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Forecasting volcanic eruptions remains a great civil defense challenge in many
parts of the world. Although instrumental monitoring networks provide a
variety of signals interpretable as eruption precursors, volcano observatories
still lack a systemic warning tool that can issue unambiguous real-time alerts to
stakeholders. Here, we propose such a tool called “Jerk” that permits real-time
detection of subtle ground movements associated with magma injections. The
Jerk signals consist of very low frequency transients in both horizontal ground
motion and tilt which, we show, are generated by fracture openings prior to an
eruption. These signals can be detected using one single broadband seism-
ometer. Implementation of fully automated Jerk detection and analysis at
Piton de la Fournaise (La Réunion island) has permitted real-time early warn-
ings for 92% of 24 eruptions that occurred in 2014-2023, with alarm times
ranging from a few minutes to 8.5 h before magma reaches the surface. The
Jerk tool thus promises to be a successful early warning method for forecasting
volcanic eruptions and provides a potential alternative for poorly monitored

volcanoes.

Volcanic eruptions are generally preceded by changes in seismic
activity, ground deformation, and gas flux/composition'”. Yet, inter-
preting such changes in terms of eruption’s probability and char-
acteristics (timing, duration, magnitude) remains a difficult challenge.
Instrumental monitoring networks managed by volcano observatories
provide multi-parameter signals that are targeted at eruption fore-
casting before the occurrence of surface phenomena with the aim of
alerting decision-makers in due time. Avoiding premature and/or false
alarms is very important to prevent unfortunate consequences such as
heavy economic cost and societal disturbances including loss of
credibility.

To date, our scientific understanding of magmatic-volcanic
processes remains insufficient to implement a truly effective and
systematic alert system that could operate independently of human
judgment. Although monitoring systems have significantly
improved in both quantity and quality over recent decades,

quantitative models of volcanic processes remain limited. This
deficiency prevents the implementation of fully deterministic,
physics-based alert methods®. Since the discovery of the Failure
Forecast Method after the 1980 Mount St. Helens disaster’, and
given the inherent difficulties in implementing such an approach in
real-time®, volcano observatories have increasingly adopted more
pragmatic strategies. These favor probabilistic methods grounded
on multidisciplinary observations’™. Indeed, statistical imple-
mentation of eruption forecasting and alert systems is currently the
only operational framework. It allows for the integration of diverse
datasets and accounts for uncertainties in both models and inter-
pretation. This, in turn, facilitates communication with decision-
makers”?°. Here we describe a fundamentally different, fully
deterministic approach that has been 92% successful in real-time
over the last 10 years at Piton de la Fournaise, with 14% of false
alarms. It is based on systematic observations of physical quantities
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derived from a single very broadband seismometer, which auto-
matically triggers an alarm when overcrossing a quantitative
threshold. The method enables the detection of shallow rock frac-
turing that could lead to an eruptive phenomenon: fissure opening
with lava or gas emission.

Seismometers have been the first instruments used to monitor
volcanoes in real time and are still of primary relevance for volcano
monitoring"**?, New trends and perspectives are provided with
innovative observation methods (e.g., Fiber optic sensing®). Volcanic
processes generate many seismic signals and waveforms of varying
amplitude and frequency content?>**?, Volcano-tectonic (VT) earth-
quakes (5 to >40 Hz) are related to brittle fracturing of rocks under the
stress generated by magma or fluid migration. These are the most
common early precursors of increased volcanic activity”. Long-Period
(LP) events (also called Low-Frequency events, 0.2 to 5Hz) are often
emergent signals that occur in swarms of repetitive waveforms”. They
have been attributed to various processes such as fluid-filled reso-
nance in fractures or cavities in volcanoes®™ and hydrothermal
systems®®, oscillations due to fluid-driven flow®**, stick-slip
models®**, degassing events®, and low stress drop or slow rupture®.
Very-Long Period (VLP, below 0.2 Hz) events are interpreted as due to
either heat, gas and magma inertial movement®>**°*?, pit-crater and/
or cavity collapse®”, and interactions between magma and sub-
terranean water in a volcano plumbing system®. As with all volcano
seismic signals, LP and VLP events do not occur at all volcanoes,
however, understanding their source mechanisms may provide key
information on volcanic unrest and provide early warning of forth-
coming eruptions for those where they do occur.

At Piton de la Fournaise (La Réunion island), VT, LP and VLP sig-
nals are observed prior to eruptions* ¢, These signals are recorded
either during the pressurization of the shallow magma reservoir
located at about 2 km depth below the summit or during the dyke
injection from this reservoir, which can be either vertical to the summit
or lateral towards one of the volcano’s flanks - over a greater distance
than in the first case. In addition to these well-known signals, unusual
transients signals in the horizontal velocity component were noticed in
recordings of the single very broadband RER station (360s, see
“Methods”), located 8 km away from the summit, prior to several
eruptions and/or non-erupting magma intrusions*’*%, These transients
are not periodic and last for a couple of hours. The lack of signal on the
vertical component suggested that these transient events might purely
originate from ground tilt induced by pressure variations and/or
magma transfer from the reservoir to the surface***°. Careful analysis
of 19 volcanic eruptions at Piton de la Fournaise between 2005 and
2010 showed that these transient events systematically happen as a
step in ground motion acceleration and with a variable amplitude (a
few um s2)*8, However, the tilt amplitudes derived from the seismic
signal are sometimes one or two orders of magnitude larger than those
measured by tiltmeters at the same location® or than the predicted
elastic deformation at such a distance from the source. This dis-
crepancy was previously suspected to reflect an inefficient ground
coupling of the tiltmeters*”.

Here, we demonstrate that these observed transient signals in
seismic records at Piton de la Fournaise do not correspond to a
simple ground tilt but are directly related to the dynamics of the
source that generates more horizontal displacement than tilt at
8-km distance. Because they are related to the derivative of
ground acceleration, we called them “Jerk”. The time lapse between
these signals and the onset of an eruption varies from a few
minutes to a few hours, depending on the depth of fracturing and
the magma ascent velocity. Such a time lapse is sufficient to send an
early warning alarm, so we implemented an automated real-time
detection of these transient signals at the volcano observatory
in 2014.

Results

Early-warning system based on the Jerk signal

In April 2014, we developed and implemented at OVPF-IPGP (Obser-
vatoire Volcanologique du Piton de la Fournaise-Institut de Physique
du Globe de Paris) a fully automated process based on the very
broadband seismic station data to compute the Jerk signal and send an
alarm when it reaches a threshold (Methods: “Computing the Jerk and
sending an alarm”). On June 20, 2014, the first automatic alarm was
sent at 20:33 UT (see Supplementary Fig. 1), 1 h before the appearance
of volcanic tremor (at 21:35 UT) indicating that magma had reached the
surface™. At the time of writing, the last recorded Jerk signal occurred
on July 2, 2023, 40 min before the ensuing eruption. A clear transient
signal of 1.5 nm.s> oriented to the summit was detected (Fig. 1) and
automatically triggered the sending of an email warning scientists of
an imminent eruption. A Jerk signal was systematically observed in
real-time conditions for the next eruptions from 2015 to 2023 while the
station was operational, as shown in Supplementary Fig. 1. Jerk alarms
anticipated the onset of eruptive tremor by up to 8 h (see values in
Fig. 2 and Supplementary Table 1). On only two occasions (on June
11, 2019 and February 10, 2020; see Supplementary Fig. 1), the alarm
arrived too late, i.e., almost synchronous with the eruption onset, and
was thus considered a false negative. Note that we included in the list
of eruptions the event of May 17, 2017 during which a new fissure
opened with gas emissions associated with 4.5 h of seismic tremor. We
also observed two Jerk alarms of magma injection but not followed by
an eruption (on September 28, 2020 and October 10, 2021). After 10
years of operational experience, our Jerk tool performance is evaluated
as 22 successful alarms before 24 eruptions, 2 false negatives (alarm
too late), 2 false positives (intrusions without eruption), and 12 true
negatives (seismic swarm not followed by an alarm, an eruption, or an
intrusion), i.e., a true positive rate of 92% and a false positive rate of
14%. To evaluate the performance of our detection approach, we
computed a Receiver Operating Characteristic (ROC) curve (Supple-
mentary Fig. 8), which offers a standard and threshold-independent
assessment of the trade-off between sensitivity and false alarm rate.
The ROC curve confirms that the threshold of 0.1 nm.s? is the optimal
threshold, and the area under the ROC curve (AUC) is estimated
at 0.85.

The horizontal pendulum seismometer

The Jerk signal usually appears during the most intense phase of the
seismic swarm and edifice deformation. As detailed below, it can be
considered as an unequivocal signal of magma migration out of the
shallow reservoir that usually heralds a forthcoming eruption. Fur-
thermore, the particle motion, oriented towards the volcano with a
quasi-linear trajectory, provides a rough indication of the source
location (Fig. 1). The Jerk signal is based on the horizontal pendulum
principle. The horizontal acceleration®*** is given by:

arad(t) = _umd(t) - grrad(t) - d-oz (t) (1)

where (i..4 (f) is the horizontal acceleration in the radial translation
direction, 7,,4(¢) is the ground inclination or tilt due to rotation around
the tangential horizontal axis (corresponding to the tilt radial com-
ponent), g is the gravitational acceleration, Q,(t) the rotation around
the vertical Z axis, and d is the distance of the mass along the tangential
axis (see Supplementary Fig. 2). The rotational term Q,(¢) is weak and
generally neglected®. The frequency response of the pendulum sensor
is dominated by ground displacement at short periods (<100 s), but
the tilt becomes a significant part of the signal at longer periods
(>3605)* (Supplementary Fig. 2). Without any independent knowl-
edge on the origin of ground motion, the recorded signals are the sum
of different movements that cannot be differentiated, even though the
continuous component can only be explained by ground tilt.
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Fig. 1| The last Jerk signal. Example of the jerk signal from the two horizontal
components recorded at the RER station before the last eruption at Piton de la
Fournaise (July 2, 2023): time series and particle motion. The black arrow indicates
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the alarm time and the color scale refers to the particle motion time on the map.
Contours of the associated lava flows are also shown.

The Jerk seismic signal tracks fracture opening due to magma
intrusion. One of the simplest ways to model the static response of a
dyke injection is to consider the opening of a vertical dislocation in a
homogeneous elastic half-space*®. When computing the theoretical tilt
and displacements as a function of distance due to a unitary opening of
a vertical or horizontal dislocation located at shallow depth, we see
that the amplitudes of tilt, vertical and horizontal displacements are
inversely proportional to the fourth, third, and second power of the
distance, respectively (Fig. 3). At a horizontal distance much greater
than the depth of the source, only the horizontal displacement
amplitude remains significant, while vertical displacement and tilt both
become negligible or at least undetectable at the distal broadband
seismic station (RER). Although the response of the sensor amplifies
the tilt contribution to the recorded signal, the horizontal displace-
ment contribution largely predominates due to the station distance,
for the model chosen.

Interpretation of the Jerk signal

As seen in equation (1), the displacement term contributes to the
recorded acceleration as a second derivative, while the tilt term is just a
function of time with no derivative. Thus, the time function of dyke
opening has a potentially dominant influence on the displacement
term and on the final recorded acceleration. A simple dislocation
model in elastic half-space produces different displacements and tilt
patterns depending on the location, geometry (e.g., dyke or sill) and
orientation of the magma intrusion (Fig. 3). Therefore, the Jerk signal
can be used as a quantitative indicator of the dynamics of fracturing,
because it will only appear in case of strong opening acceleration at the
source (see “Methods” and Supplementary Fig. 3).

The Jerk signal appears as a deviation of the horizontal compo-
nent from background noise level (below 0.05 nm.s®) during the main
seismic swarm preceding an eruption. The Jerk signal ends and the
horizontal component returns to background when the rate of earth-
quakes decreases and the dyke is propagating*®. Due to the data pro-
cessing (Methods: Computing the Jerk signal and sending an alarm),
the responsiveness of the method can be up to 10-15 min. The time
lapse is larger for small Jerk amplitudes. As an illustration, there were
two eruptions for which the alarm failed - on June 11, 2019 and Feb-
ruary 10, 2020 - since it coincided with the onset of the eruptive
tremor (see Supplementary Table 1). Both eruptions occurred close to
the summit crater so dyke propagation was short and rapid. A possible
explanation is that the Piton de la Fournaise summit crater is located
above a collapsed conduit, where materials are less coherent than in
other parts of the volcanic edifice”.

Post-processing of past eruptions

In order to further validate the strength of our Jerk tool, we examined
the seismic records of previous Piton de la Fournaise eruptions in a
standard post-processing approach. This can be simulated in the same
numerical conditions as in real time, i.e., using only causal signal pro-
cessing in the WebObs data monitoring system installed at OVPF-
IPGP*®, A posteriori analysis of 24 eruptions, which occurred from 1998
to 2010, and for which RER station was operational, confirms a timely
Jerk alarm would have been sent for 83% of the events (see Supple-
mentary Table 3). Only three eruptions would not have triggered aJerk
alarm (September 1999, August 2006 and December 2008). The first
false negative, before 2001, is coherent with a much lower signal to
noise ratio due to lower quality electronics at that time. The 2006 and
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scales (ratio of 100). The two models - a vertical dyke perpendicular to the station
(solid lines) and a horizontal sill (dotted lines) - use a dislocation of 100 x 100 m? at
500 m depth with a 1 m opening in an elastic half-space. The gray vertical area
depicts the typical distance interval (4-11 km) between the RER station and erup-
tive fissures at Piton de la Fournaise.

2008 eruptions instead took place inside the Dolomieu summit crater
and we believe that the magma reached the surface across an already
strongly fractured medium, offering little resistance. As a matter of
fact, the pre-eruptive seismic swarm was very weak in energy and short
in duration, suggesting little fracturing prior to the eruption. Also,
these two eruptions took place only a few days (16 and 17, respectively)
after the end of a previous eruptive event, implying that the magma
feeding system was still open at depth®.

Our overall analysis of 48 eruptions from 1998 to 2023 thus
reveals 42 Jerk alarms actually followed by an eruption (Supplementary
Tables 1, 3 and Figs. 4, 5). The time lapse between Jerk alarm and an
eruption varied from a few minutes to 8.5h, with an average of 2h
(Fig. 4 and Supplementary Table 1). Over these 25 years, the success
rate of the Jerk method in early eruption warning is somewhat lower
than for the 2014-2023 real-time period owing to either alarm lacks (in
1999, 2006, and 2008) or late alarms in case of eruptions in the vicinity
of the summit (in 2008, 2019, and 2020), both cases being false
negatives (Supplementary Table 3).

Potential false positives may also occur, mainly in three specific
cases. First, when a technical intervention is performed on the station,
one observes high amplitude acceleration variations much above the
observed maximum Jerk amplitude of 2.8 nm s~ which can be quickly
dismissed. Second, during major atmospheric perturbations such as
cyclones or tropical storms the Jerk signal exhibits a higher noise,
sometimes briefly reaching its alarm threshold. This happened, for
example, on April 24, 2018 during the tropical storm Fakir which
generated wind gusts reaching 185km/h and rainfall in excess of
400 mmin 12-h at the station site. Under such conditions, however, the
Jerk signal particle motion is no longer linear as during magma injec-
tion and generally not in the azimuth of the volcano (see Supple-
mentary Fig. 6). Finally, while clearly anticipated by a Jerk signal
(Supplementary Table 1 and Fig. 7), some magma injections do not end
up reaching the ground surface*®. During the 1998-2023 period we
thus identified 3 clear Jerk signals associated with magma injection but

not followed by an eruption. While these three cases can be considered
as false positives for eruption alarm, we do assert that the Jerk signal is
an alert of magma injection stricto sensu. In fact, this signal coincides
with seismic swarms and ground deformation (see Supplementary
Fig. 7) and simultaneously tracks any magma injection fracturing the
volcanic edifice. According to our 10 years of monitoring, when a Jerk
alarm appears in real time there is a 100% likelihood of magma shal-
lowing associated with injection/fracturing.

Almost all the eruptions/intrusions at Piton de la Fournaise in that
period were systematically preceded by a Jerk signal. Despite a high
eruption frequency, the magma always has to open its path to reach
the surface. It is also remarkable that the Jerk signal remains quiet
during an ongoing eruption. Although this has never yet been
observed, the Jerk might also allow for the detection of another new
magma injection during the course of an eruption, while the detection
and location of small earthquakes become difficult due to the con-
tinuous eruptive tremor.

At OVPF-IPGP, the staff on duty is automatically alerted if the
number of earthquakes per hour exceeds a threshold. Authorities are
alerted of an imminent possible eruption as soon as the seismic swarm
becomes intense and is accompanied by rapid ground deformation*®°,
Monitoring the earthquake location and the signals recorded by tilt-
meters and GNSS stations allows an initial diagnosis of the magma
location at depth and of the volcano sector impacted by its propaga-
tion. The arrival of a Jerk signal strongly supports this first order analysis
of an upcoming eruption. Thanks to this new tool, the observatory staff
can confidently validate and communicate their assessment to the
authorities who can raise the alert level and close the volcano access.
Since 2012 the real-time Jerk alarm has become a very efficient early
warning tool of eruptions at Piton de la Fournaise. The process is fully
automated from sensor detection to alarm transmission, but has still to
be controlled and validated by humans to exclude possible false alarms
during station maintenance or weather disturbances such as cyclones.
Moreover, with the delivery of a reliable eruption alert from only one
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broadband seismic station, the Jerk tool opens promising perspectives
for eruption forecasting at remote or poorly monitored basaltic volca-
noes experiencing recurrent dyking episodes. We are also convinced
that any other violent dynamic process leading to fracturing of the
medium has the theoretical potential to trigger a jerk-type signal that
should be detectable at long distance. This could be tested, for example
in the case of the recent eruptive sequence on Iceland’s Reykjanes
Peninsula, where deformation signals have been systematically
observed before the onset of each eruption®. Testing and deploying
this new Jerk method on other volcanoes should thus contribute to
improved eruption forecasting and, hence, to volcanic risk mitigation.

Methods

Broadband low noise seismic station

Piton de la Fournaise hosts a unique “very broadband” station RER
(“Eastern River”) that belongs to the worldwide Geoscope network®.
The station is located 21.17120 °S, 55.73986 °E, and 834 m elevation, at
a distance of 8 km from the volcano summit in the N17 azimuth. The
station is equipped with two Streckeisen horizontal STS-1H sensors and
one vertical STS-1V sensor of 360 s period®. Its sensitivity meets very
low-noise level standards®*. Since 2010, the station has been upgraded
with a feedback electronics Metrozet STSI-E300 and a 26-bit digitizer
Quanterra Q330HR. The station is installed in a well-insulated shelter
located in the middle of a 4 km long tunnel belonging to the French
electricity producer EDF. The mean temperature variation is lower
than 0.5°/year. The acceleration signals are dominated by Earth and
ocean tides with peak-to-peak values of about 2.10°m s~ on the hor-
izontal components.

Seismic signal acquisition and sensitivity calibration

For the real-time processing, we used the mass position acceleration
(POS) output signals from the two horizontal components LMN
(northern) and LME (eastern) channels, at 1Hz sampling rate. The
frequency response of POS channels is flat. As the sensitivity factor is
not provided by the manufacturer, we calculate it by using the linear
correlation factor with the standard velocity channels LHE and LHN
after instrumental response removal and conversion in acceleration
using the SAC software®. This gives sensitivity factors of 4.02613.10°
and 3.80261.10° count/(m s) for LMN and LME channels, respectively.
Data flux is obtained using the FDSN web-service dataselect protocol
request from SeisComP3 waveform database. For the eruptions before
2010, the POS signal was not available; we therefore used the velocity
signals manually converted into acceleration, then we applied the
same procedure as for real-time POS signals. Note that this processing

can be properly done only in post-analysis conditions, since the
instrumental response removal implies a preliminary detrend.

Earth and ocean tide removal

Very broadband sensors are sensitive to the subtle low ground
movements such as Earth tides and ocean loading. The tides and
transient signals have a similar amplitude, so the tidal contributions
must be removed to avoid artifacts and false alarms. We calculate the
theoretical tides by using the Gotic2 open-source program® that uses
the NA0.99 L model for long-period ocean tides®” and predicts the
amplitude and phase of the tilt. Horizontal tidal waves are sensitive to
environmental effects such as topography, geology®® or local cavity
effects® that remain mostly unknown. Thus, we adjusted the theore-
tical tides model for each component by inverting for two empirical
additional parameters: the amplitude factor and time shift. Inversion is
computed in real-time by minimizing the 12-h period residual using the
Nelder-Mead simplex algorithm’®.

Computing the Jerk signal and sending an alarm

The Jerk signal is derived from the acceleration rate on each horizontal
POS component, after the removal of the tide, on a 5-day real-time
moving window. In order to be implemented in real-time, minimizing
delay and window border effects, the process works in the time
domain and uses causal filtering. To avoid spikes due to noisy data, the
derivative is computed using a linear trend slope on a sliding window
of 900 s length and 60 s resampling rate. The time window length has
been minimized to get the best temporal responsiveness while keeping
the signal to noise ratio at a reasonable level. The two cartesian com-
ponents are expressed in polar coordinates, as amplitude and azimuth.
The Jerk amplitude is a very stable signal with a background noise
usually below 0.05 nm s, The amplitude is compared to two different
thresholds of 0.1nm s~ for alarm level 1, and 0.2 nm s for alarm level
2, based on the statistics of previous observed signals*®. The level 1 is
used to trigger a first alarm, which suggests a possible Jerk signal but
might be reached during high noise level, while the level 2, achieved a
few minutes later, validates the occurrence of a real Jerk signal. In
addition to the threshold levels, we add a supplementary condition to
initiate the alarm: the azimuth must be oriented in the volcano summit
direction (N197) within a+30° angle interval. Each transition from
background to level 1, level 1 to level 2 or the reverse sends an auto-
matic email alarm to a group of users, indicating the previous and
present state, and a link to the data graph where additional informa-
tion can be found. Measured temperature at the station is also plotted
for checking possible thermal perturbations.

Integration into the observatory operational monitoring system
At the time of Jerk method implementation, OVPF-IPGP was already
equipped with the WebObs system’®, which has been designed to help
scientists in the development and implementation of real-time data
processing or modeling methods. Indeed, data import and associated
parameters, graphic toolbox, automatic process scheduling, alarm
notification and web access to the results are already handled by the
system. Thanks to this environment, the Jerk method has been devel-
oped and implemented in only a few days and has become immedi-
ately operational as a new “proc” module with automatic detection and
message alarm capabilities. The efficiency of the Jerk as an early
warning system is currently limited by (1) the proper functioning of the
seismic station, (2) the requirement of pre-eruptive fracturing (some
eruptions might result from “silent” magma injection through a pre-
fractured medium, such as for the December 2008 eruption), and (3)
the oceanic noise. The positive feedback of the Jerk deployment at
OVPF-IPGP suggests that this method deployed with several sensors
could allow real time inversion of the various parameters of magma
injection source, such as location, orientation and volume, which
remain big uncertainties so far.
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Synthetic Jerk signal

Assuming that the Jerk signal is generated by the opening of a lateral
magmatic injection, we reconstruct the Jerk signal. In linear elastic
models, the displacement, tilt and strain are all proportional with
dislocation parameters (slip or opening). Here, we introduce the factor
n as the ratio between horizontal displacement and tilt, in mrad™,
which is constant for a given source and a given observation point. For
a I-meter opening of a 100 X100 m source located ~7 km from the
observation point, the expected value of n is on the order of
-5x10% mrad™ for a vertical dyke oriented N70°E, and approximately
-2x10* mrad™ for a horizontal sill.

We compute the response of a horizontal pendulum to the
opening of a dyke/sill using different source time functions, all simu-
lating a “smooth” opening step x(f), but with different acceleration
variations x”(f). The x”(t) synthetic signal is constructed from the
concatenation of 4 portions of the sin(6).sin(26) derivative function on
the [0,mt] interval delimited by A to E points: signal starts at 8 =0 (point
A), reaches a positive maximum (point B), a negative minimum (point
C), a secondary positive maximum (point D), then ends at 8 = (point
E). Signal amplitudes at points B to C are adjusted by linear inversion in
order to respect the boundary conditions x"(m)=0 and x(m)=0.
Resulting signal x(t) gives a smooth ramp in displacement, which is
then normalized to the 0-1m interval of opening. Arbitrary values of
B-D positions result in various possible time functions, which com-
bined with the factor , are used to compute the POS signal as the sum
of acceleration and tilt. This produces patterns similar to the observed
Jerk signals.

We propose two examples of Jerk signals for an opening dyke and
sill associated with distinct 1 values, and different time source func-
tions (see Supplementary Fig. 3). These two sources result in transient
positive first movement with undetectable tilt (similar to June 21, 2014
eruption), and negative first movement with significant tilt (similar to
August 11, 2019 eruption).

Data availability

Continuous data has been acquired and validated by the Observatoire
Volcanologique du Piton de la Fournaise from Institut de Physique du
Globe de Paris (https://doi.org/10.18715/REUNION.OVPF). All the pro-
cessed data supporting this work are available at the IPGP Dataverse
https://doi.org/10.18715/IPGP.2025.mebk519d. Raw data from the RER
seismic station can be downloaded from http://geoscope.ipgp.fr. The
POS channel data (LM*) after 2010, and lava flow contours are available
upon request.

Code availability

The automatic tool software WebObs with Jerk module is available at
https://ipgp.github.io/webobs. Earth and ocean tidal program Gotic2 is
available at https://www.miz.nao.ac.jp/staffs/nao99/index_En.html.
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