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Abstract 

Background Extreme floods are known to severely reorganise inhabited landscapes by inundation, clogging, 
scouring and damaging infrastructure and lives. However, their post-event impacts are poorly understood, especially 
concerning coupled hillslope channel feedbacks such as the reactivation of slope instabilities connected to the river 
and that may be able to block it upon sudden failure. The July 2021 Ahr valley flood exemplified this ability of concur-
rent and sustained landscape reorganisation. Here, we study a retrogressive slope instability near the town of Müsch, 
in the upper Ahr valley using field mapping, repeat airborne laser scanning, electrical resistivity tomography and pas-
sive seismic monitoring to reveal the failure geometry, its mechanisms and transient activity.

Results The old landslide developed in lower Devonian rocks. It is 100 m wide, 200 m long and approximately 
15–20 m deep, which leads to a total volume of about 430,000  m3. This landslide was severely undercut by the 2021 
flood with 7000  m3 of material eroded at the landslide toe. The landslide has started to react. Given the narrow section 
of the river at this location, there is a potential landslide dam hazard. We modelled the inundation volumes and back 
fill times for different failure scenarios, ranging between 20,000  m3 and 330,000  m3 accumulating within 5 min 
and 20 h.

Conclusions Our results imply a need to systematically screen flood impacted landscapes for sustained post-event 
hillslope activity that governs hillslope-channel coupling, driving both persistent sediment injection into the stream 
and sudden river blocking and subsequent damming.

Keywords Hillslope-channel coupling, Landsliding, Delayed response

Introduction
Extreme flood events can impact a landscape within 
a short period of time [5]. Beyond the immediate 
impacts, floods can also impose profound and lasting 
changes to the affected landscapes. Excessive over-
land flow can open gullies, destabilise soil covered 
hillslopes and re-organise drainage patterns [61] thus 
making a catchment more prone to rapid surface runoff 
and changing its behaviour during future flood events. 
Likewise, the hydraulic geometry of affected channels 
can be modified severely: erosion and deposition can 
re-organise cross sectional areas, bed material’s grain 
size distribution and fabric can be changed, removed 
riparian vegetation or reconstructed engineered river 
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banks emerge [61]. All these modifications allow for 
a long-lasting change in physical and chemical water 
properties, sediment transport capacity, and interac-
tion of the river with its floodplain. However, those 
post-flood effects are rarely considered during flood 
response actions.

Fundamental long-lasting changes have also shown 
to emerge on hillslopes that are connected to streams 
(e.g., [14]). Especially dormant, deep seated slope insta-
bilities may be reactivated if their stabilising debris apron 
is removed by a strong flood and debuttressing effects 
start to emerge [35, 77]. Such viable discharge triggered 
hillslope activity is an important factor of flood impact 
assessment but rarely accounted for in studies. Further-
more, reactivated historical landslides have demon-
strated the potential for reactivation and the creation of 
river dams, often triggered by intense rainfall or human 
construction activity [28, 33]. The activation of slides rep-
resents a natural process for a slope to attain equilibrium, 
altering the hydraulic characteristics and sediment trans-
port of affected rivers through deflection, sediment depo-
sition, and, in extreme cases, dam formation [45, 54]. This 
latter scenario can lead to a series of hazards endangering 
downstream communities, primarily through the risk of 
lake outburst floods [33], as well as affecting upstream 
areas during the ponding phase.

The catastrophic flood event occurred during 14–15 
July 2021, in the Eifel, west Germany, amplified by weeks 
of prolonged precipitation, saturated soils and overland 
flow. Run-off values exceeded previously measured val-
ues from the destructive floods in 1804 and 1910 [44, 46, 
73]. Especially the Ahr valley was hit heavily by the flood, 
leading to 135 fatalities, 766 injured people and substan-
tial loss and damage of property [6, 47, 78]. Obstacles, 
such as bridges and the reduction of open flood plains in 
favour of growing settlements led to backwater trapping, 
resulting in the pulsating flood hydrograph and water 
heights of in parts more than 9 m [22, 72]. Peak discharge 
at the Ahr (Resch, 60 km downstream from source) was 
estimated to be around 1000–1200   m3/s, suggesting a 
flood return period of 500  years, considering stationary 
climate conditions [55, 72]). In the aftermath of the flood, 
field observations showed the mobilisation of slope and 
channel material in many places of the upper catchment 
and tributaries [22]. Some of these hillslopes were instru-
mented but ample surface expressions of active deforma-
tion were found only on one slope. As a result, this study 
focused on a single old landslide impacted by the flood, 
located near Müsch in a narrow bended reach of the Ahr 
(Fig. 1). Discharge in the upper catchment, amplified by a 
factor of 110–130, resulted in drastic geomorphological 
changes on targeted frontal slope sections.

Comprehensive landslide mapping is important for the 
quantification of hazard and risk arising from hillslope 
activation. Both the recognition and monitoring of mass 
movements have improved significantly in the last dec-
ades as the boost of available methods to study size, 
structure, slip surfaces, timing and water balance have 
been developed [29].

Airborne laser scanning (ALS) can generate a compre-
hensive overview of a research site with high resolution 
maps for the monitoring of single rock walls to studying 
the geometrical aspects of a landscape [11, 25, 39–41, 
80]. Examples show that ALS data could be used for a 
variety of geomorphological assessments, e.g., landslide 
mapping [11], dynamic modelling of landslide propaga-
tion and automatic landslide mapping [64]. In addition, 
Uncrewed Aerial Vehicles (UAV) represent efficient 
tools for safe, relatively low cost and high-resolution 
topographic data collection. Through the use of Struc-
ture from Motion (SfM) photogrammetry, high quality 
3D topography (point clouds) can be created from UAV 
photographs [75]. These models can help to analyse rock-
fall hazards [62], cliff erosion [26], landslide displacement 
[76], measure fluvial erosion [13], and tackle glaciological 
research questions [31, 37].

To also access ground properties of slope instabilities, 
such as slip surface depth and landslide volume, geophys-
ical methods, such as electrical resistivity tomography 
(ERT) are commonly used [1, 43, 52, 74]. When meas-
ured at multiple time intervals, such information can also 
be extended by its temporal change, or evolution [2, 7, 20, 
24, 27, 43, 65].

While the above methods provide direct or at least first 
order proxy information on geometry and physical prop-
erties of slope instabilities, they only cover snapshots in 
time and are not able to resolve the temporal evolution 
of hillslope activation. Passive seismic monitoring offers 
that complementary information on timing and location 
of deformation although by indirect signals, such as small 
rock bridge failures, rigidity changes, and release of small 
rock volumes as rockfalls [15, 51, 81]. Small networks of 
seismometers have been able to detect the emission of 
deformation signals at sub-second time resolution and 
allowed the location of the sources of those signals in 
space, at the order of 5–10% the average station spacing. 
That precise timing along with the ability of seismic net-
works to operate continuously for several years allows to 
link the activity of a slope instability with possible mete-
orological or fluvial drivers [10, 23].

Combining geophysical and remote sensing methods 
therefore opens doors to better understand the mecha-
nism and potential evolution of existing slope insta-
bilities—and potential to trigger hazard cascades in 
connected river channels.
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Here, we investigate the geometry, internal structure, 
surface expressions and dynamics of a landslide in one of 
the narrowest sections of the Ahr valley, Germany that 
had been reactivated by the July 2021 flood. We combine 
ERT measurements and time lapse ALS and UAV surveys 
with continuous seismic monitoring to constrain the size, 
volume, and mobility patterns of the landslide. In addi-
tion, we model the upstream inundation potential for 
possible failure volumes blocking the valley cross section. 
Hence, this work contributes to a better understanding of 
hillslope processes in the Ahr catchment, which have not 
directly affected residential areas. Our work explores how 
an integrative approach with remote sensing and geo-
physical methods can complement each other for a better 
understanding of slope parameters.

Study site
The research site is located in western Germany at a nar-
row bended stretch of the Ahr river (approx. 60 m valley 
width), a tributary of the Rhine, 100 m downstream of the 
town of Müsch (Fig. 1). About 64 km from the confluence 

with the Rhine, the research site is in the upper area of 
the 897   km2 large Ahr catchment. At the study site an 
average discharge of 4.5   m3/s is measured with mini-
mum values of 0.3   m3/s (1993-09-02) and a maximum 
discharge of 132  m3/s (2016-06-02) [56]. During the flood 
in 2021 the research site Müsch in the upper catchment 
experienced peak discharge values of 495—645  m3/s [72], 
A1 Supplementary).

Petrographically, the slope consists of Devonian clay, 
silt and sandstone (LGB [57]. The beds strike to the north 
and layers are dipping 20–30° to the west. The study site 
is exposed to the North and North–East, with a mean 
slope inclination of 30° and a steeper area at the foothill. 
Slope inclination varies between 0 and > 70° in the fron-
tal cliff. The landslide toe is vegetation free showing bed 
rock outcrops and loose material.

The hillslopes in the upper part of the instability are, 
with exceptions, covered by forest and pastureland. The 
lower half of the investigated site is dominated by a fagus 
sylvestris canopy, whereas the central part consists of a 
spruce plantation, with some open areas due to freshly 

Fig. 1 Overview of the study site, located in western Germany (346.038,35E; 5.584.063,72N m), NRW Nordrhein-Westfalen, RLP Rheinland-Pfalz, A: 
UAV image from landslide toe, (Orthoimage: Sonderbefliegung Hochwasser Ahr 2022—Landesamt für Vermessung und Geobasisinformationen 
2022-06-14 & DGM200 Bundesamt für Kartographie und Geodäsie)
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cut spruce trees (A2 Supplementary). The upper part of 
the research site is used for pasture (Fig. 1).

The area comprises well-maintained forest trails for 
timber work. Three such trails cross the research site 
(Fig. 2). One additional paved road is located on the west-
ern side of the trail 3 (Fig. 2). On trail 1 on the eastern 
side there is a slope stabilising structure, right next to 
the area of interest. Trail 1 used to be a railway with con-
struction starting in 1910 and operating until 1973 with 
interruption during World War II due to destruction. The 
incised cut of the railway in Müsch is clearly visible today. 
Residents mentioned that the area has been filled with 
material. From trail 2 downward there is a non-active 
dumpsite in the middle of the landslide (Fig. 2).

Methods
The hillslope failure in Müsch was investigated and 
partly monitored applying a multi method approach, 
combining field surveys, data acquisition by remote 
sensing techniques and subsurface investigation 
with campaign based and continuously operating 

geophysical methods. High resolution digital eleva-
tion data was provided as shown in Table 1, along with 
additional data from one UAV flight supplied by Teemu 
Hagge-Kubat, University of Mainz. Further positioning 
data was collected using a differential Global Position-
ing System (dGPS) as a complementary system to pro-
vide accurate vertical data for the ERT profiles.

Fig. 2 Map of the landsliding area with geomorphic features marked and the profiles of the ERT measurements covering all sides of the landslide 
marked with P1–6

Table 1 Lidar-derived data used for digital elevation models of 
difference (DoD) calculations and landslide dam assessment

Name/content Resolution Source

Digital elevation model 
03.2019

1 m LVermGeo RLP

Digital elevation model 
08.2021

1 m LVermGeo RLP

Digital elevation model 
10.2021

1 m (derived from 0.5 m) Brell et al. [9]

Discharge values Müsch m3/s LfU RLP
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Field surveys
Field reconnaissance of the geomorphological features 
enables the recognition of subtle signs, perhaps not vis-
ible in remote sensing data. Especially in forested areas, 
tilted trees or scar lines can give an indication of formerly 
active slopes [70]. The mapping is based on a 1 m digital 
elevation model (DEM) helping to detect morphological 
features indicating process type and magnitude.

Field work was carried out in autumn between October 
and December 2021 as well as in April and August 2022. 
Most field days were characterised by cloudy weather 
with saturated soil conditions with parts of the canopy on 
the ground.

Airborne laser scanning
We used pre-processed data (cf. Table  1 for references 
and details) from Spring 2019, August 2021 and Novem-
ber 2021. Digital elevation models of difference (DoD) 
were calculated by subtracting the respective time slices 
and used for quantification of the net eroded and depos-
ited material between those time periods.

Uncrewed aerial vehicle‑derived SfM data
UAV imagery was collected on three different dates. Pho-
tos were taken manually from the front (10–20°) and with 
automatic flight plan from the top view (80°). The flights 
were carried out under cloudy diffusive light condition. 
The survey area covers the outlines of the investigated 
slope failure and parts of the river stretch. Positioning 
relies on the internal global positioning system of the 
multi copter.

The collected UAV data was processed using Agisoft 
Metashape Professional (v. 1.8.3). The general workflow 
as proposed by Agisoft Metashape (A3 Supplementary) 
was applied. First the quality of the imagery was exam-
ined, followed by the reconstruction of the sparse-, and 
dense point cloud. After the alignment, clearly false 
matches were deleted manually with the gradual selec-
tion tool and the sparse point cloud was optimized by 
using the optimization tool implemented in PhotoScan. 
Details are presented in Table 2. All steps were executed 
using the high-resolution setting for the frontal area of 
the slope.

Depending on the slope gradient, raster datasets may 
struggle to capture steep topographic changes due to 
pixel by pixel vertical calculations [13, 48]. Using Cloud-
Compare (v.2.12 beta), various tools are available to 
compare point clouds for vertical sites, detecting surface 
changes in the normal direction. To analyse changes from 
December 2021, May and August 2022, points were sub-
sampled, manually aligned, followed by automatic fine 
registration using the first dataset as a reference cloud. 
Due to slope and vegetation changes, a 100% overlap 
was impossible, so a 70% overlap was used to avoid mis-
alignment of points. The ICP alignment process matched 
nearest points without altering the original point cloud 
[48]. Than cloud to cloud distance (C2C) was calculated 
to get an initial impression of changes. Since C2C doesn’t 
indicate which point cloud is above or below, the Mul-
tiscale Model to Model Cloud Comparison (M3C2) was 
used for detailed change detection [48]. This process was 
repeated for all three time spans.

Electrical resistivity tomography
ERT data was collected in multiple field campaigns 
between November 2021 and June 2022. Field data was 
acquired by using a multi-electrode setup, enabling the 
efficient recording of multiple measurements along one 
profile. Two longitudinal profiles leading from the toe of 
the hillslope to the crown (P2, P4) as well as four hori-
zontal profiles (P1, P3, P5, P6) were measured to deline-
ate the extent of the landslide (Fig. 2).

Resistivity meters used in this study are the ABEM Ter-
rameter LS (for P1, P2, P3 & P4) and the SYSCAL Pro 
switch 48 (for P5 & P6). For a better galvanic coupling 
some salt water was added to the electrode positions 
and some were equipped with sponges [63]. We used the 
Wenner configuration, which uses the same distances 
between producing and receiving electrodes throughout 
the measurement for all profiles in the research site.

The advantages here are the simple conversion to resis-
tivity, relative quick measuring time and a good signal 
to noise ratio regarding horizontal layers [60]. In addi-
tion, this method is widely used, especially for detection 
of horizontal layers. Some profiles were also measured 
with the Schlumberger array, also used for horizontal 
measurements, with the current injected on the outside 

Table 2 Three field campaigns to retrieve UAV imagery

Date UAV Resolution dense cloud 
points

Images used Processing time

11.12.2021 DJI Phantom 4 RTK (20 MP) 25.542.804 295  > 2 Days

18.05.2022 DJI Mini 2 (12 MP) 23.935.514 216 1 Day, 3 h

17.08.2022 DJI Phantom 4 RTK (20 MP) 49.720.262 279 1 Day, 14 h
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electrodes and measured with the inner electrodes. To 
enable a more detailed recognition of vertical structures 
on the edge of the slide a Dipole–Dipole array was uti-
lised in one profile (P5). Details regarding ERT param-
eters used in the field and in the post-processing steps are 
shown in Table 3.

The post processing of the data was carried out using 
RES2DINV (www. Geotomosoft.com), a standard tool, 
proven simple and robust in many case studies [7, 36, 60]. 
The surface topography, measured with a dGPS system 
by Trimble and vertically corrected with the ALS-derived 
DEM 2021 was included before any further processing 
[58].

Passive seismic monitoring
We deployed five compact seismic stations (Fig. 2). Each 
station comprised a PE6/B 4.5 Hz geophone, deployed at 
30 cm depth in hand dug pits, and Digos  DataCube3ext 
data logger recording ground velocity values at 200  Hz 
sampling frequency with a preamplification factor of 32. 
The setup was powered by 200 Ah 9  V air alkaline bat-
teries and periodically visited to extract data and check 
station status.

The collected data was converted to the SAC format 
and analysed with the R package ‘eseis’ v. 0.7.0 [21]. Dis-
crete crack signals were automatically picked from 10 
to 30  Hz bandpass filtered seismograms using a classic 
STA–LTA algorithm (short time window 0.5 s, long time 
window 180 s, on-ratio 4, off-ratio 1). To remove spuri-
ous picks, we only kept events that were co-registered by 
at least three stations and that lasted at least 1 s (reject-
ing shorter signals, usually caused by rain drop impacts) 
but not more than 10  s (usually road traffic and con-
struction work in the wider surroundings of the area 
of interest). All remaining events were located using an 
amplitude decay approach [16] operating on a search grid 
of 5 m resolution, for which we calculated site amplifica-
tion correction factors based on several regional earth-
quake signals in the frequency range of the final location 

procedure (5–20 Hz). The ground quality factor (30) and 
apparent seismic wave velocity (800  m/s) were defined 
based on an active seismic survey following the scheme 
of Bakker et  al. [3], which yielded deviations from the 
known source locations of about 20–30  m. With both, 
waveform properties and location constraints at hand 
for each picked event, we manually screened all cases 
for plausibility and removed doubtful or obviously spuri-
ous picks. That was based on criteria such as a waveform 
shape indicative of a short impulsive signal, a dominant 
frequency range of 10–60 Hz, location within or close-by 
the field mapped landslide area, absence of typical prop-
erties of other seismically sensible sources such as earth-
quakes, fluvial turbulence, car traffic, people passing by, 
machines running in the area [15].

Landslide dam assessment
To understand the effects of a potential future slope 
mobilisation, we calculated the volumes and fill-up times 
of a pond emerging after a full blockage of a given val-
ley cross section by a failure of a given volume. The cal-
culation was performed in Q-GIS with digital elevation 
data available from 2019 and 2021.For each scenario, we 
set the lake level to specific water heights: at field level, 
at street level, 1  m above and 1.5  m above street level. 
The dam height was consistently set to one meter above 
the lake level to assume a minimum amount of material 
blocking the river. The constant raster was clipped to the 
area of interest, and the lake volume was calculated with 
Gdal Calculator where (A <  = 0, nan, A). Considering dif-
ferent standard discharge values (Table  4) and lake vol-
umes, the time for reaching the corresponding volume is 
calculated.

Results
Field survey
At the landslide toe signs of retrogressive landsliding can 
be observed. Traces of the mobilisation and fluvial ero-
sion are still visible more than a year after the event. The 

Table 3 Details regarding ERT parameters used in the field and in the post-processing steps

* W Wenner, S Schlumberger, DD Dipole–dipole

Field work Processing & inversion

Profile Date Orientation Electrode 
Spacing (m)

Length Nr. Electrodes Array used* Nr. Iterations RMS‑error

P1 12.11.21/09.12.21 E–W 5 m/3 m 198 m/240 m 40/81 W., S 5 3.9/4.5

P2 08.12.21 N–S 3 m 240 m 81 W., S 5 4.1

P3 25.11.21 E–W 4 m 160 m 41 W 5 4.4

P4 02.12.21 N–S 4 m 268 m 68 W 5 5.3

P5 08.06.22 E–W 3 m 140 m 46 W., S., DD 5 3.8

P6 08.06.22 E–W 3 m 140 m 46 W., S 5 3.3
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frontal active area shows both weathered bed rock blocks 
and fine material at the surface since most vegetation was 
eroded during the flood (Fig. 1). Visible in the front and 
in some bed rock outcrops below forest, some layers of 
lower Devonian rocks are dipping west perpendicular to 
the slope angle. In between these layers, there is an about 
6 cm thick lower Devonian coal layer embedded, exposed 
by the flood impact. Lower Devonian coal layers in the 
region (including Müsch) have been described before by, 
e.g., Fuchs [30].

Signs of activity can be seen downslope from trail 1. 
Field mapping revealed several trees in the frontal area 
that are tilted backwards towards the hillslope. There is 
a vertical offset of multiple tilted units of more than 2 m 
(Fig. 4c). With the exception of some grey mounds of clay 
material, no landslide deposits were found at the toe of 
the slope failure. While revisiting the frontal slide area, 
cracks were noticed a few meters from the scarp.

The upper slope area did not show any active or recent 
scarps on the surface in 2022. The location was revis-
ited regularly, most densely between 09.01.2022 and 
14.04.2022 for repeat mapping campaigns. There were no 
obvious changes on the surface.

Signs of past slope movement were abundant, such as 
circular shaped crests and hummocky accumulations in 
the upper slope area. Due to forest management and the 
maintenance of forest trails it was not possible to see any 
cracks and scarps on the crown area of the main slide. 
Figure  2 provides a rough geomorphological sketch of 
the area. In addition, a former active sliding area could 
be detected towards the east of the main research area. 
This smaller slide shows a circular crown area leading 
to a hummocky accumulation area (Fig. 2, Eastern Slide, 
hatched green lines).

In addition to numerous trails and an old railway cut-
ting through the slope area, a dumpsite with electrical 
and metal waste, e.g., gas containers is present, show-
ing the strong anthropogenic influence on the slope. The 

dumpsite was not investigated further in detail. However, 
forestry management authorities mentioned that this was 
in use for disposal until the 1980s. Furthermore, the rails 
have been long gone and nowadays the largest human use 
are forest work, new houses built in spring 2022 close to 
the western side of the slide, and the forest trail 1 that 
was paved and widened as a bicycle trail in July 2022. 
Local residents confirmed the appearance of cracks in the 
paved road following the 2021 flood event, confirming 
the activation during the flood event 2021 (Supplemen-
tary A7). They also stated that former hillslope activity 
led to the necessity to refill material along the road and 
the former railroad, lost due to subsidising ground.

Airborne laser scanning
The 08-2021–Spring-2019 DoD (Fig.  3a) indicates a 
change in topography from before to after the flood 
event. The frontal area was clearly eroded the most with 
a loss of about 7000  m3 of material (Fig. 3). A maximum 
height loss of 6.5 m can be measured at this site. In addi-
tion, channel erosion can be observed on both sides of 
the river, upstream and downstream of the landslide. 
Negligible amounts of sediment were accumulated on the 
grassland and fields on the left side of the river, in front of 
the investigated site. The 08-2021-11-2021 DoD (Fig. 3b) 
also indicates areas of change with loss and accumulation 
of material at the landslide toe. In the Ahr floodplain, 
channels eroded by the flood event were filled again by 
humans.

UAV‑derived SfM
A high-resolution point cloud of the frontal hillslope 
area was generated with each UAV dataset. Results show 
areas with increased and decreased values. M2C3 com-
parison of Dec 2021 and May 2022 shows loss of material 
in the upper eastern side of the slide (area B in Fig. 4a) 
with values up to 37 cm and major loss of material at the 
frontal cliff on the western side (area C). Accumulation at 
the bottom of the slide is visible with values up to 40 cm 
(area A). On the far west the upper slope was cut due to 
vegetation uncertainties and the bottom seems to have 
gained material.

Similarly, the M3C2 comparison between May 2022 
and Aug 2022 indicates loss of material in the upper slope 
area from east to west and accumulation at the bottom of 
the slope (Fig. 4b). Striking is again the gain of material at 
the far west of the slide. Finer material is visible closer to 
the slide and bigger boulders can be found further away, 
closer to the river, showing a typical pattern of material 
sorting at the bottom of cliffs eroded by gravitational 
mass wasting.

Most movement has been detected in the upper scarps 
of the active landslide body, especially between Dec 2021 

Table 4 Discharge values of the peak flow in relation to various 
flood hazard scenarios of the official river gauge in Müsch

Calculation is based on the discharge between 1973 and 2016. Until Müsch, the 
Ahr has a catchment area of 352,65  km2 (Note: HQ2 correlates to the discharge 
of a 2-year flood event etc.)

Scenario Discharge 
 [m3/s]

HQ2 61.9

HQ5 86.7

HQ10 103

HQ20 119

HQ50 139

HQ100 152
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and May 2022 (Fig.  4a). The exact amount of material 
relocated in the aftermath of the flood could not be quan-
tified with Cloud Compare. The first field acquisition 
was implemented without using ground control points 
(GCP’s) due to time constraints, weather conditions, 
and the ability of the DJI Phantom 4 RTK to measure 
relatively accurate geolocations. In the post processing, it 

became apparent that even with high accuracies of each 
acquired SfM dataset, creating a DoD was problematic 
due to the missing GCPs, the usage of two different cam-
era systems, different light settings, and uncertainties 
regarding vegetation growth. As there are too few stable 
sites available at the landslide toe for successful co-align-
ment, the classical way of processing the data was chosen.

Fig. 3 a DoD map (2021–2019) with areas of accumulation and erosion, b DoD map (11–2021 vs. 08–2021) with areas of accumulation and erosion. 
Note the refilled floodplain part in the Northwest, compared to its eroded state (a)
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Field observation strongly supports the results of the 
drone flight comparison with also multiple trees falling in 
the meantime (A4 Supplementary). Movement is seen as 
a slow creeping motion down slope with parts falling in 
the west. Nevertheless, UAV data remains challenging to 
interpret due to measurement uncertainties.

Electrical resistivity tomography
Results show a complex subsurface architecture with 
resistivity contrasts between 27 and 3000 Ωm after pro-
cessing the data with 5 iterations. The inversion mod-
els show RMS errors ranging between 3.9 and 5.1 [59]. 
Apparent pseudo sections are presented from profile 1 
and 2, whereas 3–6 can be found in the Supplementary 
Information (A5 Supplementary). The inversion process 

was based on the smoothness constrained least square 
method calculating the true resistivity [60].

ERT profile 1
The inversion of P1 shows a heterogeneous distribution 
of resistivities in the subsurface, ranging from 35 Ωm 
to maximum resistivity values of 2614  Ωm (Fig.  5). In 
the eastern sector of the profile (particularly between 0 
and 9  m) the surface is restricted by an older retaining 
wall (Fig.  2) probably build around 1910 during railway 
construction. The ERT profile for this area shows a high 
resistivity anomaly (> 500 Ωm) of around 5 m depth, pre-
sent from the beginning of profile to progressive 72 m.

From meter 15 onwards the upper slope is showing on 
the surface claystone and sandstone layers dipping from 

Fig. 4 Vegetation free area of the landslide toe, view from opposite river site showing A accumulation of material, B subsidence and cracks opening 
in late 2021 mid 2022, C Gully like features below small cliff in western slide, t: tree as reference point. M3C2 comparison of UAV-derived SfM data, a 
December 2021–May 2022, b May 2022–August 2022, c point cloud with vegetation
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east to west with an angle of 30°. The middle of the profile 
(68–160 m) shows a low resistivity structure (< 97 Ωm) to 
a depth of about 20 m dipping as well slightly towards the 
west. The Lowest resistivities are found within this area 
at a depth of 2–12 m. Further to the west (165 m) high 
resistivity zones are apparent in the first 7 m depth.

ERT profile 2
Profile 2 shows minimum values of 53 Ωm and maximum 
values of 3485 Ωm and starts close to the water level of 
the Ahr and continues steep upslope until reaching trail 
1, a former railway and crosses profile 1 perpendicular 
(Fig. 6). In the North (0–22 m) P2 shows high resistivities 
on the surface > 500 Ωm followed by a small section with 
resistivity values of 380–500 Ωm. This unit is underlain 
by lower resistivity units of > 100 Ωm. Right at the cross-
ing point of P1 higher resistivities are apparent to the left.

The next steep section, with an inclination of 30° leads 
to another small plateau located directly below a dis-
posal site. Here the first 3  m depth (45–100  m) consist 

of a high resistive zone > 500 Ωm. Progressively, the next 
steep slope leads directly onto the disposal site. The for-
mer usage being clearly visible with metal and electrical 
trash on the surface, has been confirmed by the forest 
department management. In this area (60–110  m), the 
subsurface shows a highly conductive zone interrupted 
at 115–150  m with higher resistivities of 150–250  Ωm. 
Crossing trail 2 the profile goes up a 3 m steep cut in the 
hill for the trail 2 and then continuous with a slight incli-
nation through a stretch of spruce forest. At the intersec-
tion with P3 the area has been cleared of spruce forest 
recently and an open planar part leads to a steeper sec-
tion that seems to be anthropogenically build for trail 3. 
Like P3 the planar area seems to be (middle of P3) either 
compacted due to recent forest work or naturally retain-
ing water since surface puddles are visible. The subsur-
face corresponds (150–175  m) with higher resistivities 
between 250 and 400  Ωm until a depth of 5  m. Below 
this a low resistivity zone with values < 100 Ωm continu-
ous. Immediately after a short steep section of 3–4  m 

Fig. 5 ERT results for Profile 1 (cf. Figure 2) with the colour from dark red (highly resistive) to blue (low resistivity), the black dashed line indicates 
the potential slip surface

Fig. 6 ERT results for Profile 2 with the colour from dark red (highly resistive) to blue (low resistivity), the black line shows a deeper suspected slip 
surface
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P2 crosses trail 3 and continuous after a short, 25  m 
stretch of bushes, for the last 40/50  m on a smoothly 
inclined grass land. The last 60  m of the profile show 
a patchy resistivity group with 250  Ωm underlain by 
resistivities < 140 Ωm.

Combining surface information from topographic 
mapping describing the characteristics of the area and 
subsurface information from ERT surveys allows to ten-
tatively separate the slope in Müsch into an active fron-
tal area with 6028   m2 and a depth of 15  m (90,420   m3) 
and an upper area of 21,517   m2 and 10–20  m depth 
(341,428   m3) currently not showing signs of movement. 
For the moment no independent subsurface data is avail-
able This is seen in other examples as area of accumula-
tion, depletion, stable area and high motion area [52]. 
Combing all the information of surface and subsurface 
data shows a landslide area of 27,545  m2 with a maximum 
volume of 431,848  m3.

Passive seismic monitoring
The small seismic network operated for 305  days and 
yielded a total of 3082 manually confirmed crack events. 
During winter 2021 and early spring 2022, there were 
two periods of data loss due to battery issues (Fig. 7). For 
the remaining time, the crack rate was far from constant 
but instead showed periods of increasing and decreasing 
activity (Fig.  7b). However, that activity did not follow 
any of the tested meteorological conditions and remains 
subject to further investigations on longer time series. 
The location of the majority of the events concentrates 
on the western margin of the slope instability with some 

minor occurrence also in the central part of the slide and 
its margin in the north, west and east.

Landslide dam assessment
Four scenarios of dam sizes in combination with multiple 
discharge values were calculated to show possible flood-
ing patterns upstream of the assumed dam (Fig.  8). As 
scenario 1 shows, a flooding of the embankment at field 
level with the height of 1 m (292 m asl.), would result in 
a lake volume of about 20,700   m3. Water height shows 
flooding of < 50 cm on the grassland and up to 3 m flood-
ing in the proximity of the river. This scenario assumes 
that only a small dam is accumulated with a maximum 
height of 4.5 m and a total volume of 5572  m3 of landslide 
material. When considering a flooding up to the street 
level (scenario 2) and partly 0.5 m above the street (295 m 
asl.), a lake of 117,011  m3 can accumulate when the flow 
is dammed. With a dam of more than 8 m height, and a 
volume of 14,917  m3 landslide material blocking the val-
ley, the lake can collect up to 331,913  m3 of water, which 
would flood significant parts of Müsch. Scenarios show 
that a dam could lead to upstream flooding in the town 
of Müsch within a short amount of time, as in Scenario 2 
within 7 h (MQ) to 13 min (HQ100) (Table 5).

Discussion
Forensic analysis of the landslide
The date of the first landslide initiation in Müsch is 
unknown—as is the case for many large and old landslides 
in the entire Ahr valley (e.g., in Antweiler or Schuld, Sup-
plementary A8). However, all of these old large landslides 

Fig. 7 Seismic signals of slope failure activity picked by the small network. a Location estimates based on 5 m search grid resolution. b Cumulative 
number of manually confirmed crack events
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in mainly forested area are clearly visible in the hillshade 
datasets of high resolution airborne laser scanning DEM 
(an advantage of ALS data described, e.g., in [11, 41, 70]). 
A high proportion of these landslides are situated along 
the former railway line that traversed the Ahr Valley, 
decommissioned around 1973, with numerous retaining 
structures, slope incisions, and tunnels still visible along 
the route. Some of these older landslides were instru-
mented after the flood event but only in Müsch, we found 
ample surface expressions of active deformation, which is 
why we focused our study on this site. To the east of the 
landslide under investigation is another large landslide, in 
which a smaller part was reactivated and stabilised using 

a massive retaining wall (A6 Supplementary). This wall 
was probably built in the early twentieth century during 
the construction of the railroad that undercuts (parts of ) 
the old landslides. Residents stated that the frontal part 
of the slide studied here was active in the past and some 
areas of the trail had to be refilled with material.

These signs suggest that both this slope and its sur-
roundings remain prone to reactivations, whether from 
artificial or natural causes. Despite only the frontal part 
displaying noticeable activity following the 2021 flood, 
our data from field mapping, multi-temporal ALS, and 
UAV data, and passive seismic monitoring indicates that 
the entire slope showed signs of activity.

Fig. 8 Map showing the assessment of a potential complete slope failure, blocking the Ahr river and resulting lake accumulation (Data sources: 
DEM: 10.2021 [9], Buildings: LVermGeo RLP)

Table 5 Potential volume of dammed lake and lake filling times in minutes (min) and hours (h)

Lake Volume MQ (4.5  m3/s) HQ (61.9  m3/s) HQ5 (86.7  m3/s) HQ10 (103  m3/s) HQ20 (119  m3/s) HQ50 (139  m3/s) HQ100 (152  m3/s)

Scenario 1 
(20,700  m3)

1.2 h 5.5 min 3.9 min 3.3 min 2.9 min 2.4 min 2.2 min

Scenario 2 
(117,000  m3)

7.2 h 31.5 min 22.4 min 18.9 min 16.3 min 14.0 min 12.8 min

Scenario 3 
(208,900  m3)

12.8 h 56.2 min 40.1 min 33.8 min 29.2 min 25.0 min 22.9 min

Scenario 4 
(331,900  m3)

20.4 h 1.4 h 1.06 h 53.7 min 46.4 min 39.8 min 36.3 min
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ERT provides important insights on subsurface struc-
tures of the landslide. However, the slip surface could not 
be detected clearly. Uncertainties in the identification of 
the slip surface using ERT is often described (e.g., [29, 
34, 67, 71]). Often sedimentary and fractured layers will 
not yield strong differences since both settings can be 
well water saturated. However, similar resistivities (200–
500 Ωm) for highly weathered schist layers, as observed 
in Müsch have been described for landslide bodies in the 
Himalaya [65].

Especially in cases, where slip surfaces cannot easily 
be detected by ERT, drillings are needed. At the Müsch 
landslide ERT results provide essential information for 
finding optimal drilling locations. Horizontal profiles 
enable the identification of landslide boundaries and 
show lithological units dipping westwards with about 
30°, confirmed by bedrock outcrops on the surface dip-
ping with similar angle. At the centre of the horizontal 
profiles P1, P3 and P5 low resistivity values portray a pos-
sibly moister part with higher infiltration capacity com-
pared to the sides. Despite the low contrasts found in the 
subsurface, lenticular shaped low resistivity areas, clearly 
separated from higher resistivity zones can be inter-
preted as moist and weathered, small sized subsurface 
areas. These areas can store much more water and are 
therefore more conductive [2, 43]. As seen in Lapenna 
et  al. [49] different lenticular low resistivity zones sepa-
rated by higher resistivity zones can indicate landslide 
parts, developed in the main landslide body. The complex 
structures seen in Müsch can also be due to accumula-
tion of older slide material and the presence of multiple 
sliding units.

The cracks in the paved road are corresponding with 
higher resistivity values in the subsurface at 165 m (P1) 
and could indicate the western boarder of the landslide 
(A7 Supplementary). The eastern boarder of the slide is 
indicated by a higher resistivity zone as seen in P3 (38 m) 
and P5 (36 m). Lenticular high resistivity areas are inter-
preted as a rock block within the landslide body from for-
mer sliding events, both visible in the horizontal profiles 
and longitudinal profiles. In the frontal slide high resis-
tivity areas are portraying rotational parts of the slide 
with bedrock blocks, air pockets and gravely material on 
the surface (P2, P4). Directly around the dumpsite area, 
high resistivity might be attributed to a certain low con-
ductivity material apparent in the first 2 m depth of the 
trash deposits. However, most other high resistivity val-
ues close to the surface are attributed to rock block out-
crops or air pockets between block slope areas. Similar 
rock blocks with high resistivities closer to the surface 
as seen in Müsch have been observed in other landslide 
materials [65, 82]. The depth of the slip surface progres-
sively becomes shallower in the upper slope with a depth 

of 15–25  m but is not clearly distinguished but rather 
presented by a chaotic image of the subsurface, caused 
most certainly due to former sliding activity. As seen in 
other studies the depth of the basal slip surface varies 
depending on the location [71] and the water saturation 
level [27].

Subsequently, drilling will help to validate interpreta-
tion of ERT results and improve the understanding of the 
landslide details.

Challenges in ERT interpretation are resulting from 
overlapping resistance values of different strata (e.g., [74]) 
and modifications of the resistance values due to varying 
moisture content. Moisture monitoring using time-lapse 
ERT [27, 50] is recommended to get an idea on how the 
landslide site reacts to rainfalls and snow melting regard-
ing resistance values and at the same time can be related 
to landslide activity states.

Passive seismic monitoring is a robust and generic way 
of detecting and locating preparatory brittle deforma-
tion but also small and larger slope movements. Seismic 
crack signals help to delineate the area of active deforma-
tion clearly from less active slope parts and provide inde-
pendent support for the topographic surface expressions 
mapped by us. Cracks are concentrated on the western 
margin of the landslide (Fig.  7). This indicates unequal 
spatial activity of the instability, perhaps even a super-
position of failure modes: rotational deformation in the 
frontal part as evidenced by high resolution 3D data, 
and lateral sliding of the remaining unstable slope sec-
tion. The latter mechanism is also evidenced by dispersed 
cracks extending from the surface several decimetres into 
the ground and the seismic cracks forming also in the 
interior of the slope instability (Fig. 7).

One of the major differences to other landslides is that 
accumulated material was removed from the frontal 
area immediately during the flood due to fluvial erosion. 
Still visible, at the bottom of the active slide, were some 
mounds of grey clay material, pressed out from between 
the shear surfaces, while sliding was initiated. As seen in 
Lapenna et al. [49] using both electrical resistivity imag-
ing and drillings, it could be proven that clay mixed 
material, correlated with very low resistivities of < 30 Ωm, 
due to their high cationic exchange capacity. Here, this 
would correlate to the slip surface interpreted in ERT P1 
at a depth of 15–20 m.

Transient slope failure activity
Ongoing activity of the sliding process is observed with 
UAV and ALS data only in the frontal area with some 
rotational units subsiding and other areas releasing or 
accumulating material. In detail, the UAV imagery shows 
that most changes occurred in the upper area of the land-
slide toe, with both material loss and accumulation as 
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well as downward motion, probably as a result of river 
scouring (Fig. 4). As a consequence, river sediment load 
increases, transport capacity is altered, and the hydraulic 
geometry downstream is affected [45].

Surface changes could be attributed to erosion, visible 
as gully-like features below the cliff on the western slide 
(area C Fig.  4) and to toppled trees close to the upper 
cliff area (A2 Supplementary). In addition to the total 
volumetric changes there is also a change in grainsize dis-
tribution at the toe slope adjacent to the cliff with finer 
material closer to the slide. What may seem like material 
loss close to the river, marked in red could also indicate 
decreased water levels during dry summers.

Between May and August 2022, the frontal area seems 
partly stabilised and shows less movement compared 
to December 2021 and May 2022, possibly due to dry 
weather conditions dominating the summer of 2022. 
However, further erosion (Fig.  4b) could possibly have 
been triggered by construction activity on trail 1, where a 
new Ahr bicycle track was built with heavy machinery in 
July 2022. This may be coincident with an increase in pas-
sive seismic crack signals along the western and frontal 
margins of the landslide (Fig. 7).

The first recognised sliding movement might not affect 
upper parts of the slope but can lead to a decreased over-
all stability. Rotational slides tend to restore an equilib-
rium in the unstable mass through further movement. 
ALS, UAV, seismic and field survey evidence showed that 
the hillslope responded partly with a delay of weeks to 
months after the initial flood event on July 14–15 2021. 
Overall forward movement of slide material is seen by 
increased volume in the centre, with fresh cracks open-
ing in between December 2021 and August 2022. The 
non-linear response of hillslopes [32] goes along with 
the theory that once activated, they are transferred to the 
active unstable stage, with more movement expected due 
to the reduction of the safety factor [4, 18, 69, 79]. The 
removal and erosion of the toe of the slope, modifying 
the hillslope geometry can therefore initiate further slid-
ing in other slope areas. With an over steepened cliff area 
(70°) in the western frontal slide it is not unlikely that the 
unsupported area will set the stage for a new failure zone 
retrogressively propagating towards the upper slope. This 
was observed in Canada, with small shallow landslides in 
the upper soil layer causing deep seated structures to fail 
[53]. Other cases showed that precipitation is often the 
main control on the seasonal velocity of landslides [38] 
and propagation velocities can accelerate significantly 
due to heavy rain and snow melt [52]. Despite vegeta-
tion interference, UAV imagery effectively captured the 
changes at the landslide toe in the vegetation-free area. 
However, the upper slope was too densely vegetated to 
derive a sufficient number of information. UAV datasets 

have proven to provide similar accurate datasets as 
LiDAR datasets with regard to change surface detection, 
however, performance depending on surface scanned 
[13]. Changes on the upper slope were primarily detected 
through passive seismic signals and visually through the 
formation of small cracks on forest trails.

Hazard cascade scenarios
Progressive slope failure can result in the formation 
of valley bottom dams, which have the capability to 
impound river discharge [17]. The narrow valley cross 
section near Müsch increases the hazard potential by 
the comparably small volume of failed material needed 
to build a blocking dam. Just upstream, a flat grassland 
stretches towards the town of Müsch (Fig.  8). Should 
water accumulate due to the blockage of the river, parts of 
Müsch would be endangered by flooding (Scenario 3–4). 
To block the whole valley area between unstable slope 
and opposite ascending slope an area of 40  m × 60  m 
needs to be supplied with a minimum of 14.917   m3 
material. Considering that the frontal active slope has a 
width of approximately 100 m and a volume comprising 
about 90.420  m3, this might easily be supplied. Depend-
ing on the river discharge, shown in Table 5, it may take 
only minutes to hours for a small lake to fill up, therefore 
leaving only minutes to hours for appropriate hazard 
management actions. With a HQ10 already after 30 min 
blockage, first houses of the town Müsch will be affected 
by ponding and a lake volume of over 200,000  m3 water, 
subsequently leading to the hazard of a lake outburst 
flood. We would like to stress that these are worst case 
scenarios. In other scenarios the slope might react to the 
flood impact of 2021 by continually moving slowly down-
wards until a new equilibrium is reached—without dam-
ming the Ahr river.

Currently, there is no indication of any accelerated 
failure activity, and hence no immediate threat that the 
Ahr may become blocked due to the mobilisation of 
considerable slope areas. Only the front showed minor 
changes in the first post flood year, with a reduction of 
movement in the rather dry summer 2022. In addition, 
the slope angle of the frontal active part with a mean 
value of 30° is too shallow to generate enough kinetic 
energy for a mobilisation of material up the other valley 
side. As discussed by Costa and Schuster [17] dams are 
more common to form in steeper and narrow valleys. Yet, 
depending on the released volumes, different times of 
lake filling were calculated regarding different discharge 
values (Table  5). Since a slope mobilisation can be trig-
gered by prolonged rainfall, which can likewise cause 
higher discharge values, the filling of the lake would be 
accelerated. Scenarios depicting such cascading hazard-
ous processes are relevant, as future climate scenarios 
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suggest a higher abundance of extreme weather events 
[8, 46, 66, 68]. These environmental changes can poten-
tially modify hillslope-channel coupling and triggering 
thresholds for slope responses [19], e.g., seen in the 1996 
storm surges in Canada, with more than 1000 landslides 
in 1 week, affecting areas previously spared of landslide 
activity [12]. In addition, the German low mid mountains 
can experience mass movements, e.g., in the Swabian 
and Franconian Alb or the southern Eifel [7, 36, 42]. This 
leads to the necessity to assess not just the primary haz-
ard processes but potential cascading impacts that might 
emerge with delay.

Further landslide investigations are essential to better 
understand the Müsch landslide and asses the likelihood 
of the various scenarios. Geotechnical countermeasures 
might reduce potential landslide dam hazard.

Conclusions
This study has demonstrated the impact of a single 
extreme flood event on landscape dynamics, showcas-
ing both immediate and persistent hillslope activity in 
the weeks, months, and years following the initial flood. 
Our approach used a wide range of remote sensing tech-
niques, in conjunction with geophysical methods to 
analyse hillslope slope failure mechanisms and activity. 
Throughout our ongoing investigation, we found that 
ERT, passive seismic, and UAV measurements proved 
to be the most effective tools to study both the potential 
sliding amount and ongoing activity.

The integration of ground surveying methods and 
remote sensing, particularly ALS and UAV, enabled us to 
closely examine a substantial mass removal of 7000  m3. 
Moreover, continuous monitoring, utilizing passive seis-
mic and UAV data, allowed us to gain critical insights 
into evolving landslide dynamics. ERT played a vital role 
in assessing sliding volumes and identifying potential 
materials that could be (re)-mobilized and pose a threat 
of blocking river flow.

This research has studied and identified cascading 
landscape changes that may persist for years after a sin-
gular extreme flood event. It is essential that future work 
includes continuous UAV and seismic monitoring as well 
as repetitive electrical resistivity monitoring for change 
detection. The exposed, vegetation free landslide toe, left 
by the flood on the hillslope in Müsch suggests a reduced 
factor of safety for the slope.

There is a need to systematically examine flood-affected 
landscapes for post-event hillslope activity that con-
trols hillslope-channel coupling and drives both persis-
tent sediment delivery to the stream and sudden stream 
blockage and subsequent damming. Cascading hazard 
and risk perspectives are getting increasingly important, 
also in low mountain ranges.
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