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Abstract.

Understanding river dynamics during flood events is critical for effective hazard mitigation and water resource
20 management, especially as extreme weather events become increasingly frequent. Environmental seismology, which
consists in monitoring natural surface processes with seismic instruments, has gained considerable attention over the past
two decades. During floods events continuous seismic signals, also called seismic noise in this context, are generated by
the turbulent flow and the transported bedload at the riverbed. If recorded at nearby seismic stations (i.e. from the
riverbank to a few hundred meters), these seismic data become an important source of information complementing
25 traditional methods (e.g., stream gauge, bedload basket sampler) to improve models and early warning systems. Despite
the increasing number of case studies worldwide, the potential of seismic monitoring to capture flood-induced natural
river processes in the Alps remains underexplored, particularly regarding the opportunistic use of existing stations from
permanent network(s) originally deployed for earthquake monitoring. This study investigates the potential of records
from permanent seismic stations relatively far from the river (up to ~3km) to assess bedload discharge and river flow
30 dynamics during flood events in one of the rare morphologically preserved alpine rivers, the Tagliamento River in
northern Italy. Seismic data from three selected stations at the subwatershed scale (i.e., spaced by about 20 km at
maximum) were analysed together with hydrological and meteorological measurements such as water height, rain rate,
and wind velocity, hence allowing to identify specific frequency bands for which seismic amplitude timeseries correlate
with weather and river components. For particular frequencies, we notably observe a hysteresis behaviour between
35 seismic amplitudes and the rising and falling phases of flood event, suggesting seismic source mechanisms related to
turbulent flow and/or the movement of coarse sediments. The study demonstrates that even stations not specifically

positioned close to the riverbed can capture valuable information on flood dynamics, thereby providing an early indication
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of flood propagation. These findings highlight the potential for incorporating seismic monitoring into flood forecasting
and river management strategies, contributing to enhanced hazard mitigation efforts in the context of increasingly frequent
40 extreme meteorological events. More specifically, the present study also helps in gaining information about the
Tagliamento catchment response and relative seismic signatures during flood events for further investigations in

developing early warning systems based on seismic data.

1. Introduction

45 Climate change greatly impacts extreme environmental events, as global warming brings more intense rainfall caused by
atmospheric instability (Gran Castro et al., 2019; Hirabayashi et al., 2003; Dong et al., 2021). In recent years, the number
of severe floods caused by heavy rainfalls and snow melting increased, threatening human lives and infrastructures, and
they are suggested to grow during the next decades (Bloschl et al., 2015). During river flood events, water flow changes
its behaviour into a much more chaotic system due to the rising discharge, increasing water height and flow velocity,

50 increasing the size and amount of transported sediments (Schick et al., 1981) and becoming an important hazard for the
population in urban areas, especially along the riverbanks. According to Douben (2006), these extreme events are
generated by heavy rainfall over a long period (about 65%), like Ciaran and Vaia storms (Volonté and Riboldi, 2024;
Chirici et al., 2019), torrential rains (15%), tropical cyclones (10%) or monsoon rains (5%), cumulating high quantities
of water into catchments and conveying them to the rivers. Generally, heavy and long-lasting rainfalls are the most

55 common causes of river floods, and for this reason are defined as hazardous events.

The seismic signature of a river during extreme meteorological events is becoming an important topic, as its study could
help in understanding its behaviour (e.g., water height variations, flow rates, bedload) and in monitoring these in different
environments, like steep mountain catchments (Diaz et al., 2014; Roth et al., 2016; Hsu et al., 2011; Burtin et al., 2008;
Abi Nader et al., 2023), or lower gradient streams (Barriére et al., 2015a). Previous studies mainly focusing on vertical
60 seismic records (e.g., Abi Nader et al., 2023; Burtin et al., 2008; Gimbert et al., 2014; Barriére et al., 2015a) have shown
that high-frequency seismic noise (>1 Hz) recorded near rivers is strongly correlated with river dynamics. Increases of
the seismic amplitude can reflect more turbulent flow conditions as well as enhanced sediment transport, such as impacts
from coarse particles or boulders against the riverbed and banks. These two main river-related processes generate seismic
signals with overlapping frequency signatures, which can be difficult to differentiate depending on the station-river
65 distance and the bedload/hydrological properties (Burtin et al., 2008, 2010; Hsu et al., 2011; Schmandt et al., 2013;
Gimbert et al., 2014). From a theoretical point of view, Tsai et al. (2012) proposed to model the seismic noise generated
by bedload transport idealized as a force normal to the riverbed (saltation mode), thus preferentially generating Rayleigh
polarized surface waves. However, Tsai et al. (2012) pointed out that horizontally polarized Love waves can be generated
for non-vertical impacts (rolling and sliding), explaining the energetic spectral contribution on radial components.
70 Gimbert et al. (2014) extended this physical framework of Tsai et al. (2012) to model the seismic noise in rivers due to
both vertical bedload transport and turbulent flow. They provided the first attempt of separating bedload and flow
contributions in vertical seismic amplitude from available datasets in the Trisuli (Nepal) and Colorado (USA) rivers,
followed by other attempts of inverting hydrological and bedload parameters from seismic data acquired during well
constrained experiments (e.g., Gimbert et al., 2019; Bakker et al., 2020; Luong et al., 2024).
75 Most of the research so far used seismic data from networks designed specifically for their monitoring, installing sensors
very close to the stream/river (e.g., 2 m for Barriére et al., 2015a; 4-6-7 m for Roth et al., 2016; 50 m for Hsu et al., 2011;

400 m for Diaz et al., 2014). In contrast, our study focuses on the characterization of a river’s seismic signature at the
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subwatershed scale (i.e., tens of kilometres, Figure 1). We chose the Tagliamento river as test site because of its flow and
sediment transport features (e.g., coarse sediment, large natural pathway, consistent discharge variations, further discussed
80 in this manuscript), turning it into a well-suited “natural laboratory” allowing to better characterize river conditions during
extreme meteorological events. Furthermore, and maybe the most important aspect, the spatial distribution of seismic,
hydrological and meteorological stations allows correlating multi-parameter datasets and gaining more accurate
information about the analysed event (Smith and Tape, 2019). We performed multiple analyses to evaluate the river’s
flow behaviour during flood events, exploiting permanent seismic stations installed for earthquake monitoring, operated
85 by Istituto Nazionale di Oceanografia e Geofisica Sperimentale - OGS and located at 0.4, 1.5 and 3 km of distance from
the streambed, respectively. The main aim was to recognise a possible relationship between seismic noise and water
height (m), rain rate (mm/15min) and wind velocity (km/h) data during river floods, exploiting level gauges, anemometers
and pluviometers in combination with seismic velocimeters along the stream and adjacent main tributaries to describe the

phenomena from a seismological point of view.

90

1.1. Geological settings

Located in Friuli-Venezia Giulia (north-east of Italy), Tagliamento River originates from the Mauria Mountain at 1195 m

above the sea level (Spaliviero, 2003), developing its path through steep mountains in the East direction until merging

with its main tributary Fella (section of Venzone). The river then changes its path orientation from E-W to S-SW direction

95 (Fig. 1) before the runoff into the Adriatic Sea, reaching 178 km of stream length and covering a catchment area of about
150 km?, excluding tributaries (Ward et al., 1999). Tagliamento is considered the “last large natural alpine river in Europe”

(Miiller, 1995; Tockner et al., 2003), thanks to the condition of its pathway, defined as unchanged by anthropogenic

factors, especially in the north section of the river, where confluences are many. Tagliamento River is characterised by a
pluvio-nival flow regime, recording its highest discharges in spring for the snowmelt runoff and in autumn during rainy

100 periods. Flood events caused by heavy rain usually occur during the autumn season, and during this period, the discharge

mean value increases from a mean of 109 up to 4000 m3s™! (Ward et al., 1999).

The northern part of the Tagliamento River flows through the Carnic Alps of Friuli, which geologically are mainly
composed of limestones and dolostones (Fig. 1). These lithologies are present both in the drainage basin and the riverbed
and, especially the latter, are “the most common outcropping rock type” in the area (Carulli, 2006; Monegato and Stefani,
105 2010). The area is tectonically active, characterised by thrust and fault structures that influence the tributary stream
orientations, especially in the northeastern part of the catchment (Ward et al., 1999). Furthermore, the complexity of the
groundwater drainage into the limestone karst makes a hard delineation of the watershed (Tockner et al., 2003). From up
to downstream, the northern section of the catchment, as shown in Fig. 1, is composed by Jurassic-Cenozoic limestone
and calcareous flysch, while the Friulian plain passes from high permeability fluvioglacial sediments, aged Tertiary and
110 Quaternary to marine deposits sediments in the lower basin, composed of fine sand and clay (Ward et al., 1999). The
alpine section of the Tagliamento riverbed is mainly characterized by pebble to boulder size sediments (Monegato and

Stefani, 2010), which get moved during major floods.
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Figure 1: Geological setting of the Tagliamento catchment with exploited seismic stations and main tributaries. The red
115 line is the Fella-Sava fault and the yellow dashed line indicates the lower limit of the studied area. The inset shows the
Italy satellite map with the location of the study area. The satellite map was uploaded from Google Earth on QGIS, while

the layer of geological units was drawn on the map by the authors based on Monegato and Stefani (2010) geological

map of the catchment.

120 More specifically, the northern section of the catchment is mainly defined by limestone, dolostone, calcarenite siltstone
from the Upper Permian to Cretaceous, transitioning to Cenozoic calcarenite and marl on the lowest part of the Friulian
Alps (Monegato and Stefani, 2010). In their work, Monegato and Stefani (2010) focus their studies on the “Tagliamento
Conglomerate (TC)”, a succession dominated by pebble to cobble-size conglomerates, with subordinate sandstones,
mudstones, and breccias. Also, deltaic calcareous conglomerates known as “Osoppo conglomerates™ are situated at the

125 mouth of the Tagliamento valley (Venturini, 1992). The geological setting and previous works analysis suggest the

movement of lighter particles like clay and fine sand in suspension during normal flow conditions, while heavier and

4
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coarser sediment is carried during flood events with relevant flow rate under a different transport regime, like saltation,
rolling and sliding (Kuriqi et al., 2020, Barry et al., 2008, Dade and Friend, 1998). The geological framework of the study
area is fundamental to understand what sediments are mobilized during flood events in the Tagliamento River, since the
130 type of the bedload can strongly influence the seismic noise generated during high-discharge transport as demonstrated

by Tsai et al. (2012) and Gimbert et al. (2014).

1.2. Meteorological events

In this paper, we have chosen the case of the Storm Ciaran as the main test event for our analyses, which struck the UK,
135 Channel Islands, France and other European countries in late October and early November 2023 (Heidarzadeh et al.,
2025). The cyclone caused several issues throughout Europe in urban areas and villages located near rivers and streams,
counting 21 deaths, of which 14 were in Italy (The Independent, Reuters.com - 2 November 2023, last accessed in April
2025). Ciaran reached Italy on the 2"¢ of November 2023 (Volonté and Riboldi, 2024) and evolved into a flood in many
areas of Friuli-Venezia Giulia (FVG) involving Tagliamento River and its tributaries for about 48 hours. The maximum
140  value of rain rate was reported by the pluviometers in the area to be greater than 100 mm/h (data from bulletin of vigilance
of Regional Agency for Environmental Protection of Friuli-Venezia Giulia region, inspected period 2-3 November 2023,

https://monitor.protezionecivile.fvg.it/; last accessed in October 2024. This was the case especially in the northern part,

rich with tributaries passing through mountains and watersheds able to convey runoff waters into the Tagliamento River

and thus easily increasing its discharge. Regarding the wind velocity data (available at Friuli-Venezia Giulia

145 Meteorological Service website - https://www.meteo.fvg.it/; last accessed in October 2024), anemometers in the

Tagliamento catchment recorded wind bursts over 100 km/h as maximum value.

We also look at a different short storm event that occurred on the 18" of September 2023 and led to the recording of high
quantities of accumulated water in pluviometers without evolving into a relevant river flood. The event is characterized

by notable peak  values in pluviometer data of Civil Protection  of Friuli-Venezia Giulia

150 (https://monitor.protezionecivile.fvg.it/; accessed in October 2024). These extreme weather conditions, called flash

floods, are quite different from the river flood event aforementioned and, as reported from scientific papers like Gaume
et al. (2009) or Picozzi et al. (2023), they are the most frequent extreme meteorological events, defined as heavy rainfall

in a short period of time and characterised by sudden rise of the rain rate and its then-fast decay back to normal conditions.

155  1.3. Hydrological and meteorological data

We used pluviometric and water height data for the application of a multidisciplinary approach to the studied case to gain
insights into the influence of rainfall, wind, and river related components (e.g., water discharge and/or bedload) on the
seismic noise wavefield, by analysing their interrelations as further discussed. It is worth noting that all the investigations
performed in this study are related to the northern part of the Tagliamento catchment, whose southern limit is indicated

160 as a yellow dashed line in Fig. 1 and commonly known as “Alto Tagliamento”, covering an area of 211 km? (Ward et al.

1999).

Water height, rain rate and wind velocity data were continuously collected by the stations of Civil Protection of the Friuli

Venezia Giulia Region, located along the Tagliamento River and its tributaries. The hydrographic reticule is well-
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monitored, counting 12 hydrometers installed on the alpine section of the Tagliamento River (Civil Protection FVG, last
165 access in October 2024) with a sampling interval of 15 minutes for the newest data (generally from 2022-2023) and 30

minutes for older ones (before 2022), and many pluviometers installed in this area.

Furthermore, each station is equipped with multiple sensors (e.g., level gauge, pluviometer, anemometer), but not all of
them have all types of sensors, thus in some cases it is necessary to gather data from adjacent stations to have information
on all the three considered parameters (water height, rain rate and wind velocity data). All selected seismic, meteorological
170 (pluviometers and anemometers), and level gauge stations are shown in Fig. 2. In order to get the most complete possible
idea of the water mass flowing from upstream to the cross section at Venzone, we have also considered the “Moggio

Udinese” (C464) level gauge, located on Fella River and 7.5 km distant from Venzone, where it joins the Tagliamento.

1.4. Seismic data and processing

175  We used the data from three seismic stations installed in the area under study. The chosen seismic stations in Figs 1 and
2, belonging to the OX network (OGS, 2016), were selected for their time coverage completeness, proximity to the

Tagliamento riverbed and level gauges stations (from up to downstream), as shown in Fig. 2:

- FUSE is situated on the west side of Tolmezzo and the nearest station to the riverbed considering also
Tagliamento tributaries (400 m from the But stream), while its distance from the Tagliamento River is about 2
180 km.
- BOO is located on the west side of Venzone, at 1.5 km from Tagliamento. Among the installed stations, this is
the closest one to the Tagliamento mainstream available on the site.

- MPRI is situated on Mt. Prat, about 3 km from the river.

FUSE and MPRI stations are equipped with Nanometrics Trillium 40s sensor and Quanterra Q330 datalogger for the
185 broadband channels, while BOO has a Nanometrics Trillium 120s sensor. We selected these broadband velocimeters
working with 100 Hz sampling rate (HH channels) to analyse the data, recorded by the three components. Hourly seismic
recording data were downloaded from the OGS database (OGS, 2016) in miniseed format, using the EIDA Orfeus website

(https://www.orfeus-cu.org/data/eida/; accessed in October 2024) and, successively, processed with dedicated Python

libraries for seismic data analysis, exploiting mainly ObsPy (Krischer et al., 2015) and other related libraries with useful

190  scientific tools (e.g., Matplotlib, SciPy and TwistPy).



https://doi.org/10.5194/egusphere-2026-1534
Preprint. Discussion started: 9 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

$%  Meteo Stations
A Seismic Stations

© Level Gauges

—— Tagliamento River P

#

# T
 Map data ©2015:Googleil .

12°54.0°E 13°03.0°E 13°12.0°E

Figure 2: Map of “Alto Tagliamento” showing the selected seismic stations closest to the riverbed, pluviometric stations

(referred to: 310-Tolmezzo Campo Sportivo, 92-Moggio Udinese, 58-Mt. S. Simeone, 118-Venzone, 65-Mt.Prat) and level

gauges (C051-Ponte Avons, C464-Moggio Udinese, C503-Venzone, C621-Villuzza). The satellite map was uploaded from
195  Google Earth on QGIS.

We analysed filtered records between 1 and 40 Hz. The high cut off was set below the Nyquist frequency to overcome

aliasing and we discarded all frequencies below 1 Hz because it has been consistently shown that river-related signals

have their strongest influence above 1 Hz (Abi Nader et al., 2023; Burtin et al., 2008; Gimbert et al., 2014; Barriere et

al., 2015a). Also, since microseismic noise mainly contaminates the low-frequency range (<1 Hz) (Longuet-Higgins,
200 1950; Hasselmann, 1963), our analysis was restricted to frequencies higher than 1 Hz to reduce its impact.

We pre-processed the seismic signal using the Python library ObsPy (http://www.obspy.org/). First, the signal is detrended

and corrected for the instrumental response to get ground velocity output (m/s). Furthermore, all three components (one
vertical and two horizontals) were investigated for all the analysis carried out. However, in line with the literature (e.g.,
Burtin et al., 2016; Diaz et al., 2014; Borzi et al., 2025), we primarily focus on the vertical component recordings, which
205 we assume to be mainly affected by Rayleigh waves generated by river processes (sediment transport and water flow).
Horizontal components also contain river-induced surface seismic signals, but they tend to be more affected by wind
(Withers et al., 1996; Lott et al., 2017). The next step was to analyse the seismic signals in the frequency domain by
calculating the Power Spectral Density (PSD) with a 40 s window length and 50% overlap to analyse the evolution in

time of the spectral features of the signal (e.g., spectrograms) using ObsPy.
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210 Subsequently, meteorological and hydrological time series were correlated with seismic noise during the flood event
through the Spearman correlation coefficient (p), which is a non-parametric measure of the strength and direction of a

monotonic association between two variables (Hollander et al., 2014). In the following formula

_ (63d2)

[n(n%-1] ®

p=1
215

where n is the size of the sample and di is the difference between the ranks of the i-th pair of observations.

In this study, Spearman’s correlation coefficient was computed using the “spearmanr” function from the SciPy library
(Virtarnen et al., 2020), which implements the general definition based on ranked data and correctly accounts for tied
ranks. The coefficient ranges from —1 (perfect negative monotonic relationship) to +1 (perfect positive monotonic
220 relationship), with values close to zero indicating weak or no monotonic association. Unlike Pearson’s correlation
coefficient, it does not rely on assumptions of linearity or normality and is therefore well suited for non-Gaussian data
and non-linear but monotonic associations.
We defined three multi-parameter datasets for jointly analysing seismic data with water height and
pluviometers/anemometers data after considering the distance between the instruments and availability constraints (in

225  order the instrument ID for seismometer, level gauge, pluviometer and anemometer, see Fig. 2):

- MPRI, Villuzza (C621), Mt.Prat (65)
- BOO, Venzone (C503), Venzone (118), Mt. San Simeone (58)
- FUSE, Ponte Avons (C051), Tolmezzo (310)

Other stations were discarded for bad matches in terms of distance from Tagliamento (long source-station distance) or
230 missing data for the investigated periods. It is worth noting that for the FUSE seismic station we chose the Ponte Avons
(C051) level gauge to include the But torrent contribution to the Tagliamento water height variations. According to
Tockner et al. (2003), the mean annual flow rate of the But stream is 16.3 m?/s (compared to 109 m?/s of Tagliamento
River, referring to Ward et al., 1999), of which the riverbed width is about 200-300 m of at the very close junction with
Tagliamento. Also, for the Venzone section we used 2 meteorological stations, as the instrument 118 is a pluviometer

235 (missing anemometer) and the instrument 58 is an anemometer.

1.5. Multi-parameter correlation analysis

Since it is well established that rivers, wind and rain induce seismic noise over a large frequency range (Smith and Tape,
2019) we performed correlation analysis between hydrological-meteorological data and seismic data filtered into different
240  frequency bands. We aim to determine which seismic frequency components best correlate with hydrological
meteorological variations and to examine the relative timing between environmental changes and seismic records because
the seismic records do not necessarily correspond to an instantaneous response to the variations observed at the distant
hydrological-meteorological stations. To do this, we computed the average value of PSD of the seismic signal with a 15
minutes window (same value of the sample frequency for hydrological and meteorological data) and compared them with

245 the hydrological-meteorological time series by the Spearman correlation coefficient, using a 5 Hz bandwidth sliding by
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steps of 1 Hz (80% overlap) from 1 to 40 Hz. For each frequency step, the correlation was calculated over the minimum
and maximum lag, shifting the PSD curve (lagged curve) relative to the hydrological-meteorological data time series
(further explained in section 2.3, Fig. 5-6) with a step equal to its sample frequency (15 min). The width of the frequency
subband was chosen as a compromise between a too narrow subband, which could not fully capture the signature from
250 one specific noise source, and a too large subband, which may include several processes related to the water height, wind
velocity and rain rate fluctuations. As a correlation metric we used Spearman’s correlation coefficient because it is best
suited to non-linear distributions and less sensitive to outliers compared to Pearson’s correlation (Hauke and Kossowski,

2011).
1.6. Polarization analysis of three-component seismic data

255 Eventually, to evaluate the directionality of the source during the flood, we performed a polarization analysis of the three
component seismic data within the frequency ranges showing the highest Spearman correlation value obtained from the
seismic-water height correlation analysis. We applied the polarization algorithm developed by Vidale (1986) to each
station to obtain the back azimuth value (0) ranging between 0° and 180° (with 180° ambiguity) for 15 minutes window
length overlapped by 50%. Moreover, we computed the degree of polarization, which is a measure of the coherence of

260 the oscillatory motion of the signal. Following Samson (1983), the degree of polarization (DOP) quantifies the fraction
of the signal energy that is polarized, with values ranging from 0 (completely unpolarized) to 1 (fully polarized). It is
calculated from the eigenvalues of the spectral covariance matrix of the three-component signal, reflecting how linearly

or elliptically the motion is organized in space.

265 2. Results

2.1. Main flood event: Ciardn Storm on 2-3 November 2023

The Atlantic cyclone Ciardn struck Friuli Venezia-Giulia in the afternoon of the 2" of November 2023 (around 5 p.m.

UTC) with a recorded rain rate of almost 30 mm/15 min and important rises of the water height detected in the northern

part of Tagliamento catchment around Tolmezzo and Venzone first, measuring 2 m of increase from normal conditions in
270 about 3 hours. The recorded wind velocity at Tolmezzo, Venzone and Villuzza anemometers (310, 58 and 65 respectively

in Fig. 2) stand between 10 and 20 m/s (with some sporadic wind bursts overcoming the latest value), which coincide

with fresh breeze (force 5) to fresh gale (force 8) of magnitude on the Beaufort scale (Rawson and Tupper, 2001).

On the other hand, the analysed flash flood event that occurred in September 2023 started with a steep increase of the

rain rate time series around 6 and 7 p.m. UTC in the Tagliamento catchment, reaching high values (about 20-22 mm/15
275 min) on pluviometers, comparable with those recorded during Ciardn Storm. The strong perturbation lasted for about 2
hours in Venzone and 1 hour with multiple bursts in Villuzza. Anemometers show wind recordings with values of 2-2.5

in wind velocity (m/s), coinciding with light breeze (force 2) on the Beaufort scale (Rawson and Tupper, 2001).

The PSD calculated on the selected seismic stations shows high values during the rising part of the water height curve,
as displayed in Fig. 3. It is worth noting that, due to the long distance between the seismic station MPRI and the level
280  gauge Villuzza (C621) of about 6.5 km, with the level gauge installed further downstream (almost 7 km along
Tagliamento), the water height time series is shifted back in time to match the correct position in UTC data (this aspect
is better discussed further in this manuscript). For MPRI and BOO stations, the amplitude of frequencies above about 5-
10 Hz in spectrograms seem to follow mostly wind velocity and rain rate time series, recording maximum dB values

between -135 and -145 (supplementary material Fig. S4). For frequencies below this range, the spectral amplitudes better

9
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follow the water height curve over time, with a more pronounced increase during the rising of the water height instead of

its descending phase.

The spectral analysis of the FUSE station recordings shows that the PSD at frequencies above 30 Hz tends to follow
meteorological parameters over time, such as wind velocity and rain rate. Conversely, at lower frequencies, the spectral
behaviour aligns more closely with the water height curve, displaying a decrease in PSD values during the descending

phase after the peak in water height (Figs. 3c—d).

Specifically, the FUSE station shows a PSD trend that correlates well with water height data up to approximately 25-30
Hz (Fig. 3¢). This aspect, discussed further below, is consistent with the station location, about 2 km from the Tagliamento
River and 0.4 km from the But torrent. For the two other stations, PSD variations tend to follow the water height time

series at lower frequency around 10 Hz for the BOO station (Fig. S1) and 5 Hz for the MPRI station (Fig. 3b).

Furthermore, in the specific case of FUSE, the PSD in the lowest frequencies shows a peak during the rising phase of the
water height. The horizontal components exhibit a similar overall behaviour, with a predominance of high PSD values at
higher frequencies (20 - 30 to 40 Hz), which better follow wind velocity and rain rate time series. Notably, both horizontal

components tend to be stronger than the vertical one (see supplementary material Fig. S2-S4).

It is worth noting that, although the water height data of Ponte Avons level gauge (related to FUSE) shows a pre-event
disturbance at very low river water levels related to big boulders laying on river bed and causing a false perturbation to
the sensor (see red line in Fig. 3a), it still could be used to make good quality investigations aimed at determining

variations in river component, as demonstrated further in this manuscript.
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Figure 3: Time series of water height (ved line), rain rate (blue dashed line) and wind velocity (green dashed line),
shown on a) and b) plots, are collected with a frequency of a sample every 15 minutes. Spectrograms of the vertical
component of the seismic signal recorded at FUSE (c) and MPRI (d) during the main flood event that occurred in
Friuli, in the c-d) 1-40 Hz frequency band.

For low-mid frequencies (approximately 1-30 Hz for FUSE and 1-5 Hz for MPRI), the spectrograms show a particular
signature over time, drawing a lenticular/V shape mostly during the rising phase of the water height, with a strong PSD

amplitude especially between 2- 4 Hz, considering all exploited stations. Despite the distance being very high (almost 3

10
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km from the riverbed), this combined V-shape frequency variation and bell-shape PSD amplitude variation is well visible

especially at MPRI station (Fig. 4).
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315  Figure 4: a) Zoom in the 24-hour spectrogram of the vertical component at station MPRI between 2 and 6 Hz highlighting
the V shape contouring the high PSD values (dashed black line). b) Average PSD (in dB, black line) calculated from the

above spectrogram. The red line corresponds to the median PSD values over a sliding window of 120 s length.

2.3. Multi-parameter correlation analysis for the main event

320 In Fig. 5 we show the results for the correlation analysis between seismic noise (PSD values) and water height. Left
panels of Fig. 5 show the variation of the Spearman coefficient (y axis) with respect to all investigated frequencies (x
axis) and lag times (color scale) between lagged versions of PSD curves (for each 15 min step) and the water height
curve. Right panels show the variations of the Spearman coefficient with respect to the lag time for the best frequency

range (defined as the one giving the highest Spearman coefficient in the left panels).

325 The water height component shows a good correlation with low-frequency (1-5 and 2-6 Hz) seismic data for the farthest
stations with a Spearman coefficient of 0.88 and 0.94 for BOO and MPRI, respectively. A secondary peak of high
correlation (0.82) is also observed at higher frequency (17-21 Hz) for BOO. For FUSE, the closest seismic station to a
riverbed, the correlation with lower frequencies (1-5 Hz) is still high (nearly 0.78) but higher correlation coefficients

prevail from about 7-11 Hz up to 29-34 Hz, then decreasing for higher frequencies.
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Figure 5: Correlation analysis between seismic PSD and water height data of the river flood event that occurred in
November 2023. The plots are divided by seismic stations, FUSE (a-b), BOO (c-d), MPRI (e-f). The shift with the highest
correlation value is highlighted in white dashed line, while with the colour palette the lag in minutes is shown. Scatter
plots for the frequency with the highest correlation value show the corresponding lag (b,d,f). Lags are all positive due to

335 the seismic PSD preceding the water height time series.

In Fig. 6, the time series of the hydrological component is plotted on top of the sub-band PSD curves corresponding to
the highest Spearman coefficient (right panels in Fig. 5). Both original and lagged versions of the PSD curves associated
with the highest correlation with the water height are plotted. It is interesting to observe that the shape of the shifted
340 seismic PSDs matches well with the variations of water height, as the rising part of the PSD curve and the width of the

PSD peak are now coincident with the water height curve.
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and 2-6 Hz for MPRI), water height data in black line and the shifted PSD with best lag correlation in blue dotted line.
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While the correlation between seismic PSD and water height appears obvious from the previous analysis (Figs. 5,6), we
also assessed potential correlation between wind velocity and rain rate data with the seismic component during the flood.
350  Because local variations of wind and rain around the seismometer predominantly affect the seismic records above 1 Hz
(Smith and Tape, 2019; Bakker et al., 2022; Johnson et al., 2019) we only perform a multi-parameter (water height, wind
and rain) correlation analysis with data associated to the seismic station MPRI (Fig. 7), where the pluviometer and the

anemometer (65, see Fig. 2) are located less than 400 m away from the seismometer.
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Figure 7: Spearman correlations between the water height (in blue), the rain rate (in orange), the wind velocity (in red)
data and the seismic PSD [dB] from 1 to 40 Hz for the MPRI seismic station vertical component during November 2023
river flood, processed with a 5 Hz frequency bandwidth and step of 1 Hz. Hydrological and meteorological data are
collected by Villuzza level gauge (C621) and Mt.Prat meteorological station (65). The water height curve is the one with

360 the most correlated lag obtained from the Spearman correlation with the seismic data.

The water height curve is related to the PSD curve which correlate best (i.e., filtered between 2 and 6 Hz and lagged by
+360 min, see Figs. 5, 6). Rain rate and wind velocity data are compared with the original (zero lag) PSD curve, as they
are considered to only reflect local impact producing seismic noise close the seismic station (Smith and Tape, 2019;
365 Bakker et al., 2022; Johnson et al., 2019). As seen previously, the water height presents the highest correlation with
seismic data at lower frequencies (above 0.9 and below 6-10 Hz) and decreasing Spearman coefficients with increasing
frequencies. The wind component exhibits a rather constant correlation for the whole frequency range with high
coefficients between 0.7 and 0.8. Lower values are obtained below 6-10 Hz and from about 20 to 30 Hz. The rain

component is characterized by low correlation values fluctuating between 0.3 and 0.5 among all investigated frequency
370  bands.

Furthermore, if the water height data are related with seismic PSD data from the frequency band that shows highest
correlation with water height (16-20 Hz for FUSE, 1-5 and 17-21 Hz for BOO and 2-6 Hz for MPRI seismic station, see

14
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Fig. 5, 6), a hysteresis behaviour of the river response to the flood in terms of seismic energy could be appreciated (Fig.
8). We observed an increasing trend in the first phase with a rise in the PSD values and, successively, in water height by
the time the flood wave reaches the level gauge. Next, the seismic amplitude reaches its peak and after the maximum

water height is registered, both variables decrease again to background values. This behaviour is well seen also on

horizontal components, showing similar hysteresis (supplementary material Fig. S3).
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Figure 8: PSD related to the water height color-coded with time of occurrence for the FUSE (a), BOO (b-c) and MPRI
(d) stations in 16-20, 1-5 and 17-21, and 2-6 Hz frequency bands respectively during the Ciaran storm flood event.

2.4. Polarization analysis during the main event

Moreover, the polarization analysis performed on seismic data recorded during flood revealed distinct features. For the
three seismic stations used in this work, the analysis has been performed with seismic data related to specific frequency
ranges (16-20 Hz for FUSE, 1-5 Hz and 17-21 Hz for BOO, 2-6 Hz for MPRI). As displayed in Fig. 9, the back azimuth
generally shows significant variations when PSD values peak, highlighted with bright yellow of the colour palette. In
addition, these back-azimuths associated to PSD maxima differ from background noise back-azimuth or from the more
dispersed pre- and post-event behaviours. FUSE polarization in the 16-20 Hz range is the best case highlighting this
behaviour, as it is characterized by a comparatively low background noise in the most correlated frequency range relative
to the other seismic stations (appreciable in fig. 3¢ spectrogram) and the back-azimuth variation is distinct and clearly

deviates from the background polarization trend. In addition, the Degree of Polarization (DOP) clearly shows an increase
during the intensification of the seismic amplitude with values up to 0.5 — 0.6, which are recommended numbers to safely

interpret results from a polarization analysis, according to Goodling et al. (2018).
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Figure 9: Polarization analysis for (a) FUSE, (b-c) BOO and (d) MPRI seismic stations in frequency ranges with the
highest value obtained by Spearman correlation results. The back azimuth value (0°) over the investigated period is
400 related to the PSD (dB) with a colour palette, underlining the peak of the seismic event during the flood, while in red line

the degree of polarization is shown.

3. Discussion

The frequency-dependent seismic responses observed in the analyses are likely influenced by the distance between
405 seismic stations and the river. Low-frequency seismic waves experience less energy loss over longer distances (Tsai et
al., 2012; Gimbert et al., 2014), which may explain their higher correlation with hydrological data. The range of time of
highest seismic energy corresponds to the rising water level until the flood peaks, when flow rates are notable and bedload
gets moved once shear stress exceeds the sediment transport threshold (Burtin et al., 2008). The PSD thus reaches its
maximum just before peak water height, following a hysteretic behaviour (Mao, 2012), also evident in our analyses (Fig.
410 8-S3).
As highlighted by Withers et al. (1996) and Lott et al. (2017), the stronger signal on horizontal components - also observed
here (Fig. S4) - is likely due to increased sensitivity of seismic stations to local environmental noise, particularly wind.
The considerable distance between seismometers and the riverbed further amplifies this effect, as river-generated waves
are attenuated during propagation (Tsai et al., 2012; Gimbert et al., 2014). Consequently, horizontal components are more

415  affected by meteorological noise (e.g., wind and rain) than the vertical one.

Polarization analysis by Borzi et al. (2025) showed that floods recorded by stations within 280 m of a river are mainly
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characterized by rectilinearity values of 0.4-0.5, consistent with Rayleigh waves. According to Tsai et al. (2012) and
Sanchez-Sesma et al. (2011), seismic waves generated by river bedload impacts are predominantly Rayleigh waves. This
supports the pronounced V-shape in low-frequency spectrograms (Fig. 4) at the downstream MPRI station, which may
420 primarily receive Rayleigh waves generated by sediment-rich flood fronts (Ptaczkowska et al., 2020), also influenced by

Fella River inputs.

V-shape variations of dominant frequencies associated to bell-shape variations of PSD values similar to that observed at
MPRI (Fig. 4a) have been reported in other studies (Diaz et al., 2014; Tsai et al., 2012; Roth et al., 2016). These variations
may reflect changes in source—receiver distance as the seismic source (water turbulences, bedload transport) migrates
425 downstream with the flood wave (Roth et al., 2016; Tsai et al., 2012). Alternatively, they may relate to selective sediment
transport at varying discharge rates (Diaz et al., 2014), where high frequencies correspond to small grain motion and low
frequencies to larger sediments. Initially, small particles (e.g., sand and fine-pebble size for the Tagliamento, Monegato
and Stefani, 2010) are moved by the stream, and collisions produce seismic waves at higher frequencies in the considered
band. As the intensity of the river flow rises, bigger and heavier sediments (e.g., cobble to boulder size limestones and
430 dolostones, Monegato and Stefani, 2010) are transported, recording a lower frequency signature, followed by deposition
during the last stage of the flood at decreasing water flow rates. During this latter phase, only lighter particles are moved
by the stream, generating a minor seismic contribution from bedload and higher amplitude at higher frequencies, caused
by water turbulence, drawing a V-shape signature in the low frequency range (Diaz et al., 2014). Laboratory and field
studies (Barriére et al., 2015b; Gimbert et al., 2019; Hunter, 1957; Huang et al., 2007) confirm the inverse relation
435 between seismic frequency and grain size. Thus, the observed 2—6 Hz band at MPRI likely represents a mixed signal of
bedload and flow responses modulated by discharge and source distance, with stronger PSD amplitudes downstream
(from FUSE to MPRI) due to flood evolution and Fella River contribution. Despite the fact that our findings are in line
with the aforementioned works, attributing the V-shape observed in Fig. 4a exclusively to variations of bedload size,

water depth, or distance to the source(s) remains speculative and needs further investigations.

440
3.2 Correlation of Seismic and Hydrometeorological Data

Correlation results (Fig. 6) confirm the contribution of river components during the November 2023 flood and highlight
the influence of station—river distance. The FUSE station, closest to the river (400 m), maintains correlation coefficients
near 0.9 up to 30 Hz, indicating minimal high frequency attenuation. BOO, located at a distance from the riverbed that is
445 intermediate between the distances of FUSE and MPRI from the riverbed, exhibits dual correlation peaks (1-5 Hz and
12-25 Hz), combining the behaviours of FUSE and MPRI. MPRI shows strongest correlation at 2—6 Hz, where wind
dominate higher frequencies (1040 Hz) and rainfall does not have a relevant contribution along all frequencies,

compared to the other two data (Fig. 8).

Time-lag differences among sections (255 for FUSE, 195 for BOO, and 360 minutes for MPRI) likely represent the lag
450  between the seismic detection of the flood perturbation and the subsequent water-height peak at the corresponding gauge,
without considering gauge stations misalignment. It is worth noting that the presented values are related to the November

2023 flood event and could variate for other events with different rain intensity and locations in the catchment area.

Rainfall-induced seismic noise affects mostly very high frequencies (generally above 50 Hz) and influences areas within
~25 m of a station (Bakker et al., 2022), while wind acts instantaneously on the sensor and nearby structures, like trees

455  and antennas (Johnson et al., 2019), primarily influencing high frequencies (Roth et al., 2016; Johnson et al., 2019;
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Rindraharisaona et al., 2022). For MPRI, which is near a meteorological station, correlations with rainfall and wind

confirm that river noise dominates low frequencies, while wind becomes dominant above ~20 Hz (Fig. 8).

3.3 Hysteretic behaviour

460 Hysteresis between seismic amplitude and water height has been widely documented (Bollinger et al., 2008; Burtin et al.,
2008; Schmandt et al., 2013; Barricre et al., 2015a; Gonzalez et al., 2018; Abi Nader et al., 2023; Borzi et al., 2025). In
this study, hysteresis was observed in the frequency bands identified as river signatures: 16-20 Hz at FUSE, 1-5 Hz and
17-21 Hz at BOO, and 2—6 Hz at MPRI (Fig. 8). Lower frequencies show clearer trends, while higher frequencies are

more influenced by non-river noise.

465 These results indicate that frequencies up to ~40 Hz could include both flow- and bedload-related signals, with the latter
diminishing as station-river distance increases (Tsai et al., 2012; Gimbert et al., 2014). Initially, PSD rises while water
height remains low, marking the flood’s onset and sediment mobilization. As water height peaks, seismic energy reaches
its highest values (PSD), representing maximum transport capacity. During recession, decreasing PSD values correspond

to sediment deposition and return to background noise levels.

470 Higher-frequency hysteresis widths likely reflect bedload transport (Gimbert et al., 2014), while lower frequencies are
dominated by river flow. Seismic energy increases from upstream to downstream (—155 to —145 dB, vertical component),
with horizontal components hysteresis about 5 dB higher (Fig. 8, Fig. S3). This suggests higher flow rates or greater
sediment transport downstream (MPRI), influenced by the Fella River contribution (1290 m?/s registered on Moggio
Udinese station C464 during August 2023 flash flood; Borga et al., 2007).

475 It is also important to highlight that this difference in amplitude between horizontal and vertical components could be
also explained in term of site conditions, hydrodynamic forcing or sensor coupling. Although sediment trap data were

unavailable and our trend aligns with previous studies (Burtin et al., 2008; Gimbert et al., 2014), this remains a hypothesis.

Despite its 2—3 km distance from the riverbed, MPRI still recorded clear flood-related seismic signatures, consistent with

Burtin et al. (2008), who observed river noise up to 15 Hz from stations over 2 km away.
480

3.4 Polarization analysis

Polarization analysis shows that PSD peaks coincide with shifts in back azimuth (Fig. 9), indicating river-related sources.
FUSE station back azimuths (85°-100°) point toward the But torrent (Fig. S5a), under the assumption that, considering
its distance from the river bed, Rayleigh waves are mainly being recorded, consistent with its proximity (~400 m). BOO
485 station polarization at 17-21 Hz points toward the Tagliamento—Fella confluence (5°-25°), suggesting multiple river
sources, while at 1-5 Hz, orientations near 165°-180° indicate upstream or downstream Tagliamento contributions.
Similar downstream-oriented polarization was reported by Chmiel et al. (2022) for the Vésubie River during Storm Alex.
At MPRI, back azimuths of 150°-160° (Fig. S5¢) correspond to a downstream section where flow is most energetic.
Degree-of-polarization (DOP) trends further support the temporal coincidence between azimuth shifts and seismic energy

490 peaks, helping distinguish river-generated polarization from background noise.
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3.5 Considerations on the flash flood event: 18 September 2023

We examined the flash flood event using the same stations and the same methodology. Considering the 18" of September
2023 flash flood event shown in Fig. 10, the rain gauges collected a huge quantity of water (even greater than the main
495 flood event), but the water height values (and so the discharge level) are lower than the aforementioned storm, which was
over 2 m, but still important (around 1 m). Therefore, pluviometers collected about 18 and 21 mm/15 min, causing a river
water rise of 1.2 m on Venzone and Villuzza level gauges. Also, anemometers recorded peak wind velocity around 8-10

km/h, with hourly sample frequency. We did not consider FUSE station because of big data gaps during this specific

event.
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Figure 10: Time series of water height (red line), rain rate (blue dashed line) and wind velocity (green dashed line),
shown on a) and b) plots, are collected with a frequency of a sample every 15 minutes for Venzone and Villuzza level
gauges and meteorological stations during the flash flood occurred on 18" of September. Spectrograms of the vertical

505 component of the seismic signal recorded at BOO (c) and MPRI (d) in the 1-40 Hz frequency band

During the flash flood (Fig. 10), seismic amplitudes in all frequency bands did not follow water height at any station or
component. The event, lasting only 1-2 hours, was much shorter than the Ciaran storm flood (Fig. 3) and insufficient to

generate the high turbulence or flow velocities needed to mobilize significant bedload (Gimbert et al., 2014).

510 At BOO (Fig. 5a—<), daily anthropogenic noise dominated at 1-15 Hz, showing no correlation with hydrological data.
MPRI displayed similar behaviour but greater sensitivity to wind and rain, correlating best with wind velocity (Fig. Sb—
d). The secondary rain peak at MPRI likely reflects a local rainfall event that did not significantly raise river levels. These
results indicate that short flash floods in the Tagliamento catchment typically do not reach discharge rates capable of

generating detectable river-induced seismic signals at current station distances (0.4-3 km).

515 Also, the velocity of the rising part of the curve (about 2-3 hours) and the peak of water height reached during the flash
flood event (1.2 m) suggests that longer events and higher water height values are necessary for the seismic signal to be
detected at the considered seismic stations, especially farther ones from the riverbed. Otherwise, only rainfall, wind and

anthropogenic noise would be mainly registered.
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In summary, seismic observations across the Tagliamento catchment reveal that flood-related seismic noise is strongly
520  controlled by river-station distance, event magnitude, and duration. Low-frequency signatures primarily reflect river
dynamics. However, the relative contribution of wind and rain at higher frequencies depends on the river—station distance:
at proximal sites (e.g., FUSE), seismic noise is dominated by fluvial activity even at higher frequencies, while at more
distant stations (e.g., BOO and MPRI), atmospheric sources, like wind and rain, become increasingly significant. The
analysed flash flood did not generate detectable river-induced seismic signals because of its short duration and insufficient
525 water levels to trigger significant sediment transport. The recorded seismic noise was mainly controlled by meteorological

and anthropogenic sources.

Therefore, the present seismic network is better suited to monitoring longer and more intense flood events.

4. Conclusions

530 In the case of Tagliamento river, during flood events a clear relationship between rising river water height in the level
gauges and seismic signal amplitude at stations near the riverbed could be appreciated. The present work was focused on
FUSE, BOO and MPRI stations during the November 2023 event called Ciardn Storm, which show good correlations
with available level gauge data. From the comparison between PSD and water height it is possible to reconstruct the river
flow behaviour (and thus have information about river flow and bedload transport) drawing a hysteresis trend, especially
535 focusing on specific bands of frequencies, that are most correlated with river water height time series (16-20 Hz, 1-5/17-
21 Hz and 2-6 Hz for FUSE, BOO and MPRI stations, respectively). Frequency contribution is station-dependent, as it is
influenced by the intensity of the flood event, site response and seismic station-riverbed distance for propagation effects
(Tsai et al., 2012; Gimbert et al., 2014). The correlation analysis shows clearly the relationship between the seismic signal
recorded at permanent seismic stations and the incoming river flood from upstream if related to river water height, with
540 maximum correlation coefficient at lower frequencies for seismometers farther from the riverbed (BOO and MPRI), and
higher frequencies for the closest one (FUSE). In addition, the seismic frequency bands most affected by the river activity
in some cases are not similar to the ones identified by previous studies, underlining the importance of the site conditions,
catchment morphology and strength of the flood. As mentioned in Section 3.5 (Fig. 10), the used seismic stations do not
register any significant variation related to the river flash flood events, so the assessments in this work show how extreme
545 long lasting rainfall events that evolve in river floods produce a clear river seismic response. It is worth noting that
previous works exploited data recorded by stations installed specifically for river studies, while we used only permanent
seismic stations installed mainly for earthquake monitoring. Unfortunately, seismic sensors are not as close to the river
as the cited works. Still, despite the unfavourable distribution, we found a good association with performed analysis,
obtaining observations that could help determine river conditions (e.g., water flow, discharge, bedload) during extreme

550  meteorological events.

Also, station proximity to the riverbed seems to be an important factor in detecting seismic waves generated by a flood
perturbation within the river, as can be deduced from FUSE polarization results, which seismic source orientates towards
the nearest tributary. On the contrary, the BOO and MPRI seismic signals are likely generated by different sections of the
Tagliamento River. These were interpreted as originating either from the turbulent flow at the confluence of the Fella and
555 Tagliamento rivers—if considering a northern azimuth—or from downstream reaches instead, where the flood wave is
expected to carry abundant sediments and the water course deviates from its straight path, as also observed by other

authors (Chmiel et al., 2022).
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The analysis carried out in this paper demonstrates that seismic stations not properly installed for river monitoring could
be a supportive choice in studying river dynamics during a flood, even if distant from the riverbed (e.g., MPRI).
560  Furthermore, the findings indicate that river monitoring within the Tagliamento catchment could be significantly
enhanced by deploying a permanent seismic network in proximity to the riverbanks and tributary confluences. Such a
spatial configuration would optimize seismic monitoring performance, as the source-receiver distance critically affects

signal attenuation, resolution, and data reliability.

Eventually, the analyses reported in this study provide a conceptual and methodological foundation for future seismic
565 investigations of large Alpine river systems that preserve their natural morphology and limited anthropogenic influence,
particularly in upstream reaches. This study was carried out to obtain preliminary insights toward developing an empirical
model of the water height on Tagliamento that fits well during floods and forecasts water height using seismic data, after
consistent training and validation phase, exploiting also seismic and hydrological data of other events with machine

learning algorithms.

570
Data availability

Risk information about Ciaran Storm was found on Bulletin of Vigilance of Civil Protection Friuli-Venezia Giulia for 2-

3 November 2023 (https:/www.meteo.fvg.it/rischi_meteo.php?In=). The rain and wind data are available on the Civil

Protection FVG and ARPA FVG website (https://monitor.protezionecivile.fvg.it/;

575 https://www.meteo.fvg.it/archivio.php?In=&p=dati). The seismic data were downloaded with ObsPy library functions

exploiting EIDA Orfeus website database as client (https://www.orfeus-eu.org/data/eida/). Codes for gaining data and

processing them were written in Python language (https://www.python.org/), exploiting Obspy for the seismic analyses

(https://github.com/obspy/obspy/wiki/).
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