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Abstract: A debris flood is a hazardous hydrogeomorphic process that can change the topographic
surface in a short time due to a high streamflow and a large volume of sediment transport. Large areas of
the Eastern Rhodopes Mountains (Bulgaria) are susceptible to erosion, debris flows, and debris floods due
to loose earth masses, rare vegetation, and alternating dry and wet periods with extreme rainfall. The study
area is located in the lower part of the river Damdere catchment and covers the area around the check
dam. Studying the geomorphic changes of the debris flood areas can provide information about the
behavior of the event, and contribute to the development of mitigation measures. In the current research,
the data are obtained using terrestrial laser scanning (TLS) during two campaigns (in October 2019 and
August 2021). After processing the raw TLS data, two pairs of ground point clouds have been obtained—
for the area immediately before the check dam and for the one after the dam. To evaluate the changes in
the topographic surface, two approaches are applied: (1) measuring the distance between the successive
point clouds (M3C2 algorithm) and (2) measuring the differences between the digital terrain models in
geographic information system environment (DoD method). Both approaches have shown similar results
and indicated active hydrogeomorphic processes. The relatively large volume of deposition after the check
dam is an indicator for the decrease in the retaining capacity of the check dam, which is a prerequisite for
the increase of a flood risk.
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1. Introduction

A debris flood is a hydrogeomorphic process in mountain catchments characterized as a flood
with a high volume of sediment load, in the ranges 20 to 50-60% (Costa, 1984, 1988; Pierson &
Costa, 1987) and 20 to 47% (Wilford et al., 2004) of the flow volume. The event is often related
to a debris flow (a rapid movement of highly water-saturated earth masses, proluvial and
colluvial materials) and can be considered an intermediate process between a debris flow and
a flood. Although the possible adverse impact of a debris flood on infrastructure and
ecosystems, and even on human life, debris floods are relatively rarely studied and are rather
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considered debris flows. Understanding the nature of debris floods is important for planning
and implementing the prevention and mitigation measures.

The analysis of the published materials on this topic shows that some publications consider
the basins morphometry to differentiate hydrogeomorphic processes (Bovis & Jakob, 1999; llinca,
2021; Jackson et al,, 1987; Wilford et al.,, 2004). The most often used indicators for this purpose are
basin relief, Melton index, watershed length, and slope. Attention is also given to the grain size
and sorting of debris deposits, as well as the clasts orientation (llinca, 2021; Pierson, 2005; Wilford
et al, 2004; Zhou et al,, 2015). Another indicator are the hydro-geomorphological properties of
the area. Slaymaker (1988) considers a debris torrent in relation to channelized debris flows and
debris floods. Characterizing the torrential floods in Serbia, Petrovi¢ et al. (2014, 2021) direct the
attention to its sudden appearance and specific hydrologic and sediment regime.

Most of the publications about hydrogeomorphic processes in Bulgaria and particularly
about debris flows consider the conditions and triggering factors for these hazardous events as
well as the sedimentological properties of the deposits (Baltakova et al, 2018; Dobrev &
Georgieva, 2010; Kenderova et al.,, 2013; Krenchev et al.,, 2021; Rizova & Nikolova, 2021). Only a
few publications in Bulgaria emphasize on the types of the events (debris flow, debris flood,
mud flow, etc) and on the geomorphic change of the affected areas (Dotseva et al., 2027;
Kenderova et al.,, 2013; Nikolova et al., 2020). In many cases, the term “torrential floods” is used
to refer to debris flows and debris floods.

Better understanding of the debris floods and debris flows, and evaluation of the caused
topographic change, can be achieved through consistent monitoring of the affected area. In this
relation, the application of geospatial technologies provides great opportunities (Aigner et al.,
2027; Blasone et al., 2014; Dhote et al,, 2022; Kamburov & Nikolova, 2020; Keilig et al., 2018; Loye
et al, 2016; Nikolova, Matev, & Pophristov, 2021). The application of terrestrial laser scanning (TLS)
allows rapid collection of high-accuracy data used for building high-resolution terrain models and
the evaluation of geomorphic change by consecutive scanning in different periods (Li et al., 20271;
Picco et al., 2013; Rainato et al.,, 2013; Schirch et al., 2011). This approach is used in the current
study with the aim to analyze the short-term topographic change, driven by debris flood in a
small mountain catchment. The area of interest is a part of the river Damdere catchment, located
in southern Bulgaria (the Eastern Rhodopes Mountains). Due to the natural conditions of the
region (intensive rainfall, rapid snowmelt, and loose sediments), the area is highly susceptible to
hydrogeomorphological hazards like debris flows, debris floods, floods, and landslides (Bruchev
et al, 2001, Dobrev at al, 2013; Nikolova, Matev, & Pophristov, 2021). Despite the high
susceptibility to hazardous events, there is no regular monitoring in this area, which increases a
natural disaster risk. In this case, there are no hydrometeorological measurements or the
measurement of sediment transport in the catchment of the river Damdere. The evaluation of the
topographic change of the debris flood area would give information about the distribution of
erosion and accumulation and about the intensity of the hydrogeomorphic processes. New data
about the spatio-temporal dynamic of debris floods in the downstream of the river are obtained
as a result of the study, which is of importance for better management of the natural hazards.

The applied geoinformation approach and the obtained results are in compliance with other
studies on this topic (Cavalli et al., 2017; Lague et al., 2013; Raczkowska & Cebulski, 2022) and could
contribute to the future clarification of pros and cons of TLS application in debris flow/debris flood
monitoring, and the assessment of the transferability of the of the methods to different regions.
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2. Study area

The area of interest is located in the lower part of the river Damdere catchment, in the Eastern
Rhodopes Mountains, Bulgaria (Figure 1). The total area of the catchment, delineated in GIS on the
base of 30 m digital elevation model (DEM), is 39.3 km?” and the relief is hilly or low mountainous.

Esri, HERE, Garmin; FAO, NOAA,
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Figure 1. Location and view of the study area.

Note. Panel A: Location of the study area. Data used for the representation of terrain altitude are retrieved from
Shuttle Radar Topography Mission (SRTM) 1 Arc-Second Global data [Data set], by United States Geological
Survey, Earth Resources Observation and Science Center, 2014 (https://doi.org/10.5066/F7PR7TFT). In the
public domain. Panel B: View of the river Damdere valley bottom. Satellite image (Location: 41°32'39" N,
25°20'29" E; Imagery date: 23.08.2021) is generated using Version 7.3.4.8642 of Google Earth Pro (2022).

Copyright 2022 by Maxar Technologies. Panel C and D: Photos of the river Damdere bed immediately after
the check dam—sediments that had been accumulated near the check dam (seen on the photo of October

2019) were washed down the river bed and well-expressed embankment can be seen on the photo of August
2021 (at the right part of the river bed—D1), also more coarse clasts are deposited on the left side—D2.
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The river Damdere is a left tributary of the river Varbitsa and is characterized by intermittent
streamflow, with its maximum in winter and it almost dries up in the summer months, which is
typical for most of the small rivers in this region. This river regime is strongly related to the
annual distribution of the rainfall and less to the snowmelt. There is no rain gauge station in the
studied catchment, which is a limiting factor of studying climate-driven geomorphological
processes. Viewed in a wider territorial scope, for the region of the Eastern Rhodopes the
maximum of precipitation is in December—January and the minimum is in August (Topliiski,
2006). Based on Modified Furnier Index (MFI), Nikolova, Matev, and Pophristov (2021) state that
in the area of Kardzhali (located near the study catchment), moderate or high erosivity of
precipitation has been observed for the most of the years in the last decade.

The study area is characterized by diverse petrographic composition, which is a reflection
of the geological settings at the whole catchment of the river Damdere. In petrographic
aspects, the catchment of the river Damdere can be divided into two parts. The upper and
middle part of the catchment is built mainly by biotite gneisses, Startsevska lithotectonic unit
(Sarov, Jordanov, Valkov, Georgiev, Kamburov, Raeva, Grozdev, Balkanska, Moskovska, Dobrey,
& Kalinova, 2007), while in the lower part of the catchment metagranites of Borovitsa
lithotectonic unit and limestones of Kardzhali volcanic sedimentary group are predominant
(Sarov, Jordanov, Valkov, Georgiev, Kamburov, Raeva, Grozdev, Balkanska, Moskovska, &
Dobrev, 2007). Particularly at the studied downstream debris flood area the variety of the rocks
is presented by metagranites, conglomerates and sandstones, but also biotite gneisses,
quartzites, marbles, and organogenic limestones and tuffs can be found, which are transported
from the upper part of the catchment area. The highly weathered rocks feed the sediment load
of the water flow, which is favored by rare vegetation on some parts of the mountain slopes
and high slope gradients. This, together with intensive rainfall, is a prerequisite for the frequent
occurrence of debris floods. The river bed is covered by well-rounded gravel, pebbles, and
boulders. The roundness, shape, and orientation of the clasts confirm the type of the
hydrogeomorphological event to be a debris flood. Most of the clasts have disc and cylindrical
shape and the long axes of the clasts are perpendicular or obliquely oriented to the direction
of flow. The sediments sampling carried out in September 2020 and August 2021 show that
pebble and sand fractions are predominant and take around 80-90%.

Several check dams were built in the lower and upper parts of the river Damdere valley to
reduce the stream power and the sediment transport, and to minimize the risk of flooding. As
a result of yearly occurrence of high water with high sediment load, the check dam in the
lower part of the valley (the study area) is filled, which is a prerequisite for increasing the
flood hazard and requires the analysis of the effectiveness of the protective facilities.

3. Data and methods

The area of interest is subject to monitoring since 2019. The field geomorphological
observations and analyses are combined with TLS of the lower part of the river Damdere
bed. In order to analyze the topographic change, two subsequent scanning of the debris
flood area were carried out—in October 2019 and in August 2021.

3.1. Data acquisition and processing

The data acquisition was performed via medium-range laser scanner Stonex X300 in standard
resolution mode (horizontal resolution—360° is 8,000 points; vertical resolution—90° is 2,000
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points; total points per scan is 16,000,000). The terrain of the river Damdere basin required three
laser scanning stations per campaign. Calibrated high-quality photos were obtained via a pair of
internal cameras, which were then used to acquire RGB data for each point in the resulting point
clouds. High-accuracy GNSS network RTK observations were performed on six vinyl targets
placed homogeneously inside the scanning area for further georeferencing purposes.

The initial data processing was performed via the JRC 3D Reconstructor software (Gexcel
Srl., 2016), Stonex version 3, education license, where the data from both campaigns were
registered (using the cloud-to-cloud technique), combined and georeferenced in the
WGS84 UTM 35 North projected coordinate system. The ground points were obtained by
Cloth Simulation Filter with a cloth resolution 0.5 (Zhang et al., 2016) of point clouds in
CloudCompare software (Version 2.12 beta; EDF R&D, 2022) and manual cleaning of
vegetation was also done. The artificial concrete structures (check dam) were also removed
manually from the point clouds. After this processing, two clean pairs of ground point
clouds (obtained in 2019 and in 2021) were extracted: the first for the part before the check
dam, and the second one—for that after the dam. These point clouds, saved in LAS format,
were further processed in ArcGIS Pro 2.9.2 (ESRI, 2021) and high-resolution digital terrain
models (DTMs) were created to be used for the analyses of the topographic change.

3.2. Topographic change detection and analysis

The topographic change in the studied areas was analyzed and evaluated in the following
aspects:

o Multiscale Model to Model Cloud Comparison (M3C2; Lague et al., 2013); and

e DTMs analyses and calculation the volumes of erosion and deposition.

The M3C2 algorithm allows direct comparison of 3D TLS data without requiring gridding
or meshing of the point cloud (Lague et al.,, 2013). The distance between the two successive
point clouds is calculated along a normal vector for core points in a given scale. For the aim
of our study, we used the cloud of the first scanning campaign (October 2019) as a reference
cloud and accepted the all cloud as core points. The second cloud (of August 2027) is a
comparable cloud. Taking into account the terrain morphometry, the normals calculation
mode was set to vertical and only purely vertical normals were used.

DTMs with a cell size of 0.1 m were built in ArcGIS Pro (ESRI, 2021) by binning
interpolation of point data (LAS files) from both TLS campaigns. The analysis was done
separately for the part of the study area above the check dam (330 m?) and for the lower
part right after the check dam (623 m?). The widely used method of DEM of difference (DoD)
of the two consecutive models is used to evaluate short-term topographic change. This
method presents the change of the topographic surface that is a result of the interpolation
of point data. In this relation, the uncertainty of the results strongly depends on the quality
of the initial data and the point density.

In addition to DoD, profile curvature rasters were also considered. They were generated
in ArcGIS Pro (ESRI, 2021) environment on the base of DTMs. Profile curvature was
calculated in the direction of maximal slope gradient and presented the distribution of
concave and convex areas, which can be considered as indicators for erosion and
deposition. The volumes of erosion and deposition were calculated on the base of the
DTMs, which were created of the data acquired in both TLS campaigns.
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4. Results and discussion

4.1. Topographic change evaluation by M3C2

The M3C2 algorithm was applied for both parts of the studied area (before and after the
check dam) and as a result, the vertical distance between both clouds was calculated. In
cases where there was no corresponding point to the compared cloud, no calculations were
made (Figure 2A and 2B).

The reliability of the results strongly depends on the point density, vegetation, and the
distance to the scanner. In this relation, the advantage of the used M3C2 algorithm was the
calculation of the distance uncertainty. The obtained point density varied between 1 to
56,727 per m? for the part of the river bed before the check dam, and between 1 to 35705
per m for part after the check dam.

The analysis of the upper part of the river bed shows that the distance values between
0.20 m and 0.17 m are predominant (nearly 92% of the calculations) and 23% of them are in
the interval from —0.09 to 0.04 m. The highest values in the uppermost part of the
considered area are most probably related to the influence of vegetation and some data
imperfections, rather than real values (Figure 2A).
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Figure 2. M3C2 distance (m): reference cloud—acquired October 2019; compared cloud—acquired April 2021
(print screen of CloudCompare, Version 2.12 beta).

Note. Panel A: The river Damdere bed before the check dam. Panel B: the river Damdere bed after the check
dam. Gray color indicates no calculations due to non-interception between the clouds.

The calculated distance uncertainty is shown in Figure 3A. The lowest values present the
highest reliability of the calculated distances. Uncertainty less than 5 mm is observed for
97% of the calculation and nearly 2.5% are with the uncertainty between 5 and 10 mm.
M3C2 algorithm shows significant change for the most of the studied area before the check
dam for the period October 2019-August 2021 (Figure 3B).
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Figure 3. Statistical parameters of M3C2 for the area before the check dam
(print screen of CloudCompare, Version 2.12 beta).

Note. Panel A: Distance uncertainty—the lower the values, the greater the accuracy of the calculations.
Panel B: Significant change—red color = significant; blue color = non-significant.

The results of the comparison of both consecutive clouds after the check dam show a
distance in the interval from —0.67 to 0.67 m (Figure 2B). The highest values have been
observed at the right part of the river bed where gravels and pebbles are deposited.
Another deposition area was also formed on the left side in the direction of the river bank
and on the earth path, where the maximal deposition was 40 cm. High negative values (from
-0.50 to -0.20 m) of the M3C2 distance were calculated near the check dam and partly on
the left slope. Distances between —0.50 and —0.67 take 0.9% of the calculations and some of
them are probably due to the effect of vegetation and applied filtering. Generally, the
calculations are closely related to the hydrological conditions at the river bed. There was no
stream flow during both TLS campaigns, but the size and the depth of the separate water
areas were different (Figure 1C and 1D). The distance uncertainty is relatively high in the side
parts most distant from the slope and in the parts of the valley bed, away from the scanner,
where due to the vegetation, the surface visibility is the lowest. Despite this, regarding the
whole area, the results show low distance uncertainty, which confirms the applicability of the
M3C2 algorithm. In 49% of the calculations the value of uncertainty is less than 5 mm, and in
37% the uncertainty is less than 2 mm (Figure 4A). The surface change is significant at 85%
of the M3C2 calculations (Figure 4B).

The analysis of the results of the application of M3C2 algorithm shows that the counts of
the positive distances between both of the successive point clouds of the part above the
check dam are greater than those after the check dam, but their values are lower and the
differences between erosion and deposition in the upper part of the studied area (before
the check dam) are less expressed. This indicates higher deposition rate after the check dam
which have to direct the attention to the retaining capacity of the dam.
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Figure 4. Statistical parameters of M3C2 for the area after the check dam
(print screen of CloudCompare, Version 2.12 beta).

Note. Panel A: Distance uncertainty—the lower the values, the greater the accuracy of the calculations.
Panel B: Significant change—red color = significant; blue color = non-significant.

4.2. Topographic change detection by DTMs analyses

DoDs for both parts of the valley bottom (before and after the check dam) show similar
results (Figure 5A and 5B). Despite the relatively high rate of vertical differences between the
2019 DTM and 2021 DTM at the most of the terrain, the differences are between —0.1 and 0.1
m. Areas with washed sediment layer up to 10 cm thick take 25% of the studied area before
the check dam and 22% of the area after the dam. The areas with a deposition up to 10 cm
are 23% and 24%, respectively. The highest values of DoD (larger than 50 cm) are observed
on very small parts of the models, which are particularly negligible for the areas of sediment
washing (0.04% before the check dam and 0.4% after it). Limited areas show deposition
higher than 50 cm (1.9% of the studied area before the check dam and 3.6% after it). The
comparison of the topographic change of both parts of the valley bottom shows different
patterns above and below the check dam. Generally, the distribution of the areas of erosion
and deposition before the check dam shows 46% for erosion and 54% for deposition, while
after the dam these areas take 41% and 59%, respectively. These values of the DoD indicate
high sediment transport from the upper part of the river Damdere catchment and
deposition at the lower valley where the velocity and the transport power of the stream flow
are lower. This can also be seen in the volumes of erosion and deposition that have been
calculated on the base of the DTMs. For the period October 2019-August 2021 the volume
of the accumulated material is 29 m’ before the check dam and 64.5 m® after it, while
erosion is 17 m®> and 32 m’, respectively. Although the area for which the volume was
calculated after the check dam is nearly 2 times larger than that above the concrete
structure, the data related to the same area (per unit area) show a higher degree of
accumulation after the check dam at almost the same slopes gradient of the river bed
before and after the dam. This shows that the retention capacity of the dam has decreased
which increases the flood hazard.
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Figure 5. DEM of difference.
Note. Panel A: Before the check dam. Panel B: After the check dam.

Compared to the results of the M3C2 algorithm with vertical normal calculation, DoD
shows nearly the same values of the topographic change. Despite the indisputable advantages
of the M3C2 (Lague et al., 2013), DoD gives reliable results when it is applied to flat or near to
flat areas in a small size. The model-to-model comparison reduces the impact of point cloud
roughness on the accuracy of point cloud distance calculation (Li et al., 2021). Also, an
advantage of DoD is easy calculation of volumes, but on the other side, in case of no data in
some parts of the studied area due to vegetation or absence of visibility, the results depend on
interpolation method and the resolution of the model. Although the mentioned imperfections
of DoD, the method is widely used for the detection and evaluation of the geomorphic change
(Cavalli et al. 2017; Heckmann & Vericat, 2018; James et al,, 2012; Llena et al., 2020).

To determine the character of the geomorphic process (erosion or deposition), profile
curvature rasters, which are second derivatives of DEM, are created and analyzed. The results
show the decrease of the concave surfaces and the increase of the ones on the convex parts
(Table 1). Despite the small differences in the areas, these results, interpreted in relation to the
calculated volumes of erosion and deposition show that in both parts of the valley bottom
deposition is greater than erosion.

Table 1. Changes of profile curvature in the lower valley of the river Damdere (% of the studied area)

Data Before the check dam After the check dam
acquisition Convex (%) Concave (%) Convex (%) Concave (%)
October 2019 46 54 47 53
August 2021 49 51 49 51

The calculated topographic change for the period 27 October 2019-26 August 2021 is
closely related to the cases of intensive rainfall in the river Damdere catchment and their
distribution. According to the definitions of the European Climate Assessment & Dataset
project (ECA&D, n.d.), days with precipitation over 20 mm are considered as very heavy
precipitation days. Considering the daily precipitation data retrieved from National Institute of
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Meteorology and Hydrology, Bulgaria (n.d.), the closely located rain gauge stations in Kardzhali
(20 km) and Dzhebel (nearly 10 km) show that during the observed period, the total number of
precipitation days is between 180 (Kardzhali) and 194 (Dzhebel). Daily precipitation amount
above 20 mm was observed in 13% of precipitation days in Dzhebel and in 12% of the cases in
Kardzhali, while precipitation fraction due to very heavy precipitation days is about 44% of the
total amount of precipitation for the investigated period. These values indicate irregular
distribution of the precipitation and cases of high precipitation for a short period which is a
prerequisite for the occurrence of debris flows and debris floods. Similar results are obtained
for the region Kresna Gorge (Western Bulgaria) by Krenchev et al. (2021), which gives reason to
assume that daily precipitation above 20 mm could be considered as a threshold value for
active hydrogeomorphological processes (debris flows/debris floods). Having regard to the
peculiarities and differences in land cover and hydrological conditions, further investigations
are needed to specify the impact of weather conditions on short-term geomorphic change.

5. Conclusion

The field observations and measurements, as well as the analyses of the point clouds
obtained during the field TLS campaigns, show active hydrogeomorphic process in the low
valley of the river Damdere catchment. Debris floods are triggered by intensive rainfall and
high sediment loads are accumulated in the flat river bed before and after the check dam.
The short-term topographic change is evaluated by successive TLS of the area near the
check dam. The 3D point clouds are analyzed having regard to the geomorphological
observations that were carried out simultaneously with the scanning. Despite the retaining
role of the check dam, the application of M3C2 algorithm and the analysis of the results give
grounds to conclude that the deposition is larger at the lower part of the river bed after the
check dam. Similar results are obtained by differencing the successive DTMs. DoD approach
shows that the topographic changes in the larger part of the studied area are between —0.1
and 0.1 m for the period October 2019-August 2021. High values of accumulation are
observed in the lateral parts of the river bed, which is an indicator of turbulent character of
the flow. The areas before the check dam where the washing of sediments is observed are
46% while the deposition takes 54%. After the dam, these areas take 41% and 59%
respectively.

Despite the different approaches in calculation the topographic change and the impact
of interpolation method and model resolution on topographic change detection, M3C2
algorithm and DoD show very similar results when they are applied to the relatively flat and
small areas of the river valley bottom.

The presented study is the first one for the considered area, performed on the basis of
two consecutive TLS campaigns over nearly two years. In relation to the point clouds
analysis and derivative models, future research will focus on more detailed evaluation of
DTMs uncertainty and the impact of model resolution on topographic change detection.
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