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Application of a variational data assimilation metHod on a distributed physically based flash flood model
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Abstract: Parameter identifiability remains one of the major problems in distributed hydrological modeling owing to uncertainties and errors in both models and data. Data assimilation methods are used to improve parameterization and predictability of distributed models by constraining uncertainties. For this purpose, a parameter estimation process based on the adjoint method, a variational data assimilation technique, is used in this study. The principle is to consider parameters as control variables and optimize them in order to minimize the discrepancy between observations and solutions of the model. The estimation process is applied to the flash flood MARINE model on the Gardon d’Anduze catchment, southern France. The paper presents results achieved for the exceptional flood of September 2002. The first application aims at improving hydrological system characterization, then estimation of parameters involved in the model calibration is achieved using observations at the outlet. Results show the potential of data assimilation for analyzing and improving model predictions. Furthermore, the method allows evaluating the model performance and contributes to both the validation of physical model hypothesis and the model structure improvements. The second application of the method is dedicated to flash flood forecasting. The strategy employed is to use observations of an upstream gauging station to predict the outlet flow. Despite the limited time of anticipation characteristic of Mediterranean catchment, the methodology results in reliable forecasts at the outlet and can improve our ability to predict hydrological extreme event.
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1. Introduction
In front of the increasing vulnerability of people or objects due to flood, hydrological forecasting is more than ever necessary. Hydrological modeling is a part of flood risk management which aims at making a reliable prediction of the peak discharge. Therefore, hydrological modeling is constantly being improved to reduce the flood risk. 
However, due to the multiple sources of uncertainties and errors both in models and observations data, one of the major problems in distributed modeling is parameter identifiability. In order to face this problem, data assimilation techniques, first applied to develop weather forecast, were integrated to hydrological models. As a matter of fact, both improvements, in hydrological modeling and in the watershed observing system, lead hydrologists to implement data assimilation techniques in their models. Different data assimilation methods have already been explored for hydrological issues. This paper focuses on the adjoint state method which is a variational data assimilation technique (Le Dimet and Talagrand, 1986). This method has already been used by White et al. (2003) and Castaings et al. (2007). 

The first objectives of this study consists in improving the understanding of land surface processes and mechanisms of modeling and reducing uncertainties linked to hydrological systems characterization during flash floods generation (Vieux et al., 2004). Hence, a parameter estimation process based on the adjoint state theory is implemented into the distributed MARINE model in order to determine the optimal parameters. The principle is to use available data to constrain uncertainties on input parameters and model structure. The approach employed in this paper, is to use prior knowledge of the spatial variation of parameters and then apply scalar multipliers to adjust parameters maps. The aim is to determine, for the most sensitive parameters, scalars multipliers that better simulate the catchment behavior and effectively control the rate of infiltration and runoff over the watershed. 

The second objective of this study consists in finding a strategy for flash floods forecasting. For that purpose, the same methodology is employed to assimilate observations of an intermediate upstream station in order to predict the outlet flow. 
This paper focuses on the catastrophic event which occurred the 8-9 September in the Gard region and caused dramatic damages.
2. The adjoint state method
Assimilation of observations is part of inverse problems and is based on mathematical methods. In hydrology, difficulties result from non-linearities which make the model very dependant on initial conditions. Assimilation of observations is the process through which observations are used to determine, as accurately as possible, a description of the catchment state and an outlet flow prediction. Variational data assimilation consists in finding the control variables 
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 and V (vector of input parameters and the initial condition respectively) that minimize a cost function measuring the misfit between model simulations and physical system observations (Madsen, 2003). Herein, the cost function J is defined as:
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where m is the number of observations, 
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 are the observed and simulated variables at time step i respectively. The problem is then formulated as determining (
[image: image5.wmf]opt

Q

,
[image: image6.wmf]opt

V

) that minimizes J. A necessary condition is given by the Euler-Lagrange equation:
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The minimization procedure of the cost function is then carried out by using efficient algorithms requiring the computation of the cost function gradient. In distributed models, its computation is facilitated by the introduction of the adjoint equations associated to the problem. The adjoint method allows an efficient calculation of the cost function gradient with respect to all control variables with a cost of calculation that does not depend on the number of variables. Automatic differentiation tools, based on program transformation, analyze the original program (the direct code) and generate a new source program (the adjoint code) which calculates derivatives of functions. These tools are very powerful and allow the best representation of equations to derive. The adjoint code of MARINE was given by the automatic tool TAPENADE (Hascoet, L. and Pascual, V., 2004) and a quasi-Newton (BFGS) optimization algorithm with inequality constrains, from the MODULOPT library was chosen (Lemarechal and Panier, 2004).
3. Case study
3.1 The MARINE model
The MARINE model (Modélisation de l’Anticipation du Ruissellement et des Inondations pour des évéNements Extrêmes) is a flash flood forecast model developed for real time exploitation of small watersheds (Estupina-Borrell et al., 2006). In order to better represent the heterogeneities of the rainfall as well as the various behaviors of the land surface, the model is spatially distributed. MARINE can integrate remote sensing data with spatial resolution adapted to hydrological scales. The model requires a minimum number of data to run: the Digital Elevation Model which contains the topography of the catchment and its location, the land cover map, the description of the rivers and the rainfall data which come from meteorological radar. The infiltration parameters and the Manning coefficient come from classes of geological units: soil types and vegetation types respectively. Parameters are distributed according to a priori values derived from published tables and generate reference maps. 
Inside this physically based model, the infiltration capacity is evaluated by the Green and Ampt equation. The infiltration rate is equal to the rainfall intensity as long as the rainfall intensity doesn’t exceed the potential infiltration rate. When the rainfall rate goes beyond the infiltration rate, the soil is saturated and ponding occurs (Gourley and Vieux, 2006). The infiltration rate I is expressed as:
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where P is rainfall rate, tp is time to ponding, K is the saturated hydraulic conductivity, θs is the saturated water content or the porosity of the soil and θi is the initial water content. ψ is the soil suction at wetting front and F is the cumulative infiltration. F is calculated from the rainfall rates accumulated over time.
The surface runoff calculation is divided in two parts: the land surface flow and the flow in the drainage network both based on the hypothesis of the kinematic wave (Singh, 1996). Therefore, the overland flow equation results from a combination between the Saint-Venant mass conservation and the Manning’s friction equations:
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where the forcing function on the right hand side represents the rainfall excess available for surface runoff. 

However, it is necessary to reduce the high dimensional space of input parameters. Hence, the parameter estimation process is achieved by using scalar multipliers to adjust the magnitude of the parameters maps while preserving their spatial pattern. The goal is to determine scalar multipliers of the minimum set of parameters that better simulate the behavior of the watershed.
3.2 The Gardon d’Anduze catchment

The methodology is applied on the Gardon d’Anduze catchment, located in southern France. This Mediterranean catchment, of 545 km² drainage area, is often affected by flash floods. The hydrological network is dense. The total basin is divided in two subbasins: the Gardon de Mialet and the Gardon de Saint-Jean (Figure 1a). Their confluence, two kilometers before the outlet constitutes the entire catchment. The Gardon is steep-sided river and its longitudinal slope is higher than 1.5%.
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Figure 1:  Hydrometric stations (a) and the Gardon d’Anduze topography (b) 
The amount part of the catchment corresponds to the high cevenol basin characterized by mountainous region with peaks, narrow valleys, steep hillslopes and several torrential flow streams. Elevation of the basin ranges from 140 m at the outlet to 1200 m at the top (Figure 1b). A DEM data file of the study site with a grid scale of 50 m is available from the National Geographic Institute (IGN – BD TOPO®). The mean slope of the whole watershed is approximately 20%.
The major part of the catchment area (64%) is developed on metamorphic terrain. The substrate is made of shale and crystalline rocks overlain by silty clay loams (83% of the area) and sandy loam top soil (Chahinian and Moussa, 2007). Soil types data were available from the BDSol-LR. 
It is a natural basin with dense vegetation typical of the Mediterranean forests: mainly composed of chestnut trees, pasture, Holm Oaks, conifers, waste land and garrigue. A land-use classification from SPOT satellite is used to generate the initial distribution of the roughness coefficient on the hillslopes.

The Gardon region is characterized by the highest rainfall intensities recorded in France. The local meteorological phenomenon results from the particular geographic situation of the Cévennes area and its proximity to the Mediterranean Sea. The conjunction of high intensity rainfall, shallow soils and steep slopes produce very devastating floods in autumn even if summer storms can also present a non-negligible flooding risk.

For this study, the exceptional flood of 8-9 September 2002 with a peak discharge equal to 3634 m3 s-1 was selected. This catastrophic event of 50 year return period represents the most intensive flood ever recorded in the Cévennes region. The basin was covered by 273 mm of rain in average. Calibrated meteorological radar data at 5 minutes time step and 1 km² scale are used and available observations are flood hydrographs at the outlet Anduze and at intermediate stations: Saumane and Mialet. It is assumed that observations are free from errors.
4. Results

The estimation process is then applied to the MARINE model on the Gardon d’Anduze catchment. The following section presents results achieved the flood of September 2002, firstly using observations at Anduze, the outlet for the model calibration and secondly using observations at Saumane station for the flow prediction at Anduze.

4.1 Parameter estimation at Anduze

Results of previous studies using a manual trial-and-error calibration procedure and a sensitivity analysis (Hornberger and Spear, 1981) were analyzed in order to avoid the “non-uniqueness problem” of Beven and Binley (1992). They showed that the more sensitive parameters are the hydraulic conductivity K, the soil depth Z and the roughness coefficient of the high-flow channel nd. Consequently the study focuses on determining nd and scalar multipliers of the hydraulic conductivity CK and of the soil depth CZ. 

The estimation framework is detailed on Table 1. Ranges of scalar multipliers are adjusted with the intent of preserving physically realistic parameter values.
Table 1. Parameters of the estimation process at Anduze and cost function values.
	Parameters
	Initial values
	Ranges
	Final values

	CK
	1
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Figure 2: Convergence of CK (a), CZ (b), nd (c) and J (d in logarithmic scale) during the minimization.
The final value of the cost function indicates a good simulation of the assimilated discharge (J=0.043) and the estimation process results in a good identification of parameters (Figure 2). Moreover, the convergence of parameters during the minimization gives information about the importance of each parameter with respect to the modeling process. The parameter nd controls the runoff routing through the basin to the outlet and so determines the peak position whereas (CK, CZ) act on the infiltration rate and soil capacity and then affect the volume available for runoff. Results show the efficiency of the method to estimate model parameters and the assimilated hydrograph is very close to observations (Figure 3).
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Figure 3: Hydrographs before (dashed line) and after (solid line) assimilation compared to observations (red circle symbols) at Anduze.
The estimation process illustrates the capabilities of the model and points out the possible model structure improvements. For instance, during the recession phase, bias between simulations and observations is due to errors associated with the model structure. The introduction of subsurface flows into the model should improve the simulated hydrograph during this phase. Finally, data assimilation techniques provide precious contributions for parameter fitting and calibration of distributed models. Furthermore, the methodology contributes to validate the physical hypothesis used in the model.
4.2 Parameter estimation at Saumane for flood forecasting

The second objective of this study is to take advantage of this methodology for flash food forecasting. A flash flood is defined as “a local hydrometeorological phenomenon, which allows short lead times for warnings” (i.e. within a few hours) after a heavy or excessive rainfall event (Georgakakos, 1986). The main restriction is the limited time of anticipation because the gravity of such event can quickly evolve. The solution used to face the quick discharge response at the outlet was to exploit information at the upper part of the basin. More precisely, discharge observations of the intermediate gauging station Saumane were used to predict the flow at Anduze. Saumane station records Gardon de Saint-Jean discharges, at about 20 km before its confluence with the Gardon d’Anduze (Figure 4a). The goal is to apply the parameter estimation process using observations at Saumane before the peak at Anduze.

In September 2002, one peak was recorded at Saumane but there were two at Anduze (Figure 4b). The peak at Saumane occurred 1h40 before the second peak at Anduze. This difference is due to the spatial variability of the rainfall event: the distribution of the precipitation is not homogenous and the cumulated rainfall values increase from the upper part to the outlet of the basin. The daily cumulated rainfall amount was estimated at 700 mm near the outlet. The huge peak observed at Anduze is due to the heavy precipitation event but also to the delayed contribution of the upstream tributaries.
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Figure 4: a) Saumane subbasin and b) comparison between observed hydrographs at Saumane (green line) and Anduze (red line)
Observations at Saumane were assimilated until t=28h20 which corresponds to the peak time at Saumane (1h40 before the huge peak at Anduze). At this time, the first peak at Anduze has already been observed but the goal is to forecast the second peak. Table 2 summarizes the estimation framework and results. 
Table 2. Parameters of the estimation process at Saumane and cost function values.

	Parameters
	Initial values
	Ranges
	Final values

	CK
	1
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Figure 5a compares the initial and assimilated hydrographs with observations at Saumane until t=28h20. The estimated hydrograph at Anduze after t=28h20 using the same parameters is plotted on Figure 5b.
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Figure 5: a) Hydrographs before (dashed line) and after data assimilation (solid line) at Saumane and b) prediction after t=28h20 (solid line) using the set of parameters estimated from Saumane station data and a posteriori validation before t=28h20 (dashed line) compared to observations (red circle symbols) 
Consequently, the peak discharge at Anduze can be forecasted using parameters (CK, CZ, nd) estimated with observations at Saumane. The spatial distribution of the model parameters allows obtaining homogeneous scalar multipliers for the whole catchment. The results show that the methodology can be used for flood forecasting at the outlet if observations of intermediate upstream stations are available. However the time of anticipation of Mediterranean catchment is very limited, only few hours.

5. Conclusion
The study demonstrates that the methodology may be used to determine an optimum set of parameters and to constrain uncertainties of distributed physics-based models. The parameters evolutions during the cost function convergence lead to interesting conclusions about their respective contributions with respect to the modeling process and about validation of the model physical hypothesis. Moreover, the study allows the evaluation of the model performance showing some weaknesses of its physical representation. 

A strategy to predict discharge at the outlet was presented in this paper. If the entire basin is affected by the rainfall event, observations of intermediate upstream gauging stations can be used to estimate parameters and the methodology results in reliable forecasts at the outlet of the basin. However, the time of anticipation of Mediterranean catchments remains limited. Besides, more investigation is needed in order to take into account the uncertainties on the rainfall and discharges measures.

Furthermore, in this study, calibrated remote sensed rainfalls were used for the total event. In the operational environment, real-time provision of rainfall information and high-resolution numerical weather forecasts are needed as input of hydrological models to evaluate the flood risk. Flash floods are hydrometeorological phenomena that require coordinated efforts in several areas for their accurate prediction (Georgakakos, 1986). A perspective could be to implement this methodology into real-time forecasting models in order to adjust event-based parameters, such as initial soil moisture and rainfall forcing. The estimation process would aim at constraining both meteorological and hydrological uncertainties. By the way, assimilation of observations during the rising flood phase should allow early identification and quantification of an imminent flood.
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