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Abstract Landslide-generated tsunamis represent a significant hazard, specifically in coastal, fjord, and
lake environments. The accurate modeling of these complicated phenomena is crucial for risk assessment and
preparation of mitigation strategies. Landslide-generated tsunamis can be modeled using either three-
dimensional (3D) computational fluid dynamics or depth-integrated two-dimensional (2D) numerical models.
3D models are valuable for the modeling in the near-field, however their computational cost is often prohibitive
for simulating long-range wave propagation (far-field). 2D models are very efficient for simulating tsunami
propagation over large areas, but cannot capture the full complexity of the generation process. In this paper, we
propose a coupling strategy between 3D and 2D models for simulating tsunamis induced by granular landslides
in complex geometries. Thus, it aims at maximizing near-field accuracy while minimizing computational costs,
thereby enabling efficient far-field wave propagation. This strategy involves using the 3D model
(OpenFOAM®) where nonlinear and confinement effects are dominant and feeding the 2D model (Mild Slope
Equation) where the waves can efficiently be handled by such simplified tool. This model chain has been
applied to the 2015 Taan Fiord, Alaska (USA), landslide-tsunami event, a complex and well-documented case,
with extensive field data available. Beyond evaluating its performance for this specific event, the broader aim is
to provide some general insights and practical guidance for the application of this modeling chain to landslide-
tsunami events. To this end, a sensitivity analysis, by varying the position of the coupling boundary between the
two models, is also presented and discussed.

Plain Language Summary In this paper, a coupling strategy between 3D and 2D models for
simulating tsunamis induced by granular landslides in complex geometries is proposed. The aim of this strategy
consists in maximizing near-field accuracy while minimizing computational costs, thereby enabling efficient
far-field wave propagation. The proposed approach involves using the 3D model (OpenFOAM®) where
nonlinear and confinement effects are dominant and feeding the 2D model (Mild Slope Equation) where the
waves can efficiently be handled by such simplified tool. To demonstrate the capabilities of the proposed model
chain, it is applied to the 2015 Taan Fiord, Alaska (USA), landslide-tsunami event. It features both near-field
challenges, due to the confined fjord geometry, and far-field propagation affecting nearby coastlines. This case
is complex and well-documented, with extensive field data available to support the modeling and enable
validation. Based on the results, the accuracy of the proposed coupling methodology is assessed. Although the
results and the related discussions presented in this work are strictly related to the Taan Fiord case, the
methodology presented could offer some general insights and practical guidance for the application of this
modeling chain to landslide-tsunami events in complex geometries.

1. Introduction

Tsunamis generated by landslides represent a significant hazard, specifically in coastal, fjord, and lake envi-
ronments, where submarine and subaerial mass movements can trigger destructive waves. Unlike tsunamis
caused by seismic activity, landslide tsunamis often exhibit localized yet extremely high runups, representing
very serious threats to nearby populations and infrastructures. Historical events, such as the 1958 Lituya Bay
megatsunami (Alaska, Fritz et al., 2009) and the 2018 Anak Krakatau tsunami (Indonesia, Grilli et al., 2019),
highlight how devastating can be the impact of such phenomena, highlighting the need for a thorough under-
standing of their dynamics.
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The accurate modeling of tsunamis generated by landslides is crucial for activities such as risk assessment and the
preparation of mitigation strategies, including the development of hazard maps and tsunami early warning sys-
tems (Cecioni et al.,, 2011; Grilli et al., 2009, 2017; Lgvholt et al., 2020). The nature of these hydro-
morphodynamic processes is complicated, as it involves a violent interaction between a slide mass and a water
body. Fundamental insights into the physical processes have been obtained by several experimental campaigns
(see e.g. Bullard et al., 2019; Di Risio, Bellotti, et al., 2009; Di Risio, De Girolamo, et al., 2009; Enet &
Grilli, 2007; Grilli et al., 2017; Heller & Spinneken, 2013, 2015; McFall & Fritz, 2016; Miller et al., 2017,
Mohammed & Fritz, 2012; Mulligan & Take, 2017; Romano et al., 2013, 2016) and have guided the development
of sophisticated numerical models, which are required to capture the various stages of wave generation, prop-
agation, and runup.

Landslide-generated tsunamis can be numerically simulated using either three-dimensional (3D) computational
fluid dynamics (CFD) or depth-integrated two-dimensional (2D) numerical models. Each approach has its
strengths and weaknesses. 3D models are particularly valuable for capturing the complicated interactions between
the landslide and the water, offering a detailed representation of tsunami generation processes. They are also
capable of accurately simulating complicated highly nonlinear near-field wave phenomena, including wave
breaking and runup along coastlines with complex geometries. However, the computational cost of 3D models is
very high for simulating long-range wave propagation and therefore are suitable to model the very near-field, that
is, small geographical areas. Example applications can be found in Abadie et al. (2010), Mulligan et al. (2020),
Romano et al. (2020), Paris et al. (2021), Rauter et al. (2021, 2022), Romano et al. (2023).

Conversely, depth-integrated 2D models provide a more computationally efficient means of simulating tsunami
propagation over large areas. These models may not capture the full complexity of the generation process with the
same level of detail as 3D models, but are essential for far-field tsunami predictions. Although in some cases it is
possible to directly account in these models for the wave generation phase (see e.g. Cecioni & Bellotti, 2010a,
2010b; Lynett & Liu, 2005), 2D models are not sufficiently accurate for simulating water entry problems and
violent near-field interactions, especially in confined or complex geometries such as fjords.

In this paper, a coupling strategy between 3D and 2D models for simulating tsunamis induced by granular
landslides in complex geometries is proposed. Thus, it aims at maximizing near-field accuracy while minimizing
computational costs, thereby enabling efficient far-field wave propagation. This strategy involves using the 3D
model where nonlinear and confinement effects are dominant and feeding the 2D model where the wave can
efficiently be handled by such simplified tool. The selected models are the open-source OpenFOAM® (Romano
et al., 2023) for near-field simulations and a full-frequency dispersive model based on the elliptic Mild Slope
Equation (MSE), which is well-suited for reproducing at very low computation costs the propagation of small-
amplitude waves in the far-field, including across oceanic scales (Bellotti et al., 2008; Cecioni & Bel-
lotti, 2010b; Cecioni et al., 2011, 2023).

To demonstrate the capabilities of the proposed model chain, it is applied to the 2015 Taan Fiord, Alaska (USA),
landslide-tsunami event. It features both near-field challenges, due to the confined fjord geometry, and far-field
propagation affecting nearby coastlines. This case is complex and well-documented, with extensive field data
available to support the modeling and enable validation (Haeussler et al., 2018; Higman et al., 2018; Lynett
et al., 2025). The available data include post-event runup measurements, which are used to evaluate the model
performances in the near-field. Additionally, tidal gauge data from a station approximately 160 km away offer
insights into the far-field response. However, the recorded tsunami signal at this location is small (on the order of
few centimeters) and mixed with other long-period waves of different origins. As the gauge is located within a
small bay, a detailed analysis was performed to isolate the tsunami signal from other coexisting physical phe-
nomena. Thus, this case can serve as a representative example of “complex” landslide-tsunami event.

On the basis of the results, the accuracy of the proposed coupling methodology is evaluated. Beyond assessing its
performance for this specific event, the broader aim is to provide general insights and practical guidance for the
application of this modeling chain to landslide-tsunami events. To this end, a sensitivity analysis, by varying the
position of the coupling boundary between the two models, is performed.

The paper is structured as follows. After this introduction, the numerical models and the proposed coupling
strategy are described. This is followed by an overview of the Taan Fiord case study, including a brief description
of the event and of the available observational data. The coupling strategy used to reproduce the event is then
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presented. A results and discussion section follows, assessing the effectiveness of the methodology. Conclusions
close the paper.

2. Numerical Models
2.1. 3D Model: OpenFOAM®

In this section a brief description of the 3D numerical model is provided. As anticipated, this model is used to
reproduce the landslide-tsunami generation, propagation and inundation in the near-field. Moreover, the 3D
numerical results are used to feed the 2D model. To this end, the numerical modeling of tsunamis generated by
deformable landslides is carried out with the OpenFOAM® platform (Jasak, 1996). IHFOAM (Higuera
etal.,2013a, 2013b), based on interFoam of OpenFOAM®, can solve both 3D Reynolds-Averaged Navier-Stokes
equations (RANS) and Volume-Averaged Reynolds-Averaged Navier-Stokes equations (VARANS) for two
phase flows. RANS and VARANS equations are solved coupled to the Volume of Fluid (VOF) equation for
accurately tracking the free surface elevation.

The RANS equations, used to model the flow at the clear fluid region, are based on the Reynolds decomposition,
that identifies an average and a fluctuating component (i.e., velocity and pressure fields for incompressible
models). These equations are represented by the mass and momentum conservation equations, coupled to the
VOF equation as follows:

—=0 1
ox, (1)
dpu; dpu; dp Op* f d opu;  Opy; @)
PPt A ol it N S )
o " ox, T ®Vax, " ax 77T ax\ ax T ox,
da  dua  dua(l —a) —o 3)

at 6x,« 6x,«

where u; (m/s) are the ensemble averaged components of the velocity, x; (m) the Cartesian coordinates, g (m/s?)
the components of the gravitational acceleration, p (kg/m) the density of the fluid, p* the ensemble averaged
pressure in excess of hydrostatic, defined as p* = p — pgyx; (Pa), being p the total pressure, a (—) the volume
fraction (VOF indicator function) represents the proportion of each phase present in each cell. It varies from O to 1,
and the sum of the contributions in a cell from the three phases is always 1, f; (N/m3) the surface tension, defined
asf,; = ok g—)‘;, where ¢ (N/m) is the surface tension constant and « (1/m) the curvature (Brackbill et al., 1992). pi ¢

(Pa - s) is the effective dynamic viscosity that is defined as p.y = u + pv, and takes into account the dynamic

molecular (1) and the turbulent viscosity effects (pr,); v, (m%/s) is the eddy viscosity, which is provided

by the turbulence closure model. Note that both that p and u are functions of . Finally, the compression velocity

u,; (m/s), a mathematical term used to ensure a sharp, well-defined interface between fluids, is calculated as
da

u,; = minfc,|u;|, max(|u;|)] l";j‘, where the compression coefficient ¢, (-) is assumed to be 1 (Marschall
9

etal., 2012; Weller, 2008). In the present 3D model, three phases (water, air and granular material) are considered.
All the three phases are modeled as incompressible and immiscible fluids. Their behavior is modeled with the
same mass and momentum equations (RANS) coupled with the Volume of Fluid (VOF) equation to model the
interface among them. The standard OpenFOAM® solver named multiPhaselnterFoam is used as numerical
solver, due to its ability to reproduce the behavior of three incompressible fluids, capturing the interfaces with the
VoF method. For the three phases, the position of the interface is calculated by means of the MULES algorithm.
As far as the turbulence is concerned, in this study the k-w-SST turbulence model has been used, with the

enhancement from Larsen and Fuhrman (2018) to deal with the overproduction of turbulence levels.

For the water and air phases, a Newtonian viscosity model is selected. The landslide is modeled as a granular
material governed by a non-Newtonian Coulomb viscoplastic rheological model, which includes some basic
features and observed phenomena in dense granular flows like the exhibition of a yield strength and a non-zero
slip velocity (Domnik & Pudasaini, 2012). This rheological model, originally implemented and validated in
OpenFOAM® by von Boetticher et al. (2016) in the solver interMixingFoam, has been implemented and validated
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against three literature cases of landslide-tsunamis by Romano et al. (2023). So, the landslide is modeled as a fluid
characterized by the corresponding dynamic viscosity y, defined as:

p sin(5)

oy (e @

Hy = Uin T

where ;. is a minimal dynamic viscosity, p is the pressure, ||D|| is the norm of the strain-rate tensor, § is the
internal friction angle of the granular material, and m, is a numerical parameter with units of seconds.

As stated, this non-Newtonian viscosity model (in which shear stress is not directly proportional to deformation
rate) for sliding of dense granular flows has been added to the standard OpenFOAM viscosity library and linked to
the standard OpenFOAM solver multiPhaselnterFoam, to simulate an immiscible sliding granular flow inter-
action with water, with an additional unmixed phase representing the air. This model, although simple, is
characterized by a high flexibility and computational efficiency, depending only on few physics-based param-
eters. For further details, the reader is referred to Domnik and Pudasaini (2012), von Boetticher et al. (2016) and
Romano et al. (2023).

This model has been recently used by Romano et al. (2025) and Abadie et al. (2025) to perform numerical analysis
on energy mapping of tsunamis generated by subaerial granular landslides, investigating the energy transfer
mechanisms between landslide and water waves.

2.2. 2D Model: MSE

This section describes the 2D numerical model, initially proposed by Bellotti et al. (2008), to reproduce the
propagation of transient tsunami wave. The problem at hand is in general time-dependent; it is solved in the
frequency domain and then transformed back in the time domain by means of the inverse Fourier transform.

Considering a Cartesian coordinate space (x, y, z) and assuming incompressible and inviscid fluid with an
irrotational motion, the time dependent linearized three dimensional problem reads as:

V%qﬁ + ¢zz =0 v (xa y, Z)
¢, +8p, =0 at z=0 (5)
¢, +Vyh-Vd at 7= —h(x,y)

where ¢ is the fluid velocity potential, V,, = (9/0x,0/0y) is the horizontal gradient operator and the subscripts
indicate the partial derivative. The problem defined by Equation 5 express the mass conservation, that is, Laplace
equation, the linearized and combined dynamic and kinematic free-surface boundary condition at z = 0, and the
bottom boundary condition, at z = —h(x,y), being h(x,y) the water depth.

This problem can be transformed in the frequency domain and then, for each frequency, can be solved analytically
by separation of variable. Using the assumption of mildly sloping seafloor, and integrating over the depth the
Laplace equation, the elliptic version of the MSE is obtained (see detailed derivation in Iorio et al., 2021). The
MSE, expressed in terms of complex free-surface elevation N(x,y; w;) reads as:

Vilcicei VN, y; ;)] + ki2 ciciN(x,y; ;) =0 (6)

with @? = gk; tanh [k;A(x,y)] the linear dispersion relationship. In Equation 6 ¢; = w;/k; and cei = 0.5¢;
[1 + 2k;h/ sinh(2k;h)] denote respectively the phase and group velocity, with w; the ith angular frequency and k;
the relative wave number. The MSE (Equation 6) is solved using the finite element method, for all the frequencies
resulting from the Fourier transformation of the time-dependent problem (Equation 5). The result in the time-
domain can be recovered by taking the inverse Fourier transform of N(x,y, ) to obtain n(x,y,).

Boundary conditions are detailed and discussed in Bellotti et al. (2008) and Cecioni et al. (2023). A general
expression reads as
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where 7 is the direction normal to the boundary and R is the reflection coefficient of the boundary. Indeed, if
R =1 the condition induces a full wave reflection, while R = 0 is a fully absorbing boundary that can be used to
approximate a radiating condition. It should be pointed out that Equation 7 assumes that there is no phase shifting
between incident and reflected waves and that the incident waves have the same direction of 7. The right hand side
term of the general boundary condition expressed in Equation 7 is non-zero only at the boundaries where a
wavemaker condition is imposed. Indeed, N’ (x,y; ;) is the ith component of the Fourier transform of the incident
free surface elevation #/(x, y, f) entering in the 2D domain. Further details on where these boundary conditions are
applied are reported in Section 4.3.

The model was selected based on two specific characteristics that make it particularly well-suited for the intended
purposes of the coupling strategy, namely: (a) it is very efficient from a computational point of view. Thus, it is a
suitable numerical tool for propagating landslide-generated tsunami waveforms over very large distances from
the source, including oceanic scales and megatsunami scenarios; (b) it is also highly effective for analyzing the
natural modes response of geographical configurations that require a detailed assessment to interpret the complex
physical phenomena that govern the tsunami characteristics. In fact, the MSE solved in the frequency domain
(Equation 6) enables the investigation of resonance modes of bays, fjords, small volcanic islands, etc. Thus, the
same model framework can be used both to simulate the propagation of the landslide-tsunami over large dis-
tances, and, by means of a frequency scanning procedure (see Section 3.3), to evaluate the tsunami amplification
in complex geographical configurations.

2.3. 3D-2D Coupling

The coupling between the 3D and the 2D models is carried out at the interface boundary between the two nu-
merical domains. Specifically, the two domains share at least one of the computational boundaries (i.e., the
interface boundary) or, depending on the shape of the domain (as described later), are partially overlapped.
Therefore, at the interface boundary, a radiation boundary condition is applied in the 3D domain, while a gen-
eration line (i.e., wavemaker boundary condition) is applied in the 2D domain and a free surface elevation time
series (eventually variable in space), obtained from the 3D model, is used as input for the 2D model. It is important
to highlight that the interface boundary should be ideally placed at the interface between the so-called near- and
far-field. In fact, it is expected that nonlinear phenomena and site-specific effects, related to the confinement
characteristics of particular topobathymetry configurations (e.g., a fjord), are dominant in the near-field. This
aspect is particularly important, especially because in this work a linear model is applied for the far-field
propagation. It is commonly recognized by the scientific literature that the definition of the so-called near-
field can be quite ambiguous.

In fact, it is very difficult to define clearly the near-/far-field boundary based on the distance from the landslide
impact point, and/or the characteristics of the impulsive wave signals, and/or the characteristics of top-
obathymetry and degree of confinement. This is a crucial aspect and must be carefully treated. In this work, in
order to show the capability of the coupling strategy, the method is applied to simulate a case where the top-
obathymetry configuration is very complex, that is, the Taan Fiord, AK. Moreover, in order to cope with such
uncertainty level, a sensitivity analysis on the distance of the interface boundary is carried out.

3. Description of the Taan Fiord (AK) Event and Field Data Used for Comparison
With Model Results

3.1. The Taan Fiord (AK) Event

The October 2015 landslide-generated mega-tsunami in Taan Fiord, Alaska, is a well-documented event that
provides valuable insight into the landslide properties and tsunami propagation across both near- and far-field
regions (Haeussler et al., 2018; Higman et al., 2018; Lynett et al., 2025). Taan Fiord, a 17-km-long inlet off
Icy Bay in southern Alaska, comprises two basins, northern (~100 m deep) and southwestern (~130 m), separated
by a central ridge at ~50 m depth (Franco et al., 2021). The fjord's width varies from 1.0 to 1.5 km in the north to
2.0-4.5 km in the southwest, with a 2.7 km wide entrance. On 17 October 2015 at 9:18 p.m. local time (18 October
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Figure 1. Location of Taan Fiord inside Icy Bay, Yakutat Bay, and Monti Bay (AK, USA; panels a—d), and area of interest in
the 2015 Taan Fiord landslide event (panel e).

2015, 5:18 a.m. UTC) a subaerial landslide catastrophically failed at the northern tip of the Taan Fiord. Figure 1
reports the geographic location of the Taan Fiord (panels a—d) and the area of interest for the landslide event
(panel e).

The landslide, with an estimated bulk density of 2,350 kg/m?, mobilized 76 +3/—4 Mm? of material of which 51
Mm? deposited in the fjord, according to Higman et al. (2018) and Haeussler et al. (2018), who compared the pre-
landslide topographic data set from a 2012 Digital Elevation Model (DEM) with the post-landslide compre-
hensive topographic and bathymetric data set from 2016. Some slide material did not enter the fjord but remained
on the glacier and the bottom of the scar. Landslide and post-landslide deposits extended ~6 km down-fjord and
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reached thicknesses of up to 70 + 11 m, totaling ~147 Mm? (Haeussler et al., 2018), including fjord floor material
mobilized and suspended as the slide entered and traveled down fjord. Later, Franco et al. (2021), who also
modeled the landslide and the generated tsunamis using 3D CFD simulations (FLOW-3D) with granular flow
models, calculated a landslide volume of 49.4 Mm?®, using the difference between the Arctic digital elevation
model (DEM) from 2014 and the DEM data set 2016. Corsa et al. (2022) using DEMs from 2012 to 2019
calculated a landslide mobilized volume of 77. 0 + 0.9 Mm®, of which approximately 56.3 Mm? deposited in the
fjord. Vegetation loss over 0.6 km?, new return-flow channels, steep scarps (~10 m), and major delta reworking
were documented (Bloom et al., 2020).

The impulsive waves generated by the landslide collapse propagated throughout Taan Fiord and Icy Bay, causing
runup (Higman et al., 2018; Lynett et al., 2025), reaching a peak of ~193 m on a steep slope directly across from
the landslide, ranking among the highest tsunami runups ever documented, and continued into the North Pacific
Ocean, reaching, although significantly tamed in amplitude (i.e., few centimeters), the nearest tide gauge at
Yakutat (AK), located in Yakutat Bay, 160 km to the southwest (see panel c of Figure 1).

3.2. Available Field Data

Following the 2015 event, Haeussler et al. (2018) conducted detailed post-event bathymetric surveys using
multibeam sonar and high-resolution seismic data. These measurements allowed them to estimate the total
volume of the landslide at 76 Mm?, with an uncertainty of +3/—4 Mm?>. Of this, approximately 51 Mm?® of
material were deposited into Taan Fiord, reshaping the submarine morphology and contributing significantly to
tsunami generation.

As for tsunami runup, in 2016 a multi-institutional team conducted three dedicated field surveys focused on
identifying tsunami high-water marks and runup indicators. Runup measurements, presented by Higman
et al. (2018) and later refined and integrated by Lynett et al. (2025) with survey data that have not been previously
published, provide crucial insights into the spatial extent and energy of the tsunami triggered by the landslide.
These field surveys documented maximum runup heights exceeding 190 m near the landslide source, making it
one of the highest tsunami runups ever recorded. The high-resolution data also captured the variation in wave
heights along the fjord and adjacent coastlines, offering essential validation for tsunami models and contributing
to the broader understanding of landslide-generated wave behavior in glacial fjord settings. It should be noted that
these data are currently one of the most complete and detailed benchmark data set of a mega-tsunami's onshore
effects.

Additionally, tide gauge data from NOAA's Yakutat station (Yakutat, AK, NOAA Station ID 9453220), located
in Yakutat Bay, Alaska (see panel ¢ of Figure 1), recorded the far-field signal of the tsunami. Although the station
is located approximately 160 km from the landslide site, the sea level data captured a subtle but discernible signal
associated with the tsunami arrival. This instrumental record complements the field-based runup observations and
provides temporal constraints on tsunami propagation, which are valuable for calibrating numerical models and
assessing the broader regional impact of the event. Detailed analysis of the data is provided in the following
Section 3.3.

3.3. Analysis of Tidal Gauge Data

As mentioned, NOAA's Yakutat station recorded the tsunami triggered by the 2015 Taan Fiord landslide event.
The station is located within Monti Bay (59.55°N and 139.73°W), a small semi-enclosed area of approximately 15
km?, located at the entrance of the larger Yakutat Bay (its position is shown in panel ¢ of Figure 1 and later in
Figures 3 and 8). The signal recorded by the station is reported in terms of water level (nwl), in the upper panel of
Figure 2 with a red line. The figure presents a 4-day record starting from 18 October 2015. Harmonic analysis of
the observed water level was applied to identify the tidal component, 7, (blue line in the same panel). The residual
component 7, (containing both storm surge and tsunamis signals; black line in the same panel) has been obtained,
by removing 7, from 7,,,.

The middle panel of Figure 2 reports the frequency spectrum of the #,. It clearly shows that large amounts of
energy are found in selected frequency bands. Notably, a very large peak exists for the lowest frequencies, that is,
periods longer than 6 hr, which is assumed not related to the landslide-generated tsunamis that normally exist on
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Figure 2. Upper panel: observed water level (red), astronomical tide (blue), and residual (black) time series at Yakutat tide
station between 18 October 2015 and 22 October 2015. Middle panel: frequency spectrum of the residual time series. Note:
vertical blue dashed line identifies the frequency used for the high-pass filter; vertical black dashed lines identify the
0.1-1073, 0.28-1073, 0.36-1073, and 0.47-10~3 Hz modes of Yakutat Bay obtained by the modal analysis; yellow bands
indicate the frequency limits of the bay's modes obtained performing the analysis considering the lowest and highest
astromonical tide. Lower panel: high-pass filtered time series of the residual at Yakutat tide station between 18 October 2015
and 22 October 2015. The vertical red line denotes the tsunami arrival time.
higher frequencies. Therefore, a high-pass filter was applied to 7,, using a cut off frequency, f.,, = 4.6-107> Hz,
corresponding to a 6 hr period and indicated by a vertical blue dashed line in the figure. In the following, it is
assumed that these components cannot be related to the landslide-generated tsunamis, which normally exist on
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Figure 3. Amplification coefficient, C, of the wave field. Upper panels: wave amplitude amplification C, in Yakutat Bay (large images) and Monti Bay (insets) for the
frequencies reported in the lower panel with vertical dashed lines. Lower panels: C, for the lowest frequencies reproduced at the position where is located the Yakutat
tide station.
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higher frequencies. A high-pass filter was therefore applied to 7, using f;,, as cut-off frequency. The lower panel
of Figure 2 shows the resulting filtered signal; the vertical red line indicates the tsunami arrival time, as deter-
mined by the 2D numerical simulation, presented in Section 5.2.

The spectrum of 7, shows at least three further peaks. It is now interesting to investigate if the corresponding peak
frequencies are related to eigenmodes of the semi-enclosed sea areas in which the tidal gauge is located. This is
important in order to understand if these dominating frequencies are directly related to the properties of the
incoming landslide-generated tsunami waves, or if they are related to the resonating long waves in the bay.

To this end, two methods can be used. One is the modal analysis as proposed by Bellotti et al. (2012), already
applied in similar geophysical applications (Aranguiz et al., 2019; Cortés et al., 2017; Sammarco et al., 2024). An
alternative is to simulate the propagation of small amplitude waves, scanning the frequencies of expected interest,
evaluating the response at the considered positions, looking for specific amplifications. The latter method has
been selected, by applying the same MSE model described before and used also for the tsunami modeling in the
far-field. The 2D numerical domain encompasses the Yakutat and Monti Bays. Note that these simulations are not
intended to reproduce the tsunami itself, but rather to force the bays with unitary amplitude waves, imposed at the
oft-shore boundary. The aim is to identify amplifications due to resonance. Furthermore, given the complex/
confined geometries of Monti Bay, wave trapping mechanisms could significantly influence tsunamis (Bellotti &
Romano, 2017; Romano et al., 2013).

Figure 3 shows the result of this resonance analysis. The computational domain is illustrated in the upper panels of
the figure, with a zoom-in on Monti Bay, shown in the up-left corner of each panel. The Yakutat tide station is
marked with a black circle. The computation was carried out using a water level of 0.63 m below the mean sea
level, corresponding to the sea level during the tsunami event. The lower panel of Figure 3 shows the amplitude
coefficient C, at Yakutat station as a function of the simulated frequency. Several amplification peaks are
identified in the diagram. In particular, four frequencies, that is, 0.11-1073, 0.28-1073, 0.36-10~® and 0.47-1073
Hz, were identified as resonant modes and marked in the figure with vertical red dashed lines. The upper panels of
the same figure illustrate the spatial patterns of C, for these four frequencies using a color scale; note that the
color scales differ between panels to enhance the visualization of the spatial shape of the modes.

The solution with f = 0.11-1073 Hz is the first longitudinal mode of the Yakutat Bay. It shows a large crest at the
northern edge, while a nodal line locates in correspondence of the separation with the open sea. The solution with
f =0.28-1073 Hz is the second longitudinal mode of Yakutat Bay, with a crest in the northern edge and a trough at
almost the entrance of the bay. The solution with f = 0.36-10~3 Hz is the Helmholtz mode of Monti Bay. A very
large amplification of incoming waves can be expected in this case, as confirmed by the very large value obtained
for C,, in the order of 25. The solution with f = 0.47-1073 Hz can be regarded as the sloshing mode of the small
Monti Bay, with moderate amplification.

These four frequencies are then plotted in the middle panel of Figure 2, as black dashed vertical lines.
Furthermore, yellow bands are included to represent the full frequency ranges where amplification occurs. The
minimum and maximum frequency limits of these bands were determined by repeating the numerical simulation
varying tide levels, specifically considering the lowest (—1.5 m) and highest (+1.5 m) astronomical tide
respectively.

4. Models Coupling Application to Taan Fiord (AK) Event
4.1. Landslide Modeling

In this section a brief description of the procedure to estimate the initial landslide volume to be used for the
following numerical simulations is provided. To this end, the pre- and post-event topobathymetric survey carried
out by Haeussler et al. (2018) has been used. Panel a of Figure 4 shows the topobathymetry difference (Az) before
and after the 2015 Taan Fiord landslide event (Haeussler et al., 2018; Higman et al., 2018). In the same panel the
landslide boundary polygon and the pre-event shoreline of the fjord are represented with dashed and continuous
lines, respectively. The landslide boundary polygon is an irregular boundary derived from visual interpretation of
satellite imagery captured after the landslide event. Its sole purpose is to visually delineate the area of interest for
the subsequent reconstruction of the landslide volume and sliding surface. The other panels of the same figure
(panels b—e) present an example of the procedure adopted to reconstruct the landslide volume and the pre-event
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Figure 4. Panel (a): Topobathymetry difference (Az) before and after the 2015 Taan Fiord landslide event (Haeussler et al., 2018). In the same panel the landslide
boundary polygon and the pre-event shoreline of the fjord are represented with dashed and continuous lines, respectively. Panels (b—e): example of procedure to
reconstruct the sliding surface (red dashed line in panel e) based on the analysis of pre- and post-event (black and red lines in panel d, respectively) topobathymetry
survey within the landslide control area (panels b and c).

topobathymetry with sliding surface. Specifically, within the landslide control area, which consists of a regular
grid (red dashed line in panel b), a series of cross sections, parallel to the main axis of the landslide and spanning
10 m apart, have been defined (panel c) and the pre- and post-event topobathymetry survey have been analyzed.
Each cross section has been visually analyzed aiming at identifying a cutting point (panel e). Downstream of the
cutting point, the post-event survey has been discarded. Upstream of the cutting point, the post-event survey has
been used for interpolation with a polynomial curve, providing an “interpreted” base of the landslide (red dashed
line in panel e): that is, sliding surface. Obviously, on the lateral edges of the control area often the interpolation is
not necessary, as it is enough to merge the pre- and post-event topobathymetry.

This procedure, repeated for each cross section in the landslide control area and shown from different angles in
panel a of Figure 5, allowed to obtain through interpolation: (a) landslide initial volume and (b) pre-event top-
obathymetry with sliding surface (see Figure 5). The initial landslide volume obtained in the present work (see
panel b, ¢ and d of Figure 5) is in the order of 81 Mm?, which is comparable to that estimated by Haeussler
et al. (2018) (76 +3/—4 Mm?®). These data represent the input for the 3D simulations.

In the next sections, the 3D-2D coupling strategy and the numerical setups for the considered case are described in
detail both separately and from a coupling perspective. Nevertheless, it is useful at this stage of the manuscript to
introduce the coupling approach for the Taan Fiord event. Figure 6 presents the sketch of the coupling between 3D
and 2D domains (orange and blue dashed lines, respectively). In this case, due to the complex shape of the
topobathymetry, the two domains are slightly overlapped. Moreover, the figure presents the location of the nu-
merical wave gauges (yellow points) and the three zones (near, mid, and out; magenta squares) where numerical
runup results are compared with runup surveys (Higman et al., 2018; Lynett et al., 2025). Note that the 2D domain
is not fully represented in this figure, as it extends into Yakutat Bay, where the tidal station is located.
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Figure 5. Reconstruction of landslide volume (panels a and b) and merging with pre-event topobathymetry with sliding
surface (panels ¢ and d).

4.2. 3D Model Setup

The 3D model domain, including the location where the free surface elevation time series and runup results are
extracted, is shown in Figure 7. The domain has a length of 12,900 m, a width of 5,500 m and a height of 1,500 m.
A body-fitted mesh has been used to improve the accuracy of the spatial discretization of the complex top-
obathymetry. Specifically, the STL file of the topobathymetry, combined with the snappyHexMesh library, is
used to adapt the computational mesh to the shape of the fjord. The mesh resolution is not constant, as extra
refinement zones, with Ax = Ay ~ 20 m, Az ~ 10 m, are defined along the landslide path and around the un-
disturbed water free surface for a total number of ~5M computation grid cells. These zones are identified by a
change in the tone of the mesh color (see panel b of Figure 7). It is worth noticing that a previous convergence
analysis of the computational mesh, not reported here, was carried out to tune the optimum value of the mesh size,
trying to minimize the computational times, to be used for the simulations.

Impermeable frictional (nutUWallFunction) surface boundary conditions have been applied at the slope surface,
at the bottom and at the walls of the computational domain. A radiating boundary condition has been applied at the
southwest boundary to allow the exit of the waves from the computational domain. To improve the outward
radiation of waves, the computational domain has been extended at a constant depth beyond the area of interest
(see panels c and d of Figure 7) to minimize the numerical effects produced when the tsunami wave reaches the
boundary. Clearly, the numerical results of this additional part of the domain are discarded. This is the reason why
the two domains (3D-2D) are slightly overlapped (see Figure 6).

As for the rheological model of the granular material, the following parameters values have been used: slide
density p, = 2,350 kg/m?, as estimated by Higman et al. (2018) and Haeussler et al. (2018), internal friction angle
8 = 43.0°, minimal dynamic viscosity y,,;, = le—6 m?/s. A previous sensitivity analysis of the internal friction
angle, not shown here, was conducted to calibrate the optimal value of J by constraining the numerical results
using runup survey data at the “near” location. The simulations were performed using a desktop computer with the
following characteristics: 13th generation Intel® Core™ i7-13700 CPU 2.10 GHz CPU unit, 64 GB RAM. The
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North Pacific Ocean

Figure 6. Sketch of the coupling between 3D and 2D domains (orange and blue dashed lines, respectively) for the Taan Fiord
(AK), including the location of the numerical wave gauges (yellow points) and the three zones (near, mid, and out; magenta
squares) where numerical runup results are compared with runup survey (Higman et al., 2018; Lynett et al., 2025).

numerical 3D mesh (~5M cells) was partitioned to be run in parallel in 16 processors, taking 15 days to
numerically simulate 700 s.

3D model results have been saved in terms of free surface elevation time series at the locations indicated in
Figure 6 as WG1, WG2, WG3, WG4, WGS, WG*, WG6, and WG7. Moreover, numerical free surface elevation
is extracted via interpolation, for each time step, at the same coordinates of the survey runup data (Higman
et al., 2018; Lynett et al., 2025). Then, for each considered point the maximum runup is identified at the locations
“near” and “mid” (see Figure 6) for the subsequent comparison with the related survey point.

4.3. 2D Model Setup

The 2D model domain is shown in panel a of Figure 8. The domain includes the Icy Bay, where Taan Fjord is
located, and the southern Yakutat Bay, where the NOAA's tidal station is located. The domain covers 8,840 km?.
Panel (a) of Figure 8 reports also the bathymetry of the area, referenced to the sea level during the tsunami
propagation event, that is, 0.63 m below the mean sea level. The tsunami propagation has been reproduced for a
simulation time of 100,000 s, that is, about 28 hr, which is long enough to allow waves to reach Yakutat Bay and to
completely exit from the domain. A time step of Ar = 1 s is used, resulting in a total of M, = 100,001 time steps.
Applying the Fourier transform to the numerical problem with the above length in time and A¢, it results that in the
frequency domain the resolution is Aw = 2n/At/M, = 2x1075, and the frequency range w; € [0,(M, — 1)
Aw] = [0,2x]. However, as explained in Cecioni et al. (2023), the tsunami energy exists only on a specific band of
the overall spectrum. After careful inspection of the spectrum of N/, it has been concluded that the range of angular
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Figure 7. Panels (a) and (c): sketch of the 3D domain including the location where the free surface elevation time series and runup results are extracted. Panel (b): cross
section, parallel to the landslide path, of the computational mesh used for the 3D simulations. Note that extra refinement zones are used along the landslide path and
around the undisturbed water free surface. Panel (d): aerial view of the 3D domain used to model the landslide-tsunami propagation and inundation along the fiord. The
initial position of the landslide volume is reported in red in panels (c) and (d).
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Figure 8. Panel (a): sketch of the whole 2D domain spanning from Taan Fiord and Icy Bay up to Yakutat Bay and contour of
the related bathymetry. Examples of the FEM computational mesh used for the 2D simulations are reported in panels (b) and
(c) for the areas of Icy Bay and Monti Bay, respectively. Panel (b) includes the position of the wave maker boundary (i.e., 3D-
2D boundary interface), while panel (c) includes the position of Yakutat tide station in Monti Bay.
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frequencies to be solved is between 0 and 0.02n. The computational mesh has been generated ensuring that the
shortest waves, that is, those with the angular frequency of 0.02r, are solved with at least 10 nodes for wavelength.
The simulations were performed using a desktop computer with the following characteristics: 13th generation
Intel® Core™ i7-13700 CPU 2.10 GHz CPU unit, 32 GB RAM. The numerical 2D mesh results in ~113k of
Degrees of Freedom (DOF), taking for the solution of the 1,001 elliptic equations (one for each frequency) a total
computational time of ~30 min to numerically simulate about 28 hr.

In panel (a) of Figure 8, the continuous white line denotes the coastline boundary, where a partial reflection
condition is imposed, using Equation 7 with R = 0.9 and N’ = 0. The dashed white line denotes the open sea
boundary, where a radiation condition is applied (R = 0 and N’ = 0). Panels (b) and (c) provide a closer view of the
Icy and Monti bays respectively. In panel b, the boundary where the radiation-wavemaker condition (R = 0 and
N (x,y; ;) = 2N (x,y; ,)) is applied is indicated with a red line: it represents the interface between the 3D and
2D models and it is located at the position of the wave gauge WG7, see Figure 6. The reason why a radiating
condition is used, is to let the waves eventually reflected at the fjord coastline, to exit the domain and simulate the
backpropagation toward the generation area. Note that in Section 5.3, a sensitivity analysis on the position of the
coupling interface is carried out.

Panels (b) and (c) of Figure 8 provide an example of the finite element mesh resolution. It is coarser at large water
depths and finer at coastal areas. In order to satisfy the minimum size requirements, the mesh elements size ranges
between 1,000 and 70 m.

2D model computes the free surface elevation time series in all the nodes of the computational domain; however,
for the present application, results are only extracted at the locations indicated in Figure 6 as WG7, WG8, and
WG9 and at the location of the Yakutat tide station.

The 2D model cannot properly reproduce the coastal runup, since it is based on a linearized equation and the
computational domain has fixed boundaries. Therefore, the semi-empirical formula of Madsen and Fuhr-
man (2008), based on Green's law and the surf similarity parameter &, is used to estimate the maximum runup
values R,. Its application is based on the wave properties evaluated at some extraction points (see Cecioni
et al., 2023) in front of the coast. This formula reads as follows:

R A\
m_an() e, ®)

where A, = H,/2 and h,, are the maximum incident tsunami wave amplitude and water depth, respectively, at the
extraction locations, £ = @/ \/m, with @ denoting the average bottom slope between £, and the coast and L
the deep water wavelength. For the present application, considering the rather steep and shore-parallel bathymetry
of the fjord around the “out” location of runup data, 41 extraction points were selected along the 50 m isodepth
line, spaced at equal intervals of 100 m. Therefore, the free surface elevation time series solved by 2D model at
these points, have been analyzed by a zero-crossing water surface analysis to evaluate the maximum apparent
incident wave height (H,), to be used in Equation 8.

5. Results and Discussion
5.1. 3D Results (Near-Field)

In this section the description of the 3D model results of the Taan Fiord landslide-tsunamis is provided. These
results are presented to describe both the characteristics of the tsunamis in the near-field, comparing also the
numerical results with survey data, and aiming at providing the input for the 2D model, used to reproduce the
tsunamis in the far-field.

First the, landslide evolution is presented and discussed in Figure 9. The figure reports six selected time stacks
(r =0, 100, 200, 300, 500, 700 s) of the contour map of the landslide evolution. Note that in this figure, as well as
in all the analysis presented throughout the article, the time is measured from the time at which the landslide is
triggered ( = 0.0 s). Moreover, the color map refers to the elevation z (in m) measured from the undisturbed water
level (z = 0.0 m). After the landslide triggering, the landslide volume enters quickly the fiord, interacting with the
water body and generating the impulsive waves (described later). Most of the landslide displacement takes place

ROMANO ET AL.

14 of 28

85U8917 SUOLUWIOD SAIIS.D) 9|qedl|dde ay) Ag peusenob ke ssjoie VO 8sn Jo o 10j Aleiqi auluo AS]1/M UO (SUONIPUOD-pUe-SLUS) LD A8 |1 Alelq 1jput|uo//Sdny) SUONIPUOD pue sWie | 8U)8eS *[9202/50/ZT] Uo AiqiTauliuo 48| ‘elfereueIyoo Aq Zy0EZ00rs202/620T OT/I0p/wod A 1M Aeldjpuluo sqndnBe//sdny woiy pepeojumod ‘2T ‘5202 ‘16266912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2025JC023042

Figure 9. Selected time stacks (r = 0, 100, 200, 300, 500, 700 s; panels a—f) of the landslide evolution. Note: time instants are measured from the time at which the
landslide is triggered (¢ = 0.0 s). Color map refers to the height z (in m) above/below undisturbed water level (z = 0.0 m) of the landslide.

during the first 150-200 s (panel c). Then, the landslide evolution slows down and viscous/creep movements
continue throughout the simulation time until a steady state is reached (panel f).

As stated, when the subaerial landslide volume enters the water body, impulsive waves are generated. This process
is shown in Figure 10, where selected time stacks of both landslide (in red) and the water (color maps refer to the
water velocity magnitude) evolution are represented. The complexity of this well-known physical process, together
with the following propagation and inundation phenomena, is magnified by the shape of the fjord's topobathymetry.
The landslide enters the water and the first wave crest is generated by the typical piston-like mechanism (panel a).
Immediately, the wave crest starts to propagate, interacting with the lateral banks (panel b) and the V-shaped valley
placed in front of the landslide impact point (panel c), causing extreme runup. Then, the tsunami starts to propagate
in the first part of the fiord's branch, characterized by steep lateral banks (panels d and e), that favor the inunda-
tion taming. After approximately 200 s from the landslide triggering, the first wave crest reaches a shallow area
(panel f), where the width and the water depth of the fjord decreases abruptly (Franco et al., 2021), representing for
the flow a “bottleneck.” This is a tipping point for the characteristics of the tsunami propagation in the fjord. The
wave front splits into two components: one part bypassing, overtopping and inundating the shallow bank area,
while the other part continuing its propagation in the fjord's main channel (panel g) and partially inundating the
shallow waters area (panels h—j). Downstream of the bottleneck, the tsunamis bore, after inundating the shallow
area, flows in toward the fjord's main channel, merging and interacting with the propagating waves (panels k and 1).
Thus, the wave packet propagates toward the fjord's entrance.

After the description of the tsunamis propagation in the fjord, the quantitative comparison between numerical and
field data is presented and discussed. Numerical free surface elevation is extracted via interpolation, for each time
step, at the same coordinates of the survey runup data (Higman et al., 2018; Lynett et al., 2025). Then, for
each considered point the maximum runup is identified and compared with the related survey point. Figure 11
presents a global comparison between survey and numerical runup, specifically at the locations “near” and “mid”
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Figure 10. Selected time stacks (panels a—1) depicting the landslide-tsunamis generation, propagation and inundation along the fiord branch. Note: time instants are
measured from the time at which the landslide is triggered (+ = 0.0 s). Color maps refer to the water velocity magnitude (m/s). The bright red shape represents the

landslide.

(see Figure 6). In the figure, for each runup survey point, the numerical flow elevation is represented with
different colors, that describe the agreement between numerical and survey runup value at the considered point,
namely: numerical overestimate and underestimate, are depicted with red and blue lines and markers, respec-
tively, while gray lines and markers indicate survey points for which interpolation of numerical data did not yield
results. Moreover, in the figure the initial positions of the shoreline and the landslide are represented with
continuous black lines and shape, respectively.

Figure 11 is useful to provide a general comparison between the two sets of data. Nevertheless, to favor a more
accurate comparison between survey and numerical runup data, considering also the different locations, Figure 12
is used. This figure presents a detailed comparison between numerical and survey runup at the location “near”
(panels a and b) and “mid” (panels ¢ and d) as a function of the distance D (measured from the slide back edge).
Moreover, the comparison is presented in terms of both runup absolute values (17;; panels a and c) and absolute
differences (A#g; panels b and d). The color code is identical to that used in Figure 11, with two additional
quantities, namely: (a) in panels a and c the absolute values of runup survey are represented with black lines and
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Figure 11. Comparison between numerical and survey runup (“near”” and “mid” locations) in the 3D domain. Color code:
numerical overestimate and underestimate are depicted with red and blue lines and markers, respectively, while gray lines
and markers indicate survey points for which interpolation of numerical data did not yield results. Undisturbed shoreline and
landslide initial positions are represented with continuous black lines and shape, respectively.

full circles; (b) in panels b and d gray dashes provide an estimate of the mesh vertical resolution: lower/upper
hypens refer to Ay F Az. Note that the mesh resolution is not uniform, as additional refinement zones are defined.
Thus, although Az is not constant throughout the domain, the dashes provide, on average, a representative
visualization of the vertical mesh resolution. Moreover, the numerical results have been processed to extract in
each computational point, for each time step, the flow extent/distance and elevation. Thus, the asynchronous
inundation map has been obtained and represented in Figure 13, where the color map refers to flow elevation, that
is, the height reached onland by the free surface elevation measured from undisturbed water level z = 0.0 m (nR),
Undisturbed shoreline and maximum inundation distance are represented with blue and red lines, respectively,
while runup survey are plotted with magenta circles.

Figures 11-13 show a general good agreement between survey and numerical runup, as far as both runup extent
and flow elevation are concerned. Specifically, in the “near” location, the numerical results well represent the
whole runup survey pattern and the flow elevation, although exhibiting a general slight overestimate trend. This
slight discrepancy might be due to the relevant sources of uncertainty that characterizes the process at hand. A
significant source of uncertainty is related to the estimate of the volume and of the shape of the landslide. Another
uncertainty factor is related to the modeling of the landslide. In fact, the landslide is reproduced as a homogeneous
granular material governed by a simple rheological model, while in reality it is made of a heterogeneous medium,
with mechanical characteristics that might vary both in space and time. This is clearly a simplification, as for the
rheological model used the landslide material is globally described with few physical parameters. Therefore, it is
possible that this global modeling could misinterpret the real slide dynamics over space and time, resulting, like
probably in this case, in a slide which is less viscous than the real one, thus inducing larger waves and,
accordingly, higher runup. Additionally, it is worth noting that all phases are modeled as immiscible fluids, which
is another characteristic that could induce the generation of larger waves. Furthermore, these effects are magnified
in the very near-field, where the interaction between landslide and water (i.e., wave-generation process) is
characterized by a high variability in space and a quick evolution in time, especially in such a complex
geometrical configuration. Apart from these discrepancies, the momentum exchange between landslide and water
seems to be well reproduced. In fact, in terms of absolute difference (see panel b of Figure 12) and runup extent
(see Figure 13) the discrepancies between survey and numerical data appear to be mild.
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Figure 12. Comparison between numerical and survey runup at “near” (panels a and b) and “mid” (panels ¢ and d) locations as a function of the distance D (measured
from the slide back edge) in form of absolute values (#,; panels a and ¢) and absolute differences (Ang; panels b and d). Color code: In the panels (a) and (c) runup survey
are represented with black lines and full circles, numerical overestimate, and underestimate are depicted with red and blue lines and full circles, respectively, while gray
lines and full circles indicate survey points for which interpolation of numerical data did not yield results. In the panels (b) and (d) gray dashes provide an estimate of the
mesh vertical resolution: lower/upper hypens refer to A, ¥ Az.

Similar considerations apply for the runup comparison in the “mid” location. Again a general good agreement
between survey and numerical runup, in terms of both runup extent and flow elevation, is noticed. Nevertheless,
comparing these results with that shown in the “near” location, a different behavior appears. In fact, the com-
parison between numerical and survey runup shows that in some areas the numerical data tend to overestimate the
survey ones, while in others areas the trend is the opposite. Moreover, it should be mentioned that, contrarily to
that observed in the “near” location, here the survey points for which interpolation of numerical data did not yield
results appear to be more numerous (gray lines and markers in panel ¢ of Figure 12). This aspect is likely related to
further sources of uncertainty: (a) in this area, unlike the “near” location, the topobathymetry is characterized by
very shallow and flat regions. Although the body-fitted approach aims to maintain and adapt the mesh resolution
in both the horizontal and vertical directions, interpolation in these shallow/flat areas can be less accurate due to
the coarser horizontal mesh resolution; (b) another source of uncertainty is related to the method used for
obtaining the numerical data. This method is based on the extraction, for each time step, of the points cloud that
represents the VOF water fraction equal to 0.5. This surface ideally represents the envelope, in the whole domain,
of the water free surface elevation at the considered time step. This method has been selected, among others, due
to its efficiency, accepting a margin of uncertainty and, to some extent, potentially reduced accuracy in certain
regions. In fact, while this procedure provides a picture of the runup pattern in the whole domain, it can be less
accurate when extracting the results at some specific points (i.e., survey points), especially in the “mid” location.
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Figure 13. Numerical inundation map in the 3D domain. The color map refers to flow elevation, that is, the height reached
onland by the free surface elevation measured from undisturbed water level z = 0.0 m (nR). Undisturbed shoreline and
maximum inundation distance are represented with blue and red lines, respectively, while runup survey are plotted with magenta
circles.

Although this part of the domain is less sensitive to the initial conditions (i.e., effects of the landslide modeling for
the tsunamis generation), it is characterized by a complex shape of the topobathymetry, in which both steep slopes
and flat areas are present, and where the waves are smaller. Finally, it is worth noting that a qualitative comparison
suggests that the inundated areas obtained in the present study (see Figure 13) are consistent with those reported in
Figure 14 by Franco et al. (2021), especially in the “near” and “mid” locations.

To summarize, overall the tsunamis generation, propagation and runup phenomena are well caught by the 3D
model, especially considering the factors that are expected to control this complex process. Despite the complex
topobathymetry (see Figure 10), high degree of confinement, nonlinear effects, and the aforementioned sources of
uncertainty, the numerical data well reproduce the survey runup pattern and flow elevations (see Figures 11-13).

Finally, the water free surface elevation and landslide thickness time series, measured at the eight gauges (WG1,
WG2, WG3, WG4, WG5, WG*, WG6, and WG7) placed in the 3D domain as shown in Figure 7, are analyzed.
These time series are represented in Figure 14. In the figure, the numerical time series of water free surface
elevation and landslide thickness are plotted with red and gray lines, respectively. As far as the water free surface
elevation time series are concerned, in the very near-field close to the landslide impact point (WG1), the wave
signal is very sharp, closely resembling a solitary wave. The maximum wave crest, occurring after 25 s from the
landslide triggering, is in the order of 80 m. A similar behavior can be noticed for the wave signal measured at
WG2, which reaches a maximum value of 60 m. It should be mentioned that these values are very similar to those
reported by Franco et al. (2021). In fact, they reported maximum wave crests in the order of 80-90 m at the wave
probes P1b and P2 and of 60 m at P3. The positioning and numbering of these probes are reported in Figure 9,
panels a, b, and d of Franco et al. (2021). Moving away from the generation area, the wave signal becomes less
steep and the wave packet elongates. However, the complex interaction with the fjord's central ridge and the
resulting inundation of the shallow area alter the nature of the signals, particularly downstream of the bottleneck
(WGT7). Thus, the free surface elevation time series measured at WG7 is used to feed the 2D model.
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Figure 14. Numerical time series of water free surface elevation (in red) and landslide thickness (in gray) measured at the
eight gauges placed in the 3D domain (WG1, WG2, WG3, WG4, WG5, WG*, WG6, and WG7).

5.2. 2D Results (Far-Field)

In this section the results of the 2D model, fed by the 3D results at the interface boundary, are analyzed. Spe-
cifically, they are compared with two sets of observed data: the runup survey at the “out” location (see Figure 6)
and the measured water level at the Yakutat tide station.

As stated, the interface boundary is located at the fjord section corresponding to the position of WG7. The free
surface elevation time series, obtained by the 3D model at WG7, has been transformed by means of Fourier
transform into the complex valued free-surface elevation N’ (x, y; @;), which was applied as wavemaker condition
along the entire boundary (fjord section 1.8 km wide). The fluid velocity obtained by the 3D model has not been
used as input for the 2D model. The rationale behind this configuration will be further discussed in the next
section, where a sensitivity analysis of the 3D-2D coupling distance is carried out.

Figure 15 shows the free surface elevation time series at the three gauges (WG7, WG8, and WG9) placed within
the 2D domain, as indicated in Figure 6. The black lines refer to the 2D model, while the input signal from the 3D
model at WG7 is shown in red. The imperfect agreement between the 3D and 2D signals at WG7 is due to the
smaller number of frequencies considered in the 2D simulation, which has an effect similar to a low-pass filter.
The wave amplitude reaches approximately 15 m at WG7, and decreases to about 8 and 2 m respectively at WGS8
and WG9. A similar trend is observed also for the wave troughs. This significant reduction in the wave height is
due to the effect of the wave diffraction. Specifically, at gauge WGS the wave front propagates through an area
that is almost two times larger than that at WG7. Between WGS8 and WG9 the waves has split in at least two
components, one propagating toward the entrance of the large fjord (i.e., south-east) and one propagating up to the
inner areas (north-west). The wave period remains almost constant at these three positions, that is, around 500 s
(approximately 8 min).

After the discussion of the free surface elevation results, the analysis of the runup at the “out” location is now
presented. As stated, for this analysis the numerical maximum runup values have been estimated using the semi-
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tsunami propagation in the very far-field, a quantitative comparison with the

Figure 15. Numerical time series of water free surface elevation measured at small tsunamis signal recorded at the Yakutat tide station is presented.

the three gauges in the 2D domain (WG7, WGS, and WG9). Boundary
interface placed in correspondence of WG7. Note: black lines refer to the 2D
model results, while red lines to the 3D model ones.

Figure 17 shows the comparison between the free surface elevation time
series obtained by the 2D simulation (black line) and that measured at the tidal
station of Yakutat (gray line). The upper panel shows the comparison of the
time series, while the lower one shows the frequency spectra. As described in the Section 3.3, the measured
tsunami signal has been obtained by filtering out the astronomical tides. The numerical results were also down-
sampled to one data point every 6 min, to ensure consistency with the measured signal sampling rate.

The comparison reveals an overall good agreement for both wave amplitudes and periods. The tsunami wave
arrival time is coherent with the observations and the first two crests and troughs are well reproduced in shape.
The frequency spectrum of the numerical signal shows a relevant amplification at 0.36-10~3 Hz, which corre-
sponds to the Helmholtz-type mode of resonance of Monti Bay. The measured time series shows, instead, a large
energy peak at the frequency of the first longitudinal mode of the Yakutat Bay. It is not reproduced in the modeled
tsunami signal, suggesting that this long wave component is forced by other metocean sources.

It is worth noting that simulating both the runup at the “out” location and, more importantly, the propagation of the
tsunamis up to Yakutat Bay (distance between landslide impact point and tide station roughly 160 km) would be
prohibitive with the 3D model, due to the size and shape of the domain that would lead to high computational
times. The adopted 3D-2D coupling approach offers a practical and computationally efficient alternative for
capturing both near- and far-field tsunami dynamics.

5.3. Sensitivity Analysis of the Coupling Distance

The previous section presented the 2D model results for the case with the interface boundary between 3D and 2D
models located in correspondence of the position of the WG7. Nevertheless, the choice of the position of this
boundary is a crucial point for the coupling technique. Indeed, on the one hand, the coupling interface should be
set to minimize the 3D domain and therefore its computational times; on the other hand the extent of the 3D
domain should be as large as possible to both provide a complete description of the near-field (where the local
effects and nonlinear phenomena are important) and to provide an input for the 2D that is as accurate as possible.
As previously mentioned, this coupling boundary should be ideally placed at the interface between the so-called
near- and far-field. Nevertheless, it is commonly recognized by the scientific literature that the definition of the
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Figure 16. The runup comparison is presented in this figure. In the left panel the runup (x-axis) is plotted against the latitude
(y-axis). Survey data are reported using red filled circles, while the empty black circles represent the runup calculated with
Equation 8, using as input the wave characteristics obtained by 2D model at the 41 extraction points located along the 50 m
isobath. In the right panel, iso-water depth lines are shown, while the gray area represents the land. The locations at which the
runup was measured in the field are reported using red circles, while the black empty circles show the position of the 41 save
points. The black line represents the coastline.
so-called near-field is ambiguous and, probably, strongly depends on local factors (e.g., topobathymetry
characteristics).
To further investigate this crucial aspect, a sensitivity analysis of the position of the 3D-2D coupling interface is
presented. In addition to the case presented in the previous section (where the interface boundary is located at the
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Figure 17. Comparison between the water level signal obtained by the 2D simulation (black line) and that measured at the tide
station of Yakutat (gray line); in time (upper panel) and frequency (lower panels) domains.
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Figure 18. Numerical time series of water free surface elevation measured at eight gauges (WG3, WG4, WGS, WG6, WG*,
WG7, WG8, and WG9). Boundary interface placed in the fjord section in correspondence of the WG3 position. Note: black
lines refer to the 2D model results, while red lines to the 3D model ones.

position of WG7), two further simulations are examined, with the interface boundary at the position of WG3 and
WG* (positions are shown in Figure 6). These three positions of the interface boundary represent “limit” con-
ditions of the coupling strategy in the context of Taan Fiord tsunami event: (I) WG7, located very far from the
landslide impact point and downstream of the bottleneck; (II) WG3, located very close to the landslide impact
point and upstream of the bottleneck; (III) WG*, located at an intermediate distance and in correspondence of the
bottleneck. While these positions and the related discussion are strictly related to the Taan Fiord case, this
sensitivity analysis could be very useful to provide some general insights when designing a 3D-2D coupling
strategy for landslide-generated tsunamis in complex geometries. In fact, the discussion related to the following
results can guide the selection of the 3D-2D coupling distance considering the local topobathmetry, the degree of
confinement and the hydrodynamic characteristics of the case at hand.

Thus, the 2D model has been applied in three different 2D numerical domains, which differ regarding the position
of the wavemaker boundary, WG3, WG*, and WG7 (the latter previously discussed). The effectiveness of each
coupling configurations has been evaluated by comparing the 2D model free surface elevations and runup with the
3D free surface elevation results (where available) and the runup survey data at the “out” location, respectively.

Figure 18 shows the numerical results obtained when the 2D model is forced with the 3D model results extracted
at WG3. The numerical time series of water free surface elevation are represented with black and red lines for the
2D and 3D models, respectively. It should be noted that the mismatch between 3D and 2D signals at WG3 is
related to the reduced number of frequencies considered in the 2D simulations. This aspect, also noticeable when
imposing the interface boundary between 3D and 2D at WG7 (and WG*), is more evident at WG3. In fact, this
gauge is located very close to the landslide impact point (near-field) and consequently, the tsunami is charac-
terized by shorter wave periods. The comparison indicates that the 2D model provides a reasonable, albeit
underestimated, reproduction of the tsunami waveform upstream of the bottleneck (WG4 and WGS) and in
correspondence of the bottleneck (WG* and WG6). On the contrary, downstream of the bottleneck (see WG7),
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Figure 19. Numerical time series of water free surface elevation measured at eight gauges (WG*, WG6, WG7, WGS, and
'WG9). Boundary interface placed in the fjord section in correspondence of the WG* position. Note: black lines refer to the
2D model results, while red lines to the 3D model ones.

the 2D signal is significantly different from the 3D one. This is clearly due to the inability of the 2D model to
simulate the lateral expansion and inundation at the shallow waters area between WG* and WG7, while this is
well modeled by the 3D model (see Figure 10).

A similar pattern is observed in Figure 19, which shows the results when the 2D model is fed at WG*, that is, at the
bottleneck. For this configuration, although 2D results at WG6 are comparable in term of wave amplitude with
those obtained by the 3D model, again the free surface elevation time series downstream of the bottleneck (see
WG7) is not well reproduced.

Finally, in order to further compare the performance of the 2D model when fed at these three positions of the
interface boundary, the comparison with the survey runup data at the “out” location is presented in Figure 20. The
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Figure 20. Results of the sensitivity analysis in term of runup at “out” location: comparison between survey runup (full red
circles) and runup calculated with Equation 8, using as input the wave characteristics obtained by 2D model at the 41
extraction points located along the 50 m isobath. Refer to the right panel of Figure 16 for the 41 extraction points locations.
Note: empty black circles are the numerical runup coupling 3D and 2D models at section where WG7 is located; black
asterisks and triangles are the numerical runup coupling 3D and 2D models at sections where WG3 and WG* are located,
respectively.
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organization of this figure is similar to the left panel of Figure 16. Red circles represent runup survey values, while
black markers represent the runup calculated with Equation 8. Specifically, black circles, triangles, and asterisks
represent the runup values calculated starting from the 2D model results fed by the 3D model at WG7, WG*, and
WG3, respectively.

To summarize, this comparison confirms the earlier findings based on the free surface elevation analysis. When
the 2D model is fed with the 3D results extracted upstream of the bottleneck, the model provides poor estimate of
the runup and of the tsunamis signal in general. In fact, in this part of the domain the 3D effects, which take place
both in the very near-field (i.e., generation area) and during the propagation (e.g., due to local topobathmetry and/
or degree of confinement), are dominant. On the contrary, if the coupling takes place downstream of the
bottleneck, the runup pattern, although if estimated with a simplified tool, exhibits an overall good agreement
with the survey data. Thus, although these considerations are specific to the case at hand, they can offer general
insights for designing a 3D-2D coupling strategy for landslide-generated tsunamis in complex geometries.

5.4. Limitations

In this section, some of the limitations of the present study are discussed. The first is related to the significant
uncertainty that affects the estimate of the volume and shape of the landslide. Another limitation is related to the
landslide modeling which, in the 3D model, is represented as an homogeneous granular material governed by a
simple rheological model, while in reality it is made by a heterogeneous medium. This is clearly a simplification,
as for the used rheological model the landslide material is globally described with few physical parameters.
Furthermore, the present numerical method is based on a multiphase approach, in which mixing and permeation
among phases are not properly modeled. The lack of water permeation into the granular material may result in
larger wave characteristics (Lindstrgm, 2016).

Regarding the 2D model, it should be noted that it is based on a set of linearized equations and is therefore not
capable of reproducing the nonlinear phenomena that often dominate tsunami dynamics in the near-field, as
shown in the previous section. For this reason, the appropriate selection of the coupling distance is crucial. In this
line, the 2D model has fixed boundaries, thus it cannot properly reproduce coastal flooding. Therefore, the semi-
empirical formula of Madsen and Fuhrman (2008) has been used for estimating the runup in the far-field, which is
only suitable for incident waves orthogonal to the shoreline and constant coastal slope.

Another limitation is related to the very far-field tsunamis measurements at Yakutat used for comparison. The
tsunami signal, measured by the tides station, is very small, with wave heights of the order of few centimeters. It is
in general difficult to deal with small quantities, as measurement errors and other sources of long waves might
obscure the data of interest.

6. Conclusions

In this paper, a coupling strategy between 3D and 2D models for simulating landslide-generated tsunamis in
complex geometries has been presented. The objective of this modeling strategy is to maximize the accuracy of
near-field simulations while minimizing computational costs, thereby enabling efficient long-range wave prop-
agation. To this end, the model chain is made of two models, namely: a 3D model, OpenFOAM® (Romano
et al., 2023), used for simulating the landslide-tsunamis characteristics in the near-field and a 2D model based on
the MSE (Cecioni et al., 2023), fed by 3D results and used for efficiently propagating the tsunamis in the far-field.

The proposed coupling strategy has been applied to reproduce numerically the 2015 Taan Fiord (AK) landslide-
tsunami event. This event has been selected due to several reasons. First, it is very well-documented, with
extensive high-quality field data available to support the modeling and enable validation. Specifically, high-
resolution pre- and post-event topobathymetric surveys and runup measurements (Haeussler et al., 2018; Hig-
man et al., 2018; Lynett et al., 2025), along with tidal gauge data from the Yakutat station, located approximately
160 km away, provide valuable observational constraints. Second, it serves as a representative example of
“complex geometry.” In fact, it presents near-field challenges due to the confined fjord environment, which
necessitate the use of sophisticated numerical models (3D, 2D multi-layer, etc.) to accurately capture the tsunamis
dynamics. At the same time, the area of interest for the far-field simulation is large, thus the use of a more
computationally efficient 2D model is highly recommended. Moreover, the tide gauge, used to evaluate the
capability of the coupling strategy in simulating the tsunamis characteristics in the very far-field, is located within

ROMANO ET AL.

25 of 28

85U8917 SUOLUWIOD SAIIS.D) 9|qedl|dde ay) Ag peusenob ke ssjoie VO 8sn Jo o 10j Aleiqi auluo AS]1/M UO (SUONIPUOD-pUe-SLUS) LD A8 |1 Alelq 1jput|uo//Sdny) SUONIPUOD pue sWie | 8U)8eS *[9202/50/ZT] Uo AiqiTauliuo 48| ‘elfereueIyoo Aq Zy0EZ00rs202/620T OT/I0p/wod A 1M Aeldjpuluo sqndnBe//sdny woiy pepeojumod ‘2T ‘5202 ‘16266912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2025JC023042

a small bay, thus a detailed analysis to isolate the tsunami signal from other coexisting physical phenomena has
been carried out taking advantage of the capabilities of the 2D model. Lastly, this case has been included as one of
the benchmarks of a recent workshop on subaerial landslide-generated tsunamis intercomparison study, organized
by Prof. Patrick Lynett (University of Southern California) and Dr. Katherine Barnhart (United States Geological
Survey, USGS) in February 2025 in Golden, Colorado (USA), in which the authors participated.

Thus, the 2015 Taan Fiord event has been numerically reproduced, and the accuracy of the proposed coupling
methodology was assessed through comparison with field data. Overall, it can be stated that the 3D-2D coupling
strategy provided results which are in overall good agreement with surveys, both in the near- and the far-field. As
far as the near-field is concerned, the tsunamis generation, propagation and runup phenomena are generally well
caught by the 3D model, especially considering the factors that are expected to control this complex process. In
fact, despite the articulated topobathymetry, the high degree of confinement, the nonlinear effects, and the
relevant sources of uncertainty that characterize the definition of the landslide scenario, the numerical data well
reproduce the survey runup pattern (“near” and “mid” locations) and flow elevations.

Also the 2D model, fed by the 3D results, provides results which are comparable with the survey data. The runup
estimated at the “out” location, although calculated with a semi-empirical formula (Madsen & Fuhrman, 2008),
whose applicability to the case under consideration is not perfect, show an overall good agreement with the survey
data. In the very far-field, the comparison between the numerical free surface elevation time series and the small
tsunamis signal measured at the Yakutat tide station shows that the model chain is able to reproduce the tsunamis
properties, in terms of both wave characteristics (wave amplitudes and periods) and tsunami wave arrival time. It
is worth noticing that, while the 2D model is not suitable for capturing nonlinear features or simulating inundation
processes, as acknowledged in the limitations of this study (Section 5.4), its use serves a dual purpose: propa-
gating tsunami waveforms in the very far-field at low computational cost and analyzing resonant natural modes
for configuration such as bays, fjords, small volcanic islands, etc. The latter point is particularly critical for
interpreting sea level measurements of small tsunami signals, especially when recorded by stations located in
complex coastal configurations.

In fact, a careful analysis of the tidal signal measured at Yakutat has been carried out. First, on the basis of the
harmonic tidal analysis, the astronomical tide signal has been removed from the data. Then, the residual has been
found to have a frequency spectrum that shows large energy at some frequency bands. This has suggested that
both the tsunami and possible other meteorological disturbances have excited some eigenmodes of the bay, where
the gauge is located. In order to investigate this mechanism, a resonance analysis has been performed using the 2D
MSE model. The analysis has confirmed that some Monti and Yakutat bays eigenmodes are excited by the
tsunami, influencing the amplitude and the period of the waves measured by the instrument.

Finally, although the results and the related discussions presented in this work are strictly related to the Taan Fiord
case, the methodology presented could offer some general insights and practical guidance for the application of
this modeling chain to landslide-tsunami events in complex geometries. To this end, a sensitivity analysis, by
varying the position of the coupling boundary between the two models, has been performed. This analysis
demonstrated that delimiting the near-field is challenging, as it strongly depends on local conditions, such as the
landslide characteristics, topobathymetry, degree of confinement, etc. Nevertheless, useful insights emerged from
the analysis. Specifically, the analysis allows to hypothesize, at least for the considered case, that in the absence of
topobathymetric singularities (e.g., the fjord's bottleneck), the coupling distance can be positioned very close to
the impact point, thereby reducing computational cost while maintaining modeling accuracy. Conversely, when
such singularities are present, they should be included within the 3D domain (ideally positioned far from the
interface boundary between the two numerical domains) to avoid inaccuracies in far-field modeling.
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