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Abstract: Flood management has to undergo changes in order to meet the present societal needs. At watershed scale, zones of human activities are found dispersed and logically any protection measure needs to be oriented for the entire area. Retention of excess flow volume locally and consequent discharge into the watercourse is a good management plan for a holistic protection. Structural mitigation measures such as dry dams are undertaken for such dispersed retention management in this study. Dry dams are considered eco-friendly because of their peak reduction reputation without rupturing the normal flow regime of the river. The present approach analyses flood mitigation with different configurations of dry dam dispersion. For this three physical models were linked together to reproduce observed physical processes of a test watershed. The chain of models composed of a rainfall generator, a hydrological model and a hydraulic model is employed on the example watershed. The rainfall generator furnishes rainfall fields to be fed into the distributed hydrological model for obtaining surface runoffs along the watershed slopes. This surface runoffs are in turn input into the hydraulic model to be routed along the drainage network to the outlet. Thus a watershed flow regime from the developed chain of models is built from a set of rainfall scenarios. Thereafter a modified regime in the presence of hydraulic structures is calculated. Any mitigation extent achieved is measured by comparing the resulting watershed regimes in the presence and absence of hydraulic structures. This approach permits one to compare different mitigation strategies for a given watershed with dispersed zones of interest.
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1. Introduction

Flood management is adapting to the change in the paradigm of flood defence, which promotes flood risk management and learning to live with floods. The conventional approach of constructing large dams at the upstream of a demarcated flooding area is proving to be unsatisfactory. Alongside development of human activities has created disseminated zones of interests, constituting a complex entity. Thus a holistic flood management that envelopes the entire watershed area is sought for, which is not assured by the traditional approaches. To contrive a harmonious strategy fulfilling a holistic management retaining, storing and draining of excess flow is contemplated (Knight and Shamseldin, 2006). By retaining excess flow volume locally downstream hazard can be dampened (Water Directors of the European Union, 2004). Local retention can be sought from by dispersed structural or non structural measures. In the present context dispersed structural measures are being tested. The chosen structural measures are dry dams, considered to be ideal structures to attenuate flood peaks without rupturing the normal flow regime of the river (Schanze et al., 2006). Except during periods of intense flow, it normally holds back no water and allows the channel to flow freely through an opening, thus reducing human intervention to as minimum as possible. To probe a dispersed mitigation approach a chain of physical models able to reproduce observed physical processes at watershed scale is formulated. The chain of models is then applied on a test watershed of about 150 km² where different configurations of dispersed mitigation measure is explored.

2. Adopted Method

[image: image1.png]The planned approach was tested on French watershed of about 150 km² as shown in Figure 1. For the chosen watershed spatially distributed data like digital elevation model, land use, soil type and soil depth data was available. We possessed 5 discharge station data ranging from 10 to 35 years at variable time step along with 12 years concurrent rainfall data at variable time step. Cross-section profiles of drainage network at specified locations for capturing the drainage network shape were also available. To test potential mitigation measures for a given watershed, the first step is to reproduce the dynamic physical processes like rainfall, infiltration, runoff and routing adequately. For this three models:  a stochastic rainfall generator, a distributed hydrological model and a hydraulic model are linked together. The chain  begins with the stochastic rainfall generator (Leblois, 2004; Ramos, 2002) which simulates spatially distributed rainfall fields calibrated on observed point rainfalls. The simulated rainfall fields are then input into a distributed rainfall-runoff hydrological model “MARINE” (Estupina-Borrell, 2004) which produces lateral surface runoffs along the slopes of the entire watershed. The lateral runoffs are in turn input into the hydraulic model “MAGE” (Giraud, 1997) to route the flow along the drainage network. The modelling is carried out at event scale and individually analysed. From the resulting simulations a discharge-frequency reference regime is built. The second step is the introduction of the dry dams to carry out simulations in the presence of mitigation measures. Upon the introduction of dry dams a modified discharge-frequency under the influence of structural measures is obtained.

Figure 1: Study watershed outlay showing discharge and rain gauge stations, along with four control points. Also shown are the 11 simulated dry dam placements for testing different dry dam configuration.

3. Application of the developed method

3.1 Calibration of models
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a   -   Charbonnière amont   b   -   Charbonnière  aval  

c   -   Craponne  

d   -   Taffignon  

The developed chain of models was calibrated to the watershed data. Firstly with observed rain gauge data the rainfall generator was calibrated to simulate rainfall events respecting the statistical rainfall characteristics of the watershed via the turning bands method (Mantoglou and Wilson, 1982). This provided us with a large number of rainfall scenarios (approximately 1000 years data) with spatial and temporal rainfall distribution (Figure 2). The simulated rainfall events were composed of 72 hours duration with a space resolution of 500 m X 500m (Figure 2). Similarly a distributed hydrological MARINE model was adopted to reproduce surface runoffs, where the model parameters were calibrated to simulate observed discharge events at Taffignon under supposed uniform distribution of observed rainfall. The simulated surface runoffs were fed into a 1 dimensional  hydraulic model MAGE to route the flow along the drainage network to the watershed outlet. An example of a calibrated event is shown in Figure 3.
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Figure 2: Example of a cumulated 24 hours event generated by the rainfall simulator.

Figure 3: Calibrated 1990 event hydrograph at Taffignon with models MARINE + MAGE.

3.2 Construction of a reference stream flow regime
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To establish a statistical stream flow regime of peak discharge values the chain of models were used. Firstly 45 spatially distributed rainfall events representative of the watershed’s rainfall characteristics were chosen from the simulated rainfall generator output. The chosen events were input into MARINE to simulate lateral surface runoffs with the calibrated parameters. The resulting lateral surface runoffs were distributed homogeneously along the respective reaches to route the flow along the drainage network. The resulting maximum peak discharge values at Taffignon were noted to construct the instant discharge-frequency curve similar to that observed at Taffignon (Figure 4). The so developed watershed regime without any obstacle is henceforth referred to as the reference regime Qref. From the same set of simulations instantaneous reference discharge-frequency curves were developed at Craponne, Charbonnières amont and Charbonnières aval control points.

Figure 4: Simulated statistical stream flow regime at Taffignon from the developed chain of models. 
3.3 Introduction of dry dams and their placements for mitigation

Once the reference regimes at the four control points were established, 11 dry dams were introduced at along the drainage network at upstream, downstream and intermediate locations as shown in Figure 1. To enable a comparison of different placements the storage volume for the three locations were maintained approximately same i.e. (16vi = (13vi=(12vi , where vi represents the storage volume of individual dam. A design flood of 100 years was chosen for the primary spillway dimensions while a 2 years return period flood was imposed on the bottom outlet to restrain the outflow discharge when the dam is full. An example of the dry dam form is shown in Figure 5. Table 1 recapitulates the imposed dimensions and their storage capacity for the 11 simulated dry dams. 
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Figure 5: Dry dam form with H and L being the height and length of the dry dams. w1, w2, b1 and b2 represent the height and width of primary spillway and bottom outlet respectively.

	Dry dam no.
	Q2
	Bottom outlet
	Primary spillway
	Secondary spillway
	Individual dam storage

volume
	Total storage volume



	
	m3s-1
	b2 (m)
	w2 (m)
	w1 (m)
	b1
	H (m)
	L (m)
	(m3)
	(m3)

	1
	3.52
	0.55
	0.41
	12.43
	11.45
	13.43
	97.90
	3E+05
	2E+06

	2
	3.56
	0.52
	0.36
	18.43
	11.56
	19.43
	150.46
	3E+05
	

	3
	3.11
	0.5
	0.4
	13.08
	10.00
	14.08
	173.22
	4E+05
	

	4
	3.64
	0.5
	0.41
	14.89
	11.84
	15.89
	74.48
	3E+05
	

	5
	3.55
	0.5
	0.41
	15.35
	11.55
	16.35
	386.15
	4E+05
	

	6
	3.56
	0.5
	0.41
	15.35
	11.57
	16.35
	182.10
	3E+05
	

	7
	7.74
	0.75
	0.65
	13
	27.07
	14
	188.97
	7E+05
	2E+06

	8
	6.24
	0.61
	0.57
	15.97
	21.38
	16.97
	169.49
	7E+05
	

	9
	9.66
	0.8
	0.72
	14.39
	34.46
	15.39
	126.78
	6E+05
	

	10
	14.10
	0.93
	0.86
	16
	52.07
	17
	153.93
	8E+05
	1.80E+06

	11
	13.59
	0.85
	0.82
	19.36
	50.01
	20.36
	191.07
	1E+06
	


Table 1: Recapitulation of the simulated dry dam dimensions with the secondary spillway dimension and the bottom outlet designed to restrain a l00 years return period flood and 2 years return period flood (Q2) respectively. The storage capacity of individual dams is also cited.

4. Results and discussions

4.1 Local evaluation of flood mitigation measures
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Different configurations of dry dams were subsequently tested to analyze potential mitigation at the four defined control points. Figure 6 presents the reference stream flow regime and the resulting regime in the presence of dry dams at the four control points of the watershed. The mitigation amount and extent is determined by the difference between the two regimes. At Charbonnières amont (Figure 6a) noticeable mitigation in the presence of dry dams 1 and 2 is observed from 5 years return period, continuing up to 100 years return period and beyond. Before and after this range of return period any 

Figure 6: Evaluation of mitigation  achieved by the comparison of stream flow regime in the absence and presence of dry dams at the four  control points  with a 2 year discharge return  period (Q2) constraint  when the dam is full of the bottom outlet dimension at a) Charbonnières amont b) Charbonnières aval c) Craponne d) Taffignon.

mitigation is insignificant, because low discharges flow through unhindered while due storage volume saturation extreme events can not be mitigated. Similar trend is observed at the other three control points. At these control points there exists a possibility to analyse the mitigation trend of different dry dams configuration and establish the extent and amount of potential mitigation feasible for a given configuration of dry dams. At Charbonnières aval maximum mitigation is achieved evidently in the presence of maximum number of dams, since the available storage volume is high. But when we compare the upstream dam and the intermediate dam locations we see that for rare and extreme events best mitigation is assured by the upstream dams even  though available storage capacity is approximately same (Table 1). Similar deduction can be made for the mitigation amount and the extent of mitigation achieved at the control point Craponne. At Taffignon we observe that the two downstream dams prove to be most efficient up to about 50 years return period after which once again the upstream dry dams prove more efficient compared to intermediate and downstream dams. A maximum attenuation is always assured in the presence of  maximum number of dry dams, which means the availability of high storage capacities. At Charbonnières aval, Craponne and Taffignon the importance of storage capacity is clearly seen. 

4.2 Spatial evaluation of flood mitigation measures

To quantify the mitigation effect of different dry dam configurations on the entire watershed a simple relation was developed. 

[1] M = ( (Qref  - Qdam) / Qref * (li / L

where M is the mitigation factor, Qref and Qdam represent the resulting peak discharge values in the absence and the presence of dry dams, (li represents the reach length and L represents the total drainage network length. The developed relation [1] helps us to analyse the importance of the dry dam placements and the extent of their influence on the entire watershed. The mitigation factor was calculated for five dry dam configuration was carried out for a single event of rare return period and the results of which is recapitulated in Table 2.

Table 2: Mitigation factor calculated for five dry dam configuration

	Dry dams
	1 to 6
	7 to 9
	10 to 11
	1 to 11

	Mitigation factor (M)
	0.0225
	0.0088
	0.0039
	0.0348


Firstly we see the evident maximum mitigation achieved in the presence of all the 11 dry dams. To analyse the contribution of each dam placements mitigation factor of the chosen event for individual placements was carried out i.e. upstream, intermediate and downstream dams. Obviously downstream dry dams 10 and 11 protect only the region downstream of the two dam placements while no mitigation is attained in other parts of watershed due to the absence of upstream and intermediate dry dams. On the other hand intermediate dams show a better performance compared to only the downstream dry dams since they assure protection to a larger region compared to the two downstream dry dams 10 and 11. But the maximum mitigation influence is brought in by the 6 upstream dry dams since the influence of mitigation is felt on a major part of the watershed.

5. Conclusions

The developed approach served as a good example to test the influence of dispersed mitigation measure. The importance of carrying out an efficiency analysis on the entire watershed regime enveloping the whole watershed is highlighted. A watershed comprised of dispersed zones of interest needs a well adopted flood management strategy and from the undertaken study, potential strategies were tested to determine the maximum achievable efficiency for different configuration of dry dams at different zones of watershed. The main conclusions are 1) The well-marked efficiency range imposed by a mitigation measure. In the present analysis a maximum efficiency is progressively attained (for a return period of around 30 years), after which the efficiency becomes negligible for larger return period floods. Small and frequent flood events without any damage potential do not require any mitigation, while extreme and rare flood events are difficult to attenuate because it is beyond the scope of mitigation measures. Thus fixing an efficiency range within which the given mitigation measure shows the best performance. 2) The influence of a mitigation strategy differs from location to location within a watershed, which shows that any mitigation project should be scrutinised and the impact of the same at different parts of the watershed should be thought-out. 3) Mitigation extent evidently increases with the increase of storage volume. 4) Upstream mitigation measures seem to be efficient for return periods from 30 years onwards and their attenuation impact can be felt along the entire drainage network. 5) The mitigation factor calculated for a rare event in the presence of all 11 dry dams shows that the major contribution is prompted by the upstream dams. In the present case the two downstream dams though most efficient for flood mitigation at Taffignon would leave the rest of the watershed vulnerable, thus proving to be an inadequate flood management. The upstream dams though do not assure the same extent of attenuation compared to local mitigation measures at the downstream end, still protect to certain measure the downstream parts of the watershed. This result shows the efficiency of dispersed mitigation measures.
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