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Abstract. The catchment of the river Inn is located in the 1 Introduction
Swiss and Austrian Alps. In the frame of the flood fore-
casting system “HoPI"Hochwassegrognose @ir den Tiroler ~ This article is focused on the hydrological modelling of
Inn), the Austrian part of the river Inn and its tributaries the glacierized parts of th®tztaler Ache and its adjacent
are covered within a hybrid numerical model. The runoff river basins. These mountain ranges contain some of the
from the glacierized headwaters of the south-western Inrargest glaciers in Austria; e.g., tiéztaler Ache catchment
tributaries is calculated using the Snow- and Icemelt Model(893 kn?) with a glacierization rate of 13% is one of the
“SES” which utilizes a spatially-distributed energy balance main tributaries to the river Inn. Floodwaters from glacier-
approach; within SES, the accumulation and melting pro-ized alpine regions can be caused by heavy rainfall runoff,
cesses for snow, firn, and ice are considered. It is of great immeltwater discharge, or the outburst of ice-dammed lakes
portance that such a type of model is used in the simulation of Braun and Weber, 2002). The major flood event in this re-
alpine areas since in these regions stream flow is influencegdion in recent history occurred on 25 August 1987 and was
by the accumulation and melt of snow and ice and snow-freecaused by heavy amounts of precipitation. Due to a snowline
glaciers have also the potential to increase or even inducét around 3500 m most of the precipitation was introduced in
flood flow. For a prototype of the forecast system, SES wadiquid form. The severity of this event was additionally in-
calibrated using the snow depletion of a glacier, but later,creased because of the snow ff@&tal mountain ranges in
following the first results during the operational mode, the August 1987. Rainfall acting on a predominantly snow-free
model was recalibrated and validated using remotely-senseglacierized area results in a rapid runoff generation similar
data covering all 13 glacierized catchments. Using the finalto mainly sealed surfaces (Steinacker, 1988). Consequently,
snow-parameter setting, a simulation run of 15 hydrologicalwater is discharged almost without delay as observed dur-
years without any state corrections achieved overall agreeing the main flood event on the glacier Vernagtferner in Au-
ments between observed and simulated snow cover rangingust 1998 (Braun and Weber, 2002). As well as their role in
from 68% to 88% for all individual catchments. Runoff was flooding processes, glaciers also have a major influence on
calibrated and validated using the data from three differenthe overall runoff regime of glacierized catchments: e.g., the
gauges. A parameter set, including both validated snow andgnean annual contribution of ice melt to total runoff for gaug-
runoff parameters, was applied for the modelling of a fourthing stations along th®tztaler Ache derived from model re-
gauged catchment and also achieved accurate results. Thallts is between 37% and 27% (Innsbruck/Inn 8.4%) with a
final unique parameterization was transferred to the remaincontribution up to 50% during summer months (Weber et al.,
ing, ungauged watersheds. 2009).

Thus, when dealing with hydrological modelling in
glacierized areas, the model used should be able to account
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with melting runoff is a clear requirement for modelling as for its tributaries. The whole system operates in real time
in such areas. Distributed energy balance models have an an hourly basis having direct access to remote transmitted
long tradition in glacier hydrology (e.g. Escher-Vetter, 1980; meteorological and hydrological data. An overview of the
Strasser et al., 2004), but in recent years the use of disdevelopment of the flood forcasting system can be found in
tributed temperature index models (Hock, 1999) has beKirnbauer et al. (2009), Asztalos et al. (2007), and Kirnbauer
come more widespread, especially in alpine flood forecastand Scknlaub (2006).

ing systems (e.g. Jasper et al., 2002; Verbunt et al., 2007). The product INCA (Integrated Nowcasting through Com-
The temperature-index approach parameterizes the physicarehensive Analysis) provides the meteorological input dur-
background of the snowmelt. In contrast, physically-baseding the forecast period until +48 h. The data set consists of
models, such as energy-balance based snow models, try t@ll required input parameters. The meteorological forecast
describe the physics behind the snow and ice melt processedata is already provided as spatially distributed data set to a
All model types are usually calibrated using observed flow1 km grid (Haiden et al., 2007).

hydrographs with special focus on particular flood events A complete HoPI simulation run can be performed auto-
(e.g. Viviroli et al., 2009). Fully distributed energy-balance matically using either the web-based user interface or the
snow models, such as the SES used here, also give the opommand line system as an alternative. In a first step, the
portunity for using spatially distributed snow-cover data for |ocal database of observed meteorological and hydrological
calibration purposes. Bbchl et al. (1989) presented an ap- data is updated. The data in the Tyrolean region is origi-
proach of evaluating a distributed model of an alpine catch-nally provided from a number of different institutions, then
ment using rectified aerial photographs. During the develop-all the datasets are cumulated and provided via the Tyrolean
ment of the forecast system, snow-depletion patterns calcuhydrological service. The latest available INCA forecast sets
lated by SES were evaluated with rectified terrestrial photosare obtained the same way. Both the measured and forecast
of the glacier Vernagtferner (Asztalos et al., 2007). For tak-data is spatially interpolated onto a 5 ki km grid that cov-

ing the varying behaviour of different regions into account, ers the whole Inn catchment. Rainfall is interpolated using
the calibration using spatially distributed data was extendedhe inverse distance method with quadratic distance weights.
to the total SES-modelling area of 460kmHowever, the  Temperature is transferred to different sub-catchments de-
rectifying-process of either aerial or terrestrial taken pho-pending on their elevation. Base temperature and laps rate
tographs is time-consuming and therefore limited in usageare calculated time-step wise on a regional basis (Rinderer et
for large scale snow modelling. In contrast, space-borneal., 2008).

datasets can be the source of area-wide snow depletion pat- The prepared meteorological input data is provided to
terns and satellite-based methods are commonly used for eshe hydrological components of the software package. The
timating snow cover characteristics (e.g. Hall et al., 1987;whole system comprises of the hydrological components
Dozier, 1989). Since satellite data can have limitations be-SES and HQsim (Kleindienst, 1996) for the simulation of
cause of low repetition rates and high cloud covei6@8hl  glacierized (460 ki) and non-glacierized areas (6290%m

and Kirnbauer, 1992), an additional data source is introducegespectively (Fig. 1). The discharges of all hydrological
in this paper. A 3-D-comparison of the simulation results models are used as input for the hydraulic model of the

with terrestrial photos is used as proxy-data source duringiver Inn, which is realized in the 1-D-hydrodynamic model
the operational mode of the flood forecasting system, wherge|yx?$S/PESIGNER jE| OR|S?000 (Reichel et al., 2000).

sometimes quick information on the present state of a catch-
ments state is needed. 212 SES

The SES model (Schnee und Eis Schmelzmodell — snow and

2 Methods glacier melt model; Asztalos et al., 2007; Asztalos, 2004),
used for the flow modelling of the glacierized headwaters, is
2.1 Data and model description a fully-distributed energy balance based model. The model,
designed for long-term water balance and runoff simulations,
2.1.1 HoPI is one of the key components within the flood forecasting

system of the river Inn. Energy balance models allow the
The Inn River Forecasting System was developed on behalintegration of measurable physical quantities, such as the
of the Tyrolean State Government and TIWAG (Tyrolean Hy- albedo of a surface facies within a catchment. Therefore,
dropower Company). The hybrid forecasting system con-they tend to increase the a priori parameterization of the pro-
sists of different modules: 1) data management and preeesses and reduce the calibration effort and allow the trans-
processing, 2) hydrology (glaciated and non-glaciated partder of experience from one catchment to another (Zappa et
using SES and HQsim, respectively), 3) hydraulics, andal., 2003). SES is a further development of the snow melt
4) browser-based user interface. Observed and simulatechodel originally developed by Bkchl et al. (1991). Itis a
runoff information is available along the Inn river and as well grid-based model for calculating (1) the spatially distributed
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area [km?]

1 Vent 165
2 Obergurgl 72
3 Gepatschalm 53
4 Oberbergbach 22
5 Pitze 20
6 Winnebach 30
7 Fischbach 19
8 Taschachbach 16
9 Sulzenaubach 16

Falbesonerbach 14

Fernaubach 16
12 Lisenerbach 9

Jambach 13

Fig. 1. Basin of the river Inn in Tyrol/Austria: tributary catchments are displayed in gray (HQsim), boundaries of the glacierized headwaters
are highlighted in red (SES).

accumulation of snow and firn, and (2) the cell-wise snow,wave radiation is the dominating source of the melt energy
firn, and ice melt in a glacierized catchment. The melt of introduced to the alpine snow cover. Therefore, the albedo
all model components is calculated depending on the enef the snow cover and the current extend of firn and/or ice-
ergy balance of each grid element at hourly intervals. To-exposed parts of the glacier catchment are of high impor-
pographic parameters such as elevation, slope, aspect, curviance. The albedo changes considerably with progressing
ture, and local horizon are derived from a digital elevation metamorphosis of the snow cover and is influenced by pos-
model. Within HoPI the spatial resolution of the SES-model sible pollution (e.g. Sahara dust), as well as diurnal variation
is 50 x50 m. Hourly meteorological input consists of air which depends on the reflectivity of ice for solar radiation
temperature, lapse rate, precipitation, relative humidity, wind(Weber, 2001). In contrast to the often applied aging-curve
speed, and global radiation. Cloudiness is estimated fromapproach of the US Army Corps of Engineers (1956), a mod-
measured global radiation and astronomically possible radiule was developed for SES to take the temporal change of
ation using the approach of Kasten and Czeplak (1980). the albedo as a function of the consumed energy input into

The applied energy balance equation can be denoted as: account (Asztalos, 2004). After snowfall, the albedo value

of the new snow decreases according to the absorbed solar

0= 0sw+Qww+ 0s+ 0L+ 0Osoi (1) energy until the old snow albedo is reached. If no new snow
is accumulated, the albedo will remain at the value of the old
snow until all the snow has melted. Afterwards, the albedo
decreases to the fixed albedo values of firn or ice.

whereQsy is the short wave balanc@, v is the long wave
balance,Qs is the sensible heat fluQ, is the latent heat
flux, and QsoyL is the ground heat flux. Generally, short
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Table 1. Main characteristics of gauged glacierized catchments (C = Calibrated, V = Validated, both for discharge and snow).

Vent Obergurgl Gepatschalm Fischbach
Main river Otztaler Ache Otztaler Ache Fagge  Otztaler Ache
Area [kn?] 165 72 53 19
Glacierization [%] 35 32 39 30
Elevation range [m] 1880-3772 1900-3549 1920-3518 2153 - 3477
Mean elevation [m] 2890 2810 2841 2845
Glacier tongue [m] 2600 2700 2250 2720
Calibrated/Validated C C C \%

The incoming and outgoing long wave radiations are cal-
culated with the Stefan-Boltzmann equation including an
emission coefficient for cloudy sky which is determined us-
ing vapour pressure and cloudiness. The turbulent fluxes

Table 2. Final values of calibrated snow parameters.

Energy balance

(sensible and latent heat fluxes) are parameterised using a Albedo — New snow 0.90[]
wind function, where the heat transfer coefficient [WA ()] Albedo —Old snow 0-65[]
! Albedo - Firn 0.64 [-]

and wind speed [m/s] are included. Ground heat flux is a cal- Albedo — Ice 0.33[]

ibration parameter [W/ﬁj; itis constant_for non—gl_ac_ierized Ground Heat Flux 5 [W/]

areas and zero at glaciers. More detailed descriptions of the

calculation methods of the energy balance components in Wet bulb temperature for snow/rain separation
SES can be found in Asztalos et al. (2007) and Kirnbauer Lower threshold (snow) C

et al. (2009). Higher threshold (rain)  0.8C

Within SES the snowline is simulated using a lower and
an upper wet bulb temperature threshold to separate snow-
fall from rain. The wet bulb temperature is calculated using
air temperature taking into account the relative humidity. Toup to 3700 m. According to the Austrian Glacier Inventory
calculate the internal processes (heat and mass fluxes) in tfeom 1997, 145 krf of the Otztal Mountains and 50 kfrof
snow pack, an approach by Braun (1985) is used based othe Stubai Mountains are covered by glaciers (Lambrecht and
the concepts of water retention and cold content. Kuhn, 2007). Within the catchment of Vent direct annual
Meltwater from different areas of the (partly) glacierized glacier mass balance measurements have been made for the
catchment follows different flow paths on its way to the glacier Hintereisferner since 1953 (Fischer, 2009) and for the
catchment outlet and is retained in different ways. The area id/ernagtferner since 1964 (Escher-\Vetter et al., 2005). Simi-
divided into four regions with temporally-changing extents: larly, long term records of runoff are available for the Vent —
1) non-glacierized area, 2) snow free glacier, 3) firn area, and/enterache gauge (since 1951, 165)mwent — Rofenache
4) snow on the glacier. To cumulate the spatially-distributedgauge (since 1967, 98 Knand Vernagtbach gauge (since
meltwater components and to rout them towards the catch1974, 11.4km).
ment outlet, a system of Nash-cascades (Nash, 1960) is used.
The meltwater generated in a time step is summed up foP-3 Model calibration
the four types of areas (non-glacierized, snow free, firn and o )
snow) and routed via four parallel linear reservoirs. An addi-Four of the total 13 glacierized catchments modelled with
tional Nash-cascade covering the subsurface flow completeSES are directly gauged. The calibration of the Nash cas-
the routing systems. Each cascade is treated separately whet@des has been done based on runoff data from the gauging

their routing parameters are subject to calibration. stations of Vent — Venterache 165 kmObergurgl 72 krA
and Gepatschalm 54 Kn(Table 1). Snow parameters (Ta-
2.2 Description of the case study area ble 2) were calibrated using spatially-distributed snow data

from these three gauged catchments. The snow calibra-
Within the flood forecast system 13 glacierized catchmentdion process included further spatially distributed data from
are realized with SES with an overall area of 46Fkiihe  the catchments of Winnebach (16 ®mPitze (20 km), and
largest glacierized areas are located in@Hetal and Stubai  Oberbergbach (22kf. For the latter catchment, webcam
mountain ranges, represented by 12 SES-areas. One adgihotos are also available. For the calibration of the snow ac-
tional SES-area is located in the Silvretta mountain rangecumulation parameters, such as the lower and the upper wet
(Fig. 1). The highest peaks of th@tztal Mountains reach bulb temperature threshold to separate snowfall from rain,
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snow cover data was used together with snow depth mear
surements [cm] at Pitztal glacier. These measurements werj
compared with the value of snow water equivalent (SWE) g
[mm] of the respective model grid point from SES. This was ’
arranged with the inclusion of point-wise snow density ob- : ;
servations made in the western part of Dital Mountain
range (Kirnbauer et al., 2009).

2.3.1 Runoff

The outcome of the melt model is a routed runoff. Within
HoPI the calculated discharge of the glacierized headwater¢
serve as input for the calculation of non-glacierized tribu-
taries to the Inn river with HQsim. To meet the requirement
of a flood forecast system, observed high discharge rates an
flood events are of the highest importance during calibra-
tion. Both flow measurements and meteorological input data‘:ig. 2. Visual validation of the simulated snow cover on the glacier

were continuously available since October 1994. The Wh0|eGurgIerferner on 13 September 1999 (dots = SVBEblue = snow,
data set was divided into a calibration period (October 1994-,3genta = firm).

September 2008 — past data) and a validation period (Octo-
ber 2008—September 2009 — online data during operational
mode).

Initially the ability of the model to describe seasonal time

As a next stage, Landsat Thematic Mapper datasets were
used in the calibration process, they have a spatial resolu-

tested. Aft ds. th del it t tti n of 30 mx30m, which is a convenient source to com-
spans was tested. Afterwards, the model results were esteg, o \yith the spatial resolution of the model. The satel-

for their quality to describe large flow events. For the flow lite pictures were primarily used to visually check the mod-

event separation a semi-automated approach was used, tlﬁ&ﬁed snow cover. For the detection of snow-covered areas,

splits the continuous hydrograph on the basis of an adjustabl and 4 (near infrared between 0.76-0.90 um) of the Landsat
discharge value (e.g. larger than the recurrence interval o

HOL). Each of th s is th luated M dataset was used to produce false colour images where
one year — Q ). Each of the events is then eva uated Senow is emphasized. Due to snow grain-size differences, TM
arately for indicators such as the measured and simulatefl, |4 4 \vas found to show the greatest variability of the 6 re-
peak flows Omax .m [M3/s] vs. Omax s [m3/s]), the tempo-

flective bands i tral i lacierized Austri
ral shift of the peak flowA T [h]), and the bias of the events SCtive banas In spectral Tesponse In a gracierizec Ausman

disch | A simil h dqi area (Hall et al., 1987). Figure 2 gives an example of the
Ischarge vo umeX []). A similar approach was used in glacier Gurglerferner only a few days before the flood event
Achleitner et al. (2009).

of 20 September 1999. To produce binary snow maps based
on the information from the Landsat scenes, the Normalized
2.3.2 Distributed snow cover Difference Snow Index (NDSI) was used (Dozier, 1989). The
NDSI combines the green (band 2, 0.53—-0.62kmor the
An alternative method to calibrate and test the snow com+ed channel (band 3, 0.63—0.69%m) with the mid infrared
ponent of a spatially distributed glacier runoff model is to channel (band 5, 1.55—1.75 Bm) and thus snow covered ar-
monitor the spatial distribution of snow within the catchment eas can be separated from clouds and snow free areas. As a
(Braun, 1991). Snow depletion patterns can be derived fronthreshold for the pixel value to border snow areas, a value of
different remote sensing sources and provide a snapshot dhe calculated planetary albedo of 0.4 was used (Rott et al.,
the snow covered area on a particular day that can be com2007). After intersecting such a snow layer with the mod-
pared with the model results. This method allows verificationelled layer of the corresponding date, the simulated snow
of the spatial distribution of snow but not the total storage cover can be validated. For this validation comparison an ap-
of snow water equivalent (SWE). During the total modelling proach described in Klein and Barnett (2003) was used. Ta-
period from 1994 to 2009, different available remote sens-ble 3 presents a confusion matrix comparing all valid cloud-
ing sources were used to compare the model results with obfree pixels between Landsat snow (data) and modelled snow
served snow cover distributions and to recalibrate the snowmodel). A pixel can be either true (snow in data and model;
parameters (Table 2) if necessary. The first calibration dateno snow in data and model) or false (snow in data and no
was the date of the only available orthophoto series of allsnow in model; snow in model and no show in data). With
Tyrolean glaciers (3 September 1997). A visual evaluationthe accumulation of all pixels assigned to be true, an overall
achieved accurate results, e.g. at Hintereisferner (Kirnbaueagreement [%] can be calculated for each date and catch-
et al., 2009). ment.
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Obergurgl gauge Obergurgl gauge - flood event
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Fig. 3. Measured Qgps [m3/s]) and simulated@sim [m3/s]) hydrographs of the Obergurgl gauge (YZZKrhrom 1 July until 30 September
1999 and a case study hydrograph with different precipitation input from an additional non-online station i@ dfg/yt&l. [m3/s]).

Table 3. Confusion matrix comparing Landsat snow cover and Seasona_l Stream ﬂOWj In this example the model C",ilcu'ates
modelled snow cover for the Obergurgl catchment on 30 June 20010NY @ slightly overestimated flow volume (+2.3%). Figure 3
also shows the observed maximum flood in the total calibra-
SES tion period (20 September 1999). During this event the over-
Snow  No snow all maximum flow (HHQ) at the Obergurgl gauge and one of
the largest flows at Vent — Venterache gauge were observed.
This event, and also any other event larger than HQ1, were
taken into account for the calibration process. The calcu-
Overall agreement 80% lated efficiencies of each separate flood event were plotted
with respect to the measured peak flo@ax .m [M3/s]) in
order to link the calibration quality to the events magnitude.
In Fig. 4 all indicator results for the Vent — Venterache gauge
Additionally, terrestrial photographs from single glaciers (165 kn?) are plotted. An acceptable correlation between the
were used to verify the modelling results. Rectifying such observed Qumax.m [m3/s]) and simulated@uax s [M>/s])
photographs is time-consuming and limited to only a smallpeak flows is shown with the exception of the largest mea-
investigation area. Therefore an alternative method was desured flood event within the calibration period. For the 1999
veloped to contribute immediate snow cover information dur-event, the simulated peak flow (like in Fig. 3) is considerably
ing the operational mode of the forecast system. Since digitalinderestimated.
elevation models can be visualized in 3-D by a GIS, this was  For validation purposes, the runoff parameters were tested
used to display simulated snow patterns. Knowing the pointfor their capability to describe floods at the three calibration
from which the picture was taken, the 3-D-View of the geo- gauging stations. At the Vent gauge, five events larger than
data (snowcover, DEM, etc.) can be adjusted to the photoa one-year flood event occurred during the validation period
graph and therefore distinct locations such as summits, beingFig. 5). For all of these events the simulation results proved
available in an underlying DEM (Digital Elevation Model) to be well calibrated. In Fig. 6 a hydrograph containing two
as well as in the picture, are used. Accordingly, observedconsecutive peak flows larger than HQ1 is plotted, the param-
and simulated snow patterns can be visually compared. Thigterization fits particularly well for the two observed peak
method is also useful for the available webcam data fromflows. During flood recession the simulated hydrograph un-
Hintereisferner and the Oberbergbach catchment. An examderestimates the observation. Possible causes will be dis-
ple of this method, showing snow cover extend at the endcussed later.
of the calibration period in September 2008, is presented in
Kirnbauer et al. (2009) and Fig. 7 shows two examples from3.2 Calibration and validation of snow cover
the validation period in 2009.

Landsat Snow 52% 12%
No snow 8% 28%

The underestimated flood event of 20 September 1999 was
also a topic in the validation of the snow coverage. In Fig. 2

3 Results the Gurglerferner is presented as a part of the basin of the
Gurglerache gauge. In the false colour (IR) composite im-
3.1 Calibration and validation of runoff age show is accentuated in blue, therefore snow and bare

ice can be distinguished. Using the final snow parameters,
Figure 3 shows as an example the hydrograph of gauge Obethe modelled snow cover of the total catchment shows a
gurgl (72 kn?) during July to September 1999. These monthsslight overestimation compared to the observed situation on
are normally the period with the highest flood potential in a 13 September 1999. Despite this the spatial distribution of
year. The model shows a good ability to describe the averagéhe simulated snow depletion pattern correlates accurately to
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Table 4. Calculated overall agreements for all SES-catchments on 30 June 2001 and 12 June 2009; snow area or snow model is the catchment
snow cover rate either assessed from the satellite image or calculated using SES. The 2001 data sets were used for calibration and validatiol
the 2009 data was used for validation only.

Date 30 June 2001 12 June 2009
Sensor Landsat 7 Landsat 5
Landsat (Path/Row) 193/27 193/27
Cloud cover of scene 15% 35%
Solar zenith 29.8 29.5
Basins — calibration (C); overall snowarea snowmodel overall snowarea snow model
validation (V) [%0] [%0] [%0] [%0] [%0] [%0]
1 Vent C 82 63 50 82 72 58
2 Obergurgl C 80 64 60 79 73 56
3 Gepatschalm C 73 67 40 81 72 56
4 Oberbergbach C 75 56 67 78 62 52
5 Pitze C 77 88 67 79 93 73
6 Winnebach C 79 49 54 81 53 45
7 Fischbach \% 79 70 71 74 79 56
8 Taschachbach \% 70 70 41 75 77 54
9 Sulzenaubach \% 77 64 69 68 70 40
10 Falbesonerbach V 76 clouds clouds 79 44 39
11 Fernaubach \% 80 60 68 74 67 43
12 Lusenerbach \% 89 58 51 88 57 47
13 Jambach \% 79 75 60 75 78 57
Mean 78 65 58 78 69 52
C-max AT peak Yolume BIAS AT peak Yolume BIAS
O Gy i + : : : ; :
o 2l o T : 5
A . /éf 0 —— ﬁc Q0 1 =
3 o ; i R :
e 2 - + : 3
[ A 5 S 0 : : i ; 0 ;
o &0 100 o &0 100 ] 50 100 0 &0 0 £
C-hAR M C-hAA M C-h 2 W Q-MAK M Q-MAK M

Fig. 4. Model efficiencies for calibration peak flows separated on Fig. 5. Model efficiencies for validation peak flows separated on the
the basis of the one-year recurrence interval at the Vent — Venterachgasis of the one-year recurrence interval at the Vent — Venterache
gauge (165kr). Left: measured peak flondimax .m [M%s)) vs.  gauge (165krf). Left: measured peak flowdyax v [m3/s]) vs.
simulated peak flow@wax s [m®/s]); middle: temporal shift of  simulated peak flow@max s [m3/s]); middle: temporal shift of

the peak flow A7 [h]) vs. (Qmax.m [M3/s]); right: bias of the  the peak flow AT [h]) vs. (Omax m [M3s]); right: bias of the
events discharge voluma (-]) vs. (Qmax ,m [m/s]). events discharge volume (-]) vs. (Omax .m [m3/s]).

the observable snow in the satellite image. The simulation erfor Obergurgl. A mean overall agreement of 78% was eval-
rors associated with the event occurring one week later musgated for all basins with the final parameter set. Details for
therefore be affected by other causes such as the meteorologach catchment can be seen in Table 4, in this table, “snow
ical input during the storm. area” means remotely sensed snow cover rate within the

An available Landsat image for 30 June 2001 (i.e. beforecatchment and “snow model” means simulated snow cover
one of the main calibration floods in July 2001) was used torate within the catchment. During the calibration process
analyse the area-wide snow coverage of all SES-basins. Fanore than half of the modelled basins were only sporadi-
the aggregation of the snow cover distribution the NDSI wascally or not at all investigated, such as thigsherbach basin,
used. By intersecting the remotely-sensed snow layer wittevertheless, this catchment achieved the highest agreement
all of the modelled snow cover an overall agreement for eaci{89%) with the remotely sensed snow cover. These valida-
catchment on this date was calculated, as shown in Table 8on catchments are marked with “V” in Table 4.

www.adv-geosci.net/27/99/2010/ Adv. Geosci., 27,888-2010
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Gauge Vent - Venter Ache

Il Precipitation — Qobs — - Qsim HQ1 ‘

/
o o
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Fig. 6. Comparison of the observe@(ps [m3/s]) and simulated@sim [m3/s]) hydrograph of the validation period at the Vent — Venterache
gauge (165 krf), also including input precipitation [mm/h].

The verification of the snow depletion patterns in 2009 set of parameters was found, however, more than half of
was of special interest since they are the results of almosthe glacierized catchments calculated within HoPl are un-
15 continuously simulated hydrological years without a stategauged. Mader and Kaser (1994) described the transfer of
and parameter correction during the run. A Landsat image othe parameters of a calibrated linear reservoir model from
12 June 2009 was therefore used to validate the quality of th&/ernagtferner to another glacierized basin in Austria (Sil-
simulated snow cover of all catchments. The snow cover disvretta). Melt rates were calculated using a physically-based
tributions on this date compare well with the snow states inglacier model including field measurements. Although the
June 2001. Catchment-wise values of the overall agreementvo catchments have a different ratio of glacierization and
range between 68% and 88% for this date with a mean overvarying topographic characteristics they used the calibrated
all agreement of 78% for all SES areas. From the area-wideunoff parameters without any additional re-calibrations. The
snow cover rate, 83% can be mapped by the model. For cladiourly variations of calculated runoff were found to correlate
sifying these results, the work of Klein and Barnett (2003) highly with the observed discharge rates. In a simulation pe-
was consulted. In this article, an overall agreement of 86%riod of 68 days between 10 July and 15 September 1991, the
between two different remotely sensed snow map time seecalculated total runoff volume was 101.2% of the measured
ries was classified as having a high correlation, and the difvalue. For the SES-basin Fischbach (Table 1), runoff mea-
ferences between these maps can be traced back to diffesurements are available since the beginning of 2007. The as-
ent mapping algorithms. One of these methods used in theisessed discharge parameters from the three calibration catch-
work is comparable to the here used NDSI. The NDSI wasments were applied to calculate the stream flow for this wa-
found to overestimate slightly when using the more coarsetershed in combination with the validated snow parameters.
MODIS data. In our work, the NDSI snow maps also in- For comparing the simulation results with the literature, the
clude portions of snow-free glacier tongues in at least tworunoff volume over a 68 days period between 10 July and
of the investigation areas. Only one catchment (Falbesonert5 September 2007 was calculated and found to be 98.6%
bach) within the 2001 Landsat image was slightly affectedof the measured value. Over a period of two years 99.2%
by cloud coverage while the 2009 Landsat image was cloudf the total discharge volume can be calculated with this pa-

free over the SES-basins. rameter set. This demonstrates the accuracy of the validated
parameters; therefore, the parameter set was transferred for
3.3 Transfer of parameter settings to ungauged the simulation of the ungauged glacierized basins within the
catchments forecast system.

Because of high overall agreements between observed and

modelled snow patterns the snow model parameters proved Discussion

to be transferable. Basins which were not included in the

calibration process also showed good agreements with th8loschl et al. (1991) noticed that errors of the snowmelt rou-
observed snow coverage. The combined calibration usingdine are transferred to the runoff model when the calibration
show patterns in addition to long term flow measurementss based on runoff. Thus, considerable effort was taken to
was examined for three glacierized catchments (Vent, Obervalidate snow depletion patterns, particularly before flood
gurgl, and Gepatschalm). For these watersheds a uniformrevents. Two area-wide snow cover states were validated,
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Fig. 7. 3-D comparison of observed and simulated snow patterns from 15 August 2009 at Vernagtferner illustrated using Google Earth
(upper row); simulated classified snow cover from 3 September 2003 on the glacier Gepatschferner based on a laserscan DEM (lower row,
SWE-values: yellow 0-10 mm, green 10-100 mm and bla®0 mm).

including one which can be seen as representative for th€later) online-available rain gauges of the forecast system
initial state for the flood event in July 2001. Agreements station network were used, this network of stations is lim-
of 78% between observed and modelled snow distributionited to the territory of Austria. Additionally, an Italian
were found for both dates. In 2009 all of the simulated rain gauge was checked which is located only a few kilo-
catchments showed underestimated snow-cover rates, whilmetres south of the Obergurgl catchment centre; at this
in 2001 overestimated modelled snow-cover rates were calgauge location the recorded rain sum during the storm was
culated for five catchments. In 2001 an average underesti101 mm. Orographically-forced clouds from the south side
mation of 7% was detected, in 2009 the average simulate@f the Alpine main ridge caused intense rainfall in the nearby
snow cover was 17% lower than the observed one. Besidesorthern catchments e.g. Obergurgl and Vent (ZAMG, 2010).
its influence on the flood event in 2001, the snow coverage inTherefore, the event was rerun using the hourly rainfall from
June, at the start of the ablation period of the glaciers, is inthe Italian station as the only input. In this run, the simulated
general an indicator for the characteristics of the melt seasorflow reaches a peak value of 7&f® (+20 n¥/s compared to
For this period of the year the model proved its ability to sim- the original simulation) for the event. However, the mea-
ulate well agreeing snow cover distributions. For other catch-sured peak flow is still underestimated by roughly 25%, thus
ment states, later in the ablation period, overall agreementthe changed rainfall input only partly explains the difference.
have not yet been calculated because the discrimination of Additionally, the separation between snow and rain fall
snow on a glacier is a more complex process where topoduring the flood event was investigated. The method of
graphic corrections of the satellite data are needed. Althougltalculating the snow-rain separation using a lower and an
visual comparisons for snow patterns during the melt seasonspper temperature threshold is rather sensitive to the qual-
showed acceptable correlations (e.g. Fig. 2 and example aty of the meteorological measurements and the calculation
Vernagtferner in Fig. 7, top left and right pictures), forth- of the temperature lapse rate. In HoPl a linear regression
coming works should also include a calculated agreementechnique is used to determine a mean temperature lapse
between observed and simulated snow coverage. rate. Meteorological stations are situated between 700 and
However, a photograph taken on 6 September 2009 aftee800 m a.s.l., but none of the available stations are located in
a period of precipitation in combination with cold tempera- the glacierized region above 3000 m, therefore, temperature
tures shows an overestimation in the modelled snow coveragkas to be extrapolated for calculations with SES. Both meth-
(Fig. 7, lower row). Consequently the simulated flow at the ods, linear regression and the extrapolation of the tempera-
Gepatschalm gauge was lower than the observed one, suchbre, introduce possible modelling errors as demonstrated by
as can be seen during flood recession in Fig. 6. With this inRinderer et al. (2008). During the flood event of 1999 the in-
mind, the underestimated flood event of 20 September 199%ut temperature decreased to a value where snowfall had to
was re-analysed (Fig. 3). The event sum of the interpolatede expected in a large part of the catchment. The modelled
model rain was 69 mm. During calibration, only data from snow cover within the catchment of Obergurgl increased
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