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Abstract. On September 2nd, 2022, an intense and prolonged rainfall event caused severe flooding, landslides, de-
bris flows, and groundwater rise, resulting in substantial damage, particularly in the northern slopes of Sredna Gora
Mountain in Central Bulgaria. Various methodologies, including field analysis, remote sensing, and GIS tools, were
employed to analyze the disaster’s causes and field conditions. Active sediment sources, deposition patterns, and
mapping techniques were used to document the disaster’s impact. The results showed that the disaster resulted from
the formation of numerous landslides, and rapid hydrological response led to riverine flooding, high-speed flows, and
sediment deposition. An important contribution of this study is the generated landslide inventory map, that can be used

for mountain road reconstruction and the planning of mitigation measures.
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Introduction

Over the past few decades, severe rainstorms have
caused numerous catastrophic events, such as land-
slides and debris flows, which have severely dam-
aged local communities and infrastructure all over
the world (e.g., Andres, Badoux, 2018; Cabral et al.,
2023). These events have also caused a great deal of
distress and have become urgent and critical issues
for society.

On the morning of September 2nd, 2022, an
intense and prolonged (12 hours) localized rain-
fall event triggered complex landslides, which
transitioned into debris flows, riverine flooding,
and abundant sedimentary deposition. According
to climate models, the recorded rainfall reached
200 mm, more than double the monthly average for
the region. This event primarily impacted villages
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situated on the southern slopes of Stara Planina
Mountain and the northern slopes of Sredna Gora
Mountain. The flooding resulted in significant dam-
age, with the most severe impact occurring on the
northern slopes of Sredna Gora Mountain where
more than 200 houses sustained severe damage or
were destroyed, and the infrastructure suffered ex-
tensive disruption, including interruptions in wa-
ter supply and electricity. In the aftermath of the
flooding event, the Karlovo Municipality, to which
the affected settlements belong, declared a state of
emergency and initiated the partial evacuation of
the most affected villages — Karavelovo, Slatina,
and Bogdan.

Our research focuses on these villages which ex-
perienced significant losses, along with the water-
sheds of the Tatla Dere, Selska Reka, and Asandzha
Dere rivers. The GIS and remote sensing techniques
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were applied to create a landslide inventory and as-
sess the disaster’s impact in the study area. During
the field investigations, the main objectives includ-
ed assessing the geological and geomorphological
preconditions within the watersheds and validating
the accuracy of remote sensing data.

Characteristics of the study area

The studied area is located in the southern part of
the Karlovo basin, on the northern slopes of Sredna
Gora Mountain. The region is situated in a moun-
tainous terrain with an average elevation of ap-
proximately 1000 meters. The landscape exhibits a
diverse array of slopes, ranging from steep inclines
to more gently sloping surfaces, often intersected
by incised river valleys. The slope angles within the
study area display significant variability, with ex-
ceptionally steep slopes reaching up to 60° in the
upper reaches of the watersheds.

The study encompasses three primary water-
sheds — Tatla Dere, Selska Reka, and Asandzha
Dere (Fig. 1), each with distinct characteristics,
which morphometrical parameters were studied by
Bozhkov (2022). Tatla Dere and Selska Reka wa-
tersheds are notably larger, covering approximately
52.1 km? and 20.3 km?, respectively. They feature

longer and deeply incised river channels, often ex-
hibiting exposed and eroded banks. In contrast, the
Asandzha Dere watershed is relatively smaller, en-
compassing an area of about 6.5 km?, with shorter
river channels and distinct hydrological dynamics.

The area comprises different rock types — moun-
tain slopes are built up by Paleozoic granites (Rous-
seva et al., 1994), while the Karlovo graben floor
contains Neogene-Quaternary sediments and thin
(up to several meters) alluvial deposits that fill the
river valleys.

The climate in the region is transitional conti-
nental with a mountain influence. The mean an-
nual temperature averages 11.40 °C, while annual
precipitation averages 653 mm. Precipitation peaks
in May and reaches a minimum in February and
March, with rainstorms being typical during the
summer months, but extreme flood events are in-
frequent.

Data and methods

Numerous methodologies have been developed and
applied to comprehensively understand the causes
of disasters, including the triggering factors and
field conditions that lead to catastrophic events.
These analyses are typically preceded by field in-
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Fig. 1. Location of the studied area and landslide inventory map (coordinate system — WGS 84 / UTM zone 35N) representing the
distribution of the landslides after the event on September 2nd, 2022
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vestigations and the collection of diverse types of
data like topographic and geological maps, and sat-
ellite images, as well as crowdsourced data, news
reports and data from local authorities.

After the flood event in September 2022, field
surveys coupled with Unmanned Aerial Vehicle
(UAV) surveys were conducted during Septem-
ber, October, and November in the study area aim-
ing to investigate the conditions within the water-
sheds, analyze deposition zones, and document the
extent of the damage. While field identification of
hydrogeomorphic processes is essential, assess-
ment procedures based on remote sensing data and
Geographic Information System (GIS) techniques
prove highly valuable for regional-scale studies
(e.g., van Westen, 2013; Merrett, Chen, 2013). In
our research, ALOS DEM and QGIS software were
utilized to create maps for slope angle, flow direc-
tion, and accumulation, and to automatically gener-
ate stream networks and watersheds. To assess the
impact of the disaster, we also created a landslides
inventory through the comparison of pre- and post-
disaster Sentinel-2 satellite images, acquired from
the Sentinel Hub EO Browser that allows us to pre-
cisely assess alterations in the landscape and under-
stand the full extent of the disaster’s impact on the
region. The mapping process involved both manual
mapping, which studied the differences between
pre- and post-event images, and a semi-automatic
mapping approach using the Normalized Difference
Vegetation Index (NDVI) and Principal Component
Analysis (PCA) for the generation of change detec-
tion layer (Mondini et al., 2011).

Results

The results from the field surveys show that the
intensive rainfall triggered a process transitioning
from shallow landslides to debris flows on slopes
that turn into riverine flooding downstream, ac-
companied by intensive erosion with deposition of
substantial volumes of sediment and debris in lower
parts of the watersheds. Namely here, at the margin
of the Karlovo graben, the flooding had a particular-
ly severe impact on certain areas that have brought
havoc on infrastructure and caused damage to build-
ings. According to the local authorities, the cost of
the damages is more than 74 million BGN. Except
for direct damages, the most harmful geomorphic
impact at the foot of Sredna Gora Mountain was the
deposition of enormous amounts of sand, gravel,
silt and organic. Thus, it is of prime importance to
understand why this flood event managed to bring
downstream such a huge amount of sediments.

The active sediment sources, primarily stemming
from landslides, erosion scars and colluvium on the
strongly weathered granitic slopes in the watersheds

contributed to a significant volume of sediment to
the river valleys, thereby influencing the character
of the flow. Another significant source of sediment
is the Neogene weakly lithified sands and gravels,
located to the west of the Karavelovo village on the
western bank of the Tatla Dere River, experiencing
intensive sheet erosion, along with the formation of
rills and gullies, capable of contributing to sediment
entrainment in the river channel. The cross-sec-
tional properties of the rivers, including shape and
variations in width, hold critical implications for
the processes of wood-damming, travel distance,
and deposition and affect the behaviour of flows as
they progress down the slope. The obtained crowd-
sourced data as well as our field data raises con-
cerns about damming events within all main rivers,
expressed in a few phases of high flows (surges),
where the initial phase of the flow was relatively
less saturated. However, as the flooding progress-
es, a second phase is observed, characterized by a
higher degree of saturation and sudden releases of
accumulated debris. In the watershed of Asandzha
Dere, we have identified specific areas within river
channels where these tree dams remain intact, ob-
structing the natural flow of the rivers. This persis-
tent obstruction further emphasizes the importance
of monitoring and managing flow dynamics to miti-
gate potential hazards in the downstream areas.

To assess the impact of the event in the studied
watersheds, a landslide inventory map was created,
containing data about the size, type, and other char-
acteristics of the mapped landslides. The procedure
of their identification and mapping with multi-
temporal change detection techniques is based on
manual and semi-automatic approaches in a GIS
environment taking into account the spectral infor-
mation of the landslides through change detection
of Sentinel-2 satellite pre- and post-disaster images
acquired on 18 August 2022 and 7 September 2022.
PCA4CD QGIS plugin was used for the generation
of a change detection layer, where the optimal PCA
components that represent landslides were deter-
mined by manual inspection. The results from semi-
automatic change detection analysis were compared
to manually mapped landslides and confirmed in
the process of field surveys. The inventory contains
136 polygons, where the mapped slope failures are
detected mainly in the upper parts of the watershed
and related to steep slopes composed of weathered
granites (Fig. 1). By visual inspection, some of the
detected changes in the area are zones with a failure
before the event, where the intense rainfall triggers
the process and activates old slides and erosional
features. In some cases, observed slides could be
described as complex landslides (Ter-Stepanian,
1977, Cruden, Varnes, 1996), whose behaviour
evolves as they progress downslope and turn into
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debris flows (Hungr et al., 2001), and this process is
mostly visible in the upper parts of Asandzha Dere
watershed (north of the Slatina village). The triggers
for these changes in movement patterns can be di-
verse, including variations in kinematic conditions
like material removal due to erosion, weathering, or
alterations in water content. An important step in
the creation of the landslide inventory map (Fig. 1)
was to cross-check and validate results obtained
by remote sensing against the UAV and fieldwork
data. While there is still a need to check some of
the mapped features (mainly situated in the remote
parts of the watersheds), our data suggest that the
applied methods work correctly (accuracy ~91%).

Conclusions

In conclusion, we provide an overview of a disas-
ter that occurred on the morning of 2nd September
2022 and also analyse the reasons for the extreme
damages at the foot of Sredna Gora Mountain.
The development of complex landslides, debris
flows, high bedload transport rates, extensive ero-
sion and floods within the studied watersheds are
consequences of the rapid hydrological response
of the system, coupled with the abundant sediment
availability on slopes following intense rainfall
event. The research emphasizes the importance of
a multi-dimensional approach to disaster analysis,
involving fieldwork, remote sensing, and GIS tech-
niques, to comprehensively understand the causes
and consequences of catastrophic events. A gener-
ated landslide inventory map can be a good base for
future mountain road reconstruction and planning
of the mitigation measures. The possible interaction
between river floods and groundwaters, and anthro-
pogenic activity that results in landscape alterations
and disturbances to the natural terrain also needs to
be considered as potentially influencing the dynam-
ics of disasters in the area.
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