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Abstract Stromboli, Italy, is a unique volcano worldwide with near-continuous eruptions monitored by a
multi-sensor network. Between 2019 and 2021, three events produced pyroclastic density currents along the
Sciara del Fuoco that entered the sea and generated tsunamis, providing a unique data set linking flow dynamics
to tsunami generation near the source. We compare these field observations—first crest amplitude, trough and
full waveform—with laboratory experiments to assess lab-to-field upscaling and predictive reliability of
volcanic-flow tsunamis. Using key dimensionless parameters, we show that existing experiments overestimate
relative flow mass, limiting direct scaling to Stromboli events and motivating new experiments. An empirical
scaling for experimental pyroclastic flows entering water, however, predicts satisfactorily observed tsunami
amplitudes. Both laboratory and field data also reveal a consistent three-wave pattern, enabling the development
of predictive relationships for the trough-to-amplitude ratio of the leading wave and total waveform energy. This
study marks a first step toward bridging laboratory developments with field observations, opening new paths for
volcanic-tsunami hazard assessment.

Plain Language Summary Stromboli island in Italy is a unique volcano worldwide with daily
moderate explosive eruptions, closely monitored by an advanced multi-sensor network. Between 2019 and
2021, three events produced fast-moving volcanic flows that reached the sea and generated small tsunamis,
providing a unique field data set linking flow dynamics to tsunami generation near the source. We compare
these real-world observations with current knowledge and laboratory experiments to better understand how such
tsunamis form and to evaluate whether laboratory results can actually represent natural events. We find that
existing experiments tend to overestimate the mass of volcanic flows, limiting direct scaling to Stromboli events
and motivating new experiments. A recent laboratory model, however, matches the tsunami amplitudes
observed at Stromboli. Laboratory and field data also exhibit a similar three-wave pattern, helping to develop
new predictions for tsunami characteristics. By linking laboratory experiments with field observations, this
study enhances the assessment of volcanic-tsunami hazards.

1. Introduction

Tsunamis of non-seismic origin represent a significant hazard to coastal populations and infrastructure, yet
forecasting these events remains a major challenge (Dauxois et al., 2021). This primarily arises from the diversity
of their source mechanisms (Heller et al., 2019; Lgvholt et al., 2015; Paris, 2015; Schindelé et al., 2024,
Wiinnemann & Weiss, 2015), which are often complex, localized, generally difficult to detect, and fundamentally
different from those of earthquakes. Among the mechanisms of generation, those related to volcanic eruptions
(Paris, 2015; Schindelé et al., 2024) have recently received significant attention following two major events: the
December 2018 tsunami triggered by a landslide during the eruption of Anak Krakatau, Indonesia (Muhari
et al., 2019), and the multiple local and transoceanic tsunamis recorded during the January 2022 eruption of
Hunga Tonga—-Hunga Ha'apai (Carvajal et al., 2022). The Anak Krakatau event is an example of tsunamis
triggered by volcanic gravitational flows—the most frequent source of volcanic tsunamis (Latter, 1981; Paris
et al., 2014)—as addressed here, while a similar mechanism may also have contributed to local tsunamis during
the 2022 Tonga eruption (Lynett et al., 2022; Seabrook et al., 2023).
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Figure 1. (a) Topography and bathymetry of Stromboli volcano showing the positions of the LBZ visible camera (circle), the
wave gauges (PDC and PLB, upward triangles), and the pyroclastic-flow impacts along the Sciara del Fuoco (stars), for the
events of 3 July 2019 (red), 28 August 2019 (orange), and 19 May 2021. Inset: Stromboli's location in the Tyrrhenian Sea.
(b) Northeast view of Stromboli (top; photo by Carsten Steger, CC BY-SA 4.0), LBZ camera snapshot of a pyroclastic
density current descending the Sciara del Fuoco on 28 August 2019 (bottom, left; LGS), and photo of the PLB wave gauge
(bottom, right; LGS).

Stromboli island, located in the southern Tyrrhenian Sea, Italy, is subject to near-continuous eruptions (Rosi
et al., 2000) generating regularly volcanic flows along the Sciara del Fuoco on its northwestern flank (Marsella
et al., 2012; Plank et al., 2019; Ripepe & Lacanna, 2024). These flows can reach the sea, and have occasionally
generated tsunamis (Giordano & De Astis, 2021; Ripepe & Lacanna, 2024). The December 2002 tsunami,
triggered by a massive flank collapse of the Sciara del Fuoco, further highlights Stromboli's potential to produce
substantial tsunami events and associated damage (Bonaccorso et al., 2003; Fornaciai et al., 2019; Maramai
et al., 2005; Tinti et al., 2006). In such a situation, the volcanic hazard extends well beyond the island, with
tsunamis potentially impacting the entire Aeolian Arc as well as the coasts of Calabria and Sicily (Figure 1).
Stromboli is unique worldwide due to its advanced monitoring system, which includes a visible camera (LBZ,
Figure 1) focused on the Sciara del Fuoco and two near-source wave gauges (PDC and PLB, Figure 1), as well as
thermal cameras, water temperature and hydro-acoustic sensors, strainmeters and tiltmeters (Biagioli et al., 2026;
Bruno et al., 2025; Ripepe & Lacanna, 2024). This monitoring system provides invaluable real-time observations
of both volcanic flows and tsunamis, offering a robust field data set for assessing predictive models.

In a broader context, tsunamis generated by the impact of gravitational flows into bodies of water—such as
landslides entering the ocean or rock and snow avalanches plunging into lakes—have been investigated in lab-
oratory through idealized experiments (Bougouin et al., 2020; Bullard et al., 2019; Heller & Hager, 2010; Lip-
iejko et al., 2023; Miller et al., 2017; Zitti et al., 2016), numerical modeling (Battershill et al., 2021; Poulain
et al., 2023; Rauter et al., 2022; Yavari-Ramshe & Ataie-Ashtiani, 2016), and theoretical analysis (Couston
et al., 2015; Ma et al., 2015; Renzi & Sammarco, 2016; Walder et al., 2003; Watts & Waythomas, 2003).
Nonetheless, the key physical ingredients governing tsunami generation from gravitational flows are not fully
understood (Heller & Ruffini, 2023), though novel and promising research directions are currently emerging
(Bougouin, Viroulet, et al., 2024; Kriaa et al., 2022; Meng & Ancey, 2019; Mulligan & Take, 2017; Sarlin
et al., 2022). One approach to synthesizing results from experimental landslide-induced tsunamis have been
multi-parameter regressions to develop empirical predictions (Bougouin et al., 2020; Fritz et al., 2004; Heller &
Hager, 2010; Zitti et al., 2016; Zweifel et al., 2006). These predictions typically incorporate both flow charac-
teristics (e.g., velocity, thickness, and volume) and environmental conditions (e.g., topography, water depth),
expressed through dimensionless parameters to enable upscaling from the laboratory to the field. Commonly used
dimensionless parameters include the Froude number 7, the relative thickness H, and the relative mass M, which
compare the characteristic velocity, thickness and mass of the flow to those of the water body, respectively.
However, the absence of a theoretical framework, the wide variety of environmental conditions not necessarily
covered by the dimensionless parameters and the lack of field data—particularly data sets for both volcanic flows
and associated near-field tsunamis for the same event—prevent reliable predictions.
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Table 1

Dimensional and Dimensionless Field Parameters and Tsunami Amplitudes Recorded at the PDC and PLB Gauges During
the 2019-2021 Stromboli Events (Andronico et al., 2021; Ripepe & Lacanna, 2024)

Parameters Symbol Unit 3 July 2019 28 August 2019 19 May 2021
Flow velocity Uy m.s™! 45.6 45.7 50
Flow thickness Hy m 20 10 6.5
Flow Volume \Z; m3 214 x 10° 1.05 x 10° 0.71 x 10°
Bulk flow density Dy kg.m™3 380 250 368
Water depth H,, m 155 145 137
Froude number F - 1.2 12 14
Relative thickness H - 0.13 0.07 0.05
Relative mass M - 0.017 0.006 0.007
Wave amplitudes A‘: DC m 1.0 0.56* 0.44°
APLE m 0.39 0.22 0.17

“Fictitious Measurement Obtained by Applying the Scaling Factor (Afz,DC/AﬂiLB)3 July 0 the PLB Amplitudes, as the PDC
Gauge was Not Operational During the Event.

With the aim to bridge the gap between laboratory studies and natural events, this work compares laboratory-
based developments with field observations from the three tsunamigenic events recorded at Stromboli between
2019 and 2021. The scope is threefold: (a) to evaluate laboratory-based amplitude predictions against recent and
unprecedented field observations, (b) to assess the reproducibility of field waveforms in the laboratory, and (c) to
identify strengths and limitations in lab-to-field upscaling, thereby guiding for hazard assessment improvements.
To achieve these goals, the paper is structured as follows. Section 2 introduces the field data set from the
2019-2021 Stromboli events. Section 3 explores lab-to-field upscaling from the Stromboli events, previous
experimental studies and a new set of experiments conducted in this work. Section 4 is dedicated to the reliable
assessment of laboratory-based tsunami amplitude predictions in the field, and Section 5 extends this analysis to
waveform characteristics. Finally, we outline key limitations of transposing laboratory-derived insights to real-
world volcanic-flow tsunami scenarios, propose guidelines to improve them, and discuss other recent—but
less documented to date—tsunami events at Stromboli (Section 6).

2. The 2019-2021 Stromboli Events

Between 2019 and 2021, three tsunamigenic events were reported at Stromboli island, all triggered by pyroclastic
density currents descending the steep slope of the Sciara del Fuoco (6 ~ 35°) with flow fronts nearly W; ~ 200 m
wide, entering the sea. The flow dynamics were recorded by the video camera (LBZ, Figure 1), located on the
northern side of the Sciara del Fuoco, from which nearly constant flow-front velocities along the path were
estimated at Uy ~ 45.6 and 45.7 m.s~! for the 3 July and 28 August 2019 events, respectively (Ripepe &
Lacanna, 2024). On 19 May 2021, lack of visibility due to an opaque ash cloud preceding the flow prevented
direct velocity measurements. For this event, a front velocity of U, ~ 50 m.s~! was inferred from thermal camera
observations (Calvari et al., 2022; Ripepe & Lacanna, 2024).

The side camera view also provided information on the thickness (~ 30 m) of the pyroclastic density currents. They
consisted of two components: an upper, dilute surge that propagated over the sea surface, and a dense basal
layer—referred to here and elsewhere as the pyroclastic flow—that entered the sea. Assuming that only the py-
roclastic flow contributed to tsunami generation (Watts & Waythomas, 2003), both its thickness and volume were
constrained from field-recorded waveforms and computational modeling. Estimated thicknesses of pyroclastic
flows are Hy =20 = 4, 10 = [ and 6.5 = 1 m, and corresponding volumes are V, = 2.14 £ 0.5 X 10°,
1.05 £ 0.21 x 10° and 0.71 + 0.15 x 103 m?, for the 3 July 2019, 28 August 2019 and 19 May 2021 events,
respectively (Table 1; Ripepe and Lacanna (2024)). On 19 May 2021, the estimated pyroclastic flow volume agrees
well with the volume of collapsed material inferred from helicopter survey photos taken immediately after the event
(Calvari et al., 2022). No similar information is available for the other two events.
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A last parameter useful in characterizing pyroclastic flows is the bulk flow density, which is directly related to
both the mean density D, of volcanic particles and the particle volume concentration C within the flows (Bou-
gouin, Paris, et al., 2024). For the two 2019 paroxysms, previous studies analyzed 8—32 mm sized particle
samples (Andronico et al., 2021). They provided particle density estimates that likely underestimate the average
particle density of pyroclastic flows because fine ash was not considered (Eychenne & Le Pennec, 2012). They
yield particle densities of D, ~ 760 = 48 and 500 + 118 kg.m~3 for the 3 July and 28 August 2019 events,
respectively. No direct measurements are available for the 2021 event, but previous paroxysms in 2003, 2007 and
2019 exhibit similar particle characteristics (Andronico et al., 2021). A particle density of
D, ~ 735 £ 254 kg.m™ is therefore adopted for this event, based on the average of values from the four earlier
paroxysms. The bulk flow density is then estimated as Dy ~ D, C with particle volume concentration C ~ 0.5
estimated as typical for pyroclastic flows (Delannay et al., 2017), which results in D ~ 380 + 24,250 + 59 and
368 + 127 kg.m~> for the 2019-2021 events (Table 1). Interestingly, the pyroclastic flow—the dense basal layer
of a pyroclastic density current—has a density lower than that of water (D,, ~ 10* kg.m™®) underlining the
tsunami-generating potential of light flows entering the water, as already shown in laboratory experiments
(Bougouin, Paris, et al., 2024; Zitti et al., 2016).

Within a few tens of seconds after the pyroclastic density current formed, they reached the sea and generated
tsunamis. On 3 July 2019, tsunami waveforms were recorded by the two near-source wave gauges (PDC and PLB,
Figure 1), but the PDC gauge ceased functioning shortly afterward due to severe damage, and was not operational
during subsequent events (Ripepe & Lacanna, 2024). At the PLB gauge, the first tsunami crest amplitudes were
measured as AP ~ 0.39, 0.22, 0.17 m for the three events, while the PDC gauge recorded an amplitude of
Af:,D C ~ 1.0 mon 3 July 2019. To estimate the tsunami amplitudes at PDC for the two later events, a scaling factor
based on the 3 July 2019 amplitude ratio, (A;”</Af"?), iy = 1.0/0.39 & 2.6, was applied to the PLB am-

plitudes. This yields estimated amplitudes of A‘;DC = 0.56 and 0.44 m for the 28 August 2019 and 19 May 2021
events, respectively.

The arrival times and locations of the wave gauges, compared with the estimated time and location of the flow
impact, provided impact-to-gauge distances—approximately R ~ 760 m for the PDC gauge, and R ~ 1, 750,
1,170, and 1,250 m for the PLB gauge (Figure 1)—and corresponding tsunami propagation veloc-
ities—U,, ~ 39.0, 37.7, and 36.7 m.s~'—for the 3 July 2019, 28 August 2019, and 19 May 2021 events,
respectively. The wave propagation velocity can be used to estimate the characteristic water depth H,, during
tsunami generation, based on the linear shallow-water wave velocity U,, = \/Zﬁ;, where g = 9.81 m.s72 is the
gravitational acceleration (Le Méhauté, 1976). Applying this relation yields estimated characteristic water depths
of H,, = U,*/g ~ 155, 145 and 137 m for the three events, respectively, consistent with a depth of ~105 m
previously reported for 3 July 2019 (Ripepe & Lacanna, 2024).

3. From Laboratory to Field: The Upscaling Challenge

When applying the laboratory results to the field, upscaling requires preserving key dimensionless parameters,
namely the Froude number F, the relative thickness H, and the relative mass M, defined as

DV,

F=—==, H=—r, M=—{">. 1
, D, WH,* M

The relative mass can also be splitas M = DV, where D = D;/D,, is the relative density and V = V,/ Wwa2
is the relative volume, which will be used separately in the following only when explicitly required.

We first assess the range of dimensionless parameters explored in laboratory experiments to date—consisting of
various flowing materials descending down a slope and entering water (Bougouin et al., 2020; Bougouin, Paris,
et al., 2024; Bullard et al., 2019; Heller & Hager, 2010; Lipiejko et al., 2023; Miller et al., 2017; Zitti
etal., 2016)—and compare them with those from the 2019-2021 Stromboli events (Figure 2). The Froude number
F is the most widely studied parameter in the literature due to its major influence on tsunami generation
(Darvenne et al., 2024; Kriaa et al., 2022; Noda, 1970; Robbe-Saule, Morize, Bertho, et al., 2021; Robbe-Saule,

BOUGOUIN ET AL.

4 of 14



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans

10.1029/2026JC024008

101?'7? (a)

Experiments

2019 - 2021 from the literature

| Stromboli events

e

S
Experiments
WA from this study M
0% 102 100" 10 10" 10
L (b)
2019 - 2021 Experiments

1 Stromboliievents from the literature

"4

10_2 i A Experiments M
E A

from this study

1073 1072 10t 100 10! 102

Figure 2. Range of dimensionless parameters covered by experiments from
the literature (Bougouin et al., 2020; Bougouin, Paris, et al., 2024; Bullard
et al., 2019; Heller & Hager, 2010; Lipiejko et al., 2023; Miller et al., 2017;
Zitti et al., 2016) and from this study, as well as the 2019-2021 Stromboli
events (legend detailed in Figure 4).

Morize, Henaff, et al., 2021; Sarlin et al., 2021, 2022). In laboratory exper-
iments, the Froude number 7 ~ 1—10 spans approximately one order of
magnitude, encompassing the Stromboli events near the lower limit with
F ~ 1.2—1.4 (gray and orange regions, Figure 2a). A similar observation
holds for the relative thickness H, which spans two orders of magnitude in
experiments (H ~ 0.01—1), with Stromboli values of H ~ 0.05—0.13 falling
within this range (gray and orange regions, Figure 2b). In contrast, the relative
mass M for the 2019-2021 Stromboli events lies slightly outside the wide
range covered experimentally (M ~ 3 X 1072—10?), reflecting the rela-
tively low bulk flow densities and volumes (compared to those of water),
during the Stromboli events.

To overcome the discrepancy in relative masses between published experi-
ments and Stromboli events, we conducted new laboratory experiments in a
7 m long and 0.2 m wide channel, aimed at achieving lower values of the
relative mass M (illustrated in Figure 4, top; see also Text S1 and Figure S1 in
Supporting Information S1). The experiments consisted of the sudden release
of an initially triangular-shaped mass (M, = 100—600 g; bulk density,
Dy = 632 kg.m~3) of polystyrene beads (mean diameter, 140 pm; particle
density, D, = 1050 kg.m™3)onaplaneinclinedatd = 35° matching the slope
of the Sciara del Fuoco. Flow velocity (U; = 0.85—1.82 m.s~!) and flow
thickness (H; = 0.3—1.2 cm) are varied through the initial mass and its po-
sition upslope of the water surface (A = 15-76 cm; Figure S1 in Supporting
Information S1). Most experiments were performed with a uniform, still water
depth of H,, = 15 or 35 cm. However, two additional experiments include a
submerged rising ramp (slope of 3° and 9°, positioned such that the maximum
water depth was H,, ~ 10 cm; Figure S1 in Supporting Information S1) to
evaluate the effect of bathymetry—reminiscent of the Sciara del Fuoco seabed
from the tsunami source region to wave gauge locations. Full details of the new
set of experiments are given in Supporting Information S1, and all experi-
mental data are available in Bougouin et al. (2026).

This new set of experiments extends the existing laboratory parameter space
toward lower values of 7, H{ and M, now encompassing the range of M
associated with the 2019-2021 Stromboli events (green and orange regions,

Figure 2). However, the results emphasize the difficulty of simultaneously preserving all three dimensionless
parameters—the experimental (gray and green) and field (orange) regions do not overlap—precluding full
similarity between laboratory experiments and natural events. Varying the distance A between the initial mass
and the water surface inevitably leads to both a decrease in flow thickness and an increase in velocity (Figure
S1 in Supporting Information S1)—consequently a decrease in H and an increase in F (from light to dark
green symbols at M ~ 2 x 1072, Figure 2)—in the new series of experiments. Moreover, the full set of
experiments reveals clear trends between M and both 7 and H (gray and green regions, Figure 2), showing
that larger released masses generally produce faster and thicker flows in the laboratory (Figure S1 in Sup-
porting Information S1). These results underline the importance of systematically exploring a broader range of
each parameter to enable robust extrapolation of empirical relationships to natural events, and emphasize that
achieving full similarity between laboratory experiments and field events remains a key challenge in volcanic-
flow tsunami generation—particularly at Stromboli, where natural flows appear relatively faster and thicker
than those reproduced in the laboratory.

4. Laboratory-Based Tsunami Predictions in the Field

The 2019-2021 Stromboli events—remarkable for their well-documented pyroclastic density currents and near-
source tsunamis (Ripepe & Lacanna, 2024)—offer a rare opportunity to evaluate laboratory-based tsunami
predictions against field data. While plenty of relationships have been proposed to predict tsunami amplitudes
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Building on several studies of impulse waves generated by a pneumatic
landslide generator (Fritz et al., 2003a, 2003b, 2003c, 2004; Zweifel
et al., 2006), Heller and Hager (2010) compiled a substantial number of ex-
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Figure 3. Tsunami amplitude A,, recorded at PDC and PLB wave gauges
during the 2019-2021 Stromboli events, normalized by predicted values Af:,

from literature scalings (Equations 2-6).

!
%VY periments and proposed a semi-empirical relationship (hereafter denoted
He2010) for the predicted maximum wave amplitude A as follows
A Av A ) p p w
vV VYV Y TN
*=—\F'H =0 . 2
o=l () @
20{{ %ﬂx . QA Compared with Stromboli field data (Figure 3), this relationship significantly
v RO Bo= overestimates tsunami amplitudes for all three events, A,/AY < 107!, as

recorded by the PDC and PLB wave gauges (upward and downward tri-
angles). This discrepancy is not unique to field data, having also been reported
for other laboratory experiments (Bougouin et al., 2020; Zitti et al., 2016). It
has been attributed to differences in wave generation mechanisms at small
and large F (Zitti et al., 2016), which may arise from variations in wave generation occurring above and beyond
the submerged inclined ramp (Lipiejko et al., 2023). Consequently, this prediction is more appropriate for high-
velocity flows in shallow water (i.e., large F), contrasting with the 2019-2021 Stromboli events (Figure 2a and
Table 1).

To fill this gap at small F, Zitti et al. (2016) proposed an alternative empirical relationship (denoted Zi2016),
based on impulse waves triggered by positively buoyant granular flows, as

AP
H_w =0.18TD'0129H0'188M0'384. (3)

w

Minimizing the dependence on F, this formulation predicts better Stromboli field data than He2010, though it still
overpredicts tsunami amplitudes, A,,/A” ~ 0.08 — 0.25 (Figure 3). This improvement likely reflects closer
similarity in Froude number, 7 = 0.8 — 1.9and 1.2 — 1.4, and relative flow density, D/ D,, ~ 0.07 — 0.25 and
0.25 — 0.38, between experiments and field, respectively.

Based on a theoretical framework, Mulligan and Take (2017) established two semi-analytical predictions for
wave amplitude under hydrostatic and hydrodynamic conditions, which actually exhibit comparable trends. We
adopt the hydrostatic formulation (denoted Mu2017), as applied in recent works (Bullard et al., 2019, 2023;
Cabrera et al., 2020), defined as

AP
% =1+ F*HDcos? 60— 1. 4)

H,
Unlike other predictions, this one excludes the relative volume V, depending solely on 7, H and D, which raises
the question of whether the impacting flow can be seen as effectively infinite during the leading wave generation.
Its agreement with Stromboli field data is comparable to that of Zit#i2016 (Figure 3), but it is built on theoretical
arguments that offer important insights into the physical understanding of tsunami generation.

More recently, a significant advance in landslide-tsunami research has been achieved by identifying the local
Froude number—based on the submerged flow velocity—as a primary control on wave amplitude (Kriaa
et al., 2022; Robbe-Saule, Morize, Henaff, et al., 2021; Sarlin et al., 2021). As a direct field measurement of the
submerged flow velocity is difficult, especially in field conditions, Robbe-Saule, Morize, Bertho, et al. (2021)
correlated the local Froude number with the submerged flow volume, leading to the following predictive rela-
tionship (denoted Ro2021)
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experiments, and Stromboli field data. (---)A,/H,, = CZ/ 7. (—)A,/H,, = al witha = 4and 16 for @ = 30° and 15°, respectively. (Bottom, right) Same plot excluding
data with @ = 15°. (—) A,/H,, = 1.5¢%3.

=0.250°8, (3)

Z|A

Notably, this simplified formulation is similar to that from more complex models (Zi2016 and Mu2017) in
predicting tsunami amplitudes, Aw/Af, ~ 0.1-0.3, observed at Stromboli (Figure 3). Moreover, it has already
shown predictive accuracy within 25% deviation for past landslide-tsunami events (Robbe-Saule, Morize, Bertho,
et al., 2021), thus offering a robust and practical tool for estimating tsunami amplitudes regardless of flow and
environmental complexities.

Finally, Bougouin et al. (2020) and Bougouin, Paris, et al. (2024) investigated the specific case of tsunami
generation by pyroclastic flows using experimental fine-grained flows fluidized by vertical air injection prior to
enter water. They identified flow volume, mass flow rate, and slope angle as determining factors, combined into a
single dimensionless parameter, { = FHM sin 6, for predicting wave amplitudes. At low values of { with a
slope of & = 30°—=close to the conditions of the 2019-2021 Stromboli events—the resulting wave amplitude
follows the empirical relation (denoted Bo2024)

P

A
=40 = 4FHM sin 0. )

w

The Bo2024 prediction agrees well with amplitudes from the 2019-2021 Stromboli observations, regardless of
the event or wave gauge, with values close to unity: APP€/AP ~ 1-3 and APL8/AP ~ 0.4—1.3 (Figure 3). This
relationship was originally derived from wave amplitudes measured near the source, at a distance of about 10
times the water depth H,, from the impact, which is consistent with the location of the PLB gauge (~8—11H,,) and
slightly less for the PDC gauge (~5H,,). The closer agreement may therefore stem from the fact that both Bo2024
prediction and field observations rely on near-source amplitude measurements—rather than maximum ampli-
tudes in other predictions—given that wave amplitudes decay during propagation.

The good agreement in predicting leading wave amplitudes from Stromboli events using the Bo2024 scaling
(Equation 6) motivates a deeper comparison including our new experimental data set (Figure 4, bottom). Prior
experiments (Bougouin et al., 2020; Bougouin, Paris, et al., 2024) span wide parameter ranges—F = [0.9: 3.2],
H = [0.015: 0.18], M = [0.07: 7], and two distinct slopes of @ = 15° and 30° (opened vs. closed circles in
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Figure 5. (a) Temporal evolution of the sea surface level 5 recorded at the PLB gauge during the three Stromboli events, shown in (top) dimensional and (bottom)
dimensionless forms. (b, ¢) Temporal evolution of the water surface level #, measured at 50 cm from the shoreline, for the present experiments in (b) dimensional and
(c) dimensionless forms, by varying (top) the granular mass My (A = 15 cm, H,, = 35 cm), (middle) the initial release position A (M = 600 g, H,, = 35 cm), and
(bottom) the maximum water depth H,, and associated bathymetry (M, = 600 g, A = 41.5 cm). Time origin is defined by the instant when n(t = 0) = A,,.

Figure 4, bottom left)—yielding distinct scalings. At large ¢, data collapse onto a master curve A,/H, = {7

(dashed line), accounting for 8-dependence. At low {—relevant to Stromboli events—A,,/ H,, scales linearly with
£, whose prefactor depends on € (solid lines). These trends at low and high ¢ likely reflect a non-breaking to
breaking transition with distinct dissipation rates over distance (Bullard et al., 2019). Stromboli field data,
especially from PLB gauge, are in reasonably good agreement with the & = 30° scaling observed at low {
(Figure 4, bottom left). In contrast, the present set of experiments (notably with H,, = 35 cm, upward triangles)
deviate from this trend, likely due to an unappropriate water depth by using H,,, and highlights the need to better
account for local bathymetry in tsunami generation. Nonetheless, our experiments enable comparison between
laboratory and field data beyond wave amplitude, by examining the entire tsunami waveform as discussed below,
either under {—similarity or from data following the 6 = 30° scaling. Finally, an empirical law,
A/H, = 1.5¢%3 (solid line in Figure 4, bottom right), also emerges from experiments with 6 = 30 — 35°,
though it provides limited improvement in predicting field tsunami amplitudes.

5. Tsunami Waveform Comparison

To advance the lab-to-field upscaling, the entire tsunami waveforms recorded at the PLB gauge for the three
events are now addressed, and then compared with those obtained from laboratory experiments.

All three field waveforms exhibit a consistent pattern of three primary tsunami waves, each characterized by a
positive crest followed by a trough (Figure 5a, top). A notable difference between the events lies in the amplitude
and trough of the first wave, with the largest recorded on 3 July 2019. Both the first and third waves vary across
the events, whereas the intermediate wave remains relatively unchanged. By contrast, the period of each of three
waves is roughly constant across all three events. On 21 May 2021, the third wave exhibits the largest amplitude
within the entire waveform, suggesting a more complex or combined generation processes (e.g., successive flow
events, remobilization of underwater deposits) rather than a single subaerial flow entering the sea, as it is not
reproduced in laboratory experiments. Interestingly, by normalizing the sea level 5 by the amplitude A?"# of the

first wave and the time 7 by the timescale (H,,/g)"/* (with t = 0 when 5 = APP), the first crest maintains a
consistent shape across all three events (Figure Sa, bottom). However, significant differences emerge in the trough
features, especially the first trough, denoted as T7“® from now on, which will be discussed later in comparison
with the experiments.
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& amplitude waves that are disregarded in the following (Figure 5b). All else

(a) As detailed in Section 3, the new set of experiments involves the sudden
release of a triangular-shaped granular mass into water, for which the initial
mass M, its initial position A upslope of the water surface, the maximum
water depth H,,, and the associated bathymetry, were systematically varied
(Figure 4, top; Text S1 and Figure S1 in Supporting Information S1). Ac-
cording to field observations, most experimental waveforms are characterized
by three primary, well-defined waves, occasionally followed by lower-

being equal, the entrance of larger masses into water promotes larger am-

105 ]

|

L plitudes and shorter periods for all three successive waves (Figure 5b, top),
partially consistent with field observations (Figure 5a and Table 1). As for the

M three field events, the normalized water level #/A,, shows good collapse of
(b) the first wave crests across experiments (Figure Sc, top), whereas the troughs

remain strongly dependent on the initial mass M. Notably, both experimental

and field data follow the scaling law T,/A, = —0.18 M~Y? for the first
trough (Figure 6a), providing a simple manner for estimating the mass

g

involved in tsunami generation. A similar relationship holds for the second
trough, but the results are slightly more scattered (Figure S2 in Supporting
Information S1). Interestingly, this finding further indicates that, for suffi-
ciently small values of M, the first trough can exceed the amplitude of the

E [ J] first crest—a behavior not previously reported, which may be attributed to the

k larger values of M considered in prior experimental studies (gray region,
_ Figure 2).
102 102 106 1010 gure 2

At fixed mass and water depth, varying the initial position A of the granular

Figure 6. (2) Normalized first trough 7,,/A,, versus relative mass M, and material primarily influences the thickness and velocity of the experimental

(b) total wave energy E,, versus flow kinetic energy E, for the present set of
experiments, Stromboli field data (see legend in Figure 4), and previous
experiments (Bougouin, Paris, et al. (2024); purple plus symbols). Solid lines

flows (Figure S1 in Supporting Information S1), but it results in moderate
variations in both wave amplitude and period (Figures 5b and 5c, middle).

represent the best fits: (a) T,,/A, = —0.18M7"2 and (b) E,, = 0.03E}-%5. The most pronounced difference occurs for initial positions of A = 15 cm

compared to A = 41.5 and 71.5 cm—the granular flow being slower, but
considerably thicker, than the two others (Figure S1 in Supporting Information S1). For the two latters (i.e.,
A = 41.5 and 71.5 cm), however, there are only little variations in flow thickness and velocity, and similar mass
flow rates, which likely explains similar wave characteristics. Since wave periods and flow velocities remain
constant for field events, we hypothesize that the different period values result here from changes in flow velocity
across the experiments.

The influence of water depth is investigated experimentally by varying the maximum water depth H,, in the
channel and by introducing a submerged rising ramp (slope of 9°) forming a downward triangular-shaped ba-
thymetry with a maximum depth of H,, = 10.5 cm (Figures 5b and 5c, bottom; Figure S1 in Supporting Infor-
mation S1). In such a situation, the waveform is measured either above the horizontal bottom of the channel, or
above the rising ramp. Under the same flow conditions, increasing H,, over a uniform bottom produces only
moderate changes to the waveform, with a decrease in amplitude and an increase in period of the first wave
(Figure 5b, bottom). However, the water depth has a pronounced effect on time normalization (Figure Sc, bot-
tom). This suggests that the timescale (H,,/ g)l/ Zis not appropriate here, as wave generation is primarily governed
by local bathymetry rather than the still water depth. Further work is needed to better identify the relevant depth in
such experimental settings, which is beyond the scope of the present study.

When a sloping bathymetry is introduced, the waveform is significantly altered with asymmetry and strong
variations in crest and trough amplitudes relative to the uniform-depth cases (Figures 5b and 5c, bottom). These
effects appear inconsistent with the field waveform patterns, suggesting that the near-source bathymetry at
Stromboli does not exert a major control on tsunami waveforms though it may play a secondary role in shaping
smaller-scale features within the waveform pattern.

The entire waveform also enables estimation of the total energy transferred from the granular flow to the water
surface—a key parameter for tsunami hazard assessment. A fundamental difference between laboratory and field
waves lies in their respective two-dimensional (2D) and three-dimensional (3D) propagation, which is expected to
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influence slightly wave amplitudes due to near-source measurements. However, this geometrical effect can easily
be accounted for the energy estimate as

)

E, = D, U, f P, ™
0

where § = W/ for the 2D configuration (Bougouin, Viroulet, et al., 2024; Fritz et al., 2004; Zitti et al., 2016) and
p = zR for the 3D configuration (Mohammed & Fritz, 2012). Equation 7 assumes an equipartition between
potential and kinetic energy, which is a satisfactory approximation for impulse waves (Bougouin, Viroulet,
etal., 2024; Fritz et al., 2004; Mohammed & Fritz, 2012; Zitti et al., 2016). The total wave energy E,, is compared
to the flow kinetic energy, £, = MU fz/ 2, for both experiments and field events. To narrow the lab-to-field scale
gap, results from past large-scale experiments of fine-grained flows entering water (Bougouin, Paris, et al., 2024)
are also included into the following analysis. This extended data set shows good agreement between field and
experimental results along the relationship E,, = 0.03E,1('08 (Figure 6b), which follows an almost-linear trend
consistent with earlier findings (Zitti et al., 2016). Notably, the energy ratio E, /E; reaches up to 10% in labo-
ratory according to past experimental work (Bougouin, Viroulet, et al., 2024; Clous & Abadie, 2019; Lipiejko
et al., 2022; Viroulet et al., 2014; Zitti et al., 2016), whereas field observations indicate more efficient energy
transfer, thus lower dissipation at impact, with values around E,/E; ~ 18 — 24%, probably attributed to scale
effects (Heller et al., 2008).

6. Discussion
6.1. Limitations and Pathways to Practical Guidelines

To date, there are inherent limitations to transposing laboratory-derived development to real-world volcanic-flow
tsunami scenarios. Although all control parameters were estimated for the three Stromboli events, some of them
were not measured directly and required assumptions (e.g., volume, flow thickness, density), which limits robust
assessment of current modeling approaches to move toward reliable operational guidelines for monitoring and
early warning.

The volume of mobilized material involved in pyroclastic density currents—critical for tsunami
generation—should be more accurately constrained with remote-sensing techniques (e.g., InSAR, LiDAR), that
measure pre- and post-eruption topographic changes (Arnold et al., 2016; Di Traglia et al., 2022, 2024) or from
seismic data (Biagioli et al., 2026; Hibert et al., 2017). However, quantifying the volume of dense pyroclastic
flows that actually contribute to tsunami generation remains challenging (Watts & Waythomas, 2003), as only
part of it may contribute to the properties of the first and leading wave (Miller et al., 2017). Additionally, the
representative particle density of the flow across the full grain-size distribution, which partly governs the bulk
flow density, can be effectively documented through post-event field surveys (Andronico et al., 2021). Bulk flow
density also depends on the volumetric concentration of particles within basal pyroclastic flows. This raises a key
challenge: How can we constrain the volumetric concentration and height of natural pyroclastic flows, which are
typically hidden by overlying dilute pyroclastic surges? Promising approaches lie in well-controlled laboratory
experiments, where the internal structure of granular flows can be characterized through optical and acoustic
methods (Breard et al., 2016; van den Wildenberg et al., 2020), together with numerical modeling that treats dense
and dilute components of pyroclastic density currents separately (Kelfoun, 2017). Quantifying thermal transfers
in pyroclastic density currents, which are expected to differ between dense and dilute regions, can also be
envisaged to overcome this issue. Nevertheless, irrespective of the chosen approach, systematic studies are
required to establish a robust parametrization linking internal properties and flow dynamics of pyroclastic density
currents. In this direction, future efforts should prioritize constraining the volume and representative particle
density of each event, as well as developing methods to estimate the effective height of pyroclastic flows.

An important consideration reported in lab-to-field upscaling concerns the effective water depth during tsunami
generation. In the field, this depth can be inferred from tsunami propagation velocities recorded by near-field
wave gauges. In laboratory experiments, however, it is commonly assumed to be the maximum water depth in
the tank, which is usually appropriate when tsunami generation occurs over a distance comparable to the extent of
the submerged slope. In contrast, in the present set of experiments—where small volumes were used to investigate
Stromboli events—maximum amplitudes are obtained much closer to the shoreline, thus meaning that the
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effective water depth is less than the maximum water depth. In this way, future studies should focus on the
physical role of local bathymetry in tsunami generation.

To conclude, better constraining all key impact parameters in tsunami generation, as required by the Bo2024
prediction, through laboratory studies and field investigations of past and future events, would allow the multi-
instrument monitoring system at Stromboli to serve as a primary warning tool for rapidly and easily quantifying
flow conditions—and, consequently, tsunami amplitudes—and issuing early warnings. In addition, deploying
similar monitoring systems at other active volcanoes would enhance warning capabilities and the real-time ob-
servations of both volcanic flows and associated tsunamis, improving greatly the assessment of predictive
reliability.

6.2. Other Recent Tsunamis Recorded at Stromboli

Since the tsunamigenic events of 2019-2021, near-source wave gauges at Stromboli have recorded two additional
low-amplitude tsunamis, which have been partially documented (Biagioli et al., 2026; Di Traglia et al., 2024),
along with numerous other events that remain undocumented to date.

On 9 October 2022, at 07:22 UTC, an eruption produced a pyroclastic density current that traveled down the Sciara
del Fuocoat Uy = 41.6 m.s~! and entered the sea (Biagioli et al., 2026). The event triggered a very low-amplitude
tsunami with a first crest, AE,DC = Af,LB ~ 2.8 = 0.2 cm, followed by a trough, TQDC = TﬁLB ~ —45 + 0.1 cm.
The associated volume was initially estimatedat V; = 6.4 £ 1.0 X 103 m? from airborne topographic surveys (Di
Traglia et al., 2024), and then revised upward to V, = 23.5 £ 9 X 10® m? based on seismic signals (Biagioli
et al., 2026). We assume a flow width of W, ~ 200 m and a typical water depth of H,, ~ 100 m—based on the
2019-2021 events (Ripepe & Lacanna, 2024)—and a representative particle density of D, ~ 735 + 254 kg.m™3
from previous Stromboli eruptions (Andronico et al., 2021), resulting in bulk flow density of Dy ~ 368 + 127
kg.m~3. Using the Bo2024 scaling (Equation 6), the flow height is estimated at H o~ Sf; mand H; ~ Zf‘l‘ m for the
two volume estimates, consistent with values inferred for the 2019-2021 events (Table 1). In contrast, the empirical
relationship based on the tsunami trough-to-amplitude ratio (Figure 6a) does not hold for this low-amplitude event:
the observed ratio T,/A,, ~ — 1.7 would imply a volume of V, ~ GSf% x 10> m3, exceeding the estimated
volumes.

On 4 December 2022, at 15:19 UTC, a tsunami was generated by a pyroclastic density current impacting the sea at
a high velocity of Uy = 59.2 m.s~!, with recorded wave amplitude and trough of Af:D ¢ = AQLB ~04 £ 0.05m
and TQ.DC = T8 ~ —0.9 + 0.1 m, respectively (Biagioli et al., 2026). As for the 9 October 2022 event, two
volume estimates were given—V, ~ 88.9 + 26.7 X 10° m* (Di Traglia etal., 2024) and V; ~ 80 + 9 x 10* m?
(Biagioli et al., 2026)—which are comparable. Using the same assumptions as before, the Bo2024 scaling gives a
flow height of H; ~ 6f§ m for both volume estimates. The observed trough-to-amplitude ratio 7,,/A,, ~ —2.3
also provides an indirect volume estimate of V, = 35%21 x 10 m3, which is of the same order of magnitude but
lower than the reported value.

The poor agreement between the volume estimates and predictions for the 2022 events likely results from the
limited constraint on water depth, which has a significant impact on the results.

7. Conclusion

The present study aimed to bridge the gap between laboratory modeling and field observations in forecasting
tsunamis generated by the entrance of volcanic flows into a water body. To this end, the data set from the three
tsunamigenic events that occurred at Stromboli, Italy, between 2019 and 2021—providing detailed character-
ization of both pyroclastic density currents and near-source tsunamis—was analyzed in light of recent laboratory
advances. Based on relevant dimensionless parameters—namely the Froude number F, the relative thickness H,
and the relative mass M—we showed that previous laboratory experiments do not allow for direct lab-to-field
upscaling to Stromboli events, primarily due to significantly higher values of M in laboratory. This limitation
partly reflects the scarcity of experimental studies on light flows entering the water, which—as observed at
Stromboli—can also generate tsunamis. This motivated the development of a new set of experiments, consisting
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in the sudden release of small masses of polystyrene beads into water, designed to better replicate the field
conditions.

Field tsunami amplitudes were then compared to laboratory-based predictions, highlighting the fairly good
reliability of the Bougouin, Paris et al. (2024)'s scaling, albeit with deviations of up to a factor of 3. Other scaling
laws remain of interest, either for the simplicity of their use (Robbe-Saule, Morize, Bertho, et al., 2021) or for their
sound physical basis (Mulligan & Take, 2017). A detailed comparison of waveforms from field and experimental
measurements revealed notable similarities as well as differences, emphasizing an interesting way for further
investigation. A consistent pattern emerged from both experimental and field data sets, consisting of three
successive waves with the first typically exhibiting the highest amplitude. Furthermore, the trough-to-amplitude
ratio of the first wave was found to follow a scaling law, T,/A, = —0.18 M~"2, offering a promising tool to
estimate the mass involved in natural tsunami generation. Finally, these results showed that the total wave energy

E,, accounts for up to ~10% and ~24% of the flow kinetic energy E; in laboratory and in the field, respectively,

suggesting additional sources of dissipation at small scale. Nevertheless, the relationship E,, = 0.03E}% pro-

vides a satisfactory prediction of the total wave energy associated with the entire wave train for both scales.

This study marks an initial step in bridging laboratory developments with field observations on active volcanoes,
opening new perspectives for advancing volcanic tsunami hazard assessment. Future event recordings at
Stromboli, and possibly on other sites if equipped with appropriate monitoring systems, will offer valuable
opportunities to further constrain tsunami predictions by linking wave features to flow conditions, paving the way
for operational systems.
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