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Targeted Retention of contaminated Sediment in a green flood retention reservoir
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Abstract: Particulate pollutant transport during flood events often results in contamination of floodplains, especially of areas in green flood retention reservoirs and polders due to sedimentation processes. The deposition of toxicants on mentioned areas and their impact on land use have not yet been accounted for adequately. In this work, the retention of potentially contaminated, suspended sediments in a green flood retention reservoir during flood events is investigated by a 2D-hydrodynamic numerical model. Some basic criteria for the development of an integrated management strategy for green flood retention reservoirs are provided by comprising on potential ecological development and flood protection objectives. The possibilities to control sedimentation processes in green flood retention reservoirs could be shown in this work. This is done by modifying the operation rules on the one hand and the reservoir design on the other hand. The high efficiency of modified operation rules is shown by the increase of deposited mass from 0.2 % of the total inflow mass to 52 % in case of a 20-years flood. By appropriate shaping of the reservoir, the deposition on predefined areas within the reservoir is possible to some extent. Depending on the requirements concerning land use, environmental damage and loss of values within or downstream of the reservoir, management strategies and optional measures for green flood retention reservoirs can be applied as shown by the following investigation.
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1. INTRODUCTION
In many surface waters particulate pollutants have been accumulated in sediments over decades. Depending on hydraulic conditions, these sediments as well as the adsorbed pollutants might be resuspended during flood events and cause an increased load of contaminated suspended sediment. As a consequence, sedimentation of particulate pollutants takes place in areas of reduced flow velocities. Nevertheless, present flood protection concepts are restricted to quantitative aspects of reducing flood damages. The deposition of toxicants in green flood retention reservoirs and their impact on land use have not been accounted for adequately up to now, research is done by very few authors (e.g. Meyer et al., 2006, Geller et al, 2003).
In this work, the retention effect of a green flood retention reservoir regarding potentially contaminated suspended sediments during flood events is investigated. The influence of varying boundary conditions such as modified operation rules and reservoir design on deposition amount and pattern is of special interest. The results are part of the development of an integrated management strategy for green flood retention reservoirs and polders that considers the potential for ecological development in addition to usual flood protection objectives (Christoffels, 2008). Various scenarios concerning the retention of mobilised contaminants are conceivable: One possibility is to maximise the retention of contaminated sediments as to protect the aquatic ecosystem downstream of the retention reservoir according to the Water Framework Directive of the European Parliament (200/60/EC). Another possibility is the targeted localisation of the deposition within the reservoir by appropriate design, that is, sedimentation should mainly occur on predefined areas to avoid conflict between land use and flood protection objectives. In the end, it would also be possible to minimize the retention of contaminated sediments or to retain the reservoir operation and design as it is and adapt the land use to the sedimentation situation. 
2. PROcedure

The retention effect of a green flood retention reservoir regarding potentially contaminated suspended sediment is investigated by means of 2D-numerical flow (TELMAC-2D) and transport simulations (SUBIEF-2D). Object of investigation is the green flood retention reservoir Horchheim, which is located in the catchment area of the River Erft, a tributary of the River Rhine. Mostly adsorbed contaminants are deposited on flooded areas, thus the following simplification can be made. The known affinity of pollutants to the sediment fraction in the range of few micrometers offers the possibility of simulating only the polluted sediment fraction without explicit simulation of the pollutants. The masses of deposited sediments and adsorbed contaminants on the flooded area then are assumed to be directly proportional, depending on the concentration of the particle bound pollutants. A grain diameter of 20 µm is chosen to represent a potentially contaminated grain size on the one hand, on the other hand accumulation processes of finer fractions do not have to be considered. Processes which might reduce the amount of deposited pollutants slightly, such as desorption or degradation are neglected in this study. 
In the first step, the deposition of suspended sediment in the green flood retention reservoir is simulated for the actual conditions concerning operation rule and reservoir design during both, the filling and emptying phase. Due to the lack of measured data during flood events, a set of statistically generated hydrographs for 20-, 50- and 100-years flood events was used as inflow boundary conditions. Depending on hydrologic conditions, the volume of flood events with the same probability of occurrence may differ and cause varying amount of deposited matter in the retention reservoir. Hence, every flood event is simulated with both, a short (5 hours) and a long (35 hours) time of rise of the flood for the estimation of the scope of results, i.e. deposition amount and patterns. The results of the various events are then accumulated over a period of 100 years to quantify the percentage of sediment deposited during small events with a bigger probability of occurrence compared to the big events such as a 100-years-flood. In the second step, the simulations are performed again with a modified operation rule aiming at a maximum retention of potentially contaminated sediments. This is done by using the whole ordinary retention volume for all events, 20-years floods as well as 100-years floods, which amongst others results in larger hydraulic residence times in the green flood retention reservoir and thus in increased amount of deposited matter. In a third step, the simulations are repeated by using again the actual operation rules but a modified reservoir design, whereby the potential of spatially targeted deposition is to be investigated.
3. The Numerical model

For the simulation of the hydraulics the numerical code TELEMAC-2D (EDF, 1996) is used. The TELEMAC-2D code solves the known two dimensional Saint-Venant equations on a finite element mesh providing the velocity components in x- and y-direction and the water depth as result at each node of the mesh. The transport is simulated by using the numerical code SUBIEF-2D (EDF, 2000). SUBIEF-2D is a module of the TELEMAC modelling system and is used for the transport simulation of one or several tracers in a 2-dimensional free surface flow, considering various physical phenomena, amongst others deposition and erosion.
3.1 Green flood retention reservoir Horchheim

The investigations are realised using the example of the green flood retention reservoir Horchheim (Fig. 1), which is located in the catchment area of the River Erft. Due to historically mineral deposits in the upper river catchment, the river sediments show a tremendous content of heavy metals to some extent, which can be resuspended during high discharges. The flood retention reservoir Horchheim is a green in-stream reservoir which operates temporarily during flood in order to reduce the peak discharge. The ordinary flood retention volume is about 1.16*106 m³ on an area of about 590000 m² (extraordinary: 1.5*106 m3/ 700000 m²). It is impounded by an earth dam of 840 m length. The catchment area of the retention reservoir is 282 km². The discharge of a 100-years flood at the inflow gauge is 43.7 m³/s. The area within the retention reservoir is used for agriculture. According to the operation rule, the retention begins when a discharge of 30 m³/s is exceeded at the inflow gauge, the outflow discharge is kept constant at 30 m³/s until the reservoir is emptied. The Lommersumer Muehlengraben, a small creek which passes the retention reservoir is neglected in the framework of this investigation because its outlet in the earth dam is closed in case of flood.
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Figure 1: Green flood retention reservoir Horchheim (left), computation mesh (right)
3.2 Model setup
The upstream and downstream model boundaries are given by the inflow gauge located several hundred meters upstream of the reservoir and the reservoir outlet, respectively. The model area contains the entire area which is given by the retention water level elevation and the floodplains between the inflow gauge and the reservoir. The computation mesh as shown in Figure 1 is generated based on a digital elevation model of the terrain in combination with 1D-cross-sections of the River Erft, land use data and digital high-resolution maps. The mesh consists of 21849 triangle elements with a minimum node distance of 1.25 m (maximum: 23.08 m). Areas with changing surface gradients as well as the stream course and steep slopes are discretised in finer elements in order to decrease the mass balance error due to half-dry elements. The different forms of land use are distinguished and parameterised by Stickler values as follows: grassland (kstr = 15 m1/3/s), agricultural land (kstr = 20 m1/3/s) and developed areas (kstr = 10 m1/3/s). The Strickler values of the river bed vary in the range from 20 m1/3/s up to 30 m1/3/s. 
3.3 Numerical flow and transport modelling
A calibration couldn’t be done neither for flow nor for transport modelling due to the lack of measured data, which is a general problem concerning modelling of filling and emptying phases as well as transport processes in retention reservoirs. However, the physical parameters are kept constant for all simulations so that the relative comparability is ensured. The time step for all hydrodynamic simulations is chosen to 0.25 s for stability reasons. For the modelling of turbulence the k-epsilon model is used. In the framework of sediment transport, only deposition flux and no erosion flux is considered in this study. The deposition flux Qd is calculated with the formula according to Krone [1].
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Wc stands for the settling velocity [m/s], c for the suspended sediment concentration [kg/m³], 
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 for the critical shear velocity for deposition [m/s]. The settling velocity is calculated according to the Stokes law, the critical shear velocity according to van Rijn. A grain size of 20 µm results in a particle settling velocity of 2.75*10-4 m/s and a critical shear velocity for deposition of 2.6*10-3 m/s. The time step for the transport simulation is chosen to 0.25 s. For the modelling of turbulence the turbulent diffusion values are taken from the k-epsilon model solved in the hydraulic simulations.
4. Scenarios and boundary conditions
The volume of flood events with the same probability of occurrence may vary depending on seasonal and hydrological conditions. Consequently, the amount of sediment being deposited during a flood event with a certain probability of occurrence varies as well. To account for this, each flood event is simulated with both, a short (5 hours) and a long (35 h) time of rise as shown in Figure 2. 
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Figure 2: Hydrographs used as inflow boundary conditions  

For the River Erft no relation between high discharges and suspended sediment concentrations exists up to now due to the lack of measuring data. Hence, a simplified assumption of a linear relation is used for the transport inflow boundary condition. A maximum value of 1 g/l for the sediment fraction which is represented by the grain size of 20 µm is assumed to occur at the peak discharge of the 100-years flood event of 43.7 m³/s, whereas a value of 0.03 g/l is assumed to occur at the minimum discharge of 1.2 m³/s. Based on these inflow boundary conditions, three scenarios are investigated as shown in Table 1. The retention volumes, the times of operation as well as the outflow discharges of the three scenarios can be seen in Table 2. Under actual conditions, only a fraction of the ordinary retention volume is filled during the flood events. This offers the possibility of reducing the outflow discharge aiming at using the whole ordinary retention volume in all cases to increase the sedimentation potential, which is done in the scenario “modified operation rules”. At this, an increased percentage of deposition of suspended sediment is expected due to both, a longer hydraulic residence time in the reservoir as well as a reduced hydraulic short circuit. Because of the latter, more suspended sediment remains within the reservoir during operation (Wurms, 2008). 
Table 1: Scenarios under investigation
	scenario
	operation rule
	reservoir design

	actual conditions
	constant outflow (30 m³/s)
	actual condition

	modified operation rules
	reduced outflow to use entire ordinary retention volume and maximise deposition
	actual condition

	modified reservoir design
	constant outflow (30 m³/s)
	modified design for spatially targeted deposition


Table 2: Hydraulics of the scenarios under investigation

	scenario
	flood event
	time of rise of flood [h]
	outflow [m³/s]
	retention volume [m³]
	percentage of ordinary retention volume [%]
	operation time [h]

	actual conditions 

&
modified reservoir design
	HQ 20
	5
	30
	7983
	0.7
	4

	
	
	35
	30
	38558
	3.3
	13

	
	HQ 50
	5
	30
	110935
	9.6
	14

	
	
	35
	30
	366846
	31.6
	33

	
	HQ 100
	5
	30
	260583
	22.5
	21

	
	
	35
	30
	768790
	66.3
	45

	modified operation rules
	HQ 20
	5
	8.3
	1.16*106
	100
	98

	
	
	35
	16.4
	1.16*106
	100
	74

	
	HQ 50
	5
	12
	1.16*106
	100
	76

	
	
	35
	21.6
	1.16*106
	100
	64

	
	HQ 100
	5
	15.4
	1.16*106
	100
	65

	
	
	35
	26.1
	1.16*106
	100
	58


In the third scenario, the ground level on a total area of about 75000 m² on the left side of the River Erft is reduced up to 1 m. The “excavated“ volume of about 12500 m³ is added on the right side of the River Erft (see Figure 6) to keep the total retention volume equal to the actual conditions. This measure focuses on the targeted deposition of sediments on the excavated area especially during the smallest flood events with the biggest probability of occurrence.
5. Deposition within the retention reservoir

The deposition masses and patterns within the green flood retention reservoir calculated by SUBIEF-2D vary considerably, depending on the peak and duration of the flood event and the operation rule, respectively as shown in the following. To be able to assess, whether the effect of several small or one big flood event on deposition mass is bigger, a period under consideration of 100 years is chosen. Thus, the deposition of five times a 20-years flood event, two times a 50-years flood event and once a 100-years flood event is comparable. In addition, the deposition masses of the mentioned events can be accumulated over the whole period for a preliminary long term evaluation.
5.1 Deposition under actual conditions
Figure 4 shows the deposition patterns for both, the short and the long time of rise, accumulated over a period of 100 years. The different extents follow from the fact, that the retention volumes in case of 35 h time of rise are about three to four times bigger than those in case of 5 h time of rise of the flood. The maximum deposition heights are 0,015 m (5 h time of rise) and 0,038 m (35 h time of rise), respectively, under the assumption of a porosity of the deposited sediment of 0.81. Attention should be paid to the fact, that deposition patterns of other grain diameters would vary basically (Wurms, 2007). The detailed sediment data are shown in Table 3. It can be seen clearly, that the percentage of deposited sediment during smaller events is very low. Accumulation over 100 years figures out the biggest effect of 100-years flood events on deposited mass for both, events with 5 h and 35 h time of rise.

Table 3: Percentage of deposited sediment (actual conditions)

	
	HQ 20
	HQ 50
	HQ 100

	time of rise [h]
	5 
	35 
	5 
	35 
	5 
	35 

	sediment inflow [t]
	283
	948
	1036
	2560
	1620
	3769

	deposition [t]
	0.5
	6
	29
	115
	84
	275

	deposition [%]
	0.2
	0.6
	2.8
	4.5
	5.2
	7.3


5.2 Deposition after modifying the operation rules
Using the entire retention volume results in deposition patterns within the whole area limited by the retention water level elevation with maximum deposition heights of 0.095 m (5 h time of rise) and 0.167 m (35 h time of rise), respectively (see Figure 5). Detailed sediment data are shown in Table 4. Accumulation over a period of 100 years shows, that the 20-years flood events are responsible for the biggest part of the deposited mass with 55 % of the total deposited mass for a time of rise of 5 h (35 h: 64 %), followed by deposition of 29 % during the 50-years flood events (35 h: 24 %) and 16% during the 100-years flood (35 h: 12 %). This obviously results from the enlarged residence times by using the whole retention volume in case of small flood events as well as the 100-years flood and a bigger portion of suspended sediment remaining within the reservoir during operation due to the decreased outflow discharge.
Table 4: Percentage of deposited sediment (modified operation rules)

	
	HQ 20
	HQ 50
	HQ 100

	time of rise [h]
	5 
	35 
	5 
	35 
	5 
	35 

	sediment inflow [t]
	1079
	2210
	1554
	3097
	1986
	3974

	deposition [t]
	564
	731
	734
	681
	815
	720

	deposition [%]
	52
	33
	47
	22
	41
	18


5.3 Deposition after modifying the reservoir design
The deposited sediment mass after modifying the reservoir design is similar to the mass being deposited under actual conditions. The difference, which mainly occurs during small floods with a retention volume in the range of the “excavated” volume is the spatial distribution. As expected, the amount of sediment could be increased on the modified area on the left side of River Erft and reduced on the right side (see Figure 6). This shows the possibility of influencing the sedimentation pattern up to a certain extent by a modified reservoir design. 
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Figure 4: Deposition under actual conditions for 5 h (left) and 35 h (right) time of rise, period of 100 years
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Figure 5: Deposition after modified operation; 5 h (left) and 35 h (right) time of rise, period of 100 years
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Figure 6: Deposition under actual conditions (left) for 5 h time of rise and after modifying the reservoir design (right), period of 100 years; modified areas 
6. Conclusions 

The possibilities of taking control on sedimentation processes in green flood retention reservoirs could be shown in this work. Other than the factors concerning reservoir sedimentation which cannot be influenced directly such as volume of a flood event or the relation between discharge and suspended sediment concentration at the reservoir inflow, there are factors which can be influenced. These are operation rules on the one hand and reservoir design on the other hand. The high efficiency of modified operation rules is shown by the increase of deposited mass from 0.2 % of the total inflow sediment mass to 52 % in case of a 20-years flood. The possibility of influencing the sedimentation pattern up to a certain extent by a modified reservoir design is given as well, which best should be accounted for during the planning stage of the reservoir. The knowledge of deposited masses of potential contaminated sediment provides a basis for an integrated management strategy for green flood retention reservoirs, influencing sedimentation makes it more flexible. Depending on the requirements concerning land use, environmental damage and loss potentials within or downstream of the reservoir the management strategy can be extended by the possibility of targeted retention of contaminated sediments. The quantitative results in this work concerning deposition masses as well as deposition heights are based on simplified assumption of sediment concentrations and discharges. Due to the lack of measured data the range of the absolute results cannot be validated. Nevertheless, the linear relation between suspended sediment concentration and deposition flux (see Formula 1) assures the relative comparability of the different scenarios, since all time independent parameters used in this work are kept constant for all simulations. The need for monitoring of suspended sediment concentration becomes obvious in the framework of the development of a well-founded integrated management strategy.
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