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Abstract. Tsunamis are high-impact natural disasters capa-
ble of causing significant social, economic, and environmen-
tal losses. Despite advances in tsunami warning systems,
accurately predicting tsunami occurrence remains a chal-
lenge due to the uncertainty associated with seismic rupture
characteristics. This study develops a methodology that in-
tegrates historical earthquake records, numerical modelling
and statistical analysis to derive a tsunami-occurrence crite-
rion, expressed as a binary labelling threshold for identifying
whether an earthquake generates a tsunami. As part of this
methodology, a global simulation-based database (TSUSY
Database) was constructed using earthquake focal mecha-
nism data from the USGS database and validated against
tsunami records from the NOAA catalogue, covering events
from 1976 to 2023. Through numerical simulations, maxi-
mum wave heights were estimated for each event as the max-
imum value within the entire simulation domain, and used to
define thresholds that label earthquakes as tsunamigenic or
non-tsunamigenic, with the aim of balancing missed events
and unnecessary alerts. By providing a simulation-based cri-
terion for tsunami occurrence, the methodology supports the
development of decision tools for real-time tsunami assess-
ment and has been incorporated into an operational tsunami
decision-support system that can assist Tsunami Warning
Centres in their warning procedures.

1 Introduction

Tsunamis are long-period sea waves, most commonly gen-
erated by earthquakes, that propagate as gravity waves and
are characterized by their rapid propagation towards coastal
areas. Their potential to cause significant social, economic,
environmental and infrastructural impacts within minutes is
well known and described in numerous publications (IOC,
2013; Aguirre-Ayerbe et al., 2018; Daskalaki et al., 2025).
Some of the most recent examples of devastating earthquake-
generated tsunamis include the 2004 Indian Ocean tsunami
(Synolakis and Bernard, 2006; Wang and Liu, 2007; Satake,
2014) and the 2011 Tohoku tsunami in Japan (Løvholt et al.,
2012; MarCom Working Group 122, 2014; Röbke and Vött,
2017). The consequences of these events were considerable,
with a significant loss of life and extensive damage to coastal
communities, ecosystems, and infrastructure.

The short interval between the initial occurrence of a
tsunami and coastal impact underscores the need for accu-
rate early-warning systems and timely protective actions.
Early warning systems are typically managed by national
institutions that provide relevant information based on the
data available during tsunami events (see some examples in
Table 1). For instance, national institutions commonly deter-
mine the alert level based on earthquake parameters calcu-
lated after the earthquake occurs. These parameters – such as
magnitude (Mw), focal depth, and distance to the coast – are
not always included in public warning messages, but are used
as part of the decision-making process. Additional data, such
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Table 1. Comparative analysis of parameters used for tsunami alerts by country, including the Estimated Wave Amplitude (EWA) and
Estimated Time of Arrival (ETA).

Country Competent Parameters Reference
organisation

Spain IGN Focal depth/Mw/Coastal distance/ETA IGN and Dirección General de Protección
Civil y Emergencias (2021)

Italy INGV Focal depth/Mw/Coastal distance Tinti et al. (2012)
Turkey KOERI Focal depth/Mw/Coastal distance Necmioğlu et al. (2021)
France CENALT Focal depth/Mw/Coastal distance Roudil et al. (2013)
India INCOIS Focal depth/Mw/ETA/EWA INCOIS (2011)
Japan IRIDeS, JMA Focal depth/Mw/EWA Japan Meteorological Agency (2025)
United States of America NOAA Focal depth/Mw/Coastal distance/ETA NOAA and NWS (2017)
Chile SHOA Mw/EWA Servicio Hidrográfico y Oceanográfico

de la Armada de Chile (2023)

as Estimated Wave Amplitude (EWA) and Estimated Time
of Arrival (ETA), are obtained at predefined tsunami forecast
points (typically located along coastlines or at specific sites
of interest) from pre-computed numerical scenarios or mea-
sured wave amplitudes from buoys or tidal gauges, and, in-
creasingly by real-time (or faster-than-real-time) numerical
simulations. This information is fundamental for decision-
making but does not always provide a clear indication of
tsunami occurrence because these values depend strongly
on model assumptions, local bathymetry, and measurement
availability.

The relationship between earthquake source parameters
and tsunami warning levels is commonly formalized through
Decision Matrices (DMs), which remain the most widely
used framework to translate seismic information into tsunami
alert levels. In this approach, events are classified using pre-
defined thresholds of key parameters, such as moment mag-
nitude and focal depth.

Beyond classical DMs, additional frameworks have been
developed to complement or refine the warning decision pro-
cess, particularly in systems relying on precomputed sce-
nario databases (Selva et al., 2021). Among these approaches
are the Envelope methods (ENVs), which estimate the ex-
pected tsunami impact by selecting the local maximum from
a set of plausible scenarios, and the Best-Matching Scenarios
(BMSs), which identify the scenarios that best fit the seis-
mic and/or tsunami observations available during the early
stages of an event. For instance, the operational implemen-
tation of the integrated tsunami forecast and warning system
in Chile (SIPAT) applies the ENVs method (Catalan et al.,
2020), while a similar approach can also be found in Harig et
al. (2020). In contrast, the Joint Australian Tsunami Warning
employs a scenario database based on the BMSs methodol-
ogy (Allen and Greenslade, 2010).

Despite these methodological differences, most ap-
proaches share a common reliance on pre-computed sce-
nario databases, which are central to both operational fore-
casting and research applications. In tsunami early warn-

ing systems, pre-computed scenarios are commonly used to
generate potential event databases, as in BMSs. However,
most of these resources are focused on tsunami character-
istics rather than on the seismic events that generate them.
For example, the Tsunami Inundation Database developed
by UCLA (Tsunami Inundation Database Portal, 2024) pro-
vides simulated inundation maps for specific regions such as
California, Oregon, Washington, Alaska, and Hawaii. Sim-
ilarly, Igarashi et al. (2015) developed a tsunami simula-
tion database for the Philippines, containing estimated ar-
rival times and wave heights for different hypothetical earth-
quakes. At the operational level, several National Tsunami
Warning Centres (NTWCs), including IGN (Spain), INGV
(Italy), NOA (Greece), and IPMA (Portugal), also manage li-
braries of pre-simulated tsunami scenarios used in real-time
warning. Despite these advances, a comprehensive global
database of historical earthquakes linked to their tsunami-
generating potential remains lacking.

Although these frameworks are conservative to guarantee
public safety and confidence, this design may lead to false
positives (alerts issued without a real threat) or false nega-
tives (events not detected in time). Estimating the likelihood
of a tsunami solely from initial earthquake parameters re-
mains challenging, as it requires identifying which source-
parameter thresholds reliably indicate tsunamigenic poten-
tial and defining a consistent criterion to label an event as
tsunamigenic and, therefore, trigger an alert – particularly for
small disturbances, where impacts are less evident.

This situation highlights a fundamental gap: while the oc-
currence of large tsunamis is evident from their impacts,
the identification of events with subtle tsunami signatures
is far less straightforward. Defining a threshold that sepa-
rates a minor sea-level disturbance from an actual tsunami
remains challenging, as does identifying which parameters
– and which values of these parameters – can provide an
objective basis for such classification. Current DMs attempt
to address this issue through fixed thresholds; however, their
necessarily conservative design, lead to false positives, par-
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ticularly for small or deep earthquakes where the tsunami po-
tential is uncertain.

To better illustrate the difference between false negatives
and false positives, a well-known example of a false negative
is the 27 February 2010 Maule earthquake in Chile (Soulé,
2014; CIGIDEN, 2016; Reuters, 2016). After the Mw 8.8
event, the initial tsunami warning was cancelled and many
coastal communities were not instructed to evacuate, under
the assumption that no significant tsunami would arrive. In
reality, a destructive tsunami struck several towns along the
coast, causing numerous fatalities and severe damage. This
failure of the warning process, where a tsunami occurred de-
spite no effective warning being maintained, is a clear illus-
tration of a false negative.

Conversely, a contrasting example of a false positive
occurred in the Comunitat Valenciana (Spain), where a
tsunami-related pre-emergency protocol was briefly activated
after a Mw 6.1 earthquake in Greece, prompting precaution-
ary public messages and short-lived evacuations along parts
of the coast, before authorities subsequently declared the
tsunami risk over, according to official emergency commu-
nications (Generalitat Valenciana, 2015). Such false alarms
can cause widespread panic and disruption, even in the ab-
sence of a real tsunami threat.

These examples underscore the need to improve method-
ologies in order to provide a complementary statistical cri-
terion for tsunami occurrence. In this context, Selva et al.
(2021) proposed the use of statistical thresholds based on
percentiles of simulated wave heights (e.g., 85th, 95th, and
99th) as a way to formalise tsunami warning levels.

Building on this idea, the present study analyses histori-
cal earthquakes (1976–2023) and their associated tsunamis
by combining earthquake parameterisation, numerical mod-
elling, and statistical analysis. The objective is to derive a
robust tsunami-occurrence criterion, expressed as a binary
labelling threshold on simulated maximum wave heights, to
identify whether an earthquake is tsunamigenic.

Based on this framework, a Tsunami System Database
(TSUSY Database) is developed, from which a tsunami-
occurrence threshold is derived and validated against the
NOAA tsunami catalogue for the same period. This criterion
provides a complementary tool to help reduce both missed
events and unnecessary alerts, while generating a labelled
dataset that supports model validation, comparative studies,
and the training of AI-based predictive tools.

This paper is structured as follows. Section 2 describes
the methodology, including data processing, numerical mod-
elling, and the definition of the metric used to derive a
tsunami-occurrence threshold. Section 3 presents the TSUSY
Database and the results of the threshold derivation and po-
tential tsunami or non-tsunami labelling. Section 4 discusses
the comparison with the NOAA catalogue and the implica-
tions for tsunami warning practice.

2 Methodology

2.1 Methodological approach

This study presents an end-to-end workflow that combines
global earthquake records from USGS (1976–2023), tsunami
observations from NOAA, and systematic numerical simula-
tions to build the TSUSY Database and derive a tsunami-
occurrence threshold based on simulated maximum wave
heights. The procedure began by filtering the NOAA tsunami
catalogue (1976–2023) and the USGS earthquake database
(1976–2023) to retain only seismic sources withMw ≥ 6 and
the rupture surface located in water. A first branch of the
workflow built a tsunami–earthquake matching database by
combining NOAA and USGS information through temporal
and spatial consistency criteria (date and time within ±24 h,
epicentral location, and event validity). In parallel, the fil-
tered USGS events were used as sources for tsunami numeri-
cal modelling, and the resulting simulations were stored in
the TSUSY Database. Finally, a tsunami-occurrence crite-
rion was derived from the statistical analysis of the simulated
maximum wave heights and calibrated against the matched
NOAA–USGS events, providing a binary labelling of each
earthquake as tsunamigenic or non-tsunamigenic. The num-
bered blocks in Fig. 1 correspond to Sect. 2.2–2.6, where
each step is described in detail.

2.2 Data sources (Seismic source and historical
tsunami data)

This section provides a detailed description of the data em-
ployed in this study. First, the NOAA tsunami database,
which was used for validation purposes, is presented. Sec-
ond, the earthquake data obtained from the USGS are de-
scribed.

2.2.1 NOAA Tsunami Catalogue

The NOAA tsunami catalogue (National Geophysical Data
Center/World Data Service, 2024) provides a comprehensive
listing of historical tsunami source events and wave run-ups
worldwide, extending back to 2100 BC; as such, it represents
the most comprehensive historical tsunami catalogue cur-
rently available in the literature. The events in the database
were compiled from a variety of sources, including scientific
studies, regional and global catalogues, tide gauge data, deep
ocean sensor data, individual event reports, and grey litera-
ture. It provides information on variables, such as Maximum
Wave Height (MWH), number of runups, tsunami magni-
tude, tsunami intensity (Papadopoulos and Imamura, 2001),
and social impacts, including missing persons, fatalities, and
economic losses.

The period considered in this study, from 1976 to 2023,
includes 601 recorded tsunamis, of which 423 events of
seismic origin with magnitudes ≥ 6 were selected, while
events caused but landslides or volcanic activity were ex-
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Figure 1. Schematic workflow showing the filtering of historical earthquake and tsunami data (NOAA and USGS), the generation of the
TSUSY Database, and the derivation of the tsunami-occurrence threshold leading to the labelling of events as tsunamis or non-tsunamis. N
indicates the number of events retained at each step of the workflow. The numbering of the boxes corresponds to Sect. 2.2–2.6, where each
step is described in detail.

cluded. Tsunamis classified in the catalogue as doubtful or
very doubtful were also excluded, resulting in a total of
397 events. Subsequently, NOAA events were matched with
USGS earthquake data to ensure consistency in time and lo-
cation when comparing both catalogues. A spatial buffer of
3° in epicentre’s coordinates and a temporal buffer of ±24 h
from the earthquake origin time were applied to account
for potential discrepancies between datasets. After applying
these filters, 377 NOAA events were retained for simulations,
assuming they correspond to the same earthquakes based on
the defined buffers. This catalogue provides the historical ref-
erence against which the simulation-based threshold was val-
idated.

2.2.2 USGS data

The ANSS (Advanced National Seismic System) Compre-
hensive Earthquake Catalog (ComCat) includes a range of
data and products, including earthquake source parameters
(such as hypocentres, magnitudes, phase picks and ampli-
tudes) and additional outputs (such as moment tensor so-
lutions, macroseismic information, tectonic summaries and
maps) generated by contributing seismic networks (U.S. Ge-

ological Survey, 2017). The catalogue encompasses the pe-
riod from 1976 to 2023 (available at: https://earthquake.usgs.
gov/earthquakes/search/, last access: 11 May 2026) and the
data are available in various formats, including GeoJSON
and QuakeML. For this study, all events within the specified
time frame were selected following a thorough analysis, rep-
resenting the maximum period for which seismic information
can be downloaded.

– From 1976 to 1989, events were described using focal-
mechanism data in the GCMT catalogue (Global Cen-
troid Moment Tensor) (Dziewonski et al., 1981; Ek-
ström et al., 2012). Although the full moment tensor
was available from the original source, the data incor-
porated in the USGS catalogue includes only the orien-
tation of the nodal planes and rake of slip, but do not
include the seismic moment (M0) directly or the ten-
sor components. In these events the scalar moment has
been computed from the magnitude using Kanamori’s
formula (Kanamori, 1977).

– Between 1990 and 1997, the data included in the USGS
catalogue incorporated both nodal planes and moment
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tensors, the latter providing M0 directly for slip calcu-
lations.

– The final period, spanning from 1997 to 2023, encom-
passes the most comprehensive information available
for each event, including the W-phase Moment Tensor
(Mww), nodal planes (Fig. 2).

From this repository, events with magnitudes equal to or
greater than 6 were selected. This threshold was chosen be-
cause it is commonly used in many DMs (Tinti et al., 2012;
NOAA and NWS, 2017; IGN and Dirección General de Pro-
tección Civil y Emergencias, 2021), and represents the min-
imum earthquake magnitude generally considered capable
of generating a tsunami. Furthermore, the USGS classifies
earthquakes with a magnitude greater than 6 as significant.
Based on these criteria, a total of 6,841 earthquakes with
magnitudes equal to or greater than 6 were initially identified
for the specified period. Although the USGS provides mag-
nitudes in different scales (e.g. Ms, Mwc or Me), this study
uses the Moment Magnitude Scale Mw.

2.3 Earthquake historical database processing

This section describes the post-processing applied to USGS
data (Sect. 2.2.2) to obtain a catalogue of historical tsunami-
genic earthquakes, events required for numerical modelling.
The 6841 events constitute the input for this process, which
involves filtering and parametrisation to prepare the simula-
tions. As mentioned, USGS database consists of two types of
data: (1) focal-mechanism data and (2) moment-tensor data
each requiring a different post-processing approach.

For earthquakes with focal mechanism data, information
was extracted from GeoJSON files, which provide two nodal
planes, focal depth, and origin magnitude Mw.

To choose one of the two nodal planes of the focal mecha-
nism, a mechanistic criterion was adopted: (i) The rupture
type was classified following the seven categories of the
FMC algorithm (Álvarez-Gómez, 2019; https://github.com/
Jose-Alvarez/FMC, last access: 11 May 2026): normal, nor-
mal strike-slip, strike-slip normal, strike-slip, strike-slip re-
verse, reverse strike-slip, and reverse faulting. This algorithm
assigned the rupture type according to the orientation of the
principal axes of the seismic moment tensor (P , B, T ) de-
rived from the nodal planes. (ii) Depending on the rupture
type the selection of the nodal plane as rupture plane is based
on its dip. For reverse faulting the plane with lower dip is se-
lected, while for normal faulting is the plane with higher dip.
In the case of strike-slip ruptures, with near-vertical nodal
planes, there is no physical criterion that can be used a pri-
ori without knowing the geology of the area where it has
occurred. The algorithm chooses the nodal plane with the
greatest dip, but the selected nodal plane does not necessarily
correspond to the earthquake rupture plane. The vertical de-
formation in strike slip events tend to be located at the tips of
the rupture plane; consequently, although the amount of ver-

tical deformation is limited for this kind of ruptures, sensible
differences between the tsunamis generated by both nodal
planes can arise, specially, in the near field.

The dimensions of the rupture plane, length (L) and width
(W ), were then calculated following the formulations of
Blaser et al., (2010) presented in Table 2.

The seismic moment (M0) was then calculated applying
the Kanamori formula (Eq. 1) (Kanamori, 1977):

M0 = 10(1.5×Mw+9.1) (1)

Once the M0 was obtained, the average slip on the fault was
estimated as (Eq. 2):

slip=
M0

(G×A× 106)
(2)

where G is the shear modulus of the material, assumed as
(G= 30× 109) for continental crust, and A is the fault area
(A: Area (W ×L)).

On the other hand, events with moment tensor data were
processed analogously to focal mechanism events. Using
principal axes, focal depth, and magnitude from the W-
phase moment tensor, fault geometry and slip were com-
puted following the same workflow. In this way, the param-
eters required for the Okada parametrisation (Okada, 1985)
were obtained. This approach ensures the use of a consis-
tent historical seismic database, making the data compara-
ble across different events. For the application of this rea-
soning, the FMC tool was utilized (Álvarez-Gómez, 2019;
https://github.com/Jose-Alvarez/FMC).

The generation of the free initial surface associated with
each earthquake was calculated by using the methodology
developed by Okada (1985). This model requires the follow-
ing parameters: focal depth, width (W ), length (L), slip, dip,
strike, rake, longitude, and latitude. Table 3 presents an ex-
ample of the earthquake parameters after post-processing the
USGS data.

An additional criterion was applied to determine whether
any part of the rupture occurs in the sea, based on the di-
mensions derived from the use of Blaser’s empirical relation-
ships. In this approach, the fault was represented by a simpli-
fied rectangle defined by length (L) and width (W ), with the
epicentre positioned at the centre. Following a conservative
approach, an event was classified as a potential tsunamigenic
source if any part of this rectangle intersects with the sea. In
shallow events the simplified rectangular geometry obtained
from the dimensions of the empirical relations may extend
part of the rupture above the earth surface taking into account
the original hipocentral depth. In such cases, the depth pa-
rameters were adjusted to ensure the entire source remained
into the crust.

After applying these filters, the number of events de-
creased from 6841 to 5315. This final database constitutes a
historical worldwide database of tsunamigenic earthquakes,
thus fulfilling the first objective of this study. It is noteworthy
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Figure 2. Moment tensor products obtained from USGS catalogue (U.S. Geological Survey, 2017).

Table 2. Blaser formulation (Blaser et al., 2010) for fault plane Length (L) and Width (W ).

Fault type L (m) W (m)

Normal, normal strikeslip Log10(L)=−1.91+ 0.52×Mw Log10(W)=−1.20+ 0.36×Mw
Strikeslip, strikeslip normal, strikeslip reverse Log10(L)=−2.69+ 0.64×Mw Log10(W)=−1.12+ 0.33×Mw
Reverse, reverse strikeslip Log10(L)=−2.37+ 0.57×Mw Log10(W)=−1.86+ 0.46×Mw

Table 3. Example of Okada parameters used for the simulation: Indian Ocean earthquake 2004 (USGS id: official20041226005853450_30).

Longitude Latitude Depth (hf) Slip Dip (δ) Strike (θ ) Length (L) Width (W ) Rake (λs)

95.98° 3.295° 13.5 km 16.01 m 7° 335° 656.14 km 211.8 km 113°

that the database only includes events with magnitudes equal
to or greater than 6 that meet the condition of occurring, at
least partially, in water. These seismic parameters form the
basis for generating the tsunami scenarios analysed in this
study.

2.4 Numerical modelling

Numerical modelling for tsunamigenic seismic events typi-
cally involves three key phases: (a) selection of the seismic
source, (b) preparation of bathymetric data, and (c) tsunami
wave modelling. The application of these steps in the global
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Figure 3. Geometric parameters and focal mechanisms that char-
acterize fault rupture in the Okada model: length (L), width (W ),
depth (D), strike, dip, rake, and slip, together with water depth (H )
(adapted from Echave-Lezcano, 2016).

simulations carried out in this study is explained in the fol-
lowing paragraphs.

Tsunami simulations were performed using the numeri-
cal model Tsunami-HySEA (Macías-Sánchez et al., 2014),
which solves the 2D non-linear shallow water equations
(NSWE) in a single layer formulation, with friction ef-
fects parameterized using Manning and quadratic laws. This
model has been widely applied in tsunami simulations and
benchmarking (Macías et al., 2017, 2020).

2.4.1 Selection of seismic sources

In the generation stage, Okada’s fault deformation model
(Okada, 1985) was used to produce the static displacement
of the sea floor using the fault parameters as illustrated in
Fig. 3. This model computes the strain produced by a rect-
angular fault rupture in an elastic half-space through a set
of geometric and kinematic parameters. These include fault
length (L), width (W ), and focal depth (hf), which define the
size and position of the fault plane; strike (θ ), dip (δ), and
rake angles λs, which describe its orientation and slip direc-
tion. In Fig. 3, H denotes the local water depth above the
rupture zone.

The process begins with the selection of seismic sources as
input data, which is crucial for accurately predicting tsunami
generation and propagation. The seismic events included in
the dataset described in Sect. 2.3 have been used to simulate
all historical tsunami events.

2.4.2 Preparation of bathymetric data

To perform the numerical simulations for the database,
a standard computational domain was defined. The sim-
ulation grid has a horizontal resolution of 1X = 8′ and
was built from the General Bathymetric Chart of the
Oceans (GEBCO), which provides global bathymetric data at
15 arcsec spacing (GEBCO Bathymetric Compilation Group

2023, 2023). To avoid boundary artefacts in the central Pa-
cific and to ensure ocean connectivity across the 180° merid-
ian, the bathymetry was duplicated and stitched in the Pacific
region. This extension increases the longitudinal span of the
model domain from −80 to 440° (Fig. 4). This configura-
tion enables the simulation of any global tsunami event by
shifting the source location within the extended domain (e.g.,
events in the Indian Ocean can be represented without in-
troducing artificial boundaries). The resulting computational
grid comprises 1165× 4127 cells.

2.4.3 Tsunami wave modelling

Finally, with all the necessary data collected and integrated,
the numerical model was run to simulate 5315 scenarios,
as illustrated later in Sect. 3.2. As a result of the numerical
simulations and post-processing of the output data, only the
MWH, defined as the highest wave height in metres recorded
in each simulation cell, was retained. Therefore, for each grid
cell, MWH were obtained, forming the database to be used
in the following statistical analysis.

After carrying out these steps, 5315 potential tsunami sim-
ulations were compiled, leading to a historical registry that
includes both the seismic parameters and the simulated wave
heights. This modelling framework ensures a homogeneous
set of simulated scenarios from which MWH can be ex-
tracted for statistical analysis.

2.5 TSUSY Database

To define and further validate a tsunami occurrence crite-
rion, it was first necessary to compile all earthquake sim-
ulations into a single, structured framework. This section
presents the comprehensive tsunami database denominated
TSUSY Database (TSUnami SYstem Database), generated by
integrating all pre- and post-processed data according to the
methodology described in Sect. 2.

The TSUSY Database is an open-source simulation repos-
itory which stores all seismic parameters, both pre- and post-
processed, together with the corresponding tsunami simula-
tions. In particular, it contains the MWH field for each sim-
ulated event, allowing users to examine sea surface deforma-
tions and the spatial distribution of wave amplitudes across
the grid.

The TSUSY Database is designed to provide detailed and
accessible information for technical staff in tsunami warning
centres as its primary users – while also supporting the re-
search community. Each simulation is stored in netCDF for-
mat, ensuring that the data are well organised and easy to
manage.

By accessing this repository, users can explore both seis-
mic and oceanographic data, including:

– Seismic characteristics: standardized parameters of
seismic events from both pre- and post-processed data.
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Figure 4. Grid (1X = 8′) constructed with information obtained from GEBCO Bathymetric Compilation Group 2023 (2023).

– MWH simulations: Detailed records of sea surface de-
formations per grid cell, providing a spatial representa-
tion of tsunami impacts.

For the purposes of this study, the TSUSY Database (acces-
sible at: https://tsunami.ihcantabria.com, last access: 11 May
2026) plays a central role: it provides a homogeneous and
comprehensive dataset from which statistical analyses can
be performed to establish the tsunami-occurrence threshold.
By compiling 5315 systematically simulated scenarios, it en-
ables the identification of patterns across different magni-
tudes, depths, and fault geometries, ensuring that the thresh-
old is based on a consistent global framework. In addition,
the database allows direct validation comparing to NOAA
records, linking simulated outputs with historical observa-
tions.

2.6 Tsunami-occurrence threshold determination

Although operational tsunami warning systems ultimately
evaluate tsunami impact at specific coastal segments, an ini-
tial step is to determine whether the earthquake source is ca-
pable of generating a tsunami. In this study, this first-level
decision is represented as a binary classification of the earth-
quake as tsunamigenic or non-tsunamigenic. A key method-
ological step is therefore the definition of a physically consis-
tent and statistically robust event-level metric derived from
the simulated MWH, which can be used to label between
“potential tsunami” and “non-tsunami” cases. This section
describes how this metric is constructed from the simulation
results and establishes the basis for the subsequent derivation
of a tsunami-occurrence threshold.

2.6.1 Percentile threshold selection

For each of the 5315 simulated events, the maximum value of
the wave-height time series was extracted at every grid point
of the computational domain. From this spatial distribution
of maximum values, the 99.98th percentile was computed,
considering only values above 0.01 m. This lower bound
corresponds to the wetting threshold used in the numerical
model to activate inundation; wave heights below this value
do not produce flooding in the simulations and can therefore
be regarded as negligible.

This filtering step removes null or quasi-null events while
preserving the upper tail of the wave-height distribution.
Lower percentiles tend to reflect widespread, low-amplitude
oscillations that are not representative of tsunami occurrence,
whereas the absolute maximum (100th percentile) may be
controlled by a single grid cell affected by numerical arte-
facts or local bathymetric effects. The 99.98th percentile pro-
vides a compromise between these extremes: it focuses on
the largest simulated wave heights while still relying on a
statistically significant number of grid points, thereby reduc-
ing sensitivity to spurious outliers. This choice defined the
percentile-based metric used later in the classification frame-
work.

2.6.2 Definition of the working metric

In addition to the percentile value itself, the number of
grid cells with MWH exceeding the event-specific 99.98th-
percentile value as a proxy for spatial coherence was com-
puted. This count helps distinguish events dominated by iso-
lated numerical maxima (few exceedances) from those show-
ing a spatially extended tsunami signal (many exceedances).
A large number of exceedances indicates a spatially coher-
ent tsunami footprint, whereas a very limited number of ex-
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ceedances is more consistent with isolated extreme values
that are less likely to reflect a physically meaningful tsunami
field.

An illustrative example of this procedure is shown in
Fig. 5. For a given event, the MWH values were extracted
at all grid points and ranked in descending order, and the
corresponding cumulative distribution function (CDF) was
constructed. In the example shown, the 99.98th percentile
corresponds to a wave height of 0.27 m, which was adopted
as the representative event-level wave height for classifica-
tion purposes. The working metric used in the subsequent
analysis thus consists of the 99.98th percentile of the MWH
field, complemented by the number of grid cells exceeding
this value.

The empirical behaviour of this metric across the full
dataset, and its use for defining the tsunami-occurrence
threshold and labelling events, are presented and discussed
in Sect. 3.3.

2.6.3 Threshold optimisation procedure

Once the tsunami indicator based on the 99.98th percentile of
the MWH was defined for each simulated event, the next step
was to determine the optimal threshold separating tsunami
and non-tsunami cases.

To assess the performance of alternative thresholds, the
simulated events were compared with the tsunami records re-
ported in the NOAA catalogue, which was used as an obser-
vational reference dataset. For each candidate threshold ap-
plied to the 99.98th-percentile MWH, simulated events were
labelled as “tsunami” when the percentile value exceeded the
threshold and as “non-tsunami” otherwise.

This comparison allowed the construction of a confusion
matrix describing the classification performance for each
threshold, including:

– True Positives (TP): events classified as tsunamis in
both TSUSY and the NOAA catalogue.

– True Negatives (TN): events classified as non-tsunamis
in both datasets.

– False Positives (FP): events classified as tsunamis in
TSUSY but not recorded as tsunamis in NOAA.

– False Negatives (FN): events recorded as tsunamis in
NOAA but classified as non-tsunamis in TSUSY.

From these values, the standard classification metrics preci-
sion and recall were computed according to Eqs. (3) and (4):

Precision=
TP

TP+FP
(3)

Recall=
TP

TP+FN
(4)

Precision quantifies the proportion of predicted tsunami
events that correspond to observed tsunamis, while recall

measures the proportion of observed tsunamis that are suc-
cessfully detected by the model.

To determine the optimal tsunami-occurrence threshold,
the F1-score was used as a combined performance metric.
This choice is motivated by the characteristics of the dataset
used in this study. The number of tsunami events repre-
sents only a small fraction of the total number of simulated
cases, resulting in a highly imbalanced classification prob-
lem, where non-tsunami events largely outnumber tsunami
events. In such situations, commonly used metrics such as
overall accuracy may provide misleading results, as a clas-
sifier could achieve high accuracy simply by predicting the
majority class.

For this reason, the evaluation was based on the precision–
recall framework, which is more appropriate for imbalanced
datasets. The F1-score, defined as the harmonic mean of pre-
cision and recall, provides a balanced measure of classifica-
tion performance by simultaneously accounting for false pos-
itives and false negatives. This makes it particularly suitable
for problems where both types of classification error must be
considered.

The F1-score evaluates the trade-off between precision
and recall. The F1-score is defined as shown in Eq. (5):

F1= 2×
Precision×Recall
Precision+Recall

(5)

The F1-score was computed for a range of candidate thresh-
olds applied to the 99.98th-percentile MWH, and the thresh-
old corresponding to the maximum F1-score was selected as
the optimal tsunami-occurrence criterion.

3 Results

After applying the methodology, the study produced two pri-
mary results, along with a final outcome derived from these
findings. The first result is the generation of a comprehen-
sive database of earthquakes and potential tsunami simula-
tions for historical events. The second is the development of
a tsunami-occurrence criterion, expressed as a wave-height
threshold. This threshold was subsequently validated using
data from the NOAA catalogue.

3.1 Global database of tsunamigenic earthquake
simulations

The seismic data from the USGS enabled the creation of
a database comprising 5315 potential tsunamigenic earth-
quakes. This database was derived in accordance with the cri-
teria set forth in Sect. 2.2 and 2.3. As mentioned, one of the
criteria was to consider exclusively earthquakes with a mag-
nitude of 6 or higher. This decision was based on evidence
showing that, out of 900 000 cases with lower magnitudes,
only 24 resulted in tsunamis, representing just 0.0025 %.

The fault parameters presented in Table 3 are stored and
logged in a tsunamigenic earthquake database. These pa-
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Figure 5. Example of the 99.98th percentile MWH metric for a single event. Left: ordered grid-point maxima Hmax(n) (descending rank n).
Right: cumulative distribution function (CDF). The red line marks the 99.98th percentile (0.27 m) used as the event-level wave height.

Figure 6. Spatial distribution of tsunami potential earthquakes with Mw ≥ 6 (from USGS database 1976 to 2023).

rameters have been analysed to understand the distribution
of their values in the new database. Figure 6 illustrates
the worldwide distribution of these earthquakes, and Fig. 7
shows histograms for twelve earthquake-related variables:
longitude, latitude, focal depth, date, length (L), width (W ),
slip, seismic moment (M0), moment magnitude (Mw), dip,
rake and strike.

A significant variable, although not a geological term but
rather a geographical one, is the set of geographic coor-
dinates of seismic events: longitude and latitude. The his-
tograms for these coordinates expectedly describe the con-
centrations of the earthquakes in the tectonically active areas.

Focal depth (km) refers here to the centroid depth of
the seismic moment tensor. The analysis shows that seismic
events with the potential to generate tsunamis are predomi-
nantly shallow, with a notable concentration between 10 and

60 km. This depth range represents a zone of common seis-
mic activity, with a gradual decrease in frequency for greater
depths. It is common that DMs mark the 100 km value as
a limit for studying the probability of a tsunamigenic earth-
quake.

The temporal distribution of events shows a clear increase
in the number of recorded earthquakes from the early 1990s
onward. Earlier periods contain fewer events, whereas the
record becomes denser in subsequent decades. This apparent
increase may be influenced by changes in the way earthquake
information is reported and archived in the USGS catalogue.

When examining fault dimensions, specifically width (W )
and length (L), it appears that faults generally have mod-
erate sizes. The data suggest that very large faults are less
frequent, and a correlation between width and length is ob-
served, in accordance with the scale relationship. The dis-
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Figure 7. Frequency distribution of earthquake focal mechanisms variables.

tribution of fault sizes appears to be right-skewed, resem-
bling a power-law with a long tail toward larger fault sizes.
This shows that moderate-sized ruptures are more common,
whereas very large ruptures are relatively rare. This be-
haviour is consistent with what would be expected and fol-
lows the well-established scaling laws of fault population in
tectonics, where larger faults occur less frequently, which is
also in agreement with the Gutenberg–Richter distribution of
earthquake magnitudes.

The magnitude of an earthquake is described in the cat-
alogue by the moment magnitude (Mw), which is a mea-
sure ofthe energy released during the seismic event. TheMw,
scale is based on the physical properties of the earthquake,
usually derived from an analysis of different type of wave-
forms recorded from the shaking. The distribution is posi-
tively skewed, with a pronounced peak around 6.0–6.5 and a
rapidly decreasing probability density asMw, increases. This
pattern is also intuitive, since smaller earthquakes are natu-
rally more common, while larger magnitudes follow a log-
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arithmic frequency–magnitude relationship (the Gutenberg–
Richter law). The tail extends towards higher magnitudes
with very low frequency, following a power-law relationship,
indicating that high-magnitude events are rare. Unlike previ-
ous plots that used a logarithmic x-axis, this histogram shows
the magnitude values on a linear scale as the value of the
magnitude is a function of the logarithm of the seismic mo-
ment (M0). This representation emphasizes the concentration
of values in the lower range and a sharp drop-off in probabil-
ity for values above 7.0. The observed distribution follows
the Gutenberg–Richter law, which describes the exponential
decay in the number of earthquakes with increasing magni-
tude. In relation to this parameter, the M0, or scalar moment
of the seismic moment tensor, represents the moment of the
event in N m.

With regard to slip, which represents the average displace-
ment along the fault plane (in metres), there is consider-
able variability among events. Most earthquakes exhibit rela-
tively small slip values, typically below 1 m, while larger slip
values occur progressively less frequently. As is typical for
earthquake size-related parameters, the slip distribution fol-
lows a power-law behaviour, with small displacements being
far more common than large ones.

The orientation of the nodal planes is described by two an-
gles: dip (angle of the plane with the horizontal) and strike
(angle of a horizontal line on the plane with the north). A
third angle describes the orientation of the slip vector of the
earthquake on the rupture plane, the rake. The initial descrip-
tion elucidates the inclination of the fault plane in relation
to the horizontal, indicating that moderate dip angles, gen-
erally between 20 and 40°, predominate among the analysed
events. These moderate inclinations are characteristic of re-
verse faults commonly found in subduction zones, which are
related to bigger earthquakes and are typically more tsunami-
genic. Consequently, their prevalence is consistent with the
expected distribution and is reflected in the statistical analy-
sis.

The strike refers to the orientation of the fault plane in re-
lation to the geographic north. The distribution shows a ten-
dency toward specific strike orientations, with common val-
ues around 150 and 250°, reflecting the underlying tectonic
deformation systems where these faults are included. Finally,
the rake provides insights into the type of fault movement.
The dataset displays a wide range of rake values, with a no-
table concentration around 90°, indicating a predominance of
thrust faulting mechanisms.

In conclusion, the histograms for the nine earthquake pa-
rameters illustrate trends and patterns that align with regional
tectonics and anticipated fault mechanisms. The data indi-
cate that the majority of seismic events occur at shallow focal
depths with moderate fault sizes and small slips. The diver-
sity in fault orientations and movements reflects the intricate
nature of seismic processes across different regions.

3.2 Tsunami database (TSUSY Database)

The array of earthquake data presented was used to gen-
erate a database of events by numerically simulating 5315
scenarios with the Tsunami-HySEA code, covering all the
selected events over the 1976–2023 period. The Maximum
Wave Height of each Grid Point (MWHGP) was recorded
for each event and then included in the tsunami database.
Figure 8 illustrates this variable for a representative event
with a magnitude of 7.6 and a focal depth of 35.5 km, whose
epicentre was located near Sand Point, Alaska (54.602° N,
159.626° W) on 19 October 2020.

To characterise the intensity of the tsunami events, the
MWH of the whole grid for each event (MWHE) was
recorded, showing a range of potential sea-level variations
from minimal deformation to significant changes in water
level. Figure 9a presents a histogram of this MWH for each
event (MWHE), which includes only events with MWH
greater than 0.01 m, excluding 2173 events that fall below
this threshold.

It is evident that the majority of events are clustered on the
left side of the chart, which reflects their low intensity. This
distribution is to be expected, as the majority of earthquakes
generate only minor perturbations in sea level, resulting in
a high number of events with lower values. Consequently,
many of these events did not cause significant changes in wa-
ter level and, therefore, did not produce high wave heights.

In Fig. 9b it is possible to see the CDF that increases
rapidly for low wave height values, reaching values close
to 1 at approximately 1 m. This indicates that the cumula-
tive probability of the MWH being less than or equal to this
threshold is very high. Beyond this point, the curve flattens,
exhibiting an almost negligible slope, suggesting that wave
heights exceeding 2 m are extremely rare within the anal-
ysed dataset of simulations. This behaviour is characteris-
tic of distributions with a strong skew towards lower val-
ues, indicating that most recorded events correspond to small
wave heights, with very few occurrences of extreme heights.
Such an analysis is crucial in coastal hazard assessments and
tsunami modelling, as it helps estimate the probability of ex-
ceeding critical thresholds based on historical or simulated
data. It is noteworthy that almost 85 % of events have MWHE
below 0.1 m.

Since one of the objectives of this study is to collate all his-
torical data and create a comprehensive database of potential
tsunamis, the TSUSY Database contains all of this data for
each one of the 5315 events. The Tohoku Tsunami (Japan) is
an example of a simulated tsunami included in the TSUSY
Database, as shown in Fig. 10, which illustrates a summary
of the results for this event, including the name, date, coor-
dinates and focal depth of the earthquake, as reported at the
epicentre. Additionally, the upper panel depicts the MWH
simulation and the propagation of tsunami waves.
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Figure 8. Representation of the MWH (m) variable at each grid point (MWHGP) for the event that occurred in Alaska.

Figure 9. Distribution of maximum simulated wave height for all events with MWHE> 0.01 m: (a) histogram and (b) cumulative distribution
function (CDF).

3.3 Tsunami occurrence criterion

In this section, the methodology outlined in Sect. 2.6 was
applied to the full TSUSY catalogue (Sect. 3.2) to derive a
practical tsunami-occurrence threshold from the simulated
wave-height fields. The resulting metrics were analysed to
characterise their global variability and to identify a range of
MWH values where the criterion is uncertain. This analysis
directly addresses one of the key questions raised in the in-
troduction: whether a tsunami has been generated following
an earthquake. Although the number of grid cells exceeding

the percentile is useful to assess the spatial consistency of
individual simulated events and to identify isolated numeri-
cal outliers, the following analysis focuses on the percentile
value itself to derive a practical tsunami-occurrence thresh-
old.

3.3.1 Representation of event variability

Once computed for all simulations, the relationship be-
tween the event-specific 99.98th-percentile wave height and
the number of grid cells exceeding this value was repre-
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Figure 10. Representation of a numerical simulation of Tohoku (Japan) 2011 in the TSUSY Database.

sented in a density heatmap (Fig. 11). Colour intensity in-
dicates the concentration of events within each bin, pro-
viding a global overview of the distribution of simulated
tsunami responses. The results reveal a broad range of be-
haviours, from large tsunamis with values exceeding 4.5 m to
very small perturbations approaching the numerical wetting
threshold. Most simulations cluster within the intermediate
range, with 99.98th-percentile wave heights between 0.1 and
0.4 m, where the tsunami-occurrence classification becomes
uncertain.

3.3.2 Selection of the tsunami-occurrence threshold

Following the methodology described in Sect. 2.6, the
classification performance of different candidate thresh-
olds was evaluated using the F1-score, which provides a
balanced metric combining precision and recall for this
highly imbalanced classification problem. Figure 12 shows
the variation of the F1-score as a function of the candi-
date tsunami-occurrence threshold applied to the 99.98th-
percentile MWH.

The analysis reveals a maximum around 0.15 m, indicat-
ing the threshold that provides the best balance between pre-
cision and recall when compared with the NOAA tsunami
catalogue.

Based on this result, a threshold of 0.15 m was selected as
the tsunami-occurrence threshold. The corresponding confu-
sion matrix is shown in Fig. 13, illustrating the classifica-
tion performance relative to the NOAA catalogue. This value
therefore represents the threshold that maximizes the classi-

fication agreement between the simulated tsunami catalogue
and the observational NOAA tsunami records.

The confusion matrix corresponding to the selected thresh-
old (Fig. 13) allows a quantitative assessment of the classifi-
cation performance. Overall, a high level of agreement is ob-
served between the simulated classification and the NOAA
catalogue, with 93.8 % of events correctly classified (true
positives and true negatives).

The remaining 6.3 % of cases correspond to misclassifica-
tions, including 3.7 % false positives and 2.6 % false nega-
tives. These discrepancies are primarily associated with in-
termediate and borderline cases, where tsunami generation is
inherently uncertain, and are further analysed in Sect. 4.

Despite these differences, the selected threshold of 0.15 m
captures a large proportion of the observed tsunami events
while maintaining a relatively low number of false positives,
supporting its suitability as a practical tsunami-occurrence
criterion.

4 Discussion

This section evaluates the consistency of the tsunami crite-
rion derived from the 0.15 m threshold and its correspon-
dence with historical tsunami records. The analysis quanti-
fies the agreement with the NOAA catalogue and examines
discrepancies by magnitude range in order to assess the sta-
tistical robustness of the proposed criterion. It then focuses
on the additional tsunamis identified only in the TSUSY
Database, exploring why they are not listed as tsunamis in
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Figure 11. Heatmap showing the number of grid cells exceeding the threshold (x axis) versus the 99.98th percentile wave height (y axis).

Figure 12. Variation of the F1-score as a function of the candi-
date tsunami-occurrence threshold applied to the 99.98th-percentile
MWH.

NOAA and what this implies for operational tsunami assess-
ment.

4.1 Evaluation of results: matching with NOAA
Catalogue

The comparison with NOAA indicates that the 0.15 m
tsunami-occurrence criterion provides a consistent and phys-

Figure 13. Confusion matrix obtained using the selected tsunami-
occurrence threshold of 0.15 m applied to the 99.98th-percentile
MWH.

ically based tsunami identification. Using this criterion, 433
events are labelled as tsunamis in the TSUSY Database, com-
pared with 377 tsunami events in the filtered NOAA cata-
logue. Among these, 239 events are common to both cata-
logues, while 194 appear only in the TSUSY Database and
138 only in NOAA. The spatial distribution (Fig. 14) shows
that agreement is highest along the main subduction zones,
where both catalogues concentrate most tsunamis.

In relative terms, about 63 % of the NOAA events are also
labelled as tsunamis when applying the proposed threshold.
The remaining 37 % correspond to earthquakes that NOAA
reports as tsunamis but that do not exceed the 0.15 m thresh-
old or do not meet the spatial consistency condition. This
mismatch is concentrated in magnitude ranges and source
configurations where the tsunami potential is intrinsically
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Figure 14. Global distribution of tsunamis in the TSUSY Database and in the filtered NOAA catalogue. Yellow dots correspond to events
present only in NOAA, blue dots to events present only in the TSUSY Database (0.15 m threshold), and red circles to events present in both
catalogues.

uncertain. Conversely, about 55 % of the events labelled as
tsunamis in the TSUSY Database correspond to tsunamis re-
ported in the NOAA catalogue, while the remaining 45 %
are not included in the NOAA database. These cases are dis-
cussed in Sect. 4.2.

Grouping the events by magnitude clarifies this pattern
(Fig. 15). For Mw≥ 7, the agreement between NOAA and
the TSUSY Database is high, whereas for Mw< 7 the per-
centage of matching events drops sharply. This behaviour is
consistent with the intended design of the threshold to re-
duce false positives: it retains almost all large tsunamis and
discards many small or deep events that only produce minor
sea-level disturbances.

In the highest magnitude range (8–9), only one NOAA
event is not reproduced as a tsunami in the simulations.
This earthquake has a focal depth of 580 km and a 99.98th
percentile MWH of about 0.09 m, clearly below the 0.15 m
threshold. Such a deep source is inefficient at displacing the
seafloor, and NOAA operational guidelines usually exclude
these cases from tsunami evaluation. However, in the NOAA
catalogue it is reported as a tsunami despite this focal depth.
This mismatch therefore reflects a conservative choice in the
TSUSY Database definition rather than an inconsistency.

In the 7.5–7.9 range, a small group of NOAA tsunamis
falls just below the threshold, with 99.98th percentile MWH
values between 0.10 and 0.14 m. These borderline events typ-
ically share one or more of the following characteristics: rel-
atively deep focal depths, strike-slip mechanisms and/or very
small amplitudes recorded on tide gauges and DART buoys.
A reduction of the threshold by only 1 cm would be enough
to label them as tsunamis, but the adopted value of 0.15 m
is intentionally conservative, privileging robustness and the
reduction of false positives over capturing every minor sea-
level disturbance.

In the 7.0–7.4 range, 33 NOAA events are not labelled as
tsunamis in the TSUSY Database. Their simulated 99.98th
percentile MWH values span from a few centimetres up to
0.138 m, often below or very close to the threshold. Many of
these earthquakes likely produced limited coastal impact, so
their exclusion is consistent with a tsunami-occurrence cri-
terion aimed at operational warning decisions rather than at
detecting any small oscillation.

The largest discrepancy appears for magnitudes 6.5–6.9,
where 64 NOAA tsunamis do not exceed the threshold in the
TSUSY Database. Most of these earthquakes fail the spatial
consistency condition or exhibit source characteristics close
to the lower limit of what is usually considered tsunami-
genic, especially when they are relatively deep or far from
the seafloor. In this range, the simulations act as a physical
filter that removes a large number of marginal cases.

For Mw 6.0–6.4, discrepancies remain substantial, as ex-
pected for events that are generally too small to generate
damaging tsunamis. Only a few earthquakes in this bin ex-
ceed the 0.15 m criterion, combining shallow focal depths
with relatively large slip and producing simulated MWH val-
ues around 0.2–0.3 m. These cases correspond to favourable
source conditions (e.g. shallow depth and relatively large
slip) that compensate for the lower magnitude. The remain-
ing events yield negligible simulated wave heights and are
labelled as non-tsunamis.

Taken together, these results confirm that the 0.15 m
threshold is consistent with current operational practice.
It reproduces nearly all large tsunamis (Mw≥ 7) in the
NOAA catalogue, while strongly reducing the number of
low-magnitude or deep events labelled as tsunamis. Impor-
tantly, no high-impact tsunami events in the NOAA catalogue
are classified as non-tsunami by the proposed threshold.
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Figure 15. Percentage of NOAA tsunami events that are also labelled as tsunamis in the TSUSY Database, by magnitude range. Dark bars
indicate matching events and light bars indicate non-matching NOAA events; labels show the percentage and number of events in each group.

In the following subsection we move from the shared
events to those that are labelled as tsunamis only in the
TSUSY Database, examining why they are absent from the
NOAA catalogue.

4.2 Tsunamis identified only in the TSUSY Database
and not reported in NOAA

In contrast to Sect. 4.1, which focused on events common
to both catalogues, the events labelled as tsunamis in the
TSUSY Database but not listed as such in the NOAA cat-
alogue provide additional insight into the limitations of his-
torical records and the added value of simulation-based cri-
terion. These events are not uniformly distributed; they fall
into identifiable groups that are physically plausible and are
likely to be under-reported.

A first group corresponds to foreshocks and aftershocks of
major tsunamigenic earthquakes, such as the 2004 Sumatra,
2010 Chile and 2011 Japan events. While the mainshocks
are recognised as tsunamis in both catalogues, some associ-
ated shocks are not listed as separate tsunamis in NOAA. The
simulations show that several of these secondary events gen-
erate wave fields above the threshold and therefore qualify as
tsunamigenic in the TSUSY Database. This reflects a differ-
ent aggregation choice rather than a contradiction: NOAA re-
ports a single tsunami episode, whereas the TSUSY Database
treats each causative earthquake as a separate event and as-
signs an event-level label based on the simulated wave-height
criterion.

A second group includes events that NOAA attributes pri-
marily to landslides. In these cases, the tsunami is linked to a
mass movement triggered by the earthquake. In the TSUSY
Database, by contrast, is only considered the seismic source.
For a number of such events, the simulations indicate that the
earthquake alone can exceed the 0.15 m threshold, meaning
that the seismic displacement is, by itself, tsunamigenic. This
does not exclude the role of landslides; however, the simula-
tions indicate that, for some events, the seismic displacement
alone can exceed the threshold, suggesting that both mecha-
nisms may contribute to tsunami generation.

A third group comprises events marked by NOAA as “very
doubtful” or “questionable” tsunamis, which were excluded
during the filtering of the catalogue. These entries highlight
the uncertainty inherent in historical records based on sparse
observations or anecdotal reports. When simulated, several
of them generate waves above the threshold, supporting their
physical plausibility even if the documentary evidence is
weak. Excluding them from the direct comparison but retain-
ing them in the TSUSY Database strikes a balance between
conservatism in validation and completeness in the simula-
tion database.

Another relevant subset consists of earthquakes occurring
in remote regions, where the available observational network
is very limited or absent. In such areas, the absence of records
in NOAA is expected, regardless of whether a tsunami ac-
tually occurred. The TSUSY Database reveals that some
of these events produce simulated wave heights above the
threshold near uninhabited or poorly monitored coastlines.
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These tsunamis are physically plausible but are naturally ab-
sent from historical catalogues.

Finally, the TSUSY Database identifies a set of “No Re-
ported” events for which no tsunami information has been
found in NOAA or other sources, yet the simulations pro-
duce wave heights above the threshold in potentially exposed
coastal areas. Figure 16 summarises the spatial distribution
of the different groups of events labelled as tsunamis by the
TSUSY Database but not listed as tsunamis in NOAA.

The distribution of these additional tsunamis is consistent
with their interpretation. Events with limited or no impact on
populated areas cluster in the open ocean and around remote
islands, where under-reporting is expected.

Overall, the TSUSY Database acts as a physically based
complement to the NOAA catalogue. The 0.15 m threshold
reproduces the bulk of NOAA tsunamis for Mw≥ 7 and in-
tentionally filters out many marginal cases, while the simula-
tions identify additional tsunamis that are physically plau-
sible and are missing or weakly documented in historical
records. This combination of numerical modelling and cata-
logue information provides a more comprehensive and oper-
ationally useful characterisation of tsunami occurrence than
either source alone.

5 Implementation of the methodology: application of
the TSUSY Database

The methodology developed in this work has been directly
implemented in the IH-Tsunamis System (IH-Tsusy), an on-
line operational platform designed to support tsunami analy-
sis in near real time. IH-Tsusy consists of two tightly coupled
components: a real-time module that evaluates the tsunami-
genic potential of ongoing earthquakes and, when appro-
priate, launches numerical simulations of tsunami propaga-
tion; and a continuously updated global database of historical
tsunami simulations.

The first core component of IH-Tsusy is the global
database of historical simulations, which builds upon the
TSUSY Database described in this study. It contains numer-
ical assessments of earthquakes and associated tsunami sim-
ulations from 1976 to the present, continuously updated as
new events occur. For each event, the database stores the sim-
ulated maximum wave heights and travel times, together with
the seismic source parameters and corresponding maps. This
archive not only provides an openly available resource for
tsunami hazard studies and model validation, but also sup-
plies the training dataset for the AI-based decision model
implemented in IH-Tsusy.

Building on this database, the real-time component of IH-
Tsusy automatically retrieves seismic information from the
USGS after an earthquake occurs anywhere in the world. The
same set of source parameters used in this study (moment
magnitude, depth, fault orientation and dimensions, slip, and
focal mechanism) is fed to an artificial neural-network-based

model (Gallego Jiménez, 2025) specifically trained to esti-
mate whether the event is tsunamigenic. The training of this
model relies on the TSUSY Database and on the tsunami-
occurrence criterion derived in this paper: each simulated
event is labelled as “potential tsunami” or “non-tsunami”
according to the 99.98th-percentile wave-height threshold.
Thus, the model learns the relationship between earthquake
source characteristics and the occurrence of a tsunami as
defined by our simulation-based criterion. When the model
classifies a new earthquake as potentially tsunamigenic, IH-
Tsusy triggers a GPU-based Tsunami-HySEA simulation,
which provides estimates of travel times and wave ampli-
tudes, displayed through a geospatial viewer. These results
are typically available within approximately 10 min after the
focal mechanism is released.

In summary, IH-Tsusy illustrates a concrete operational
application of the methodology presented in this paper. The
tsunami-occurrence threshold and the TSUSY Database pro-
vide the foundation for both the real-time neural-network
classifier and the global archive of simulations, demonstrat-
ing how a simulation-based definition of tsunami occurrence
can be transferred from a research framework to an opera-
tional decision-support system.

6 Conclusions

This work presented a global, simulation-based framework
for defining a tsunami-occurrence criterion, built on the com-
bination of historical seismic catalogues, numerical mod-
elling and statistical analysis. Starting from USGS earth-
quake data and tsunami records from the NOAA catalogue,
the TSUSY Database was constructed: a consistent set of
tsunami simulations covering the period 1976–2023, from
which maximum wave heights and associated metrics were
derived for more than 5300 events. This database provides a
homogeneous numerical characterisation of tsunami poten-
tial at global scale for instrumentally recorded earthquakes
within the considered magnitude and depth ranges.

On this basis, a tsunami-occurrence criterion was defined
grounded in simulated maximum wave heights rather than
in seismic parameters alone, and expressed as a tsunami-
occurrence threshold at 0.15 m. For each event, the 99.98th
percentile of the MWH field was computed, with a lower
bound of 0.01 m corresponding to the wetting threshold in
the numerical model. A range of candidate thresholds was
then evaluated by comparing the simulated tsunami classi-
fications with the tsunami records reported in the NOAA
catalogue. Using a confusion-matrix framework, precision
and recall were computed for each threshold and combined
through the F1-score metric, which provides a balanced
evaluation of classification performance in the presence of
strongly imbalanced classes. The analysis revealed a maxi-
mum F1-score for a threshold close to 0.15 m, indicating the
value that provides the best balance between false positives
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Figure 16. Epicentral locations of tsunami events identified by the 0.15 m tsunami-occurrence threshold in the TSUSY Database that are not
listed as tsunamis in the NOAA catalogue. Different symbols/colours indicate the event groups discussed in the text (foreshocks/aftershocks,
landslide-related events, doubtful/questionable events, remote events, and “No Reported” cases).

and false negatives. This threshold was therefore adopted as
the tsunami-occurrence criterion used to label events in the
TSUSY Database.

The performance of this threshold was evaluated by com-
paring the resulting tsunami criterion with the filtered NOAA
tsunami catalogue. Using the 0.15 m threshold, 433 earth-
quakes in the TSUSY Database were labelled as tsunami-
genic, compared with 377 tsunami events in NOAA; 239 of
these events are common to both catalogues. Approximately
65 % of the NOAA tsunamis are reproduced as tsunamis by
the threshold, with agreement highest for Mw≥ 7 and shal-
low events. Discrepancies are concentrated at lower magni-
tudes (Mw 6.0–6.9) and in cases with unfavourable source
characteristics, such as great focal depths or limited spa-
tial extent in the simulated wave fields. This magnitude-
dependent behaviour is consistent with current operational
practice, in which Mw ≈ 6.5 is often used as a lower bound
for considering an event as potentially tsunamigenic, and is
consistent with the interpretation of 0.15 m as a conservative,
physically based tsunami-occurrence threshold.

On the other hand, the analysis of events labelled as
tsunamis in the TSUSY Database but not listed as tsunamis
in the NOAA catalogue illustrates the contribution of a
simulation-based approach. These “TSUSY-only” tsunamis
form several distinct groups: foreshocks and aftershocks
of major tsunamigenic earthquakes, events associated with
landslide-related tsunamis, doubtful or questionable entries
in the historical catalogue, earthquakes in remote or poorly
instrumented regions, and “No Reported” cases for which
no tsunami information is available despite simulated ex-
ceedance of the threshold. In all these situations, the numer-
ical simulations provide physically plausible tsunami signals

that either complement or clarify the often incomplete and
heterogeneous historical record, particularly in data-sparse
regions.

Taken together, these results indicate that the pro-
posed methodology achieves two complementary objectives.
First, it reproduces most historically reported tsunamis for
moderate-to-large earthquakes while filtering out a substan-
tial number of small, deep or marginal events whose sim-
ulated impact is weak or highly localised. Second, it re-
veals additional, physically plausible tsunami signals that are
absent or only vaguely documented in observational cata-
logues. This combined use of historical data and system-
atic numerical simulations therefore provides a more com-
plete and internally consistent picture of global tsunami oc-
currence than either source alone.

Finally, the tsunami-occurrence threshold and the TSUSY
Database have been integrated into the IH-Tsusy opera-
tional system, where they serve both as training labels for a
neural-network classifier and as reference fields for an evolv-
ing global database of simulated tsunamis. In this context,
the 0.15 m threshold functions as an explicit, simulation-
based and physically grounded decision rule for determining
whether an ongoing earthquake should be treated as tsunami-
genic, illustrating a direct transfer from methodological de-
velopment to operational tsunami warning practice.
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Appendix A: Abbreviations

AI Artificial Intelligence
ANSS Advanced National Seismic System
BMS Best-Matching Scenarios
CDF Cumulative Distribution Function
CENALT CENtre D’Alerte aux Tsunamis (France)
DM Decision Matrix
ENVs Envelopes
ETA Estimated Time of Arrival
EWA Estimated Wave Amplitude
FMC Focal Mechanism Classification
GCMT Global Centroid Moment Tensor
GEBCO General Bathymetric Chart of the Oceans
IGN Instituto Geográfico Nacional (Spain)
INCOIS Indian National Centre for Ocean

Information Services
INGV Istituto Nazionale di Geofisica e

Vulcanologia (Italy)
IRIDeS International Research Institute of Disaster

Science (Japan)
JMA Japan Meteorological Agency
KOERI Kandilli Observatory and Earthquake

Research Institute (Turkey)
MWH Maximum Wave Height
MWHE Maximum Wave Height of the Event (whole

grid)
MWHGP Maximum Wave Height per Grid Point
Mw Moment Magnitude scale
NOA National Observatory of Athens (Greece)
NOAA National Oceanic and Atmospheric

Administration
NTWC National Tsunami Warning Centre
PIANC The World Association for Waterborne

Transport Infrastructure
SHOA Servicio Hidrográfico y Oceanográfico de la

Armada (Chile)
SIPAT Sistema Integrado de Pronóstico y Alerta de

Tsunamis (Chile)
TSUSY TSUnami SYstem Database
TSP Tsunami Service Provider
TWS Tsunami Warning Systems
USGS United States Geological Survey

Code availability. The FMC (Focal Mechanisms Classification)
model used to define the seismic rupture geometry is openly
available through GitHub (https://github.com/Jose-Alvarez/FMC,
Álvarez-Gómez, 2019). The tsunami numerical simulations were
performed using Tsunami-HySEA. The TsunamiClassifier neural-
network model developed and used within the IH-Tsusy operational
system is openly available through GitHub (https://github.com/
AlbertGallegoJimenez/TsunamiClassifier, Gallego Jiménez, 2025).
Additional scripts and workflows developed for the construction of
the TSUSY Database and the post-processing of results are avail-
able from the corresponding author upon reasonable request.

Data availability. The tsunami catalogue used in this study was
obtained from the NOAA Global Historical Tsunami Database
provided by the National Centers for Environmental Information
(https://www.ngdc.noaa.gov/hazel/view/hazards/tsunami/search,
last access: 11 May 2026). Earthquake source parameters were
retrieved from the United States Geological Survey (USGS) Ad-
vanced National Seismic System Comprehensive Earthquake Cat-
alog (ComCat) (https://earthquake.usgs.gov/earthquakes/search/).
Bathymetric data used for tsunami simulations were ob-
tained from the General Bathymetric Chart of the Oceans
(GEBCO) (https://doi.org/10.5285/f98b053b-0cbc-6c23-e053-
6c86abc0af7b, GEBCO, 2023). The tsunami simulations generated
in this study and the derived TSUSY Database, including
the tsunami numerical simulations and the seismic source
input data used to generate them, are currently integrated
within the operational IH-Tsusy platform and are available
(https://tsunami.ihcantabria.com/?_ga=2.133392654.1645853229.
1772801387-174509965.1772801387#/events, last access: 11 May
2026).
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