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ABSTRACT

Hazard zone mapping on a tributary of the Inn River in the Tyrolean Alps identified high risk settlement and commercial areas. These find-
ings were incorporated into the planning of extensive flood protection measures along the river. Before and during the planning process, the
project area experienced an increase in flood events with a statistical return period of about 30 years (HQ30) within a 16-year observation
period. As a result, a comprehensive analysis of these flood events and a hydraulic review of the gauging station in the project area were
conducted. It was found that the hydrological expectation of flood discharges had increased by about 10%. This change of the hydrological
boundary conditions resulted in an additional effort in the planning process, especially in terms of making extensive adjustments to the

planned flood protection measures.

INTRODUCTION

Between 2012 and 2015, a hazard zone map was drawn up for the Brixentaler Ache, a tributary of the Inn River in the Tyrolean Alps, in
accordance with the guidelines of the Federal Ministry of Agriculture, Forestry, Environment and Water Management (BMLFUW 2006). The
design scenario, a flood discharge with a return period of 100 years (HQ100), resulted in significant flooding of residential and commer-
cial areas in many sections along the river between Brixen i.Th. and the confluence of the Brixentaler Ache and the Inn (Figure 1). As a
result, the following years were dedicated to developing a general plan for the protection of the affected areas, including the investigation
of numerous alternatives. In the middle of the project area, the Windauer Ache and the Kelchsauer Ache flow into the Brixentaler Ache
at a distance of only 1000 meters. This increases the catchment area of the Brixentaler Ache by a factor of 5, which had to be considered
as a key hydrological boundary condition. Due to this special situation, flood protection measures in the lower section of the project area
have to be planned independent of flood retention measures in the upper reaches. The focus of this paper is on this lower section of the

Brixentaler Ache.
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Figure1: Hazard zone map of the Brixentaler Ache in Bruckhéus!

The general plan identified a combination of levees and flood protection walls as best options for the endangered areas. While these linear
measures should prevent the Brixentaler Ache from overflowing, their implementation will lead to an acceleration of the flood wave and
an increase of the peak discharge. These effects are expected to be minor due to the existing topography. However, as an increase in the
water level of just a few centimetres in areas further downstream can lead to massive complications in the official approval process, a flood
detention basin — one that gets filled via a side weir — was planned to address these issues.

Shortly before completing and submitting the plan for the flood protection measures, another flood event with a statistical return period of
about 30 years occurred on the Brixentaler Ache. As a result, the design discharges on which the project was based had to be re-examined
and the flood protection measures finally adjusted to a new hydrological boundary condition. This planning process and the effects on the

project are described in more detail in the following sections.
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METHODS

The Brixentaler Ache drains a catchment area of 330 km? in the area of the Kitzbtiheler Alpen and flows into the Inn at Worgl as the second
largest tributary east of Innsbruck. On water bodies in the catchment area of the Brixentaler Ache, 5 gauging stations are operated, of which
discharge data are recorded at three gauging stations. In and around the catchment, precipitation is observed at numerous gauging stations;
therefore, a good data base for hydrological analyses is available overall (Figure 2). The available precipitation and discharge data provide
valuable information for the process analysis of the flood events that have occurred and support the classification of the return periods of

the events due to the long observation series (partly from 1895).
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Figure 2: Hydrological gauging stations in the Brixentaler Ache catchment area

The basis for the determination of the design event HQ100 in the lowest section of the Brixentaler Ache is the discharge data of the gauge
Bruckhiusl at the Brixentaler Ache. The gauge Bruckhiusl covers a catchment area of 322.3 km? and is located at river kilometer 3.72. Dis-
charge data from the gauge have been available since 1951. The mean discharge at the gauge is 11 m3/s; the largest discharge event so far
was observed on July 29, 1969 with 240 m3/s.

The results of the HORA (MERZ et al. 2008) and HORA3 (Bloschl et al 2022) projects form an essential basis for determining the hydrolog-

ical expectation at the gauging station Bruckhdusl. In the HORA project, flood discharges were estimated throughout Austria based on a
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combination of different sources of information (in addition to discharge data, also precipitation data, discharge coefficients and data from
neighboring areas were considered), the combination of automatic methods and expert assessments, and the involvement of the regional
hydrographic departments. For river sections without gauges, flood probabilities were also determined based on automated estimation pro-
cedures and regional assessments. As a result of the HORA project, which evaluated the discharge observations up to and including 2005
for the province of Tyrol, data of the normalized hundred-year flood discharge are available. The HORA project was updated in the context
of HORA 3 with discharge observations up to and including 2015.

The hydrological expectations at the gauging station Bruckhiusl were determined on the basis of local flood statistics from the available
discharge series in accordance with the guidelines of the Federal Ministry of Agriculture, Forestry, Environment and Water Management
for estimating flood parameters (BMLFUW 2011). The regional flood estimations from the HORA (expection 2009) and HORA 3 (expection
2021) projects were included.

With respect to rivers in Tyrolean valleys, 2-dimensional hydronumerical models are now used as standard in the preparation of hazard
zone maps and the development of flood protection projects. In addition to the hydrological fundamentals described above, precise terrain
data form the basis for model generation. Outside riverbeds, these data are available in Tyrol as airborne laser scan data. In riverbeds, ba-
thymetry is complemented by terrestrial surveys or sonar recordings during hazard zone mapping and, if necessary, condensed or updated
during the planning of flood protection measures. The terrain models generated this way can be used to simulate the effects of the intended
flood protection measures in the event of a flood compared to the current status. Changes in wave travel time and peak discharge caused
by the planned structures can be quantified and, if necessary, measures to compensate for adverse effects on downstream regions can be

taken into account.

RESULTS AND DISCUSSION

For hazard zone mapping, the hydrological expectation for HQ100 was determined in 2009 on the basis of an extreme value statistical
analysis of the discharge series up to and including 2005 and the project results from the HORA project. The expectation for HQ100 of
250m3/s estimated from the project HORA was confirmed on this data basis and used as a boundary condition for the planning of the flood
protection measures. In 2013, 2014 and 2021, major flood events occurred at the Brixentaler Ache, all of which had a peak discharge in the

range of HQ30 or more (Figure 3).
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Figure 3: Discharge series 1951-2021 at the gauge Bruckhéus/

The event on July 17, 2021, with 228m3/s, was the second largest discharge event since the beginning of discharge monitoring (1951). After
detailed analyses of the flood events and examination of the recorded peak discharges, a re-evaluation of the discharge series appeared
necessary from a hydrological point of view. Based on the now available discharge series up to and including 2021 and the results of the re-
gional flood estimation, which have been updated in the meantime within the framework of the HORA 3 project, there was a slight increase
in the hydrological characteristic values for HQ100 (about 10%), which is supported by the accumulation of flood events in the last 10 years.
A trend test using the Mann-Kendall method showed a significant positive trend in the annual maxima with a 5% probability of error. Due to
the uncertainties in the different methods of derivation, the current hydrological expectation was also set with a range of fluctuation based

on expert assessment. Consequently, the expectation for HQ100 was determined between 250 and 290m3/s (Figure 4).
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Figure 4: Extreme value statistics gauge Bruckhausl, discharge series 1951-2021; extreme value distributions Gumbel type | moment method (Gumbel-MM) and generalized extreme value

distribution maximum likelihood (GEV-ML) as well as expert determination hydrological expectation 2009 and 2021

The hydrological adjustment of the design parameters resulted in an increased water level between 0.2 and 0.5m in planned state along the
Brixentaler Ache and additional flooded areas around 0.4 km? in actual state without flood protection measures (Figure 5). Therefore, the
flood protection project had to account for approximately 30 additional affected buildings and increased risk to infrastructure such as the
railway line upstream of the dammed bridge in Figure 5. Measures already planned in the course of the flood protection project thus had
to be raised and extended where necessary. In areas where the freeboard had previously been thought to be adequate, additional flood

protection measures had to be implemented.
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Figure 5: Project area Worgl-Rendlbriicke with additional flooded area for actual state and water level increase in the Brixentaler Ache River for planned state. The railway bridge is dammed

and pressure discharge occurs.

Figure 6 shows an example of the necessary adaption of a flood protection wall. In this case the wall height had to be raised and the
foundation was adapted. Planned and approved dams also had to be raised, which resulted in an increased land demand that had to be
approved by landowners. Overall, linear measures were adapted over a length of 6.0km and additional linear measures had to be planned

over a length of 1.6 km.
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Figure 6: Design water level before and after hydrological adjustments with necessary adaption of flood protection wall
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Based on the project changes, the cost assessment had to be revised upwards. The costs for the adaption to measures amount to approxi-

mately € 2.0 million and costs for additional measures amount to around € 1.6 million.

CONCLUSIONS

At the Brixentaler Ache, the intensification of flood events in recent years has led to an increase in the hydrological expectation of flood
discharges by about 10%. Due to this change, the planned flood protection measures had to be adjusted. In this process the upper limit
of the fluctuation range of a 100-year flood was used for the design of the new structures. This approach was taken to establish a certain
resilience to possible further changes in the project area’s hydrological situation in the coming decades.

A study commissioned by the Federal Ministry of Agriculture, Forestry, Environment and Water Management has found natural variations
of floods to be much greater than changes due to climate change (BMLFUW 2017). Nevertheless, iin recent years and decades an increased
occurrence of flood events with a return period of 30 years or more has also been noticed at other Tyrolean rivers. The trend analyses of the
annual maxima of other gauges in neighboring catchment areas of the Brixentaler Ache also show significant positive trends. If these trends
continue, an increase of the hydrological expectation of flood discharges has to be assumed in these regions as well. Regardless of whether
these changes are caused or intensified by climate change, the presented example of the Brixentaler Ache illustrates clearly that strategies

for increasing the resilience of projected measures will be necessary in future flood protection planning.
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