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1. INTRODUCTION  

This document is developed as part of the BINGO (Bringing INnovation to onGOing water 

management ï a better future under climate change) project, which has received funding 

from the European Unionôs Horizon 2020 Research and Innovation programme, under the 

Grant Agreement number 641739. The Project website (www.projectbingo.eu) represents 

Deliverable 3.1 of Work Package 3 (WP3) ï Integrated analysis of the water cycle. 

2. BINGO Research Site Characterization  

BINGO is built around six research sites that represent challenges in terms of water 

management options and approaches. They have been selected based on relevant criteria 

(areas with expected strong impacts from climate change, previous R&D knowledge, end 

users in need for solutions, high potential for innovation and replication, competing 

demands) and covering a representative range of conditions. The following chapters provide 

a characterization of the (geo-)hydrological systems at the BINGO research sites in Cyprus, 

Germany, the Netherlands, Norway, Portugal, and Spain, These sites are differently affected 

by global change, as shown in the figure below. Therefore, this document serves as 

overview and reference for research site dependent work within WP3.  

 

Range of water systems, strategic uses, and key problems addressed at BINGO research sites 

http://www.projectbingo.eu/
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The figure above provides an overview of water and climate change related challenges at 

the six BINGO research sites. It also depicts the multidimensional overlaps and interactions 

between the sites: 

Floods are in focus of BINGO research activities at five sites (except Netherlands). At the 

Spanish, Portuguese, and Norwegian site, urban flash floods are of interest, as they can 

cause infrastructure damage, pollution of water, and implications for tourism. In addition, 

floods at the Norwegian, Cypriot, and German site have effects on reservoir management. 

Floods at the Portuguese site also can have impacts on estuary water quality and quantity 

as well as for saltwater intrusion. 

Groundwater is a BINGO research topic at three sites. Linkages between the Portuguese 

and Dutch site have been established, as both sites conduct advanced groundwater 

modelling. In addition, at the Cypriot site groundwater overexploitation is an important 

problem to be tackled, whereas the effects of climate change on groundwater levels will be 

analysed at all three sites. Furthermore, the hydrological models of the other three sites also 

include groundwater routines, which can benefit from these advanced studies. 

Rivers, reservoirs, and lakes are a common BINGO research topic at five sites (except 

Spain). The effect of climate change on reservoirs for water use purposes will be studied at 

the Norwegian, German, and Cypriot site. At all five sites hydrological models will be applied 

and/or further developed for river (sub-)basins, whereas a close collaboration of knowledge 

exchange is foreseen.  

Evapotranspiration is an important driver for droughts and therefore studied at four sites 

(except Norway and Spain). The Dutch and German site coordinate the use of identical 

lysimeters in order to measure climate change induced variations of evapotranspiration and 

to directly compare data and trends. At the Cypriot and German site, interactions on 

equipment for measuring river runoff and soil moisture have been initiated. At all four sites, 

the advanced measurements will help to realistically improve the evapotranspiration model 

routines in order to better assess the impact of climate change on runoff and groundwater 

generation. 

Droughts are a major BINGO topic at two sites. The Portuguese and Cypriot site features 

long dry and hot periods, which can have large scale consequences for multiple sectors. In 

order to assess the local impacts of climate change on drought intensity, both sites are 

collaborating. 

Drinking water, hydropower, and agriculture are in the focus of BINGO research at four sites 

(except Netherlands and Spain). To balance water demands during droughts, e.g. for 

irrigation and drinking water purposes, and to prepare for future conditions, the German, 
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Portuguese, and Cypriot site refer to each other. Furthermore, at the Norwegian and 

German site, hydropower water use is being considered. 
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2.1. Northern Troodos, Cyprus  

2.1.1. Location of the site  

The Cyprus Research Site is located along the northern slopes of the Troodos Mountains in 

Cyprus. The Troodos is a fragment of a fully developed oceanic crust, consisting of plutonic, 

intrusive and volcanic rocks and chemical sediments. It was formed in the Upper Cretaceous 

(90 Ma) as a result of the collision of the Eurasian and African plates. The stratigraphy of the 

ophiolite shows a topographic inversion, related to the way the ophiolite was uplifted 

(diapirically) and later eroded (Geological Survey Department, 2016). Its highest point at 

Mount Olympus is 1950 m above sea level.  

The Troodos Mountains form the water tower of the island, with many streams running down 

its steep slopes, in deeply incised valleys. The northern slopes are in the rain shadow of the 

mountains and are less endowed with water resources than the southern slopes. 

Investigations in the agro-ecological and hydrological processes along the northern slopes of 

the Troodos mountains could also present insights in the potential effects of climate change 

on the southern slopes.   

The research focusses on two representative watersheds along the northern slopes of the 

Troodos mountains: the Pedieos and the Peristerona Watersheds (Figure 1). Both rivers flow 

across the buffer zone into the northern part of the island, inhabited by the Turkish Cypriot 

community. These watersheds cover 112 km² and 120 km2, respectively. 

 

Figure 1. The Troodos mountains in Cyprus with the Peristerona and Pedieos Watersheds along the 

northern slopes 
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2.1.2. Local climate  

Cyprus has a Mediterranean climate, with rain during the months October to May and very 

hot dry summers. December, January and February are the wettest months. The climate 

along the northern slopes of Troodos mountains is classified as semi-arid, while the 

mountains at higher elevations are classified as dry sub-humid (Bruggeman et al., 2015), 

according to the UNEP (United Nations Environment Programme) definition (Middleton and 

Thomas, 1997). The long-term average annual precipitation (1980-2010) was 754 mm at 

Polystypos (1100 m asl (above sea level)) in the mountains of Peristerona Watershed and 

670 mm at Kionia (1200 m asl) in Pedieos Watershed. In the foothills, precipitation was 405 

mm at Panagia Bridge (440 m asl) and 344 mm in Politiko (405 m asl). While precipitation 

was 270 mm at Peristerona (200 m asl) and 306 mm in Nicosia (160 m asl) in the plains. 

Average annual reference evapotranspiration, computed with the FAO Penman-Monteith 

equation (Allen et al., 1998), was 1278 mm in Agros (1015 m asl) in the mountains and 1384 

mm in Nicosia in the plains (Figure 2). 

 

Figure 2. Longterm (1980-2010) monthly average precipitation and reference evapotranspiration (ETo) in 

the mountains (top) and in the plains (bottom) 
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Daily rainfall maxima during the period 1980-2010 were 196 mm in Kionia and 139 mm in 

Polystipos, both on 2 December 2001, and 157 mm in Panagia Bridge (18 Jan 2010). 

Average monthly daily minimum temperatures were 3 ϊC in Agros (1015 m asl) and 6 ϊC in 

Nicosia, during January. Daily maximum temperatures were 31 ϊC in Agros and 37 ϊC in 

Nicosia, in July and August (1980-2010).  

2.1.3. Geo -hydrological descriptions  

In the upstream and midstream areas of the Peristerona and Pedieos Watersheds the 

geology is dominated by the diabase and basal group formations, intrusive rocks of the 

Troodos ophiolitic sequence that form a heterogeneous fractured aquifer systems (Mederer, 

2009). In the upstream areas of the Peristerona Watershed we also find gabbros and 

plagiogranates (plutonic rocks) with relatively high hydraulic conductivities. The Troodos 

foothills correspond to the transition area between the fractured diabase and basal group 

formations and the overlying, impermeable pillow lavas of the ophiolitic sequence. The 

Mesaoria aquifers in the plain are sedimentary formations, consisting of siltstones, 

calcarenites and marls (Nicosia formation) followed by the clastic deposits (gravels, sand 

and silt) of the Pleistone fanglomerate formation. These formations are overlain by the 

alluvium of the river valleys. 

The Peristerona and the Pedieos Rivers are both ephemeral streams, which do not flow in 

summer. Surface runoff is highly variable. The average long-term annual stream flow at 

Panagia Bridge station in the foothills of Peristerona Watershed is 11.75 Mm3 (1980-2010). 

Lowest annual flow was 1.85 Mm3 (2008) and the maximum flow was 25.94 Mm3 (2002). 

Total monthly flows for these years are presented in Figure 3. 

 

Figure 3. Total monthly streamflow at Panagia Bridge Station in Peristerona Watershed, driest (2007-

2008) and wettest hydrologic year (2001-2002) and longterm average (1980-2010) 
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The streamflows from the Troodos mountains recharge the groundwater formations in the 

Mesaoria Plain. Gabion check dams have been established across the riverbed to slow the 

stream flow and increase groundwater recharge in the downstream areas of both 

watersheds.  

The downstream area of the Peristerona Watershed has been declared as a nitrate 

vulnerable area (MANRE, 2012). High nitrate concentrations have been observed in 

boreholes in the downstream area. Levels in excess of 50 ppm have been found in one of 

the boreholes. Intensive pig farms in the river valley most likely contribute to the high nitrate 

levels. In addition, up to recently the area did not have a domestic sewage network.  

In the Pedieos Basin, streamflow is monitored by the Cyprus Water Development 

Department at two stations just upstream from the Tamassos dam. However, the weir at the 

western river branch is submerged when the dam reservoir is full and operation stopped in 

September 2001. Total annual flows of the two branches for the period 1982-2001 ranged 

between 0.95 Mm3 (1998) and 12.87 Mm3 (1992). The largest event in the past 40 years 

produced 3.1 Mm3 of water in one day. This event occurred on 9 January 1989 and resulted 

from 57 mm rain over the upstream catchment on the preceding day and 108 mm on the day 

itself. Considering that there is always water in the reservoir in winter time, an enormous 

volume of water would have flown through the spillway of the dam.  

The Mesaoria aquifer has been heavily exploited, resulting in a deterioration of groundwater 

quality.  Georghiou and Pashalides (2007) analyzed the chemistry of groundwater samples 

from Nicosia and surrounding areas. The authors found a slight increase in boron levels 

between 1982-84 and 2002-03 and slightly higher levels in summer than in winter. The 

authors attributed the high boron levels (0.6 mg/L) to the marine origin of the geological 

formations, with the recent increase due to the overexploitation of groundwater resources 

and the pumping from deeper formations. The samples also showed high levels of other ions 

(e.g., Cl, SO4) and had Electrical Conductivities ranging between 1.0 and 5.7 dS/m. 

2.1.4. Land use  

In the upstream area of Peristerona Watershed wsclerophylous vegetation exists, especially 

the Cyprus golden oak (Quercus alnifolia). These trees contribute to soil stabilization and 

prevent soil erosion due to their ability to colonize steep rocky hills (Loizides, 2011). The 

fractured volcanic formations in the steep sloping midstream areas are covered by state 

forests, which are dominated by Pinus brutia trees. This area forms part of the Adelphi 

forest, a Natura2000 site. Livestock grazing in state forests has been banned since British 

colonial rule in the late 19th century (Butzer and Harris, 2007). In the upstream and 
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midstream areas of Peristerona Watershed agricultural lands are often located on terraces 

next to the streams, while the forested areas covers the steeper slopes above these lands. 

According to the Census of Agriculture (Cystat, 2014a), agricultural cropland, including 

fallow, in the Peristerona Watershedôs communities covered 3273 ha in 2010. In 2013, lands 

in good agricultural condition, which were submitted and qualified for Single Area Payment 

support, totaled 3546 ha (Cyprus Agricultural Payment Organization datasets). In the 

upstream areas the main crop is wine grapes, followed by almonds. Almost all crops are 

grown on dry stone wall bench terraces. However, the wine grapes are also grown on 

broader sloping terraces with shallow soils. The area covered with almonds and hazelnuts is 

much larger than the listed 118 ha, but many of these trees are no longer harvested and 

maintained.  

In the foothills and downstream, both rainfed and irrigated crops can be found. Cereals, 

especially barley, are the main rainfed crop. Barley is generally grown for animal feed and 

often harvested and bailed whole, especially in dry years. Irrigated crops are found on small 

fields and terraces along the river (olives, vegetables), especially in Agia Marina and in the 

plain downstream from Peristerona community.  

The upstream area of the Pedieos Watershed, similarly to the Peristerona Watershed, is 

covered by Pinus brutia forests. This area is known as the Maheras Forest, an important 

Natura 2000 site (Department of Forestry, 2012). Smaller areas of sclerophyllous and shrub 

woodlands and few plots of rainfed cereals, irrigated fruit trees, greenhouses and livestock 

farms are also found in the upstream area. At the bottom of the foothills, the Tamassos dam 

captures and stores the runoff of the 45 km² upstream river basin in a 2.8 million m3 

reservoir. About half a dozen rural communities are located in the plains, downstream of the 

dam. Here barley, olives and irrigated vegetables are the most common crops. The river 

then flows into the urban agglomeration of the capital Nicosia and its adjacent municipalities.  

2.1.5. Water use  

The communities in the Peristerona Watershed rely on groundwater for domestic water 

supply. The permanent population in the communities in the upstream area totals 1227, 

while the population of the midstream and downstream areas numbers 3739 (Cystat, 

2014b). Domestic water supplies are generally sufficient.  

Agricultural water demand in the watershed is approximately 7 Mm3, with almost half of this 

amount originating in Peristerona community (Bruggeman et al., 2015). Throughout the 

watershed there are diversions from the stream, which supply irrigation water to the fields by 

gravity through a system of open canals. Groundwater pumping is also common, especially 

in the alluvial river aquifer.  
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Figure 4. Streamflow diversion and groundwater pumping for irrigation in the Pedieos Watershed 

In the Pedieos Watershed, the rural communities of Kampia, Psimolofou and Episkopio (and 

Kapedes, just outside the watershed) receive water from the Tamassos dam reservoir 

(interview with Pera Community leader, March 2014). Anthoupolis, Deftera and Ergates 

receive water from the seawater desalination plants supplied by the Nicosia Water Board 

(interview with Deftera Community Leaders, March 2014; Director of Nicosia Water Board, 

Cyprus Mail, 2013). However, some of the rural communities also pump groundwater for 

their domestic supply. The urban communities receive their water supply from the Nicosia 

Water Board. The water is predominantly sourced from the seawater desalination plants 

outside the basin, through the southern conveyor system. Irrigation is the largest user of 

water in the rural areas of Pedieos consuming on average 4.5 Mm³/year (82%). Most 

irrigation water is pumped from groundwater. Treated sewage water from the Anthopouli 

treatment plant is also used for irrigation in some of the downstream areas.   

2.1.6.  Studies conducted in the past at the site  

Le Coz et al. (2015) investigated the temporal and spatial transferability of model parameter 

values of a lumped four-parameter daily rainfall-runoff model for five northern Troodos 

watersheds. The temporal transferability analysis of the Peristerona Watershed showed that 

(i)for a decrease (about 25%) in the mean precipitation depth, the ability of the model to 

predict the runoff dynamics for low, medium and high flows becomes significantly poorer; 

and (ii) the predicted annual water budget is overestimated, up to 20%. Furthermore, high 

performance losses showed the poor spatial transferability of model parameters in this 

environment.  

The history of flooding from the Pedieos River in the urban areas of Nicosia has been 

investigated by Charalambous et al. (in review). Historical records showed that responses to 

floods ranged from prayers and other religious rituals in the 14th century, to stormwater 

drainage networks and dam construction in the 20th and 21st century.  
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IACO Ltd (2006) conducted a flood modeling study for the design of the linear park and 

cycling path along the Pedieos River. The river segment where this linear park was 

envisaged, was found to have an active channel width of 25m on average (10 ï 40m), while 

lacking suitable adjacent flood plains due to housing development. However, the active 

channel was found to present enough depth on average, rendering it suitable to 

accommodate flows of low frequency. Certain road crossings, mainly due to their design 

characteristics, i.e. Irish bridges, were found to be susceptible to flooding in high frequency 

events. In general, and since the linear park could only be placed within the active channelôs 

width, an elevated pathway and bicycle lane of at least 3m higher than the active channelôs 

bed elevation was recommended in order to mitigate estimated flood risks.  

Flood modeling studies have been conducted by the Water Development Department as a 

requirement of the European Flood Directive (2007/60/EC). Flood hazard and flood risk 

maps and a flood management plan have been prepared for the flood sensitive areas (WDD, 

2015).  

Djuma et al (2014) have investigated erosion and surveyed sediment deposition at the first 

downstream recharge check dam in the Peristerona Watershed. They found an average 

erosion of 1 t ha-1 per year for the entire catchment area upstream of the first check dam, 

assuming a check-dam sediment trap efficiency of 15%. 

Camera et al. (in review) used a Neyman-Scott Rectangular Pulses generator and 1 x 1 km2 

gridded dataset of Cyprus for 1980-2010 (Camera et al., 2014) to downscale three Regional 

Climate Models. The projections indicated a 1.5% to 12% decrease in the mean annual 

rainfall over Cyprus for 2020-2050 (A1B scenario), relative to 1980-2010.  

2.1.7. Known water problems  

As is common in semi-arid environments, in both watersheds agricultural water demand 

exceeds sustainable supply, especially in dry years (Zoumides et al., 2013). Droughts are a 

recurrent phenomenon and have especially strong negative effects on agriculture. In 

Peristerona Watershed, streamflow does not reach the downstream communities during dry 

years. 

The Tamassos dam, which was completed in 2002, provides flood protection in the Pedieos 

Basin, by capturing the water of the steeply sloping upstream areas. However, due to 

increasing urbanisation, the downstream area is highly susceptible to floods. During heavy 

rainfall events runoff from the surrounding paved areas flows to the river. A total of 38 floods 

were recorded in urban Nicosia, from 1960 to 2012, of which three were caused by flooding 

from the river (I.A.CO Ltd, 2011). Natural vegetation that grows in the dry river bed impedes 

the flow of the water. Garbage and branches that are dragged along by the flood get trapped 
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at the low road crossings over the river, causing water to spill over the road (Figure 5). The 

Water Development Department has identified the urban area along the Pedieos as an area 

of potentially significant flood risk, for the European Flood Directive (2007/60/EC). 

The Flood Management Plant, which is currently under consultation, recommends the 

natural rehabilitation and improvement of waterways, including interventions to improve the 

hydraulic functioning of watercourses and to increase the discharge capacity. Alert 

mechanism for extreme weather and flooding (combination of thunderstorms and high 

reservoir level at Tamassos Dam) for the downstream Pedieos municipalities of Nicosia, 

Strovolos and Lakatamia are also suggested (WDD, 2015). 

As mentioned previously, the downstream area of Pedieos has poor groundwater quality due 

to overexploitation. The downstream area of the Peristerona Watershed has been identified 

as a nitrate vulnerable area. 

  

Figure 5. Flood event in the Pedieos Watershed (left: 31 May 2005, picture by I. Ioannou) 

2.1.8. Outlook  

The BINGO research will focus on improving our understanding of the hydrologic cycle in 

these two watersheds. Special attention is given to the water balance components of the 

Pinus brutia forests on the shallow and stony soils along the slopes. Field research is 

ongoing in a fenced site in the Pinus brutia forest at Agia-Marina-Xyliatou, on the edge of 

Peristerona Wateshed, in cooperation with the Department of Forests. Transpiration is 

measured with sapflow sensors in eight trees, and stem flow and throughfall is monitored for 

four trees. Soil moisture and meteorological parameters are also monitored. Streamflow will 

be measured at two locations along a stream stretch of the Peristerona River to improve the 

quantification of baseflow and groundwater recharge during wet and dry periods. In addition, 



D3.1 ð Characterization of the catchments and water systems  
 

20 
 

soil moisture and meteorological parameters will be monitored in an irrigated olive orchard to 

assess irrigation water use efficiency.    

Flood modelling will be conducted for the Pedieos Watershed with the HEC (Hydrologic 

Engineering Center) models, developed by the U.S. Army Corps of Engineers 

(http://www.hec.usace.army.mil/software/). Both the Hydrologic Modeling System (HEC-

HMS) and the River Analysis System (HEC-RAS) will be used.  

In addition, the Weather Research and Forecasting Model Hydrological modeling extension 

(WRF-Hydro) will be used. WRF-Hydro has modularized component model coupling 

interfaces for many terrestrial hydrological processes such as surface runoff, channel flow, 

lake/reservoir flow, sub-surface flow and land-atmosphere exchanges. It can be run as a 

stand-alone hydrological model, or coupled with atmospheric models 

(https://www.ral.ucar.edu/projects/wrf_hydro). 
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2.2. Wupper River basin, Germany  

2.2.1. Site Location  

The Wupper River Basin lies in the state of North-Rhine Westphalia, Germany, with an area 

of 813 kilometres and a population of approximately 950,000 inhabitants. The Wupper is an 

upland river with a length of about 115 kilometres, rising in Marienheide-Börlinghausen 

(Oberbergischer Kreis district) and flowing into the Rhine River at the city of Leverkusen (see 

Figure 6). The Wupper River and its many tributaries form a river network of ca. 2,300 

kilometres. The Große Dhünn Reservoir - the second largest drinking water reservoir in 

Germany - is located within the Dhünn River catchment area, one of the main tributaries of 

the Wupper River. 

 

Figure 6. Location of the Wupper river basin, Germany 

The Wupper Association1 is responsible for water quantity management and quality of all 

water bodies within the Wupper River Basin. As a public body, the Wupper Association 

performs its tasks in the public interest and for the benefit of its association members: town 

councils, local and district authorities, municipal water suppliers, and effluent disposal 

businesses, trade, and industrial organisations in the catchment area of the Wupper River. 

Their contributions cover the costs of wastewater treatment with sewage sludge disposal, 

flood protection, managing water flow during dry periods (raising low water levels), water 

                                                           
1 Wupperverband 
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supply provision, and maintenance and ecological development of rivers and streams. Close 

cooperation allows also for the identification of water management strategies. 

The Wupper Association operates twelve reservoirs, eleven wastewater treatment plants, 

numerous storm water tanks, and flood control reservoirs (see Figure 7). 

 

Figure 7. Main hydraulic structures and water bodies in the Wupper River Basin 

2.2.2. Water use  and related problems  

In earlier centuries, the cool, clear, and oxygen-rich Wupper River provided an ideal 

environment for many species of fish, such as salmon and brown trout. The Wupper River 

and its tributaries have also served for human use since prehistoric times. Water power 

drove mills and forges and on the Wupper meadows, yarn bleachers kept their yarn moist 

with river water. Industrialisation continued with the growing number of dye works and other 

textile mills as well as metalworking plants.  

In the end of the 19th century, a dramatic growth in industry and population took place in the 

Wupper River valley. As a result, waste and untreated sewage from businesses, factories, 

and households were discharged into the water bodies, turning the Wupper River into a 
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sewer (it was known as one of the dirtiest rivers in Europe for a long time; even in the 1980s, 

the river was heavily polluted, particularly in the lower reaches between the city of Wuppertal 

and the confluence with the Rhine River). 

In addition to environmental impacts caused by industrialization and population growth, the 

occurrence of floods and water shortages during dry periods affected towns and villages 

along the Wupper River, who were unable to solve all the water management problems by 

themselves. An organisation able to deal with all these difficulties from the source to the river 

mouth was necessary. Therefore, the Wupper Association was established in 1930 in order 

to assume responsibility for water management within the catchment area.  

Over the past 20 years, the water quality of the Wupper River has been significantly 

improved through huge investments made by the Wupper Association, local authorities, and 

industrial companies. The water quality is currently so good that many species of fish have 

returned. Nevertheless, organic and thermal pollution prevails. 

Nowadays, the influence on the water bodies is mainly related to the activities shown in 

Figure 8, which will be described in detail within the establishment of the context for risk 

management at Wupper River basin (see Deliverable 4.1). 

 

Figure 8. Main water use in the Wupper River Basin 

2.2.3. Local climate  

The Wupper River Basin has a wide range in the amount of Mean Annual Precipitation 

(MAP) of 775 to 1425 mm, as shown in Figure 9. On account of the higher rainfall amounts 

in the upper parts of the basin, the construction of large reservoirs for drinking and process 

water started towards the end of the 19th century. 



D3.1 ð Characterization of the catchments and water systems  
 
 

25 
 

 

Figure 9. Spatial distribution of Mean Annual Precipitation (MAP) in the Wupper River Basin 

The rain gauge in Wuppertal-Buchenhofen, maintained by the Wupper Association and the 

German Weather Service2 (MAP of ca. 1425 mm per year), is popularly known as the 

wettest in Germany.  

The mean discharge of the Wupper River is ca. 15.4 m³/s. At the end of the 19th century and 

the beginning of the 20th century, huge floods in the whole area (e.g., 1890, 1909, 1925, and 

1946, see Figure 10) led to the implementation of more protection measures and the 

founding of the Wupper Association. Due to this initiative, the flood recurrence interval has 

been reduced.  

 

                                                           
2 Deutsche Wetterdienst (DWD) 
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Figure 10. Floods in the city of Leichlingen, 1925 

On the other hand, extreme dry periods have also taken place (see Figure 11), causing 

ecological impacts and problems for water dependent, industrial purposes. However, the 

reservoirs can currently retain enough water to prevent droughts for about two years. 

 

Figure 11. Drought in the Dhünn River 

2.2.4. Known problems related to climate change and weather extremes  

Weather extremes have been well known in the last decades. Manifestation of extreme 

climate events in the Wupper River Basin ranges from dry periods in spring time (important 

for filling the reservoirs) to heavy convective rainfalls in summer time (triggering flash floods 

occurrence, see Figure 12), and the combination of snow melting and rainfall during the 
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winter season (causing river floods). Heavy recent floods have been recorded for 2007, 

2011, and 2013, for both winter and summer seasons (e.g., the 2007 and 2011 floods 

occurred in December and January, respectively, and the 2013 flood took place in June). 

  

Figure 12. Flash flood occurrence along the Wupper River Basin 

Monitoring of the mean temperature shows comparable results to other studies and reports 

(see Figure 13). There is a rising trend in temperature for the whole year as well as for 

summer and winter periods. 

 

Figure 13. Air temperature trends for station Wuppertal-Buchenhofen in 1975-2004: annual (purple), 

summer (orange) and winter (blue) 

Mean annual precipitation is relatively constant with respect to the weather normal 

distribution. However, the shifting of the rainy season has a negative impact for the water 
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quality and quantity within the reservoirs. Figure 14 (top) presents the deviation from the 

mean monthly precipitation (in percentage) as well as the decadal moving average in April 

during the 20th century. The linear trend reflects a rainfall decreasing of about 25 mm for the 

spring period in the last decades leading to water stress. As a consequence, reservoirs are 

being filled up in June-July rather than in April-May, lacking the adequate temperature for 

ecological flow and affecting water quality. In contrast, Figure 14 (bottom) shows an increase 

in the linear trend of monthly precipitation in November of about 20 mm for the last 40 years.  

 

Figure 14. Distribution of mean monthly precipitation between 1900 and 2011: April (top) and November 

(bottom) 

Flash floods occurrence caused by convective rainfall has increased in the last decade. 

Figure 15 shows an increment of events with more than 15 mm (warning threshold value from 

the German Weather Service). 
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Figure 15. Increment of rainfall events with more than 15 mm between 1975 and 2010 

2.2.5. (Ge o-)hydrological description  

The soil type within the Wupper River Basin is quite homogenous, as illustrated in Figure 16. 

Brown earth is the predominant soil type in the most upper layer of the catchment, followed 

by gley, luvisol, and alluvial soils. Table 1 presents the soil type and the percentage with 

respect to the total area of the catchment. 

 

Figure 16. Soil types of the Wupper River Basin 
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Table 1: Soil types in the Wupper River Basin and percentage with respect to the total area 

Soil type Area [km²] 
Percentage of  
total area [%] 

Brown earth 611.2 75.3 

Gley 73.4 9.0 

Luvisol 52.4 6.4 

Alluvial soil 33.5 4.1 

Colluvium 15.9 2.0 

Pseudogley 14.9 1.8 

Special areas 8.3 1.0 

Anthropogenic soil 1.0 0.1 

Podzol 0.6 0.1 

Rendzina 0.5 0.1 

Marshy soil 0.2 0.0 

Total 811.9 100.0 

 

Figure 17 shows the topography of the watershed, with elevations ranging between ca. 

700 m.a.s.l. in the source region of the Wupper and Dhünn Rivers (moderately hilly) and 

about 40 m.a.s.l. in the downstream area, as the terrain becomes flatter near the confluence 

with the Rhine River. In consequence, the Wupper River Basin presents short times of 

concentration in the upper catchment, critical for forecasting and measures during floods. 

 

 

Figure 17. Topography of the Wupper River Basin 
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2.2.6. Land use  

The land use within the Wupper River Basin can be described as partly urban with a high 

population density (see Figure 18, left) and partially rural, with forests, pasture, and 

horticulture as the predominant land cover units of the catchment (see Figure 18, right). 

Paved areas

Residential area

Industry

Mixed use

Special funktional use

Traffic

Dump

Sport, leisure, camping

Pervious area

Cemetery, park

Horticulture

Wood, forest

Heath
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Moor, swamp, marsh

Area without vegetation

Surface water

 

Figure 18. Land-use distribution of urban areas (left) and rural areas (right) within the Wupper basin 

Table 2 presents the current land-use distribution within the basin. The actual trend for 

population is decreasing. 

Table 2. Land-use within the Wupper River Basin 

2.2.7. Studies conducted in t he past  

The Wupper Association has been involved in a series of research projects (both national 

and international) run by the state, the German Ministry of Education and Research3, and 

the European Union in order to develop new processes and technologies. However, the 

approaches have been mainly based on ecological issues, rain and wastewater treatment or 

flood protection; this is the first time that the Wupper Association is involved in an 

international research project with climate change as the main focus.  

                                                           
3 Bundesministerium für Bildung und Forschung (BMBF) 

Land use Part of total in percentage Area [km²] 

Wood, Forest 32.8 266.8 

Pasture, Horticulture, Park, Cemetery 30.8 250.3 

Paved area 25.3 205.6 

Farmland 8.7 70.3 

Surface water 2.0 15.9 

Other 0.4 3.3 

Total 100.0 812.3 
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DayWater  

DayWater was an European research and development project carried out from 2002 to 

2006. The Wupper Association was integrated into DayWater as one of the four Core End-

users. The aim of the project was the development of an adaptive decision support system 

consisting of simulation models, assessment tools, databases, and guides, which considers 

the early involvement of all stakeholders in water management and their concerns. Partners 

were ENPC4 (France), TAUW (Netherlands), Chalmers University of Technology (Sweden), 

Technical University (Denmark), National Technical University Athens (Greece), DHI 

HYDROINFORM (Czech Republic), IG Prof. F. Sieker mbH (Germany), LCPC5 (France), 

and Lulea University of Technology (Sweden). The project activities included the 

development of an adaptive decision support system, integration of urban drainage with 

landscape planning, social and economic structures, risk analysis, and rain water 

management. 

WASKlim (Wasserwirtschaftliche Anpassungsstrategien an den Klimawandel)  

WASKlim6 (Scherzer et al. 2012) was implemented in the frame of the Environmental 

Research Plan of the Federal Ministry for the Environment, Nature Conservation, Building, 

and Nuclear Safety7 that supports the development process of the German strategy for 

adaptation to climate change. The initiative started in 2007 aiming at evaluating different 

strategies for climate change adaptation in three study areas in the states of Bavaria, North 

Rhine-Westphalia, and Sachsen-Anhalt. The upper reaches of the Wupper River (i.e., 

mountainous zone) corresponded to the research area within the state of North Rhine-

Westphalia.  

The project was implemented with the support of Universität der Bundeswehr München 

(Institute for Water Management8), UDATA9 (Environmental protection and data analysis), 

among other partners. The methodology was based on the implementation of surface 

detailed numerical catchment models taking into account the range of uncertainty of climate 

change. Input hydro-meteorological data from 1971 and 2007 was provided by the Wupper 

Association, German Weather Service, and LANUV10 NRW11. Different IPCC12 (IPCC 2007) 

                                                           
4 École des Ponts ParisTech 
5 Laboratoire central des ponts et chaussées 
6 Water management adaptation strategies to climate change 
7 Bundesministerium für Umwelt, Naturschutz, Bau und Reaktorsicherheit (BMUB) 
8 Institut für Wasserwesen 
9 Umweltschutz und Datenanalyse 
10 North Rhine-Westphalia State Agency for Nature, Environment, and Consumer Protection 
(Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen)  
11 North Rhine-Westphalia (Nordrhein-Westfalen) 
12 Intergovernmental Panel on Climate Change 
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emission scenarios (i.e., A1B, B2, and A1) were simulated until 2100 using the statistical 

downscaling method WETTREG13 and the dynamic regional climate model REMO. 

The main results from the WETTREG approach indicated that from the three study areas, 

the Wupper catchment will be the most affected with the increment of the air temperature (it 

is expected that by the end of the 21st century, the air temperature will rise in comparison to 

the current state). According to the climate projections, the Wupper River Basin will be 

impacted by a steady to slightly increasing rainfall. The project was successfully concluded 

in 2009. 

IMRA (Integrative flood risk governance approa ch for improvement of risk awareness and 

increased public participation)  

IMRA (IMRA 2011) was implemented between 2010 and 2011 and was a research project in 

the framework of the 2nd ERA-Net14 CRUE Research Funding Initiative. The followed 

approach was a) inventory of existing data, surveys, and discussions on risk perception; b) 

assessment of the performance of existing management systems; c) regional workshops d) 

communication and participation approaches; and e) adjustment of research and 

implementation strategy. 

Under IMRA initiative, risk governance, risk communication, and participatory flood risk 

management were assessed for three study areas in Europe (Germany, Austria, and Italy). 

The Wupper River Basin was the German research region (selected because of being prone 

to winter floods and flash floods), where the Wupper Association participated actively as the 

responsible flood risk management authority.  

One of the main findings was the low risk perception of the city of Leichlingen. Since the city 

is flood prone, many protection measures have been implemented. As a result, heavy floods 

do not occur as often, causing that the population is not as aware of its own risk as formerly. 

REISE (Entwicklung eines risikobasierten Entscheidungshilfesystems zur Id entifikation von 

Schutzmaßnahmen bei extremen Hochwasserereignissen)  

REISE15 (funded by BMBF) (Schüttrumpf et al. 2009) was a German project implemented 

from 2005 to 2009 by RWTH-IWW16, gaiac,17 and IfS18 from the Aachen University and the 

                                                           
13 Weather-based regionalization method (WETTerlagen-basierte REGionalisierung) 
14 European Research Area 
15 Development of a risk-based decision support system for the identification of protective measures 
in extreme flood events 
16 Institut of Hydraulic Engineering and Water Resources Management (Institut für Wasserbau und 
Wasserwirtschaft), RWTH Aachen 
17 Research Institute for Ecosystem Analysis and Assessment (Forschungsinstitut für 
Ökosystemanalyse und -bewertung e.V.) 
18 Institute for Sociology (Institut für Soziologie) 
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Institute of Hydrology, Water Resources Management, and Environmental Engineering19 

from the Ruhr-University Bochum20, as part of the BMBF research cooperation Risk 

management of extreme flood events ï RIMAX. The approach focused in three main areas: 

a) analysis, forecasting, and warning; b) information and communication; and c) safeguards 

and management. The objective was to develop a risk based decision support system for the 

assessment of flood management measures.  

REISE targeted small and medium river basins and aimed at implementing instruments to 

evaluate economical, ecological, and psycho-social consequences of extreme events, as 

well as failure of protection measures. The integration of municipal decision processes and 

the communication and acceptance of risks from natural disasters and failure of protection 

measures supports the development of integrated flood management plans for river basins. 

The created decision support system ProMaIDes21 is a working tool for river basin analysis 

and improvement of flood protection for the wide range of possible flood events, starting 

from high frequency extreme events. 

The essential characteristics and overall project results included: 

¶ Using Multi-Attribute Decision-Methods for decision making 

¶ Efficient, coupled 1D-2D hydraulic 

¶ Monte Carlo-based analysis of the reliability or failure probability of measures for 

flood protection 

¶ Monetary valuation for ecological damage and expenses on the basis of cost 

recovery with a time-lag function for soils and habitat protection 

¶ Monetary evaluation of economic damage with the integration of uncertainty aspects 

¶ Approaches to the evaluation of psycho-social consequences of flood events 

¶ Assessment of consternation of people due to natural disasters 

¶ Approaches to improve communication related to flood 

¶ Comprehensive analysis of the hydrology of the Wupper River Basin and generation 

of flood peak discharge scenarios 

¶ Strategies to improve the operation of the Wupper Reservoir 

The main output was the development of the risk based decision support system for 

identification of protection measures in extreme flood events for the Wupper River Basin. 

                                                           
19 Lehrstuhl für Hydrologie, Wasserwirtschaft und Umwelttechnik 
20 Ruhr-Universität Bochum (RUB) 
21 Protection Measures against Inundation Decision support 
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2.2.8. Planned activities within BINGO  

The River Basin faces floods (including flash floods) and droughts. Both are interrelated with 

the operation of the reservoirs. The objective is to minimize flood impacts by improving the 

warning system and the reservoirs operation rules. The most import parameters in a flood 

forecast model are precipitation (an input variable), evapotranspiration and soil moisture (a 

state variable) (Marx 2007). 

The spatial distribution of precipitation is currently determined with radar data (Hannesen 

1998). Improving the quality of radar data contributes significantly to the performance of the 

forecast model (Gill et al. 2012). The accuracy of radar data can be enhanced if the 

dependence of the drop size distribution (DSD) on radar R-Z relation is known (Michaelides 

2008). The drop size distribution will be assessed in this project with disdrometers and 

correlated to the radar reflectance (DôAdderio 2014; Jameson & Larson 2016; van de Beek 

2013). 

Soil moisture is fundamental for the determination of the excess precipitation (i.e., surface 

runoff) and consequently for flood forecasting. Spatially distributed soil moisture, currently 

derived from slope and soil types, will be calibrated / validated with a sensors network 

distributed in the pilot river basin. 

Evapotranspiration is a major process for drought determination. In order to improve 

evapotranspiration models, a set of lysimeters will be also installed in the basin. A further 

process being currently investigated is sub-surface flow related to water losses within one 

catchment. 
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2.3. Veluwe , The Netherlands  

2.3.1  Location and local climate, site history and future importance  

The Veluwe research site (ca. 1.250 km²) in the centre of the Netherlands (Figure 19) 

consists of ice-pushed moraine and fluvio-glacial complexes. Since groundwater levels are 

deep and soils infertile by nature, agricultural and occupation were sparse and extensive in 

historical times. Nowadays the area is merely designated forests, heathlands and drift-

sands.  

 

Figure 19. Research site location Veluwe 
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The climate of the Veluwe research site is influenced by the North Sea and Atlantic Ocean. 

The predominant southwestern wind direction causes a maritime climate, with relatively cool 

summers (24h long-term average temperature of approximately 17°C) and moderate winters 

(24h long-term average temperature of approximately 3 °C). Occasionally easterly winds can 

cause more continental weather conditions. Current (1981-2010) precipitation is on average 

approximately 950 mm.y-1 and actual evapotranspiration 575 mm.y-1, resulting (in the 

absence of surface waters) in a daily groundwater recharge of ca. 1 mm per day (Verhagen 

e.a., 2014). 

Villages and small cities have mainly developed at the fringe of the Veluwe, in the 

neighbourhood of fertile soils, shallow groundwater and streams that drain the elevated 

central discharge area. The historical land-use is described by Bieleman (2000). As a result 

of large-scale commercial sheep farming, combined with the so-called ósod-cutting ï 

manuringô system (mixture of animal manure and forest litter or heathland sods) the semi-

natural landscape of the Veluwe was confronted with an ever increasing human pressure in 

the 17th-19th centuries. Fanta en Siepel (2010) and Koster (1978) show how this lead to a 

large-scale replacement of semi-natural deciduous woodlands by heathlands, as well as a 

strong increase of drift sands, ending in an extremely open landscape in the second half of 

the 19th century.  

After the abolition of the commons in 1834, large parts of the heathlands and drift sands 

have been bought by the owners of large estates and by the Dutch national state, which 

started a large-scale afforestation, mainly consisting of scots pine and other conifer species. 

Also the surrounding discharge area undergone considerable changes, starting with the 

excavation of bog peat and the first canalizations, as was demonstrated e.g. by Stol (1992) 

and by Van Beusekom e.a. (2009), and ending with large scale drainage, land reclamation 

and groundwater abstractions in the 20th century. 

Nowadays, the Veluwe serves as an important area for nature and recreation. Moreover, its 

subsoil contains a large reservoir of fresh groundwater that is exploited for the production of 

drinking water (official capacity 110 Mm3yr-1, equivalent to the consumption need of two 

million people).  

Nijssen e.a. (2011) postulate that if current succession rates continue, drift sand landscapes 

in The Netherlands will have completely disappeared in 2050 ï 2077. This will reduce water 

availability considerably, since evapotranspiration in drift sand landscapes is much smaller 

than evapotranspiration in forests. 

The Dutch government states in the 2014 policy paper ñBeleidsnota Drinkwater: Schoon 

drinkwater voor nu en laterò that great attention should be given to the protection of 

groundwater for drinking water. Increasing pressures and climate change are important 

reasons for the Dutch government to implement a new long-term protection policy for 
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groundwater. Present groundwater abstractions are protected by national and provincial law. 

The new policy seeks also protection for future use of groundwater for drinking water. In 

Figure 20 possible reserve areas (in 3D) are presented. The total of the Veluwe research 

site is designated as reserve area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Potential national groundwater reserve areas by Boers (2015). 

The research site Veluwe is the biggest land based nature reserve in the Netherlands. The 

national government has decided that the Veluwe is part of the Dutch Natura 2000 network. 

The provincial government is responsible to prepare the Natura 2000 management plan. It is 

expected that the first management plan will come in to action in 2016. 

The Veluwe is also a of the biggest tourist attractions in the Netherlands. The acting 

provincial government in cooperation with the tourist business will try to get Veluwe on first 

place again.  

2.3.2  (Geo)hydrological description  

The force of glaciers some 400.000 - 150.000 years ago formed the characteristics of the 

site. Deposits of Rhine and Meuse rivers were pushed aside by the onward creeping 

glaciers. At the end of the ice age the glaciers melted. They left behind ice pushed hills, dry 
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stream valleys, sediment deposits on foothills and melt water-lake deposits. The main 

ingredient of the Veluwe is coarse, middle or fine sand. The unsaturated en saturated 

properties of water transport of this sand is one of the main characteristics of the Veluwe 

(see Figure 21). Another important feature is the size. 25 kilometers east-west and 40 

kilometers north-south sandy hills without any surface water system. In the middle of this 

massive body of sand the groundwater level can rise 20 to 40 meters high. This high level is 

the driving force of the system. This system is sustained by the rainfall excess of the soil 

water balance. In this soil water balance the actual evapotranspiration is a very important 

therm. 

 

Figure 21. Example of glacier effect: horizontal layers pushed in an incline (Keunen 2013) 

Conductivity in the incline areas is less, than in foothill deposits and non pushed layers in the 

deep. The thickness of the non pushed sandy layers increases from southeast to northwest 

(see Figure 23). As presented in Figure 22. Water transport through the groundwater system 

in the direction northwest is easier than for example east. 
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Figure 22. Schematic picture of the Veluwe with ñinclineò areas 

 

Figure 23. Profile southeast- northwest (https://www.dinoloket.nl/) 

2.3.3  Present Land and water use  

The land use for the research site Veluwe is mainly forest, with pine being the dominating 

tree species in the area. This is also the main land use that can potentially be changed. The 

broad-leafed forest, heather vegetation and sand areas are protected by European law, 

under the habitats directive (Council Directive 92/43/EEC). The research site is surrounded 

by residential areas and dairy farming mainly. In the West this is complemented with pig and 

poultry farming. The surrounding areas are envisaged to be affected by socio-economic 

change, while the research site itself will be more prone to climate change or changes in 

nature management policies. Figures 24 and 24a show the land and water use categories in 

the Veluwe research site.  

 

Figure 24. Present land use Veluwe (Google maps) 
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Figure 24a. Present land use Veluwe 

2.3.4  Studies conducted  

The first serious attempt to model the groundwater system of the Veluwe and its surrounding 

drainage area was carried out by Gehrels (1999). He used this model to study effects of e.g. 

groundwater abstraction and afforestation. In recent years, three regional authorities 

(province of Gelderland, drinking water company Vitens, water board Vallei & Eem) 

combined their efforts to develop a better model, called AZURE (www.azuremodel.nl). Of 

decisive importance to the accuracy of this model is a reliable estimation of the 

evapotranspiration demand by different vegetation types. Wageningen University measured 

evapotranspiration in a pine forest (Moors, 2012), Gehrels (1999) used tracers in 
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groundwater and short-term eddy-correlation measurements to estimate evapotranspiration 

of different vegetation types, while KWR and Alterra recently started accurate measurements 

in a heather vegetation (Voortman et al, in preparation).  

The groundwater of the Veluwe is a system that, because of its expanse and its large 

unsaturated zone, responds very slowly to changes in meteorological conditions as 

presented in Figure 25. Therefore it is advisable to study this system in a historical 

perspective.  

 

Figure 25.  Measured groundwater heads form centre to the edge of the Veluwe (Helderman, 2013) 

The green line centre, 10-12 km from surface water, yellow line 3-4 km from surface water, orange line 1 km from 

surface water, red line normal seasonal system in surface water system. 

2.3.5  Know n water problems and BINGO  

Climate projections predict that precipitation shifts from summer to winter and that potential 

evapotranspiration in summer increases, meaning that dry spells will occur more frequently 

and intensively (KNMI, 2014). Moreover, under a warming climate the water quality of 

surface waters might degrade (Delpla e.a., 2009), especially during dry periods with low river 

discharge (Zwolsman en Van Bokhoven, 2007; Van Vliet en Zwolsman, 2008). As a 

consequence, it can be foreseen that the importance of the Veluwe for drinking water 

production will increase, which conflicts with the increasing need for fresh water for 

agriculture, recreation and groundwater depended habitats and aquatic ecology in small 

streams and the management of the natural vegetation on the Veluwe itself. 
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2.3.6  Outlook  

The AZURE model will be used to assess how climate and landuse changes affect water 

resources of the Veluwe area and related functions. The sub-model MetaSWAP, to simulate 

actual evapotranspiration, will be updated based on field measurements with lysimeters 

installed in heather vegetation. Additionally the land use classes of AZURE will be updated 

to include more detailed dry natural vegetation classes. Because the Veluwe area consist of 

a large forested area, parallel to the modelling work, a large pot experiment (approximately 

60 trees) will be performed to measure the transpiration and interception evaporation of 

common tree species of the Veluwe. These measurements will be related to pant traits and 

proxies (e.g. isotopes) to develop a framework to estimate transpiration and interception for 

forested areas. These measurements will be used to reassess the simulated 

evapotranspiration of forested areas of the AZURE model and improve our fundamental 

knowledge about the evapotranspiration response of natural vegetation to changing weather 

conditions.  

Because the Veluwe area has a thick (10 m to 70 m) unsaturated zone, the system responds 

slowly to changing meteorological conditions. Therefore we will perform model simulations 

for historical conditions (from the 17th century), the recent past (1980-2015), the near future 

(2015-2025) and the far future (2050 to 2100).   
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2.4. Bergen,  Norway  

2.4.1. Location  

The city of Bergen is located at the west coast of Norway (60 N̄, 5 Ē) enclosed with high 

mountains and an open sea. Since the aims of the research work BINGO is going to 

undertake with regard to Bergen are twofold (i.e. analysis of climate change induced impacts 

on the stormwater and the recipients, and analysis of drought risk and availability of future 

water resource), two study sites have been selected (Figure 26). These are: (i) the 

Damsgård area ï for the researches associated to stormwater, and (ii) Jordalsvannet, 

Svartediket, Sædalen and Espeland ï for researches on availability and management of 

water resources in a changing climate. 

 

Figure 26. Study sites of the BINGO project in Bergen.  

Damsgård is the study site for researches associated to stormwater management. 

Jordalsvannet, Svartediket, Sædalen and Espeland represent the drinking water resources 

of Bergen, and are sites for investigations related to drought risk and availability water 

resource in a changing climate. 










































































































