MANAGING ALPINE TORRENTS UNDER THE INFLUENCE OF
CLIMATE CHANGE: PREVENTION AND PROTECTION STRAT-
EGIES WITHIN THE ‘PRO GEWASSER 2030° PROGAM.

« BAEK T [] [:[] NTE NT Wasserwirtschaftsamt Traunsteillal‘;ag::\iliakrti: EI!::WI\A’I:&

ABSTRACT

A comprehensive analysis of the interplay between climate change dynamics and the management of alpine torrents carried out by the
Bavarian Authorities is given. The recorded and projected temperature shifts alongside the observed changes in precipitation patterns come
with implications for the region’s hydrological regime and particularly the occurrence and intensity of flooding events. To address these
challenges and build a resilient framework, the Bavarian Authorities have adopted a flood damage prevention and a protection strategy.
While the flood damage prevention strategies, including the identification of floodplain areas, do not directly account for climate change,
the protection strategies attempt to incorporate its anticipated impact. When dimensioning flood protection measures currently a climate
change factor of 15 % is added to the flood discharge. Finally, the determination of the floodplain area of the Bergbach catchment in Ber-

chtesgaden is exemplarily presented.

INTRODUCTION

The European Alps, including the Bavarian Alps are among the most densely populated mountainous areas globally. Settlements, tourism
and economic activities are predominantly concentrated in the geographically confined valley floors, which lie within the sphere of in-
fluence of alpine torrents. Alpine flash floods, recognized as devastating natural disasters in mountainous areas, pose a significant threat.
The convergence of high population density with the hazardous potential of these torrents underscores the urgent need for effective flood
mitigation and preparedness measures to protect both residents and the local infrastructure.

Climate change has added a layer of complexity to the management of alpine torrents. Rising temperatures and changing precipitation
patterns influence the frequency and intensity of flash flood events (LfU, 2021). This includes the changes in runoff as well as the potential
mobilized bed load. The expected changes due to climate change pose significant challenges in the management of alpine torrents. Ad-
dressing these challenges demands a proactive and adaptive approach to management, with the “PRO Gewisser 2030” program playing an

important role for Bavarian authorities.

CLIMATE TRENDS IN THE BAVARIAN ALPS

The subsequent chapter offers a short review of observed and projected climate changes for the Bavarian climatic region “Alps” (LfU, 2021).
Discussed effects of global warming include the changes in temperature and precipitation patterns. The underlying climate projections for
Bavaria can be found in LfU (2022a). The Representative Concentration Pathway (RCP) scenarios are used to model future greenhouse gas
concentrations, driving climate change. RCP2.6 represents a stringent mitigation scenario, while RCP8.5 assumes high greenhouse gas emis-

sions and no climate change policies (IPCC, 2014).

TEMPERATURE CHANGES

Since the mid-20th century, a temperature rise by approximately 1.5 °C has been registered in the Bavarian Alps. Depending on the climate
protection measures taken, scenarios show temperature increases ranging from about +1.1°C to 4.1°C expected by 2085 (Figure 1). Summer
days (maximum air temperature > 25°C) are projected to see a substantial increase of +13 up to +33 days, while ice days (max. air temper-

ature < 0°C) are anticipated to decline significantly (-10 to -30 days) in the Bavarian Alps (LfU, 2021).
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Figure 1: Temperature deviation in the Bavarian Alps over time compared to the reference period 1971-2000 under different greenhouse gas emission scenarios. Data source: (LfU, 2023).

SHIFTING PRECIPITATION PATTERNS

While recent temperature trends are clearly measurable, precipitation data does not yet reveal a definitive pattern. Annual precipitation

sums in the Bavarian Alps have not shown a significant increase or decrease yet. However, simulations indicate a wider range of possible

outcomes by 2085 if no mitigation measures are taken (Figure 2). In addition, a shift in precipitation patterns, with an increase in winter and

a decrease in summer precipitation, is anticipated (LfU, 2021).

In the context of alpine flash floods, it is crucial to focus on the distribution of precipitation and the frequency of heavy rainfall events,

which hold more significance than the annual total. Climate scenarios however project an increase in heavy rainfall days (Figure 2), while

the total annual precipitation sums are not expected to significantly rise by 2085 (LfU, 2021). This indicates a greater degree of variability in

rainfall distribution throughout the year.
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Figure 2: Deviation in annual precipitation in the Bavarian Alps from the reference period 1971-2000 and the recorded and projected heavy rainfall days [>30mm/day]. Data source: (LfU,

2023).
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IMPLICATIONS AND CONSEQUENCES OF CLIMATE CHANGE

Throughout the whole year and during the winter season, the observed gauge data showed increasing trends in flood discharge, which are
projected to further intensify at most of the gauge locations in the 21st century. Figure 3 shows the anticipated changes in flood discharge
for rivers with pluvial (Main), mixed (Donau) and more nival (Inn) discharge regimes. At gauges with a pluvial discharge regime, the range
and magnitude of the annual increase is roughly comparable to the change signal of the winter half-year. In contrast, gauges with a nival
discharge regime show larger increases in the winter period. This trend can be attributed to reduced temporal snowpack storage due to
higher temperatures, while the winter precipitation rates are anticipated to increase and become directly run-off relevant (KLIWA, 2022).
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Figure 3: Alterations in mean flood discharge at selected gauges in Bavaria relative to the reference period 1971-2000. Adapted from KLIWA (2022).

While recent data has not shown a clear trend yet, scientific consensus suggests a connection between temperature and precipitation. Higher
temperatures lead to increased evaporation rates and a warmer atmosphere can hold more moisture. This results in a higher atmospheric
water and energy content, potentially leading to shorter, localized and more intense convective rainfall and storm events during summer,
and less intense but longer and more widespread advective precipitation events during colder months (KLIWA, 2022).

Advective rainfall events promote a steady infiltration of precipitation water into the soil, temporarily storing it subsurface, flatten discharge
curves and making it available for the ecosystem. Conversely, heavy convective events lead to increased surface runoff, swiftly transporting
water away from vegetation and into torrents, resulting in steeper discharge curves and higher discharge peaks (LfU, 2021).

Projections suggest an increase in drier summers, due to reduced infiltration rates of precipitation water, because of less advective and
more convective rainfall events (KLIWA, 2022). Combined with the increased occurrence of heavy storms, forest fires, and insect infestations
droughts pose a threat to forest ecosystems. Recent data shows significant growth losses in Bavarian alpine forests during dry years, such
as 1947, 1992 and 2003 with a particular concern for spruce and beech trees (Hartl-Meier & Rothe, 2014). A stressed or disappearing forest
leads to an increase in soil erosion, providing further mobilizable debris and reducing the subsurface retention of precipitation water (LfU,
2021). Driftwood can also be more abundant around the torrents. In summary, this might result in higher discharge rates, increased fluvial

erosion and deposition, and a greater risk of debris obstructing structures such as bridges and pipes.

IMPLEMENTING FLOOD MANAGEMENT

The expected changes due to climate change pose significant challenges in the management of alpine torrents. The Freestate of Bavaria and
its water authorities are facing these challenges in a proactive and adaptive approach in their program “PRO Gewisser 2030”. The following
chapter focuses on the program’s parts of flood damage prevention and protection, while also mentioning the remaining elements of pre-

paredness, response and recovery, aiming to create a resilient system.

FLOOD DAMAGE PREVENTION

An effective assessment of flood hazards and risks requires the identification of floodplains. The investigation of flood areas at discharges
with recurrence intervals of over 100 years (HQ100) is part of the prevention strategy (StMUV, 2022). The determination of floodplains of
alpine torrents is performed by the Bavarian Water Management Offices, following the specifications outlined in the modular LBS Wild-
bach (LfU, 2020b), which is a compilation of planning fundamentals concerning the management of torrential catchments provided by the
Bavarian Environmental Agency (LfU).

Since there are usually no gauges at the alpine torrents available to enable extreme value statistics, precipitation-runoff models are current-
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ly being used to calculate the area’s hydrology. These models are based on the assumption of a 100-year rainfall event. Runoff formation
determines the effective precipitation based on the land cover, including the infiltration capacities of the soils, while runoff concentration
generates the hydrograph from the catchment-specific parameters (LfU, 2022a). Hence the transport of fluvial sediment and driftwood is
characteristic of alpine torrents, their potential must be assessed during field surveys. The increase in the flood wave’s volume due to the
transported debris is integrated into the model through an additional factor (LfU, 2020¢). The floodplain area is finally determined through
hydrodynamic numerical 2D modelling, which corresponds to the current state of the art for calculating fluvial processes. Potential debris
jam locations are included in the model through the incorporation of scenarios (LfU, 2022b).

The determined floodplain areas affect regional and urban development planning procedures, form the fundament for planning and dimen-
sioning specific flood protection measures and are the prerequisite for targeted flood preparedness. Based on this foundation, plans for flood
risk management are established. These strategic plans include an assessment of the risks, objectives and measures for their reduction. This

includes not only a HQ100 event but also smaller, more frequent and also rarer extreme flood events (StMUV, 2022).

FLOOD DAMAGE PROTECTION

In terms of flood damage protection the Bavarian authorities follow a “flexible and no regret”-strategy. Based on the results of the first KLI-
WA study 2004 a state-wide climate change factor has been introduced. Plans for new flood protection measures are taking account of the
expected effects of climate change, by adding a statistical value of 15 % to the HQ100. Since then further research is steadily reviewing and
expanding the fundamentals of the climate change factor. So far, the guidelines from 2004 have persistently been confirmed (KLIWA, 2017).
In addition to the increase in discharge rates, while accounting for the potential effects of climate change, a freeboard margin according
to DIN 19712 (DIN e.V,, 2013) is included to prevent breaches in flood protection barriers in case of elevated water levels due to wind or

waves at the windward side (Figure 4).

Hgmo + 15% Climate Change Factor Freeboard ¢

H‘ll 00 Freeboard

Flood Embankment without
Climate Change Factor

Figure 4: Flood protection dam design incorporating a climate change factor. Adapted from (KLIWA, 2017).

CASE STUDY — DETERMINING THE BERGBACH FLOODPLAIN IN BERCHTESGADEN
In the following case study of the Bergbach catchment, the determination of a floodplain as part of the prevention strategy is exemplarily

presented.

SETTING

The drainage area of the Bergbach covers an area of 3.15 km?, extending from the peak areas of the Kehlstein (1829 m asl.) down to its
outlet at the Berchtesgadener Ache (521 m asl.). This area is divided into two partial catchments: the Bergbach catchment and the Teugels-
brunnenbach catchment (Figure 5). The geological setting is heterogeneous, comprising solid carbonate rocks, easily erodible Haselgebirge

rocks, and less consolidated glacial till.
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Figure 5: Drainage area of the Bergbach with its partial catchments Bergbach and Teugelsbrunnenbach. Own illustration.

METHODS

The floodplain determination is based on a HQ100 modelled, using anticipated 100-year heavy rainfall data from the KOSTRA-2010R dataset
(DWD, 2017) within the Bergbach catchment area. The precipitation-runoff modelling was performed with EGL-X, an Excel tool provided by
the LfU. Effective runoff was predicted with the Curve-Number approach from the former Soil Conversion Service (NRCS, 2004), and runoff
concentration was computed using the linear storage cascade technique proposed by Caspary (1987).

Field surveys and previous events have demonstrated a significant involvement of fluvial sediment. Hence, an additional factor of 1.05 to
1.1 is applied to the discharge curve. Blockages at passages were implemented through scenarios. For the hydrodynamic numerical 2D
modelling a terrestrial survey of the river course was performed and the surrounding area was reconstructed using ALS (Airborne Laser
Scanning) data. After incorporating surface roughness into the model, calculations were made for HQ10, HQ100, and HQExtreme scenarios

and the results were visualized.
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RESULTS
The calculated clear water discharge is 7.82 m3/s. When considering the additional factor for debris, the total discharge reaches 8.42 m?/s
(Figure 6). This value represents the HQ100 discharge without accounting for the climate change factor, which is exclusively used for di-

mensioning protective measures.
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Figure 6: Discharge curve of a HQ10, a HQ100 and a HQExtreme for the combined Bergbach (BB) and Teugelsbrunnenbach (TB) catchment. Own illustration.

The entire settlement area is susceptible to flood overflows during an HQ100 event (Figure 7). Scenarios involving the blockage of passages

intensify the impact. The estimated flood areas align with experiences from past flood events.

-
W’t Hochwassergefahrenflache

I '- = B "o, - HChausp (HQ 1o}
- ‘Gallenbachmuhla e

/ Hanimm

*

Gewasser

Figure 7: Floodplain area of a HQ10, a HQ100 and a HQExtreme for the Bergbach. Own illustration.
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CONCLUSION

This paper highlights the interplay between climate change and the management of alpine torrents. The observed rise in temperatures and
projected shifts in precipitation patterns have already initiated and will continue to drive significant changes in the hydrological regime,
influencing the occurrence and intensity of floods. Consequently, the implementation of comprehensive flood damage prevention and
protection strategies becomes obligate. By incorporating data-driven assessments and climate-conscious approaches, Bavarian authorities
are proactively addressing the challenges posed by changing climate dynamics. It remains important to consistently monitor and research
the further interactions between climatic and torrential dynamics, ensuring the development of adaptive and sustainable flood management

strategies. This continued effort is crucial to enhance the resilience of communities and infrastructure in the Bavarian Alpine region.
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