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Abstract: For the Tyrolean part of the river Inn, a hybrid model for flood forecast has been set up and is currently in its test phase. The system is a hybrid system which comprises of a hydraulic 1D model for the river Inn, and the hydrological models HQsim (Rainfall-runoff-discharge model) and the snow and ice melt model SES for modeling the rainfall runoff form non-glaciated and glaciated tributary catchment respectively. Within this paper the focus is put on the hydrological modeling of the totally 49 connected non-glaciated catchments realized with the software HQsim. In the course of model calibration, the identification of the most sensitive parameters is important aiming at an efficient calibration procedure. The indicators used for explaining the parameter sensitivities were chosen specifically for the purpose of flood forecasting. Finally five model parameters could be identified as being sensitive for model calibration when aiming for a well calibrated model for flood conditions. In addition two parameters were identified which are sensitive in situations where the snow line plays an important role.  
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1. Introduction
1.1 Background
The increasing population density in the vicinity of river courses made it necessary to deal to a greater extend with flood forecasting. A considerable part of the settlement and economic area of Tyrol (a western province of Austria) is located along the river Inn as the main waterway. More than 60% of the province area drains into the 200 km long stretch of the river Inn, which flows from the Engadin/Switzerland to Bavaria/Germany. The so far largest measured flows in this stretch were during the flood event 21st – 24th of August 2005. The peak discharge at the gauge Innsbruck reached 1511m3/s, where the statistical 100 year flood discharge is 1370 m3/s. The necessity of an operational flood forecasting system was seen and a forecast model was developed in cooperation with the state authorities. This forecast model is currently in its test phase for the operational use. The software is based on a modular and hybrid approach, linking hydrological and hydraulic models covering the Tyrolean part of the river basin (alpS-A2.1, 2006). The river Inn itself is modeled with a 1D hydraulic model from gauge Martinsbruck (Swiss border) to Kufstein (German border). Flow propagation as well as operational schemes from hydropower stations located along the river are realized. 
Flows from the tributary catchments to the hydraulic model originate from a number of hydrological models. Totally 49 non glaciated and 13 glaciated catchments are simulated. With regard to their spatial extent the non glaciated and glaciated catchments cover an area of 6290 km2 and 460 km2 respectively. For the non glaciated catchments the continuously running hydrological model HQsim (Kleindienst, 1996) is used. For glaciated parts the snow and ice melt model SES (Asztalos, 2004; Asztalos et al., 2006) is applied. The distribution and spatial extent of the non-glaciated tributaries can be seen in Figure 1. 
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Figure 1: Overview on the spatial distribution of hydrological models used for rainfall runoff calculation in the Tyrolean Inn basin
As meteorological input to the system observed as well as forecast data is used. Observed data in the Tyrolean region is provided from different institutions, where the combination of the different data sources cumulates to a very dense network of available observations. Over 80 stations are available providing online precipitation and temperature measurements. For global radiation, humidity, windspeed totally 30 stations are online available. For the meteorological forecast the product INCA (Integrated Nowcasting trough Comprehensive Analysis) (Csecits et al. 2001) operated by the ZAMG (Central Institute for Meteorology and Geodynamics) is used. The same set of parameters is provided as 1x1 km grid data. Both data source are unified on an internal model grid and serves as input to the hydrological models HQsim and SES. 
1.2 Aims
In an operational mode the prediction of flows and water levels in the river Inn are the main goal. Consequently the accuracy of simulation and forecasting of the flows from lateral valleys is of importance. The focus in this paper is put on the rainfall runoff modeling of the non-glaciated tributary catchments that are described by the hydrological model HQsim. 
The error in the forecasting of flood waves originates from a number of sources such as, measurement uncertainties, precipitation forecast uncertainties but as well from model uncertainties (Kavetski et.al., 2006). A calibration suitable for flood warning aims to best possibly reproduce the large flow events. Kleidorfer et al. (2006) reported that the quality of the calibration is tightly connected to the models purpose. In other words, when the calibration focuses on large flow events, periods of low flow may lack calibration quality. In order to approach the calibration of the totally 49 catchments efficiently, the goal is to identify the most important calibration parameters within a sensitivity analysis – specifically for modelling large flow events. Remaining parameters may be used for fine tuning of the model in a second step or even left out.
2. Methods
The sensitivity analysis described below is exemplarily examined for the catchment Brandenberger Ache. This tributary catchment is located north of the river Inn and confluences in the downstream part of the river Inn (see Figure 1). The catchment is with its 280 km2 a medium to large catchment compared to other contributing tributaries. Time series for meteorological inputs from 1994-2006 were used to run a well calibrated baseline scenario and variations of the same with modified parameter setting. 
2.1 The model HQsim 
The HQsim model applied allows the representation of widely heterogeneous composition of soils and geological characteristics in the catchment. Each simulated basin is subdivided in hydrological response units (HRU’s) which describe an area of approximately uniform physical properties (e.g. topography, soils, geology, …) and response characteristics in rainfall runoff modeling (Bongartz, 2003; Flügel, 1997). The runoff formation in each hydrotope is described by a combination of storages (Kleindienst, 1996).
Precipitation both in its fluid and its solid form is intercepted by vegetation before it reaches the ground. The degree of interception is described by the leaf area index (LAI) and tree-trunk area index (SAI) which vary according to the growing season of a year. Moisture can be evaporated from the upper layer of the soil and from vegetation according to an approach by Hamon (Federer and Lash, 1978). In the HQsim model the snow line is simulated using a lower and an upper temperature-threshold to separate snowfall from rain (parameters: trsmin, trsmax). For temperatures larger than trsmax the precipitation is introduced to the model as rainfall. In the transition between the upper and lower threshold temperature, the precipitation is considered proportionally as snow and rainfall. For temperatures falling beneath the lower temperature threshold, the total precipitation falls as snow and is accumulated and therefore temporary stored till the melting process initiates in warmer periods. 
For simulation of the snow melt a modified degree day factor approach is applied (parameters: snmfmax, snmfmin). The energy balance of the snow cover is approximated by a so called “cold content”. Before melting can initiate the sum of energy loss within a period of several days has to be compensated by the sum of energy input. The parameterization of the energy balance is realized by a maximum number of days used for the balance (sntmem) and a threshold temperature (sntmin) defining the minimum temperature to be stored. Throughfall or melting water is then separated into surface runoff and infiltration based on the degree of soil saturation using the contributing area concept. The percentage of area contributing to the surface runoff (CA) is described by following arctan-function 
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using the parameters cap1 and cap2 to modify the shape of the arctan function. The parameters i and s in equation 1 describe the fraction of sealed surface area and the degree of saturation respectively. For each soil type within a catchment a set of different parameters such as the thickness of the soil layer (parameter: sd), the saturated hydraulic conductivity (parameter: mvgks) or the field capacity can be assigned. The water movement in the unsaturated soil zone is described by the unsaturated hydraulic conductivity k. Using the approach by Mualem van-Genuchten, k is described as a function of the saturated hydraulic conductivity (mvgks), the current saturation (s) and the Mualem van-Genuchten parameters  mvga, and mvgm. 
[2]  
[image: image3.wmf](

)

(

)

2

1

1

1

mvgm

mvgm

mvga

s

s

mvgks

k

-

-

×

×

=


Depending on the hydraulic conductivity k and the saturation of the soil a certain amount of the infiltrated water is released as interflow with a delay or is transferred to the groundwater body (usd). The latter is modeled as a linear reservoir which means that the discharge is proportional to the fill level of the storage. Depending on the geological setting a parameter can be set to simulate deep percolation. To represent runoff concentration surface flow, interflow and baseflow of each hydrotope are routed to the nearest channel. Concentration time of surface runoff is calculated using an approach by Morgali and Linsley (1965) whereas the delay of interflow and baseflow is a function of the unsaturated hydraulic conductivity and the distance to the nearest channel reach. The flow velocity in the channel reaches is then estimated by an empirical equation by Rickenmann (1996) which has been developed especially for mountainous rivers and torrents with moderate to steep slope gradients. Alternatively the Manning-Strickler-equation or a constant flow velocity can be applied as well.

For model-setup and parameterization a digital elevation model is necessary to derive topographic parameters like mean elevation of HRUs, slope and curvature as well as flow direction and channel slope gradients. Furthermore information on soil type and vegetation and/or landuse have to be available at least on a regional scale. 
2.2 Comparability of parameter variations 
The HQsim model parameters were varied separately and long term simulations were run with these settings. Due to the fact that physical characteristics and magnitudes of parameters are very different, a certain percentage of variation (pv) could not be applied directly on the on the baseline setting Co without lacking comparability. To maintain comparability of variations among the different parameters, a feasible physical range [Cmin Cmax] was defined for each parameter. The magnitude of variation in terms of a percentage value (pv) was then based on this range. The varied parameter value Cv was calculated as 
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Simulations were made for separate variations of each parameter in the range -30% to +30%. Limitations for the variations were given by the range defined, in case the baseline value was already close to the lower or upper limit. 
2.3 Indicators for the sensitivity 

The method used to identify the sensitivity of a model parameter, accounts specifically for flood conditions. Thereby event based quality indicators usually taken for determination of the calibration quality are used to rate the impact of parameter modifications. Events in a hydrograph are separated on the basis of a given minimum discharge and specified lead time at which this limit discharge is undergone. The lead time was chosen to be 24 hours where treating of two consecutive peaks in an event as two events has been avoided. 

To have a clear separation from other sources of errors, the sensitivity analysis is based on a well calibrated model taken as base scenario. The simulated hydrographs for varied parameter setting were compared to this baseline scenario. This led to a model specific sensitivity of parameters excluding uncertainties from imperfect calibration. The Bias of the peak flow BQMAX [-], the Nash-Suttcliffe Efficiency E [-] of the event and the temporal delay of the hydrograph peak DQMAX [h] were evaluated to describe the fit between original and modified event hydrograph. The chosen indicators cover the fit of the overall event and the changes in the peaks magnitude and occurrence. Since the rising limb of the hydrograph is almost of equal interest as the peak itself, the Bias BRL [-] and Nash – Suttcliffe Efficiency ERL [-] were evaluated for that rising part of the hydrograph as well. In order to gain a single indicator for each period, the event based evaluated indicators were cumulated as mean values with stand deviation. Input data for precipitation and temperature were used from the period of 1994 – 2001 for the assessment of the parameters sensitivities. The obtained results were then verified by using data from the period from 2001-2006.
3. Results 

The sensitivity of parameters based on the indicators Bias of the events’ peak BQMAX [-] and the peaks delay DQMAX [h] are presented in Figures 2 and 3. The sensitivities of the parameters described earlier are shown in separate diagrams drawn against the relative variation of the parameter compared to the baseline setting. Abbreviations for the parameters used in the Figures 2 and 3 can be found in Table 1.
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Figure 2: Sensitivity of parameter variations described by the Bias of the events’ peak (BQAMX [-]) compared to the baseline scenario; (legend of parameters see Table 1 below).
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Figure 3: Sensitivity of parameter variations described by the delay of the event peak (DQAMX [h]) compared to the baseline scenario; (legend of parameters see Table 1 below).
Table 1: Legend of abbreviations for HQsim parameters used in Figures 1 and 2 
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Figure 4: Sensitivity of parameter variations described by the Bias of the rising limb (BRL [-]) compared to the baseline scenario; (legend of parameters see Table 1).
4. Conclusions
The most important (sensitive) parameters for calibration aiming on the flood forecast were identified, based on indicators specially accounting for large flow events. Compared to the Nash Sutcliffe efficiency E (event based), the indicators BQMAX (Bias of peak flow) and DQMAX (Delay of peak flow) do not only allow to identify the most sensitive parameters, but as well indicated the sign of the variation obtained. The parameters cap1 and cap2 describing the flow contributing area were found to be sensitive. An important process is the water flow in the unsaturated soil zone described by relation of Mualem van Genuchten (see equation 2). Therein the parameters mvgks and mvgm were found to be sensitive whereas the parameter mvga was not. Last but not least the soil depth sd of the unsaturated soil zone was one of the sensitive parameters. All others were – compared to these – not sensitive. Similar results were obtained by using the Bias BRL and the Nash Sutcliffe Efficiency ERL of the rising limb.

The described results were obtained on basis of the time series from 1994-2001. The time series from 2001-2006 verified the results in general, but showed an additional sensitivity for the parameters tsrmax and tsrmin defining the upper and lower temperature threshold for the transition from snow to rainfall. Checking on the specific events showed that in some cases, the snow line played an important role. Thus, for elevated catchments, these parameters are as well meaningful calibration parameters for the model being used for flood forecasting.
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