
1. Introduction
Debris flows are extremely rapid surging flows that can reach velocities in excess of 5 m s −1, and travel for 
thousands of meters (Hungr et al., 2014). Despite decades of research into debris flows, these natural hazards 
cause costly disasters every year (Andres & Badoux, 2019; Petley, 2012). The destructiveness of debris flows is 
often amplified by their surging behavior, whereby peak discharge and impact pressure can be highly magnified 
(e.g., Hungr,  2000; Kean et  al.,  2016). Previous work has shown that understanding the interaction between 
coarse components of the flow, often manifest as a boulder-rich front, and a trailing slurry, which is composed 
of a mixture of soil and water, is critical for understanding this destructive surging behavior (Hungr,  2000; 
Iverson, 1997; Johnson et al., 2012). One major factor limiting our understanding of this interaction is a lack 
of high-quality field data that can be used to constrain numerical and physical models. In the present work, we 
leverage time-lapse LiDAR sensors, originally developed for autonomous vehicles, to estimate critical debris-
flow properties at high spatial and temporal resolution, enabling us to analyze debris-flow propagation at the 
field scale.

Coarse-grained boulder fronts are the product of longitudinal sorting, a mechanism which results in the charac-
teristic grain size of flowing particles varying depending on the position within the flow (Gray, 2018; Gray & 
Ancey, 2009; Hungr, 2000; Iverson, 1997; Major & Iverson, 1999; McArdell et al., 2007; McCoy et al., 2010; 
Zhou et al., 2019). This mechanism can also lead to the formation of levees and self-channelization, which restrict 
lateral spreading and increase runout distances (Gray & Ancey, 2009; Gray & Kokelaar, 2010; Johnson et al., 2012; 
Kokelaar et al., 2014). Experimental and numerical evidence suggests that coarse fronts are maintained by boul-
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der recirculation, whereby coarse particles are continually overrun and recirculated to the front of the flow due 
to a vertical velocity profile (Gray, 2018; Gray & Kokelaar, 2010; Johnson et al., 2012; Leonardi et al., 2015).

One poorly understood, but key feature of debris flows, is the shape and evolution of this vertical velocity profile. 
Johnson et al. (2012) discuss two end member velocity profiles; simple shear, which results in a linear velocity 
profile with no basal slip, and block sliding, whereby all material throughout the depth of the flow moves with 
the same velocity. Velocity profiles intermediate between these two can occur, either with or without basal slip 
(Johnson et al., 2012; Nagl et al., 2020). Nagl et al. (2020) provide measurements of the vertical velocity profile 
from two natural debris flows, and show that it varies from block sliding at the flow front to a more linear profile 
(approaching simple shear) behind. To the authors knowledge, this is the only work to provide such measurements 
in natural flows.

Measurements of in situ debris-flow properties are relatively rare, but they have been collected in a few loca-
tions (e.g., Hürlimann et al., 2019). These have included surface measurements of flow depth and velocity, as 
well as basal measurements of pore pressures, normal, and shear forces. Further, surface velocity measurements 
in experiments have revealed that the flow front tends to be moving slower than the liquefied slurry behind, 
which has implications for longitudinal sorting (Arai et al., 2013; Huebl & Kaitna, 2021; Johnson et al., 2012), 
although this has yet to be confirmed at the field scale. Laser scanning and video analysis have been used at some 
field locations and in large-scale experiments, although some of these methods have limited temporal and/or 
spatial resolution (Jacquemart et al., 2017; Osaka et al., 2013; Rapstine et al., 2020; Rengers et al., 2021; Theule 
et al., 2018; Uddin et al., 1998).

There is thus a gap between linking experimental and numerical studies to debris-flow movement mechanisms in 
the field. In particular, high-resolution field measurements of front and surface velocity fields, longitudinal and 
lateral variations in flow depth, as well as boulder trajectories are required to further our understanding of debris-
flow motion. Here, we present a new sensor array and data processing methodology for in situ measurements of 
key debris-flow parameters that is able to fill this gap.

2. Site Overview
Our sensor array is installed in the Illgraben Debris-Flow Monitoring Station, located in the Canton of Valais in 
south-western Switzerland. The station has been in operation since the year 2000, and records properties of 2–10 
debris flows every year (Badoux et al., 2009; Bennett et al., 2013; Berger et al., 2011; Hürlimann et al., 2003; 
McArdell, 2016; McArdell et al., 2007; Schürch et al., 2011). This in situ laboratory contains a geophone array 
to estimate flow front velocity and provide trigger signals for data loggers, radar, ultrasonic, and laser devices to 
determine flow depth, a force plate to measure normal and shear forces, and multiple video cameras. We captured 
a debris-flow event that occurred on 19 September 2021, and lasted for ∼30 min (Figure 1, Figure S1 in Support-
ing Information S1, Movies S1 and S2).

3. Materials and Methods
We installed a high-resolution Light Detection and Ranging (LiDAR) scanner in the Illgraben to record point 
clouds of the debris-flow surface at high temporal and spatial resolution (Figure 1). This scanner (Ouster OS1-64 
Gen. 1) has a 33.5° field of view and a spatial resolution of 64 scan lines. It was set to a resolution of 10 Hz and 
2,048 points per line. The LiDAR unit is mounted 6 m above a check dam in the middle of the channel (Figures 1 
and S2 in the Supporting Information S1), and is triggered by an upstream geophone.

3.1. Feature Detection and Tracking

We manually derived positions and velocities of features in the LiDAR data using the Matlab toolbox 
“groundTruthLabeler” to draw 3D bounding boxes around features in the point cloud. We classified each feature 
as either woody debris, a floating boulder, or a rolling boulder (Figure 1).

We use the number of features that can be visually distinguished on the surface of the flow in the video imagery 
as a proxy for the concentration of coarse-grained particles (down to ∼20-cm diameter) present in the flow. To 
quantify this proxy, we trained a convolutional neural network (CNN) to detect boulders and woody debris in 
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Figure 1.
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our video imagery, based on a labeled data set of images (Figure S3 in Supporting Information S1). We used 
an off-the-shelf implementation of YOLO-v5 (Redmon et al., 2016), and trained it with feature labels manually 
drawn using the open-source tool “LabelImg” (Tzutalin, 2015). Our CNN achieved a test-set precision of 0.8, and 
recall of 0.6. Example detections are shown in Figure 1 and Figure S4 in the Supporting Information S1.

3.2. Automated Velocity Estimation

We developed two methods to automatically generate continuous time series of front and surface velocities, 
based on the collected point cloud and video data. One is based on hillshade projections of the point clouds, 
and the other on fusing the camera and LiDAR data. For the hillshade method, the point cloud was first fit using 
a triangular interpolant, and then rasterized to a constant 5-cm resolution. The hillshade projection function 
given by Wenbin (2022) was then used to generate a hillshade for each time step (see Movie S3). The hillshade 
images were then analyzed using particle image velocimetry (PIV), as implemented by PIV-Lab (Thielicke & 
Sonntag, 2021), to derive a dense 2D velocity field based on matching features in one LiDAR frame to a subse-
quent frame captured 1/10 of a second later. This 2D velocity field was subsequently projected onto the LiDAR 
data to obtain 3D velocities, as described in the Supporting Information S1.

For the LiDAR-camera fusion method, we applied PIV to the video data, and then obtain 3D velocity fields as 
described in the Supporting Information S1. This required us to estimate the transformation between the LiDAR 
and camera, which was done using an adaptation of the method presented in Huang and Grizzle (2020). Figure 1 
shows an example of the LiDAR data projected onto the camera imagery. Figures S5–S9 in the Supporting Infor-
mation S1 show example results and a validation of the automated velocity methods. All automated velocities 
presented here were smoothed with a 2 s moving mean.

3.3. Flow Depth and Front Trajectory

We estimate vertical flow depths by differencing the instantaneous LiDAR scan data with the pre-event 
channel-bed surface elevation. Flow depth estimation is complicated because we only measure the top surface, 
and do not know the position of the base of the debris flow due to erosion and deposition during the event (e.g., 
Berger et al., 2011). There is thus an unknown error caused by erosion/deposition during flow, which may be 
somewhat mitigated by the presence of the check dam, which stabilizes the channel bed.

We further process the flow depth data to identify the trajectory of the flow front through the study reach. We 
extract velocities of the front position from the vector field that results from the automated methods detailed 
above, as well as the surface velocities of material 2, 6, and 10 m behind the front. This was done approximately 
every 2 s, to ensure that the front could be clearly identified. By comparing these velocities, we are able to quan-
tify the front propagation process.

4. Results
The results over a 30-m long reach of channel upstream of the check dam indicate that the flow is highly 
non-uniform and unsteady. The front velocity varies from ∼2 m s −1 down to ∼0.8 m s −1 near the check dam, in 
agreement with manual mapping of the front position (Figure 2a). The material behind the front moves with a 
consistently larger velocity than the front, and material slows down as it reaches the front. The ratio between the 
surface velocity 6 and 10 m behind the front and the front velocity varies from ∼1 to 2 (Figure 2b), with a sharp 
increase when the front decelerates as it approaches the check dam (between ∼01:53 and 01:55 in Figure 2a, 
i.e., 6–7  m upstream of the sensor, see Figure  1). In this segment, the channel cross section widens, and a 
cross-channel surface velocity gradient develops, which leads to the deposition of levees, which are subsequently 
remobilized (Movie S2). Figure 2c shows the instantaneous surface position and velocities of the debris flow at 
t = 01:48 min. Detailed analysis of the point cloud and video data show that the front is composed of boulders 
that define the local flow depth (Movies S5 and S6). We are able to track these boulders for the full 30 m channel 
section (Movie S2), suggesting that they are not being recirculated.

Figure 1. (a) Video frame from the 19 September 2021 event. The blue boxes show the convolutional neural network (CNN) detections, the red boxes show the three 
manually labeled feature types, the small black dots show the Light Detection and Ranging (LiDAR) scan projected onto the image, and the magenta dots show the 
location of point measurements of flow depth and velocity. The large black dots show a 2 × 2 m grid projected onto the image. (b) and (c) show the point cloud frames 
(blue dots) overlain on a post-event UAV digital elevation model at times 120 and 200 s, respectively (de Haas et al., 2022). The check dam can be seen as the white step 
at ∼y = 0.
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Following the arrival of the front, we analyze surface velocities, flow depths, and number of boulders at the 
surface of the debris flow (Figures 3 and 4). The flow depth builds to a maximum of 1.5 m once the front has 
passed, and then progressively decreases, accompanied by a corresponding decrease in velocity and number of 
boulder detections (compare to Figure 4). Furthermore, we observe a pronounced decrease in flow depth from 
y = 16 m to y = 5 m, i.e., toward the check dam (located at approximately y = −2.5 m; Figure 1).

Figure 2. Velocity variation within the debris-flow front along the centerline of the flow. (a) Front and surface velocity evolution through time, derived from the 
hillshade-based method and manual measurements (see text). (b) Ratio of surface velocity at 6 and 10 m upstream of the front to the front velocity. (c) Longitudinal 
section of the flow upstream of the sensor at 01:48 min, also showing the preevent channel-bed topography, corresponding surface velocities, and locations of the point 
measurements shown in Figure 3. Note that the elevation is vertically exaggerated.
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Approximately 7 min into the event, Figure 3 shows a second increase in flow depth over a 15-s period along with 
a corresponding increase in velocities (referred to as the “velocity jump” below). The arrival of this second surge 
occurs abruptly ∼2 min after boulder detections have fallen to a minimum (Figure 4a).

We manually mapped 29 features on the surface of the moving debris flow, which included 9 woody debris 
features and 20 rolling boulders (Figure 4a). Prior to the velocity jump, rolling boulders and woody debris tend 

Figure 3. Comparison of hillshade derived surface velocity and flow depth at various locations through time. The numbers 
in the figure legend correspond to the distance (m) upstream of the sensor (see also Figure 1).

Figure 4. (a) Velocities of features on the surface of the flow derived from manual mapping and automated velocity measurements (mean in channel segment from 
8 to 11 m upstream of sensor) as described in the text. The number of large boulder detections from the convolutional neural network (CNN) can also be seen. (b) 
Interpreted debris-flow vertical velocity profile before and after the velocity jump (roughly at 07:00; as described in text), with different features shown schematically. 
We note that our measurements cannot estimate the relative proportion of basal slip, but they indicate that there is internal shear either with or without basal slip (see 
also Section 1).
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to move at a similar velocity, whereas after the jump these two velocities strongly diverge, with rolling boul-
ders moving at ∼0.6–0.7× the velocity of woody debris (Figure  4a). The automatically calculated velocities 
are consistent with this observation, with the two methods diverging at the velocity jump (Figure 4a). The hill-
shade method more accurately matches the manual observations of rolling boulder velocity, whereas the camera 
method more accurately matches the manually derived woody debris velocity (Figure 4a and Figures S5, S7 in 
the Supporting Information S1). As discussed in the following section, this has important implications for under-
standing the temporal evolution of the vertical velocity profile (Figure 4b).

5. Discussion
Debris flows are frequent natural hazards whose destructiveness is strongly controlled by their surging behavior. 
While many theories have been proposed to explain the formation and propagation of debris-flow surges, few 
measurements of debris-flow front and surface velocity, flow depth and particle positions have been reported 
at high temporal and spatial resolution (e.g., Hürlimann et al., 2019). In the present work, we proposed a new 
suite of methods based on LiDAR scanning technology, the fusion of LiDAR and video recordings, and deep 
learning-based particle-detection methods which help to close this methodological gap. We then demonstrated 
the application of these new methods for one debris flow observed at Illgraben.

Our new methods enabled us to derive high spatial and temporal resolution front and surface velocity and flow 
depths fields. Further, we derived and classified the trajectories of features visible on the flow surface using 
subsecond sampling. Our methods result in an over 1 order of magnitude increase in the spatial resolution that 
the above mentioned parameters have been measured at, compared to previous work (e.g., Hürlimann et al., 2019; 
Jacquemart et al., 2017). We are thus able to gain a new perspective on debris-flow motion, and use these data 
to infer information regarding front maintenance and propagation, surge development, and the vertical velocity 
profile.

We described front and surface velocities over a 30-m long section of the channel, and compared both to under-
stand the motion of particles within the flow that help to maintain the boulder-rich front as well as its propagation 
over the channel bed. Surface velocities behind the propagating front exceeded the front velocity (Figure 2) by a 
factor of 1.5, indicating preferential movement of boulders to the front of the flow. We have thus directly quanti-
fied the rates of particle movement that maintain the bouldery front of the flow.

We tracked the position of individual particles over tens of meters throughout the duration of the flow (Figure 4a, 
Movies S2 and S4). We find that, while front and surface velocities differ (Figure 2), boulder recirculation does 
not occur. Particles on the surface decelerate as they approach the front (Figure 2), and remain as part of the front 
once it is reached, or are shouldered aside to form levees. This is in contrast to experimental (Johnson et al., 2012) 
and numerical studies (Gray, 2018), and suggests that boulder front propagation does not always require boulder 
recirculation.

The likely difference between the 19 September 2021 event and these past studies is that in our event the size 
of boulders at the front are the same as the local flow depth. These boulders retained material behind them, 
and we hypothesize that this caused the front to act as a sieve (and not a dam), which let water and more fine 
grained particles escape. This observation is consistent with and helps explain the formation of a precursory 
surge of fine-sediment-laden water which is typically observed downstream of the bouldery front (Pierson, 1986, 
Movie S2).

The automatic flow velocity estimates show that a second surge arrives ∼7 min into the event, with a correspond-
ing small increase in flow depth (Figures 3 and 4). Visual assessment of the flow (Movie S2), as well as the neural 
network results (Figure 4a) do not reveal a significant change in the material composition that corresponds to the 
arrival of this second surge. Instead, we suggest that a subtle change in the material composition and/or water 
content led to this abrupt change. High sensitivities of debris-flow behavior to subtle changes in water content 
have been measured in experiments (Kaitna et al., 2016).

Our manual estimates of surface velocity (Figure 4a) suggest that the surface of the measured debris flow does 
not have a single velocity. This surface is composed of features (cobbles, boulders, and trees) which have variable 
sizes, and extend to different flow depths (Figure 4b). Our interpretation is that the features sample the vertical 
velocity profile at different depths, and are thus providing information regarding its shape and temporal evolution 
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(Figure  4b). Prior to the velocity jump, manual, and automated velocity measurements are consistent with a 
block-sliding vertical velocity profile (Figures 4a and 4b). However, following the arrival of the second surge, 
large boulders move significantly slower than woody debris, and the two automatic methods diverge, indicating 
that the vertical velocity profile features internal shear (Figure 4b). Thus, our measurements are consistent with 
a change in the vertical velocity profile occurring during the second surge, similar to that reported by Nagl 
et al. (2020) for two debris-flow events.

Our LiDAR data further show that the change in the velocity profile occurs over a period on the order of 15–30 s. 
The ratio of 0.6–0.7 after the velocity jump between rolling boulders and woody debris is intermediate between 
that expected for simple shear (0.5) and that expected for block sliding (1.0). We thus interpret this ratio to 
indicate that the shape of the vertical velocity profile must be between these two end-members (Figure 4b). Our 
results further suggest that the transition between the two is abrupt, and likely influenced by the concentration 
of coarse particles. Coarse particles, whose size approaches the local flow depth, suppress the development of 
a vertical velocity profile because they are too large to allow vertical shearing. Further, and as described above, 
changes in water content likely also contributed to this abrupt change in debris-flow behavior. Additional obser-
vations are necessary to confirm the generality of this result, but it suggests that particle size and sorting is an 
important control on debris-flow dynamics, as has been demonstrated in other studies (e.g., Gray, 2018).

We further measure a pronounced decrease in flow depth as the flow approaches the check dam (Figure 3). This 
is likely caused by a hydraulic drawdown effect, as is observed for open channel flows in river channels (e.g., 
Henderson, 1966). This effect is important to account for when interpreting data from measurement stations near 
check dams, as the flow depth is significantly influenced for ∼15 m upstream. We expect that this effect will be 
Froude number dependent, and data from future events will help to further explore this.

Our results have highlighted the variable nature of debris-flow dynamics over short time scales, and suggest that 
the concentrations of coarse particles can influence the vertical velocity profile of the flow, leading to different 
flow regimes occurring within a single event. Furthermore, our results suggest that boulders at the front of 
the flow do not need to be recirculated in order for a boulder front to persist. Instead, we hypothesize that the 
coarse-grained boulder front may lead to drainage of pore pressures, resulting in a velocity decrease as boulders 
approach the front. These boulders are then pushed by the trailing material, and move with a combination of 
rolling and sliding kinematics. Data from future events, recorded with the same monitoring system, will help to 
further elucidate these processes.

6. Conclusions
Using a new high-sampling frequency 3D LiDAR scanner, we have recorded high spatial and temporal resolution 
point clouds of a debris flow, and analyzed these data to understand debris-flow dynamics. We show that front 
velocities are consistently slower than surface velocities of the trailing material, which moves ∼1.5 to 2× faster 
than the front in the present event. Boulders slow down as they reach the front and are not recirculated, but instead 
move through a combination of rolling and sliding. Following the passage of the front, our interpretation suggests 
that boulder concentrations decrease until the vertical velocity profile of the flow abruptly changes from block 
sliding to one that features internal shearing. These results have implications for understanding and predicting 
debris-flow motion, which is critical for managing the hazard posed by these events. In particular, the interaction 
between coarse particles in the flow and the trailing slurry appears to result in different flow regimes occurring 
at different times throughout the flow. Data from future events will help to further clarify the generality of these 
results.

Data Availability Statement
The workflow used in this project is based on the following open-source software:

•  PIV-Lab https://www.mathworks.com/matlabcentral/fileexchange/27659-pivlab-particle-image-velocime-
try-piv-tool-with-gui (Thielicke & Sonntag, 2021).

•  Yolo-v5 https://github.com/ultralytics/yolov5 (Redmon et al., 2016).
•  LabelImg https://github.com/heartexlabs/labelImg (Tzutalin, 2015).
•  Hillshade Function: https://www.mathworks.com/matlabcentral/fileexchange/32088-esri-hillshade-algorithm 

(Wenbin, 2022).
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The point cloud and imagery data used in this study can be found here: https://doi.org/10.3929/
ethz-b-000599948.
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