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Abstract Geomorphic processes that occur after wildfires in mountainous areas require a deep
understanding due to complex interactions of fire effects with the landscape surface. In situ monitoring systems
can support this task, even if some limitations that affect traditional sensors can hamper their action. The current
work presents an advanced multi‐sensor monitoring system composed of an all‐in‐one meteorological station,
sensors to survey soil water content, a seismic station, and a pan‐tilt‐zoom video camera equipped with visible
and thermal sensors enabling continuous monitoring of fire‐affected sites. The experimental technological setup
successfully documented the evolution of environmental conditions during intense rainfall events in southern
Italy, able to trigger post‐fire soil erosion and mass movements which were accurately detected by the system.
Besides the successful outcomes demonstrating to overcome common drawbacks of in situ monitoring
applications, we discuss research findings about the initiation mechanisms of the observed post‐fire geomorphic
processes.

Plain Language Summary Wildfires can change the stability of slopes in mountainous areas, but
scientists still need to better understand how fire affects the ground and increases the risk of landslides and soil
erosion. To help with this, we are testing a new field monitoring system at two wildfire‐affected sites in southern
Italy. The system includes weather sensors, soil moisture sensors, a seismic station, and a video camera with
visible and thermal imaging. Together, these tools continuously monitor changes in the environment. During
two heavy rainstorms, the system successfully captured evidence of erosion and small landslides, even at night.
These early results show that our multi‐sensor setup is a promising way to monitor geomorphic changes in
burned landscapes and improve understanding of post‐fire hillslope instability.

1. Introduction
Understanding geomorphic processes in recently burned landscapes is engaging multidisciplinary research teams
worldwide. Approaches commonly used to investigate post‐fire geomorphic processes are based on remote
sensing and numerical models (Cao et al., 2024; Ellett et al., 2019; Ouyang et al., 2023; Pelletier & Orem, 2014;
Rengers et al., 2019). The use of field monitoring systems is still limited, especially outside the USA where
valuable applications are reported by Kean et al. (2011, 2012), Martinez et al. (2025), Porter et al. (2021, 2023),
and Raymond et al. (2020). These studies provide examples of in situ hydrological and seismic monitoring of
post‐fire debris flows (Esposito et al., 2023; Gartner et al., 2005). Even if debris flow monitoring systems are not a
novelty in the field of earth sciences (e.g., Hürlimann et al., 2019 and references therein), those focusing on source
areas of also landslides occurring in burned landscapes are still uncommon. This is in contrast with the growing
need for up‐to‐date knowledge on the initiation mechanisms of such processes. For example, the transition from
rainfall‐triggered surface erosion of burned soils (i.e., rilling or sheetwash) to high‐magnitude debris flows, the
spatial and temporal variability of post‐fire sediment supply, relationships between burn severity levels and
location of hillslope instability processes, are some of the research gaps that field monitoring systems might help
to address (Tang et al., 2019).

Physical variables commonly selected to investigate initiation mechanisms of post‐fire geomorphic processes are:
(a) rainfall, (b) soil water content (SWC), and (c) pore water pressure. Accordingly, traditional sensors are tipping
bucket rain gauges, time/frequency domain reflectometry (TDR/FDR) devices, tensiometers and pressure
transducers, respectively (González‐Pelayo et al., 2024; Kean et al., 2011, 2012). These sensors are often coupled
with video cameras to obtain visual documentation of processes during the propagation stage, or with seismic
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sensors for their detection and characterization. Even if based on advanced technologies, all these sensors can be
affected by strong limitations. The spatial representativeness of rainfall, SWC and pore water pressure, as well as
the dimming of video footage of distant hillslopes during the night, or interpretation of seismic signals in noisy
environments possibly prone to multiple geomorphic processes, may hamper the processes detection and reduce
usefulness of the whole monitoring activity.

Modern technologies can provide new solutions to reduce technical drawbacks like these. In this framework, the
current contribution presents a prototype monitoring system aimed at: (a) detecting post‐fire geomorphic pro-
cesses at source areas and (b) measuring environmental variables controlling their initiation. The system is being
experimented in southern Italy, in sites struck by extreme wildfires and post‐fire intense rainfall events that
triggered different types of geomorphic processes.

2. Pilot Sites
We designed and installed two experimental monitoring stations at two pilot sites in the Calabria region, namely
Roccaforte del Greco and Montebello Jonico (Figure 1). Both sites are located in the Aspromonte, a massif that
rises from sea level to an elevation of 1,956 m a.s.l. Due to the extremely pervasive and intense tectonic
deformation associated with deep rock weathering (Calcaterra & Parise, 2010), hillslopes of the Aspromonte
massif are prone to different types of mass movements (Robustelli & Sorriso‐Valvo, 2017). These can be trig-
gered by intense rain bursts that in the area can exceed 100 mm in 1 hr, or by prolonged rainfall controlled by
orography (Bombino, Barbaro, et al., 2024).

2.1. Montebello Jonico

The site of Montebello Jonico (Figure 1b) is a small‐scale catchment (16 ha) providing quick hydro‐geomorphic
response to rain bursts. The morphology is characterized by local vertical cliffs and steep hillslopes with average
slope angles of 30°. Gradients of the catchment floor are reduced by a dozen retention check dams, filled by
sediments accumulated after their construction in the 70s. The monitoring system is installed on one of these
dams, at an average distance of 450 m from the headwater (Figure 1b). Geology consists of metamorphic units
formed by phyllites with intercalations of graphitic metapelites, overlayed by weathered sandy‐matrix con-
glomerates including heterometric clasts up to a few cubic meters. In the summer of 2023, a wildfire burned
through the Montebello catchment with moderate‐low burn severity, reducing the vegetation cover consisting of
grassland and Mediterranean shrubland. This wildfire was ranked as the largest in Italy in 2023.

2.2. Roccaforte del Greco

The site of Roccaforte del Greco represents a planar hillslope domain (Figure 1c). This has an extension of 4 ha,
with an average slope angle of 37°. Some low‐order channels are also present. The geological unit outcropping in
the area is composed of heavily weathered and fractured phyllites and schists. In 2021, the selected hillslope was
affected by an extreme wildfire that burned the low‐lying vegetation with moderate‐high burn severity (Bombino,
D’Agostino, et al., 2024). Since the monitoring system is positioned on an opposing hillslope with similar ge-
ology, no variables are measured directly on the target hillslope located approximately 450 m away (Figure 1c).

3. Materials and Methods
3.1. Monitoring System Design and Data Communication

The designed monitoring stations (Figure 2) are equipped with: two 100 W‐solar panels, a couple of metal boxes
sheltering batteries, electric circuits, and a Campbell CR1000X datalogger. Additionally, 4G modem‐routers
coupled with high‐gain antennas allow data transmission and remote management of the datalogger. Meteoro-
logical and SWCmeasurements are published on two proprietary web platforms, while the images are collected in
cloud servers. Seismic data are not transmitted due to excessive size, requiring on‐site download.

3.2. All‐in‐One Meteorological Sensor

Meteorological variables are measured with an all‐in‐one autonomous weather station, model Campbell Cli-
maVue™50. This station provides data of air temperature, relative humidity, vapor pressure, barometric pressure,
wind (speed, gust, and direction), solar radiation, rainfall, and lightning strike (count and distance) every minute.
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The ClimaVue™50 rainfall sensor is based on a drip counter that, in case of intense rainfall coupled with strong
wind gusts, can be inaccurate. Therefore, we also installed a traditional tipping bucket rain gauge, NESA PL400,
which is compliant with the World Meteorological Organization standards and guarantees higher reliability in
terms of measurement range and accuracy of the triggering rainfall. Wind and lightning data are used to detect
potential approaching storm cells and estimate their intensity.

3.3. Soil Water Content Sensors

The SWC is surveyed with two different methods. The first one is the cosmic‐ray neutron sensing (CRNS)
technology (Zreda et al., 2008) implemented by Finapp s.r.l. (Gianessi et al., 2024), which returns one SWC value
per hour. A CRNS probe has the advantage of acquiring data from the neighboring area, up to a few hundred
meters, and has penetration depth that varies between 15 and 83 cm below the sensor for wet and dry soil,
respectively (Köhli et al., 2015). In Roccaforte, the CRNS probe is anchored to the main framework, whereas in

Figure 1. (a) Geographical context of the study area (background Open Street Map—EPSG 4326). The fire icons indicate the
monitored sites represented in the pictures on the right. Approximate location of the monitoring stations and the field of view
of the video cameras are indicated. (b) Digital surface model of the Montebello Jonico and (c) Roccaforte del Greco sites
obtained with drone‐based Lidar surveys. The dashed polygon in panel (c) identifies the monitored hillslope. In Roccaforte,
the cosmic‐ray neutron sensing probe and TDRs are installed at the same location as the monitoring station.
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Montebello, this is installed on a pole at 190 m of distance from the main station (Figure 1b), close to the source
area of likely instability processes.

Besides the CRNS probe, we are employing three traditional TDR sensors (Campbell CS‐650) in each site, to
measure SWC and soil temperature with an acquisition rate of 10 min. In Montebello, all the TDRs are installed at
10 cm of depth at three different points on a hillslope nearby the main station. In Roccaforte, they are installed at
10, 20, and 45 cm on the same vertical profile below the CRNS probe (Figure 1c).

3.4. PTZ Bispectral Camera

An AXIS Q8752‐E pan‐tilt‐zoom (PTZ) video camera acquiring visible and thermal videos simultaneously is
installed in each site. The 800 × 600 px thermal sensor has fixed 35 mm lenses which guarantee high resolution at
relatively long distances, and provides images 24/7. This sensor does not detect absolute temperatures of targets,
but relative thermal variations into the scenes. The 1,920 × 1,080 px visible sensor is equipped with varifocal
optical lens (from 4.3 to 137.6 mm) which can be robotically managed. When the camera is on, it continuously
moves between established positions. At each position, the camera acquires short videos (8 s) at 1 frame per
second at full resolution, which are instantaneously transmitted via FTP protocol to remote servers. This solution
allows the thermal sensor to stabilize its own temperature, given that in the first 1–2 s of acquisition, the images
present over or under exposure and geometric aberrations (Luhmann et al., 2020). Ordinarily, each camera is
scheduled to power on every 4 hr, during which it acquires for 4 min. On the other hand, when the cumulative

Figure 2. Photographs of the monitoring stations and details on the installation of the geophone (Montebello Jonico) and
TDRs (Roccaforte del Greco).
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rainfall exceeds 1 mm in 5 min or 12 mm in 3 hr, the camera is automatically kept on for the whole duration of the
rainfall event and up to 1 hr after the rainfall has ended. All videos stored at remote servers are processed in real
time to: (a) extract the last frame of each video, (b) coregister it by using the LAMMA algorithm (Dematteis
et al., 2022), and (c) apply chromatic adjustments aimed at improving post‐acquisition analyses.

3.5. Seismic Station

At Montebello station, we deployed seismic instrumentation to detect the signal associated with the potential
activation of geomorphic processes. It consists of a Sunfull PS‐4.5C1 4.5‐Hz triaxial geophone, coupled with a
DiGOSDATA‐CUBE3 datalogger. Seismic data are continuously recorded at a sampling frequency of 400 Hz for
the three components (one vertical and two horizontal) and synchronized with the other sensors through an
external GPS antenna. In this configuration, we collect ∼500 MB of data each day. After each download, we
compute the power spectral density to explore the temporal evolution and frequency content of the seismic signal.
We do so over time windows of 15 s by performing a fast Fourier transform with the Welch's averaging method
(Welch, 1967). In this study, we focus on the vertical component of the seismic signal.

4. Results
After the installation of the two stations in April 2024, we registered several intense rainfall events. The most
impactful occurred on 19–21 October 2024 in Montebello, and on 17 January 2025 in Roccaforte (Esposito
et al., 2025). Both events triggered geomorphic processes useful to evaluate the performance of the installed
system.

4.1. Rainstorm in Montebello Jonico

Between 19 and 21 October 2024, more than 120 mm of rain fell in 60 hr over theMontebello catchment, of which
approximately 50 mm in 30 min, between 19 hr 30 and 20 hr 00 (local time, UTC+ 2) of 19 October. In that time,
the rainfall was associated with a storm cell coming from the Ionian Sea, as confirmed by the wind direction
(∼300°N). Starting at 18 hr 30, the lightning detector measured an increasing amount of lightning moving toward
the sensor (Figure 3a). Accordingly, a 10‐min peak of 147 lightning strikes at null distance (0 km) was measured
at 19 hr 50. Overall, 295 lightings were detected within a range of 1 km from the sensor during the 30‐min peak
rainfall, such as when the storm cell impacted the Montebello catchment. Rainfall (Figure 3b) reached peak
intensities in 1, 10, and 15 min of 168, 133, and 129 mm/hr, respectively (at 19 hr 58), determining a rapid
increase of the SWC. At 10 cm soil depth, TDR measurements revealed that the SWC increased from 19% to 32%

Figure 3. Charts showing data sets collected at the Montebello site: (a) 10‐min lightning count and distance, (b) 10‐min and cumulative rainfall, and (c) seismic power
spectral density; the dashed rectangle outlines the period when the rainstorm and sediment‐laden flow occurred. A focus on this period is shown in Figure S1.
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in these 30 min, whereas the CNRS probe recorded a SWC of 12% at 20 hr 00 and an hourly peak of 15% at 09 hr
00 on 20 October 2024. It is worth noting that on 18 October, the pre‐event SWC was 4% as measured by both
TDRs and the CRNS probe, indicating thus dry surface conditions.

The evolution of the rainstorm was also captured by the seismic station (Figure 3c), which detected peaks of
seismic power of varying magnitude at high frequencies (i.e., 60–120 Hz), depending on rainfall intensity as
reported in other studies (Bakker et al., 2022; Dean, 2017). In addition, between 19 hr 30 and 20 hr 00 a strong
increase in seismic power is also visible at relatively low frequencies (i.e., 10–60 Hz in Figure 3c and Figure S1),
which are typical of sediment‐laden flows (Bakker et al., 2020). The flow initiated approximately 15 min after the
onset of the rain burst and continued for at least 20 min after the rain ended (Figure S1).

By means of thermal images, we had the opportunity of detecting different geomorphic processes during their
occurrence at night, even though heavy rainfall and thick fog obscured the thermal visibility for a few minutes.
Interpretation of thermal images allowed us to recognize widespread gully erosion, a rockfall, and a turbulent flow
presumably with high sediment concentration (Figure 4).

4.2. Daily Intense Rainfall in Roccaforte

On 17 January 2025, persistent rainfall occurred at Roccaforte leading to an amount of 172 mm in 24 hr, with a
hourly peak intensity of 37 mm/hr (Figure 5). During the event, very strong wind gusts caused the loss of wind
speed data. The rain sensor of the ClimaVue™50 suffered such conditions and its measurements diverged by
those of the NESA PL400, which proved to be more reliable in that situation.

The three TDRs reacted to the rainfall input with a progressive increase of SWC, which was faster for those at 10
and 20 cm compared to the deepest at 45 cm (Figure 5). As expected, in correspondence of the most intense rain

Figure 4. (a) Thermal and (b) visible images acquired at the Montebello site during and after the event of 19 October 2024 (date and UTC + 1 time of acquisition are
labeled into the pictures). Geomorphic processes are indicated with letters: “E” gully erosion, “R” rockfall, and “F” sediment‐laden flow over the check dam. The inset
in panel (a) shows the check dam in ordinary (i.e., no flow) conditions. (c) Thermal and (d) visible diurnal images acquired at the Roccaforte site on 18 January 2025
(i.e., after the event of 17 January 2025). Different mass movements caused by the rainfall are outlined by differentiating source areas and deposits. The rockslide on the
left is also shown during its occurrence in Movie S1, as well as the central and largest one in Movie S2. Further mass movements (not shown here) occurred nearby.
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bursts, the shallowest sensor at 10 cm recorded more pronounced 10‐min peaks, with SWC values up to 36%. The
CRNS probe also recorded an increasing SWC trend that reached a peak of 19% in the first hours of 18 January.

The long‐lasting behavior of the heavy rainfall promoted rainwater infiltration, fostering in turn a general
instability of the monitored hillslope. The activation of several mass movements was observed by means of
thermal imagery, thanks to the strong thermal contrast between the substratum, left bare by the displaced material,
and the surrounding stable hillslope (Movies S1 and S2). Visible images collected in the aftermath allowed
classifying the mass movements as rock and earth slides (Figure 4). All of them initiated by displacing shallow
material, between 0.5 and 1 m in thickness (e.g., Thomas et al., 2025), as assessed by means of a post‐event drone‐
based lidar survey executed on 22 January 2025.

5. Discussion
The multi‐sensor monitoring system presented in this work successfully allowed us to characterize important
environmental conditions before and during two intense rainfall events triggering post‐fire geomorphic processes.
Specifically, by coupling rainfall and SWC sensors we observed how SWC responded to rainfall inputs, at high
temporal resolution and from a three‐dimensional perspective. Measurement of the lightning count and distance
with 10‐min time resolution allowed identifying a storm cell about 1 hr before approaching the Montebello
catchment. Here, the seismic station proved to be very effective for defining the exact triggering and evolution
times of the storm and sediment‐laden flows in the main channel. Future developments may reveal also infor-
mation about the flow magnitude and velocity (e.g., Porter et al., 2023).

At the same time, thermal images permitted to observe the activation of hillslope instabilities even when they
occurred at night (Movies S1). It is worth noting that these images were very useful also in daylight conditions
(Movie S2), demonstrating to be complementary to visible images for mapping purposes. In fact, areas affected by
displacement of soil and rocks displayed a clear thermal signature that was different from the unaltered surface.
This is evident in Montebello (Figure 4); in the images acquired at night during the rainfall, the hillslope surface
had a homogeneous and colder temperature due to the rainfall, whereas the underlying dryer layer left exposed by

Figure 5. One‐hour soil water content (SWC) measured by the cosmic‐ray neutron sensing probe, and 10‐min SWCmeasured
by the TDR sensors at different depths. The 1‐hr and cumulative rainfall collected from 16 to 19 January 2025 is also shown.
The stars indicate the triggering time of rockslides shown in Movies S1 and S2.
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the displaced soil and rock mass was warmer, and appeared much brighter. In Roccaforte, the Movie S2 doc-
umenting a rockslide during its occurrence, had a similar thermal signature. After the event, the deposited material
appeared colder (i.e., darker) during the day (Figure 4), probably because it was wetter than the unaltered areas, or
because the air circulating within the voids of coarse debris caused cooling for evaporation (Frodella et al., 2017).
Relative thermal variations were observed in studies based on ground and drone‐carried thermal infrared cameras,
dealing with rockfall, and deep‐seated landslides (Guerin et al., 2019; Vivaldi et al., 2023; Wellman et al., 2024).
However, to our knowledge, thermal patterns related to the near real time occurrence of surface erosion and
shallow landslides have never been documented so far.

Overall, geomorphic processes detected at the two pilot sites are similar to those observed in other post‐fire
settings worldwide (Moody et al. (2013) and references therein). Our observations suggest that gully erosion
is very sensitive to high‐intensity short‐duration rainfall, especially in dry soil conditions leading to a likely
reduction of water infiltration capacity (Vanmaercke et al., 2021; Yang et al., 2024). On the other hand, the
initiation of rock and earth slides is associated with relatively high SWC conditions in the layers around 20–30 cm
(Figure 5). In both sites we measured maximum SWC peaks below 50%, meaning that hillslope instabilities
occurred in partially saturated conditions.

6. Conclusions
In this study, we monitored in real time two sites prone to post‐fire geomorphic processes, using advanced
technologies consisting of autonomous all‐in weather stations, TDR and CRNS SWC sensors, visible and thermal
video cameras, and a seismic station. The experimented technologies proved to be effective for reaching the
research goals, overcoming some limitations affecting traditional instrumentation. Different types of instability
processes generated by two rainfall events were fully characterized in terms of predisposing and triggering
conditions, as well as timely detected even during the night. The outcomes of this study offer new solutions that
could be applied also in other sites to improve existing knowledge about initiation mechanisms of post‐fire
geomorphic processes that, as known, can develop in very short times (i.e., less than 30 min) endangering
people and properties. Modularity allows the monitoring system to be customized and adapted for other specific
contexts. In the Montebello site, we plan to add further instruments for improving the monitoring capacities of
both initiation areas and the main channel (i.e., flow propagation and magnitude), like pressure transducers,
stream stage sensors, accelerometers, and other cameras to investigate possible bed failure mechanisms. In the
end, heterogeneity and quality of information collected by multi‐sensor systems like this may support also early
warning actions.
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