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ABSTRACT

Temporal and spatial variations, along with a wide spectrum of measured transport rates at comparable flow rates, are well known char-
acteristics of the bedload transport process, but cause substantial practical and computational difficulties. Major technical progress in mon-
itoring technology in recent years now makes it possible to observe the bedload transport process comprehensively. In this case study, an
integrative monitoring system was installed in 2011, which continuously records the transport process. This long-term integrative bedload
data set provides a remarkable opportunity to analyse the transport process and compare calculation results from commonly used bedload
transport formulas with measured data. The findings presented demonstrate that exceptional bedload events, characterized by high sediment

mobility and intense transport rates, are most accurately described by bedload transport equations.

INTRODUCTION

The need for natural measurement data on the bedload transport process serves as a prerequisite for the implementation of sustainable
hydraulic engineering measures, in addition to an improvement of the understanding of the process. When applying transport formulas and
models for calculating bedload loads and transport rates, measured data represent an indispensable prerequisite for validation and calibra-
tion. A literature review demonstrates that the performance of transport formulas is a very important and often treated subject. Many studies
exist, in which mostly directly measured bedload data are compared to results of bedload transport calculations (Gomez and Church, 1989,
Hinton et al., 2018). Very valuable evaluations on bedload predictions have been carried out in steep headwater streams, having their own
specific step-boulder morphology (e.g Yager et al. (2012)). All these studies make a valuable contribution to better describing the bedload

transport process by formulas and thus provide an important tool for practice.

Recent advancements in bedload monitoring present an opportunity to enhance the validation of commonly used bedload transport formu-
las. Habersack et al. (2017) demonstrate that bedload transport can be determined entirely with an integrative monitoring approach, consist-
ing of a combination of direct measuring devices and surrogate monitoring techniques. This combination compensates for shortcomings and
limitations of individual methods (Habersack et al., 2017). The progress in monitoring has also led to a strong increase in the understanding
of bedload processes. Many publications report on hysteresis effects (e.g. Mao et al., 2014), influence of event history on current bedload
transport rates (Lenzi et al., 2004, Kreisler et al., 2017), timing and co-occurrence of various hydrological drivers (Antoniazza et al., 2022)
and high fluctuations in prevalent transport rates caused by migration of bedload sheets and occurrence of particle clusters (Ancey, 2020,
Gomez et al., 1989).

The study presented here is based on a valuable, long-term integrative data set on a straight downstream section of an alpine stream. Fur-
thermore, this study relies on the findings of Kreisler et al. (2017). Here, the different event types at the study site Urslau were classified with
respect to their transport intensity and sediment mobility. An integrative measured data set over 9 years, combined with the acquisition of
process knowledge at the case study Urslau over many years, offers a valuable opportunity to analyse the transport process and to compare
the results of commonly used bedload transport equations with measured data. It should be highlighted that this data set indicates a strong

temporal variability of the transport process.

The paper demonstrates the range within which the bedload calculation results lie in relation to the measured data. The findings demon-

strate that the selected bedload transport equations provide better predictions for exceptional events than for other ordinary events.

METHODS
Bedload transport is recorded at the monitoring station Urslau by an integrative bedload measurement system. The location and an overview

of the integrative measuring site Urslau are given in Figure 1.
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Figure 1 a) Location and b) overview integrative measuring site Urslau
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Direct measurements are carried out with a slot sampler and an adapted mobile net sampler. Seven plate geophones are distributed across
the stream cross-section, which have been continuously recording the transport process since 2011. The geophones are calibrated by corre-
lating the results of the direct measurements and the geophone impulses. Only bedload material larger 10 mm (D > 10 mm) is used for the
data of the direct measurements, as earlier research showed that the smallest particles detected by geophones range between 10 and 20 mm
(Rickenmann et al., 2012, Rickenmann and McArdell, 2007). The correlation imp = kb. gb with kb = 5.39 presented in Kreisler et al. (2017)
was adjusted to kb = 5.12 for this study by adding new direct measurements. Here, imp denotes the mean value of geophone impulses per
width and time [Imp m—1 s—1], gbthe measured specific bedload transport rate for D > 10 mm [kg m—1 s—1], and kb [Imp kg—1] a correlation
coefficient. The water level is measured at a gauging station, directly upstream the measuring station, which is operated by the hydrographic

survey of Salzburg. For more details of the bedload monitoring devices the authors refer to Kreisler et al. (2017) and Habersack et al. (2017).

In this study, bedload data from a nine years period (2012 to 2020) are considered. During the period considered, 11 slot sampler measure-
ments were carried out. A great advantage of this device is that the grain size distribution of the transported bedload is recorded in its full
extent. In Figure 2 the proportion of bedload material from 1 mm to 10 mm of the bedload trap samples is related to the corresponding
discharge. The proportion of the grain sizes between 1 mm to 10 mm decreases with an increase in flow rate. The given exponential relation-

ship is used in this analysis to extend the transport rates calculated via geophone calibration (D>10mm) to bedload transport rates D>1mm.
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Figure 2 Proportion of grain size material 1 - 10mm from samples of slot sampler measurements in relation to discharge. The resulting exponential relationship is used for calculating the

rate of bedload transport 1 mm < D <10 mm depending on discharge.

In Kreisler et al. (2017) it was demonstrated that bedload events at the Urslau can be divided into different event types depending on bed-

load transport efficiency, which is calculated as following:

e_p=(I_b taniia)/Q_ex Equation 1

where Ib = QBv g(ps-p) is the total immersed bedload volume with QBv [m3] the sum of volumetric cross-sectional bedload transport rate,
g the gravitational acceleration, ps the solid density and p the density of water ; Qex = VexpgS is the stream power, where Vex is the excess
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runoff volume of an event and S the bed slope. a in equation 2 is the inner friction angle of the sediment. We selected for this coefficient

the same value (a = 52°) as proposed in Recking (2012).

Kreisler et al. (2017) identifies among others high bedload events with intense transport rates (Event type D and its subsequent events (Event
type 1D, where bed material availability is high. In this analysis, we have identified all Event types I and II in the period considered and refer
to them together as “exceptional events”. Events of type III and IV, which have a bedload intensity ep lower ~0.8 are not considered here.
Many bedload transport equations exist, and this work does not aim to compare or evaluate the different outcomes. Instead, our focus is
on demonstrating the measured data values that can be described using bedload formulas. Additionally, we have prioritized using formulae
commonly applied in practice at the Austrian Service for Torrent and Avalanche Control. For bedload calculations we used the original
version of the equation of Meyer-Peter & Miiller (MPM) (Meyer-Peter and Mueller, 1948, Hunziker, 1995). Furthermore, the equation of Rick-
enmann (1990) (Rickenmann, 1990) is used in its simplified version given in Rickenmann (2001) (RD and by replacing the stream slope by
a reduced slope using the approach published by Rickenmann and Recking (2011) (RI_Sred). The Schoklitsch formula is used in its original
version given in Schoklitsch (1962) (Schok).

RESULTS

Bedload transport events were identified for the 2012-2020 monitoring period, as defined by Kreisler et al. (2017). Figure 3 presents the
measured event bedload volumes in relation to the discharge volume. The graph highlights the exceptional events. The data clearly show
that these events caused the highest bedload volumes per discharge volume. Transported bedload volumes ranges from ~56 t over 12 hours

to 8,252 t over a period of 9 days (bedload material D>1mm).
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Figure 3 Monitored bedload event load related to discharge volume. Data of the exceptional events are highlighted.

All measured event loads (ordinate) are compared to calculated event loads (abscissa) using the various transport equations given above
(Figure 3a MPM, Schok; 3b Ri, Ri_Sred). The exceptional events are highlighted again. To demonstrate the performance of the individual
equations, discrepancy ratios rd = calculated bedload / measured bedload were computed for exceptional and ordinary events and are
given in Table 1. The evaluation demonstrates clearly that the performance of all considered transport formulas is better when applied to

exceptional events than to the other bedload transport events.
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Figure 4 Comparison of measured and calculated bedload event loads along with mean discrepancy ratios rd: (a) MPM, Schok;(b) Rl, Rl_Sred
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Mean discrepancy factor ry

MPM Schok Ri Ri_Sieq
e.e. 0.e. e.e. 0.e. e.e. 0.e. e€.e. 0.e.

14 7.9 145 12.4 2.4 20.5 1.5 12.3

Table 1 Calculated mean discrepancy ratio for exceptional (e.e.) and ordinary events (o.e.)

When considering a single bedload event, transport rates occur in a wide range for same flow rates, as also shown in many other studies
(Kreisler et al., 2017, Mao et al., 2014). We have categorized measured discharge values into classes of equal size. Discharge class 1 compris-
es values ranging from 0.5 m3s-1 to 1.4 m3s-1, while discharge class 2 includes data from 1.5 m3s-1 to 2.4 m3s-1, etc. We plotted the mean,
the 10th and 90th quantiles and the 99th quantiles for the exceptional events (Figure 5). The values are used to show the size range of the
highest measurement data per discharge class. The number of measurement values per discharge class is given on the secondary ordinate.
This evaluation demonstrates the wide range of transport rates in the corresponding flow class. Monitored bedload transport rates increase
steadily with the flow from discharge class 1-16. From discharge class 16 on, there is a flattening of the increase in the measured data with

rising discharge.
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Figure 5 Measured bedload transport data per discharge class with mean and 10th, 90th and 99th quantiles, for the exceptional events, the second ordinate indicating the number of

measured T-minute values.

Figure 6 relates the mean and the 99th quantile monitored bedload transports rates to the calculation results. The class average discharge
rate was used as basis for the calculation of the bedload transport rate.

The performance of the equations MPM shows that the calculation results are close to the highest measured transport rates. The calculated
discrepancy value rd (between discharge class 3 and 16) is 0.7 for MPM. The results of RI equation are as well in the range of the highest
measured transport rates. Here rd (between discharge class 3 and 16) is 0.9. The RI_Sred equation yields results lower than the maximum
observed values for discharge classes 3 to 16 and above the measured values for the higher discharge classes. The results applying the Schok

equation underestimate the maximum values for flow classes 3 to 16.
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Figure 6 Measured mean and maximum values (99th quantile) for each discharge class and results of the bedload transport calculation.
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DISCUSSION

The application of bedload transport formulas is very important in practice, but has recently often raised the research question (e.g. Ancey
2020) as to how far an application is to be recommended at all, since the bedload transport process is very variable and difficult to describe.
The benefit of the current study is the availability of a long-term integrative bedload data set at a steep downstream section of a mountain
stream. The monitoring data contain the temporal variability of the transport process at different scales and therefore consider effects of
extreme events, snowmelt processes, changes in the catchment due to mass movement, hysteresis effects and temporally strong fluctuations
in bedload transport. Only the long-term integrative data set makes the analysis presented here possible and underlines the need for natural

measurement data of the bedload transport process.

This study shows that the performance of bedload transport equations is better for exceptional bedload transport events, where intense
transport rates are caused by a high sediment mobility (Kreisler et al, 2017). Comparing maximum measured transport rates with calculation
results shows that these equations, developed in the laboratory to predict the transport capacity of a stream, yield good results. The 99th
quantiles were determined based on the monitoring data set of the last 10 years. To date, they represent the highest measured values per
flow class and we hypothesise that this is equivalent to the transport capacity. Verification of this statement will come from further years of
measurements.

The available data and analyses indicate the possibility of improving bedload transport calculations by accessing a natural long-term inte-

grative measurement dataset. The next research steps involve exploring the performance of transport formulas for other event types, inves-

tigating possible adaptations, and processing laboratory experiments to further develop the computational approaches.
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