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Abstract
In regions like the European Alps or the Canadian Rockies many mountainous catchments are partly covered by glaciers. The intermediate-term and long-term retention of precipitation in the form of accumulated snow and ice and its delayed release due to snow and ice melt influence the amount of direct runoff generated during a rainfall event. Especially the elevation of the temporary snowline has a major influence on flood generation during an intense rainfall event in a mountainous catchment. And thus correct representation of snowmelt in a hydrological forecasting model is crucial.
The aim of this contribution is to show the importance of snow and glacier melt modelling for accurate flood warning purposes showing a case of the Ötztal, a partly glaciated catchment in Tyrol. As there are no temperature measurements currently available for elevations 2300 m above sea level and higher, temperature has to be extrapolated for snow and glacier melt modelling which is involved with uncertainties. On the other hand especially the elevation of the temporary snowline has turned out to be rather sensitive during evaluation of the flood-forecasting model. Therefore the sensitivity and robustness of the simple linear regression-method used to determine the lapse rate is tested. Moreover the influence of an incorrect determination of the snowline is shown and consequences on runoff simulation in glaciated catchments are discussed.
From the presented results the sensitivity of snow and glacier melt modelling on the lapse rate and the associated 0°C- temperature line respectively can be deduced. The algorithm for the determination of the lapse rate has to be carefully selected and resulting lapse rates have to be evaluated before being applied to a snow and glacier melt model. The presented results may support experts responsible for flood forecasting in a mountainous area like Tyrol.
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1. Introduction
1.1 Roll of snow and glacier melt modelling in mountainous areas

The fluvial regime of mountainous regions differs from those, typical for lowland areas. During colder periods of the year snow is accumulated in high-altitude parts of the catchment and may even be altered to firn and glacier-ice. This intermediate-term and long-term retention of precipitation influences the amount of runoff generated during a rainfall event in several ways: First of all the elevation of the temporary snowline defines which amount of precipitation is accumulated and retained as snow and which amount contributes to surface runoff or infiltration. Secondly precipitation in fluid form may immediately contribute to direct runoff when the glacier-surface is snowfree or is absorbed temporarily by the snow cover which is able to hold some amount of fluid precipitation. Often days, weeks or even months later this water is released when snow and glacier melt initiate in the warmer periods of the year. Therefore not only precipitation but also snow and glacier melt considerably influence the fluvial regime of rivers draining glaciated catchments. As a consequence of this modelling snow and glacier melt plays an important role in flood forecasting especially on the regional scale.

1.2 Case study area: Ötztal
The Ötztal is a southern tributary of the river Inn, the major watercourse in Tyrol, Austria. It is situated 45 km south-west of Innsbruck, the provincial capital of Tyrol. The highest peaks of the Ötztal reach up to 3700 m whereas the mouth of the Ötztaler Ache, the river draining the valley, lies not higher than 700 m. 50 % of the 895 km² total area lie above 2500m sea level. According to the Glacier-Land Register from 1997 115 km² (13%) are covered with glaciers.
A flood forecasting system is currently implemented for the river Inn and its tributaries (Senfter et al., in press; Kirnbauer & Schönlaub, 2006; Leonhardt et al., 2006). The runoff in the main river Inn is modelled using the hydraulic software FluxDSS/DESIGNER which uses the computational code Floris2000 (Reichel et al., 2000). Runoff in the tributary-catchments like the Ötztal is simulated with the rainfall-runoff model HQsim (Kleindienst, 1996). For the glaciated areas a physically-based, spatially distributed snow and glacier melt model (Blöschl et al., 1987; Blöschl et al., 1991; Asztalos, 2004) is implemented in the flood forecasting system.
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Figure 1: Map of the study area in the Ötztal.

1.3 Snow and glacier melt model SES

The snow and glacier melt model SES is a distributed, energy balance model based on a snow melt model by Blöschl et al. (1987) and Blöschl et al. (1991). It is a grid based model for calculating both, (1) distributed accumulation of snow and (2) snow, firn and ice melt in a glaciated catchment. Snow and glacier melt are calculated depending on the energy balance of each grid element. The resulting runoff calculated for individual grid elements is routed to the catchment outlet using a Nash-Cascade approach. One of the key model-parameters is the albedo which is a function of the energy balance. But model output quality strongly depends on the quality of input parameters as well: The lapse rate and air temperature, respectively, show strong variations depending on the number, quality and height distribution of available data from meteorological weather stations.
The topography of glaciers has to be pre-processed in detail to get information on elevation, slope, aspect, curvature and local shading effects for each of the grid elements. Meteorological modelling-input are hourly values of precipitation, air-temperature, lapse rate, global radiation and relative humidity, as well as wind speed and cloud cover. Latter one can be estimated by an approach by Kasten and Czeplak (1980).
1.4 Determination of the lapse rate and snowline

The temporary snowline divides areas in which snowfall occurs during a precipitation event from those without snowfall. (Herrmann & Kuhn, 1996). Under natural conditions this is no straight line but rather a zone of transition from rain to snow. Therefore in hydrological modelling the snowline is often simulated using a lower and an upper temperature boundary to separate snowfall from rain. In the transition zone a portion of the precipitation is considered to be snow and the rest to be rain.
However, calculation of the snowline using the wet-bulb temperature is rather complex compared to the estimation based on the 0°C- air-temperature line. Yet the simplification of using the latter method is involved with high sensitivity on the quality of temperature measurements, assumptions on relative humidity and barometric pressure, as well as the representativeness of the selected meteorological weather stations. Steinacker (1983) has done extensive research on the determination of the snowline in alpine environments.
2. Method
Input preparation for both models – the snow and glacier melt model as well as the rainfall-runoff model – which are used for flood forecasting in the Ötztal, a linear regression technique is used to determine a mean lapse rate. For this regression data from 25 meteorological weather stations in and around the area can be retrieved online. The stations are situated between 700 and 2300 m a.s.l. (6 stations between 700 and 1000 m a.s.l., 6 stations between 1000 and 1500 m a.s.l. 10 stations between 1500 and 2000 and 3 stations between 2000 and 2300 m a.s.l.) but none of the available stations lies in the snow and ice region above 3000 m. Therefore temperature has to be extrapolated for modelling snow and glacier melt. But both the linear regression method and the extrapolation of the temperature is involved with uncertainties.
A mean lapse rate for each individual simulation time step based on all available measurements (labelled “A” in Figure 2, 3 and 4) has been calculated for a period prior, during and after a flood event in August 2005 (22nd to 24th of August 2005). As some of the mean regression results do not pass the rough plausibility test of lapse rates lying between -0.65 °C/100m (moist adiabatic lapse rate) and -1 °C/100m (dry adiabatic lapse rate), a second regression line has been prepared for each simulation time step with a corrected mean lapse rate (labelled “B” in Figure 2, 3 and 4). All implausible lapse rates greater -0.65 °C/100m have been set to a lapse rate of -0.65 °C/100m. In the next step the 0°C-temperature line has been determined by extrapolating the lapse rate (regression line A and regression line B) to point out the influence of a variation in the lapse rate for modelling purposes. The temporal variation of the 0°C- temperature line and the lapse rates based on the regression line A and regression line B have than been opposed to each other for the total investigation period in August 2005 (20th to 31st of August 2005).
3. Analysis and Results

3.1 Lapse rates
Figure 2 shows the regression results of three different time steps of a period of time prior, during an after the major flood event in August 2005 using data of all 25 available meteorological weather stations in the Ötztal region. The regression line A shows the mean lapse rate without a correction whereas the regression line B is – if necessary – altered to -0.65 °C/100m to meet a physically plausible lapse rate. The dots on the vertical axis and corresponding dashed lines mark the extrapolated altitude of the 0°C- temperature line assuming a constant lapse rate of regression line A and B. The gray-shaded area shows the average vertical extent of the glaciated area in the Ötztal region.
From the three selected figures a difference in gradient of the regression lines A and B is obvious which results in different altitudes of the 0°C- temperature line. In Figure 2a (20th of August 2005 01:00) the 0°C- temperature line lies well above the glaciated areas using regression line A and in the upper third of the glaciated area using regression line B respectively. In the second Figure 2b (22nd of August 2005 10:00) the resulting altitude of the 0°C- temperature using regression line A and B has decreased. The resulting 0°C- temperature line using regression line A lies approximately equal to the lower bound of the glaciated area. The other 0°C- temperature line (B) has fallen as well, but according to the temperature-extrapolation in a major part of the glaciated area the precipitation still would falls in fluid form. In Figure 2c (24th of August 2005 04:00) the 0°C- temperature line has further decreased. 0°C- temperature lines for both corrected and uncorrected regression lines fall below the average vertical extent of the glaciated area in the Ötztal region.
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Figure 2: Selected examples of determined lapse rates and extrapolated 0°C- temperature lines.

3.2 0°C- temperature lines
Figure 3 shows the extrapolated altitude of the 0°C- temperature line over the period prior, during and after the flood event in August 2005. The black line shows the altitude of the 0°C- temperature line extrapolated for each time step of the simulation using the regression line A and the dashed gray line using the regression line B. Again the vertical extent of the glaciated area in the Ötztal region is shaded in gray.
The difference between both 0°C- temperature lines point out that a plausibility check of the resulting lapse rates is definitely necessary to gain plausible altitudes of the 0°C- temperature line. The 0°C- temperature line based on the corrected lapse rate (B) lies a 200 to 500 meters lower than the other 0°C- temperature line (A) compared with. What is more, the two 0°C- temperature lines are not synchronous. On August the 25th, 30th and 31st the 0°C- temperature line rises using the uncorrected lapse rate (A) whilst it falls using the corrected one (B).
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Figure 3: Extrapolated altitude of the uncorrected (black line) and corrected (dashed gray line) 0°C- temperature line from August 20th to September 1st 2005.
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Figure 4: Temporal variation of (A) the uncorrected (black line) and (B) the corrected (dashed gray line) lapse rate from August 20th to September 1st 2005.
Figure 4 underlines the results described above. It shows the temporal variation of (A) the uncorrected lapse rate (black line) and (B) the corrected lapse rate (dashed gray line) prior, during and after the flood event in August 2005. For the majority of the calculated simulation time steps the uncorrected lapse rate lies well above a physically plausible range of -0.65°C/100m and -1°C/100m. During the flood event between August 22nd and August 24th the lapse rates are implausible and therefore would lead to incorrect altitudes of the 0°C temperature line, when not been altered.
4. Discussion and conclusion

The above presented results on sensitivity of the lapse rate during a flood event in August 2005 in the Ötztal region emphasizes the importance of a careful plausibility check of regression results when determining lapse rate and related 0°C- temperature lines using available meteorological measurements and a linear regression method. The difference in altitude of the 0°C- temperature line can be miscalculated by several 100 meters, causing an interpretation of precipitation as rain up to elevations of mountain tops, whereas the corrected 0°C- temperature line indicates snow fall in these altitudes. As the large glaciers of the Ötztal are rather flat (flat hypsographic curve) a rise or fall in the 0°C- temperature line in the above mentioned range of several 100 meters affects wide parts of the glacier area. The uncorrected lapse rate in most cases lies above the physically realistic range in respect to the average temperature of the air mass in high altitudes like the alpine mountains.

In regards to modelling snow and glacier melt in mountainous areas this error in lapse rate may lead to an error in runoff simulation and therefore to a misleading flood warning for settled areas in the lower parts of the valley. A plausibility check has to be accompanied with a correction of regression results of lapse rates to meet physically plausible values further applied for snow and glacier melt modelling. Even in simple hydrological models the method of calculating the 0°C- temperature line has to be selected carefully. It might be worthwhile to implement a more complex method to determine the lapse rate, or data-availability allows to calculate lapse rates for different elevation zones.
The presented analysis is currently extended to assess the influence of a breakdown of available meteorological weather stations and their measurements used to derive a lapse rate. Moreover the influence of an incorrect determination of the snowline on simulated runoff from the glaciated catchment is going to be evaluated.
This research supports experts responsible for flood warning in model-parameterisation and model-result interpretation. It identifies problems and limitations of physically-based snow and glacier melt modelling under limited data availability common in operational use.
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