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1. INTRODUCTION
This document is developed as part of the BINGO (Bringing INnovation to onGOing water management – a
better future under climate change) project, which has received funding from the European Union’s Horizon
2020 Research and Innovation programme, under the Grant Agreement number 641739. The Project
website (www.projectbingo.eu) represents a special report of Work Package 3 (WP3) – Impacts of long-term
climate change effects on typical water problems in Europe.
The scope of the BINGO project primarily aimed at analysing the impact of climate change and developing
strategies and measures for multiple water problems and regions within Europe for the next decade.
However, during the modelling process, which was driven by input from stakeholders, it became evident that
multiple stakeholders at all sites were interested in long-term climate change impacts as well. Therefore, the
BINGO team implemented RCP scenarios 4.5 and 8.5 until 2100 for all six countries involved. This was
achieved outside the BINGO funding framework by an enormous personal and institutional effort, as longterm scenarios were not specified in the DoA of BINGO.
In the following eight chapters the origin of the climate scenarios is described, then the impacts on the water
cycle at the six BINGO countries are analysed, and finally brief conclusions are provided.
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2. Climate change predictions/scenarios
As a recap, the core phase of BINGO featured the production of both medium and high-resolution climate
simulations for the present and near-future climates. In Deliverable 2.1 (D2.1), the present climate was
simulated with a regional climate model (RCM) at 12 km resolution over Europe (1979-2015). These
simulations served as a reference climate against which to compare other simulations against. In D2.2,
ensemble decadal predictions (2015-2024, 10 ensemble members) from the MiKlip project <www.fonamiklip.de> were downscaled to 12 km resolution over two sub-European domains containing the BINGO
research sites, representing the prediction of the near-future climate (“decadal predictions”). In D2.3, a
methodology was developed for identifying extremal episodes so that targeted downscaling of such episodes
to high-resolution can be performed, thus reducing computational expense. This method was applied to
produce high-resolution (2.2 km) simulations of extremal episodes for the present climate (D2.4) and the
decadal predictions (D2.6), for each research site.
While a unique aspect of the BINGO project is its focus on the near-future, i.e. decadal predictions, project
partners are also concerned with the long-term (out to 2100) effects of climate change on their research
sites. With this is mind, it was decided to utilise pre-existing climate projections within BINGO. Climate
projections differ from decadal (climate) predictions in that the model simulations are not initialised from an
observed state of the climate system, but rather from an arbitrary (stable) state of the climate system. As
such, they are not intended to predict the near-future climatic conditions of the climate system, but rather to
project the long-term multi-decadal response of the climate system to enhanced anthropogenic CO 2 forcing.
Such global climate simulations were performed by multiple research institutes during the CMIP5 project
[Taylor et al., 2012] and were subsequently downscaled to both 50 and 12 km resolution over Europe as
part of the EURO-CORDEX project [Jacob et al., 2014]. Climate data produced during the EURO-CORDEX
project thus form the basis of the climate change studies performed within BINGO.
The EURO-CORDEX project dynamically downscaled historical climate simulations and three different
climate scenarios from CMIP5 over Europe. The historical climate simulations are forced by observed
concentrations of CO2 from 1951 to 2005. From 2006 to 2100, the three different climate scenarios of
increasing CO2 forcings are, respectively, Representative Concentration Pathways (RCPs) 2.6, 4.5 and 8.5
[Van Vuuren et al., 2011]. To encapsulate the full range of possible climate change outcomes, BINGO
utilised the full range of available RCPs alongside the historical simulations.
Throughout the BINGO project the CCLM regional climate <www.clm-community.eu/> model has been used
for all downscaling. The decadal predictions produced by the MiKlip project, and which form the bases of
D2.2 and D2.6, were created using the global climate model MPI-ESM-LR. For a meaningful comparison
with the decadal predictions produced in D2.2, BINGO thus selected EURO-CORDEX data downscaled with
the CCLM RCM from the global model MPI-ESM-LR. Due to limited data availability in the online repositories
of EURO-COREX data (e.g. https://esgf-data.dkrz.de/projects/esgf-dkrz/), it was only possible to provide a
full set of BINGO variables at daily temporal resolution. For more detail and added value, and for consistency
with D2.1 and D2.2, we selected the 12 km resolution EURO-CORDEX data.
To make the EURO-CORDEX data meet the needs of the project partners, the following steps were taken:
1.

All available BINGO variables were transferred from the ESGF online archive to the FUB
(12 km resolution, daily data: historical, RCP2.6, RCP4.5, RCP8.5)

2.

Unavailable/missing variables were computed manually where possible (e.g. dew point
temperature and relative humidity)
2
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3.

Data files were modified for consistency with existing BINGO data, e.g. meta-data of
variables

4.

All data were integrated into the FUB’s FreVa system

5.

The DECO tool was extensively modified to add functionality for converting the new climate
scenario data sets into the desired formats required by each research site

6.

Bias correction reference data for the new data sets were calculated and bias correction
of the historical and climate scenario data was added as an additional feature to DECO.
The same bias correction methodology (CDF-transform) was employed as that developed
for bias correction of other BINGO datasets (e.g. D2.1, D2.2).

The final product produced by the FUB for this deliverable can thus be summarized as follows: 12 km
resolution daily climate change data – with and without CDFt bias correction – covering the historical period
(1951-2005) and three climate scenarios (2006-2100; RCP2.6, RCP4.5, RCP8.5), based on the model
combination of MPI-ESM-LR (global model) and CCLM (regional model).
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3. Cyprus
Model frameworks
The BINGO climate-water research in Cyprus focuses on two representative watersheds along the northern
slopes of the Troodos Mountains (see D3.1). The first watershed is the Peristerona Watershed, which is a
rural and forested watershed; here the main climate-water risk is drought. The second watershed is the
Pedieos Watershed, which has forests upstream, agriculture midstream and urban environments
downstream. The main climate-water risk for Pedieos is flooding in the downstream urban area. Flood risks
were analyzed with the dynamically downscaled high resolution extreme events for 2015-2024, from MiKLIP
(see D3.4). There were no 12-km daily decadal simulations for Cyprus. For the Peristerona Watershed, we
analyzed the effect of climate changes on droughts with a statistically downscaled long-term daily time series
for 2020-2050, for the RCP8.5 scenario, as presented here.

3.1.

Objectives

The streamflow of the Peristerona River, which originate mainly in the mountainous upstream areas supplies
water resources to the rural communities downstream. Surface water diversions in the downstream area
supply water for irrigation. Public water supply for the downstream communities depends on the recharge of
the groundwater by the streamflow from the upstream area. According to the downstream stakeholders,
water supplies become constrained and back-up boreholes need to be used during a sequence of three
drought years. The objectives of the research are to analyze the effect of climate change on the streamflow
of the Peristerona Watershed.
We used the RCP8.5 scenario of The Cyprus Institute’s MENA-CORDEX simulations (http://menacordex.cyi.ac.cy/). These simulations have a 0.44 degree resolution (approximately 50-km). We computed
change factors between the 1980-2006 control run and the 2020-2050 RCP8.5 future from the MENACORDEX simulations for the grid cell that covers the Peristerona Watershed. For the reference data set, we
extracted the daily spatially averaged precipitation, minimum and maximum temperature over the 78-km2
upstream Peristerona watershed from the 1-km gridded datasets for the period 1980-2010 (Camera et al.,
2014). The change factors and the 1980-2010 reference data were used for the statistical downscaling of
the daily data, following the procedures of Camera et al. (2017). Reference evapotranspiration was
computed with the Hargreaves equation (Allen et al., 1998).
The streamflow from the upstream watershed was modelled with the GR4J model (Perrin et al., 2003), which
has been found to give a good fit for Troodos watersheds (Le Coz et al., 2016). The model was calibrated,
using the data from the Panagia Bridge streamflow station, for the October-September hydrologic years
1995/96-2009/10, with 1994/95 as model warm-up year.

3.2.

Main results

Future rainfall over the upstream area for 2020-2050, under the RCP8.5 scenario, was reduced by 21%,
relative to 1980/81-2009/10 (Figure 1). The driest future year received 253 mm rain over the upstream area.
The empirical cumulative probability function shows a 25% chance to receive less than 390 mm rain. During
the 1980-2010, the observations over the watershed show 305 mm for the driest year and 510 mm for the
25% probability of receiving less annual rain. The number of drought years increased from 20% (1980/812009/10) to 53% (2020/21-2050/51), whereas the wet years decreased from 60% to 10%. The wettest year
4
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was 937 mm for 1980-2010 and 952 mm for 2020-2050. The data indicate that the current annual rainfall
variability may become even stronger under climate change.

Figure 1. Three-year moving average rainfall and stremflow at the upstream Peristerona Watershed,
observed for 1980-2010 (top) and modelled for 2020-2050, under RCP8.5 (bottom).
The calibration of the GR4J model had a Nash-Sutcliffe Efficiency (NSE) of 0.73 and a log-NSE of 0.80, with
zero bias. The model parameters were validated for 1980/81 to 1994/95. The validation had a NSE 0f 0.63
and a log-NSE of 0.88 and a 3% bias. The calibrated model parameters were used to simulate the streamflow
for 30-year period from October 2020 to September 2050. Future streamflow for the RCP8.5 scenario was
reduced by approximately 27%, relative to 1980/81-2009/10.
During the 1980/81-2009/10 period there were six years (21%), where groundwater recharge would be
constrained (three-year moving average flow less than 7.8 Mm3/yr). There were fourteen average years and
eight wet years (three-year moving average more than 15.6 Mm3/yr). During the 2020/21-2049/50 period
the number of drought years where public water supply will be constrained will increase to 15 drought years
(53%), with 10 average (36%) and 3 wet years (11%).
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3.3.

Discussion and conclusions

The climate downscaling and hydrologic modeling results show that climate change can have severe impacts
for Cyprus and the Mediterranean region. Similarly bleak projections for the region have also been presented
in various climate change studies (e.g., Giorgi and Lionello, 2008; Chenoweth et al., 2011; Hadjinicoloaou
et al., 2011; Zittis et al., 2014).
To secure the domestic water supply for the downstream communities, an extension of the pipeline that
supplies desalinated seawater to the urban area of Nicosia has been planned. Desalination is an energy
intensive process and further energy is needed to pump the water from the coast to the downstream area of
Peristerona. The required energy is currently supplied by fossil resources. Thus desalination is not an ideal
solution because it increases greenhouse gas emissions and thereby exacerbates climate change.
The communities in the lower midstream area (Orounda, Kato Moni, Agia Marina) that are not planned to
receive desalinated water will need to use their groundwater recourses judiciously.
For irrigated agriculture the cost of irrigation will increase due to the lower rainfall and higher
evapotranspiration. A small part of the irrigated land will receive treated sewage water for irrigation from the
recently constructed sewage treatment plant in the downstream area. Wireless sensors and information
technologies can also make irrigation water use more efficient, to reduce water losses in agriculture. Thus,
further research and cooperation with the communities in Peristerona Watershed remains an important
priority for The Cyprus Institute.

3.4.

Bibliography

Allen, R.G., L.S. Pereira, D. Raes, M. Smith. 1998. Crop evapotranspiration - Guidelines for computing crop
water requirements. FAO Irrigation and drainage paper 56. FAO, Rome.
Camera, C., A. Bruggeman, P. Hadjinicolaou, S. Pashiardis, M.A. Lange. 2014. Evaluation of interpolation
techniques for the creation of gridded daily precipitation (1 × 1 km2); Cyprus, 1980–2010, Journal of
Geophysical Research: Atmospheres 119(2): 693-712.
Camera, C., A. Bruggeman, P. Hadjinicolaou, S. Michaelides, M.A. Lange. 2016. Evaluation of a spatial
rainfall generator for generating high resolution precipitation projections over orographically complex terrain.
Stochastic Environmental Research and Risk Assessment, 31(3): 757–773.
Chenoweth, J., P. Hadjinicolaou, A. Bruggeman, J. Lelieveld, Z. Levin, M.A. Lange, E. Xoplaki, M.
Hadjikakou. 2011. Impact of climate change on the water resources of the eastern Mediterranean and Middle
East region: Modeled 21st century changes and implications. Water Resources Research 47(6): art. no.
W06506.
Giorgi, F. and Lionello, P., 2008. Climate change projections for the Mediterranean region. Global and
Planetary Change 63(2-3): 90-104.
Hadjinicolaou, P., Giannakopoulos, C., Zerefos, C., Lange, M.A., Pashiardis, S. and Lelieveld, J., 2011. Mid21st century climate and weather extremes in Cyprus as projected by six regional climate models. Regional
Environmental Change, 11(3): 441-457.
LeCoz, M., A. Bruggeman, C. Camera, M.A. Lange. 2016. Impact of precipitation variability on the
performance of a rainfall-runoff model in Mediterranean mountain catchments. Hydrological Sciences
Journal 61(3): 507-518.
6

Special report - Impacts of long-term climate change effects
on typical water problems in Europe
Perrin, C., C. Michel, V. Andreassian. 2003. Improvement of a parsimonious model for streamflow
simulation. Journal of Hydrology, 279 (1-4), 275-289.
Zittis G. and Hadjinicolaou, P. and Lelieveld, J. 2014. Role of soil moisture in the amplification of climate
warming in the eastern Mediterranean and the Middle East. Climate Research 59(1): 27-37.

7

Special report - Impacts of long-term climate change effects on
typical water problems in Europe

4. Germany
Model framework TALSIM
TALSIM hydrological model was previously applied for the Dhünn catchment area (see BINGO-Deliverable
D3.4) for the case study “not enough water” and different land and water use scenarios. In the frame of this
report, TALSIM was used to simulate the Große Dhünn reservoir inflow at Neumühle hydrometric station.

4.1.

Objectives

For future conditions, TALSIM hydrological model was driven with meteorological input data from RCPs
scenarios (4.5 and 8.5, bias corrected), provided by FU-Berlin. The results were compared to the previous
simulations of the decadal predictions providing the largest span (see D3.4) at Neumühle hydrometric station
(inflow to Große Dhünn reservoir). These results are compared to SWAT simulations to assess model
uncertainties.
For past conditions, the model was driven with ground stations and historical CORDEX historical data (also
bias corrected). CORDEX historical refers to the reference period of all RCP scenarios (time frame 1951 2005). For abbreviation purposes and in the frame of this report, the CORDEX historical reference data will
be hereinafter referred to simply as “CORDEX”.
The main objectives are:
-

To compare meteorological data from CORDEX with observed data with the purpose of gaining an
insight about how much CORDEX data deviate from the "true value"; in turn, this serves to assess
RCPs results

-

To estimate future changes of meteorological parameters based on RCP45 and 8.5 scenarios with
respect to: a) CORDEX data (i.e., relative trend); and b) observed data

-

To evaluate future water availability in terms of inflow runoff to Große Dhünn reservoir

-

To assess hydrological model performance by comparing observed discharge time series to
simulated discharge with ground stations; accordingly, uncertainties in model simulations forced by
CORDEX and RCPs can be accounted for

-

To compare runoff simulations with RCPs and bias corrected decadal predictions for the current
decade (2015 – 2024), including four years of observations (2015 - 2019)

4.2.

Main results

4.2.1.

Meteorological Data

CORDEX historical data and RCPs scenarios (4.5 and 8.5) are provided at daily temporal resolution.
Temperature near the surface and relative air humidity were used to calculate potential evapotranspiration
(PET) after Haude method. Table 1 presents the meteorological input parameters used.
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Table 1. Meteorological input parameters from CORDEX and RCP 4.5/8.5

Parameter

Temporal
resolution

Spatial
resolution

pr: precipitation

1-d

12 km

tas, tasmax: temperature near
1-d
the surface (mean and max)

12 km

hurs: relative air humidity

12 km

1-d

In order to compare CORDEX, RCPs, and decadal predictions with historical observed data, the Inverse
Distance Weight interpolation method (IDW) was implemented to generate spatial precipitation with ground
stations (see Figure 1). Data from eight pluviometric stations were used for the generation of a single mean
value for the raster cell which corresponds to the drainage area of Neumühle hydrometric station. Observed
precipitation data is available from 1937.
Likewise, the Thiessen polygon method was applied to calculate the area of decadal predictions cells
intersecting the reference CORDEX cell since both climate models have different grids. The precipitation
values of the intersected decadal predictions cells were then weighted by the corresponding intersection
area. Thereby, a single mean precipitation value was obtained at the reference CORDEX cell for each
realisation, which was later on used for comparison.

Figure 2. Reference CORDEX grid cell over the upper Große Dhünn catchment area
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4.2.1.1. Past conditions: observed data vs. CORDEX (1951 – 2005)
Precipitation
Figure 2 shows a good fit in terms of total accumulated precipitation volume. Nevertheless, a different trend
can be perceived from the CORDEX data around the year 2001. Figure 3 presents the comparison between
yearly sums of both data sets. While observed precipitation shows an overall positive trend, CORDEX data
indicates a decreasing trend from about the year 2000 onwards.

Figure 3. Accumulated precipitation (observed vs. CORDEX)

Figure 4. Yearly precipitation sums (observed vs. CORDEX)
Monthly variations indicate – with a few exceptions – a general underestimation of CORDEX data for most
months (see Figure 4). The same can be said about the seasonal monthly rates, especially in winter (see
Figure 5). However, it is considered that CORDEX precipitation show an overall good agreement with
observed data.
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Figure 5. Monthly variations – observed vs. CORDEX monthly precipitation rates (1951 – 2005)

Figure 6. Seasonal variations – observed vs. CORDEX seasonal precipitation rates (1951 – 2005)

Temperature
For temperature, both monthly and seasonal variations present an overall underestimation of CORDEX with
respect to observed data (see Figure 6 and Figure 7). Still, it can be said that CORDEX represents monthly
and seasonal distributions more or less accurately.
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Figure 7. Monthly variations – observed vs. CORDEX mean monthly temperatures (1951 – 2005)

Figure 8. Seasonal variations – observed vs. CORDEX mean seasonal temperatures (1951 – 2005)

Potential evapotranspiration
Potential evapotranspiration (PET) was estimated after Haude method, which uses temperature and relative
air humidity (hurs) at 14:00. However, since CORDEX data is only provided at a daily temporal resolution,
only tas (mean temperature), hurs (mean relative air humidity), and tasmax (maximum daily temperature)
are available. PET was calculated first with tas and hurs. However, the results were very poor in comparison
to observed data: CORDEX-PET was clearly too low, especially in spring and summer (see Figure 8 and
Figure 11). This led later on to excessively high simulated discharge (see Annex 3.9.1).
For this reason, PET was calculated again using tasmax instead of tas (tasmax is actually more similar to
the temperature at 14:00 than tas).
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Although the results were better, CORDEX-PET continued to be too low (see Figure 9 and Figure 12). After
a closer look, it was found out that hurs (mean relative air humidity) was too high. The greater the saturation
of the air, the lower the evapotranspiration capacity. Unlike decadal predictions, neither hursmax nor hursmin
(maximum and minimum relative air humidity, respectively) are provided for CORDEX. Therefore, CORDEXhurs was modified based on observed hurs at 14:00, assuming a systematic bias for the whole time series.
The value of CORDEX-hurs was reduced 15%. PET was calculated again, achieving a considerable
improvement (see Figure 10 and Figure 13). The same bias modification was applied later on to RCPs-hurs.
However, CORDEX-PET still underestimates observed PET especially for the summer months, leading to
overestimated simulated discharge (see Chapter 3.2.2; Figure 25 and Figure 26). In spite of the achieved
improvement of CORDEX-PET, it is still uncertain whether the underestimation in magnitude of
evapotranspiration rates is due to lack of an adequate value of relative air humidity for the correct application
of the Haude method. Reducing CORDEX-hurs by 15% was a simplified bias modification; it should be
further investigated whether a more sophisticated bias correction method based on ground stations would
lead to a significant improvement of CORDEX-PET. This is a critical issue since the hydrological model
shows a high sensitivity to changes in PET (see 4; Figure 24).

13

Special report - Impacts of long-term climate change effects on
typical water problems in Europe

Figure 9. Monthly variations – observed vs. CORDEX monthly potential evapotranspiration (1951 –
2005): potential evapotranspiration calculated with tas and hurs

Figure 10. Monthly variations – observed vs. CORDEX monthly potential evapotranspiration (1951 –
2005): potential evapotranspiration calculated with tasmax and hurs
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Figure 11. Monthly variations – observed vs. CORDEX monthly potential evapotranspiration (1951 –
2005): potential evapotranspiration calculated with tasmax and modified hurs (reduced by 15%)

Figure 12. Seasonal variations – observed vs. CORDEX seasonal potential evapotranspiration (1951
– 2005): potential evapotranspiration calculated with tas and hurs
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Figure 13. Seasonal variations – observed vs. CORDEX seasonal potential evapotranspiration (1951
– 2005): potential evapotranspiration calculated with tasmax and hurs

Figure 14. Seasonal variations – observed vs. CORDEX seasonal potential evapotranspiration (1951
– 2005): potential evapotranspiration calculated with tasmax and modified hurs (reduced by 15%)

4.2.1.2. Past and future conditions: observed data vs. CORDEX vs. RCPs (1951 – 2100)
Precipitation
The greatest future changes with respect to CORDEX data are foreseen for the months of November (which
is in line with past trends, see e.g., D3.1), December, and July (see Figure 14). For March, it seems to be a
slight decrease in precipitation rates under RCP8.5. On the other hand, seasonal distributions show no
significant changes between both RCPs, with the greatest increase actually taking place during the winter
season (see Figure 15). However, CORDEX underestimates precipitation for DJF (December, January, and
February), resulting in a high level of uncertainty of RCPs scenarios for the winter months.
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Figure 15. Monthly variations – observed vs. projected monthly precipitation rates (1951 – 2100)

Figure 16. Seasonal variations – observed vs. projected seasonal precipitation rates (1951 – 2100)

Temperature
The relative trend between CORDEX and RCPs shows an overall increase in mean monthly temperature for
all months, with RCP8.5 presenting the highest values. The greatest increase is expected for the month of
August, where the differences between both RCPs are also the largest (see Figure 16). The same pattern
can be noticed with respect to observed data.
Regarding seasonal variations, the greatest increase in temperature is foreseen for the summer, followed
by fall, with no significant differences in winter (see Figure 17).
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Figure 17. Monthly variations – observed vs. projected mean monthly temperatures (1951 – 2100)

Figure 18. Seasonal variations – observed vs. projected mean seasonal temperatures (1951 – 2100)
An increase in temperature for the summer season is actually in line with observed past trends at various
stations in the whole Wupper catchment area. As example, Figure 18 shows July mean monthly temperature
from 1948 to 2018 of Buchenhofen station (located in the city of Wuppertal), which also includes last year
extreme summer (see also Figure 19).
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Figure 19. Mean monthly temperature of July (1948 – 2018) – Buchenhofen station, in the city of
Wuppertal

Figure 20. Mean monthly temperature (1948 – 2018) – Buchenhofen station, in the city of Wuppertal:
towards the end of the observation period, an increase in temperature can be observed, especially
in the summer months
Annex 3.9.2 presents temperature plots of Buchenhofen, Leverkusen, and Lüdenscheid stations. These
stations are located at representative sites of the Wupper catchment area and reflect roughly the whole
range of climate variability in terms of precipitation regime as well as temperature in the basin (see Figure
20 and D3.1).

Figure 21. Location of Neumühle, Buchenhofen, Leverkusen, and Lüdenscheid stations
Climate conditions of Buchenhofen, for instance, are comparable to those at Neumühle, i.e., at the upper
Große Dhünn catchment area. A positive trend indicating an increase in mean monthly temperatures can be
also seen for other summer months (see Annex 3.9.2).
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Only Buchenhofen presents an increase in mean monthly temperature for September; the other analysed
meteorological stations show no clear trend in this month. For July, August, and October, though, the three
stations show an increment in monthly temperature (see Annex 3.9.2).
The increase in temperature of Buchenhofen from July to October coincides with RCPs expected changes;
as mentioned above, Buchenhofen’s climate is comparable to Neumühle. In conclusion, the increments
foreseen under both RCPs are considered plausible since are in line with past trends.

Evapotranspiration
PET from RCPs was calculated with tasmax and modified hurs (see Chapter 3.2.1.1). Since uncertainty is
too great due to lack of data (i.e., hurs at 14:00) for the adequate application of the Haude method, only the
relative trend with respect to CORDEX is considered for the analysis of future changes in evapotranspiration
rates.
The clearest change in PET is for the summer months, while spring months do not show a significant change
in pattern (see Figure 21). The fall season also shows a slight increase but not as significant (or relevant) as
for the summer months (see Figure 22).
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Figure 22. Monthly variations – observed vs. projected monthly potential evapotranspiration (1951 –
2100): potential evapotranspiration calculated with tasmax and modified hurs (reduced by 15%)

Figure 23. Seasonal variations – observed vs. projected seasonal potential evapotranspiration (1951
– 2100): potential evapotranspiration calculated with tasmax and modified hurs (reduced by 15%)

4.2.2.

Runoff and reservoir storage volume simulations

The TALSIM model was run with ground stations in order to establish whether there is a good agreement
between observed and simulated data. In terms of reservoir volume, model performance is satisfactory until
the last years of the simulation; from ca. 2010 onwards, there is a deviation between observed and simulated
reservoir storage (see Figure 23 and D3.4).
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Figure 24. Observed vs. simulated reservoir storage volume (simulated with ground stations)
Although TALSIM model was improved based on soil moisture measurements (see D3.5), this could be
attributed to inaccuracies in the estimation of potential evapotranspiration. As mentioned earlier, the model
is highly sensitive to changes in PET; Figure 24 shows simulated reservoir storage with CORDEX with
original PET (calculated with tas and hurs) and modified PET (calculated with tasmax and reduced hurs).
Unfortunately, the lysimeter had to be removed in 2018 with little collected data (see D3.5).

Figure 25. Simulated reservoir storage volume: the model shows high sensitivity to changes in
potential evapotranspiration
Additionally, further analysis demonstrated that surface runoff at Neumühle inlet, simulated with ground
stations, is too high in summer (June – September), whereas accurate in winter (see Figure 25). Seasonal
patterns reflect the same behaviour (see Figure 26).
Figure 25 also shows a clear underestimation of simulated discharge with CORDEX for the winter months
(November – March) and an overestimation in the summer season (similar to simulated discharge with
ground stations). However, CORDEX simulated discharge presents a better agreement with observed data
for August, September, and October than simulated discharge with ground stations.
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Figure 26. Monthly variations – observed vs. projected mean monthly discharge (1951 – 2100)

Figure 27. Seasonal variations – observed vs. projected mean seasonal discharge (1951 – 2100)
CORDEX simulated runoff shows an underestimation for all seasons (except summer, as expected) with
respect to observed data, showing too low discharge rates, especially in the winter months (see Figure 26).
For the spring season, both median values from observed versus CORDEX simulated discharge are
relatively close. The interquartile ranges, however, differ from each other, in that the distribution of observed
data is more spread (see Table 2). A reduction of spring runoff in the long-term future is considered plausible
according to past seasonal changes (see D3.1). The best model skill is found in fall, where an increase in
discharge can be expected for both RCPs. This pattern is consistent with past trends of the last decades
(see D3.1).
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For DJF (December, January, and February), both RCPs show an increase in runoff rates with respect to
CORDEX. However, due to the poor correlation between CORDEX and observed data in winter, a clear
change in pattern for this season is uncertain. For the summer months, if model inability to reproduce
discharge regimes is transferred to future simulations, a concrete conclusion regarding runoff rates during
this season cannot be drawn.
Table 2. Observed and simulated discharge statistics (time frame 1988 to 2005) - simulations with
ground stations (g.s.) and CORDEX data. All units in [m³/s]
Scenario

Mean

Min

Max

Standard dev.

Variance

Obs. Q

0.58

0.07

15.48

0.78

0.61

Sim. Q (g.s.)

0.62

0.001

9.42

0.77

0.60

CORDEX Q

0.54

0.003

4.13

0.52

0.27

Figure 27 shows the frequency distribution of observed vs. simulated discharge (simulations with ground
stations and CORDEX). Observed discharge presents a bimodal distribution, which is also reflected by
simulated discharge with ground stations. While simulated discharge with ground stations indicates an
overestimation with respect to observed data (clearly occuring during the summer months), CORDEX
exhibits an overall underestimation. Furthermore, CORDEX does not reproduce the multimodal observed
behaviour. This should be further investigated.

Figure 28. Frequency distribution of observed (grey) vs. simulated with ground stations (light blue)
vs. simulated with CORDEX (dark blue) mean annual discharge – 1988 - 2005. Units are in [m³/s]

Comparison of observed historical data, decadal predictions, and RCP scenarios (20152024)
Resulting simulated runoff with decadal predictions and both RCP scenarios present the greatest
discrepancies in the winter months (see Figure 28 and Figure 29). The realisations show overall lower
discharge values and more similarity to RCP4.5, except in December, namely, the winter season.
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Relative differences between realisations and RCP scenarios in summer indicate a significant increase in
runoff rates under RCP8.5. The greatest similarities between the three data sets take place in the spring
season.

Figure 29. Monthly variations (decadal members vs. RCP4.5 and 8.5) - mean monthly discharge (2015
– 2024)

Figure 30. Seasonal variations (decadal members vs. RCP4.5 and 8.5) - mean seasonal discharge
(2015 – 2024)
In order to establish first statements about forecasting skills of the different scenarios, four years of observed
discharge as well as reservoir storage volume were included in the analysis (see Figure 30 and Figure 31).
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Figure 31. Accumulated discharge volume – observed vs. decadal members vs. RCP4.5 and 8.5 (2015
– 2024)

Figure 32. Reservoir storage volume – observed vs. decadal members vs. RCP4.5 and 8.5 (2015 –
2024)
The data sets which present the best agreement between observed and simulated discharge as well as
reservoir storage volume are realisations 1 and 9. This is to be expected since decadal predictions resemble
climate patterns more accurately than climate projections (Kadow, et al. 2017; Kirtman, et al. 2013).
All data sets seem to present a decaying trend by the end of the current decade, with member r9 being the
most critical scenario. None of the data sets reach the maximum storage volume by the end of 2024. Since
member r9 presents an overall good agreement with respect to observed data, water stress by the end of
the current decade is not an unlikely scenario. Nevertheless, one-to-one correspondence between these
data sets and observed volume should not be expected, especially RCPs which are not forecasts. Rather,
these results should be analysed based on statistical metrics (e.g., indices, peak-over-threshold, etc.). The
decaying trend should be then interpreted carefully.
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4.3.

Discussion and conclusions

In general, summer months in the Wupper catchment area are relatively dry. Even by summer precipitation
events, most of the rainfall does not reach the reservoir due to evapotranspiration and interception losses.
As a result, a dry summer alone does not lead to water scarcity stress. Water availability issues arise at the
reservoir when a dry summer follows a dry winter (or several consecutive dry winters).
Past trends have shown a relative constant MAP (mean annual precipitation); instead, the last decades
indicate a shifting of the rainy season (see D3.1), where spring months are becoming drier (critical for the
filling of the reservoir) and summer and fall months wetter. This study does not provide enough scientific
evidence to refute the consistency of this trend in the near and long-term future. In agreement with it, a lack
of rain during the winter and spring months and its further compensation in summer is a likely scenario.
Even if future changes in precipitation patterns are unclear, an increase in temperature and
evapotranspiration rates will have an impact on precipitation regimes. A future increase in temperature in
summer is likely to cause more frequent and intense convective rainfall events, which may not reach the
reservoir. Additionally, evapotranspiration losses will be higher with an increment in evapotranspiration rates;
this could cause summers to become inherently drier, which will have a negative impact on water availability
at the reservoir in case of previous dry winters.
For the estimation of potential evapotranspiration after Haude method, daily maximum temperature (tasmax)
seems to suffice. However, only daily averages of air humidity (hurs) are available for CORDEX and RCPs.
It should be further investigated whether a more sophisticated bias correction method based on observations
of air humidity would lead to a significant improvement of potential evapotranspiration.
In terms of simulated inflow rates to the Große Dhünn reservoir, future changes indicate a reduction in runoff
at Neumühle for the spring season, while an increment during fall. On the other hand, a clear change in
pattern for winter and summer seasons is uncertain.
The greatest similarities between decadal predictions and RCPs for this decade take place in the spring
season. The data sets which present the best agreement between observed and simulated discharge as
well as reservoir storage volume are decadal members 1 and 9.
In general, decadal predictions present a better agreement in terms of observed and simulated discharge
and reservoir storage volume than climate projections. All data sets show a decaying trend by the end of the
decade. However, one-to-one correspondence between these data sets and observed data should not be
expected, so the negative trend should be interpreted carefully.
However, based on the analysis presented in this report and despite all the uncertainties, a negative impact
on water availability at the Große Dhünn reservoir is realistic for the near and long-term future based on past
extreme dry periods, and therefore, adaptation measures should be considered.

In summary:
-

Future changes in precipitation patterns are unclear

-

Temperature and evapotranspiration rates are expected to increase, especially for the
summer months, which will have a significant impact on precipitation regimes

-

The expected increase in temperature and evapotranspiration rates in winter is lower
compared to summer; a consequent impact on precipitation would not be as meaningful
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-

In general, differences between both RCP scenarios for all months and seasons (2006 –
2100) are not significant

-

The greatest differences between RCP4.5 and RCP8.5 are in temperature projections for
the month of August, with RCP8.5 presenting the highest values

-

The correction of potential evapotranspiration (PET) improved significantly hydrological
model performance during summer months (see also Annex 3.9.1)

-

In terms of observed and projected seasonal discharge (CORDEX and RCPs scenarios;
time frames 1951-2005 and 2006-2100, respectively), the best model skill takes place at
fall, followed by spring

-

Inflow to the Große Dhünn reservoir is likely to increase in fall and decrease in spring
months

-

For the winter season, simulated discharge with RCPs scenarios seem to be
underestimated; future changes are thus uncertain

-

Current model limitations include inaccuracies in the simulation of runoff rates during
summer; therefore, a change in pattern for the summer months remains unclear

-

The greatest similarities between decadal predictions and RCPs for the current decade
occur in the spring season; for this decade, decadal predictions present a better fit in terms
of simulated discharge and reservoir storage volume than climate projections

-

The realisations show overall lower discharge values and more similarity to RCP4.5,
except in December (i.e., the beginning of the winter season)

-

All data sets present a negative trend by the end of the current decade; in none of the
scenarios, the reservoir reaches the maximum storage level

-

By 2024, water availability issues at the Große Dhünn reservoir is not an unlikely scenario:
the need of implementing adaptation measures should be considered

Recommendations
-

To apply bias correction to air humidity based on ground data in order to improve the
estimation of potential evapotranspiration

-

Alternatively, to investigate the possibility of estimating potential evapotranspiration with
other methods and parameters

-

It is recommended to carry out a thoroughly uncertainty analysis in order to evaluate the
results of the applications of climate data and hydrological model performance

-

TALSIM hydrological model for the study area should be further improved

-

Assessment of climate data from decadal predictions and projections should be analysed
based on statistical metrics (e.g., indices, peak-over-threshold, statistical tests, trend
analysis, etc.)

Warm and dry spells
The occurrence of abnormally high temperatures is not rare as shown in Annex 3.9.2, where temperatures
greater than 30 degrees in July have been recorded at Leverkusen station in 1957 and 1976. The number
of consecutive days presenting this temperature, though, seem to have increased. Warm Spell Duration
Index , as part of one of the 27 Core Climate Change Indices , could be calculated to estimate past and
future trends. These results could support stakeholder decision-making processes (e.g., city planners) in
order to implement adaptation measures to cope with recurrent heat waves. Also, the Maximum Length of
Dry Spell could be also relevant for reservoir management.
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In general, more research is required to assess long-term changes on water availability in the study area.
Nevertheless, this study gives an insight of the use of RCP scenarios and presents preliminary results of
possible future changes regarding water availability for the Große Dhünn reservoir.
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Model framework: SWAT
For validation and uncertainty assessment of future climate scenarios, the Soil & Water Assessment Tool
(SWAT) has been set up, calibrated, and validated (see BINGO-Deliverable D3.4) to simulate inflow rates
to Große Dhünn reservoir.

4.5.

Objectives

Long-term impacts of climate change scenarios are examined for the Wupper sub-catchment “Große
Dhünn”. This sub-catchment generates the inflow to a large reservoir, which is used as drinking water source
for about 0.5 million people and as flood protection system for downstream areas. Changes of principal
water balance components due to climate change, are therefore of high importance in this region. For a
more detailed description of the study area the reader is referred to previous BINGO-Deliverables (e.g. D3.3
and D3.4).
For the purpose of this analysis the Soil and Water Assessment Tool (SWAT) has been set up, calibrated
and validated (see BINGO-Deliverable D3.4). The model integrates detailed spatially and temporarily
distributed soil, land-surface and climate information and can therefore closely link the impact of changes in
climate variables to future changes in the numerous hydrological system variables.
Climate change information are derived from long-term IPCC-RCP scenarios, for the years 2006-2100. The
study assesses potential future hydrological changes in the Große Dhünn catchment, based on the RCP
data sets for scenario 4.5 and scenario 8.5 and compares the projected future trends to past hydrological
conditions. The historical data which is used for comparison, is covering a time span from 1983-2004 and
consist of observed climate data from the meteorological station “Neumühle”, which is located at the
catchment outlet. In the following, the main impacts of climate change projections for the Große Dhünn
catchment are outlined with respect to their effects on changes in precipitation, temperature,
evapotranspiration, and surface runoff.

4.6.

Main results – Expected annual, seasonal and monthly changes from

2006–2100
Precipitation projections 2006-2100
IPCC RCP scenarios are showing that under scenario 4.5 and 8.5 no significant changes in annual
precipitation rates are expected for the “Große Dhünn” catchment, until the year 2100 (Table 3 and Figure
33). Mean, minimum and maximum annual precipitation rates as well as variance and standard deviation
are projected to resemble observed precipitation characteristics of the past.
Future precipitation projections under a RCP 4.5 scenario, show slightly lower annual minimum values
(-24% of historical annual minima) as well as higher maximum values (+28% of historical annual maxima),
and thus increased annual precipitation variance. However, these differences in the frequency distribution
might also be due to the differing time horizons being compared (i.e. 22 years for the historical time period
vs. 95 year for the future projections). Hence, these changes have to be interpreted carefully. In general, it
can therefore be stated that projected future annual precipitation patterns does not show a significant
difference to precipitation patterns experienced in the past.
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Table 3: Past and future annual precipitation statistics. All units in [mm].
Scenario

Mean

Min

Max

Standard Dev.

Variance

Historical

1250

877

1479

161

26062

RCP 4.5

1291

662

1901

218

47435

RCP 8.5

1301

862

1696

185

34390

Nevertheless, even though the long term projections are not showing a clear future trend in precipitation
patterns, the recent past showed that the region is highly sensitive to extreme precipitation events, like the
long dry spell in 2018. Due to exceptionally dry months in summer and fall, the filling level of the Große
Dhünn reservoir dropped to nearly 50 % of the total capacity, in 2018. Opposed to other reservoirs in the
region, the decrease was relatively moderate, because of the previous wet winter, the consequences of the
dry summer and autumn could be mitigated (Wupperverband 2019). Yet, it is uncertain how the reservoir
would react if more dry years followed, and which impacts climate variability could exert on the water
resources. Therefore, it is essential to carefully investigate the influence of climate variability on the water
resources of the catchment.

Figure 33. Frequency distribution of historical (grey) vs. projected future annual precipitation of RCP
8.5 (red) and RCP 4.5 (yellow). Future projections are expected to resemble historical annual
precipitation patterns. Precipitation in [mm].
Similar to the projected annual precipitation changes, future seasonal precipitation patterns show low
differences when compared to historical data. According to Figure 34, slightly increasing precipitation rates
can be expected especially during fall and summer, and decreasing precipitation rates are expected during
spring. However, variances of both RCP scenarios are high and no significant difference can be found for
future seasonal precipitation behaviour compared to the past.

31

Special report - Impacts of long-term climate change effects on
typical water problems in Europe

Figure 34. Past (1983-2004) and future (2006-2100) seasonal precipitation. (DJF = December, January,
February; MAM = March, April, May; JJA = June, July, August and SON = September, October,
November)
Mean monthly data (Figure 35) shows that February and April are presenting a significant decrease in rainfall
of approx. -30mm/month, whereas November and December are showing an increase of approx. 2025mm/month compared to historical monthly precipitation rates.

Figure 35. Difference of future monthly precipitation (RCP 4.5 and 8.5, 2006-2100) compared to
historical data

Temperature projections 2006-2100
Temperatures are expected to increase in the Große Dhünn catchment, under both IPCC RCP scenarios,
with a stronger increase under RCP 8.5 (Table 4 and Figure 36). Until the end of the century (2100), an
increase of approx. 3°C in mean annual temperature is projected.
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Table 4. Past and future mean annual temperature statistics. All units in [°C].
Scenario

Mean

Min

Max

Standard Dev.

Variance

Historical

8.9

8.2

9.6

0.39

0.15

RCP 4.5

10.1

7.9

12.0

0.87

0.75

RCP 8.5

10.2

8.1

13.4

1.27

1.61

Figure 36. Mean annual temperatures for RCP 4.5 (yellow) and 8.5 (red) from 2006-2100.
Apart from the overall increase of mean annual temperatures, the intra-annual temperature variability is
expected to increase significantly. Figure 37, shows that under both RCP scenarios increasing occurrences
of high mean annual temperatures as well as increasing occurrences of low mean annual temperatures are
projected. Compared to the historical frequency distribution of temperatures, expected future temperature
will cover a wider range of possible occurrences. This is especially notable for RCP 8.5. Figure 37
furthermore visualizes the shift to higher temperatures under RCP 8.5 and 4.5 compared to the past.
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Figure 37. Frequency distribution of historical (grey) vs. projected future mean annual temperatures
of RCP 8.5 (red) and RCP 4.5 (yellow). Under both RCP scenarios a shift towards higher temperatures
is expected, with increasing mean annual temperatures above 12 °C under RCP 8.5. Temperature in
[°C].
The seasonal analysis shows increasing temperatures throughout all 4 seasons (Figure 38). While the
temperature increase during the winter months, shows a weak signal as well as a significantly increased
variability, fall months (SON) show a clear temperature increase, with mean seasonal temperatures
significantly higher that historical means.
Monthly temperatures (not shown here), are expected to rise for each month with minimum increases in
January and maximum increases during fall months.

Figure 38. Past (1983-2004) and future (2006-2100) seasonal temperatures.
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ET simulations 2006-2100
Despite the significant trend in the temperature signal, model results show no respective signal in future
evapotranspiration (ET) trends. Overall a significant increase of ET can be observed for both RCP scenarios
compared to historical data, yet, a clear correlation to the above described temperature trend is missing.
Furthermore, in spite of the fact that RCP 8.5 accounts for a much higher temperature increase, no difference
in ET rates between RCP 4.5 and 8.5 can be observed for the Große Dhünn catchment.
Table 5. Past and future mean annual ET statistics. All units in [mm].
Scenario

Mean

Min

Max

Standard Dev.

Variance

Historical

366

336

398

19

375

RCP 4.5

480

308

566

40

1562

RCP 8.5

484

370

562

40

1626

Figure 39. Mean annual actual evapotranspiration (ETa) for RCP 4.5 (yellow) and 8.5 (red) from 20062100.

In line with the overall increase of temperature in each season, also ET rates will increase notably. The
seasonal analysis shows that summer and fall months will experience highest ET increases, and that an
increasing variability in ET rates is projected for all seasons.
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Figure 40. Past (1983-2004) and future (2006-2100) mean seasonal evapotranspiration rates.

Runoff simulations 2006-2100
The above describes changes in precipitation, temperature and ET show the following implications for water
resources availability (i.e. runoff to the reservoir): A reduction of the Große Dhünn discharge is simulated
with the SWAT model under both scenarios. The cumulative runoff for a time period of 35 year (Figure 41)
shows that the inflow to the Große Dhünn reservoir will significantly decrease in future, compared to
observed historical flow.

Figure 41. Cumulative discharge to the Große Dhünn reservoir under historical conditions and future
climate change projection.
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Table 6. Past and future mean annual discharge statistics. All units in [m3/s].
Scenario

Mean

Min

Max

Standard Dev.

Variance

Historical

0.64

0.03

15.7

0.80

0.64

RCP 4.5

0.48

0.02

2.17

0.37

0.13

RCP 8.5

0.49

0.04

2.16

0.35

0.13

The decreasing trend of annual discharge is likewise seen in the overall statistics (Table 6), which shows
decreasing mean and minimum discharge rates. Figure 42, visualizes the shift of most occurring discharge
rates from approx. 0.65 m3/s to approx. 0.4 m3/s, as well as an increase of the occurrence of low discharge
rates.

Figure 42. Frequency distribution of historical (grey) vs. projected future mean annual discharge (Q)
of RCP 8.5 (red) and RCP 4.5 (yellow). A shift to lower annual discharge rates can be expected. Units
are in [m3/s].
The seasonal analysis shows, that long-term climate change projections indicate that under both RCP
scenarios a significant reduction of inflow to the reservoir is expected, in all seasons. Decreasing discharge
rates can be expected especially during winter and spring months, which coincides with the most important
time for reservoir filling. Furthermore, as can be seen in Figure 44, towards the end of the projection period
(2071-2100), low flows will shift from early to late summer, making a careful management and saving of
water resources until later in the hydrological year necessary.
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Figure 43. Past (1983-2004) and future (2006-2100) mean seasonal discharge rates.

Figure 44. Discharge rates [m3/s] to the “Große Dhünn” reservoir for historical data (1971-2000) and
projected climate conditions under RCP 4.5 and 8.5 scenarios at the end of the 21st century (20712100).

These results show the consequences of future runoff behavior on the Große Dhünn reservoir. As outlined
by other studies and as seen in the above listed results, a lower precipitation rate leads to a further reduction
of the runoff volume. If the rainfall is reduced by e.g. 10 %, the decline in runoff exceeds this percentage
notably (López-Moreno et al. 2014; Voudouris et al. 2012). Moreover, Christensen et al. (2004) pointed out
that little changes of the runoff development result in greater changes in the reservoir storage. Consequently,
a slightly decreasing runoff can have major effects on the filling level and the reservoir system. Therefore, it
is important to consider that even small changes in precipitation patterns can result in declining runoff which
can highly affect the filling level of reservoirs.

Comparison of historical data, decadal predictions and RCP scenarios (2015-2018)
Towards the end of the BINGO-Project, 4 years of time-overlapping data was available from measured
historical data, decadal predictions as well as two long-term RCP scenario projections. Thus, a comparison
of all 3 scenarios (decadal prediction, RCP 4.5 and RCP 8.5) with historical data was possible for the time
period 2015-2018, and some first statements can be made according to the forecasting skills of the different
scenarios.
The results of this analysis are shown in Figure 45, which shows discharge rates of each months, for
measured as well as scenario data, for the time period from 2015 to 2018. In general decadal predictions as
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well as RCP scenarios capture well the annual cycle of monthly discharge values. On average, also the
annual pattern of the change in discharge variance is captured fine (i.e. larger variances in winter months
and smaller variances in summer).
Nevertheless, a scenario-consistent overestimation of discharge rates can be seen for summer months,
while in winter the scenarios tend to underestimate the inflow to the reservoir. These are findings, which
should be considered in the analysis of future climate change predictions and the assessment of their
uncertainty for the specific case of the Große Dhünn reservoir.

Figure 45. Monthly runoff of measured and scenario data (2015-2018).
(Meas = measured data; Dec. Pred = decadal predictions)

4.7.

Summary and conclusions

From the analysis outlined above, the following main findings can be summarized regarding the impact of
climate change for the Größe Dhünn catchment:
•

No significant changes in annual precipitation rates can be projected for the future

•

A significant increase of mean temperatures is expected (approx. 3°C until 2100)

•

High and low temperatures are expected to increase in frequency

•

Increasing ET rates and significantly increased ET variability are likely to occur

•

Inflow to the Große Dhünn reservoir is likely to decrease, especially during winter and
spring months

As future precipitation in the Große Dhünn catchment is projected to resemble past precipitation patterns,
changes of temperatures have the strongest impact on future water resources in the study area. Their strong
effects on evapotranspiration characteristics show that water demand is expected to increase, which will
inherently increase water demand and decrease water availability of other water balance components, such
as soil moisture storage volumes and it will subsequently impact percolation and ground water recharge
rates. The resulting effect of these changes can be seen in the decreasing discharge rates, which are
projected for a future under both RCP scenarios. Hence, for the German BINGO-study site, a future with
“too little” water is a likely scenario.
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However, it has to be outlined that apart from the general increase in mean annual temperatures and ET
rates, also the variability in expected temperature and ET events is likely to increase. As described above,
higher frequencies of maximum temperatures and maximum ET rates but also of lower temperatures and
lower ET rates are estimated. This makes the future planning of water resources in this area more
challenging, as the unpredictability of water demand and availability will significantly increase.
It should also be noted, that this analysis only addresses annual, seasonal and monthly mean climate
change patterns. It can therefore not give any insight into the increase of extreme events, like floods, or heat
waves which occur on a sub-monthly, daily or sub-daily time scale. For a comprehensive assessment of
climate change impacts for the Große Dhünn catchment these aspect have to be additionally analyzed.

4.8.

Bibliography

Christensen, N. S., A. W. Wood, N. Voisin, D. P. Lettenmaier, and R. N. Palmer. "The Effects of Climate
Change on the Hydrology and Water Resources of the Colorado River Basin." Climate Change 62, (2004):
337-363.
López-Moreno, J. I., J. Zabalza, S. M. Vicente-Serrano, J. Revuelto, M. Gilaberte, C. Azorin-Molina, E.
Morán-Tejeda, J. M García-Ruiz, and C. Tague. "Impact of Climate and Land Use Change on Water
Availability and Reservoir Management: Scenarios in the Upper Aragón River, Spanish Pyrenees." Science
of the Total Environment 493, (2014).
Voudouris, K., T. Mavromatis, and P. Krinis. "Assessing Runoff in Future Climate Conditions in Messara
Valley in Crete with a Rainfall-Runoff Model." Meteorological Applications 19, (2012): 473-483.
Wupperverband,

2019,

"Wasserwirtschaft

Im

Wuppergebiet"

https://www.wupperverband.de/internet/web.nsf/id/pa_startseite.html. (Accessed 02/04/2019).

40

Special report - Impacts of long-term climate change effects
on typical water problems in Europe

5. The Netherlands
5.1.

Objectives

The Veluwe area is important for the drinking water supply in the Netherlands. It is an elevated sandy area
which contains a large aquifer of fresh groundwater. Most of the area is designated nature reserve and land
use mainly consists of forests (predominantly pine), heather and drift-sand. Due to the expanse of the area
and its large unsaturated zone, the groundwater system responds slowly to changes in meteorological
conditions. Brooks and streams are found at the fringe of the sandy area, where water exfiltrates. Upward
seepage also occurs in surrounding lower lying agricultural areas. No large drainage systems or surface
water bodies exist in the central part of the area. A complete description of the site including historical
information can be found in Deliverable 3.1.
Precipitation shifts from summer to winter are expected in the future, combined with increased
evapotranspiration demands in summer due to higher temperatures (KNMI 2014a). This can lead to longer
and more intense dry spells occurring more often across the Netherlands (KNMI 2014a). These dry spells
can pose a threat to the drinking water supply as well as to other land use functions, in particular agriculture
and nature. In these circumstances the large groundwater body of the Veluwe becomes even more
important. Groundwater abstractions from this area would then be increased. Within the BINGO project the
model objective for the Veluwe is to quantify the effect of climate, land use changes and changes in water
use over multiple time periods. Here we will present the results of model simulations for the near future
(2036-2065). Instead of the RCP data, climate scenarios from the Dutch Meteorological Society (KNMI) were
used (KNMI 2014b). These scenarios are specifically developed for the Netherlands and are thus more
relevant for the stakeholders within the BINGO project. We also found that for this specific area the RCP
data resulted in only a minor change in potential evapotranspiration values. A more detailed description of
the model objectives was given in Deliverable 3.3 and 3.4.

5.2.

Model application

For the Veluwe, the AZURE model (De Lange and Borren 2014) was used to simulate the impact of the
climate, land use and water use changes on the water resources. The groundwater part of AZURE is based
on MODFLOW (Harbaugh 2005) and it is coupled to MetaSWAP (van Walsum and Groenendijk 2008, van
Walsum et al. 2010) for the simulation of the unsaturated zone. MetaSWAP simulates the actual
evapotranspiration and groundwater recharge based on water availability, soil properties and land use. The
potential evapotranspiration has been determined by multiplying the Makkink reference crop
evapotranspiration (Makkink 1957) with land use specific crop factors. The land use classes of MetaSWAP
were adjusted to include heather. The model simulations were done on a 250 by 250 m resolution for the
Veluwe area and surroundings, in total an area of about 6 500 km2. A detailed description of the model can
be found in Deliverable 3.3.
To analyse the effect of changes in climate, we will use the same approach as in Deliverable 3.4. Model
results will be shown as spatial maps and time series at five selected locations, indicated by the characters
A-E (Figure 46). These locations roughly form a transect across the southern part of the Veluwe area,
including different land use types.
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Figure 46. Elevation of the Veluwe area (m +NAP) and locations of the time series

5.3.

Data

Hydrogeology
The AZURE model has nine hydrogeological layers with a horizontal and vertical conductivity. The initial
conductivities were based on the national Dutch hydrogeological database REGIS 2.1 (Vernes and Van
Doorn 2005). These values were adjusted after the calibration with historical data (Deliverable 3.3). Major
soil textures are ‘sandy gravel’, ‘sand’ and ‘clay’. The complex features of the Veluwe from its geological
setting are accounted for by using different horizontal anisotropy factors (Deliverable 3.3). Ice pushed ridges
received a low anisotropy value in the direction perpendicular to the ridge.
The model boundaries of AZURE are defined as constant head boundaries. The extent of the model is
chosen in such a way that a constant head boundary coincides with large rivers (‘IJssel’ and ‘Rijn’) or lake
‘IJsselmeer’. Large lakes, as the ‘IJsselmeer’, are simulated as constant head boundaries as well. For
terrestrial parts, the upper boundary is controlled by recharge estimated by MetaSWAP.

Meteorological data
We have used the climate scenarios from KNMI that were specifically developed for the Netherlands (KNMI
2014b). The scenarios are described in detail in KNMI (2014b), we will give a short summary here. The
reference period for these scenarios is 1981-2010; input data for this period are based on observations and
the existing climate change trend was removed. The model was run with the scenarios for the climate in
2050, which cover the period 2036-2065. Four different scenarios are available for this period, GL, GH, WL
and WH. The G scenarios represent a low global mean temperature increase, while the W scenarios
correspond with a stronger temperature increase (“warm”).The subscripts H and L relate to regional changes
in air circulation patterns. The model projections represent a strong response to climate forcings (subscript
H, “high value”) with wetter winters and drier summers and a relatively weak response (subscript L, “low
value”) with smaller changes in precipitation in both seasons. An overview of the changes in the most
relevant meteorological variables in the four scenarios for the period 2036-2065 averaged over the
Netherlands is given in Table 7.
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Table 7. Overview of the climate change values according to the scenarios f9or the period 2036-2065
for the most relevant meteorological variables (KNMI 2014b)
Variable

Indicator

Climate
1981-2010

GL

GH

WL

WH

Temperature

Mean

10.1°C

+1.0°C

+1.4°C

+2.0°C

+2.3°C

Precipitation

Mean amount

851 mm

+4%

+2.5%

+5.5%

+5%

Solar radiation

Solar radiation

354 kJ/cm2

+0.6%

+1.6%

-0.8%

+1.2%

The mean yearly precipitation and potential evapotranspiration (determined with Makkink 1957) over the
Netherlands as derived from the observations in the reference period (1981-2010) are shown in Figure 47.
Mean yearly precipitation ranges from around 730 mm/y to more than 950 mm/y. The potential
evapotranspiration shows a gradient from the coast towards the eastern part of the Netherlands.

Figure 47. Mean yearly precipitation in mm/y (a) and mean yearly potential evapotranspiration in
mm/y (b) for the reference period (1980-2010).
The changes in the meteorological variables for the scenarios lead to an increase in potential
evapotranspiration across the Netherlands (Figure 48). The WH scenario leads to the largest increase,
whereas the GL scenario has the smallest increase.
The distribution of the precipitation across the year is important for the recharge of the groundwater at the
Veluwe (see also D3.4). The changes in monthly precipitation and potential evapotranspiration for the four
scenarios are given in Figure 49 for one grid cell at the Veluwe. All scenarios show an increase in winter
precipitation, where the WH and GH scenarios have the largest increase in precipitation in October,
November, December and January. In the summer months (June, July, August) the scenarios differ from
each other. The WH and GH scenarios indicate a clear decrease in precipitation, whereas the GL scenarios
predicts a slight increase in precipitation. The WL scenario indicates an increase in June, precipitation similar
to the reference period in July and a decrease in August. The distribution of the changes in potential
evapotranspiration is similar for all four scenarios; all scenarios predict an increase in potential
evapotranspiration in the period May-August.
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Figure 48. Difference in mean yearly potential evapotranspiration (mm/y) between the four scenarios
and the reference period.

Figure 49. Mean monthly a) precipitation (mm) and b) potential evapotranspiration (mm) of the
reference period (1981-2010) and the four scenarios for one grid cell at the Veluwe.

Land use
The land use classes at the Veluwe for the AZURE model (Figure 5) are based on the LGN6 Dutch land use
database (LGN6, Hazeu et al. 2011). This database combines information from satellites images,
topographical maps and older land use databases. For the AZURE model, the land use database was
converted to a 250 by 250 m grid (Figure 50).
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Figure 50. Land use classes at the Veluwe area for the AZURE model.

5.4.

Main results and discussion

Groundwater
The simulated mean groundwater heads (m +NAP, Normaal Amsterdams Peil or Amsterdam Ordnance
Datum) for the Veluwe area over the reference period (1981-2010) are shown in Figure 51. As expected,
the highest parts of the Veluwe have higher absolute groundwater levels and clearly stand out (Figure 46
and Figure 51). The difference between the elevation and groundwater heads also gives an estimate of the
large unsaturated zone in this area. At the borders, a steep gradient in the groundwater levels exists.

Figure 51. Mean groundwater head (m +NAP) over the Veluwe for the period 1981-2010. The red line
indicates the area of the Veluwe.
The model was run for the period 2036-2065 with the four different KNMI scenarios (GL, GH, WL and WH).
In this analysis, no changes have been made to the current land use and water use. The differences in
simulated mean groundwater head between the scenarios and the reference period over the whole Veluwe
area are given in Figure 52. Across the Veluwe all scenarios indicate an increase in the mean groundwater
head, with an increase of more than 4 m for the WH scenario. The highest parts of the Veluwe show the
largest increase in the mean groundwater head, whereas lower lying areas show small changes.
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The increase in mean groundwater head across the Veluwe can be explained by the increase in winter
precipitation in all scenarios in combination with the uncertainty in potential and actual evapotranspiration.
The elevated sandy regions have a large unsaturated zone and when soil moisture is limited, the soil will not
deliver enough water to the root zone to meet the demands of the higher potential evapotranspiration that is
predicted in all scenarios. The increase in winter precipitation will, therefore, lead to more recharge and
higher groundwater levels, because no extra water is lost through evapotranspiration.
The groundwater heads simulated with the GH and WH scenarios decreased in the agricultural surrounding
areas of the Veluwe. In contrast to the elevated areas, these low-lying regions are thus prone to water
shortages, especially in summer. These water shortages increase in the GH and WH scenarios (Figure 49).
The different response to climate change of the low-lying regions is presumably caused by the effect of
shallow groundwater levels, which enables capillary supply of groundwater to the root zone in dry periods.
In these regions, groundwater levels are directly linked to the surface water levels. This leads to a faster
response of the region during periods with rain, because the extra water is directly discharged through the
surface water (see also paragraph Fluxes). Differences in soil type (usually a higher water holding capacity
in the discharge area) may also play an important role.
The changes in groundwater head are similar to changes found by an earlier study across the Veluwe by
van Engelenburg et al. (2018). Compared to the simulated changes in groundwater heads in the near future
(2016-2025) found in Deliverable 3.4, the changes in the lower-lying regions are similar, whereas the
changes for the higher elevated regions differ. Due to the slow response of the groundwater, the groundwater
heads were not completely recovered from a preceding relatively dry period (2005-2014), which led to a
decrease in groundwater heads (D3.4). Groundwater heads derived from the model simulations for the
period 2036-2065 are not affected by the relatively dry period and therefore showed an increase in the higher
elevated regions.
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Figure 52. Changes in mean groundwater head (m) between the scenarios (2036-2065) and the
reference period (1981-2010). The grey line indicates the area of the Veluvwe, black dots show the
five selected locations.
The time series at the five selected locations clearly show the different responses of the groundwater (Figure
53). Groundwater heads at the locations in low-lying agricultural areas, A and E, have a clear seasonal cycle
and fast response to precipitation. At these locations, groundwater heads decrease in summer; the more
extreme lower groundwater level in the reference period occur more often in the future. Variance in
groundwater heads across the year is completely different at locations B-D, which reflect the slow response
of the sandy elevated areas. No seasonal cycle is visible at these locations. The largest increase in
groundwater head is found at location D with an increase of around 4 m for the WH scenario.
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Figure 53. Groundwater heads (m +NAP) at five locations along a transect over the Veluwe area for
the reference situation and in the future period for the four scenarios.

Fluxes
The changes in groundwater heads of course also effect the fluxes from the groundwater to the surface
water. Since the AZURE model is a groundwater model, discharge is not directly simulated, but only the
fluxes from each grid cell to the surface water, drainage and overland flow. The mean total flux in the model
in the reference period is given in Figure 54. From these fluxes, the brooks at the fringe of the Veluwe clearly
stand out. The positive fluxes at the fringe of the Veluwe towards the surface water system are important for
the nature in these areas.
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Figure 54. Mean total flux (m3/day) from groundwater to surface water, drainage and overland flow
in the reference period (1981-2010). The red colour indicates infiltration areas.
The increase in groundwater heads across the Veluwe leads to an increase in the mean total flux at the
fringe of the Veluwe in all scenarios (Figure 55), as was expected. In the north-western part of the Veluwe,
a lower-lying area with more fluxes is visible, these are the Hierdense Beken. In some parts of this region,
the mean total flux decreases for the GL, WH and GH scenarios. This is consistent with the decrease in
mean groundwater head in this region found for these scenarios for the lower-lying regions.

Figure 55. Change (%) in mean total flux from grounwater to surface water, drainage and overland
flow expressed as percentage of the mean total flux in the reference period for the four scenarios.
Negative changes in the flux indicate an increase iin flux, e.g. wetter conditions.

5.5.

Conclusions

The effect of the changes in climate for the period 2036-2065 on groundwater heads and associated fluxes
towards the surface water system was simulated with a groundwater model across the Veluwe. Four different
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scenarios were used to find a range of possible changes. Different responses to climate change are found
for the elevated sandy regions of the Veluwe and the surrounding areas:
-

The increase in winter precipitation in all scenarios leads to an increase in groundwater heads
across the elevated parts of the Veluwe. This increase in groundwater heads results in higher fluxes
towards the surface water at the fringes of the system.

-

The lower-lying areas of the Veluwe and the surrounding agricultural areas are sensitive to dry
spells. For the scenarios with less precipitation in summer, the groundwater heads decrease in
these regions. Fluxes towards the surface water system also decrease or remain similar to the
reference period.

5.6.
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6. Norway
Model frameworks
Within the BINGO project in Norway, two risks have been addressed 1) Risk of decreased water availability
due to increased frequency of dry spells, and 2) Risk of increased CSO pollution due to increased frequency
of extreme rainfall events. For the first objective, HBV-models of inflow to the drinking water reservoirs in
Bergen has been calibrated and coupled with a reservoir storage balance. For the second objective, a
SWMM model of the urban drainage system has been set up to simulate CSOs discharging to the
downstream fjord, Puddefjorden.
Both model frameworks have been used for simulating the hydraulic and hydrological response to the
decadal prediction prepared by the FUB in work package 2 (WP2) of BINGO (BINGO D2.1-D2.9). The results
of these impact simulations and assessments are found in BINGO D3.4.
For Bergen, there exist projections of an increased population (Tønnessen & Leknes 2016) and estimates
of high leakage rates in the drinking water distribution network (Bergen Municipality 2015), both trends that
will put more strain on drinking water resources in a long-term perspective. Long-term projections of climate
and future water awailability has thus been of high interest from a strategic perspectiv. Hence, the impact
assessments for the first objective was extended from the FUB decadal projections to also covering longterm RCP scenarios.
The assessment of future water availability in Bergen in a long term perspecitive is found in Kristvik et al.
2019. The following sections gives a brief summary of objectives and main results.

6.1.

Objectives

In 2009-2010 Bergen experienced a winter drought resulting in historically low water levels in the drinking
water reservoirs. A concern for increased frequencies of such events was raised and included as an
objective within the BINGO project. It was already known that much water loss occurs in the distribution
network and that the storage capacities of the reservoirs were limited. Since said drought, storage capacity
has been increased and the municipality is continuously working on leakage reduction in their system. These
measures are costly and their impact expected to last for many decades. The objectives of this work therefor
was to assess future water availability in Bergen under various climate scenarios and projections of future
water use in order to identify and/or justify relevant adaptation measures.

6.2.

Main results

Figure 56 shows the results of the statistical downscaling of an ensemble of GCMs and RCPs and the impact
on future inflow to reservoirs in terms on delta change factors. In general, the downscaled projections of
Kristvik et al. (2019) shows an increase in both temperature and precipitation, where the latter is an annual
increase despite projected seasonal decreases. In comparison, the decadal projections of the FUB scenarios
shows general increases in both temperature and precipitation over all seasons (BINGO D3.4). The
implication of this for the inflow to drinking water reservoirs is that the FUB scenarios alone (not accounting
for changed consumption patterns) does not reflect an increased risk of water shortage (Figure 57), while
seasonal inflow reduction is suggested by to the long-term perspective RCP scenarios. In order to assess
the implications of inflow reduction on future water availability, a water availability index (WAI) that accounts
for both inflow (supply side) and consumption (demand side) was set up (Kristvik et al. 2019). The WAI can
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be interpreted as the ratio of stored water to the available storage capacity where projections of future inflow,
population size and leakage levels are used as input. The investigation of different scenarios for inflow,
population growth, level of leakage reduction and installed storage capacity showed that the drinking water
supply will be more vulnerable due to estimated decrease of the WAI, but the vulnerability is easily
counteracted by measures that aim for better preservation of the water received by the reservoirs (Figure
58). The seasonal differences in inflow (increase/decrease) especially highlights the great potential in storing
more water, i.e. increase the storage capacity (Kristvik et al. 2019).

Figure 56. Computed monthly change factors for RCP driven projections of temperature (TAS),
precipitation (PRECIP) and HBV simulated inflow to drinking water reservoirs (INF) (Kristvik et al.
2019).
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Figure 57. Computed monthly change factors for FUB decadal predictions and HBV simulated inflow
to drinking water reservoirs (BINGO D3.4)

Figure 58. Projected water availability index (the ratio stored water to storage capacity) for applied
RCP, leakage and consumption scenarios (Kristvik et al. 2019).

6.3.

Discussion and conclusions

The differing trends of future climate found in decadal predictions and long-term RCP projections is of
valuable information for decision-making. In general, it clearly emphasize the need for ensemble
assessments for a more informed decision-basis and the need to consider the planning horizon of the water
management task at hand. Both the long-terms strategic plan for measures to implement, but also the time-
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span of the planned measures should be accounted for. Specifically, the results shows that the water
availability in Bergen is robust to climate change and that the recent installation of higher storage capacity
is an effective way to ensure better water preservations and preparedness for dry spells.

6.4.
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7. Portugal
Model frameworks
The Portuguese contribution to the BINGO objectives of testing different systems’ vulnerabilities to climate
change is fourfold:
1. Test climate change impacts in the Tagus estuary bordering lands where expected sea level rise, possibly
associated with more frequent storm surges, and salt water intrusion are the driving forces.
2. Determine how potential reduction in aquifers recharge and, in coastal lowland areas, possible saltwater
intrusion, may reduce the availability of groundwater to agricultural uses and water supply.
3. Estimate how vulnerable communities will become to increase floods frequency and magnitude in urban
areas.
4. Assess how the potential changes in surface water flow regimes will jeopardize the current and future
planned water uses.

7.1.

Objectives

Two main problems are tackled in BINGO in the upper Tagus estuary (see D3.1 for details about the study
area, Figure 59): i) the inundation of rich agricultural lands by the combined action of tides and storm surges;
and ii) the saltwater intrusion in the upper reaches of the estuary where a major water intake for irrigation is
located (Conchoso). Both problems can have negative social, economic, and environmental implications,
and can potentially be aggravated by climate change (e.g., through sea level rise or reduced river flow).
For each of these two problems, we aimed to: i) implement, calibrate and validate appropriate process-based
models; iii) use these models to characterize the present conditions, in particular extreme events; and iii)
determine how the conditions will change in the near future.

Figure 59. General perspective of the Tagus estuary (left) and detail of the study area in the upper
estuary (right). Location of the stations. Source of the background image: ESRI Basemap.
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7.2. Main results
Inundation
To assess the influence of mean sea level rise in the inundation in the upper Tagus estuary a mean sea
level rise scenario was simulated. For this scenario a possible mean sea level rise for the end of the century
of 0.5 m was considered, taking into account the predictions of IPCC (IPCC, 2014). In particular, the IPCC
estimates that for the period 2081–2100 the mean sea level rise relative to 1986–2005 will likely be in the
ranges of 0.26 to 0.55 m for RCP2.6 and of 0.45 to 0.82 m for RCP8.5 (IPCC, 2014). The simulated scenario
for inundation considers the same atmospheric, riverine and oceanic conditions that occurred in the 1941
storm (worst storm to hit the Tagus estuary since the beginning of the 20th century) and a mean sea level
rise of 0.5 m.
Results suggest that, if the 1941 conditions are combined with a 0.5 m rise in mean sea level, the inundated
area in the agricultural land would significantly increase when compared with the scenarios without sea level
rise (Figure 60). Almost 80 km2 of land would be flooded, in spite of the presence of the dikes.

Figure 60. Inundation of the upper Tagus estuary for the 1941 storm: a) extreme surge scenario; b)
worst case scenario, obtained by combining the 1941 storm with an extreme spring tide and c)
extreme surge scenario combined with a mean sea level rise of 0.5 m. Extracted from Fortunato et
al. (2017).

Saltwater intrusion
To assess the influence of mean sea level rise in the saltwater intrusion in the upper Tagus estuary an
additional scenario to the ones described in D3.4 was simulated. This scenario (Scenario 4) combines a
recent drought with a possible sea level rise for the end of the century, as described for inundation. The
mean sea level rise considered in this scenario was thus 0.5 m and the Tagus River flow was set to 22 m3/s,
which represents the worst recent drought. Table 8 summarizes the simulated scenarios (see D3.4 for details
about scenarios S0-S3).
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Table 8. Summary of analyzed scenarios.
Scenario

River flow
(m3/s)

Mean sea level rise
(m)

S0,climatological

132

0

S1, worst recent drought

22

0

S2, minimum river flow

16.5

0

S3, worst case scenario

8

0

S4, sea level rise

22

0.5

For the mean sea level rise scenario (scenario S4), salinity is only slightly higher than the values observed
for scenario S1 with the same river flow (Figure 61). Between these two scenarios, salinity differences are
typically less than 1 psu and smaller when compared with the differences between the river flow scenarios.
These results suggest that in the short to medium term the freshwater inflow is the main driver controlling
the salinity in the upper reaches of the estuary.

Figure 61. Salinity in the upper Tagus estuary for different scenarios of river discharge and sea level
rise. See Table 8 for scenarios’ description and Figure 59 for the location of the stations. Extracted
from Rodrigues et al., in preparation.

7.3.

Discussion and conclusions

The long-term analysis of climate change in the Tagus estuary assessed the influence of a mean sea level
rise of 0.5 m in the inundation and in the saltwater intrusion:
•

for the inundation, results suggest that sea level rise significantly increases the inundated
area in the agricultural land, which may be mitigated by the increase of the height of the
dikes that protect the region;
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•

regarding the saltwater intrusion, results suggest that sea level rise increases the salinity
upstream, but in the short to medium term the freshwater inflow is the main driver
controlling the salinity in the upper reaches of the estuary. Accurate river discharge data
are thus fundamental to appropriately support decision-making in the water resources
management in this region.

Overall results suggest that in the long-term sea level rise will tend to aggravate the present conditions and
should thus be considered in the definition of adaptation measures.

7.4.

Bibliography

Fortunato, A.B.; Freire, P.; Bertin, X.; Rodrigues, M.; Ferreira, J.; Liberato, M.L. 2017. A numerical study of
the February 15, 1941 storm in the Tagus estuary, Continental Shelf Research, 144: 50 - 64.
IPCC. Climate change 2013: The Physical science basis. Contribution of working group I to the fifth
assessment report of the intergovernmental panel on climate change. Stocker, T.F., Qin, D., Plattner, G.-K.,
Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M., Eds.; Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, 2013; pp. 1535.
Rodrigues, M.; Fortunato, A.B.; Freire, P. In preparation. Saltwater intrusion in the upper Tagus estuary
during droughts, Geosciences.

58

Special report - Impacts of long-term climate change effects
on typical water problems in Europe

8. Spain
Model frameworks
This deliverable aims at resuming the analysis and results of the RCP model scenarios derived from the
climate change projections. All the methods and results were presented in D3.4 while the models in D3.3.
The research site of Badalona was presented in D3.1. Two different model frameworks are presented for
the case study:
-

1) Flooding. This WP3 flood framework aims to develop flood hazard maps of Badalona for current
and future scenarios. The hazard maps were shown in D3.4 and were produced using the 1D-2D
drainage model presented in D3.3. The rainfall inputs derived from the RCP scenarios used in the
analysis were presented in D3.4.

-

2) Combined Sewer Overflows (CSO). This WP3 CSO framework aims to develop hazard maps for
people bathing in the sea after CSO events and to quantify the future rainfall impacts on bathing
water quality. The hazard analysis was shown in D3.4 and was produced using the coupled urban
drainage - sea water quality model presented in D3.3. The rainfall inputs based on decadal
predictions used in the analysis were presented both in WP2 and D3.4.

Only the flood framework is shown in this deliverable as it is the only one including RCPs scenarios
modelling.

8.1.

Objectives

This WP3 flood framework aims to develop flood hazard maps of Badalona for current and future scenarios.
Hazard for both pedestrians and vehicles exposed to flooding are considered. The changes of hazard
between past and future scenarios are quantified in terms of differences in the extent of the different areas
classified as high hazard maps. The rainfall inputs based on RCPs projections are used to simulate flood
depth and surface runoff velocities using the 1D/2D urban drainage model described in D3.3.
The decadal rainfall predictions from Work Package 2 were analyzed and treated applying a specific bias
correction. The decadal predictions did not show an increase of future rainfall intensities compared to the
current IDF curves. Therefore, future rainfalls derived from climate change RCP projections (CORDEX) for
the period 2051-2100 were used.

8.2.

Main results

First, a resume of the rainfall analysis and then of the flood hazard results are presented.

Rainfall Analysis
The rainfalls derived from RCP 2.6, 4.5 and 8.5 projections were simulated. RCP 2.6 is the worst case
scenario in terms of rainfall intensities. However, RCP 2.6 is nowadays considered as an unrealistic scenario
by the European commission since the latest year trends in global emissions show that the emission
assumptions of RCP 2.6 were too optimistic. The future rainfall intensities derived from RCP 4.5 were shown
to be less intense compared to actual rainfall. Finally, RCP 8.5 show an increase of future rainfall intensities
and it is the scenario that was used.
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As the rainfall realizations (decadal predictions) provided by WP2 did not show an increase of the future
rainfall intensities, a new dataset has been used to proceed with Badalona flood analysis. The new dataset
was derived from climate projections results of the EURO-CORDEX project.
A GCM MPI-ESM routine was employed and verified through the re-analysis of ERA-Interim. The
downscaling process was carried out by employing the RCM COSMO-CLM model. The higher spatial
resolution is 12 Km and the temporal is 24 hours. The historic period is 1951-2005 and the future period is
2051-2100. The EURO-CORDEX domain (Figure 62) is a standard reference domain for Europe defined as
part of the CORDEX Experiment (http://www.cordex.org/).

Figure 62. EURO-CORDEX domain

In the same way as decadal predictions, rainfall time series data are stored in cells which form a grid that
covers all the studied domain (Figure 62). If zooming in the Barcelona-Badalona area, cell centroids can be
observed as Figure 63 indicates. Due to its spatial coarse resolution (~12 km) only four cells can be observed
over Barcelona and Badalona cities. Moreover, in this case due to its time coarse resolution (24h) no RIDF
(Real Intensity Duration Frequency) performance is possible and, therefore, a real-numerical RIDF
comparison neither.
Nonetheless, a Historic (1951-2005) - Projection (2051-2100) daily rainfall data comparison has been carried
out in order to analyse differences between them. The aim of this study is to find if any variation (i.e. either
increase or decrease) exists in extreme values from past and future rainfall intensities for different return
periods. Therefore another extreme values analysis has been conducted by using also Gumbel distribution
for both samples, historic and projections. Thus, unlike decadal predictions, these samples were formed by
the maximum values of 24h rainfall data per year, instead of 5 minutes as considered previously.
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Figure 63. Grid (~12 km resolution) over Barcelona and Badalona (contour in blue).

If the total precipitation values are divided by 24 hours, the average hourly intensity is obtained. These
intensity values have been compared from historic to future extreme values for each of the four cells over
the Barcelona-Badalona area and for each CORDEX scenario (RCP 8.5, 4.5 and 2.6).
Figure 3 represents the variation values for each cell together with the average value of all of them. As
observed the variation in three of them (x5y7; x5y8 and x6y7) indicate an overall increase in averaged
intensities for RCP 8.5 and 2.6. However, a clear overall averaged-intensities decrease for almost all return
periods is observed when it comes to RCP 4.5 scenario. In this regard, the most unfavourable scenario in
terms of extreme events is the RCP 2.6.
This historic-future variation percentages have been applied directly on the historic-real Barcelona RIDF
curves in order to obtain the future ones and, therefore future design storms can be performed based on
these new RIDF curves. This historic-future variation percentages (climate change coefficients) were
estimated from 24 hour duration rainfall and were applied also to shorter duration intensities (e.g. 5, 10
minutes, etc.) without downscaling.
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Figure 64. Percentages of intensities variation obtained from Historic to Projections data for the four
cells over Barcelona-Badalona area.
It has to be noted that there is not a linear relation between the considered scenario emissions with the
amount of rainfall that will be obtained. That is to say, not necessarily a more restrictive RCP will offer higher
rainfall increments, due to the climate models uncertainty, especially when it comes to rainfall (Figure 65).
This fact can be observed in Figure 64, namely for RCP 4.5 that offers an overall rainfall decrease unlike the
other two scenarios (i.e. RCP 8.5 and 2.6).
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Figure 65. Climatic models uncertainty.

Figure 66. Example of the application of the intensity variation indexes on Historic-real Barcelona
RIDF curves to obtain the future ones (example for the RCP 2.6).
Figure 66 summarizes the climate factors for different return periods and for each RCP. Moreover, it shows
an example of how historical IDF curves are converted into future ones.
Overall, the average climate factors (Figure 66) significantly change as a function of both the return period
and the different RCP scenarios (both positive and negative values are also observed). Moreover, RCP 8.5
that is the worst case emission scenario shows the highest rainfall intensity increase in the low return periods
(see for instance T=2, 5 and 10 y of Figure 66).

Flood hazard results
The methodology to derive flood hazard maps was explained in D3.4 and in the papers of Martínez-Gomariz
et al. (2016, 2017).
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Figure 67 shows the hazard maps obtained by simulating the 2, 10, 100 and 500 year return-period events
derived from IDF curves resulting from CORDEX RCP8.5. The 2 year return period increments were not
shown on the maps since they can be misleading due to the low absolute values of high hazard areas. This
figure shows mostly low (green) hazard and some high (red) hazard spots in both some streets of the urban
area and some drainage paths of the rural area in the rural part of Badalona. It is noted that hazard
calculation is an intermediate step towards risk assessment. That is why some high hazard areas can
actually be surface drains, i.e. areas where water is supposed to flow. The figure also show the percentage
increase of high hazard areas (the ratio between future and past high hazard areas).

Figure 67. Vehicle and pedestrian hazard maps of Badalona obtained from simulation of future 10,
100 and 500 year return-period events obtained from IDF curves resulting from CORDEX RCP 8.5.
The results also show the percentage increase of the future scenario high hazard area compared to
the pasts scenario.
Table 9 shows the high hazard area and the comparison between the results obtained by the baseline and
the future scenario. For each design storm (2, 10, 100 and 500 year return period) the high hazard areas
are calculated. Overall, the high hazard area obtained from RCP 8.5 increases by 27-54% for the 10 year
return period and 2-7% for the return periods of 100-500 years; this is because the climate factors are high
for return periods of 2 and 10 years and low for 100 and 500 years.
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Table 9. Comparison between the simulated hazard areas obtained by the future and the baseline
scenarios. The bottom table summarizes the climate factors for the future RCP 8.5 scenarios.

Baseline
RCP8.5 rain
Change [%]

Pedestrian high hazard area [ha]
T=2y
T=10y
T=100y
T=500y
3.7
27.7
79.5
123.6
10.2
35.1
83.9
126.5
27%
6%
2%

Baseline
RCP8.5 rain
Change [%]

Vehicels high hazard area [ha]
T=2y
T=10y
T=100y
T=500y
1.4
8.2
37.4
63.6
2.8
12.5
39.9
65.3
54%
7%
3%

CC coefficient

8.3.

1.15

1.07

1.02

1.01

Discussion and conclusions

The rainfall analysis results showed that rainfall intensities are likely not to increase within the next 10 years.
As a consequence, flood hazard in Badalona is likely not to increase in the next 10 years. Nevertheless,
rainfall intensities are likely to be higher than the actual ones in the future period 2050-2100 according to
RCP 2.6 and 8.5 (RCP 4.5 showed a decrease in future rainfall intensities), producing an increase of the
future flood hazard.
Simulations based on RCP 8.5 show a significant increase of pedestrian and vehicle high hazard areas and
an insignificant increase of high hazard areas for return periods of 100 and 500 years. It is noted that hazard
maps are just an intermediate step toward the elaboration of risk maps, therefore an increase of high hazard
might not result in a similar increase of risk. Overall, the drainage network of Badalona was designed to flood
the streets of Badalona approximately once every 10 years; nevertheless, rainfall events of lower return
periods were shown to produce flooding; moreover, the rainfall intensities associated with these events (the
events with a return period of less than 10 years) are expected to increase more than events with high return
periods such as 100 and 500 years (according to the selected climate predictions of the RCP 8.5).
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9. Conclusions
This final report of BINGO aimed at a better understanding of the long-term impacts of climate change on
water resources in Europe. It complements the BINGO approach of analyzing the near-term impacts and
was requested by many stakeholders, as some of the water management planning tools require long-term
prognosis. The special report has shown that the BINGO modelling framework could technical easily be
expanded to RCP scenarios and all models provided reasonable forecasts until 2100.
For Cyprus the impact of climate change on the Peristerona River until 2050 using RCP 8.5 was studied.
As rainfall was decreasing by 21% in this time period, river runoff was reduced by 27%, which can have
drastic impacts on public water supply and irrigation. Thus, additional sources for drinking water supply
(desalinated sea water) and irrigation (treated sewage water) are currently being planned and developed.
At the German river basin of the Große Dhünn reservoir multiple model frameworks have shown that runoff
is likely to increase in fall and decrease in winter and spring, while evapotranspiration generally will increase.
Given the importance of both latter seasons as recharge for groundwater and the reservoir is then generated,
water availability might become critical.
The Dutch Veluwe site is very important for drinking water supply. This study has shown that due to an
increase in winter precipitation groundwater recharge will increase in the elevated regions. However, in the
lower-lying regions less summer precipitation will lead to decreasing groundwater levels, also in the nearby
agricultural areas.
At the Norwegian site in Bergen it was shown that projected water availability is decreasing throughout all
four RCP scenarios until 2100. However, as Bergen recently increased the storage capacities, it currently is
well prepared to cope with the impacts of climate change on drinking water supply.
The Portuguese study at the Tagus estuary suggested that sea level rise will significantly increase the
inundated area in agricultural regions as well as as saltwater intrusion to upstream reaches where drinking
water is abstracted.
For the urban impact modelling at Badalona, Spain it was shown that rainfall intensities are likely to increase
until 2100, which causes a significant increase of hazard areas for pedestrians and vehicles, especially for
events with return periods of 100 and 500 years.
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