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Abstract The impact of climate change on the flood risk and dike safety in the
Vidaa River system, a cross-border catchment located in the southern part of
Jutland, Denmark and northern Germany, is analysed. The river discharges to the
Wadden Sea through a tidal sluice, and extreme water level conditions in the river
system occur in periods of high sea water levels where the sluice is closed and
increased catchment run-off take place. Climate model data from the ENSEM-
BLES data archive are used to assess the changes in climate variables and the
resulting effect on catchment run-off. Extreme catchment run-off is expected to
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increase about 8 % in 2050 and 14 % in 2100. The changes in sea water level is
assessed considering climate projections of mean sea level rise, isostatic changes,
and changes in storm surge statistics. At the Vidaa sluice a mean sea level rise of
0.15–0.39 m in 2050 and 0.41–1.11 m in 2010, and increases in storm surge levels
of up to 0.8 m in 2100 are estimated. The changes in extreme catchment run-off
and sea water level have a significant effect on the flood risk in the river system.
While most parts today have a low risk of dike overtopping with annual
exceedance probabilities of 0.1 % or less, the worst case scenario in 2100 show
annual exceedance probabilities of 5 % or more in the downstream part of the river
system.

Keywords Climate change � Flood risk � Extreme precipitation � Sea level rise �
Storm surge

Introduction

The Vidaa River catchment is a cross-border catchment located in the southern
part of Jutland, Denmark and northern Germany. The Vidaa River discharges into
the Wadden Sea through a tidal sluice. Extreme water levels in the lower part of
the river system occur during storm surges where the sluice is closed over a
prolonged period, and at the same time increased run-off from the catchment takes
place due to heavy precipitation. The low-lying part of the catchment is protected
by river dikes. Changes in flood risk and dyke safety in the Vidaa River system in
the light of climate change with anticipated sea level rise, more severe storm
surges and heavier extreme rainfalls have been evaluated in an EU INTERREG
project (INTERREG 4A Syddanmark-Schleswig-K.E.R.N).

To assess the impacts of future climate change both changes in the meteoro-
logical forcing (precipitation, temperature and potential evapotranspiration) and
changes in sea water level are considered. Changes in meteorological forcing data
are estimated from regional climate model projections included in the ENSEM-
BLES data archive. Future sea water levels are estimated from current projections
of the mean sea level rise in the area, estimated isostatic changes, and changes in
storm surge statistics predicted from a hydrodynamic model run forced with a
regional climate model (Rugbjerg and Johnsson in press).

To estimate the changes in flood risk in the Vidaa River system an integrated
hydrological and hydraulic model has been set up and calibrated. This model
forms the basis for simulation of water levels in the river system using meteoro-
logical forcing and sea water level data for the current (using observed records)
and the future climate (using projected records), considering two projection
horizons, 2050 and 2100. Extreme value analysis is applied to estimate the risk of
dike overtopping at different locations.
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Hydrological and Hydraulic Model Set-up

A MIKE 11 model (DHI 2009a) has been set up and calibrated for the Vidaa River
basin (Fig. 38.1). The river network includes the Vidaa River and the major
tributaries Gronaa, Sonderaa and Dreiharder Gotteskoogstrom as well as major
drainage canals. The Vidaa River basin has a total catchment area of 1,342 km2.
For rainfall-run-off modelling the basin has been divided into 18 sub-catchments;
four larger upstream catchments with a total area of 864 km2 that drain to Vidaa,
Gronaa and Sonderaa, and 14 downstream catchments with a total area of
478 km2. Of the 14 downstream sub-catchments, four catchments are drained by
pumping.

Rainfall-run-off models have been set up and calibrated for the 18
sub-catchments. Time series of run-off measurements were available for calibra-
tion of the four upstream catchments. No sub-catchment run-off measurements
were available for calibration of the downstream catchments. These catchments
were calibrated jointly against run-off measurements at the river basin outlet at the
Vidaa sluice. Calibration results for one of the upstream sub-catchments and total
catchment run-off are shown in Fig. 38.2. Both the rainfall/run-off dynamics and
the catchment water balance are simulated satisfactorily.

Seasonal varying bed resistance has been adopted for the calibration of the
MIKE 11 river model, in order to account for riverbed vegetation growth and
cutting. Wind setup was included in the model and was shown to provide
improved simulations of extreme events.

Fig. 38.1 MIKE 11 model setup. River basin (green shaded area), river network (blue line), and
sub-catchments (black line)
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The integrated hydrological and hydraulic model was used for simulation of
water levels in the river system, which was subsequently used in the extreme value
analysis and flood risk assessment. For the long-term simulations, meteorological
forcing data (precipitation, temperature and potential evapotranspiration) and sea
water level at the Vidaa sluice are available for the period 1981–2009. The 10
events that cause the most extreme water levels in the downstream part of the river
system are listed in Table 38.1. In general, extreme conditions with high water
levels in the river system occur in periods with high sea water level at the Vidaa
sluice and large run-off from the catchment. The most extreme event on record (29/
10/1998)is mainly caused by extreme conditions of high sea water level at the
Vidaa sluice (the most extreme duration on record) and less so on catchment run-
off (rank 19 on record). Also the second (26/01/1993) and third (12/01/2007)
largest events are mainly caused by extreme durations of high sea water level. On
the other hand, the event 11/02/1988 (rank 6) is mainly due to extreme run-off
conditions (rank 2) and less affected by sea water level. The table shows the
complex nature of extreme conditions in the river system, which emphasises the
need for integrated hydrological and hydraulic models for proper flood risk
assessment.

Climate Change Projections

Hydrological Data

This project has used regional climate model (RCM) projections from the
ENSEMBLES data archive to estimate the changes in hydrological variables in the
Vidaa River basin for two projection horizons, 2050 and 2100. The ENSEMBLES

Fig. 38.2 Rainfall-run-off
calibration results. Top:
simulated (black) and
observed (red) run-off at the
Vidaa sub-catchment.
Bottom: simulated (black)
and observed (red)
accumulated run-off at the
Vidaa sluice
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data include a number of projections for the A1B emission scenario using different
RCMs forced by different general circulation models (GCMs).

To correct for biases introduced by the RCM/GCM model for simulating cli-
mate variables at the river basin scale, the climate model data are statistically
downscaled. In this project, downscaling based on a general change factor
methodology has been applied. In this case the RCM/GCM climate model simu-
lations are used to extract future changes in statistical characteristics of climate
variables (denoted change factors), and these changes are then superimposed on
the statistical characteristics of the climate variables representing the river basin
obtained from observed records. To take seasonal variations into account, monthly
change factors are calculated.

A mean correction methodology (also known as the Delta change approach)
was applied for statistical downscaling of temperature. Temperature data for the
future climate are obtained by adding absolute changes in temperature from the
RCM/GCM projections to the observed temperature record. In order to estimate
changes in potential evapotranspiration a temperature-based method was used
(Kay and Davies 2008). Potential evapotranspiration data for the future climate is
obtained from the relative change in temperature from the RCM/GCM projections.
For statistical downscaling of precipitation a method that uses both changes in the
mean and changes in the variance was applied as seen elsewhere in the literature.
In this case, the future precipitation is given by (Leander and Buishand 2007):
Pfut = aPb

obs, where Pobs is the observed precipitation, and a and b are estimated
from the changes in mean and variance.

For the calculation of change factors, catchment averages of daily precipitation
and temperature from the RCM/GCM have been used. The changes are based on
30-year periods of climate model data, with 1980–2009 representing the present
climate, 2035–2064 representing the future climate in 2050, and 2070–2099
representing the future climate in 2100.

Table 38.1 Water level (H) at Rudbol Lake, total catchment run-off (Q) and peak sea water level
and duration of high water level (above 0.5 m) at the Vidaa sluice for the 10 most extreme events
in the downstream part of the river system

Date Water level Rudbol
lake

Total catchment run-
off

Sea water level Vidaa sluice

H [m] Rank Q [m3/s] Rank H [m] Rank Duration [h] Rank

29/10/1998 1.79 1 71.5 19 2.39 [ 60 70.25 1
26/01/1993 1.70 2 69.8 21 3.33 15 58.50 4
12/01/2007 1.66 3 70.5 20 3.28 18 58.25 5
14/01/1984 1.65 4 66.4 29 2.71 56 44.50 18
29/01/1994 1.63 5 55.0 [60 3.77 5 34.00 43
11/02/1988 1.61 6 85.0 2 2.73 53 33.00 52
21/01/2007 1.58 7 71.5 18 2.70 [60 22.00 [60
29/01/2002 1.56 8 67.4 26 3.64 8 22.25 [60
04/01/1988 1.56 9 76.8 8 2.32 [60 34.50 35
04/01/1984 1.55 10 53.5 [60 3.29 16 45.50 14
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It is generally recommended to use an ensemble of climate model projections
for impact assessments in order to take the uncertainties in the projections into
account (Fowler et al. 2007). In this project, 15 RCM/GCM projections from the
ENSEMBLES data archive were used for downscaling precipitation, temperature
and potential evapotranspiration. Weighted average change factors were applied
where weights for the 15 different RCM/GCM models were determined based on
the skills of the models for simulation of present climate, considering the monthly
variability of mean precipitation, variance of daily precipitation, and mean
temperature.

A large variability in the estimated changes is seen for all statistics. As an
example, the variability of the change in mean precipitation in 2100 of the 15
RCM/GCM models and the weighted average are shown in Fig. 38.3. Most models
estimate an increase in precipitation in winter and a decrease in summer, but for all
months, and especially in summer, a large variability is apparent. The weighted
average change factors for 2050 and 2100 are shown in Fig. 38.4. The temperature
increase is about 1–1.5� in 2050 and 2–2.5� in 2100. In general, precipitation
increases in winter and decreases in summer and a larger variability is expected in
all months, with the changes being more pronounced in 2100. The increase in
potential evapotranspiration follows the changes in temperature with larger rela-
tive changes in winter than in summer.

The downscaled precipitation, temperature and potential evapotranspiration
data for 2050 and 2100 have been used as input for rainfall-run-off model simu-
lations. The changes in the estimated extreme value statistics of catchment average
rainfall and total catchment run-off are shown in Fig. 38.5. The extreme daily
precipitation increases about 9 % in 2050 and 15 % in 2100, and similar changes
are seen in the extreme catchment run-off statistics (about 8 % in 2050 and 14 %
in 2100).

Fig. 38.3 Estimated
variability of the change in
mean precipitation in 2100
from the 15 RCM/GCM
models (grey shaded area)
and the weighted average
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Sea Water Level

Changes in the sea water level at the Vidaa sluice are a combination of:

• Global increase in mean water level due to thermal expansion and melting of
glaciers and ice caps;

• Local change in mean water level due to changes in water density and circu-
lation patterns;

• Local change in mean water level due to isostatic change;
• Local change in storm surge levels due to changes in extreme storm intensities

and changes in mean water level.

Fig. 38.4 Relative change in mean and variance of precipitation and mean potential evapotrans-
piration, and absolute change in temperature (degrees Celsius) for future (2050 and 2100) climate

Fig. 38.5 Extreme value statistics of catchment average rainfall and total catchment run-off for
current (2010) and future (2050 and 2100) climate
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According to the results published in the IPCC’s Fourth Assessment Report
(IPCC 2007) a global increase in mean sea water level of 0.18–0.59 m is expected
by 2100, with an additional local increase in the waters around Denmark of about
0.15 m. New results, however, show that global sea level rise will be larger than
reported in the IPCC’s Fourth Assessment Report (e.g. Grinsted et al. 2009). Based
on the new results, the Danish Meteorological Institute has estimated an increase
in mean sea water level for Danish waters in the range 0.3–1.0 m in 2100 (Danish
Climate Change Adaptation Portal 2011). Due to the large uncertainties in the
projected increase in mean sea water level, two scenarios have been applied in the
analysis corresponding to, a respective increase of 0.3 and 1.0 m in 2100. In order
to estimate the mean sea level rise in 2050, the temporal development reported in
Grindsted et al. (2009) was used.

Due to isostatic changes there is a continuous relative increase in the mean sea
water level in the area. According to the Danish Coastal Authority (2007) there has
been an increase in mean sea water level at the Vidaa sluice due to isostatic
changes to the extent of 11 cm in the period 1891–1990. This relative increase is
assumed to continue up to 2100, i.e. an annual increase of 0.11 cm per year has
been applied.

For estimation of changes in storm surges, model simulations based on a
hydrodynamic model covering the North Sea, Baltic Sea and inner Danish waters
were used. The model was forced by wind and atmospheric pressure fields from
one of the RCM models form the ENSEMBLES data archive (Rugbjerg and
Johnsson in press). Time series of sea water levels at the Vidaa sluice were
extracted from the hydrodynamic model simulations. Extreme water level statistics
were calculated for 2010 using these time series (based on simulation results for
the period 1980–2009), 2050 (2035–2064) and 2100 (2070–2099). Future extreme
value statistics for 2050 and 2100 are then estimated by superimposing the changes
in extreme value statistics to the current statistics (Danish Coastal Authority 2007)
and adding the projected mean sea level rise and isostatic changes (see Fig. 38.6).

The changes in extreme value statistics caused by changes in the storm surge
signal (i.e. without considering climate-induced mean sea level rise and isostatic
changes) are in the order of 0.04–0.05 m for 2050 and 0.5–0.8 m for 2100 for

Fig. 38.6 Estimated extreme
sea water level statistics at
the Vidaa sluice for current
(2010) and future (2050 and
2100) climate. Sc1 and Sc2
correspond to, respectively,
the low and high scenario of
mean sea level rise
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annual exceedance probabilities ranging between 0.5 and 5 %. This corresponds
well with results from other studies in this area (Madsen 2009). When adding the
climate-induced mean sea level rise and isostatic changes, the extreme value
statistics become much more severe. For instance, a 5 m water level has an annual
exceedance probability of about 0.5 % according to the current statistics (corre-
sponding to an event which is expected once every 200 years on average) but will
in 2100 in the case of the high sea level rise scenario have an annual exceedance
probability of about 30 % (1 in 3-year event).

As shown above, the duration of high sea water level at the Vidaa sluice is
critical for storage of water in the river system. The duration of high sea water
levels have been calculated from the hydrodynamic model simulations. In
Fig. 38.7 the number of events with prolonged periods of high water level at the
Vidaa sluice (above 0.5 m) are shown for the three 30-year periods representing
2010, 2050 and 2100 (without changes in mean sea level). As opposed to the
extreme storm surge peak level, the durations of high water levels are not expected
to increase in future climate. In fact, the number of events with larger durations
tends to slightly decrease towards 2100.

Based on the above results, time series of sea water levels at the Vidaa sluice
representing 2050 and 2100 climate were established from the observed time series
by adding climate-induced mean sea level rise, isostatic changes, and changes in
extreme water level statistics. The four different climate change scenarios applied
in the risk analysis are summarised in Table 38.2.

Risk Analysis

The integrated hydrological and hydraulic model has been used for simulations
using the observed records of meteorological data and sea water level at the Vidaa
sluice 1981–2009, and the projected records representing the respective climates
for 2050 and 2100 (see Table 38.2). From the simulations, water levels at selected

Fig. 38.7 Distributions of
duration of storm surge water
level above 0.5 m in terms of
number of tidal cycles from
the hydrodynamic model
simulations for current (2010)
and future (2050 and 2100)
climate
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critical locations in the river system have been extracted and used for the extreme
value and risk analysis.

The MIKE by DHI extreme value analysis software package EVA (DHI 2009b)
has been used for the analysis. EVA includes both annual maximum series and
peak over threshold (POT) estimation procedures. Several statistical distributions
are included, and EVA supports parameter estimation using maximum likelihood,
method of moments and method of L-moments. Several goodness-of-fit measures
are available to support selection of a proper statistical distribution. In this study,
the POT method has been applied for analysis of extreme water levels. The
analysis showed that the Weibull distribution is preferable for the fitting of water
level extremes.

An example of the results of the extreme value analysis at one of the selected
locations is shown in Fig. 38.8. The figure shows the extreme water level statistics
for current conditions and the four different climate change scenarios compared to
the river dike levels. A significant increase in the risk of dike overtopping is
projected at this location. For the current conditions, the annual exceedance
probability of the dike level is less than 0.1 % (corresponding to an event that is
expected less than once every 1000 years on average). In 2050, with the low mean
sea level rise scenario the risk is still small (about 0.1 %), but with the high mean
sea level rise scenario the risk increases to about 0.7 %. In 2100, the risk corre-
sponding to the low mean sea level rise scenario is close to the risk of the 2050
high sea level rise scenario, but for the high sea level rise scenario the risk increase
to about 10 %. Thus, in the worst case scenario the risk has increased from an
event that is expected less than once in 1000 years to a 1 in 10 years event, which
represents a significant increase in the flood risk at this location.

In Fig. 38.9 the flood risks for current and future climate at the selected loca-
tions are shown. Current conditions indicate that the flood risk in most parts of the
river system is less than 1 %. The 2100 climate with the high mean sea level
scenario has a considerably larger flood risk. In the upstream river branches the

Table 38.2 Summary of applied climate change scenarios

Scenario Projection
horizon

Change in mean sea
water level

Change in storm
surge statistics

Change in precipitation,
temperature and potential
evapotranspiration

Climate
change
(cm)

Isostatic
change
(cm)

1 2050 +10 +5 Based on
hydrodynamic
model run
2035–2064

Based on ENSEMBLES data
2035–20642 2050 +34 +5

3 2100 +30 +11 Based on
hydrodynamic
model run
2070–2099

Based on ENSEMBLES data
2070–20994 2100 +100 +11
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risk is still small (annual exceedance probability less than 0.1 %), but the down-
stream parts of the Vidaa and Sonderaa Rivers have risk levels of 5 % or more.

Fig. 38.8 Estimated extreme water level statistics at Rudbol Lake for current (2010) and future
(2050 and 2100) climate. Scenario 1 and Scenario 2 refer to, respectively, the low and high
scenario of mean sea level rise

Fig. 38.9 Estimated flood risk at selected locations in the Vidaa River system for current (2010)
and future (2100 with high mean sea level scenario) climate. For each location the annual
exceedance probabilities for overtopping on the left and right bank are shown
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Conclusions

The impact of climate change on the risk of dike overtopping in the Vidaa River
system has been evaluated. Both changes in the meteorological forcing data
(precipitation, temperature and potential evapotranspiration) and changes in sea
water level have been considered. Results from 15 RCM/GCM projections from
the ENSEMBLES data archive were used for estimating changes and downscaling
future meteorological forcing. More extreme precipitation events are expected in
the future, which will result in an increase in the extreme run-off in the Vidaa
River basin of about 8 % in 2050 and 14 % in 2100.

Regarding changes in sea water level at the Vidaa sluice, climate projections of
mean sea level rise, isostatic changes, and changes in extreme water level statistics
have been included. Due to the large uncertainty in current projections of mean sea
level rise, two scenarios have been considered. Hydrodynamic model results show
increases in extreme storm surge levels at the Vidaa sluice of up to 0.8 m in 2100.
However, durations of extreme water levels are not seen to increase.

For the projected changes in meteorological forcing and sea water level,
changes in extreme conditions in the Vidaa river system have been analysed.
Currently, there is a relatively low risk of dike overtopping with annual exceed-
ance probabilities of 0.1 % or less in most parts of the river system. For the worst
case scenario in 2100, pronounced changes in flood risk are seen with flood risks of
5 % or more in the downstream parts of the Vidaa and Sonderaa Rivers.
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