
WITHIN THE WAVE PATTERN OF THREE NATURAL DEBRIS FLOWSC54

ABSTRACT
Debris flows can occasionally develop multiple consecutive surges or even a series of pronounced waves. A detailed quantitative analysis 

of wave pattern has rarely been done. In this study, we present unique data sets from three debris flows that have been observed within a 

10-day window in August 2020 at a monitoring station at the Gadria creek in Italy. The evaluation of flow height and pulse Doppler radar 

measurements reveal that the temporal proximity of the events is not the only common feature. All three debris flows exhibited a complex 

but consistently similar flow behavior in the form of erosion-deposition and roll waves. In addition, we find that peak wave values such 

as flow height, surface velocity and discharge are each a multiple of the corresponding median values calculated for the total debris flows. 

We emphasize that these results are important for the debris-flow community to adapt and further develop debris-flow models and design 

appropriate mitigation measures.

INTRODUCTION
Debris flows are rapid and highly destructive gravitational mass flows in alpine torrential catchments. The most frequent triggers are heavy 

rainfall events in the summer months (Hirschberg et al. 2021). Debris flows are often composed of different flow phases in which sediment 

and water concentration, flow height and flow velocity are subject to strong fluctuations (Meyrat et al. 2021). These are amplified by the 

pulse-like occurrence of waves throughout the event. Some flows even develop very homogeneous and periodic waves (Arai et al. 2013; 

Walter et al. 2023; Zanuttigh and Lamberti 2007) that are very similar to roll waves (Viroulet et al. 2018) and erosion-deposition waves 

(Edwards and Gray 2015) in shallow granular free surface flows. The flow height, velocity and the resulting discharge of these waves can 

increase to a multiple of the respective mean values during an event, which is further intensified by the superimposition and merging of 

individual waves (Schöffl et al. 2023). This poses a major challenge for the appropriate modeling and dimensioning of mitigation measures 

against this potentially hazardous process. Consequently, continuous and detailed information on several consecutive events involving the 

occurrence of wave patterns is key to further understanding and ultimately protection against these phenomena. In this contribution, we 

provide a detailed perspective on the surface velocity and flow height gathered from three debris flows.

METHODS
The Gadria creek is located in the Alto Adige region, Italy. The highly erosive and weathered metamorphic rocks and glacial deposits as 

well as the steep slopes regularly cause debris flows during the summer months due to heavy convective rainfall. A monitoring station was 

first established by Comiti et al. (2014). Over the years, additional sensors have been installed, including a pulse-Doppler (PD) radar (Schöffl 

et al. 2023) manufactured by IBTP Koschuch, which is featured as the main sensor in this study. The PD radar is capable of non-contact 

measurements of surface velocity by utilizing the Doppler effect. At Gadria, the PD radar is installed on the dam of a retention basin and 

covers an upstream distance of about 250 meters with a range resolution (so called range gates) of 25 m. Within these range gates, 4 Dop-

pler spectra are available. Each spectrum is composed of 1024 velocity classes (class width = 0.058 m/s) and the respective echo intensity 

(power signal). The time series of the spectra can be plotted as velocity-time-intensity (VTI) images, which yield detailed information not 

only of the surface velocities, but also of the propagation of an incoming debris flow (Figure 1b). 
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Figure 1. (a) Sketch of the debris-flow monitoring principle, the wave pattern is captured by the VTI image of the PD radar (b) and (c) displays the dam of the retention basin where the PD 

radar is mounted.

As a preliminary approach, we estimate the mean propagation velocity (vprop) of the incoming waves using a time-distance method where-

as the distance is given by the width of the range gates (RG) as 2 x 25 m = 50 m. Subsequently, we screened the time series of the median 

surface velocity for the corresponding times of the wave rise point from RG6 down to RG4. For this study, the temporal evolution of the flow 

height was derived from independent measurements of the monitoring barrier (Nagl et al. 2020) located inside RG5 and for the last event 

on 12, August 2020, from the official Gadria monitoring dashboard (https://gadria.zivilschutz.bz/) which is hosted by the Civil Protection 

Autonome Provinz Bozen.

RESULTS AND DISCUSSION
All three debris flows described in this study were triggered by heavy rainfall events. For the convenience of the reader, we abbreviate DF02, 

DF10 and DF12 for the events on August 02, 10 and 12, 2020 respectively. The radar measurements were each triggered by an increased 

water flow, for DF02 at 19:21:47 UTC, for DF10 at 17:50:33 UTC and for DF12 at 18:53:03 UTC. As can be seen in Figure 2, the events lasted 

between 1500 s and 2100 s, with DF02 and DF10 each preceded by an initial debris-flood phase (Church and Jakob 2020). 

We calculate the discharge of each debris flow by multiplying the median velocity of the Doppler spectra (depth-averaged with a velocity 

correction factor of 0.67 as detailed in Schöffl et al. (2023)) with the corresponding cross-sectional area at the respective time steps. To val-

idate the integrated total volume, we derive the volume (sediment only) of the material deposited in the retention basin using digital eleva-

tion models before ( July 13, 2020) and after (August 3, 2020) the DF02 event. Both DEM-models were generated via drone photogrammetry 

(DJI Mavic 2) and the Software Agisoft Metashape. The result of the DEM of difference (DoD) is about 9,700 m3. Considering the volume 

of water and a moderate volume of solids flowing through the barrier during the event, we find that our calculations of the total volume, 

consisting of both sediment and water, are within a reasonable range at 15,000 m3 are within a reasonable range and gives us confidence in 

the method applied. For DF10 the total volume was 20,000 m3 and for DF12 about 13,500 m3. Peak discharges of around 100 m3/s occurred 

in all events before periods of waves were observed. 

Figure 2. Time series of discharge and total volume of the debris flows (DF02, DF10 & DF12) that occurred on August 2, 10 and 12, 2020.
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Although a wave pattern can already be identified in the discharge time series, a closer glance at the VTI plots in combination with the flow 

height provides even better insights. According to Edwards and Gray (2015), the key distinguishing feature between erosion-deposition 

waves and roll waves is the fact that the flow stops completely between each wave. When examining the data of the event DF02, we find 

that full stagnation of the flow velocity is evident directly after a slowly incoming front at ~ 1400 s (Figure 3a). A similar pattern can be 

found for DF10 (Figure 2b) and DF12 (Figure 3b) after a pronounced front respectively. Here, we find that the inter-wave deposition height 

decreases from > 1 m after the first large wave continuously to values < 1 m (Figure 3b). We hypothesize that this is connected to changes 

of material composition and sediment concentration in the course of the event.  

Figure 3. (a) Velocity-time-intensity plot (VTI image) of range gate 5 and corresponding flow height from debris flow DF02 (August 2, 2020) and (b) VTI image of range gate 5 from debris flow 

DF12 (August 2, 2020). Both (a) and (b) display the sections in which erosion- deposition waves occur.

We observe that the erosion-deposition pattern, once initiated, appears to govern the flow behavior until the end of the events. For all de-

bris-flow events, the medians of the flow height, surface velocity and derived discharge values are in a remarkably narrow range, with ~ 1 

m, ~ 2 m/s and between 5 - 10 m3/s, respectively (Figure 4). Interestingly, the outliers caused by the waves display a comparably tight range. 

As a first approximation, we identify that the waves not only have likewise flow characteristics, but also regularely surpass the median flow 

values by a factor of ~ 2 for the flow height, ~ 3 for the surface velocity and ~ 10 for the discharge.

Figure 4. Boxplots of (a) the flow height, (b) the mean surface velocity and (c) the discharge of all three debris flows. The edges of the boxes represent the lower and upper quartiles, the 

median is marked by the center line, and the whiskers mark the lower 2 % and upper 98 % percentiles. The outliers are shown as circles.
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CONCLUSIONS
Our monitoring efforts reveal detailed information on roll waves and erosion-deposition waves in natural debris flows. The origin of such 

wave phenomena is not yet fully understood. We anticipate that these data will not only provide a different perspective from the conven-

tional perception of the "head-body-tail" structure but may also help to decipher the source of the wave patterns in natural debris flows.

•	 Our discharge calculations correspond approximately to the debris-flow deposits in the retention basin.

•	 All three investigated debris flows exhibited erosion-deposition waves, each preceded by a peak discharge of ~ 100 m3/s.

•	 The wave characteristics such as flow height, propagation and surface velocity and discharge are remarkably consistent and the homo-

geneous wave pattern governs large sections of the flow.
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