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Key Points:

« We compare tsunami generation from an instantaneous Okada source, one-way linked
kinematic and dynamic ruptures, and full coupling.

+ After 50 s, time-dependent models agree within 0.1 m in water deeper than 100 m,
whereas a static source yields smaller tsunami crests.

« Fully coupled models resolve early near-source seismo-acoustic waves, whereas one-
way linking efficiently models the large-scale tsunami.
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Abstract

The 2020 My 7.0 Samos normal-faulting earthquake produced damaging ground shak-
ing and a destructive local tsunami. We construct a three-dimensional kinematic rup-
ture model from a finite-fault inversion and use its shear stress changes to inform two
dynamic rupture models. We initialize a non-linear shallow-water tsunami simulation
with instantaneous Okada displacement and source one-way linked simulations with evolv-
ing seafloor deformation from the kinematic and dynamic rupture models. Fully coupled
three-dimensional earthquake-tsunami simulations resolve rupture and elastic, acoustic,
and gravity waves together. The coupled sea surface wavefield contains the developing
tsunami, dispersive oceanic Rayleigh waves, first-mode ocean acoustic waves, and sig-

nals consistent with dispersive Scholte waves. We track crests and troughs over time as
the respective means of the most extreme 0.1 percent of positive and negative sea sur-
face height anomalies. For each time-dependent source, following transient seismo-acoustic
waves, the one-way linked and fully coupled models agree within 0.10 m on both met-

rics from 50 to 360 s in water deeper than 100 m. At 6 min, all models share a leading
drawdown with trough metrics near —0.5 m, whereas the instantaneous Okada source
yields a crest metric of 0.35 m, compared with 0.5-0.6 m for time-dependent sources. In-
stantaneous sourcing, common in hazard assessment, may therefore underestimate tsunami
crests from moderate normal-faulting earthquakes. The preferred dynamic rupture source
captures the main tsunami periods at Syros, with larger tide gauge mismatches elsewhere.
At Samos, full coupling resolves the early near-source seismo-acoustic wavefield, whereas
time-dependent one-way linking provides an efficient estimate of the large-scale tsunami.

Plain Language Summary

Offshore earthquakes can move the seafloor and generate tsunamis, yet the first min-
utes of tsunami generation are challenging to constrain. We study the 2020 Samos normal-
faulting earthquake in the Aegean Sea by comparing models that represent the earth-
quake source and ocean response with different levels of complexity. All models of the
tsunami agree closely on its leading wave drawdown. A simpler model that applies the
final seafloor displacement all at once produces a peak tsunami crest about a third smaller.
A more complex three-dimensional simulation coupling the solid Earth with the water
in a single simulation shows how sound and seismic waves travel through the ocean and
along the seafloor, in addition to the tsunami. These waves overlap with the develop-
ing tsunami near the source, so early sea-level measurements may record signals beyond
the tsunami itself. Our results show why modeling complexity should be matched to the
scientific question: full coupling is valuable near the earthquake source, whereas simpler
methods can efficiently simulate tsunami propagation farther away.

1 Introduction

Normal faulting earthquakes have increasingly been recognized as capable of gen-
erating destructive tsunamis across various tectonic settings: in outer-rise regions, this
tsunamigenic potential has been demonstrated by the 1933 My, 8.4 Sanriku earthquake
in the Japan Trench (Kanamori, 1971), the 1977 My, 8.3 Sumba earthquake along the
Sunda Trench (Spence, 1986; Lynnes & Lay, 1988), and the 2010 My, 7.4 Bonin Islands
earthquake along the Izu-Bonin-Mariana system (Cheng et al., 2026). Outer-rise nor-
mal faults continue to present complex tsunami hazards offshore Japan (Lay et al., 2011;
Obana et al., 2018; Baba et al., 2020) and other regions, such as the Central American
subduction zone (Alvarez—Go’mez et al., 2012). Beyond the outer rise, forearc normal faults
may host tsunamigenic earthquakes (Bécel et al., 2017; Philippon et al., 2024). This haz-
ard extends to submerged low-angle normal faults, which can produce tsunamigenic co-

seismic subsidence despite an unfavorable orientation for slip (Cummins et al., 2020; Biemiller

et al., 2023).
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However, (1) normal-faulting tsunamigenesis remains comparatively understudied
relative to subduction zone events (e.g., Bilek & Lay, 2018), and (2) normal-faulting earth-
quakes have distinct, shallow rupture dynamics because the free surface alters rupture
propagation on dipping faults (Oglesby et al., 1998). To investigate how normal-faulting
source complexity affects the tsunami excitation, we turn to the Aegean Sea region, which
is subject to active tectonic deformation (e.g., Taymaz et al., 2007; Reilinger et al., 2010;
Royden & Papanikolaou, 2011). Situated between the Eurasian, African, and Anatolian
plates (Fig. 1a; Bird, 2003), the Aegean Sea microplate is characterized by back-arc ex-
tension and crustal stretching (e.g., Sachpazi et al., 2016; Meng et al., 2021). This ex-
tension has resulted in frequent moderate-to-large earthquakes that regularly trigger lo-
cal and regional tsunamis, such as the 1949 My, 6.7 Chios earthquake (Altinok et al.,
2005; Melis et al., 2020) and the 2017 My 6.6 Bodrum-Kos earthquake (Karasozen et
al., 2018; Dogan et al., 2019; Ganas et al., 2019). The largest tsunami in the Aegean Sea
in the 20th century was triggered by the 1956 My, ~7.7 Amorgos earthquake (Papadopoulos
& Pavlides, 1992; Beisel et al., 2009; Okal et al., 2009; Leclerc et al., 2024). Yet, the ex-
tent to which rupture dynamics contribute to tsunami excitation in these normal-faulting
events remains poorly understood.

The focus of this study is the 2020 My, 7.0 Samos earthquake, a normal-faulting
event in the Aegean Sea that generated a larger-than-expected tsunami (e.g., Hu et al.,
2022). The event itself occurred close to the island of Samos in the eastern Aegean Sea
(Fig. 1b), was the deadliest earthquake in 2020 (Mavroulis et al., 2022), causing 119 fa-
talities and widespread structural damage in Greece and Turkey, and generated a dam-
aging local tsunami (Triantafyllou et al., 2021; Dogan et al., 2021; Kalligeris et al., 2022).
The earthquake source characteristics, kinematic rupture process, and fault geometry
have been analyzed using regional strong ground motion waveforms, teleseismic, and geode-
tic data (e.g., Cetin et al., 2020; Chousianitis & Konca, 2021; Lentas et al., 2021; Ak-
inci et al., 2021; Taymaz et al., 2022).

Several studies analyzed the 2020 Samos tsunami propagation using finite-fault earth-
quake models and shallow water equation (SWE) tsunami simulations. Heidarzadeh et
al. (2021) identified long-lasting tsunami oscillations due to basin effects, and Hu et al.
(2022) further investigated how local tsunami resonance contributed to the unusually large
tsunami height. C. Ren et al. (2022) inverted for time-dependent (kinematic) slip on a
two-segment-fault geometry, sourcing linear SWE tsunami simulations. Sun et al. (2024)
performed a joint inversion of high-rate GNSS, strong ground motion, and InSAR data
to obtain kinematic slip on a single north-dipping fault plane and performed tsunami
simulations using 2D depth-averaged, non-linear SWE. Using elastic dislocation theory
(Okada, 1985) to describe the earthquake source, they investigated how bathymetry res-
olution affects tsunami duration and amplitude. Taymaz et al. (2022) explored the rup-
ture dynamics of the 2020 Samos earthquake in a simplified full-space model, excluding
free-surface effects.

Whereas tsunami simulations typically use instantaneous sources based on the Okada
method (Levin & Nosov, 2015; Saito, 2019; Lgvholt et al., 2026), differences between static
(instantaneous), kinematic (time-dependent with prescribed spatio-temporal evolution
of slip), and dynamic rupture (time-dependent, spontaneous rupture) earthquake sources
have increasingly been investigated to better understand tsunami generation complex-
ity (e.g., Z. Ren et al., 2019; Kutschera, Gabriel, et al., 2024; Sementsov et al., 2025; Mel-
gar, 2026; Behrens, 2026). With fully-coupled earthquake-tsunami simulations (Maeda
& Furumura, 2013), we can simultaneously solve for the elastic wave propagation in the
solid Earth, as well as oceanic acoustic and gravity (i.e., tsunami) wave generation. This
tsunami modeling technique has been applied for different types of sources in various tec-
tonic settings (Maeda et al., 2013; Noguchi et al., 2016; Lotto et al., 2018; Du & Ma, 2025;
Wirp et al., 2026; Henneking et al., 2026), but, to the best of the authors’ knowledge,
not yet to a predominantly normal-faulting dynamic rupture source.



119 In this study, we analyze the tsunami generation of the 2020, My, 7.0 Samos normal-

120 faulting earthquake by systematically increasing the modeled complexity of tsunami gen-

121 eration. We compare four types of tsunami simulations, based on (i) instantaneous sourc-
122 ing with non-linear SWE, (ii) a kinematic, time-dependent earthquake model combined

123 with non-linear SWE, (iii) a dynamic rupture model similarly linked to the non-linear

124 SWE, and (iv) 3D fully-coupled earthquake dynamic rupture and tsunami simulations.

125 To enable this comparison, we develop 3D dynamic rupture simulations of the Samos earth-
126 quake with bathymetry and topography, which are informed by a prior kinematic source

127 inversion (Plicka et al., 2022) and produce realistic ground motions. The dynamic rup-

128 ture models break bilaterally and up-dip, before transitioning into unilateral, westward

129 rupture. We validate the simulated ground motions against observed, near-field peak ground
130 velocities. The spontaneous rupture models showcase the sensitivity of peak ground mo-

131 tion to different assumptions on the spatial distribution of initial normal stress and rup-

132 ture dynamics. In fully-coupled dynamic rupture-tsunami simulations, which capture the

133 physically consistent tsunami generation, we observe large amplitudes of seismo-acoustic

134 waves, including oceanic Rayleigh waves, signals consistent with Scholte waves, and ocean
135 acoustic modes during the tsunami generation. Comparing static, kinematic, and dynamic
136 sources for tsunami generation, we observe close agreement in the tsunami leading wave

137 behavior, and closely matching tsunami extrema between time-dependent one-way linked

138 and fully coupled tsunami simulations. Tsunami trough extrema from the instantaneous

130 sourcing are driven by the source timing, whereas smaller peak crests for the Okada model
140 persist despite the timing difference. In addition, trailing waves are affected by the tsunami
1m modeling technique, which we interpret as a consequence of 3D frequency dispersion and

142 water-column low-pass filtering of shorter-wavelength seafloor deformation.

143 2 Methods

144 Following the workflow illustrated in Fig. 2, this section is structured as follows:
145 We first introduce the modeling software used in this study (Section 2.1), before we de-
146 scribe the reference finite-fault model (Section 2.2) used to constrain the fault geome-
147 try for all earthquake rupture simulations and slip for the kinematic source simulation.

148 Next, we detail the 3D kinematic rupture model setup (Kinematic Rupture Model A)
149 in Section 2.3 and the 3D dynamic rupture setup (Dynamic Rupture Models B & C; Ta-

150 ble 1) in Section 2.4. In Section 2.5, we describe non-linear shallow water versus fully

151 coupled tsunami modeling techniques. Although our simulations extend beyond the near

152 field, our analysis focuses on the tsunami generation phase. We conclude with details

153 on the computational mesh (Section 2.6).

154 2.1 Modeling software used in this study

155 In this study, we use the open-source software SeisSol (https://github.com/SeisSol;
156 Gabriel et al., 2025) to simulate 3D kinematic rupture (Section 2.3), dynamic rupture

157 (Section 2.4), and fully-coupled earthquake-tsunami models (Section 2.5.1). SeisSol is

158 based on the arbitrary high-order derivative discontinuous Galerkin method (ADER-DG;
159 e.g., Késer & Dumbser, 2006; Dumbser & Kaser, 2006). Here, high-order time integra-
160 tion together with high-order space discretization and local time stepping (Breuer et al.,
161 2016) provides high-order accuracy for modeled time-dependent ground motions (Késer
162 et al., 2008; Pelties et al., 2012). SeisSol has been verified against community benchmark
163 problems, including a recent 3D fully-coupled setup (e.g., Pelties et al., 2014; R. A. Har-
164 ris et al., 2018; Kutschera et al., 2025), and validated in dynamic rupture scenarios of

165 varying scale and complexity (e.g., Uphoff et al., 2017; Ulrich, Gabriel, et al., 2019).

166 In addition to fully-coupled tsunami simulations with SeisSol, we use the open-source
167 software GeoClaw (https://github.com/clawpack/geoclaw; Clawpack Development
168 Team, 2024) for tsunami simulations (Section 2.5.2). GeoClaw is a subset of Clawpack
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Figure 1.
stations (England et al., 2016) relative to the Anatolia-Eurasia (AT-EU) Euler pole (orange star;
Le Pichon & Kreemer, 2010). Plate boundaries are indicated by purple lines (Bird, 2003) and

show that the Aegean Sea plate is bounded by several larger tectonic plates, namely the Eurasian

a) Present-day circular counterclockwise kinematic motion of 346 regional GNSS

plate to the north, the African plate to the south and west, and the Anatolian plate to the east.
The black rectangle marks the area of the earthquake dynamic rupture domain as visualized in
b). b) Aegean Sea region with active faults from the GEM Global Active Faults Database (GEM
GAF-DB; Styron & Pagani, 2020) shown as black lines. The earthquake focal mechanism for the
My 7.0 Samos earthquake is obtained from the GCMT catalog (Dziewonski et al., 1981; Ekstrom
et al., 2012). Relocated aftershocks from 30 October until 1 December 2020 (Kiratzi et al., 2022)
are color-coded with depth (top-left figure inset). The blue rectangle shows the extent of the
ocean acoustic water layer as used for 3D fully coupled earthquake-tsunami modeling (see Fig. 2).
Teal triangles indicate five of the seven sea level monitoring stations (Flanders Marine Institute
(VLIZ), Intergovernmental Oceanographic Commission (IOC), 2026) and the bottom-left figure
inset shows the bathymetric profile from GEBCO Bathymetric Compilation Group (2022) along
the north-south-trending trace A-B (red line; Profile 1).
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and solves the 2D depth-averaged non-linear shallow water equations based on the fi-
nite volume method and utilizes adaptive mesh refinement (LeVeque et al., 2011; Berger
et al., 2011; Mandli et al., 2016). GeoClaw has been extensively validated (LeVeque &
George, 2008; Gonzalez et al., 2011), including against observations near Hawaii from
the 2011 Tohoku earthquake and tsunami (Arcos & LeVeque, 2015).

2.2 Reference kinematic finite-fault slip model

Multiple finite-fault models exist for the 2020 My, 7.0 Samos earthquake (e.g., Cetin
et al., 2020; Taymaz et al., 2022; Sun et al., 2024). Finite-fault inversions are known to
be prone to variability in terms of inferred slip distribution (e.g., Beresnev, 2003; Mai,
Schorlemmer, et al., 2016; Wong et al., 2024). Thus, rather than comparing all existing
fault slip models for the Samos earthquake, we select one reference model that is in agree-
ment with the broader regional stress field (Konstantinou et al., 2017). We choose the
kinematic model of Plicka et al. (2022), which uses displacement waveforms from local
strong motion stations, filtered in the frequency range of 0.02 to 0.15 Hz, and static GNSS
displacement data from Ganas et al. (2021). They use a linear multiple time-window earth-
quake slip inversion approach with k=2 smoothing (LinSlipInv; Gallovi¢ et al., 2015). LinSlip-
Inv has been applied to various events near Greece, such as the 2015 My, 6.4 Lefkada
earthquake (Sokos et al., 2016) and the 2018 My, 6.8 Zakynthos earthquake (Sokos et
al., 2020).

The fault geometry of Plicka et al. (2022) has rectangular (planar) dimensions (100 x 24 km),

a strike angle of 265°, a 40° dip angle towards the north, and a rake angle of -110°. It

is composed of 480 sub-faults, each spanning 2.5 x 2.0 km along-strike and along-dip, re-
spectively. This fault geometry is consistent with the spatial distribution of relocated
aftershocks (Cetin et al., 2020; Kiratzi et al., 2022; Fountoulakis et al., 2023) and with
GNSS observations (Ganas et al., 2021). Moreover, Heidarzadeh et al. (2021) and Hu

et al. (2022) have shown that tsunami simulations using a north-dipping fault plane re-
produce tsunami observations better than the south-dipping fault geometries. In addi-
tion to the fault geometry of Plicka et al. (2022), we utilize its rake, sub-fault total slip,
and time-window slip distributions (Section 2.3).

2.3 Kinematic source simulation

Prescribing the spatio-temporal evolution of slip on a predefined fault is known as
kinematic rupture simulation (e.g., Haskell, 1964; E. Tinti et al., 2021). Here, we impose
the slip rate as a boundary condition on the fault plane. To avoid numerical artifacts,
we utilize a pseudo-friction law that suppresses smearing and aliasing effects, following
the approach of E. Tinti, Spudich, and Cocco (2005) and Causse et al. (2014).

To integrate the finite-fault model of Plicka et al. (2022) and obtain our kinematic
source simulation with SeisSol (hereinafter Kinematic Rupture Model A), we convert the
finite-fault model (Section 2.2) from its .fsp format (Mai, Shearer, et al., 2016) into ASAGI
files (Rettenberger et al., 2016). ASAGI, a parallel server for adaptive geoinformation,
handles the parallel data access, allowing SeisSol to efficiently access the underlying data
during the simulation. Here, we infer the rupture onset time and duration of the pos-
itive slip acceleration by identifying the first time window exceeding a threshold slip value
of 1 mm and the window corresponding to peak slip, respectively. During this conver-
sion process, the finite-fault slip distribution is spatially up-sampled by a factor of 10
using a cubic interpolation method. We choose this interpolation to ensure that the coarse
input data from the finite-fault model is smooth enough to be resolved by the high-order
ADER-DG discretization. Note that preserving the seismic moment and average slip is
not strictly guaranteed by construction during this interpolation, but rather enforced us-
ing an iterative post-processing optimization loop inspired by E. Tinti, Spudich, and Cocco
(2005) and verified post-upsampling (Table 2).
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The temporal evolution of slip for individual sub-faults is parameterized by reg-
ularized Yoffe functions (E. Tinti, Fukuyama, et al., 2005). These functions are constructed
by convolving the original Yoffe function (Nielsen & Madariaga, 2003) with a triangu-
lar function. Following E. Tinti, Fukuyama, et al. (2005), we assign a constant value of
1.27 to the ratio of the time to peak slip velocity to the half-duration of the triangular
function to uniquely define the regularized Yoffe parameters across all sub-faults.

2.4 Dynamic rupture model setup
2.4.1 Initial stress

Dynamic rupture simulations allow the earthquake dynamics to evolve spontaneously
based on the model’s initial conditions in a self-consistent way. The initial stress setup
can be obtained in several ways, for example by iteratively updating dynamic stress drop
and strength excess (Pulido & Dalguer, 2009). We use the on-fault stress changes of the
Kinematic Rupture Model A to inform two dynamic rupture simulations (hereinafter Dy-
namic Rupture Models B & C). Specifically, we use the shear stress change in the dip
direction at the end of Kinematic Rupture Model A, which is larger by a factor of two
than the normal stress change or stress change in the strike direction, a simplification
consistent with the predominantly dip-slip mechanism. However, rather than using this
stress change directly, the initial shear traction in the dip direction 74 is computed by
subtracting the imported kinematic shear stress change from a background traction pro-
portional to the dynamic friction coefficient pg (Section 2.4.2) and the initial effective
normal stress o/, (defined as negative in compression following SeisSol convention). Specif-
ically, 74 = pao,,—A7q A, where A1y o denotes the imported dip-direction shear stress
change from Kinematic Rupture Model A. At the 6.35 km hypocentral depth (Section 2.4.3),
o), ~ —32 MPa and A7y s ~ 8.3 MPa, resulting in an initial shear traction of approx-
imately —14.7 MPa following SeisSol convention. For simplicity, the initial shear trac-
tion in the strike direction is set to zero (7, = 0 MPa). This omits the right-lateral strike-
slip component present in the reference kinematic model of (Plicka et al., 2022) (rake of
-110°). However, prescribing a pure normal-faulting initial rake setup of -90° for the dy-
namic rupture models, following the definition of Aki and Richards (2002), remains con-
sistent with the rake angle uncertainty across various agency moment tensor solutions,
also summarized by e.g., Plicka et al. (2022), including the USGS W-phase (U.S. Geo-
logical Survey, 2020) and Global Centroid Moment Tensor (GCMT) solutions (Dziewonski
et al., 1981; Ekstrom et al., 2012).

The difference between the two Dynamic Rupture Models B and C is the govern-
ing initial effective normal stress. For Dynamic Rupture Model B, we prescribe a uni-
form initial effective normal stress of o, = —32 MPa (recall following SeisSol conven-
tion, normal stress is negative in compression), which is smaller than the often used 50 MPa
(Ramos et al., 2022; Taymaz et al., 2022). However, our models require a smaller effec-
tive normal stress due to the shallower nucleation depth. In addition, 32 MPa lowers the
overall static fault shear strength to account for elevated pore-fluid pressure at shallow
depths. To have a more realistic representation of o/, a depth-dependent effective nor-
mal stress as a function of gravity g, depth z, and density p is used for Dynamic Rup-
ture Model C inspired by (E. Tinti et al., 2021). We prescribe
o}, = min (—10 MPa, (p(z) — 2785 kg m?).g- z), where z is negative downward and
p(z) is the local solid Earth density as used by (Plicka et al., 2022). Because p(z) is de-
fined via a 1D layered subsurface model (Section 2.6), o/, (z) exhibits step-wise increases
across layers, increasing compressive normal stress with depth. At the 6.35-km nucle-
ation depth, p = 3300 kg/m®. Thus, the resulting effective normal stress for Dynamic
Rupture Model C is ¢/, & —32 MPa at the nucleation depth, similar to Dynamic Rup-
ture Model B. This formulation implies an over-hydrostatic pore-fluid pressure gradient
of ~ 27.3 MPa km~! that reduces the lithostatic overburden (Rice, 1992; Madden et
al., 2021) and enforces at least 10 MPa compressive effective normal stress near the free
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surface. Consequently, the magnitude of the compressive effective normal stress is smaller
near the surface and increases with depth.

2.4.2 Friction and fault strength

We use a linear slip weakening (LSW) friction law (e.g., Ida, 1972) with on-fault
cohesion to obtain the fault strength 7. and model frictional yielding and dynamic slip
evolution.

Te = Co + - |oy,]. (1)

Here, Cy is the on-fault cohesion of 0.4 MPa, taken from Taymaz et al. (2022), repre-
senting the positive magnitude of the cohesion parameter, which is prescribed as neg-
ative following SeisSol convention. Cohesion is also added during forced rupture. The
friction coeflicient, given by p = min(pinuc, tsw), depends on the nucleation friction co-
efficient finq. (Section 2.4.3) and the slip-weakening friction coefficient ps,,, given by the
linear slip-weakening friction law,

Kisw (5) = Ms — % min(57 Dc) ) (2)

which is a function of the accumulated fault slip §(¢) at each point on the fault. Here,
s decreases linearly from the static friction coefficient (us) to the dynamic friction
coefficient (p14) over a characteristic slip-weakening distance (D). Once the accumulated
slip exceeds D., friction remains at the dynamic level (e.g., Andrews, 1976; Ma et al.,
2008; Ramos et al., 2022). Similar to Taymaz et al. (2022), we choose us = 0.5, but pre-
scribe pg = 0.2, which is slightly smaller (Table 1), since a lower dynamic friction co-
efficient facilitates sustained dynamic rupture and slip accumulation on normal faults
(e.g., Mosconi et al., 2025; Margolis et al., 2026). Through trial-and-error simulations
targeting the observed seismic moment through the accumulation of fault slip, we find
that a lower D, of 0.1 m is required, because reducing D, lowers the fracture energy, fa-
cilitating rupture propagation at a given stress level. At the hypocenter (Section 2.4.3),
the initial shear traction magnitude of approximately 14.7 MPa (Section 2.4.1) lies be-
tween the static and dynamic frictional strength contributions (excluding cohesion), which
are uslo)| = 16.0 MPa and pg4lo),| = 6.4 MPa, respectively.

2.4.3 Hypocenter and nucleation

Plicka et al. (2022) used a fixed depth of 6 km to obtain a well-posed finite-fault
inversion and derived a stable relocated epicenter location of 37.900°N and 26.817°E with
a spread of =1 km by testing a variety of different velocity models. Since Kinematic Rup-
ture Model A and subsequently the Dynamic Rupture Models B and C use the inferred
fault geometry of Plicka et al. (2022), the deduced location of the epicenter is transformed
from the World Geodetic Reference System (WGS84) to the local reference system and
then projected vertically with depth until the intersection with the fault plane is found,
which appears at 6.35 km. This depth and the previously transformed coordinates rep-
resent the hypocenter location chosen for the rupture initiation of the Dynamic Rupture
Models B & C. This nucleation depth further aligns with the regional seismicity and af-
tershocks observed following the mainshock (30 October — 1 December 2020; Support-
ing Information, Fig. S1), with 989 events relocated during this period, predominantly
at depths shallower than 10 km (Kiratzi et al., 2022).

We initiate rupture smoothly in time and space by time-dependently reducing i,y
within a circular nucleation patch (e.g., R. A. Harris et al., 2018). The process closely
follows Li et al. (2023), who chose an increasing circular region centered at the prede-
termined hypocenter to start the spontaneous dynamic rupture. The fault strength can



315 also be reduced in an ellipsoid placed at the focus to achieve a smaller forced nucleation

316 area (E. Tinti et al., 2021). However, this was not necessary in this study because the
a7 radius of the nucleation zone (r.-;+) is sufficiently small (1.5 km) to allow rupture to be-
318 come entirely self-sustaining outside the forced region (Galis et al., 2015) and is in the
319 range of plausible nucleation radii for a moment magnitude 7.0 earthquake (Beroza &

320 EHSWOTth, 1996)

0.0817¢ri 1 '
T(’r‘) = O-;US + 0.723 - (17(T/Tcrit)2 - ]‘) , T S Terit (3)
1093 > Terit
321 Eq. 3 gives the rupture initiation time 7'(r), where r represents the radial distance

322 to the hypocenter. The forced rupture expands at a speed of 0.7 - vg = 2.66 km s~ 1,

323 where vg = 3.8 km s™! is used, larger than the actual local shear-wave velocity of 3.5 km s+
324 at the nucleation depth (Novotny et al., 2001). Within the nucleation patch (r < re.it),

325 once forced weakening begins, iy, drops linearly in time from ug to pg. The imposed

326 reduction in puy,. therefore lowers the local fault strength below the magnitude of the

327 initial shear traction, allowing rupture to initiate. Outside the zone of forced rupture,

308 T is equal to 10° s, which implies that forced rupture does not occur outside the 1.5 km

329 radius. Thus, rupture propagation beyond r..;; is entirely self-sustaining and governed

330 purely by spontaneous slip-weakening friction ps,,(8). This gradual transition ensures

331 that the spontaneous rupture overtakes the forced rupture smoothly, minimizing arti-

33 facts such as spurious oscillations.

Table 1. Overview of earthquake dynamic rupture modeling parameters. *The depth-
dependent initial effective normal stress |o;,| for Dynamic Rupture Model C is chosen in such

a way that at the hypocenter depth of 6.35 km, the same value as in Dynamic Rupture Model B
(lov] =32 MPa) prevails.

Dynamic Rupture Model B Dynamic Rupture Model C ~ Taymaz et al. (2022)

Static friction 0.5 0.5 0.5
coefficient (p5)
Dynamic friction 0.2 0.2 0.3
coefficient (pq)
Critical slip- 0.1 0.1 0.3
weakening distance
(D.) [m]
Nucleation radius 1.5 1.5 1.5
(Tcm't) [km]
Cohesion (|Co]) 0.4 0.4 0.4
[MPal]
Initial effective 32.0 depth-dependent* 50.0
normal stress
(I ]) [MPa)

333 2.5 Tsunami modeling techniques used in this study

334 Conventional earthquake-tsunami modeling is commonly based on so-called two-

335 step approaches (e.g., Abrahams et al., 2023). Here, earthquake modeling is conducted

336 first, followed by modeling the ensuing tsunami. Simplified, but faster workflows employ

337 the “Okada” method (Okada, 1985, 1992) with an instantaneous sourcing of the tsunami
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by the final static displacement of an earthquake model (e.g., Ohta et al., 2012; Sepilveda
& Liu, 2016; Kutschera, Jia, et al., 2024). To enable a better comparison, we infer the
vertical displacement from our reference finite-fault slip model by evaluating the gen-
eralized internal deformation formulation of Okada (1992) at the surface (z = 0), thus,
equivalent to Okada (1985), where we assume a Poisson’s ratio of 0.25.

A more advanced technique takes the time-dependent earthquake ground displace-
ment to initialize sea surface perturbations using a (non-linear) shallow water solver re-
ferred to as one-way linking (Ulrich, Vater, et al., 2019; Madden et al., 2021; Kutschera,
Gabriel, et al., 2024). We apply this technique to our kinematic and dynamic rupture

models (Section 2.5.2), but this remains a two-step process. Alternatively, the time-dependent

seafloor velocity (Saito & Furumura, 2009; Saito & Tsushima, 2016; Saito, 2019) or the

sea surface velocity (i.e., superposition method from Saito (2019); Saito et al. (2019), yield-
ing the complete wavefield) can be taken as forcing to trigger the tsunami in a simula-
tion. The reader is referred to Abrahams et al. (2023) for more information. However,

not always are two steps required: the state-of-the-art fully coupled method (Section 2.5.1)
can simultaneously solve for earthquake rupture and tsunami generation in a single 3D
numerical simulation.

2.5.1 Fully coupled 3D earthquake-tsunamti modeling

The fully coupled method combines earthquake rupture and tsunami generation
in a single simulation, capturing 3D elastic, acoustic, and gravity wave propagation, in-
cluding dispersion effects, simultaneously (e.g., Maeda & Furumura, 2013; Lotto & Dun-
ham, 2015; Wilson & Ma, 2021). At the elastic-acoustic interface (that is, the seafloor),
continuity of the normal velocity and traction exists (Sochacki et al., 1991; Wilcox et al.,
2010). At the same time, a linearized free surface boundary condition accounting for grav-
ity restoring forces (Krenz et al., 2021) is utilized at the sea surface to capture the tsunami
excitation in SeisSol. The method has been developed for coupled earthquake-tsunami
modeling of the 2018 Sulawesi earthquake and tsunami (Krenz et al., 2021) and applied
to earthquake-tsunami scenarios in North Iceland (Kutschera, Gabriel, et al., 2024), suited
to investigate the initial tsunami generation and the full ocean-acoustic wavefield with
all its complexity. By explicitly resolving 3D wave propagation through the water col-
umn, the fully coupled formulation reproduces the wavenumber-dependent reduction of

the sea surface response to short-wavelength seafloor deformation, which scales as 1/ cosh(kH)

for wavenumber k and water depth H. In conventional tsunami sourcing frameworks,

this effect may be approximated by applying a “Kajiura” filter (Kajiura, 1963), which
we do not apply here (Section 2.5.3). For the local water depths considered here (H =
400 m on average), the reduction is negligible at the dominant 10-20 km deformation

wavelengths (<3%), but reaches ~11% at 5 km and ~47% at 2 km wavelength.

Water does not support shearing motion. Thus, the shear modulus is u = 0, al-
lowing for only (compressional) acoustic wave propagation, such that the shear wave ve-
locity is vs = 0. Additionally, a (to first-order steady-state) density of 1025 kg m—3,
representative of salt water, is assumed in the water layer. However, a strictly constant
density would imply an incompressible fluid and not allow for compressional waves. There-
fore, the steady-state density is complemented with density perturbations only depend-
ing on the pressure based on a linearized equation of state (Krenz et al., 2021).

Each fully coupled earthquake-tsunami scenario is run for 6 min of simulated time.
SeisSol can model the initial tsunami generation with high accuracy in time and space;
however, fully coupled earthquake-tsunami simulations are currently not suited for mod-
eling inundation and tsunami run-up, and can not capture long-term tsunami propaga-
tion. The latter is caused by the selection of a smaller water layer (Section 2.6) since an
acoustic medium covering the whole offshore domain would (1) result in high computa-
tional costs required for the small element size within the acoustic medium and (2) lead
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to ongoing meshing challenges posed by the mesh generation process itself, with the cru-
cial but non-trivial intersection of bathymetry and topography with the sea surface (Wirp
et al., 2026). Therefore, the surface output (i.e., ground displacement) of SeisSol is ad-
ditionally used to inform GeoClaw (Section 2.5.2).

[9
Elastic domain ) ‘ Finite-fault model

a)

Prescribing fault slip

Kinematic rupture
simulation
(Model A)

Water layer

On-fault stress change

Dynamic rupture
simulations
(Models B and C)

60 -60 -40 -20 o 20 40 60 80 60

A A
N-S (km) N-S (km)
20 20

o 0
’ Tsunami simulations ‘
0
-500 -~ N
GeoClaw SeisSol
-1000 -1000
-1500 60 -40 20 0 20 40 60 80 -1500
Z(m) E-W (km) One-way linked Fully coupled

Figure 2. a) Transect of the three-dimensional unstructured tetrahedral mesh for the elas-
tic domain (gray), including the water layer (blue) and the north-dipping fault plane (black) of
Plicka et al. (2022). The fault plane has a strike/dip of 265°/40° and intersects the seafloor. The
static mesh refinement is visible near the fault plane and the transected domain. b) Vertically
exaggerated dimension of the 3D water layer, where we prescribe a rigidity of 4 = 0. ¢) Workflow
of this study: we start with the finite-fault model of Plicka et al. (2022) and prescribe its spatio-
temporal slip distribution in the Kinematic Rupture Model A. We compute and use the on-fault
shear stress change in dip direction of this model to inform the two spontaneous Dynamic Rup-
ture Models B & C, which in turn inform tsunami simulations using two different methods: (i)
2D depth-averaged non-linear shallow water equations (GeoClaw; Berger et al. (2011)) following
a two-step approach and (ii) 3D fully coupled earthquake-tsunami modeling where earthquake
rupture and tsunami generation are simultaneously solved for in a single simulation using SeisSol
(Gabriel et al., 2025).

2.5.2 One-way linked 2D tsunami modeling

Before informing the one-way linked tsunami simulations with the time-dependent
seafloor displacement of the SeisSol earthquake rupture models, the displacement field
is first converted from a Cartesian-based coordinate system into a geographic coordinate
system, and from the unstructured SeisSol output (Section 2.6) to a structured format,
where we account for the contribution of the horizontal displacement to the vertical dis-
placement (Tanioka & Satake, 1996). To allow a fair comparison with the fully coupled
model, this vertical displacement is required with high temporal resolution, where we take
the first 50 s at 0.1 s increments, well beyond when each earthquake rupture has con-
cluded. For the remainder of the one-way linked GeoClaw tsunami simulations (¢ > 50 s),
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the displacement is held at its respective 50 s value, with all seismic waves having left
the source region. Next, a 2D Hann filter with a width of ~ 0.30° in both longitude and
latitude is applied along the outer boundaries of the displacement region to avoid spu-
rious signals from the permanent seafloor deformation (Ulrich et al., 2022).

Our one-way linked tsunami modeling spans the Aegean Sea and covers 5°x5°, with
longitude ranging from 23°E to 28°E and latitude from 35°N to 40°N. We model the tsunami
propagation over a simulation time of 4 hr. We use three adaptive mesh refinement (AMR)
levels. The coarsest grid has a resolution of 3000 m (~1.5 arcmin). The spatial refine-
ment ratios are 2 and 30 in both spatial directions. These ratios yield a resolution of 1500 m
(~48 arcsec) for the intermediate AMR level of two, and a high spatial refinement res-
olution of 50 m (~1.62 arcsec) at AMR level three. This level three refinement is enforced
within the bay of Samos, which encloses the water layer from the fully coupled models,
for the first 6 min. Although the used GEBCO bathymetry resolution is coarser at 15 arc-
sec (=370 to 460 m; GEBCO Bathymetric Compilation Group, 2022) and this high level
of refinement does not add any new bathymetry information, we chose this refinement
to be roughly consistent with the higher-order SeisSol scheme and discretization (Sec-
tion 2.6). Starting at 35 min through the end of the simulations, level three refinement
is also enforced for 0.1°x0.1° squares surrounding each of the seven tide gauges. To solve
the non-linear shallow water equations on a latitude—longitude spherical grid, we use Geo-
Claw with an unsplit, second-order Lax—Wendroff wave propagation method (LeVeque
et al., 2011), with transverse wave corrections and a Monotonized Centered (MC) lim-
iter. Additionally, we use GeoClaw with a variant of the f-wave formulation (Bale et al.,
2003; George, 2008), maintaining well-balancing. We assume bottom friction has neg-
ligible effect in deeper water and restrict the Manning coefficient (0.025) to water depths
shallower than 200 m, where it is coupled via first-order Godunov source splitting. Non-
reflecting outflow boundary conditions are applied along all domain edges. The water
density is prescribed as 1025 kg m~3, and the Coriolis forcing is disabled. Synthetic sea
surface elevation time series on the finest temporal refinement level in GeoClaw are recorded
with an average temporal sampling interval of ~ 0.22 s. Each one-way linked tsunami
simulation was run on 16 threads and required ~43 CPUh, not taking into account writ-
ing output at 1 s increments for the first 6 min of simulated time. The observed tide gauge
records at seven stations in the Aegean Sea are filtered similarly to Kutschera, Jia, et
al. (2024), where we first remove the first-order background sea level trends using a Lo-
cally Weighted Scatterplot Smoothing (LOWESS; Cleveland, 1979) algorithm with a smooth-
ing fraction of 0.1, before we apply a 300 s zero-phase low-pass filter.

2.5.3 Sea surface height anomaly post-processing

We define the sea surface height anomaly (ssha) as the deviation of the sea surface
from being at rest for both one-way linked and fully coupled modeling. We apply a 4th-
order isotropic 2D spatial Butterworth low-pass filter with a cut-off wavelength of A\, =
2 km to the modeled ssha. Wirp et al. (2021) showed that such a Fourier filter applied
to the time-dependent seafloor movement efficiently suppresses seismic wave signals. We
apply this filter to all modeled sea surface height anomalies across the different tsunami
modeling frameworks. We do not apply a classical Kajiura filter (Kajiura, 1963). Sim-
ilar to the Kajiura filter, which mimics the wavenumber-dependent reduction of the sea
surface response across the water column, our spatial low-pass filter dampens short-wavelength
(high-wavenumber) signals. In contrast to the Kajiura filter, which scales this reduction
with wavenumber for a representative, constant water depth, our Butterworth filter ap-
plies a uniform spatial threshold across the entire domain and is applied to the ssha in-
stead of the seafloor motion. To compare modeled tsunami excitation across frameworks,
we restrict our analysis to offshore regions deeper than 100 m. This bathymetric mask-
ing is necessary because the linearized gravity-restoring boundary condition used in the
fully coupled approach breaks down near-shore (Section 2.5.1), which can be assessed
using the non-dimensional Ursell number U = %32 (Ursell, 1953), where 7 is the wave
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amplitude (or ssha), A the wavelength, and H the water depth. Assuming wavelengths
A & 2-5 km for trailing waves, together with wave amplitudes n ~ 0.25-0.5 m, we ob-
tain high Ursell numbers (U ~ 10%-10%) in very shallow coastal waters (H < 20 m).
This indicates a strongly non-linear shallow-water regime. In contrast, at water depths
H > 100 m, Ursell numbers for trailing waves drop to O(1-10), indicating that non-
linear and dispersive effects are of comparable strength. Both frameworks remain ap-
plicable in this regime, whereas the non-dispersive shallow water equations approach the
limit of their validity for these trailing waves, consistent with the framework differences
we identify in Section 4.

2.6 Computational mesh

By utilizing unstructured tetrahedral elements, SeisSol resolves complex bathymetry
and the fault geometry needed for realistic earthquake-tsunami modeling in the Aegean
Sea. Here, we use the gridded bathymetry data of GEBCO Bathymetric Compilation
Group (2022). For consistency, the same bathymetry is used for all one-way linked tsunami
simulations (Section 2.5.2). The fault plane of Plicka et al. (2022) (Section 2.2) is inter-
sected with this bathymetry, and the part above the seafloor is removed. Plicka et al.
(2022) adapted the 1D velocity-density model of Novotny et al. (2001), obtained from
inversion of observed group-velocity dispersion curves for Love and Rayleigh wave prop-
agation from northwestern Turkey to western Greece, traversing the Aegean Sea. Thus,
we use the same adapted subsurface model for all subsequent earthquake rupture mod-
eling, where the material parameters are projected to the next upper node in the com-
putational mesh.

Krenz et al. (2021) implemented the possibility to include a 3D water layer in a
SeisSol earthquake rupture simulation. This requires the discretization of the water vol-
ume (acoustic medium) above the solid Earth (elastic medium). The size of the elastic
domain is 474 km x 399 km x 202 km, whereas the water layer has a maximum depth
of 1.58 km and a maximal length and width of 160 km and 76 km (Fig. 2). Absorbing
lateral boundary conditions are prescribed along open-water edges to allow fast-propagating
seismo-acoustic waves to exit the domain. Along coastlines, the water layer terminates
against the solid Earth topography. A target discretization of A = 200 m is used for
the fault plane and the water layer, together with a fourth-order (04) accurate scheme
in time and space (polynomial degree p = 3) for all SeisSol simulations. For the cohe-
sive zone, this means an effective on-fault resolution of h/(p + 2) = 40 m, which ade-
quately resolves the median cohesive zone width of ~ 200 m and ensures that even the
5th percentile width of ~ 75 m is sampled by nearly two sub-elemental integration points
(e.g., Day et al., 2005; de la Puente et al., 2009; Madden et al., 2021). For the complex
3D volumetric water layer, this discretization translates into elements of variable size,
with a minimum edge length of ~64 m and a maximum of ~400 m. Over 97.7% of all
elements fall within the 100-300 m range, confirming that the nominal 200 m resolution
governs the discretization across the domain, which we adopt for any discussion on max-
imum resolved frequencies. Assuming a <10 % envelope misfit following (Késer et al.,
2008) and average velocities of 3044 m s~! for Rayleigh, 1500 m s~! for acoustic, and
68 m s~! for tsunami waves, we resolve at least 5.5 Hz of the Rayleigh, 2.7 Hz of the acous-
tic, and 0.1 Hz of the tsunami wavefield. Here, we followed Késer et al. (2008) and adopted
the Ny = 2.76 elements per wavelength required for the used ADER-DG O4 scheme,
which means the minimum resolved wavelength (Amin) i Amin = Nx - b &~ 550 m for
all wave types in the water layer. The total number of elements for the mesh is ~20 mil-
lion elements, out of which 7 million elements represent the water layer exclusively. Here,
water depths shallower than 200 m are discretized by ~3 million elements (about 43%
of the total water layer). A single fully coupled simulation (6 min of simulated time) re-
quired up to ~32,000 CPUh, using 64 nodes (that is 3072 cores) on the supercomputer
SuperMUC-NG in Munich. Each dynamic rupture simulation is also run without the wa-
ter layer to inform the respective one-way linked simulation (Section 2.5.2). Upon re-
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moving the water layer, a 13-million-element mesh remains, representing the elastic do-
main only.

3 Results
3.1 Earthquake rupture
3.1.1 Prescribed and spontaneous slip evolution

The three earthquake kinematic and dynamic rupture models A—C all have a com-
parable slip distribution and produce similar moment magnitudes of 7.03, 6.99, and 6.97,
respectively (Table 2). The Kinematic Rupture Model A has a peak slip of 2.44 m (Fig. 3),
consistent with the finite-fault model of Plicka et al. (2022). The dynamic rupture mod-
els evolve spontaneously, without prescribing the slip or slip rate in time and space (Fig. 4,
Movie S1). Despite their spontaneous evolution, Dynamic Rupture Models B and C pro-
duce similar peak slips of 2.60 m and 2.46 m, respectively. The average slip for the rup-
tured area, where we consider the part of the fault that experienced at least 0.2 m of slip,
is 0.86 m, 1.00 m, and 1.02 m for Models A-C, respectively. All rupture models yield
surface-breaking slip. However, the amount of near-surface slip differs slightly. The Kine-
matic Rupture Model A has localized surface-breaking slip near the northernmost coast
of Samos, whereas both dynamic rupture models produce extended surface-breaking slip,
preserving the overall pattern of the slip distribution around the hypocenter. Dynamic
Rupture Models B & C both arrest laterally due to the imposed stress changes, whereas
Dynamic Rupture Model C also arrests with depth before reaching the deeper end of the
fault plane due to the increasing normal stress with depth. The source time functions
(STFs) of the Dynamic Rupture Models B & C are, however, ~2-3 s shorter than the
STF of the finite-fault slip model of Plicka et al. (2022), whereas the STF of the Kine-
matic Rupture Model A is ~3 s longer (Fig. 4). This is linked to the rupture duration
of the respective models, ranging between ~17 s and 23 s (Table 2).

3.1.2 Generated seafloor displacement

The permanent subsidence patterns of all four models (Okada, Kinematic Rupture
Model A, and Dynamic Rupture Models B & C) are entirely offshore and show good agree-
ment to first order (Fig. 3b), which allows the comparison of increased tsunami model-
ing complexity (Section 3.2). Second-order, local differences originate from variations in
rupture propagation. For example, due to the extended near-surface slip of both dynamic
rupture models, their surface-breaking seafloor displacements extend beyond the west-
ern edge of Samos Island. Peak seafloor subsidence values are -0.78 m for the Okada so-
lution without any topography based on the finite-fault model (Plicka et al., 2022), and
-0.86 m, -0.87 m, and -0.84 m for rupture models A—C (including topography, but prior
to the “Tanioka’-correction; Tanioka & Satake, 1996), respectively (Table 2). Here, the
Tanioka-correction for rupture models A—C only contributes about 1% to the peak sub-
sidence, but increases the very small peak uplift (=10 cm) by 20-67% (Table 2), because
horizontal displacement projects onto the steeper bathymetric slopes north of Samos.

We therefore apply it to all one-way linked sources.

3.1.83 Ground motion comparison

The three earthquake rupture models A—C include the propagation of seismic waves,
generating ground motion. Here, we focus on the vertical peak ground velocity (PGVy)
and horizontal peak ground velocity (PGVg), defined as PGVy = max |v,(t)] and PGVy =
max(max |vg(t)], max |vy(t)]), where v, (t), vy(t), and v,(t) represent the east-west, north-
south, and vertical velocity components, respectively. In addition, we compute the orientation-
independent horizontal ground motions without geometric means (RotD50) after Boore
(2010), not to be confused with the GMRotD50 measure that takes into account the ge-
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a) Fault slip distributions of the considered models, showing similar large-scale

slip features east and west of the preferred epicenter of Plicka et al. (2022), marked by the yel-
low star. The finite-fault slip model of Plicka et al. (2022) informs Kinematic Rupture Model

A, whose on-fault shear stress change in dip direction serves as an initial condition for the two

spontaneous Dynamic Rupture Models B and C. The black contour lines at 0.5 m increments

represent the fault slip. b) Vertical ground displacements of each model, characterized by compa-

rable overall subsidence but smaller near-surface variations, with a wider pattern of displacement

for the Dynamic Rupture Models B & C. Shown are static displacements computed with the
Okada method (Okada, 1985) from the finite-fault model of Plicka et al. (2022), and the final

time-dependent displacements of the three earthquake rupture models A-C.
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Figure 4. a) Comparison of moment rate functions from previous studies (U.S. Geological

Survey, 2020; Heidarzadeh et al., 2021; Chousianitis & Konca, 2021; Lentas et al., 2021; Taymaz

et al., 2022; Sun et al., 2024; Plicka et al., 2022) with those from Kinematic Rupture Model A

and Dynamic Rupture Models B & C. Note that the moment rates of Plicka et al. (2022) and of
the Kinematic Rupture Model A have been shifted 2 s earlier for shape comparison only (and are
not taken into account in the duration analysis). b, c¢) Overview of the simulated rupture propa-
gation for the Dynamic Rupture Models B & C, respectively. The snapshots of the absolute slip

rate show how the rupture evolves spontaneously, with an initial bilateral rupture propagation,

followed by an up-dip propagation with surface-breaking slip, before the rupture continues to

break unilaterally to the west until it arrests. The gray contours are the 3 s isochrones of the

rupture time.
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Table 2. Overview of fault kinematics and ground deformation results for the Kinematic Rup-
ture (KR) Model A and the Dynamic Rupture (DR) Models B & C. *Considering those parts of
the fault where the slip exceeds 0.2 m. TAs obtained by applying the method of Okada (1985)
without topography to the finite-fault slip model of Plicka et al. (2022).

Plicka et al. (2022) KR Model A DR Model B DR Model C

Moment magnitude My, 7.03 7.03 6.99 6.97
Peak slip [m] 241 2.44 2.60 2.46
Average slip [m] * 0.86 0.86 1.00 1.02
Rupture area [km?]* 1315 1287 1045 987
Rupture duration [s] ~20 ~23 ~18 ~17
Peak uplift [m] 0.06 0.06 0.10 0.09
Peak subsidence [m)] -0.78" -0.86 -0.87 -0.84
Peak up. after Tanioka [m] - 0.10 0.12 0.12
Peak sub. after Tanioka [m] - -0.86 -0.88 -0.84

ometric means (Boore et al., 2006). We restrict our comparison of simulated ground mo-
tions to observed records at seven near-source and coastal strong ground motion stations,
as reported by (Askan et al., 2021). These stations include five stations (0905, 0911, 3528,
3533, 3536) operated by the Disaster and Emergency Management Presidency of Turkey
(AFAD), one station (SMG1) operated by the Institute of Engineering Seismology and
Earthquake Engineering of Greece (ITSAK), and one station (SAMA) operated by the
Institute of Geodynamics of the National Observatory of Athens, Greece (NOA-IG/GEIN).
Askan et al. (2021) reported that AFAD has processed the Turkish stations using a second-
order Butterworth bandpass filter (0.1-25 Hz), which we adopt for the calculation of our
ground motion maps (Fig. 5). However, the observations at stations SMG1 and SAMA
were processed with different low-cut frequencies of 0.05 Hz and 0.22 Hz, respectively
(Askan et al., 2021). Thus, we filter the simulated waveforms at these two stations us-

ing their respective low-cut frequencies before comparing them with the observed ground
motions.

As the Kinematic Rupture Model A is informed by the finite-fault model constructed
for the frequency range of 0.02 Hz to 0.15 Hz, its generated ground motions are over-
all smaller compared to those of the dynamic rupture models (Fig. 5). The shaking from
the two dynamic rupture models is of similar magnitude, aside from local differences due
to rupture directivity, e.g., at station 0905, where Dynamic Rupture Model C (5.20 cm s~1)
fits the observed vertical velocity (4.56 cm s™1; Askan et al., 2021) better than Dynamic
Rupture Model B (11.68 cm s~1!). To evaluate the overall fit of each model across the

N = 7 stations, we calculate the root mean squared error ( RMSE(y, ) = \/% Zf\;(yz — gi)2>,

where y and ¢ denote the observed and simulated peak velocities at station i, respec-
tively. The RMSE between the observed PGVy of Askan et al. (2021) and the simulated
vertical peak ground velocities of each rupture at the seven stations shown in Fig. 5 is
3.03 cm s71, 3.20 cm s~ !, and 1.75 cm s™! for models A-C, respectively. The lower PGV,
RMSE for Model C is predominantly driven by station 0905, which alone contributes ~70%
of Model B’s squared PGVy RMSE. Excluding station 0905 causes Models B and C to

be nearly indistinguishable in terms of vertical ground motion fit. Note that Model A’s
ground motions are band-limited by the 0.02-0.15 Hz inversion range of the reference
model. Thus, its ground motion RMSE values are not directly comparable to the broad-
band dynamic models and are reported here mainly for completeness. The RMSE val-

ues for the RotD50 velocities are slightly larger due to the generally stronger horizon-

tal shaking, especially those observed at stations SMG1 and SAMA, with RMSE values
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of 7.34 cm s71, 7.02 cm s~!, and 7.06 cm s—!, for models A-C, respectively. Thus, hor-
izontal ground motion misfits are essentially tied between Models B and C. Consistent
for all rupture models is that the modeled RotD50 velocities at the sites are on average
15%, 18%, and 16% smaller than the modeled PGV g of models A-C, respectively (Sup-
porting Information, Fig. S2). Ultimately, we select Model C as the preferred dynamic
rupture model, primarily due to its physical realism (incorporating depth-dependent ini-
tial effective normal stress; Section 2.4), but supported by the lower PGVy RMSE driven
by the ground motion directivity towards station 0905.
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Ground motion comparison for the Kinematic Rupture Model A and two Dy-

observations from Askan et al. (2021) at seven

of the water layer). a) Vertical peak ground ve-

locities (PGVy ) show how each rupture model reproduces the observed onshore vertical motions,

with implications for the subsequent analysis of offshore vertical sea surface velocities. The root

mean squared errors (RMSE) relative to the observations are 3.03 cms™', 3.20 cms™ ', and 1.75

cms™! for models A-C, respectively. b) The orientation-independent horizontal ground motion

measure (RotD50; Boore, 2010) indicates that the strongest modeled horizontal motions of the

two Dynamic Rupture Models B and C are concentrated offshore, toward the northwest. Back-

ground map colors display simulated ground motions processed using a second-order Butterworth

bandpass filter, where the low-cut frequency is uniformly 0.1 Hz. Color-filled circles represent

observed station values. Annotated values at Greek stations SMG1 and SAMA on Samos Island

reflect station-matched low-cut filtering (0.05 Hz and 0.22 Hz, respectively) applied identically to
both observed (Askan et al., 2021) and simulated records.
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509 3.2 Tsunami generation and propagation
600 3.2.1 Tsunamzi propagation locally

601 The tsunami propagates from the source about 23 km northward within the first

602 6 min. The average water depth H over this distance is 470 m along profile 1 and 360 m
603 along profile 2 (Supporting Information, Fig. S3). Using linear shallow-water theory (e.g.,
604 Talley et al., 2011; Levin & Nosov, 2015; Kundu et al., 2016), we can obtain an average

605 velocity for the tsunami of about 68 m s~! and 59 m s~! for each profile, respectively.
606 Figs. 6a, S4,S5 and Movies S2-S5 (Supporting Information) show the tsunami evolu-

607 tion following the different tsunami modeling approaches, masked for bathymetry deeper
608 than 100 m and processed with a 2D spatial Butterworth low-pass filter using a cut-off
609 wavelength A\, = 2 km. Whether simulated with GeoClaw or SeisSol, all models of the
610 tsunami share the same overall features. For example, at a simulation time of 6 min, we
611 observe a leading wave drawdown of ~0.4 m amplitude, expected from the normal fault-
612 ing nature of the event, followed by a smaller ensuing wave crest towards the North (Fig. 6).
613 Note that seismo-acoustic waves have left the acoustic medium by this time, and only

614 the tsunami remains. North of Samos, the largest tsunami crest (~0.5 m) propagates

615 along the shoreline towards the western edge of the island. Between those two tsunami
616 crests, a broader, more subtle wave drawdown is present. This pattern of the tsunami

617 evolution is shared by all models regardless of the source model and technique used to
618 simulate the tsunami. Because it remains challenging to observe differences by eye, we
619 compute the difference between the various models (Supporting Information, Text S1).
620 The leading wave drawdown of the tsunami is nearly identical between the one-way linked
621 (GeoClaw) and fully coupled (SeisSol) tsunami modeling techniques, as indicated by the
622 fact that no difference can be seen at this location after t = 6 min (Fig. 6b).

623 To quantitatively compare the highest tsunami peaks and troughs, we evaluate the
624 mean of the top 0.1% largest sea surface height anomalies across the first 6 min of mod-
625 eled tsunami generation. Although we explore the full modeling domain (Supporting In-
626 formation, Fig. S6), we apply a 100 m water-depth threshold to exclude immediate coastal
627 ssha distributions, where Ursell numbers reach U >> 1 and SeisSol’s linearized gravity-
628 restoring free-surface boundary condition loses validity compared to the non-linear SWE
629 used for one-way linked tsunami modeling. Sensitivity tests with varying bathymetric

630 masking and low-pass filtering cut-off wavelengths can be found in the Supporting In-

631 formation to this article (Fig. S6,S57,S8,59), where differences between the models be-
632 come smaller the larger the low-pass cut-off wavelength.

633 Sea surface height anomaly values are divided into peaks (ssha®™ > 0) and troughs
634 (ssha™ < 0). For each distribution, we determine the 99.9th percentile (Pyg.9), using

635 positive ssha values for peaks and the absolute values of negative ssha for troughs, and
636 calculate the mean of values in the corresponding most extreme 0.1% tail. The result-
637 ing conditional means, (ssha)dg o and (ssha)g, o, retain their respective signs and pro-

638 vide representative measures of extreme crest and trough amplitudes. These metrics are
639 annotated in each panel showing tsunami generation for the respective model and mod-
640 eling technique, where we denote the (point-wise) difference field as (Assha)étgvg, not to
6a1 be confused with taking the difference of individual time series of the tsunami extrema.
642 For the subtle wave drawdown following the leading trough and the tsunami peak near
643 Samos island, the fully coupled tsunami simulations show additional wave packets not
64 present in the one-way linked simulations. These shorter-wavelength, point-wise differ-
645 ences can reach +0.1-0.2 m. The statistics are calculated after unifying the SeisSol and

646 GeoClaw output formats (Supporting Information, Text S1).

647 In deeper water (>100 m), tracking of (ssha) o over the first 6 min provides in-

648 sights on how modeling approaches differ (Fig. 7). Although suppressed due to the low-

649 pass filter applied, in the fully coupled Dynamic Rupture Models B & C, faster-propagating
650 seismo-acoustic waves cause signals on the sea surface during the first ~50 s of gener-
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ation, which becomes more prominent when taking the difference for the respective mod-
els between the 3D fully coupled results using SeisSol and the 2D non-linear SWE re-
sults using GeoClaw. By excluding the initial 50 s and evaluating the tsunami extrema
for 50-360 s, peak crest and trough metrics ({ssha); o) agree within 0.10 m of each other
across all time-dependent source models (i.e., Kinematic Model A and Dynamic Mod-

els B & C), with no systematic bias between these modeling frameworks.

For the Okada model, where we also compute <SSha>3:9'9, we find larger discrepan-
cies compared to the time-dependent tsunami modeling techniques. Over the same t =50—
360 s window, comparing the instantaneous Okada solution to both 3D SeisSol and 2D
GeoClaw time-dependent models indicates differences of up to ~0.3 m (e.g., Fig. 8). How-
ever, part of this discrepancy reflects the timing difference between the modeled trough
extrema and should not be interpreted as a persistent amplitude difference. For exam-
ple, at ¢ = 360 s, the trough amplitudes are nearly identical among all models (x-0.5 m),
despite the Okada model lacking contributions of the horizontal displacement to the ver-
tical as well as a heterogeneous subsurface. In contrast, the Okada peak tsunami crest
reaches only 0.35 m, compared with ~0.5-0.6 m for all other models. Since the crests
of all time-dependent models are still increasing at this time, the smaller Okada peak
crest cannot be explained by the “earlier” instantaneous source. This indicates a differ-
ence in the generated crest amplitude that extends beyond the temporal offset between
the source frameworks.

3.2.2 Seismic, acoustic, and gravity wave excitation

The addition of the water layer atop the elastic, solid Earth introduces a higher
level of complexity in terms of physical waves generated by the self-consistent dynamic
rupture process. For example, without a water layer, we expect “standard” solid Earth
Rayleigh waves, which are generated due to the solid-air interface, that is, the (stress)
free surface, propagating at approximately 92% of the shear wave velocity (Rayleigh, 1885).
Due to the layered Earth model used, we expect them to be dispersive. An overlying wa-
ter layer may also cause wave reverberations, as observed for trapped P-waves from Chilean
earthquakes (Schwarze et al., 2026).

Another type of wave excitation that can be expected in fully coupled earthquake-
tsunami simulations due to the presence of the elastic-acoustic (solid-fluid) interface are
signals consistent with Scholte waves (Scholte, 1947). Scholte waves represent interface
waves trapped at a solid—fluid boundary, forming an analogue to Stoneley waves that prop-
agate along solid—solid boundaries (Stoneley, 1924). Such interface waves decay expo-
nentially away from the solid—fluid interface (Rauch, 1980; Meegan et al., 1999) and are
typically characterized by a phase velocity cg., that is slower than the acoustic speed
of water ¢p and the shear speed of the solid (Vinh, 2013). Whereas interface waves at
a homogeneous half-space interface are non-dispersive, in our modeling domain, signals
consistent with Scholte waves exhibit strong dispersion, which we attribute to the lay-
ered subsurface velocity structure of the solid Earth and the finite water depth atop.

The overlying water column also alters the characteristics of the standard Rayleigh
waves, commonly referred to as oceanic Rayleigh waves (cor) in this case. As discussed
by Abrahams et al. (2023), these can be viewed as the generalization of acoustic wave
modes in a rigid-bottomed ocean when accounting for the elasticity of the solid. Noguchi
et al. (2016) have shown that oceanic Rayleigh waves travel slightly slower than Rayleigh
waves modeled without a water layer. It is important to understand that such oceanic
Rayleigh waves still propagate energy primarily within the upper layers of the solid Earth.
However, through the elastic-acoustic coupling at the seafloor, the vertical component
of the oceanic Rayleigh wave’s elliptical motion dynamically perturbs the seafloor and
creates a pressure wave in the water, which can reach the sea surface efficiently. The phase
velocity of the water signals associated with oceanic Rayleigh waves is dispersive and gen-
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Figure 6. a) Snapshots of tsunami generation after 6 min, masked for bathymetry deeper
than 100 m and processed with a 2D spatial Butterworth low-pass filter using a cut-off wave-
length A\c = 2 km, showing similar large-scale features across models: (1) an initial leading wave
drawdown, followed by (2) peak tsunami crests, and (3) subtle sea surface depression in between.
First column: three models of the tsunami using the non-linear shallow water equation (SWE)
solver GeoClaw (Berger et al., 2011), informed by the instantaneous Okada displacement (Okada,
1985), and the time-dependent seafloor displacements of the Kinematic Rupture Model A and
Dynamic Rupture Model C. Second column: fully coupled (3D time-dependent) tsunami genera-
tion with SeisSol (Gabriel et al., 2025) from the Kinematic Rupture Model A and the Dynamic
Rupture Model C. Snapshots of the tsunami as generated by the Dynamic Rupture Model B are
shown in Fig. S5 in Supporting Information. Annotations in the lower-left corner indicate the
conditional mean sea surface height anomaly (ssha) of the most extreme 0.1% of wave crests and
troughs. b) Differences in the generated tsunamis after 6 min between fully coupled (SeisSol)
and one-way linked (GeoClaw) simulations of the same rupture models. Here, ssha metrics are

calculated from the difference field between the fully coupled and one-way linked simulations.
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Figure 7. The top 0.1% largest sea surface height anomaly (ssha) amplitudes across the

first 6 min of modeled tsunami generation. We use the Kinematic Rupture Model A and Dy-
namic Rupture Models B & C as sources for 3D fully coupled earthquake-tsunami and 2D non-
linear shallow water equation (SWE) tsunami modeling. We mask each result for bathymetry
deeper than 100 m and apply a 2D spatial Butterworth low-pass filter with a cut-off wavelength
Ac = 2 km. The trough metric ({ssha)gg o) tracks the initial time-dependent sea surface depres-
sion as a result of the normal-faulting earthquake, whereas the crest metric ((ssha)dy ) indicates
low initial amplitudes before tsunami wave polarity reversal. Taking the difference, the imprint

of seismo-acoustic waves (i.e., the “spikes”) from the respective fully coupled simulation on both

metrics can be seen during the first 50 s (gray shaded region).
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Figure 8. The top 0.1% largest sea surface height anomaly (ssha) amplitudes across the first
6 min of modeled tsunami generation, similar to Fig. 7. Here, we show the Dynamic Rupture
Model C as a time-dependent source for 3D fully coupled earthquake-tsunami modeling, and the
static Okada Model that informs 2D non-linear shallow water equations (SWE). We mask each
result for bathymetry deeper than 100 m and apply a 2D spatial Butterworth low-pass filter with
a cut-off wavelength A\ = 2 km. The trough metric ({ssha)gg o) tracks the initial sea surface de-

pression as a result of the normal-faulting earthquake, with an instantaneous drop for the Okada
Model.
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erally bounded between the Scholte and the standard Rayleigh wave velocities, that is
cseh < Cor < cr (Biot, 1952).

Fig. 9 and Fig. S10 show the space-time evolution of the sea surface vertical ve-
locities (ssvv) when using the different modeling approaches for the two profiles in the
north-south direction (Supporting Information, Fig. S3). All signals analyzed in the fol-
lowing correspond to those simulated at the sea surface, but reflect the underlying (dy-
namic) processes at the seafloor due to the shallow water depth. In the case of the in-
stantaneous Okada-based tsunami generation, the wavefield is characterized by a clear
wavefront that propagates without sudden, major changes in velocity, consistent with
the relatively smooth bathymetry along profile 1. For Fig. S10 in Supporting Informa-
tion and profile 2, a local depression in the bathymetry causes a bend in the simulated
wavefront, leading to a short-lasting increase in the tsunami speed, as expected from lin-
ear shallow-water theory. No seismic waves are present in the Okada-based approach.
As a result, no waves other than the tsunami exist, with occasional smaller tsunami re-
flections from the northern shoreline of Samos island. For Kinematic Rupture Model A,
sea surface imprints of the prescribed time-dependent seafloor motion can be seen in the
one-way linked simulation. However, as the kinematic rupture is prescribed, those sig-
nals may not necessarily reflect the true physical nature of seismic wave generation.

Recall that the Dynamic Rupture Models B & C share overall similar slip (Section 3.1.1),
seafloor displacement (Section 3.1.2), and similar leading wave drawdown (this section).
However, Dynamic Rupture Model C may be considered more realistic due to the depth-
dependent initial normal stress and a slightly better fit to observed onshore vertical peak
velocities (Section 3.1.3). Thus, we subsequently focus our analysis of the tsunami on
Dynamic Rupture Model C, and provide tsunami simulation results of Dynamic Rup-
ture Model B in the supplement.

For the time-dependent one-way linked tsunami simulation based on the Dynamic
Rupture Model C, the first-arriving seismic waves, which translate into a transient dis-
turbance of the sea surface, reflect those velocities associated with the first-arriving P-
wave. This becomes even clearer in the fully coupled Dynamic Rupture Model C, where
the fastest sea surface vertical velocities follow theoretical travel time curves of P- and
solid Earth Rayleigh waves computed with TauP and ObsPy (Crotwell et al., 1999; Beyreuther
et al., 2010), given the 1D velocity structure used for the elastic medium. For both the
one-way linked Dynamic Rupture Model C and the fully coupled Dynamic Rupture Model
C, (oceanic) Rayleigh wave dispersion due to the layered subsurface structure of the elas-
tic medium imprints as transient signals at the sea surface. In the fully coupled mod-
els, it is evident that additional dispersive seismic wave signals, which we identify as so-
called Scholte waves (Section 4), and acoustic waves are present in between these first-
arriving signals and the much slower tsunami.

The ocean acoustic wavefield supports multiple modes. Following Abrahams et al.
(2023), we calculate the minimum group velocities of ocean acoustic modes 1 and 2 us-
ing thickness-weighted average material parameters from the upper four layers (to a depth
of 16 km) of the velocity model from Novotny et al. (2001) for the underlying solid Earth.
The minimum group velocity of ocean acoustic mode 1 is 1.125 km s~!, and its signa-
ture is more apparent when bandpass-filtering the space-time evolution between 0.5 and
2.0 Hz (Supporting Information, Fig. S11). Although we also calculate the minimum group
velocity of ocean acoustic mode 2 (Supporting Information, Fig. S12), signals attributable
to this higher-order mode cannot be clearly identified in the simulations. Signals con-
sistent with the aforementioned Scholte waves are more visible when bandpass-filtering
between 0.1 and 0.5 Hz (Fig. 9c¢).

—23—



Bandpass Filter 0.1 - 0.5 Hz  ssvv

ssvv
c) Okada Model [m/s]

a) SSVV b)
Okada Model [m/s] Okada Model [m/s]
350 5 50
0.10 0.10
/ 0.04
300 40 40
250 0.02 0.05 0.05
“ 200 w30 7 30
g o ™\ Tsunami 0.0 g 000 g \ 0.00
= front F20 Imprint from F20
100 —0.02 instantaneous static _0.05 ‘ _0.05
10 displacement 10
50 ~0.04 / “
o \/ -0.10 o bem= -0.10
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
SSVV SSVV Bandpass Filter 0.1 - 0.5 Hz  ssvv
One-way linked KR Model A [m/s] 5 One-way linked KR Model A [m/s] 50 One-way linked KR Model A [m/s]
350 0.10 0.10
300 0.04 Imprint of the
40 prescribed time- 40
250 0.02 dependent seafloor 0.05 0.05
Z 200 7 30 motion 30
o 0.0/ @ 0.00 @ 0.00
£ £ £
F 150 4 F F 20
~0.02
100 -0.05 -0.05
101 )|
50 -0.04
=" = -0.10 e -0.10
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
SSVV SSVV Bandpass Filter 0.1 - 0.5 Hz  ssvv
One-way linked DR Model C [m/s] 5 One-way linked DR Model C  [m/s] 50 One-way linked DR Model C  [m/s]
350 0.10 0.10
0.04 Imprint of the
300 40 | spontaneous time- 40 Dispersive Rayleigh
250 0.02 " dependeT seafloor 0.05 wave imprints \ 0.05
motion
= = 30
£200 / 30 %
o
2 / 0.0 0.00 g 0.00
= 150 / F
-0.02
100 / 0.0 ~0.05 ~0.05
50 -0.04
o \, = = -0.10 -0.10
10 20 30 40 0 10 20 30 40
SSVV SSVV Bandpass Filter 0.1 - 0.5 Hz  ssvv
Fully coupled DR Model C  [m/s] 5 Fully coupled DR Model C  [m/s] 50 Fully coupled DR Model C  [m/s]
T > o
350 Tsu@:dispersion i 7 0.10 i 7 5 0.10
.04 ! Z !
300 00 aol | Z wl |
S 2 |
250 0.02 i 7 0.05 i 0.05
|
200 ' Broadem.ad T30 :l 730 /
2 tsunami 0.0/ g -3 0.00 g } 0.00
E 150 front E 20 :' £ 20 :‘
| i
. 0.02 : H
100 00 i -0.05 i -0.05
10 [l 106+
-0.04
-0.10 o -0.10
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Distance [km] Distance [km] Distance [km]
— h Mode 1 minimum
P-p! ase group velocity (1.125 km/s)
- Réylelgh . —— Dispersive Scholte
---- Dispersive Rayleigh ---= Tsunami (0.068 km/s)
-------- Ocean acoustic (1.5 km/s)
Figure 9. Space-time evolution of the tsunami generation along Profile 1 (see Fig. 1) for a)

the first 6 min of simulation time, focusing on the tsunami (gravity wave) front. b) The first 50 s
highlight the additional complexity of seismo-acoustic waves present in fully coupled models. Re-
call that the first 50 s of simulated time of the Kinematic Rupture (KR) Model A and Dynamic
Rupture (DR) Model C are equally used for the time-dependent sourcing of the one-way linked
GeoClaw simulations, whereas the fully coupled simulations are inherently time-dependent. c)
Same scale as b), but with a bandpass filter of 0.1-0.5 Hz applied, highlighting signals consistent
with dispersive Scholte waves in the fully coupled simulation, which are absent in the one-way
linked simulations. Ocean acoustic modes are not clearly distinguishable in this frequency band.
¢) The same 50-second window using a 0.1 to 0.5 Hertz bandpass filter. This filtered view
highlights signals consistent with dispersive Scholte waves in the fully coupled simulation.
Ocean acoustic modes are not clearly distinguishable in this frequency band.

—24—



751

752

753

754

755

756

757

758

759

760

761

762

764

765

766

767

769

770

771

772

774

775

776

777

3.2.3 Spectral analysis of tsunami generation

Whereas the space—time evolution provides an intuitive visualization of the tem-
poral evolution of wave signals across distance, an f-k analysis offers a complementary
perspective by decomposing the wavefield into its spectral components (Supporting In-
formation, Text S1). This analysis allows a clearer identification of dispersion charac-
teristics, propagation velocities, and the presence or absence of different wave types. Fig. 10
shows the results of the two-dimensional f-k spectrum for the Okada modeling results,
one-way linked Kinematic Rupture Model A, one-way linked Dynamic Rupture Model
C, and fully coupled Dynamic Rupture Model C. All simulations using the non-linear
shallow water equations show a clear non-dispersive tsunami signal. Neither the Okada
simulation nor the one-way linked simulations include acoustic waves, but both of them
show an imprint of the permanent seafloor displacement. In the spectra for the one-way
linked Models A & C, we can see seismic wave signals attributed to P-waves and disper-
sive Rayleigh waves. Their signature overlaps with the frequencies held by acoustic waves
in the fully coupled model. In the fully coupled model, dominant acoustic wave energy
propagates along the ocean acoustic sound speed ¢y = 1500 m s~! and is mostly con-
strained below ~3 Hz, in close agreement with the nominal acoustic resolution limit (2.7 Hz;
Section 2.6). However, fainter, lower-amplitude acoustic energy does extend to higher
frequencies and may lie beyond numerical resolution, reflecting, e.g., numerical disper-
sion, and is therefore not interpreted further. At the mode 1 minimum group velocity
(slower than ¢g), physical wavelengths fall below our minimum resolved wavelength at
frequencies above ~2.0 Hz, defining the resolution limit for this specific branch. Con-
versely, the spectral energy extending up to ~5 Hz appears broader and more diffuse,
forming a smeared-out signature rather than a single discrete dispersion branch. Finally,
we note that the tsunami signal is less clear in the fully coupled spectrum and does not
follow the simple theoretical line (k = 27 f/v) when informed by the average tsunami
propagation speed calculated earlier. However, this is to be expected from the disper-
sive nature of the tsunami in the fully coupled modeling framework.
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Figure 10. Frequency—wavenumber (f-k) spectrum of the simulated vertical velocity wave-
fields using the different tsunami modeling approaches. Amplitudes are normalized, converted to
decibels, and clipped at —80 dB. Constant-velocity (non-dispersive) reference lines (k = 2w f/v)
are overlaid for selected wave speeds from Fig. 9. The Okada and one-way linked models show a
clear non-dispersive tsunami signal, but no acoustic wave excitation. For the tsunamis simulated
with the non-linear shallow water equations (e.g., Okada and one-way linked models), the max-
imum frequency is limited by the Nyquist frequency of ~2.3 Hz. In contrast, the fully coupled
Dynamic Rupture Model C shows signals consistent with highly dispersive oceanic Rayleigh and
Scholte waves as well as acoustic waves and a faint dispersive tsunami signal, highlighting the

complexity of coupled elastic-acoustic (that is, solid-fluid) interactions.
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4 Discussion
4.1 Tsunamigenesis in the Mediterranean Sea

Normal-faulting tsunamigenesis remains comparatively understudied relative to sub-
duction zone events, including in the Mediterranean Sea, where tsunami modeling stud-
ies have mostly concentrated on the Hellenic Arc subduction system (S. Tinti et al., 2005;
Lorito et al., 2008; Yolsal-Cevikbilen & Taymaz, 2012; Wirp et al., 2026). This region
is characterized by high rates of seismicity (Benetatos et al., 2004; Herman et al., 2015)
and has hosted (pre-)historic, devastating events (e.g., Stiros, 2001; England et al., 2015),
including the AD 365 and AD 1303 tsunamigenic earthquakes. However, seismicity and
tectonic deformation in this region are also driven by active normal faults (e.g., Mous-
lopoulou et al., 2015, 2025). The 2020 My, 7.0 Samos earthquake, which ruptured in the
extension-driven Aegean Sea region further north of the Hellenic Arc, serves as a well-
documented event through which normal faulting tsunami generation can be studied in
detail.

We systematically increase the tsunami modeling complexity for this offshore earth-
quake, from conventional instantaneous Okada-type sourcing using non-linear shallow
water equations to both time-dependent kinematic and dynamic rupture sources and 3D
fully coupled earthquake-tsunami simulations, untangling different contributions during
tsunami generation. For that purpose, we utilize the planar fault geometry of Plicka et
al. (2022), but do not consider potential secondary, adjacent faults (Fountoulakis et al.,
2023).

4.2 Comparison of Samos rupture characteristics with existing source
models

The earthquake rupture models considered here all reproduce the observed moment
magnitude, with My, of 7.03, 6.99, and 6.97, for Kinematic Rupture Model A and the
Dynamic Rupture Models B & C, respectively. With peak slips between 2.4-2.6 m, these
models are very consistent with the ~2.4 m of maximum inferred slip by Plicka et al.
(2022) and fall within the range of other inferred fault slip estimates. For example, Lentas
et al. (2021) obtained a maximum slip of 2.5 m, Chousianitis and Konca (2021) of 4.6 m,
and Kiratzi et al. (2022) of 3.5 m, whereas Karakostas et al. (2021) inverted a maximum
slip of only 1 m. The north-dipping model of Hu et al. (2022) has 3.6 m of peak slip, the
preferred kinematic model of Taymaz et al. (2022) shows 3.2 m, and the kinematic slip
model of Sun et al. (2024) has ~3.3 m of peak slip.

The rupture duration of the Dynamic Rupture Models B & C is ~18 s and ~17 s,
respectively, close to the shorter estimates of the rupture duration for the Samos earth-
quake (Fig. 4). Here, shorter rupture durations include ~16 s from Kiratzi et al. (2022),
and ~15 s from Lentas et al. (2021) as well as Karakostas et al. (2021), where the lat-
ter had an additional, much smaller, distinct later pulse. Longer inferences of rupture
durations include those of Chousianitis and Konca (2021), where the rupture duration
is ~32 s, but with most of the seismic moment release within the first 20 s, which is also
the rupture duration obtained by Sun et al. (2024) and Plicka et al. (2022). The preferred
kinematic rupture of Taymaz et al. (2022) lasts 26 s, but their dynamic rupture simu-
lation based on this model only sustains for nearly 16 s after nucleation, thus more in
line with our dynamic rupture simulations. One difference is that the dynamic rupture
model of Taymaz et al. (2022) was simulated in a full space without a free surface, whereas
we include the complex bathymetry and topography of the region, which can have large
effects on the dynamics of earthquake rupture (e.g., Oglesby et al., 1998, 2000). How-
ever, note that the moment rate functions of the earthquake rupture models considered
here appear smoother than those of previous studies (Fig. 4). We attribute this to the
smoothing of the finite-fault slip model of Plicka et al. (2022) (with subfault dimensions
of 2.5 x 2.0 km along-strike and along-dip) when it is used as input for the kinematic rup-
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ture simulation and subsequently dynamic rupture simulations with SeisSol (each with
200 m on-fault resolution). Moreover, we use regularized Yoffe functions of slightly asym-
metric shape for Kinematic Rupture Model A, which better represent the physically ex-
pected rapid slip onset followed by a longer slip-rate decay compared to symmetric source
time functions (e.g., Latour et al., 2025). However, this representation may introduce

an additional component of smoothing to the moment rate.

The dynamic rupture models exhibit spatially variable rake, in contrast to the con-

stant -110° rake prescribed in Kinematic Rupture Model A (Supporting Information, Fig. S13),

inherited directly from the reference finite-fault model of Plicka et al. (2022). Specifi-
cally, although both dynamic rupture models prescribe pure normal faulting (-90° rake),
Dynamic Rupture Models B & C develop minor secondary strike-slip motion during rup-
ture propagation. Such dynamic rake rotation has been inferred from curved geological
slip indicators, is governed by transient dynamic stress concentrations at the propagat-
ing rupture front, and is modulated by the background stress state (Guatteri & Spudich,
1998; Spudich et al., 1998; Kearse et al., 2019; Kearse & Kaneko, 2020). This secondary
strike-slip motion is more pronounced near the surface in Dynamic Model C due to its
depth-dependent initial effective normal stress setup.

Ultimately, we select Dynamic Rupture Model C as the preferred dynamic rupture
model primarily due to its higher physical realism through incorporating depth-dependent
initial effective normal stress, supported by directivity evidence at station 0905 where
Model B (uniform initial effective normal stress) overshoots the observed vertical peak
ground velocity by ~2.6 times. However, we note that no geotechnical layer and site-specific
Viso velocities (i.e., average shear wave velocity in the upper 30 m), viscoelastic atten-
uation (e.g., Day, 1998; Kristek & Moczo, 2003; Taufiqurrahman et al., 2022), or non-
linear wave propagation effects (e.g., Bonilla et al., 2005; Roten et al., 2014; Niu et al.,
2025) have been incorporated into our models, which may affect the simulated ground
motions. Despite our simulations omitting such effects, our modeled vertical and hor-
izontal ground motions agree to first order with the observed peak velocity records re-
ported by Askan et al. (2021) across near-source coastal stations, with stations SMG1
and SAMA marking exceptions for horizontal ground motion measures. This compar-
ison suggests that shallow site effects can contribute locally, but that the overall ground
motion and peak velocities in the near-source region may still be dictated by fault ge-
ometry, rupture directivity, and linear wave propagation. In addition, the simulated ground
motions from the dynamic rupture models show elevated shaking across areas charac-
terized by steeper topography, such as Ikaria island west-southwest of Samos and Mount
Kerkis in western Samos. Although such an effect of topography on ground motion has
been reported for mountainous terrain (e.g., Lee et al., 2009; Hartzell et al., 2013), we
lack corresponding observations for validation and note that the velocity in the shallow-
est layer of the used 1D velocity model (Novotny et al., 2001) is simply extended to all
elevations above sea level. Similarly, a bathymetric rise north of Tkaria island results in
enhanced vertical peak ground velocities, which may have important implications for sec-
ondary hazards such as landslide-generated tsunamis.

4.3 Tsunami generation, propagation, and comparison with tsunami mod-
els

Earlier studies have modeled the tsunami generated by the 2020 Samos earthquake
using finite-fault models (e.g., Heidarzadeh et al., 2021; Hu et al., 2022; C. Ren et al.,
2022; Sun et al., 2024). Although not the focus of this study, we compare tide gauge ob-
servations across the Aegean Sea with the simulated one-way linked tsunami waveforms
based on Dynamic Rupture Model C (Supporting Information, Figs. S14,S15). The tidal-
trend removal at the tide gauges is detailed in Section 2.5.2. Despite the relatively coarse
bathymetry grid adopted here (GEBCO Bathymetric Compilation Group, 2022), which
we choose for a consistent comparison between one-way linked and fully coupled mod-
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els, the one-way linked Dynamic Rupture Model C captures the overall tsunami wave
periods and relative amplitudes at tide gauge Syros. However, an initial arrival discrep-
ancy is present at this station, likely due to instrumental malfunction missing the early
part of the recording as reported by C. Ren et al. (2022). Unfortunately, no tide gauges
closer to the source were available at the time of the Samos earthquake and tsunami, high-
lighting the need for a denser offshore instrumentation network in the Aegean Sea. Cov-
erage could be improved with (a) the placement of more tide gauges, (b) submerged fiber-
optic sensing techniques (i.e., distributed acoustic sensing; DAS) for tsunami detection
(e.g., Xiao et al., 2024; Tonegawa & Araki, 2024; Becerril et al., 2026), or (¢) SWOT-
based tsunami analysis (Roger et al., 2026; Sepilveda et al., 2026), although the latter
may be complicated due to the presence of the many small islands within the Aegean
Sea.

Bathymetric resolution is well known to influence tsunami simulations (e.g., Sepilveda
et al., 2020; Gibbons et al., 2022; Felix et al., 2024). For the 2020 Samos event, Sun et
al. (2024) have already investigated different levels of bathymetric resolution and showed
that simulated peak amplitudes at Syros can differ by nearly 170% when using a 3.75 arc-
sec instead of 15 arcsec resolution (Supporting Information, Fig. S15). The one-way linked
Dynamic Rupture Model C fails to accurately reproduce tsunami waveforms at stations
other than Syros. This mismatch can likely be attributed not only to a coarser bathy-
metric resolution adopted here, but also to the use of non-dispersive shallow water equa-
tions in the one-way linked setup. Future work may explore the use of a Boussinesq-type
dispersive system for shallow water equations, such as the Serre-Green-Naghdi equations
in GeoClaw (Berger & LeVeque, 2024), with a strong dispersion directivity for My, <
8 earthquakes (Glimsdal et al., 2013). We note that dispersion is accounted for in the
fully coupled simulation. However, computational limitations and meshing challenges posed
by the many small islands in the Aegean prevented extending the coupled model to the
region, capturing these far-field stations (Wirp et al., 2026). We also note that we did
not include off-fault plasticity, which may enhance the vertical seafloor displacement (e.g.,
Ma, 2023; Biemiller et al., 2023; Wirp et al., 2026). Another factor tsunami generation
remains sensitive to is dynamic source complexity, such as dynamic rake rotation (Kutschera,
Gabriel, et al., 2024), which is present in the two Dynamic Rupture Models B & C. Al-
though both dynamic rupture simulations produce extended surface-breaking slip com-
pared to the Kinematic Rupture Model A and its more localized surface rupture, the lack
of direct offshore surface-rupture observations leaves the extent of shallow slip unvali-
dated, and thus also affects tsunami amplitude estimates.

For water depth H > 100 m, tracking peak crests and troughs ({ssha)z, 4) across
the first 6 min shows close agreement between 3D fully coupled and 2D time-dependent
non-linear shallow water equation tsunami simulations, with the crest and trough met-
rics matching within 0.10 m across all time-dependent source models without a system-
atic amplitude bias once transient seismo-acoustic waves have left the source area. In
contrast, assuming an instantaneous Okada source increases tsunami extrema discrep-
ancies relative to time-dependent models by a factor of ~ 3 (up to ~ 0.30 m), driven
by the smaller Okada peak crest rather than by a persistent trough difference (Section 3.2).
Additionally, we observe smaller discrepancies in the evolving wavefield between time-
dependent frameworks, corresponding to trailing waves. We interpret these localized (point-
wise) wavefield differences as driven by two main physical and hydrodynamic processes
that differ between modeling frameworks: First, 3D fully coupled modeling inherently
includes the water-column low-pass filtering of short-wavelength seafloor deformation (Sec-
tion 2.5.1). Second, physical frequency dispersion in the 3D water layer spreads wave en-
ergy in time and space, smoothing trailing wave crests compared to non-dispersive shal-
low water equations. In addition, differing near-shore treatment may influence offshore
wavefields through shoreline reflections, although of minor influence here given the bathy-
metric masking and short initial simulation time comparison. Lastly, numerical discretiza-
tion and any type of mesh refinement can, in principle, affect tsunami amplitude esti-
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mates. In our simulations, the sea surface height anomaly differences for H > 100 m
between the one-way linked and fully coupled models do not show a systematic bias to-
ward higher or lower amplitudes. Instead, deviations remain localized and oscillate around
zero, indicating that although discretization differences inherent to the numerical schemes
exist, they are unlikely to be the primary cause of the observed wavefield differences.

4.4 Seismic, acoustic, and interface waves contributions during tsunami
excitation

By design, shallow water equations (SWE) do not include ocean acoustic waves.
They may capture tsunami dispersion through the Boussinesq approximation, which can

be of importance to constrain the presence of shallow slip (e.g., Wilson & Ma, 2021; Septlveda

et al., 2026). However, here we use the non-linear SWE without tsunami dispersion in-
stead, which we inform by (i) instantaneous Okada-displacement and the time-dependent
seafloor displacement of the earthquake (ii) kinematic and (iii) dynamic rupture mod-
els. For the Okada model using SWE, only the tsunami can be present, without addi-
tional contributions from seismic or acoustic waves. Note that no bathymetry is incor-
porated when calculating the Okada displacement, which can affect the ground defor-
mation (Langer et al., 2019), especially in areas with steep bathymetric gradients (Hsu
et al., 2011). On the contrary, even a noticeable variation (£0.1) from the assumed Pois-
son’s ratio of 0.25 changes the modeled subsidence by only ~ +4 cm (Supporting In-
formation, Fig. S16). For the Kinematic Rupture Model A with bathymetry, simulated
using SWE, transient sea surface signals can be forced by P waves reaching the seafloor
and Rayleigh waves propagating along the solid surface, whereas Scholte waves and ocean
acoustic modes remain absent. These latter-occurring signals are only excited in the (iv)
fully coupled earthquake—tsunami simulations, where the presence of an elastic-acoustic
interface permits their generation. The dynamic rupture models include Rayleigh wave
dispersion due to the layered solid Earth (elastic medium). With an added water layer
(acoustic medium) on top of the solid medium in the fully coupled modeling framework,
we can account for tsunami dispersion (e.g., Lotto & Dunham, 2015; Wilson & Ma, 2021;
Kutschera, Gabriel, et al., 2024). Due to the presence of an elastic-acoustic (solid-fluid)
interface in the 3D fully coupled earthquake-tsunami simulations, we expect the pres-
ence of signals consistent with Scholte waves, which have long been found to develop at
such an interface (Scholte, 1947).

As the fault continues to break and the rupture propagates, seismic waves are con-
tinuously emitted. Rayleigh waves, which travel along a free surface, such as the solid-
air interface, are well-known; other types of waves propagating along a material prop-
erty discontinuity are discussed less frequently. Scholte waves have also been observed
for glacier ablation processes (Gréaff et al., 2025). From theoretical considerations (e.g.,
Vinh, 2013), we know that the Scholte wave velocity is always smaller than the P-wave
velocity cp, the Rayleigh wave velocity cr, and acoustic wave velocity cg, that is cgen <
min(cp, ¢g, o), which helps to discern the various signals when plotting the space-time
evolution of sea surface vertical velocities. Strong Scholte waves can be generated either
from a source located at the seafloor or by interactions with a non-uniform bathymetry
(Zheng et al., 2013). It is important to note that even though we expect a decay of these
large amplitudes away from the elastic-acoustic interface, the shallow local bathymetry
(generally <500 m) allows the corresponding pressure signals to propagate all the way
to the sea surface (Section 3.2.2).

In our f-k spectrum for the fully coupled Dynamic Rupture Model C, we observe
that the frequency content of dispersive oceanic Rayleigh waves and signals consistent
with dispersive Scholte waves overlap. However, since Scholte waves trapped at the solid-
fluid interface share characteristics with oceanic Rayleigh waves, they also inherit the
same frequency content as the generating Rayleigh waves. Thus, it is expected that their
contributions are challenging to distinguish in the f-k spectrum. In contrast, for the one-
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988 way linked GeoClaw simulations, all transient signals have to originate from body waves

989 and dispersive Rayleigh waves, since neither acoustic nor Scholte waves are permitted.

990 In the f-k spectrum for the fully coupled model, we further observe that ocean acous-

901 tic waves may be partially hidden among such seismic wave signals. However, by filter-
992 ing the corresponding space-time evolution in different frequency bands, individual sig-
993 nals can be more easily discerned. In our case, a bandpass filter between 0.1 and 0.5 Hz
994 highlights dispersive Scholte waves, whereas a bandpass filter at slightly higher frequen-
995 cies of 0.5-2.0 Hz causes the signature associated with ocean acoustic mode 1 to appear
996 more clearly.

997 The tsunami extrema in the time-dependent frameworks agree within 0.10 m af-

998 ter the first ~50 s, during which transient seismo-acoustic waves are most apparent. The
999 instantaneous Okada source differs by up to ~0.3 m, a factor of three larger but still mod-
1000 est compared with the framework dependence reported previously. Earlier 3D fully cou-
1001 pled studies focus on large-magnitude, long-duration megathrust events (e.g., Maeda et
1002 al., 2013; Wilson & Ma, 2021; Du & Ma, 2025; Wirp et al., 2026; Henneking et al., 2026)
1003 and multi-fault strike-slip earthquakes with pronounced surface rupture (e.g., Krenz et
1004 al., 2021; Kutschera, Gabriel, et al., 2024). The Samos models presented here rupture
1005 a single planar normal fault over ~17-23 s and ~1000 km?, with only localized surface
1006 rupture beneath shallow water depths.

1007 Abrahams et al. (2023) show that the applicability of different modeling frameworks
1008 depends on source duration and horizontal dimension relative to tsunami propagation
1000 timescales and water depth. For their example with H = 4 km water depth, shallow

1010 water equation simulations overestimate tsunami amplitudes by a factor of two when no

1011 Kajiura-type filter is applied. This is governed by the non-dimensional product kH via
1012 the non-hydrostatic correction 1/ cosh(kH) (Section 2.5.1). For the 10-20 km deforma-

1013 tion wavelengths and H ~ 400 m relevant here, kH < 0.25 and the correction stays

1014 below ~3%. At H = 4 km, a 20 km deformation wavelength gives kH =~ 1.26 and an

1015 overestimation factor of ~1.9, consistent with the factor of two reported by Abrahams
1016 et al. (2023). The shallow bathymetry north of Samos therefore places this event in a

1017 regime where the modeling frameworks are expected to converge. This agreement is not
1018 an artifact of our post-processing, since the metrics remain comparable without the 2 km
1019 spatial low-pass filter (Supporting Information, Fig. S7). Separating the individual con-
1020 tributions of bathymetry, source duration, and rupture geometry requires further work
1021 on segmented or multi-fault normal-faulting ruptures and on longer rupture durations

1022 (e.g., Biemiller et al., 2023; Leclerc et al., 2024).

1023 4.5 Implications for tsunami early warning and hazard assessment

1024 Accurate and timely understanding of tsunami generation from offshore earthquakes

1025 remains a critical challenge for hazard assessment and early warning systems (Rea et al.,

1026 2025). For the 2020 Samos event, the Italian tsunami alert center issued a watch alert

1027 8 min after the origin time of the earthquake (Amato et al., 2021). These initial min-

1028 utes of the tsunami excitation, involving the complex seafloor deformation and displace-

1020 ment of the water column together with the radiation of seismo-acoustic waves, are of-

1030 ten poorly constrained due to a lack of dense offshore observational networks (e.g., Schmidt
1031 et al., 2019). This sparsity hinders the precise estimation of the initial sea surface char-

1032 acteristics and poses a challenge for real-time tsunami early warning (Satake, 2014). Re-

1033 cent observations show that Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO)
1034 hydrophones and ocean bottom DAS can provide complementary observations of earthquake-
1035 generated T-waves and support the detection of submarine earthquakes (Wu et al., 2023;

1036 Shen & Wu, 2024). Our results indicate that one-way linked approaches are computa-

1037 tionally more efficient than fully coupled earthquake-tsunami modeling and yield com-

1038 parable tsunami extrema beyond the first ~50 s in water deeper than 100 m. However,

1030 they cannot capture the full physical complexity in the near-source region of a shallow
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offshore rupture. Thus, for any detailed reconstructions of (shallow) tsunamigenic events,
where different ocean acoustic modes, (dispersive) seismic wave signals, and gravity waves
need to be differentiated, the fully coupled method should be used. Furthermore, if tsunami
early warning systems were based on the detection of ocean acoustic (Cecioni et al., 2014;
Kadri et al., 2025) rather than gravity waves and associated pressure changes as captured
e.g., by the Deep-ocean Assessment and Reporting of Tsunamis (DART) system (Gonzalez
et al., 1998; Mungov et al., 2013), a one-way linked method is no longer sufficient, and
simulated signals in fully coupled models may help in the identification of real-world sig-
nals.

5 Conclusions

We present two 3D dynamic rupture models with magnitudes of My, 6.99 and My, 6.97
for the 2020 My, 7.0 Samos earthquake that incorporate realistic bathymetry. The pre-
ferred dynamic rupture model is set up using a depth-dependent initial effective normal
stress and matches observed near-source vertical peak ground velocities with a root mean
squared error of 1.75 cm s~!. Its advantage over a dynamic rupture model assuming uni-
form, depth-independent initial effective normal stress is driven by fitting station 0905.
We systematically increase tsunami generation modeling complexity by using a reference
finite-fault slip model, a kinematic model, and both dynamic rupture models as tsunami
sources of increasing physical consistency. We compare tsunami modeling techniques that
cover conventional instantaneous Okada-informed non-linear shallow water equations,
time-dependent one-way linked non-linear shallow water equations, and 3D fully coupled
elastic-acoustic-gravity simulations.

In the fully coupled simulations, we identify dispersive oceanic Rayleigh waves, sig-
nals consistent with dispersive Scholte waves, and mode 1 ocean acoustic waves super-
imposed onto the gravity-driven tsunami. All time-dependent earthquake-tsunami mod-
eling techniques yield comparable final seafloor subsidence and nearly identical tsunami
leading wave characteristics with similar trailing large-scale features. Transient discrep-
ancies in the evolving wavefield are restricted to smaller, trailing waves, which we inter-
pret as driven by 3D frequency dispersion and water-column low-pass filtering of short-
wavelength seafloor deformation. To compare tsunami extrema across modeling frame-
works, we use the means of the most extreme 0.1% of positive and negative sea surface
height anomalies. For each time-dependent source, peak crests and troughs of the one-
way linked and fully coupled simulations agree within 0.10 m between 50 and 360 s in
water deeper than 100 m. The Okada peak tsunami troughs are driven by the source tim-
ing, whereas the smaller Okada peak crest (0.35 m against 0.5-0.6 m) persists despite
the timing difference. Since instantaneous Okada sourcing is common in tsunami haz-
ard assessment, this crest difference is relevant beyond the Samos event.

The Samos earthquake highlights that normal-faulting events in regions of active
crustal extension can produce tsunamis whose initial generation contains superimposed
seismic, acoustic, and gravity wave contributions. For events with source and bathymet-
ric scales comparable to Samos, time-dependent one-way linked shallow water equation
frameworks offer an efficient approach for estimating large-scale tsunami generation and
propagation. However, agreement in large-scale tsunami characteristics does not imply
equivalence of the initial near-source wavefields, which may vary for longer rupture du-
rations, segmented or multi-fault ruptures, or substantially different water depths.

Open Research

The open-source software SeisSol (www.seissol.org, commit a5b4269; Gabriel et
al., 2025), available from GitHub (https://github.com/SeisSol), has been used for
3D dynamic rupture and fully coupled earthquake-tsunami modeling. We used GeoClaw
version 5.11.0 (Clawpack Development Team, 2024), also available from GitHub (https://
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1090 github.com/clawpack/geoclaw), for non-linear shallow water equation tsunami sim-

1001 ulations. The finite-fault model of Plicka et al. (2022) can be found online at SRCMOD

1002 (http://equake-rc.info/srcmod; Mai & Thingbaijam, 2014). We follow the steps of

1003 Ulrich et al. (2022) to convert the SeisSol output to GeoClaw input. The SeisSol and tsunami

1004 input files required to run the simulations can be obtained from https://doi.org/10

1095 .5281/zenodo. 18637304 (Kutschera & Gabriel, 2026). This includes a smaller test sce-

1096 nario for the preferred Samos dynamic rupture-only model in this study, which can be

1007 run on Quakeworx, a science gateway for seismic simulations with community access (https://
1008 quakeworx.org; Chourasia et al., 2024; Rekoske et al., 2026). Additional SeisSol train-

1099 ing material is available at https://github.com/SeisSol/Training. Surface displace-

1100 ments were calculated based on the elastic dislocation model of Okada (1985) using the

101 okadadpy Python implementation (Jolivet, 2024), available from GitHub (https://github
1102 .com/jolivetr/okadadpy), which wraps the generalized internal deformation formu-

1103 lation of Okada (1992). Tsunami waveforms are obtained from the Flanders Marine In-

1104 stitute (VLIZ), Intergovernmental Oceanographic Commission (IOC) (2026) (http://

1105 www.ioc-sealevelmonitoring.org) and the TAD (Tsunami Alert Device) server of the

1106 European Commission’s Joint Research Centre (JRC; https://webcritech. jrc.ec.europa
107 .eu). Statsmodels (Seabold & Perktold, 2010), scikit-learn (Pedregosa et al., 2011), NumPy

1108 (C. R. Harris et al., 2020), pandas (McKinney, 2010), and ObsPy (Beyreuther et al., 2010;
1100 Krischer et al., 2015) were used for data processing, Matplotlib (Hunter, 2007) and PyGMT
1110 (Tian et al., 2026) for plotting. We used Gmsh (Geuzaine & Remacle, 2009), SimMod-

111 eler by Simmetrix (https://wuw.simmetrix.com), and PUMGen (https://github.com/
1112 SeisSo0l/PUMGen) for mesh generation. All links were last accessed on 16 July 2026. We

1113 incorporate the topography and bathymetry data by GEBCO Bathymetric Compilation

1114 Group (2022) using the following projection: +proj=tmerc +datum=WGS84 +k=0.9996

1115 +lon_0=26.25 +lat_0=37.75. The Supporting Information to this article contains ad-

1116 ditional text (Text S1) and figures (Figures S1-S16). Supporting Movies S1-S5 are up-

117 loaded separately.
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« Text S1
 Figures S1 to S16

Movie S1. Slip rates for Dynamic Rupture Models B & C, which show how each of the
ruptures evolves spontaneously, both with an initial bilateral rupture propagation, followed
by an up-dip propagation with surface-breaking slip, before the ruptures continue to break
unilaterally to the west until they arrest. The gray contours are the 3 s isochrones of the
rupture time.

Movie S2. Tsunami generation comparison for the first 360 s using Kinematic Rupture
Model A as a time-dependent source for 3D fully coupled (top row) and 2D non-linear shallow
water equation (middle row) modeling, together with their difference (bottom row). Here,
the sea surface height anomaly (ssha) has been masked for bathymetry deeper than 100 m
and processed with a 2D spatial Butterworth low-pass filter using a cut-off wavelength
Ae = 2 km. Annotations in the lower-left corner indicate the conditional mean ssha of
the most extreme 0.1% of wave crests and troughs. In the bottom row, these metrics are
calculated from the difference field between the fully coupled and one-way linked simulations.

Movie S3. Tsunami generation comparison for the first 360 s using Dynamic Rupture
Model B as a time-dependent source for 3D fully coupled (top row) and 2D non-linear shallow
water equation (middle row) modeling, together with their difference (bottom row). Here,
the sea surface height anomaly (ssha) has been masked for bathymetry deeper than 100 m
and processed with a 2D spatial Butterworth low-pass filter using a cut-off wavelength
Ae = 2 km. Annotations in the lower-left corner indicate the conditional mean ssha of
the most extreme 0.1% of wave crests and troughs. In the bottom row, these metrics are
calculated from the difference field between the fully coupled and one-way linked simulations.

Movie S4. Tsunami generation comparison for the first 360 s using Dynamic Rupture
Model C as a time-dependent source for 3D fully coupled (top row) and 2D non-linear
shallow water equation (middle row) modeling, together with their difference (bottom row).
Here, the sea surface height anomaly (ssha) has been masked for bathymetry deeper than
100 m and processed with a 2D spatial Butterworth low-pass filter using a cut-off wavelength
Ae = 2 km. Annotations in the lower-left corner indicate the conditional mean ssha of
the most extreme 0.1% of wave crests and troughs. In the bottom row, these metrics are
calculated from the difference field between the fully coupled and one-way linked simulations.
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Movie S5. Tsunami generation for the first 360 s using the Okada Model as an
instantaneous source to inform 2D non-linear shallow water equation tsunami modeling.
Here, the sea surface height anomaly (ssha) has been masked for bathymetry deeper than
100 m and processed with a 2D spatial Butterworth low-pass filter using a cut-off wavelength
Ae = 2 km. Annotations in the lower-left corner indicate the conditional mean ssha of the
most extreme 0.1% of wave crests and troughs.

Text S1: Data processing and spectral analysis

For a consistent comparison of the initial tsunami generation between the hydrodynamic
output of GeoClaw and the sea surface output of SeisSol (Section 3.2), we spatially clip the
GeoClaw fixed grid output to the geographic extent of the SeisSol water layer, only retaining
water-covered (“wet”) cells. We evaluate the SeisSol sea surface output at element centroids,
project it into geographic coordinates, and interpolate it onto the clipped GeoClaw grid using
a two-dimensional nearest-neighbor interpolator. Although linear interpolation can also be
performed, it yields virtually identical results.

To analyze the spatio-temporal characteristics of the simulated sea surface wavefield,
we compute the two-dimensional frequency-wavenumber (f-k) spectrum from the space-
time data, for which we place densely spaced synthetic receivers (distance of 25 m) along
two north—south trending profiles (Fig. S3). The input wavefield, defined on this regular
temporal and spatial grid, is first windowed along the spatial dimension using a Hann taper
to reduce spectral leakage in the wavenumber domain. A two-dimensional fast Fourier
transform (FFT) is then applied to the windowed data to convert it from the time-space
domain into the f-k domain. Following the FFT, the zero-frequency and zero-wavenumber
components are shifted to the center of the spectrum. The resulting spectra are converted
to amplitude, normalized by their maximum value, and expressed in decibels. We consider
only positive temporal frequencies and amplitudes down to —80 dB to suppress numerical
noise.
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Figure S1. Histogram of aftershock occurrence versus hypocenter depth, showing that about
81.2% of events are concentrated at shallow depths (< 10 km), with 57.5% between 6 and 10 km.
This dataset by Kiratzi et al. (2022) includes nearly 1,000 relocated events, covering the period
from 30 October to 1 December 2020.
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Figure S2. Comparison of horizontal peak ground velocities (PGV ) for Kinematic Rupture
Model A and the two Dynamic Rupture Models B & C, evaluated against observations from Askan

et al. (2021) at the seven stations close to the coast (i.e., near the water layer).
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Figure S3. Gridded bathymetry data (GEBCO Bathymetric Compilation Group, 2022) for the
seafloor surrounding Samos Island, with the north—south bathymetry profiles along A-B (Profile 1;
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Figure S4. a) Similar to Fig. 6, but with snapshots of tsunami generation after 3 min. First
column: three models of the tsunami using the non-linear shallow water equation (SWE) solver
GeoClaw (Berger et al., 2011), informed by the instantaneous Okada displacement (Okada, 1985),
and the time-dependent seafloor displacements of the Kinematic Rupture Model A and Dynamic
Rupture Model C. Second column: fully coupled (3D time-dependent) tsunami generation with
SeisSol (Gabriel et al., 2025) from the Kinematic Rupture Model A and the Dynamic Rupture
Model C. Snapshots of the tsunami as generated by the Dynamic Rupture Model B are shown
in Fig. S5. Annotations in the lower-left corner indicate the conditional mean sea surface height
anomaly (ssha) of the most extreme 0.1% of wave crests and troughs. b) Differences in the generated
tsunamis after 3 min between fully coupled (SeisSol) and one-way linked (GeoClaw) simulations of
the same rupture models. Here, ssha metrics are calculated from the difference field between the

fully coupled and one-way linked simulations.
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Figure S5. Snapshots of the tsunami generation following Dynamic Rupture Model B using the
non-linear shallow water equation (SWE) solver GeoClaw (Berger et al., 2011), SeisSol (Gabriel et
al., 2025), and their difference for a) 3 min and b) 6 min of simulated time. Each is masked by
bathymetry deeper than 100 m and processed with a 2D spatial Butterworth low-pass filter using
a cut-off wavelength A, = 2 km. Annotations in the lower-left corner indicate the conditional mean
ssha of the most extreme 0.1% of wave crests and troughs. In the bottom row, these metrics are

calculated from the difference field between the fully coupled and one-way linked simulations.
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Figure S6. a) Snapshots of tsunami generation after 6 min without bathymetry masking and
processed with a 2D spatial Butterworth low-pass filter using a cut-off wavelength A\. = 2 km. First
column: three models of the tsunami using the non-linear shallow water equation (SWE) solver
GeoClaw (Berger et al., 2011), informed by the instantaneous Okada displacement (Okada, 1985),
and the time-dependent seafloor displacements of the Kinematic Rupture Model A and Dynamic
Rupture Model C. Second column: fully coupled (3D time-dependent) tsunami generation with
SeisSol (Gabriel et al., 2025) from the Kinematic Rupture Model A and the Dynamic Rupture
Model C. Snapshots of the tsunami as generated by the Dynamic Rupture Model B are shown
in Fig. S5. Annotations in the lower-left corner indicate the conditional mean sea surface height
anomaly (ssha) of the most extreme 0.1% of wave crests and troughs. b) Differences in the generated
tsunamis after 6 min between fully coupled (SeisSol) and one-way linked (GeoClaw) simulations of
the same rupture models. Here, ssha metrics are calculated from the difference field between the

fully coupled and one-way linked simulations.
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Figure S7. a) Snapshots of tsunami generation after 6 min, masked by bathymetry deeper
than 100 m and no additional filter applied. First column: three models of the tsunami using the
non-linear shallow water equation (SWE) solver GeoClaw (Berger et al., 2011), informed by the
instantaneous Okada displacement (Okada, 1985), and the time-dependent seafloor displacements
of the Kinematic Rupture Model A and Dynamic Rupture Model C. Second column: fully coupled
(3D time-dependent) tsunami generation with SeisSol (Gabriel et al., 2025) from the Kinematic
Rupture Model A and the Dynamic Rupture Model C. Snapshots of the tsunami as generated by
the Dynamic Rupture Model B are shown in Fig. S5. Annotations in the lower-left corner indicate
the conditional mean sea surface height anomaly (ssha) of the most extreme 0.1% of wave crests
and troughs. b) Differences in the generated tsunamis after 6 min between fully coupled (SeisSol)
and one-way linked (GeoClaw) simulations of the same rupture models. Here, ssha metrics are

calculated from the difference field between the fully coupled and one-way linked simulations.
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Figure S8. a) Snapshots of tsunami generation after 6 min, masked by bathymetry deeper
than 100 m and processed with a 2D spatial Butterworth low-pass filter using a cut-off wavelength
Ae = 5 km. First column: three models of the tsunami using the non-linear shallow water equation
(SWE) solver GeoClaw (Berger et al., 2011), informed by the instantaneous Okada displacement
(Okada, 1985), and the time-dependent seafloor displacements of the Kinematic Rupture Model
A and Dynamic Rupture Model C. Second column: fully coupled (3D time-dependent) tsunami
generation with SeisSol (Gabriel et al., 2025) from the Kinematic Rupture Model A and the Dynamic
Rupture Model C. Snapshots of the tsunami as generated by the Dynamic Rupture Model B are
shown in Fig. S5. Annotations in the lower-left corner indicate the conditional mean sea surface
height anomaly (ssha) of the most extreme 0.1% of wave crests and troughs. b) Differences in
the generated tsunamis after 6 min between fully coupled (SeisSol) and one-way linked (GeoClaw)
simulations of the same rupture models. Here, ssha metrics are calculated from the difference field

between the fully coupled and one-way linked simulations.
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Figure S9. a) Snapshots of tsunami generation after 6 min, masked by bathymetry deeper

than 200 m and processed with a 2D spatial Butterworth low-pass filter using a cut-off wavelength

Ae = 2 km. First column: three models of the tsunami using the non-linear shallow water equation

(SWE) solver GeoClaw (Berger et al.,

2011), informed by the instantaneous Okada displacement

(Okada, 1985), and the time-dependent seafloor displacements of the Kinematic Rupture Model

A and Dynamic Rupture Model C. Second column: fully coupled (3D time-dependent) tsunami

generation with SeisSol (Gabriel et al., 2025) from the Kinematic Rupture Model A and the Dynamic

Rupture Model C. Snapshots of the tsunami as generated by the Dynamic Rupture Model B are

shown in Fig. S5. Annotations in the lower-left corner indicate the conditional mean sea surface

height anomaly (ssha) of the most extreme 0.1% of wave crests and troughs.

b) Differences in

the generated tsunamis after 6 min between fully coupled (SeisSol) and one-way linked (GeoClaw)

simulations of the same rupture models. Here, ssha metrics are calculated from the difference field

between the fully coupled and one-way linked simulations.
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Similar to Fig. 9, but showing the space-time evolution of the tsunami generation

along Profile 2 (see Fig. S3) for a) the first 6 min of simulation time, focusing on the tsunami

(gravity wave) front. Note the curvature in the tsunami front due to a local bathymetry change. b)

The first 50 s highlight the additional complexity of seismo-acoustic waves present in fully coupled
models. Recall that the first 50 s of simulated time from the Kinematic Rupture (KR) Model A

and Dynamic Rupture (DR) Model C are also used for the time-dependent sourcing of the one-way

linked GeoClaw simulations, whereas the fully coupled simulations are inherently time-dependent.

¢) Same scale as b), but with a bandpass filter of 0.1-0.5 Hz applied, highlighting signals consistent

with dispersive Scholte waves in the fully coupled simulation. Ocean acoustic modes are not clearly

distinguishable in this frequency band.
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Figure S11. Bandpass-filtered space-time evolutions along Profile 1 (first row) and Profile 2 (sec-
ond row). The first column shows the filtered signals between 0.1-0.5 Hz (same as in Figs. 9,S10),
highlighting signals consistent with dispersive Scholte waves in the fully coupled simulation. The

second column shows the filtered signals between 0.5-2.0 Hz, where the signature associated with

the minimum group velocity of ocean acoustic mode 1 is more apparent.
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Figure S12. Phase (c¢) and group velocity (U), calculated following Abrahams et al. (2023), each
normalized by the ocean sound speed ¢o = 1500 m s~ !, for the first two ocean acoustic modes as a
function of non-dimensional angular frequency wH/co, where we assume an average ocean depth of

334.47 m along the full length of Profile 1. A density of p = 1025 kg m~? (see Section 2.5.1), shear
modulus g = 0 Pa, and 1st Lamé parameter A = 2306250000 Pa are assumed for the overlying

water (acoustic medium). We use the thickness-weighted average material parameters from the
upper four layers (to a depth of 16 km) of the used velocity model (Novotny et al., 2001; Plicka et
al., 2022) for the underlying solid Earth (elastic medium): p = 3168 kg m~>, u = 34505875000 Pa,

A = 40323095625 Pa.
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Figure S13. Rake at the end of the rupture simulations. Kinematic Rupture Model A has a
constant rake of -110°, consistent with the reference finite-fault slip model of Plicka et al. (2022).
Although the two dynamic rupture models prescribe pure normal faulting (rake of -90°), they
exhibit dynamic rake rotation that introduces minor secondary strike-slip motion. This effect is
more pronounced near the surface for Dynamic Rupture Model C with the depth-dependent initial
effective normal stress setup. Note that here we consider only those parts of the fault where the

final slip of the respective model exceeded 0.2 m.
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represent the bathymetry at 500 m levels.

S14.

Model C across the entire Aegean Sea with tide gauges marked as black dots.
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Snapshots of the tsunami propagation from the one-way linked Dynamic Rupture
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Figure S15. Simulated tsunami waveforms from the one-way linked Dynamic Rupture Model
C (with 300 s low-pass filter, although of negligible influence) and from Sun et al. (2024) (for
two different levels of bathymetric resolution) together with the de-tided (Section 2.5.2), observed
waveforms at far-field tide gauges. Annotated on the left is the respective maximum (positive) sea

surface height anomaly (ssha) amplitude.
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Figure S16. Sensitivity test of the Okada (Okada, 1985) approach as applied to the finite-fault
model of Plicka et al. (2022) for Poisson’s ratios v of a) 0.15 and b) 0.35.
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