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ABSTRACT

Flash floods occur worldwide. Triggered by intense rainfall spanning only a few hours, they frequently
occur together with landslides. These landslides can deliver hillslope material to the river system,
leading to amplified and devastating impacts. Landslides and flash floods are influenced by the daily
to monthly variations in rainfall that precondition the landscape and change their likelihood of
occurrence. The co-occurrence, interaction, and the preconditioning effect of rainfall reflects the
compounding nature of these hazards. The tropics provide favourable conditions for their occurrence,
with inequalities and challenging socioeconomic conditions often increasing their impact.
Understanding their occurrence is therefore essential but require long-term datasets that are usually
unavailable in these regions. In this project, we aim to better understand current and future spatial
and temporal patterns of co-occurring landslide and flash flood events in the tropics and the effect of
preconditioning rainfall in this process. To do this, we focus on the western branch of the East African
Rift (WEAR). We developed two complementary remote sensing methodologies that allow for the
spatio-temporal detection of landslide and flash flood events in the challenging data-scarce conditions
of the tropics. Through these methodologies we have identified more than a hundred new co-
occurring landslide and landslide and flash flood events in the WEAR. Our results suggest that
preconditioning rainfall plays a central role in understanding their occurrence, along with land use and
land cover and landscape geological history. We discuss that pessimistic future rainfall, population and
land use scenarios could increase these co-occurring events and have a larger impact due to increase
demographic pressures. This research offers new information and tools relevant to a region that is
commonly underrepresented in global studies, and that can serve as a foundation for further landslide
and flash flood research.

Keywords: Compound events, Landslide, Flash floods, Preconditioning rainfall, Remote sensing.

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks)



Project B2/223/P1/GEOTROP — Geomorphic hazards and compound events in a changing tropical East Africa

1. INTRODUCTION

The GEOTROP project (2022-2026) aims to assess the compounding nature of landslides and flash
floods by untangling the geoenvironmental and preconditioning rainfall controls on their co-
occurrence in tropical East Africa. GEOTROP has resulted in novel remote sensing-based detection
techniques specifically tailored towards data-scarce tropical environments and has provided novel
insights in the co-occurrence of landslides and flash floods within the western branch of the East
African Rift. GEOTROP has additionally made a first preliminary insight into future trends of these
events.

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks)
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2. STATE OF THE ART AND OBJECTIVES

Below you can find an overview of the state-of-the-art that defines the basis of GEOTROP. For a
complete version of the state of the art, we refer to the PhD thesis of A.A.). Deijns (2024). The thesis
that is attached in the Annex.

2.1 State of the art

Landslide and flash flood processes

Landslides and flash floods are worldwide phenomena that frequently make headlines due to their
disastrous impacts on the landscape and the people in those landscapes. They can cause many
casualties and inflict substantial damage to infrastructure and property (Ferro, 2005; Jonkman, 2005;
Spitalar et al., 2014; Froude and Petley, 2018). Landslides can effectively shape the environment by
transportation of hillslope material (Burbank et al., 1996; Gregory, 2010; Korup, 2012), and flash floods
can transport large amounts of debris — from gravel to boulders — downstream (Hungr et al., 2014;
Church and Jakob, 2020). Rainfall-induced landslides are by far the most common type of landslides
(Sidle and Bogaard, 2016; Greco et al., 2023). They often occur in large clusters (e.g., Crozier, 2005)
and frequently co-occur and interact with flash floods (Hapuarachchi et al., 2011; Catane et al., 2012;
Jacobs et al., 2016; Alcantara et al., 2023; Marengo et al., 2023). These interactions result in landslide
or landslide and flash flood events that are typically linked to a single, well-defined rainfall event.
Landslides often act as sediment agents that feed large amounts of debris to the flash floods.
Combinations of these hazard processes can as such exacerbate their impact and render those events
especially damaging (Borga et al., 2014; Jacobs et al., 2016). This becomes particularly important when
they occur in populated regions and impose substantial damage as a consequence (Jonkman, 2005;
Froude and Petley, 2018). The increased population pressure in recent history and the rapid pace of
urbanization is exposing more people to these types of events (McDermott, 2022; Ozturk et al., 2022),

and understanding their occurrence is therefore highly relevant and needed.
Geoenvironmental and hydrological controls on landslide and flash flood occurrence

Rainfall-induced landslide and flash flood events are typically triggered by torrential rains when water
infiltration exceeds the drainage capacity. Flash floods are usually characterized by their rapid onset
(within six hours of rainfall)(NWS, 2024). Antecedent or preconditioning water content/ soil moisture
is important in landslide and flash flood occurrence. Higher soil moisture content increases the
potential for runoff generation (Noguchi et al., 1997; Grillakis et al., 2016). Prolonged wetting of a
hillslope will mobilize larger landslides (lverson, 2000; Zézere et al., 2005; Bevacqua et al., 2021) and
increase runout distance (Take et al., 2015; Kénz et al., 2024). On the contrary, very low soil moisture
content might favor the occurrence of shrinking or tension cracks that increase infiltration and can
facilitate strong sudden pore water pressure changes and thus influence slope stability (Uchida et al.,
2001; Krzeminska et al., 2013; Handwerger et al., 2019). Vegetation and land cover influence soil
moisture content and runoff generation. They stabilize the soils and improve hillslope drainage (Uchida
et al., 2001; Tarboton, 2003; Ghestem et al., 2011; Balzano et al., 2019). These roots may on the

contrary also concentrate flow that might pool and decrease slope stability (Uchida et al., 2001;
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Ghestem et al., 2011; Sidle and Bogaard, 2016). Forest cover does not necessarily decrease flash flood

occurrence (Andréassian, 2004).
Better understanding landslide and flash flood events through a compound event framework

When multiple climatic drivers and/or hazards combine, their impacts are often amplified
(Zscheischler et al., 2018). The spatial and temporal interdependencies of multiple interacting drivers
can enhance their impact. Extreme events that involve these interdependencies are framed as
‘compound events’ (Zscheischler et al., 2018). Traditional analysis often does not consider these
interdependencies leading to only a partial view of the story and an underestimation of the risks
involved (Zscheischler et al., 2018, 2020). In this study we follow the proposed typology by Zscheischler
etal. (2020) in analyzing the occurrence of landslides and flash flood events. Specifically, we investigate
the co-occurrence of landslides and landslides and flash floods (defined as either multivariate or
spatially compounding) and the influence of preconditioning rainfall (defines as preconditioning
compounding) in this process. Literature highlights that the co-occurrence of landslides and flash
floods exacerbates their impact (Jacobs et al., 2016) and the effect of preconditioning rainfall is
important in understanding the characteristics and dynamics of landslide events (Bevacqua et al.,
2021; Banfi and De Michele, 2024). While the analysis of compounding landslide and flash floods has
received more attention recently (Jacobs et al., 2016; Alcantara et al., 2023; Maki Mateso et al., 2023;
Marengo et al., 2023; Sharma et al., 2023), such analyses remain uncommon.

Landslide and flash flood events in the tropics

The tropics are areas where landslide and flash flood events frequently occur largely as a result of high
rainfall totals and the high availability of mobilizable sediments. At the same time, people living in
tropical landscapes are often at elevated risks to landslide and flash flood event impacts (Depicker et
al., 2021a; Ozturk et al., 2022). These regions, particularly the low- and lower-middle income nations,
are characterized by high and rising population densities that cause rapid deforestation (Hansen et al.,
2013; Depicker et al., 2021a) and often show uncontrolled urbanization without considering proper
land-use planning (Ozturk et al., 2022). This ultimately leads to people settling in hazard prone regions
(Seto et al., 2012; Dille et al., 2022; McDermott, 2022; Ozturk et al., 2022). While understanding of
landslide and flash flood event occurrence is therefor particularly important in these regions. The
analysis of such events however, is hampered by the fact that data scarcity, driven by the remoteness,
large human footprint, cloud cover and rapid vegetation growth, is often commonplace (Gariano and
Guzzetti, 2016; Maes et al., 2017; Reichenbach et al., 2018; Ozturk et al., 2022) and exacerbated by

low-data collection policy (Maes et al., 2017; Dewitte et al., 2021) and a lack of historical records.
Western branch of the East African Rift

The western branch of the East African Rift (WEAR) is representative of such a tropical region. It is a
mountainous region that extend over terrains in Democratic Republic of the Congo (DRC), Uganda,
Rwanda, Burundi, Tanzania and Zambia. This region is characterized by high population densities and
landscapes ranging from highly forested to highly human-dominated landscapes. The region is shaped

by active continental rifting (Chorowicz, 2005) that leads to seismic activity, active volcanism (Smets et
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al., 2016; Delvaux et al., 2017), and uplift-driven landscape rejuvenation through knickpoint retreat
(Dewitte et al., 2021; Depicker et al., 2021b). The combination of intense rainfall, deep weathering,
seismicity and steep landscapes makes this region highly susceptible not only to landsliding (Broeckx
et al., 2018), but also to flash flooding. Evidently, landslides and flash floods highly impact this region
(Monsieurs et al., 2018; Dewitte et al., 2021; Depicker et al., 2021b, 2024; Kubwimana et al., 2021;
Maki Mateso et al., 2021, 2023; Nsabimana et al., 2023). Current landslide and flash flood related
research in the WEAR has primarily focused on the densely populated North Tanganyika-Kivu (NTK) rift
region ( Dewitte et al., 2021), and the Rwenzori Mountains . These studies have put effort in mapping
landslides (e.g., Jacobs et al., 2017; Monsieurs et al., 2018b; Dewitte et al., 2021; Depicker et al., 2021b;
Kanyiginya et al., 2023; Maki Mateso et al., 2023) and flash floods (e.g., Jacobs et al., 2016a; Kanyiginya
et al.,, 2023; Nsabimana et al., 2023). However, these inventories tend to be more localized and
typically focus on isolated landslides or flash floods, rarely considering their co-occurrence in events.
As a result, comprehensive multi-temporal datasets do not exist and understanding of landslide and

flash flood event occurrence remains an open challenge.
The need for larger-scale multi-temporal event inventories

To untangle the role of preconditioning rainfall and landscape on landslide and flash flood event
occurrence multi-decade inventories are ideally required (Schltgel et al., 2020a; Schlogl et al., 2021;
Mufioz-Torrero Manchado et al., 2021). Despite recent advances in citizen-science based collection
(Jacobs et al., 2019; Sekajugo et al., 2022) and web-scrapping tools (Li et al., 2024; Valkenborg et al.,
2024), such suitable inventories do not yet exists in the WEAR. Multi-temporal inventories should
ideally cover a large region and span a variety of diverse landscape and rainfall conditions (Tarolli et
al., 2012; Guzzetti et al., 2012). This will capture the regional landslide and flash flood event trends
and would allow to make the inventory less biased to the local stochastic nature of landslide and flash
flood event occurrence, especially important for shorter-term multi-temporal inventories. Given the
vast size and inaccessibility of many areas within the WEAR, a satellite-based remote sensing approach

is the most viable option for creating regionally consistent, multi-temporal event inventories.
Satellite remote sensing for landslide and flash flood event detection

Satellite remote sensing provides the most suitable tool for a more unbiased and consistent regional
detection of landslide and flash flood events. This is enabled by the availability of freely available
satellite products that offer global coverage, high revisit times and reasonably high resolutions.
Landslide and flash flood detection in space and in time is commonly done using two types of satellites.
The optical satellites (e.g., Behling et al., 2014, 2016; Caballero et al., 2019; Shahabi et al., 2021; Notti
et al., 2023; Bhuyan et al., 2023) and the radar satellites (e.g., Mondini et al., 2017, 2019; Burrows et
al., 2019, 20204, 2021; Esposito et al., 2020; DeVries et al., 2020; Jung and Yun, 2020). Most notable
examples of such satellite constellations are the Copernicus Sentinel-1 (radar) and Sentinel-2 (optical)
constellations (5-12 day revisit time with 10-20m spatial resolution) that have acquired imagery from
2015 onwards, and the Landsat constellation (optical; 8 day revisit time with 30m spatial resolution)
that has acquired imagery from 1985 onwards. These satellite data products provide a consistent and

continuous view of the Earth’s surface and can as such be used to detect landslide and flash flood
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events. Optical satellite remote sensing are usually preferred for accurate spatial mapping of landslides
and flash floods. However, they are unable to visualize the Earth’s surface during cloudy conditions.
This is particularly problematic in the tropics, where the year-round presence of clouds prohibits from
accurate detection (Robinson et al., 2019). Radar-based satellite imagery, in particular Synthetic
Aperature Radar (SAR) can provide a solution to this as they can penetrate through cloud cover and
visualize the Earth’s surface during these cloudy conditions. For this reason SAR-based methodologies
demonstrate promising results than optical approaches in determining landslide and flash flood
timing. The Copernicus Sentinel-1 and Sentinel-2 are complementary and clearly facilitate their use in
a combined methodology.

Global and regional datasets for landslide and flash flood event analysis

The analysis of landslide and flash flood events in regional multi-temporal inventories requires
consistently acquired datasets that provide full coverage at the location of the event inventories.
Global and regionally acquired/modeled datasets are therefore required for a regional analysis.
Products such as the Copernicus GLO-30 (global; 30m resolution) digital elevation model (DEM), the
ESA CCI Land use and land cover product (Africa; 20m resolution; ESA, 2017), the Global forest loss
change dataset (global; 30m resolution; Hansen et al., 2013), the iSDAsoil soil dataset (Africa; 30m
resolution; 0.5m depth; Miller et al., 2021) are frequently used geoenvironmental datasets to analyze
the occurrence of landslides and flash floods (e.g., Khosravi et al., 2016, 2018; Broeckx et al., 2018;
Lombardo and Mai, 2018; Merghadi et al., 2020; Depicker et al., 2020; Smith et al., 2023; Dille et al.,
in preparation). Although serving as a proxy of the hydrology at the hillslope level, remotely sensed
rainfall products provide traditionally useful tool for hydrological analysis of landslide and flash flood
events(Terlien, 1998; Martelloni et al., 2012; Segoni et al., 2018; Zhai et al., 2018; Glade et al., 2000;
Monsieurs et al., 2019; Bevacqua et al., 2021). Generally used global rainfall products are the GPM
IMERG (10km resolution; Huffman et al., 2023), CHIRPS (5km resolution; Funk et al., 2015) and MSWEP
(10km resolution; Beck et al., 2019), of which IMERG has been used and validated within East Africa
(Ageet et al., 2022) and the WEAR (Monsieurs et al., 2019; Nakulopa et al., 2022; Uwihirwe et al., 2022)
and is thus expected to accurately reflect rainfall conditions in the study area.

Understanding the effect of future climate on landslide and flash flood event occurrence

Future projections over the WEAR indicate an increase in rainfall intensities(Seneviratne et al., 2021),
potential increases in drought length (Trisos et al., 2022), and shifts in timing, duration and magnitude
of rain seasonality (Trisos et al., 2022; Palmer et al., 2023). Such changes in rainfall patterns may
increase the incidence of compounding geo-hydrological hazard events. The Inter-Sectoral Impact
Model Intercomparison Project (ISIMIP) provides a framework for consistent climate impact modelling
across various sectors. This framework provides consistent climate and socioeconomic forcing data at
~50km resolution. While coarse, they provide an ideal continuous integrated datasets to allow for the

better understand of future climate and socioeconomic conditions.
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2.2 Objectives

Landslide and flash flood events can have severe impacts on the landscape and the people in those
landscapes and understanding their compounding nature, defined through their co-occurrence and
the influence of rainfall preconditioning in this process — remains poorly understood, particularly in
the tropics. The lack of long-term impact data in tropical regions has so far prohibited such an analysis
and establishing a multi-temporal inventory that covers a large region and that spans a variety of
diverse landscape and rainfall conditions is therefore required. In this project we aimed to answer the

following two main questions:

What are the spatio-temporal patterns of rainfall-triggered landslide and flash flood events in the
tropics?

What are their main geoenvironmental and preconditioning rainfall controls in determining their

behavior and how do these change in the future?

We aim to answer this question through the analysis of landslide and flash flood events in the western

branch of the East African Rift (WEAR). Our main objectives during this project were:

1. Develop a SAR satellite-based methodology to determine timing of landslide and flash flood
events, with the WEAR as a case study (WP1)

2. Develop an optical satellite-based methodology to detect spatial and temporal occurrence of
landslide and flash flood events in large data-scarce regions, with the WEAR as a case study
(WP1)

3. Analyze the occurrence of landslide and flash flood events through geoenvironmental and
preconditioning rainfall controls in the WEAR. (WP2/3)

4. Analyze how land use, population and rainfall of the WEAR will change in the future and
discuss the implications on the occurrence of landslide and flash flood events (WP4)

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks)
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3. METHODOLOGY

Below you can find a methodological overview of the work carried out within GEOTROP. We provide
a short version of the methodology presented in the papers Deijns et al., (2022), Deijns et al., (2024)
and Deijns et al., (in review). For a full discussion we refer to those papers.

3.1 SAR-based detection methodology (WP1) (Deijns et al., 2022)

For this WP we aim to develop a methodology that automatically estimates GH event timing using
Sentinel-1 (S1) SAR imagery on landslide and flash flood events spatially located, but with unspecified
timing. We analyze landslides and flash floods together as co-occurring and interacting events. We
create a methodology that can be applied in complex and various topographic and land use/land cover
environments. The methodology is developed using four events either containing landslides, or a
combination of landslides and flash floods located in contrasting landscape types observed within
tropical Africa. We analyze various S1 SAR products, namely: amplitude, spatial amplitude correlation
(a metric based on the common amplitude correlation) and coherence. Specifically, we: (1) create S1
SAR time series and analyze their patterns and behavior at the location of several GH events, (2)
demonstrate and assess the ability to detect the timing of GH events using changes within the S1 SAR
time series and, (3) investigate the influences of the landscape characteristics on the ability to derive

the timing from S1 SAR timeseries through a sensitivity analysis. A short outline of the methodology

can be found in following subsections.

GH events, SAR data and controlling factors

We investigate four GH events with known days of occurrence, and located in contrasting landscapes
(from highly forested to a large human footprint) in Uganda, Rwanda, DRC and Burundi. SAR time
series at the GH location are constructed using the Copernicus S1 Level-1 Single Look Complex (SLC)
imagery acquired in Interferometric Wideswath (IW) using the C-band frequency. To study the four
GH events we use all available high resolution S1 imagery (~15x15 meter resolution) from January
2016 to January 2021. We use both amplitude and coherence information. S1 images over the study
area are provided in vertical-vertical (VV) and vertical-horizontal (VH) polarizations. Different
polarizations result in different backscattering values (Shibayama et al., 2015; Psomiadis, 2016; Park
and Lee, 2019; Burrows et al., 2022), but due to the overall better results show in literature (Burrows
et al. 2022, Psomiadis 2016) and the more consistent acquisition at the locations of our GH events,
decided to use VV polarization for our analysis.

SAR amplitude and coherence are influenced by local slope angle (Hanssen, 2001), soil moisture (Ulaby
et al., 1996; Scott et al., 2017), vegetation (Balzter, 2001; Barrett et al., 2012), and terrain roughness
(Dzurisin, 2007). Coherence is additionally influenced by atmospheric changes (Rocca et al., 2000) and
due to the use of image pairs, also by the temporal baseline (time between acquisition of two images),
the perpendicular baseline (distance between the location of acquisition of two images) and the
difference in incident angle of the paired images (Hanssen, 2001). While landslides and flash floods
theoretically lead to an increase in coherence, the amplitude reaction on their occurrence is often
more complex reaction. Due to the influence of soil moisture and roughness change on the amplitude

values, the occurrence of a GH event could both increase and decrease the amplitude values at the
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location of the GH event (Mondini et al., 2021; Burrows et al., 2022). To better assess the ability to
detect GH timing, it is essential to understand the dynamic factors controlling the behavior of the
signal. To this end we investigated the SAR timeseries dynamics using rainfall (GPM Level 3 IMERG
Final Daily (10km spatial resolution) dataset), monthly vegetation patterns (Landsat-8 based
normalized difference vegetation index (NDVI; Tucker, 1979)) and land cover (ESA Climate Change
Initiative Land Cover product (ESA, 2017)).

Preprocessing, timing estimation and sensitivity analysis

The S1 images are pre-processed using the “InSAR automated Mass processing Toolbox for
Multidimensional time series” (AmsTer) (Derauw et al., 2020; D’Oreye et al., 2021) processing chain.
This toolbox allowed the creation of geocoded amplitude and coherence maps. We adapted the
amplitude correlation approach, initially used for GH spatial detection (Mondini et al., 2017; Konishi
and Suga, 2018; Jung and Yun, 2020), to allow for GH timing detection at the location of the GH. Spatial
correlation is generally lost when the inter-pixel relationships between two images change at the
location of a GH event. Therefore, a significant change within the landscape such as a landslide or a
flash flood will cause a clear detectible signal in the timeseries. Since spatial correlation is only
changing when the inter-pixel relationships change, general trends that affect the entire area do not
influence the inter-pixel relationships. The spatial amplitude correlation (SAC) can therefore
theoretically highlight the GH event occurrence within the time series, while reducing any seasonal

dynamics

GH event timing is determined on two scales within separate workflows (1) deriving one timeseries
per GH event using all pixels within that GH event, and (2) deriving a timeseries for each segment
separately for each GH feature which results in multiple time series, equal to the amount of GH
features, for amplitude, SAC, and coherence. Amplitude and coherence time series are generated by
averaging the values within the identified impacted area per image and the SAC time series are
generated by applying the SAC method within both workflows. The resulting time series are
normalized using the time series average to improve comparability. We make an effort to remove the
seasonal influence and atmospheric effect on the amplitude and coherence time series by subtracting
the regional amplitude and coherence trend (i.e. time series) from the GH event scale amplitude and
coherence time series in workflow 1. Timing is defined on every time series (for amplitude, SAC and
coherence) using a binary segmentation change detection approach (Bai, 1997; Fryzlewicz, 2014)
within both workflows. Workflow 1 resulting in one pre- and post event date and workflow 2 resulting

in many event dates on which we derived the date that was in majority as event date.

We further analyse the influence of any controlling factors on the detectability of the event timing.
We carry out a sensitivity analysis on GH feature area (effect of a changing number of pixels/pixel
mixing, Deijns et al., 2020), slope angle (change in image acquisition geometry, Zebker and Villasenor,
1992; Hanssen, 2001), land cover (changing vegetation and soil moisture patterns, Giertz et al., 2005),
and slope aspect (different effect of layover, shadowing within ascending and descending track,
Hanssen, 2001; Dzurisin, 2007).
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3.2 Optical-based detection methodology (WP1) (Deijns et al., 2024)

For this WP, we propose a new semi-supervised multi-temporal methodology for GH event detection
in unexplored regions. It allows for the identification of both location and timing of GH events through
satellite optical image time series. We aims to reduce manual user interventions. Our methodology
does not require pre-existing knowledge on GH event location and timing and allows for GH event
detection through the combined use of several spectral indices. We implement the use of an OBIA-ML
based detection tool that acts to generalize the methodological workflow and allows to increase spatial
detection accuracy while limiting false detections once general location and timing have been derived.
We use Sentinel-2 optical image time series from 2016 to 2021 and we showcase our methodology on
six Sentinel-2 tiles located in various natural and human-influenced mountainous landscapes across
tropical east Africa, i.e., in environments where landslide and flash flood processes are under-
researched, and their impact is disproportionally high. The methodology is implemented on a High-
Performance Computing (HPC) infrastructure. The methodology consists of three main steps (1)
Spectral index calculation (2) GH event detection using a pixel-based methodology (3) The OBIA-ML-

based implementation using the results acquired in step 2. A short outline of the methodology can be

found in following subsections.

Spectral index calculation and geomorphic hazard detection

Step 1: we use Sentinel-2 level-2A data for which each image we calculate we calculate six spectral
indices sensitive to changes in vegetation, surface brightness and soil moisture and that are indicative
of the drastic changes of surface properties induced by the occurrence of both landslides and flash
floods (NDVI, SAVI, TSAVI, BI, Brgb, NBR; Bevington et al., 2018; Deijns et al., 2020; Scheip and
Wegmann, 2021; Atefi and Miura, 2022).

Step 2: To create multi-temporal GH event inventories from satellite time series while reducing the
user inputs, the methodology adhered to three main points (1) its independence of any knowledge on
GH event location and timing, making it applicable to allow for the actual detection of new previously
unknown events; (2) the possibility to apply it within a wide variety of landscapes, both spatially and
temporally; (3) the possibility to apply it in highly cloud-covered areas. To separate impacted from non-
impacted pixels we use the cumulative difference to the mean (CD) for each spectral index timeseries,
a methodology adapted and upscaled from Deijns et al. (2020). Impacted pixels will display a
prominent peak indicated by a clear triangle shaped time series in contrast to non-impacted pixels. We
discriminate the impacted pixel time series from the non-impacted pixel time series by its prominence.
We use the ‘find_peaks’ tool from the ‘SciPy’ python package (Virtanen et al., 2020) to identify peaks
in the timeseries. If a pixel has an identified peak from low to high prominence over multiple indices,
it is likely impacted throughout the time series. We apply this tool on six indices and we vary the
prominence value 10 times from low to high. This results in 60 maps indicating O if there is zero or
multiple peaks found and 1 if there is one peak found. We cumulate this into one IPMCUMUL map,
where high values indicate high likelihood of impact and low values indicate a low likelihood. We use
the location of the identified peak within the time series to date the GH-induced change within the
impacted pixels. This therefore results in 60 timing maps which we culminated into one image by taking

the median of all maps per pixel (IPMTIMING). The complexity of the study area, resulting from a
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variety of land covers and the influence of humans on the landscape, has significant impact on the
noise levels within the time series. We therefore delineated the GH event impacted zone manually
from the IPMCUMUL maps produced from the 2016-2019 time frame and the 2016-2021 time frame.
We outlined their main impacted zone and for each high value IPMCUMUL pixel (>40) within outline,
we assign the median timing of all these pixels as the date of the GH event.

Step 3: We use the resulting GH event impacted zones, the GH event timings and the IPMCUMUL maps
as input to an OBIA-ML algorithm to allow for an improved detection accuracy of individual landslide
and flash flood features within the GH event impacted zone. We use the ML-based landslide change
detection service ALADIM (Automatic LAndslide Detection and Inventory Mapping; Stumpf et al.,
2014a; Deprez et al., 2022). ALADIM is a supervised change detection method that can detect both
landslides and flow-like (including flash flood) features (Schlégel et al., 2020b; Deprez et al., 2022) and
has been seen to outperform other ML-based GH change detection techniques (Amatya et al., 2023).
ALADIM requires the input of a pre- and a post- GH event image, a set of training samples (e.g.,
impacted training samples) and of training areas (e.g., non-impacted training samples). The output
consists of an inventory map with a class membership likelihood (‘prob_true’) of that segment
belonging to the GH class (Schlégel et al., 2020b; Deprez et al., 2022). Based on the identified GH event
timing, we manually identify suitable pre- and post-event Sentinel-2 imagery. We use the IPMCUMUL
and IPMTIMING outputs to create the impacted and non-impacted training samples. The variability in
landscapes and cloud cover patterns will lead to varying amounts of noise within the IPMCUMUL maps
so we set up a workflow with standard variable values that makes use of the impacted zone, the
IPMCUMUL map, the IPMTIMING map, the vegetation change in the pre- and post-event imagery and
the amount of cloud cover in the timeseries to allow for the automatic creation of the impacted and
non-impacted training samples in contrasting landscapes. We apply ALADIM in two scenarios. For the
first scenario, we use a buffer of 600m around the GH event zone for the non-impacted training sample
and for the second scenario, we use no buffer around the GH event zone for the non-impacted training

sample. This buffer potentially allows for better training over non-impacted terrain.
Validation strategy

To validate the IPMCUMUL and ALADIM products at the location of the GH events, we use several of
the identified GH events and manually map their GH features. We evaluate the detection results
through the common metrics F1-score, Matthew’s correlation coefficient and the Kappa coefficient.
Detection accuracy from the IPMCUMUL was tested by iterating from 0 to 60 with steps of 1; for each
iteration, we use this value as threshold to identify between impacted and non-impacted pixels for
which we then calculate the confusion matrix. For ALADIM, we iterate over the ‘prob_true’ parameter
from 0 to 1 with steps of 0.01. Timing accuracy is validated by manually browsing the Sentinel-2

imagery. We additionally analyze our results with respect to slope gradients and land cover classes.

3.3 Landslide and flash flood event analysis (WP2/3) [Deijns et al., in review]
In these WPs we aim to better understand the compounding nature of landslides and flash floods by
quantifying their co-occurrence and by analysing how preconditioning rainfall shapes their dynamics

in this tropical environment. A short outline of the methodology can be found in following subsections.
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Detection, classification and clustering of landslide and flash flood events

In this work, pixels with abrupt changes in landscape vegetation cover signatures were detected
without a priori information on location or timing of occurrence using the methodology described in
Deijns et al. (2024). We applied it on 66 Sentinel-2 tiles covering approximately 640,000 km? between
2016 and 2021. We then applied ALADIM to improve detection accuracy. To improve the timing
information associated with the detection of the sediment impacted pixels, we manually reviewed
optical satellite data from the Sentinel-2 and PlanetScope constellations. Then, we applied the SAR-

based method from Deijns et al. (2022) to improve the accuracy.

To better analyse the underlying processes, we differentiated the detected pixels into three
components: landslide source areas, landslide runout areas and flash flood areas. For this, we
employed a transfer learning adaptation of the methodology described in Dille et al., (2025). We
combined a logistic regression and a random forest approach. We fed the models on common
topographic and hydrological predictors. The models were run on the ALADIM outputs. The training
of the models were done using pixels of eight representative events within different landscapes that
were manually classified into one of the three classes. The output was a map per class consisting of
the probability of each impacted pixel belonging to that specific class. These maps were used to create
a composite image assigning the highest probability class to each pixel.

Four distinct types of landslide and flash flood events were distinguished within the regional inventory
that we quantitatively clustered through a decision tree. First, we identified [i] events that contained
landslides and a substantial proportion of flash flooding. The main discriminator for these events were
the flash flood fraction. Second, we identified two overarching types of landslide-only events. [ii]
Events that contained a large amount of landslides within the zone of initiation, i.e., high-density
landslides (HD-LS). [iii] Events that contained sparsely positioned landslides with little to no
interconnectivity i.e., low-density landslides (LD-LS). The main variables to discriminate between these
events were the density of the landslide source and runout. Lastly we identified [iv] small-sized events
discriminated by their size. These events had a limited area of impact. The decision-tree based
clustering result proved to be valid after visual interpretation.

Extracting population, geoenvironmental and preconditioning rainfall metrics

To assess societal impacts of each event, we estimated the affected population and buildings within
and close to the impacted areas. To provide a full overview of impacts, we manually mapped all flash
flood areas outside this zone using cloud-free pre- and post-event Sentinel-2 imagery. The number of
people affected by each event was estimated through the UN-adjusted WorldPop unconstrained 100
m dataset. WorldPop shows quite reliable results in the study area (llombe Mawe et al., 2025). The
number of buildings affected was estimated through the global Open Buildings dataset (Sirko et al.,
2021). This dataset was able to accurately estimate the impacts of cyclone Idai in Zimbabwe for
example(Dille et al., 2025), and seemed robust for the area after visual interpretation. Both population
and building data were estimated within the impacted areas and including a 100 m buffer distance

from these impacted areas. Highlighting the impacts in the landslide and flash flood area and putting
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this in perspective with the 100m buffer area gives an indication on the scale of the societal impacts

that these events cause.

Geoenvironmental properties were explored to better understand spatio-temporal trends within the
landslide and flash flood event inventory. Geoenvironmental and rainfall variables were calculated for
each individual segment. A mean value for all Copernicus GLO30-DEM (ESA, 2024) derived products
created during the classification stage was extracted. Forest fraction is derived from the ESA Climate
Change Initiative Land Cover product (ESA, 2017). Forest loss is derived from the Global Forest Change
2000-2022 dataset (Hansen et al., 2013). Top soil sand, silt and clay content were derived from the
iSDAsoil dataset (Miller et al., 2021). We estimated the difference between the geoenvironmental
distributions through the Kolmogorov-Smirnov (KS) test. Rainfall variables were derived from the
10km resolution Global Precipitation Measurement (GPM) Level 3 Integrated Multi-satellite Retrievals
for GPM (IMERG) final daily VO7 dataset spanning from 2001 to 2023 (Huffman et al., 2023). IMERG
has been validated over the region (Ageet et al., 2022; Nakulopa et al., 2022; Tan et al., 2019). Similar
to other products, IMERG shows high agreement with the rain gauge records for annual and monthly
rainfall trends, medium agreement for dekadal, pentadal and daily rainfall and low agreement for

rainfall extremes.
Counterfactual dataset and statistical analysis

To understand the rainfall patterns leading up to landslide and flash flood event occurrence, it is
essential to understand the ‘normal’ climate conditions. Common multi-variate models are often
unable to capture how local-scale rainfall variability drives event occurrence due to a coarse spatial
resolution and a limited possibility to compare between multiple events. To allow for our
preconditioning rainfall analysis, we established a counterfactual dataset to serve as non-impacted
samples (Lesk et al., 2016). Each identified landslide source, landslide runout and flash flood segment
was duplicated 10-fold. For each of these duplicated segments the timing of occurrence was changed
to a new timing representing the same period but within a year between 2005 and 2016 (Lesk et al.,
2016) and rainfall indicators were recalculated.

To statistically assess which climate variables explain the occurrence of different types of landslide
and flash flood events, we conducted a multivariate analysis taking the factual-based values as
occurrence (1), and the counterfactual-based values as non-occurrence (0). For the statistical analysis
we used a LASSO (Least Absolute Shrinkage and Selection Operation) (Tibshirani, 1996) logistic
regression, a commonly used method to reduce the large number of highly correlated features
without losing variable interpretability (Vogel et al., 2021; Smith et al., 2023; Emberson et al., 2022).
In short, to provide a more robust representation of the variability inherent in the model outputs, we
created a synthesis of multiple LASSO logistic regression models varying the randomness,
multicollinearity threshold and the input variables to provide a comprehensive view that allows to
robustly relate the rainfall metrics to the occurrence of each even type. For each event type we
counted the number of times a certain variable is considered in the synthesis of models within the
LASSO logistic regression models and we visualized the distribution of the odds ratio associated with

that variable.
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3.4 Landslide and flash flood event future analysis (WP4)
In this WP we made a start to better understand future climate and socioeconomic conditions and the
role of compounding landslide and flash flood events within those future conditions. A short outline

of the methodology can be found in following subsection.

Future climate and socioeconomic trends, local and regional

To asses general future trends over the region, we analyse timeseries of rainfall, population and land
use of ISIMIP3a for the historical record and ISIMIP3b for the future projections. ISIMIP3b future
projects consists of three Shared Socioeconomic Pathways (SSPs): SSP1 (Sustainability), SSP3 (Regional
Rivalry) and SSP5 (Fossil-fuelled Development). Based on the results acquired in WP3 we investigate
yearly rainfall sums, Rx5day and SP112 for their temporal trends. We separately analyse the trends for
each country within the region. Finally, we investigate the spatio-temporal through a linear regression
analysis. Additionally we made an effort to more closely investigate rainfall, land use and population
patterns for one of the most mpactful landslide and flash flood event recorded in the study area over
the past years, the event that struck the city of Uvira, DRC, on 16-17 April 2020. We georeferenced
historical aerial photographs from 1959 conserved at the RMCA and make preliminary local
assessment on the occurrence of landslide and flash flood events and any prospects for the future.
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4. SCIENTIFIC RESULTS AND RECOMMENDATIONS

The main scientific results can be found in the peer-reviewed papers Deijns et al., (2022), Deijns et al.,
(2024) and Deijns et al. (in review). We provide a short overview of the main results WP’s in the
subsections below. WP2 and 3 are both addressed in Deijns et al., (in review) and are therefore

discussed in one section. WP4 has remained a preliminary analysis and is presented as such.

4.1 Landslide and flash flood event inventory (WP1)
Timing detection (Deijns et al., 2022)

In this study we present a methodology to automatically determine GH event timing using S1 SAR data
within contrasting landscapes. Our study improves on the recent advances in GH event timing
estimation research as: (1) we analyze the use of amplitude, SAC and coherence time series in a
systematic manner to detect the timing of GH events (2) we defined a methodology where no prior
knowledge of the GH event timing is required, (3) we applied our methodology on contrasting
landscapes and (4) we combined landslides and flash floods in a single detection approach. Here we
discuss our insights, and the potential improvements and future perspectives of our methodology.

Through the SAR timeseries (Fig. 4.1), we show that the distinctiveness of the GH event occurrence
within the time series varies significantly per data product. SAC (Fig. 4.1i-l) and coherence (Fig. 4.1m-
t) time series showcase the timing of the event with a significant change of value at the time of the
event occurrence. Amplitude does not prove to be an effective approach to accurately determine the
timing of GH events since it gives an estimation accuracy of 13 to 1000 days with the actual time
occurrence of the events. A clear increase in accuracy is obtained from SAC with an accuracy of 1 to
85 days. However, the most accurate results are achieved with coherence and detrended coherence
with a 1 to a 47 day accuracy. GH event timing accuracies are higher for GH events that occurred in
remote areas with low amounts of cultivation and human influence. The magnitude of the seasonal
vegetation oscillations, which shows connectivity with the precipitation patterns varies significantly
with changing landscapes and results in profound seasonal cyclicity in both the amplitude and
coherence timeseries. Denser and taller vegetation, result in lower seasonal cyclicity within the
amplitude and coherence time series. An increase in GH feature area improves the accuracy of timing
detection. Accuracy is not correlated with slope angle. Although a clear difference can be observed in
time series response to GH events located in different landscapes, the comparison with the land cover
does not allow to find a clear relationship with the type of vegetation. We see that, generally, the GH
features on the west-facing slopes have higher timing estimation accuracies using the descending
track imagery and the GH features on the east-facing slopes have higher timing estimation accuracies

using the ascending track imagery.
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Fig. 4.1 | GH event (detrended) amplitude (red), spatial amplitude correlation (SAC, green) and
(detrended) coherence (black) time series. The dashed red line represents the timing of the GH event
occurrence within the time series. All coherence, amplitude and SAC time series show two lines of a
similar color representing the ascending and descending track time series. The time series are created
according to the complete GH event scale workflow. The bottom row shows the monthly cumulative
precipitation (light blue bars) from IMERG satellite data and the monthly averaged NDVI values (grey

line) from Landsat-8.

The current methodology allows to determine GH event timing from SAR, but several improvements
can be considered in future research. Improvements can focus on a more in-depth detrending, a
different change detection algorithm, further fine-tuning of the preprocessing workflow and further
development of the SAC methodology. In terms of perspectives (1) our methodology could be used in
further multi-hazard based approaches. (2) We show that both amplitude and coherence should be
included to accurately estimate timing (3). Our methodology should be transferability to similar
regions, but different rainfall regimes should be taken into account. (4) Our methodology could be fed
with other SAR satellite products, but different bands will likely have an impact on the accuracy (5)
The methodology could benefit from implementation on a cloud computing service. However, to our
knowledge, so far, no cloud computing platform offers the possibility for processing and using
coherence data. (6) The methodology can potentially be combined with optical data (e.g., Deijns et
al., 2020) that could serve as additional data to help narrow down the time window and filter out any

non-sense timing estimations.
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Spatio-temporal detection (Deijns et al., 2024)

Our semi-supervised methodology successfully allows for the identification of GH events on a tile-by-
tile basis without the need for prior knowledge on either location or timing. We detected 29 GH events
out of which 25 were initially unknown (Fig. 4.2). The methodology shows skills in a variety of
landscapes and allows the detection of both landslides and flash floods with relatively accurate timing.
We highlight 4 identified events that occurred in contrasting landscapes (from forested to human
dominated) and their IPMCUMUL and ALADIM output. We choose 12 of these GH events and manually
mapped their landslide and flash flood outlines to validate the IPMCUMUL and ALADIM products (Fig.
4.2). GH events occurring in highly forested areas show a distribution skewed towards smaller sized
GH features, whereas GH events occurring in human-dominated landscapes (grassland, cropland,
urban) generally contain larger features. There we observe landslides with larger runout and a higher
amount of flash floods. Together with more amalgamation and interconnectivity, this has led to larger
GH features. An example of the results of four events including IPMCUMUL and ALADIM based

refinement can be found at Fig. 4.3.

A clear influence of landscape is observed within the IPMCUMUL maps with an increase in noise
towards more human dominated landscapes. The amount of human influence on the landscape
increases the difficulty in multi-temporal GH event detection, mainly due to the constant changing
landscape throughout the time series. Nonetheless, we have been able to identify GH events in all the
different landscapes within our study area, due to their distinct impact on the landscape. Slope
gradient additionally influences the detection accuracy with a low general IPMCUMUL detection
accuracy for pixels with low slope gradients. In addition, the time of GH event occurrence plays an role
in GH event detectability. Shortening the overall timeframe allows to better identify GH events that
occurred earlier in the time series from the IPMCUMUL maps at the expense of a higher amount of
noise. GH events occurring late in the time series show good detectability. The methodology shows
relatively high timing accuracies, despite the high cloud cover within the study area, in comparison to
previous research using optical imagery (Deijns et al., 2020; Fu et al., 2023). Satellite SAR-based
approaches such as presented by Burrows et al. (2022) and Deijns et al. (2022) may as support to

further reduce timing accuracy.

Application of ALADIM with the training samples created from the IPMCUMUL maps improves the
accuracy of the results, and the flattening of the accuracy curves. Additionally, ALADIM is less
dependent on land cover and slope gradient classes than IPMCUMUL and allows for an improved
detection of the GH events. We show that although the detection accuracy from IPMCUMUL is low,
the training samples created within this GH event zone are useful to provide much improved results
after ALADIM application. The fact that we do not need a priori timing or location to identify GH event
zones allows for the use of our methodology before applying a more data-intensive ML tool. We show
that our pixel-based methodology allows us to create training samples, through a semi-supervised
approach, to input into a ML change detection algorithm. This combination shows a high potential in
areas such as the western branch of the East African Rift, where limited a priori information is

available. The quality of the IPMCUMUL maps propagates into the training samples and therefore
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influences the results of the ML detection tool, we therefore expect the quality of the training samples

to generally be lower in human-influenced landscapes.

Fig. 4.2 | Overview of GH events detected with IPMCUMUL methodology. (a) The 29 GH events
detected with IPMCUMUL for the Sentinel-2 tiles: 35NRA, 35MQT, 35MPS, 35MQS, 35MQQ, 35MRP.
Background: 25th percentile composite of cloud masked Sentinel-2 imagery from 2016-2020 created
in Google Earth Engine (Gorelick et al., 2017). (b-m) 12 GH events with the manually mapped GH
features in yellow used for validation. Events located in: (1-2) Uganda, Rwenzori Mountains, (3)
Rwanda, Karongi, (4) Burundi, Cibitoke, (5-11) DRC, South-Kivu, (12) Tanzania, Mahale Mountains. The
background for each event consists of a post-event Sentinel-2 image. Image credit: Contains modified
Copernicus Sentinel data (2024).
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Fig. 4.3 | IPMCUMUL and ALADIM results in relation to manually delineated events for contrasting
landscapes. Left column: manually delineated GH events 3, 8, 9 and 12 in yellow with Sentinel-2 post-
event imagery in the background (a, d, g, j). Middle column: IPMCUMUL maps per GH event (b, e, h,
k). The darker the color, the higher the likelihood of a significant change within the pixel. Right column:
ALADIM output per GH event (c, f, i, I). TP is true positive, FP is false positive and FN is false negative.
The background consists of post-event Sentinel-2 images. Image credit: Contains modified Copernicus
Sentinel data (2024).
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In terms of perspective (1) the automatization of the methodology for a systematic processing has to
be investigated with a focus on reducing any manual step. For example, the outlining of the GH events
and the manual identification of pre- and post event imagery before ALADIM application. Also it
should aim to reduce or deal with noise sources and should focus on the clustering of pixels that are
affected by the same change. (2) Optimization of the ALADIM application could be envisaged focusing
on adapting input parameters to each event specifically. (3) Transferability of the methodology should
yield positive results within other tropical regions as the methodology is based on the use of spectral
indices that behave similarly in other regions when conditions are the same The use of our
methodology in other areas, for example, arid areas or areas affected by seasonal snow cover remains
to be investigated. (4)The addition of other optical satellite image time series to the workflow could
be beneficial. For example, although lower in spatial resolution (30 m), the use of Landsat optical
satellite time series could lengthen the timespan of the multi-temporal GH event inventory (~1985 to
present). Increasing the time series length within our methodology will have implications on the
usability of the methodology and remains to be investigated. (5) Currently, the methodology has no
co-registration implemented. While we expect additional co-registration to have a limited effect on
their detectability implementing a co-registration method such as Co-REGIS (Stumpf et al., 2018)
however, could improve detection accuracy, especially when targeting smaller features. (6) The
methodology has been optimized for large computation on High-Performance Computing clusters
therefore it could be ported to cloud-computing facilities or other web-services that would allow for
dissemination of the product to the public (Foumelis et al., 2019). (7) Another possible application lies
in the detection of forest change patterns. The methodology shows potential to be adapted to detect
forest cover change dynamics.

In addition to the perspectives associated with the methodological aspects, the results can potentially
be used in light of GH event process understanding at a regional scale. We are able to identify
impacted areas, give an estimate on the number of features within a GH event, and, for example, by
using a DEM there is a potential to differentiate landslides from flash floods by means of their river
network (Bartak, 2010) allowing for analysis of connectivity and landslide/flash flood ratios. In
addition, our results could be helpful in GH event process understanding at the regional scale. Source
area and deposition area are both detected and could potentially allow for additional calculation of
sediment budgets.

4.2 Landslide and flash flood event spatio-temporal analysis (WP2/3)

We develop a landslide and flash flood event inventory across a region of 640,000 km? covering a four-
year period from mid 2017 to mid 2021 (Fig. 4.4a, b). We locate and date 101 events containing
landslides or a combination of landslides and flash floods. Although all events occur within areas
previously identified as highly susceptible to landslides each type shows a distinct spatial pattern (Fig.
4.4a). LD-LS and LM-LS events exhibit a scattered distribution across the study area. In contrast, FF-LS
and HD-LS events are more spatially concentrated. FF-LS events mainly occur in the rejuvenated
landscape between the two rift shoulders, where hillslopes are generally steeper due to erosion from
migrating knickpoints associated with rifting activity (Depicker et al., 2021b). This rejuvenated
landscape also features higher population densities and a larger proportion of cultivated land. HD-LS
events predominantly occur in the forested regions of DR Congo; i.e., within the relict landscape of

the rift (Depicker et al., 2021b), characterized by gentler slopes and a smaller human footprint.
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Fig. 4.4| Overview of landslide and flash flood events in the western branch of the East African Rift.
(a) The landslide and flash flood event inventory over the 2017-2021 period. The color of each dot

indicates the event type. The white line delimits the investigated region where satellite images were

processed. The white numbers indicate the location of the photographs or satellite images presented
in panels b and c. (b) Close-up of each event type. Yellow squares highlight the location of the image
on the right that shows the results of the automatic classification of landslide source (red), landslide
runout (yellow) and flash flood (blue) used for identification and clustering of the events (Methods).
Backgrounds are post-event Copernicus sentinel-2 imagery. The white numbers are associated with

their location in panel a (c) Photographs showing co-occurring landslides that were part of a 2023
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event in northern Rwanda indicating landslide source and landslide runout locations (event [5];
Photograph by O. Dewitte; coordinates: 1.5223°S; 29.5793°E) and a devastating flash flood in the city
of Uvira, Democratic Republic of the Congo (DRC), in 2020 (event [6]; Photograph by Kivu citizen-
observer network; coordinates: 3.376664°S; 29.144055°E). The white numbers are associated with
their location in panel a. FF-LS: flash flood and landslide event, HD-LS: high-density landslide event, LD-
LS: low-density landslide events. LM-LS: low-magnitude landslide events. Image credit: Contains
modified Copernicus Sentinel data (2025).

Landslides affected up to ~33.6 km? of terrain, while flash floods inundated at least 41.1 km?during
the 2017-2021 period. We estimate that over this time, these compound events directly impacted a
total of ~17,100 people and over 2,500 buildings. Including a 100 m buffer, the total affected
population increases to ~84,600 people and over 19,000 buildings were impacted. FF-LS events stand
out as those impacting the largest overall terrain area. There is variability in event occurrence between
years that can partly be explained by the used methodology and rainfall patterns. Events typically
occur during or shortly after the month of the seasonal rainfall peak, consistent with previous regional
findings (Monsieurs et al., 2018). Regression models confirm rainfall preconditioning observed trends
with high accuracies. FF-LS short- (up to 1 month), mid-(up to 6 months) and long-term (up to 1 year)
rainfall metrics consistently indicate wetter-than-average conditions. For HD-LS, we find that short-
term (up to 1 month) rainfall metrics indicate wetter-than-average conditions, and transistion to long-
term drier-than-average conditions with a strong emphasize on the climatological metrics (up to 1
year). The LD-LS and LM-LS event models show short-term wetter-than-average conditions (up to 1
month). LD-LS event models do not show a clear consistent trend for the mid- to long-term.

FF-LS events occur in topographic settings shaped by long-term rejuvenation of the landscape, that is,
areas with steeper slopes and higher flow convergence that promote runoff concentration and flash
flood occurrence (O’Connor and Costa, 2004; Merz and Bldschl, 2009). In addition, cultivated and
deforested lands dominate in the rejuvenated landscapes, leading to higher soil erosion rates and
reduced regolith depth (Depicker et al., 2021b). We discuss that long-term wetter-than-average
rainfall preconditioning in these regions increases the likelihood of co-occurring landslides and flash
floods (Fig. 4.5a). HD-LS mainly occur in relict — often forested — landscapes (Fig.4b). These landscapes
are less steep, geomorphologically older, and less impacted by human-induced soil erosion. We
discuss that drier-than-average conditions in these forested landscapes can trigger failure at greater
depths, causing a uniform decrease in slope stability and, therefore, landslides that tend to affect
larger areas with limited flash flooding. LD-LS events are the most frequent type in the region,
preliminary driven by short-term rainfall. Their wide spatial distribution suggests they represent the
background event type (Fig. 4.5c). LM-LS events also highlight the importance of short-term rainfall
but indicate additional long-term preconditioning effects. However, since LM-LS is a mixed category
that includes both flash flood and non-flash flood events, interpretations should be made with

caution.

Ultimately, we demonstrate that the combination of preconditioning rainfall, geological history and

human activities modulate geo-hydrological hazard events within this tropical region of East Africa. In
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particular, it can promote the co-occurrence of landslide and flash flood events in more densely
populated areas. We also show that these compounding hazards occur frequently and consistently;
emphasizing that such everyday processes lead to cumulative impacts that should not be overlooked.
Landslides and flash floods often make the highlight only after causing substantial human and
infrastructure losses, leaving many events largely under-reported in remote regions, especially in the
Global South (Stein et al., 2024). Our study highlights the compounding nature of landslides and flash
floods and emphasizes the complexities underlying their occurrence. The compounding of landslides
and flash floods is not unique as evidenced by cases in diverse environments and climates (Ozturk et
al., 2018; Aristizabal et al., 2020; Alcantara et al., 2023). However, we find that preconditioning periods
longer-than-usually investigated (up to a year) are important for explaining the dynamics in co-
occurrence of landslides and flash floods, at least in the African tropics.

These findings offer valuable insights for disaster risk management. Integrating knowledge of rainfall
over longer periods than is typically considered in hazard and risk prediction, early-warning systems,
and disaster risk reduction strategies could boost their effectiveness (van Westen et al., 2008; Guzzetti
et al., 2020; Corral et al., 2019). For example, preconditioning rainfall over our specified time periods
could be analyzed in combination with weather forecasts to highlight the potential increased
susceptibility to certain event types, especially when combining this information with land use/land
cover data. The need to incorporate the concept of compounding within disaster risk reduction
strategies and multi-hazard early-warning systems has been highlighted recently in Rwanda due to
the devasting co-occurrence of both landslides and flash floods (ldukunda et al., 2025). Further
research should aim to link the compounding hazard dynamics with their associated impacts to further
aid disaster risk reduction strategies.

Beyond the role of climate, we demonstrate the key importance of interacting natural and human-
influenced geoenvironmental drivers in shaping hazards. The legacy of the role of human activities on
hazard occurrence, and consequently risk, remains underexplored in the literature (Depicker et al.,
2021a; Aristizabal et al., 2025). Although focused on a geodynamically specific region, our study
evidences the role of geological history on hazard patterns, here via the landscape rejuvenation
associated with rift formation. These findings highlight that a fundamental understanding of
geomorphology, in combination with land use and climate science, is essential to grasp the
complexities of geo-hydrological hazard co-occurrence (Arango-carmona et al., 2025; Yanites et al.,
2025).

Future projections over the region indicate an increase in rainfall intensities (Seneviratne et al., 2021),
potential increases in drought length (Trisos et al., 2022), and shifts in timing, duration and magnitude
of rain seasonality (Trisos et al., 2022; Palmer et al., 2023). Climate whiplash occurrence is also
expected to increase in this part of Africa (Chen et al., 2022). While an increase in rainfall intensity
does not necessarily lead to more landsliding over the long term (Saito et al., 2014), such changes in
rainfall patterns may increase the incidence of more impactful compounding geo-hydrological hazard
events. Continuous data acquisition and further analysis are therefore essential to better understand

and anticipate the impacts of these climate change trajectories.
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Fig. 4.5 | Conceptual model of the compounding nature of landslide and flash flood event
occurrence in the western branch of the East African Rift. The models highlight the influence of
preconditioning rainfall conditions on different event types. Light green represents normal conditions,
dark green represents wetter-than-average conditions, and yellow represents drier-than-average
conditions (with darker yellow shades showing more intense dryness). (a) Landslide and flash flood
events (FF-LS) are commonly occurring in steeper landscapes that are also more cultivated. The events
show wetter-than-average preconditioning over the full timeseries (b) High-density landslide events
(HD-LS) occur predominantly in forested regions and show drier-than-average preconditioning over
periods up to a year. The long term trends are more pronounced than the trends up to six months (c)
Low-density landslide events (LD-LS) are the more common event type, mainly associated with short-
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term wetter-than-average preconditioning (up to one month). FF-LS: landslide and flash flood event,

HD-LS: high-density landslide events, LD-LS: low-density landslide events.

We present a new inventory that offers valuable insights into the dynamics of co-occurring landslides
and flash flood in a data-scarce region, that are potentially applicable in other tropical regions. By
examining these hazards through the ‘compound event’ lens — a approach rarely applied in this
context — we achieve a deeper understanding of their dynamics. Moreover, our study addresses a
critical gap in global impact data, as spatially and temporally explicit geo-hydrological hazard data in
the tropics is often lacking in compound event and multi-hazard research (Kreibich et al., 2022; Ward
et al., 2020).

4.3 Landslide and flash flood event future analysis (WP4)

Our preliminary analysis using rainfall, land use and population models from ISIMIP3a (historical) and
ISIMIP3b (future) highlights what we find in literature. Wetness in the region is increasing towards the
future (Fig. 4.6) including higher intensities. This increase in wetness is higher under more pessimistic
future scenarios. The ssp3.70 and ssp5.85 scenarios are associated with a reduction in forest cover
and an increased population pressure (in particular for ssp3.70). Putting this increased wetness and
reduced soil infiltration capacity through land use change in relation with the occurrence of flash flood
vents, we can definitely expect an increase in their occurrence. As for the landslides, their occurrence
depends on the availability of soil/regolith/sediment in the landscape. An increase of wetness will
definitely favour their occurrence whenever hillslope material is available. However, such peak of
landslide activity will not last indefinitely. Once the material is washed away, the incidence of
landsliding will be reduced (Parker et al., 2016). Land use change, in association with deforestation
and population pressure (road construction, mining activities, agricultural terracing and urbanisation)
will increase the incidence of landsliding, also for a certain period of time constrained by the
availability of hillslope material. These temporary changes in landslide occurrence have already been
demonstrated for some parts of our study area (Depicker et al., 2021a, 2024, Maki Mateso et al., 2023;
Sibomana et al., 2025. Therefore, given the overall increase in wetness and the increase in population
pressure a shift towards the co-occurrence of landslides and flash floods could be expected in regions
that face an increasing human footprint and a reduction of natural vegetation. In addition, the
increased amount of population under pessimistic scenarios increases the change of exposure and

hence higher impacts; as exemplified by examining the Uvira 2020 landslide and flash flood event.
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Fig. 4.6 | Spatio-temporal trends of yearly sums over historical and future ISIMIP

models/projections. Each pixels shows the slope of the linear regression for that specific pixel. A black
dot indicates if the linear fit is significant (p < 0.05). The stronger the trend, the darker the color. Blue
indicates a negative trend, whereas red indicates a positive trend.

On a local level, our preliminary analysis shows that rainfall trends have not significantly changed over
the historical period (also visible in 4.6a). However, we see that population has expanded rapidly,
specifically on the alluvial plains; a patterns that is visible all throughout the city of Uvira (Fig. 4.7).
This pattern of increased exposure is probably at the crossroad of a (partial) ignorance of the
constrains of the environment and the weakness in implementing planning policies While rainfall and
land transformation trends seem minimal, this shows that an increase in impact would mainly be a

result of an increase in population.

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks)



Project B2/223/P1/GEOTROP — Geomorphic hazards and compound events in a changing tropical East Africa
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Fig. 4.7 | Comparison of Google Earth imagery with 1959 historical aerial photographs . (a) Google
Earth imagery (30-08-2025) after the Uvira 2020 event (b) 1959 photograph .
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5. DISSEMINATION AND VALORISATION

Dissemination and valorisation mainly consist of publication of papers, conference talks, and the
presentation of posters. Teaching activities at the VUB were done and material was created with data
and insight from GEOTROP. A PhD defence presentation was held. And the supervision of students
and internships complete the direct outputs of the project. In addition, a Symposium entitled “Natural
hazard and land degradation risks: towards operational land use management and disaster risk
reduction” was planned to be set up son 20, 21, 22 and 23 May 2025 in Rwanda 2025. This Symposium
would gather 100 participants (scientist and stakeholders — mostly from Rwanda, DRC, Burundi and
Uganda). GEOTROP was strongly involved in the organization of this event and, in addition, several
training sessions led by GEOTROP would be delivered. However, initially postponed, the event had to
be cancelled due to the volatile geopolitical situation in the region. In addition to the direct input of
GEOTROP, the research activities led within the project provided support to other research activities
associated with other projects. These extras appear in the form of publications, conferences and

student support. They are highlighted with a (*) hereunder.

5.1 Presentation at (inter)national conferences

e Dewitte, O., Deijns, A.A.J. Dille, A., Laghmouch, M., Michellier, C., Smets, B., Kervyn, F., 2025.
Geo-hydrological hazard risks in changing tropical Africa: natural or human-induced
processes? 103rd Journée Luxembourgeoises de Géodynamique, Luxembourg, Luxembourg,
19-21 November 2025 (Oral).

e Deijns, A.A.J., Thiery, W., Michéa, D., Dille, A.,, Maki Mateso, J.-C., Malet, J.-P., Mugisho
Bachinyaga, J., Sekajugo, J., Sibomana; P., Zscheischler, J., Kervyn, F.,, Dewitte, O., 2025.
Compounding landslides and flash floods in tropical East Africa. Journée Aléas Gravitaires. JAG
2025, Aosta, ltaly, 23-25 September 2025 (Oral)

e *Sibomana, P., Dewitte, O., Van den Dries, P., Deijns, J.A., and Vanmaercke, M., 2025. Effect of
land use on soil moisture in a landslide-prone tropical environment: field-based monitoring in
Rwanda. SSB Day of the Young Soil Scientists 2025, Brussels, Belgium,
https://www.soilbelgium.be/wpcontent/uploads/2025/03/DYSS2025_PosterProgram.pdf.Ant
oine IAG

e Deijns, A., Thiery, W., Déprez, A., Dille, A., Malet, J.-P., Maki Mateso, J.-C., Michéa, D., Mugisho
Bachinyaga, J., Sekajugo, J., Sibomana, P., Zscheischler, J., Kervyn, F., Dewitte, O., 2025. How
preconditioning rainfall controls landslide and flash flood events in tropical East Africa. In EGU
General Assembly Conference — EGU25-10781, Vienna, Austria, 27-april — 2 may(Oral).

e Deijns, A.A.J., Dewitte, O. Thiery, W. Michéa, D. Depréz, A. d’Oreye, N. Malet, J.-P., Kervyn, F.
2024. A novel workflow to detect landslides and flash floods in large unexplored tropical
regions. In Geologica Belgica Luxemburga, Lieége, Belgium 13 September (Oral)

e Deijns, A.A.J, Thiery, W., Kervyn, F., Malet, J.-P., d’Oreye, N., Dille, A., Zscheischler, J., Dewitte,
0., 2024. Regional landslide and flash flood compound event analysis in the African tropics.
Natural Hazards and Risks in a Changing World, Amsterdam, The Netherlands, 12-13 June.
(Oral)
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Dewitte, O., Deijns, A.A.J., Dille, A., Kervyn, F., Laghmouch, M., Michellier, C., Smets, B., 2024.
Geo-hydrological hazard risks in changing tropical African environments: natural or unnatural
processes? Belgian Science for Climate Action Conference, Brussels, Belgium, 19-20 February
(Poster).

Deijns, A.A.)., Thiery, W., Kervyn, F., Malet, J-.P., d’Oreye, N., Dille, A., Zscheischler, J., Dewitte,
0., 2024. Landslide and flash flood event inventories to understand the impact of climatic
extremes. In Belgian Science for Climate Action Conference. P19 Brussels, Belgium, 19
February (Poster)

*Mugisho Bachinyaga, J., Deijns, A.A.J., llombe Mawe, G., Kervyn, F., Michellier, C., Mugaruka
Bibentyo, T., Nkere Buliba, J., Nzolang, C., Smets, B., Dewitte, O., 2023. Les crues soudaines
d'avril 2020 a Uvira, RD Congo : histoire d'un événement géo-hydrologique a I'impact extréme.
Assemblée générale de I’AFGP 2024, Avignon, France, 25-27 January 2024 (Poster).

*Kervyn, F., Dewitte, O., Michellier, C., Smets, B., Laghmouch, M., Ashepet, M., Deijns, A.A.J,
Dille, A., Barriere, J., llombe Mawe, G., Kanyiginya, V., Katembo, H., Maki Mateso, J.-C.,
Mugaruka Bibentyo, T., Mafuko Nyandwi, B., Nsabimana, J., d'Oreye, N., Oth, A., Subira, J.,
Muhashi Habiyaremye, F., Ndayisenga, A., Nzolang C., Twongyirwe, R., 2023. The challenge of
sustainable development facing natural hazard risks in an African mountainous region.
Géologie et ressources naturelles en Afrique centrale, impact sociétal et développement
durable — Conférence internationale, Brazaville, Republic of the Congo, 05—07 December 2023
(Oral).

Deijns, A.A.J., Michéa, D., Deprez, A., Dewitte, O., Kervyn, F., Thiery, W., Malet J-.P., 2023.
Detecting landslides and flash flood events in data-scarce regional contexts: a methodology
developed over the East African tropics. In World Landslide Forum 6 — P4.8, Florence, ltaly,
14-17 November (Poster)

*Muheki, D., Deijns, A.A.l., Bevacqua, E., Messori, G., Zscheischler, J., Thiery, W., 2023. The
perfect storm? Concurrent climate extremes in East Africa. In EGU General Assembly
Conference - EGU23-3172, Vienna, Austria, 23-28 April (Poster)

Deijns, A.AJ., Deprez, A., Michéa, D., Dewitte, O., Kervyn, F., Thiery, W., Malet J-.P., 2023.
Regional Detection of Landslides and Flash Flood Events in the East African Rift. In EGU
General Assembly Conference - EGU23-7832, Vienna, Austria, 23-28 April (Oral)

Deijns, A.A.J., Dewitte, O., Thiery W., Malet J.P., d’Oreye N., Kervyn F, 2023. Using remote
sensing to understand landslide and flash flood event occurrence in a changing tropical East
Africa. In RMCA Geowebinar , Tervuren, Belgium, 31 March (online-presentation)

Deijns, A.A.J., Michea D., Deprez A., Dewitte O., Kervyn F., Thiery W., Malet J.P., 2022. Regional
landslide and flash flood event detection. In AGU fall meeting, NH23C-05, Chicago, USA, 12-

16 December (online-presentation).

5.2 Teaching activities

[2025] Natural Hazards | invited guest lecture | Utrecht University
[2023-2024] Environmental programming in python | VUB
[2023-2024] Land-Climate Dynamics remote sensing practical | VUB
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5.3 Supervision, training and coaching

*[2025-2026] Theo Naim Vandamme from Belgium| MSC student in geography at VUB.
Coaching MSc thesis

*[2025] Anthony Bastier from France| MSc student at BBB ~5 month internship

*[2025] Pascal Sibomana from Rwanda| PhD student at ULiége, KUL Leuven and RMCA.
Collaboration and coaching

*[2023-2025] Violet Kanyiginya from Uganda | PhD student at the RMCA and VUB -
Collaboration and coaching

[2020-2024] Axel Deijns (Full-time PhD student — GEOTROP project, Department of Earth
Sciences, RMCA, and Department of Water and Climate, VUB, Belgium). “Compounding
landslides and flash floods in tropical East Africa: a remote sensing perspective”. Supervisors:
Olivier Dewitte (RMCA), Frangois Kervyn (RMCA) and Wim Thiery (VUB). Defended 03
December 2024.

5.4 Research stays and international collaborations

[2024] Research stay at UFZ - Helmholtz-Centre for Environmental Research under Jakob
Zscheischler, Germany, 3 Mar — 6 Apr 2024

[2024] We have submitted two contributions (results from GEOTROP) to a multi-hazard
community paper coordinated by IIASA and VU Amsterdam that will try to assess challenges
for disaster risk management in the context of multi-hazard risk on a global scale. These
contributions focus on case studies on DRC and Uganda. They have been done in partnership
with the Université Officielle de Bukavu (DRC) and the Mountains of Moon University Uganda).
These will lead to two community papers (foreseen in 2026). EGU presentation on their
progress: https://doi.org/10.5194/egusphere-egu25-17791
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6. PUBLICATIONS

6.1 Scientific papers

Deijns, A. A.J., Malet, J.-P., Michéa, D., Déprez, A., Kervyn, F., Thiery, W., and Dewitte, O., 2024:
A semi-supervised multi-temporal landslide and flash flood event detection methodology for
unexplored regions using massive satellite image time series, ISPRS J. Photogramm. Remote
Sens., 215, 400-418, https://doi.org/10.1016/j.isprsjprs.2024.07.010

*Muheki, D., Deijns, A. A. )., Bevacqua, E., Messori, G., Zscheischler, J., and Thiery, W., 2024:
The perfect storm? Co-occurring climate extremes in East Africa, Earth Syst. Dynam., 15, 429—
466, https://doi.org/10.5194/esd-15-429-2024.

*Niyokwiringirwa, P., Lombardo, L., Dewitte, O., Deijns, A.A.J., Wang, N., van Westen, C,,

Tanyas, H., 2024. Event-based rainfall-induced landslide inventories and rainfall thresholds for
Malawi, Landslides. https://doi.org/10.1007/s10346-023-02203-7.
*Kanyiginya, V., Twongyirwe, R., Kagoro-Rugunda, G., Mubiru, D., Sekajugo, J., Mutyebere, R.,

Deijns, A.A.J.,, Kervyn, M., Dewitte, O., 2023. Inventories of natural hazards in under-reported
regions: a multi-approach insight from a tropical mountainous landscape. Afr. Geogr. Rev.
https://doi.org/10.1080/19376812.2023.2280589

Deijns, A.A.J., Dewitte, O., Thiery, W., d'Oreye, N., Malet, J.-P., and Kervyn, F., 2022. Timing
landslide and flash flood events from SAR satellite: a regionally applicable methodology
illustrated in African cloud-covered tropical environments, Nat. Hazards Earth Syst. Sci., 22,
3679-3700, https://doi.org/10.5194/nhess-22-3679-2022.

6.2 Scientific code and data

SAR Timing —-GH Event Inventories. Scripts. https://zenodo.org/records/7198322,
https://doi.org/10.5281/zen0d0.7198321. Authors: Deijns, A.A.)., Dewitte, O., Thiery, W.,
d'Oreye, N., Malet, J.-P., Kervyn, F., 2022
SAR Timing -Scripts. https://zenodo.org/records/7198346,
https://doi.org/10.5281/zenodo.7198346 Authors: Deijns, A.A.J., Dewitte, O., Thiery, W.,,
d'Oreye, N., Malet, J.-P., Kervyn, F., 2022

6.3 Scientific papers in review

Deijns, A.A.J, Thiery, W., Michéa, D., Dille, A., Maki Mateso J.-C., Malet J.-P., Mugisho
Bachinyaga, J., Sekajugo, J., Sibomana, P., Zscheischler, J., Kervyn, F., Dewitte, O., in review,
Nature Communications. The compounding nature of landslides and flash floods in tropical
East Africa

*Mugaruka Bibentyo, T., Dille, A., Deijns, A.A.J., Nzolang, C., Dewaele, S., Dewitte, O., in review.
Geomorphological, lithological and age controls on the size and mobility of deep-seated
landslides in the North Tanganyika - Kivu Rift region, Africa. Geomorphology

*Kanyiginya, V., Deijns, A.A.J., Mubiru, D., Kagoro-Rugunda, G., Kervyn, M., Twongyirwe, R.,
Dewitte, O., in review. Spatio-temporal characterization of flash floods in small data-scarce

watersheds of the tropical Kigezi highlands, southwestern Uganda. Natural Hazards.
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