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ABSTRACT

Sediment regime follows several process chains: starting in high alpine areas and continuing downstream in fluvial systems, sediment trans-
fer affects hydro- and geomorphology as well as riparian ecology, but also interacts with agriculture, settlements and human-made structures
more spatially distributed. The latter are strongly related to the sediment processes occurring as natural hazards in valleys and forelands.
In this study, the sediment dynamics of the high-alpine Glatzbach catchment, Hohe Tauern, Austria, are investigated with a focus on pre-
cipitation events and hydro-meteorological parameters influencing frost weathering and sediment transfer. In this context, also changes of
seasonal patterns due to climatic changes as well as the linkage of webcam images to annual snow cover characteristics are investigated.

The overall outcome of this study contributes to an improved understanding of the sensitivity of a high-alpine catchments to climate change.

INTRODUCTION

Sediment regime consists of the amount and timing of sediment of a reach and includes all kind of transportation and source processes

within the catchment. (Colorado SMP, 2024)
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Figure 1: Changing climate conditions are likely to lead to modified processes in the context of sediment regimes within high-alpine catchments and thus altered ecosystems and other

natural hydro-climatic and geomorphologic processes.

High-alpine regions are strongly impacted by changes of climatic conditions due to their high sensitivity regarding air temperature and
precipitation patterns and intensity, which control erosion processes, sediment transfer and runoff conditions.

The connection and interdependencies between climate, weathering and sediment transfer in high mountainous areas are topics related to
many unanswered questions. It is unclear to what extent annual sediment production contributes to the sediment transfer by torrent process-
es. Knowledge gaps include also possible impacts of climate change on the annual sediment production via changes of snow cover duration
and the altitude of the snow line. Nevertheless, it is clearly stated in literature that beside changes in snow cover , also other changes in
the cryosphere, like glacial retreat or thawing of permafrost, and changes in frost weathering conditions of rocks lead to a change in the
amount and timing of sediments in fluvial systems that potentially becomes available for transfer processes (Schild, Singh and Huebl, 1998;
Micheletti, Lambiel and Lane, 2015; IPCC, 2023a, 2023b; ALP-IM, no date).

Sediment availability is a result of sediment production, e.g. by (frost) weathering, which is connected to air temperature and solar radiation,
but also the temporal availability of snow cover. Mobilisation of sediments occurs due to mass movement, which is triggered or prevented
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by climate (e.g., frost/thaw) and hydrological variables (e.g., runoff). Thereby heavy precipitation or an intense snow melt phase often
lead to an increase in transport. The second group defines sediment transfer, which is controlled by connectivity and transport capacity in
the stream or river channel, both highly depending on the amount of discharge. The impact of changing processes includes changes in: (i)
natural processes (affecting sediment regime; natural hazards; hydrological system; cryospheric system), (ii) ecology (affecting ecosystem;
habitats; biodiversity), (iii) human security and activity (affecting natural hazards; material; water availability; energy sector; transportation)
OBJECTIVE & RESEARCH QUESTIONS: This study investigates the sediment regime, its connection to meteorological forcing and snow-hy-
drology in the high-alpine head-watershed Glatzbach, Hohe Tauern, Austria. The overall research question is whether changes can be
detected over the period of the last decades in terms of climatic and hydrological variables and sediment output from the catchment.
Specific research questions are clustered into the following two main topics: (i) Connections and trends of hydrometric measurements and
sediment data: including the analysis of trends and correlations within and between the meteorological, (snow-)hydrological and sediment
data. (i) Estimation of the impact of snow cover, precipitation and frost weathering on sediment transport: including the quantification of
the influence of frost weathering related parameters and transportation related parameters with special regards to combination of different
parameters. This work is based on the data generated by meteorological and hydrological measurements at the “Glatzbach monitoring sta-
tion”, which is operated by the Institute of Mountain Risk Engineering (IAN) at the University of Natural Resources and Life Sciences Vienna
(BOKU) as well as sediment volumes recorded by IAN upstream of a measurement weir. Additionally, image data, based on webcams, is
used to assess the annual snow cover characteristics within the catchment. The data analyses focus on changes in patterns (trends) and

connections between different parameters (correlations) with the aim of estimating the impact of frost weathering on the sediment regime.
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Figure 2: The study site is located in the catchment of Glatzbach river on the border of Eastern Tyrol and Carinthia in Austria in the mountain range of Glocknergruppe (own illustration based
on (IAN, 2021; Umweltbundesamt, 2022; Geoland, 2023).

The catchment of Glatzbach is located in the Glocknergruppe at the border of the East Tyrolian part of Hohe Tauern National Park, Austria
(Figure 2). The elevation ranges from 2443 m.a.s.l. to 2905 m.a.s.l. from weir to the summits. The catchment area of 1.4 km?2 is drained by
Glatzbach, which feeds the Leiterbach and further flows into the river Moll. The hydrological regime follows a high-alpine nival regime with
peaks in late spring/beginning summer. The catchment is characterized by glacial and peri-glacial history, including remains of a rock glacier

in the upper catchment. However, no glaciers are present in this catchment nowadays (Pardé, 1964; Otto et al., 2012).
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METHODS

The whole analysis process described in this chapter is performed by programming a semi-automatic script using R language. The big ad-
vantage is that this process can be repeated with very little effort with additional data, also at other locations.

HYDRO-METEOROLOGICAL DATA PREPARATION: The monitoring includes a meteo station measuring precipitation, air temperature, radiation,
snow depth at a ten minutes resolution. Additionally, a Thomson weir was installed at the catchment’s outlet, recording discharge at the
same time interval. The monitoring station, being located in the lower part of the catchment, was constructed in 1997 by IAN, hence data
is available over more than 25 years, which is rare in such a high-alpine environments (Institut fiir Alpine Naturgefahren, 2019). Since 2011,
the volume of sediment deposited upstream of the weir was measured using a combination of bathymetric techniques and photogrammetry
(structure-from-motion). However, these time series contain gaps and some irregular values, as due to its location in complex high-alpine
terrain, the risk of failure of measurement devices is especially high (freezing, high wind speeds, marmots...). Interpolation and comparison
with other measurement stations in the further surrounding is regarded as rather unstable, as the measured variables are often dependent
on micro-climatic effects.

Within the project a simplified hydro-meteorological data cleansing and gap filling approach based on Liston and Elder (2000) is used, fol-
lowing a three-step quality assessment (QA), which is applied on every parameter: (i) Limit of acceptable values (LIM) given by upper and
lower limit value, which must not be exceeded or undercut by the time series values. (ii) Rate of acceptable change (ROC) between two
consecutive time steps, which must not be exceeded by the gradient between two consecutive time series values. (iii) Length of acceptable
time span for no change of consecutive values (NOC), which must not be exceeded by the length of constant values within the time series.
As this work focuses on extreme values, no smoothing or aggregating was carried out. In this project, four types of gap categories (C1 — C4)
based on gap length were detected: C1 10 minutes gap, C2 60 minutes, C3 24 hours, C4 longer 24 hours. Gap categories are the base for
gap filling process, which is done by creating average value of the surroundings category values (e.g., C2: +6th value).

SEDIMENT SAMPLING AND PROCESSING: The sediment of the Glatzbach catchment is collected behind the Thomson weir including a tempo-
rary outlet to be opened for manual flushing of the weir’s reservoir. As the weir is located in flatter terrain in the lower part of the catchment,
it is assumed that far most of the sediment, which is mobilized within the catchment, only moves inside the stream at this point. Still, the
deposition is not the total amount of sediment arriving at the weir, as especially suspended particles, but rarely also larger grain sizes, might
pass through the weir. Due to the weir’s direct function as an in-stream-barrier and the indirect function regarding the stream’s velocity the
mobilized sediment of Glatzbach accumulates within the reservoir upstream of the weir. The basin is flushed once a year in early summer
at the end of melting season for sediment data generation, which is done by two different methods:

(i) Manual data sampling by bathymetric measurements of profiles parallel to the weir and calculation of total volume of the basin by two-di-
mensional interpolation between the transects. (ii) The image-based approach estimates the amount of sediment by applying photogram-
metric methods on images by smartphones or unmanned arial vehicles. Using the software Agisoft Metashape and QGis, digital elevation
model (DEM) of the area of and around the basin are generated and DEMs of Difference (DoD) are calculated. A mean accumulation rate
is calculated for each period between two flushing events.

WEBCAM IMAGE ANALYSIS: The meteorological station includes a webcam covering parts of the upstream catchment area, which are used
for snow cover duration analysis for different parts of the catchment. The share of snow coverage within the catchment is calculated by a
simple pixel value-based analysis by categorisation in classes (snow / no snow) and by altitude belts. Combining the share of snow coverage
(percentage of snow coverage with each altitude band) with the measured snow height at meteo station, for each band threshold values
for measured snow height correlating with a certain share of snow coverage are calculate: (i) Lower threshold of measures snow height
for at least 50% coverage within the band, (iD) Higher threshold for 100% snow coverage. This kind of snow cover analysis allows a higher

differentiation of favourable conditions for frost weathering processes (insulation due to snow vs. snow free surface) and a more detailed

STATISTICAL ANALYSIS:
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Figure 3: Example of criteria for combined variables: Snow height and air temperature of the Glatzbach catchment. The yellow bars indicate timesteps for which the predefined criteria are

fulfilled and therefore frost weathering can be assumed to occur more likely.
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The cleansed hydro-meteorological data is analysed by applying simple threshold values (see Figure 3). The time series are checked for
different criteria. These criteria can be single-variable thresholds (e.g., channel discharge above a critical discharge for sediment transport)
or for combined variables (e.g., air temperature below 0°C and no snow , see Figure 3). The amount of criteria-fulfilling timesteps is corre-
lated with total accumulated sediment volume as well as with the calculated mean accumulation rate in order to get a value for the impact

of meteorological and hydrological parameters on sediment process in the catchment.

RESULTS AND DISCUSSION

In the following, preliminary results of the study are presented. First of all, correlations between the (snow-) hydrological and meteorological
parameters are shown, to investigate if there are some interrelationships already obvious. However, as expected, only medium correlations
(or none) against each other, but at a very high accuracy level are presented in Table 1. Correlations vary from +0.26 between precipitation
and gauge discharge to -0.56 between snow height and air temperature. Correlations and p-values are shown in the following Table 1.

In a second step, sediment data was analysed and compared to the hydro-meteorological data. However, one issue is that the sediment data
of the Glatzbach catchment can be used only after the restauration of the weir in 2012, so the period is too short for doing an adequate
trend analysis for this part. Thus, the data shows some kind of annual cycles with high sediment load followed by one or several years with

low sedimentation.

Gauge discharge | Precipitation Air temperature Snow height
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Table 1: Correlation varies from medium positive to high negative correlation with high significance.

Figure 4 shows the estimated sediment accumulation within a period (~ year), the flushed sediment (at flushing event) in m3 and the calcu-
lated sedimentation rate (within a period) in m3/d based on the measured values. The sediment data show correlation with meteorological
and (snow-) hydrological parameters. The amount of flushed sediment can work as a proxy for the capacity of the basin for the following
sedimentation period. Very basic linear model shows indication for decline in sedimentation rate with -1.2*10-5 m3/d2 but at low signifi-
cance level of 85%.

Especially the correlation of calculated sedimentation rate per day and the number of days meeting defined meteorological or (snow-) hy-
drological criteria (for frost weathering and transportation; see section statistical analysis) show high correlation values, but significance is
low. To be able to give a clear statement of correlation between sediment data and other parameters, more years of observation (especially

regarding the sediment data) and further research leading to more profound input data is necessary.
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Figure 4: Accumulated and flushed sediment behind the measurement weir showing no clear trend towards a specific direction but seems to have some sort of cycle, what could be indica-

tion for alternation of transportation limitation and availability limitation.
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Hydrograph of Glatzbach catchment
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Figure 5: Hydrograph of the Glatzbach catchment after application of quality assessment and gap filling process. Not significantly high precipitation but heigh peaks in discharge in summer

(e.g., June to July 2019) illustrates the high impact of snow coverage in the catchment.

With the available data so far, a proved statement on the influence of frost weathering on the sediment regime of Glatzbach is not fully
possible, as the gaps, especially in the sediment data, compared to length of data sampling, are too big. However, there is strong indication
of a high impact of both, transport related and production related parameters on the sediment regime.

In a next step, the snow cover changes in the catchment, observed with the webcam images in connection with air temperature and (heavy)

precipitation will be analysed and compared to sediment data in more detail, although the latter are sparse.

CONCLUSIONS

The focus of this study is to investigate the sediment regime and its connection to meteorological forcing as well as snow-hydrology in the
high-alpine head-watershed Glatzbach, Hohe Tauern, Austria.

The preliminary results of this study include (i) time series of combined meteorological,

(snow-)hydrological and geomorphological information of the high-alpine Glatzbach catchment, and (ii) an indication of changes within
the high-alpine catchment Glatzbach, as well as corresponding geomorphological and snow-hydrological process chains. The outcome of
the study also includes a semi-automatic analysis tool to be also used in other catchments.

Due to the rather short length of the sediment data and the different temporal resolution, it is quite difficult to state with these preliminary
results weather climate change induced alteration of sediment dynamics processes can be observed in Glatzbach catchment. The data shows
a correlation between different variables and therefore are a good indication for the strong connection of different parameters and processes.
The sediment data shows strong evidence of specific cycles of low and high sedimentation for both, total accumulation behind the weir
and sedimentation rate. The snow cover pattern analysis in connection with air temperature regarding frost weathering, as well as (heavy)
precipitation and sediment data be analysed in more detail in a next step.

Overall, such analyses are still rare due to widespread lacks of sediment data. But in the context of climate change it is highly important to
answer the question, if changes in the sediment regime occur due to alterations in the hydrological system of high-alpine areas and there-
fore might impact nature and society. Although we could not answer this question with this preliminary work, we aim to intensify research
on this topic and started to build up analysing tools with a semiautomatic tool, that can also be used for other high-alpine catchments, as
an analyses tool with little effort for large data sets. Therefore, as an outlook, we suggest (i) gathering further sediment data within the
catchment and intensifying data analyses, and (ii) applying the developed analysis strategy also with other catchments (where such data is
available), to build up a larger data set. This might contribute to a more spatially distributed climate change research in high-alpine areas

regarding sediment dynamic processes.
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