatial Tools for River basins and Environment 
and Analysis of Management options; Aerts, 1999). An additional advant-
age of LSMs is their physical basis, where physical values can be assigned 
to model parameters, enabling to assess the influence of, for example, land 
cover changes. 

One  way  to  help  relieving  the  impact  of  climate  change  is  through 
changes  in  land  use.  For  example,  recent  research by Bradshaw et  al., 
(2007) indicated that  deforestation can amplify flood risk.  Therefore,  it 
might be worthwhile investigating whether reforestation (e.g., of agricul-
tural  land),  can  delay  the  timing  and  decrease  the  magnitude  of  flood 
peaks. Embedded in the framework of the NeWater project, the VIC model 
is used to investigate the impact of climate change on the hydrological re-
gime in the river Rhine, by using regional climate scenarios as meteorolo-
gical input. For this study, no actual climate scenarios are available yet, but 
extreme values from 1000 years of resampled climate data (similar to pre-
vious work by Beersma et al. (2002) and Wojcik et al. (2000)) are used to 
assess the sensitivity of Rhine river discharge to extremes in atmospheric 
forcing. In addition, the influences of changes in land cover are evaluated 
by defining some, quite extreme, land use scenarios. By evaluating dis-
charge simulations at various locations throughout the Rhine basin, corres-
ponding to subcatchments of different sizes, we get an idea of the spatial 
scales at which land use changes can or cannot influence streamflow. In 
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areas  that  appear  to  be  sensitive  to  land  use  changes,  management 
strategies to relief peak flows and low-flow periods can make use of this.

The setup of this paper is as follows: in sections 2 and 3 a short over-
view is provided containing the available dataset, the study area and the 
VIC model, including its calibration. In section 4 construction and use of 
the  climate  and  land  use  scenarios  are  discussed,  whereas  in  section  5 
some results are shown. Finally, in section 6 some conclusions are drawn 
and implications for water management are sketched. 

   

2. Data and models

2.1. The Rhine basin

The river Rhine is a major European river. In Figure 1 its location and 
main tributaries are shown. It originates high up in the Swiss Alps where it 
is nourished by rain water and water from melting snow and glaciers. After 
leaving the Alps it forms one of the largest lakes of Europe, Lake Con-
stance, also called Bodensee. Further downstream the Rhine forms the bor-
der between France and Germany and receives on its way the water of sev-
eral important tributaries such as the rivers Neckar, Main and Mosel. After 
crossing  the  German-Dutch  border,  the  Rhine  bifurcates  into  three 
branches (Waal, Nederrijn/Lek and IJssel) and finally mouths in the North 
Sea. The Rhine has a length of 1320 km and a catchment area of 185.000 
km2.  Water discharge at Basel is around 1000 m3/s and at the German-
Dutch border it is 2300 m3/s on average. The Rhine basin is a densely pop-
ulated basin: around 50 million people live in the catchment area. Around 
30 million of the inhabitants receive drinking water, which is directly or 
indirectly prepared from river water. It is a heavily industrialized area in 
which almost 2/3 of the chemical and pharmaceutical companies of the 
world can be found. It is also a very busy river with the largest seaport of 
the world (Rotterdam) and the largest inland harbor of the world (Duis-
burg). Based on its geographic and climatologic characteristics, the Rhine 
can be divided into three parts: the Alpine area (upstream of Basel), the 
middle mountain area (between Basel and Cologne) and the lowland area 
(downstream of Cologne). The Alpine area exists of roughly 16.000 km2, 
with maximum heights of 4000 m.a.s.l. (meters above sea level). About 
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400 km2 are covered with glaciers. The upper stretch, from the source to 
the Bodensee, is called the Alpenrhein; the part between the Bodensee and 
Basel is called the Hochrhein. Main tributaries in this part are the Aare, 
Rheus and Limmat. In the middle part, maximum elevations range from 
more than 1000 m.a.s.l. in the south to about 600  m.a.s.l. in the north, 
while averages are between 200 and 400 m.a.s.l. Between Basel and Bin-
gen, the river stretch is called the Oberrhein, while between Bingen and 
Cologne it is called the Mittelrhein. The main tributaries in the Oberrhein 
are the Neckar and Main. For the Mittelrhein these are the Lahn, Mosel 
and Sieg. The lowland includes extensive sedimentary areas: (fluvio)gla-
cial deposits, loess, cover sands and fluvial deposits of the lower Rhine 
delta. The main tributaries are the Lippe, Ruhr and Vecht (Daamen et al., 
1997; Middelkoop et al., 2001). Because the Rhine splits into three distrib-
utaries downstream of Lobith, we only consider the part upstream of Lob-
ith. In this study, we use streamflow observations from Lobith and various 
tributaries;  an overview of some characteristics  of  these  tributaries  and 
streamflow gauges is shown in Table 1 and Figure 1.

Fig 1. The Rhine basin and the locations of tributaries and gauges used in this 
study (left), and the discretisation used to model the various tributaries in VIC 
(right). 
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Table 1. Main tributaries of the Rhine basin and their characteristics. Mean, max-
imum and mean annual maximum (MAM) discharge are calculated over the peri-
od 1993-2003. Same numbers are also shown for the basin outlet Lobith.

Tributary Gauge Area
km2

Mean Q
m3/s

Max Q
m3/s

MAM Q
m3/s

Lahn Kalkofen 5.304 48 587 394
Main Raunheim 24.764 187 1991 1177
Mosel Cochem 27.088 364 4009 2650
Neckar Rockenau 12.710 154 2105 1396
Ruhr Hattingen 4.118 75 867 611
Rhine Lobith 185.000 2395 11775 8340

2.2. Data

The VIC model requires data about land cover, soil type and atmospher-
ic forcing data. Land cover data was obtained from the PELCOM project 
(Mücher et al., 2000); a pan-European database at a resolution of 1 km. 
Soil data was obtained from the global FAO dataset, described in (Reyn-
olds et al., 2000). For atmospheric forcing data, we use a downscaled ver-
sion of the ERA15 reanalysis dataset. Downscaling was carried out at the 
Max Planck Institut fur Meteorologie using the regional climate  REMO 
model (Jacob, 2001), in the framework of the NeWater project. The result-
ing dataset contains seven variables,  which can all be used as input for 
VIC: precipitation, surface temperature, surface pressure, specific humid-
ity, shortwave, and longwave downward radiation and wind speed, all at a 
spatial resolution of 0.088 degree (about 9 km) and a temporal resolution 
of 3 hours. The dataset spans the period from 1993 through 2003. In the re-
mainder  of  this  paper  we  will  refer  to  this  dataset  as  ERA15d (where 
stands for "downscaled"). From a comparison with observations of precip-
itation and temperature (for an extensive description, see Hurkmans et al. 
2007), it appeared that this dataset was, in general, slightly too warm and 
too wet. However, the observed dataset is not suitable to force VIC (only 
daily precipitation and daily mean temperature) and because the climate 
scenarios to run later in the NeWater project are similar to the ERA15d 
dataset, we use the latter in the remainder of this paper as the 'reference 
climate'. 

To represent climate variability under climate change, 1000 years of res-
ampled data are available based on a RCM simulation from 2050-2080. 
With resampling we mean that individual days from the RCM simulation 
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were randomly (with certain constraints) ordered to create the 1000 year 
time series. For more detail, see for example Beersma et al. (2002) and 
Wojcik et al. (2002). The purpose of resampling the data is that, by extend-
ing the data over 1000 years, the probability of extreme events occurring in 
the dataset is much larger than in the original dataset. From these 1000 
years, we selected the most extreme periods to force the VIC model and 
obtain the corresponding extreme discharges. More details about this pro-
cess are given in section 4.

3. The Variable Infiltration Capacity model

3.1. Model description

The LSM that is employed in this study, the Variable Infiltration Capa-
city (VIC) model (Liang et al., 1994) is a variable-layer soil-vegetation-at-
mosphere-transfer  (SVAT) model,  developed for use in general  and re-
gional circulation and weather prediction models. Its most distinguishing 
aspect in comparison with other LSMs is its variable infiltration capacity 
concept, which relates the fraction of a grid cell that is saturated and the 
grid cell  infiltration capacity in a statistical manner. This relationship is 
shown graphically in the middle right plot of the VIC schematic in Figure 
2. Baseflow depends non-linearly on the soil moisture content in the low-
est layer, as is shown in the lower right plot of the VIC-schematic in Fig-
ure 2. Parameters defining these relationships, which control the shape of 
the resulting hydrograph, are typically used for calibration in previous ap-
plications of the VIC model. The sum of surface runoff and baseflow is 
routed along the channel network using a separate algorithm developed by 
(Lohmann et al., 1996), shown schematically in the right panel of Figure 2. 

The model can operate in two modes: energy balance mode and water 
balance mode. In the energy balance mode, the coupled water and energy 
balances are solved to compute surface temperature, whereas in water bal-
ance mode, surface temperature is assumed equal to air temperature. In the 
water balance mode, the model requires less forcing data (precipitation and 
daily maximum and minimum temperature are sufficient) and is able to in-
tegrate at a daily time step, greatly reducing computation time. The two 
VIC modes are compared more extensively in (Hurkmans et al., 2007).
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Fig 2. Schematic representation of the main features of the VIC model (left) and 
the  routing  algorithm  (right).  Graphs  are  taken  from  the  VIC-website: 
http://www.hydro.washington.edu/Lettenmaier/Models/VIC/VIChome.html.

3.2. Model calibration

In previous research (Hurkmans et al., 2007), VIC was calibrated using six 
parameters that influence the shape of the hydrograph, controlling base-
flow and surface runoff generation. These parameters were kept constant 
over the basin. However, it was concluded that model performance could 
increase when parameters are allowed to vary over the basin, because the 
upstream part of the basin is very different from the downstream part. We 
now calibrated VIC separately for each of the six subbasins described in 
Table 1, plus the remainder of the basin (the part around the main Rhine 
branch), using the same set of six parameters. Because in the water balance 
mode,  the time step is  different,  a  separate calibration step is  required. 
Also  this  calibration  was  performed  twice,  with  spatially  uniform  and 
varying parameters. For all calibration runs the ERA15d data was used for 
the period spanning October 1 1993 to December 31 1994. The first nine 
months of 1993 were used to spin up VIC.  A summary of model perform-
ance indicators (Nash-Sutcliffe modeling efficiency (E; Nash and Sutcliffe, 



8      R. T. W. L. Hurkmans and P. A. Troch

1970), correlation coefficient (R) and relative volume error (RVE)) for all 
calibrations can be found in Figure 3. 

Fig 3. Histogram summarizing model performances for the calibration period. a) 
shows the Nash-Sutcliffe model efficiency (E), b) shows the correlation coeffi-
cient  (R)  and  c)  the  Relative  Volume  Error  (RVE).  All  are  shown  for  eight 
gauging stations (see also Figure 1) and six different VIC simulations: both the en-
ergy balance mode (EB) and the water balance mode (WB), each calibrated uni-
formly and distributed. In addition, for the energy balance precipitation from the 
CHR dataset  is  used.  All  numbers  refer  to  the  calibration  period (1/10/1993 - 
31/12/1994).

As was mentioned before, the ERA15d dataset is slightly biased, caus-
ing erroneous discharges and explaining the relatively low performance in-
dicator values in some periods. To quantify this influence, two simulations 
are included (uniform and distributed calibration with the energy balance 
mode) where ERA15d precipitation was replaced by observed precipita-
tion. As can be seen in Figure 3, this causes overall higher model perform-
ance. Especially for Hattingen (the Ruhr), E increased significantly (almost 
40 %).  For some basins, especially the more Alpine ones (upstream of 
Maxau and the Neckar), E is often negative and all indicators are very low. 
This  has  several  possible  explanations:  a)  there  are  some large  surface 
reservoirs that are not included in the model; b) the area is very mountain-
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ous, with elevations up to 4000 m.a.s.l. c) snow and glacier processes add 
a lot of extra model complexity which is to some extent included in the 
model  but not specifically calibrated. Especially in these subbasins,  but 
also  at  Lobith  and  Andernach,  which  more  or  less  integrate  the  entire 
basin, the water balance mode with distributed parameters appears to per-
form best. 

4. Scenarios

4.1. Climate scenarios

As was explained in section 2.2., the wettest and driest period from the 
1000-year resampling dataset are used to represent climate variability. In 
Figure 4 these two periods, each two years long since peaks often occur in 
winter, are shown. The period 1993-1994 from the ERA15d dataset is used 
as reference. In addition, in the Figure 4 all precipitation data from the ob-
served dataset are shown to give an idea of the range of the current cli-
mate. All resampling data are spatial averages for 134 subbasins, at a daily 
base. Although in the future all seven variables required to force VIC will 
be resampled, at this moment it is only possible to use precipitation and 
daily maximum and minimum temperatures. This is another reason to use 
the VIC simulation in  water  balance mode with distributed parameters, 
which also turned out to perform best as described in the previous section. 

4.2. Land use scenarios

As a basis for the land use scenarios we use the PELCOM dataset (see 
section 2), which was also used to force VIC for the calibration runs. From 
this dataset we derived two scenarios: one scenario where all agricultural 
land (excluding grass) is changed into forest, and a second scenario where 
the fraction of urban area is increased arbitrarily with about 47%. To in-
crease the fraction of urban area, existing urban areas are selected and ex-
tended, so no new urban areas are created. Urban areas were selected using 
a moving filter of 6 by 6 pixels (in the original 1 by 1 km PELCOM land-
use map); if at least 30% of the 16 pixels in the filter window were urban, 
all pixels are assigned parameters were assigned the label 'urban'.  Figure 5 
shows maps of the main land cover classes for the reference situation and 
two scenarios, as well as their fractions of the total area.
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Fig 4. Precipitation from all datasets used in this paper. Gray lines re-
flect the years in the dataset containing observations, the black line repres-
ents years 1993-1994 from the ERA15d dataset and blue and red lines rep-
resent the most extreme years from the 1000 year of resampling data: blue 
is the 2-year period containing the highest 10-day precipitation, red reflects 
the two 2-year period containing the lowest 90-day precipitation. 

We now use VIC to simulate for each of the three climates, i.e., refer-
ence (ERA15d 1993-1994), wet and dry, the three land use scenarios, i.e., 
reference (current), forested and urbanized, resulting in nine simulations 
spanning two years. Results of these simulations are shown and described 
in section 5. 
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Fig. 5. Land cover scenarios used in this paper: the current situation (left), a scen-
ario where all agricultural land is forested (middle), and a scenario with a signific-
ant increase (47 %) of urban area (right). The maps show the spatial distribution of 
the main land use types over the Rhine basin, the pie charts show their relative im-
portance. 

5. Results

5.1. Flood peaks

As was explained in section 4, nine VIC simulations were carried out, all 
spanning two years. We use three climatic scenarios, wet, reference en dry, 
and three land use scenarios: current, forested and urbanized. First, the wet 
climate scenario is discussed, with an emphasis on flood peaks. Figure 6 
shows the 100 day window centered on the largest peak in a) the ERA15d 
reference simulation (the  near-flood in 1993) and b)  the wettest  2-year 
period from the resampling data (see Figure 4). All results are shown at 
eight locations in the Rhine basin for the three land use scenarios. 
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In addition, Table 2 shows the magnitude and timing of the flood peaks 
depicted  in  Figure  6.  With  timing,  the  shift  in  time of  the  flood  peak 
caused  by  the  land  use  change  with  respect  to  the  current  situation  is 
meant. As is shown in Figure 6, the overall influence of land use changes 
is very small. Only for the Lahn basin (gauge Kalkofen) a significant dif-
ference can be seen. Here, the main peak from the reference climate (1993) 
is diminished so much by forestation that it is not the highest peak in the 
displayed window anymore (hence the 34 day shift in timing  in Table 2). 
For the extreme peak in the resampling data,  the influence of land use 
change seems much less, but by forestation the peak is still diminished by 
some 8% (Table 2). What is striking is that forestation does not always di-
minish the magnitude of flood peaks: for the area upstream of Maxau, and 
to lesser degree also the Mosel area, peaks are slightly amplified: by 7% 
for the ERA15d peak at Maxau. Since the bulk of the discharge that passes 
Lobith originates upstream of Maxau, this amplification is propagated to 
the gauges at Andernach and Lobith, resulting at an increased discharge at 
Lobith of about 5 percent for the peak in the resampling period and 3 per-
cent for the 1993 peak. What causes the amplification of the flood peak is 
not clear, more research is needed to investigate the exact model paramet-
erization for each land use type in VIC.

The increased portion of urban area does not appear to have any influ-
ence at all. Overall, peaks are increased slightly but not significantly. For 
the areas that were not densely populated in the first place, such as up-
stream of Maxau, there is no change at all. The most densely populated 
area is close to the basin outlet; therefore, this area is only represented in 
the values for Lobith. Indeed, the increase in magnitude at Lobith caused 
by urbanization is with about 2% larger than for the tributaries, especially 
in absolute values (about 130 m3/s). This is more than would be expected 
from the tributaries, especially since at some tributaries (Ruhr, Main) the 
values actually decrease.  This decrease is  very small,  however,  we can 
give no satisfying explanation for this feature at the moment. 

The difference in magnitude between the two flood peaks is, when seen 
over the entire basin (at Lobith), surprisingly small. In some parts of the 
basin, the peak in the resampling dataset is more than double the peak in 
1993,  while  for  some other  tributaries  the  opposite  is  true.  Apparently 
there was a strong spatial variability in the rainfall over the basin. 
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Fig. 6. Time series of discharge centered around the largest peak in the ERA15 
reference period (1993; dashed lines) and the peak following from the largest 10-
day precipitation amount encountered in the resampling dataset (solid lines). A 
window of 50 days before and after the peaks is used. For each of the extreme 
events, 3 land use scenarios are plotted (Figure 5): current (gray), forested (green) 
and urbanized (red). All is shown for eight streamflow gauges representing sub-
basins of varying size (see Table 1). 
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Tab. 2. Magnitude and timing of peak flows of six VIC simulations: the current 
(ERA15d) and wet climate scenario, and the current (C), forested (F) and urban-
ized (U) land use scenario, for all eight gauging stations. Values for timing repres-
ent shifts in days compared to the C land use scenario. Positive values indicate 
delay of the peak. 

Stations Magnitude [m3s-1] Timing [days]
ERA15d Resampling ERA15d Resampling
C F U C F U F U F U

Hattingen 243 245 245 470 458 459 0    0 0 0
Kalkofen 118 119 119 502 462 498 -34 0 0 0
Cochem 2359 2400 2385 4018 4228 4062 0 0 0 0
Rockenau 806 799 814 392 405 404 0 0 0 0
Raunheim 965 919 990 1529 1446 1515 0 0 0 0
Maxau 3427 3648 3427 2295 2384 2297 0 0 -1 0
Andernach 6240 6235 6282 7829 8237 7913 0 0 0 0
Lobith 6720 6911 6768 7469 7832 7601 0 0 0 0

Tab. 3. Average discharge and days under a threshold for all simulations shown in 
Figure 7, for all 8 gauging stations. The threshold was defined as half of the long-
term mean discharge (see Table 1).

Stations Mean discharge [m3s-1] # days under threshold
ERA15d Resampling ERA15d Resampling
C F U C F U C F U C F U

Hattin-
gen

34 34 35 8 8 8 12
2

12
2

11
9

18
1

18
1

181

Kalkofen 25 24 25 10 8 10 12
1

11
5

11
9

17
3

17
5

173

Cochem 13 13 13 68 66 68 18
1

18
1

18
1

15
5

15
9

156

Rock-
enau

117 114 118 32 30 32 97 98 97 16
1

16
1

159

Raunhei
m

58 59 61 72 72 74 14
9

14
8

14
7

14
3

14
3

143

Maxau 869 900 869 50
7

52
0

50
7

11
3

10
6

11
2

14
6

14
5

146

Ander-
nach

101
1

103
8

101
6

68
4

69
6

68
7

11
3

10
6

11
2

15
4

15
4

154

Lobith 108
4

111
5

109
7

71
0

72
3

71
8

12
0

11
3

11
5

15
5

15
5

155
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Fig 7. As Figure 6,  but now the time series are centered around the lowest 
monthly  discharge  encountered  in  the  1993-1994 reference  simulation and  the 
simulation based on the driest 90-day period encountered in the resampling data-
set. The displayed period now spans six months. 

5.2. Low flow periods

 
In addition to the extreme peak events, extreme low-flow periods were 

investigated. Figure 7 shows a 90 day window centered around the most 
extreme event encountered in both the 1993-1994 reference period and the 
driest 2 year period from the resampling dataset (Figure 4). Again, all plots 
contain all three land use scenarios: current (C), forested (F) and urbanized 
(U). Table 3 shows the mean discharge and the number of days under a 
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threshold for the specified 90-day window. The threshold is defined as half 
the long-term mean observed discharge for the streamflow gauge under 
consideration. The driest period from the resampling dataset is indeed ex-
tremely  dry.  For  example  for  the  Ruhr,  discharge  never  exceeds  the 
threshold value. However, there is again a lot of spatial variability: in the 
Mosel  area,  some precipitation  events  occur  in  the  resampling  dataset, 
whereas  in  the  ERA15d  reference  period,  discharge  never  exceeds  the 
threshold value.  

Overall, the influence of land use change appeared to be smaller than in 
case of the peak flows. For the tributaries there is no influence at all, only 
for the area upstream of Maxau, there is a small (about 4%) increase in av-
erage streamflow for the forested scenario. However, at Lobith and Ander-
nach, most of this increase is dampened by the lower Rhine basin. The part 
upstream of Maxau has the largest  portion of forest;  therefore it  is  not 
strange that only for this part an influence can be seen. Since the largest 
concentrations of urban areas can be found in the part close to the basin 
outlet (Figure 5), the influence of urbanization, if any, only shows in the 
number for Lobith, where it masked by the bulk of discharge passing from 
the entire catchment. 

6. Summary and conclusions

In this study, we used a state-of-art land surface model to simulate stream-
flow at eight locations throughout the Rhine basin. Because the model can 
be operated in two modes, one where both the water and energy balances 
are solved  and one where only the water balance is solved, and different 
calibration setups are possible, we first compared model results for the two 
modes,  both  using  either  spatially  constant  or  distributed  parameters. 
Based on these results and data availability of climate scenario data,  as 
well as required computation time, we chose to carry out simulations using 
VIC in the waterbalance mode with spatially distributed parameters. Sub-
sequently, we used this model setup to asses the influence of climate vari-
ability and changes in land use.  Apart  from the reference situation,  the 
period 1993-1994 using re-analysis data as meteorologic forcing and the 
current land use situation, we selected an extremely wet episode and an ex-
tremely dry episode from a 1000 year dataset of resampled regional cli-
mate model output data. To represent land use change, we selected a scen-
ario where all crop land was forested, and one with an increase in urban 
area of about 47%. 
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For the extremely wet case, the rainfall appears to be very spatially vari-
able, leading to major peaks in some small tributaries and hardly any rain 
in others. When the entire basin is considered, therefore, the increase of the 
discharge peak is only a modest 13%. When the extremely dry episode is 
considered, rainfall appeared to occur at a few tributaries. Over the 180 
day period that is examined, however, mean discharge at Lobith is about 
35% lower than in the reference situation. In the reference situation, we 
used the period 1993-1994 similar to the extremely wet case. Although the 
summer of 1993 was relatively dry, it would be interesting to compare the 
summer of 2003, which is the driest period in the ERA15d record, with the 
extreme from the resampling. We will incorporate this in the research in 
the  future.  Also  the  spatial  distribution  of  precipitation,  which  showed 
strongly in the resulting hydrographs, will be examined in more detail. 

Changes in land use appeared to have only a very minor influence on 
discharge. Although the forestation of all arable land is an extreme scen-
ario, the effects are rather small. The effects are not always the same, for 
example after forestation the peak magnitude decreases for the Main and 
the Lahn, while it increases for many other parts of the Rhine, including 
the basin outlet. Surprisingly, forestation slightly (about 3-5%) increases 
the flood peak at Lobith. Urbanization has the same effect but to a much 
smaller degree. This is not very surprising, since in the urbanized scenario 
the total  fraction of  urban area is  still  only 7%. As to why forestation 
slightly increases the flood peak, we do not have a satisfying answer now. 
The  actual  model  parameterization  of  the  vegetation  types  was  not 
changed from the default values in the model. In VIC, the main differences 
between forest and crop land are the higher leaf area index, rooting depth, 
and roughness length for forest, whereas the albedo is higher for crop land. 
This would lead to higher transpiration, but since most of the forest is de-
ciduous and the peak flows occur during winter, transpiration will be very 
small. More research is needed to answer this question. 

Concluding, it can be said that for water management purposes, land use 
changes upstream in the basin only have very local effects. For example, 
only in the relatively small Lahn basin forestation significantly changed 
the resulting streamflow. However, for really extreme peaks such as our 
peak flow scenario this influence is much smaller. In the Lahn basin, the 
current dominant land use type is arable land, therefore forestation has a 
relatively large influence.  For each area, specific land use changes, de-
pending  on  the  current  dominant  cover  should  be  designed.  Therefore, 
more scenarios should be taken into account than the two that are studied 
here. When streamflow from several areas in the basin could be altered as 
much as  for  example in  this  study the Lahn changed by forestation,  it 
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could impact the shape of peaks passing the basin outlet. To relief lengthy 
low-flow periods,  however,  the  influence of  land use changes  like  this 
seems to be too small. However this might be different for other kinds of 
changes than used in this  study, for  example,  creation of wet-land-type 
areas. 
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