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Abstract: Modeling and simulation have been used to study tsunamis for several decades. We created
a review to identify the software and methods used in the last decade of tsunami research. The
systematic review was based on the PRISMA methodology. We analyzed 105 articles and identified
27 unique software and 45 unique methods. The reviewed articles can be divided into the following
basic categories: exploring historical tsunamis based on tsunami deposits, modeling tsunamis in
3D space, identifying tsunami impacts, exploring relevant variables for tsunamis, creating tsunami
impact maps, and comparing simulation results with real data. Based on the outcomes of this review,
this study suggests and exemplifies the possibilities of system dynamics as a unifying methodology
that can integrate modeling and simulation of most identified phenomena. Hence, it contributes to
the development of tsunami modeling as a scientific discipline that can offer new ideas and highlight
limitations or a building block for further research in the field of natural disasters.

Keywords: tsunami; systematic review; system dynamics; modeling; software; methods

1. Introduction

Tsunamis are potentially extremely dangerous natural hazards that occur at low
frequencies and are hard to predict. The “potentiality” depends on whether the tsunami
hits an uninhabited area. In this case, nothing much happens regarding direct danger to
people. However, it is an extreme risk if a populated area is affected. The main issue is that
the events leading up to the tsunami do not clearly indicate its origin until it is generated [1].
With frequently scarce [2], it is necessary to develop a coherent framework that incorporates
existing assumptions (i.e., the system’s general model) and various methods for hazard
and risk analysis in order to assess the consequences of these events on various layers of
society. The underlying objective of COST Action AGITHAR (Accelerating Global Science
in Tsunami Hazard and Risk Analysis) is to develop further, standardize, and document
such a framework, and this document is one of the Action’s outputs. Numerous sources
can generate tsunamis in the form of long propagating waves. Tsunamis are a phenomenon
primarily generated along convergent margins and caused by undersea earthquakes [3].
Tsunamis, once created, travel at high speeds and cover a large area of water. In case of a
large tsunami, when waves reach coastal areas, they inundate land for several kilometers.
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As a result, casualties occur, as does damage to or destruction of infrastructure and built-up
areas. More than 700 million people live in areas of extreme sea-level events, including
tsunamis [4].

Research on tsunamis is multidisciplinary. Tsunamis can be studied from many
different perspectives, namely the historical perspective, where tsunami deposits are
examined, and the period when the tsunami arrived at the selected location is estimated,
for example [5]. Furthermore, tsunamis are investigated from the perspective of their
impact on the environment or on individual inhabited areas. Here, in particular, photo
documentation is used before and after the wave impact, e.g., [6]. Another way of exploring
tsunamis is their modeling, where tsunamis are usually presented as a three-dimensional
environment, e.g., [7]. Models are usually developed to investigate impacts on a selected
environment or on a populated area, e.g., [8], or on a hypothetical tsunami barrier, e.g., [9].
Another way of examining tsunamis is from a statistical perspective, either by searching
for essential variables for the part of the tsunami being examined, e.g., [10], or from the
statistical comparison of the impacts of a real tsunami with a modeled one, e.g., [11].

To date, no comprehensive systematic review has been published focusing on methods
and software packages applied to explore the multidisciplinary phenomenon of the tsunami.
An example of a systematic review thematically focused on tsunamis and similar events is
provided by Palupi [12], who focuses on the psychological preparedness of coastal com-
munities for a natural disaster. Fernandez et al. [13] focused on the mapping of scientific
evidence on the mental health impacts of floods caused by extended periods of heavy rain
in river catchments. The aim of this study is to contribute to both aforementioned topics
through a deep analysis of existing modeling and simulation techniques and methods in
the field of tsunami research and an outline of the possibility of further extension. The
achievement of this aim is based on highlighting the importance of finding a tool that is not
over-specialized and narrowly focused on particular aspects of tsunamis. While existing
tools used in particular fields of study need to be applied to find answers to particular
domain-related questions. the multidisciplinary nature of tsunamis requires applying a
systemic approach at a higher level of complexity. The holistic view and complex struc-
tures with mutually interconnected parts represent the primary attributes of the systems
approach. Hence, data or information acquired by particular tools, techniques, or modeling
software can be used as inputs to more complex models, improving understanding and
insights into the tsunami phenomenon. System dynamics is a commonly used methodology
whose application can successfully lead to implementing the system perspective. The goal
is to prove its applicability and potential added value in tsunami research.

This manuscript is structured as follows. Section 2 describes the applied methodol-
ogy, which is based on a systematic review methodology, Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA). Furthermore, technical details related
to developing a system dynamics model are presented. The next two sections present
achieved results. Section 3 provides a bibliographic analysis based on the specific keywords
of identified articles. Furthermore, the results of the analysis of different types of software
and methods for tsunami research are presented. Section 4 describes the developed sys-
tem dynamics model, which demonstrates how various aspects can be integrated by one
methodological approach. Particular modules are introduced. The final section concludes
the paper with an outline of existing limitations and potential research pathways. Finally,
the appendices capture an enumeration of the individual software applications, their meth-
ods, and reasons for their use. Moreover, an overview of the relationships between the
software and the scientific disciplines and technical details associated with the developed
model are provided.

2. Materials and Methods
2.1. Literature Analysis

Collecting a data set that might be used for further analysis was the initial step in
the study. To conduct a review, one can choose from two alternatives. The first option
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involves looking for relevant information resources in databases maintained by individual
publishing houses (Elsevier, Springer, Wiley, etc.). The second approach uses databases that
have selected journals indexed (Web of Science, Scopus, EBSCO, etc.). Both strategies have
advantages and disadvantages. The former, for example, provides a data collection from a
broader set of resources, but the latter works with publications whose quality is recognized
by authority and a community. We found the latter more suitable for this study due to the
absence of redundant records. Thus, a search in the Web of Science database for published
papers was conducted.

Articles focused on tsunamis that used software for this activity represented the target
of the search. The main criteria for searching articles were the language used, namely
English; the year of publication, between 2010 and 2020; full-text availability (in order to
conduct the content analysis); and the use of a software package for tsunami exploration.
Initially, we intended to use the following search command for the intended systematic
search:

2.1.1. Tsunami (Topic)
Refined by: Document Types: Articles, Publication Years: 2023 or 2022 or 2021 or 2020 or
2019 or 2018 or 2017 or 2016 or 2015 or 2014 or 2013 or 2012 or 2011 or 2010

However, articles containing the term “tsunami” broadly did not refer to tsunamis
in the true sense of the word. An example of this phrase might be the tsunami of obesity.
Therefore, we decided to narrow the search. The additional concept “water” filtered out
articles that were not focused on the topic of this systematic search. Thus, we used the
following command:

2.1.2. Tsunami (Topic) and Water (Topic)
Refined by: Document Types: Articles, Publication Years: 2023 or 2022 or 2021 or 2020 or
2019 or 2018 or 2017 or 2016 or 2015 or 2014 or 2013 or 2012 or 2011 or 2010

The next step was to search for full-text versions of the articles. This step does not
follow the exact PRISMA methodology [14]; however, due to the search for software used
in the tsunami field and also the lack of a list of software used in the tsunami field, we
decided to skip the abstract screening step. Another reason for skipping this stage is that
applied software applications are not always mentioned in abstracts.

Consequently, we searched for the word “software” in the full-text versions of the
articles. We used Adobe Acrobat Reader DC [15] software for the search. We recorded the
name of each software found and entered it into the list of used software. After we had
searched all available articles, we started a new search using the aforementioned software,
which included the software names found in the previous full-text search. In this step, we
sorted the articles based on those in which some of the found software was used and those
in which it was not. We then searched the articles in which tsunami software was used (if
the article did not use one of the found software, it was omitted with Reason 1). We then
excluded articles from this set of articles that did not have a specific method (if the article
did not use one of the found methods, it was omitted with Reason 2). The whole process is
shown in Figure 1. Eventually, we found 2015 articles, from which we included 1573 in the
full-text search, and 105 articles passed the full-text screening.

As a part of the analytical section of the systematic review, we performed a biblio-
graphic synthesis of keywords using the VOSviewer [16] tool. Seventeen articles were
not included in this stage due to failure to include keywords in the articles. Linguistic
word preparation was conducted in which, for instance, keyword run-up and run-up were
unified under the single term run-up, or the keyword tsunami was excluded from the
synthesis because of the focus of all the articles on this topic. Moreover, the exclusion
was necessary as we tried to answer the following research questions: (1) What software
tools and methods are used in tsunami research? and (2) How are tsunami research tools
interconnected?
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2.2. Model Development

System dynamics represents a specific and original methodological approach to mod-
eling and simulating various types of systems. The core concepts of systems thinking,
such as interconnectedness, feedback, adaptive capacity/resilience, self-organization, and
emergence [17], are applied in system dynamics to help people make better decisions when
confronted with complex, dynamic systems. The field provides a philosophy and tools to
model and analyze dynamic systems.

Differential and difference equations are traditionally used to represent change in
dynamic systems. However, system dynamics provides an intuitive modeling language,
which is typical for all applications. This makes system dynamics an ideal tool for mul-
tidisciplinary work [18] as it enables the integration of subsystems that are distinct in
their fundamental essence, i.e., soft disciplines such as economics or psychology can be
connected with hard disciplines such as physics or geology. Exploration of complex phe-
nomena such as tsunamis represents an appropriate example. Therefore, a complex model
of various aspects of a tsunami has been developed to demonstrate the benefits and added
value of incorporating this methodology into this field of study.

This study presents an original model presenting possibilities of tsunami analysis. The
process of model development was based on the following procedure:

• Identification of key topics in the scientific literature based on the literature review;
• Classification of variables into distinct groups to develop particular model sectors or

modules;
• Identification of causal links among variables and feedbacks, i.e., causal loop diagrams;
• Determination of time units (hours);
• Transformation to a simulable model, i.e., development of stock and flow diagrams;
• Performance of model validation tests [19]—structural validity (boundary adequacy,

parameter verification, dimensional consistency) and behavioral validity (behavior
pattern test, extreme condition test, sensitivity test).
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3. Results
3.1. Application of Methods and SW Tools in the Current Research of Tsunamis

Figure 2 reveals that single methods or techniques are used mostly separately in
research. One cluster is connected with the consequences of tsunamis in the form of
numerical simulations that are primarily applied in the analysis of technical issues, such as
construction vulnerability, and environmental issues, such as the influence of the tsunami
wave on vegetation. The second cluster includes numerical modeling as well. This context
deals with the origin of a tsunami and the wave itself. However, based on the discrepancy
between the results from Table 1 presented below, where the interdependence of software
tools usage reached a higher level, we decided to augment the input data with the name
of the tool used. Thus, we added the names of the tools used to the keywords already
provided by the authors of the articles. Then, we created a new outcome of the bibliographic
analysis with the same settings as for the previous one. The results are presented in Figure 3.
It is clear that most of the specific tools used in the tsunami field are interrelated. In fact,
there is only one huge cluster and a few solitary outliers. It reveals that the applied methods
are integrated mainly by the usage of OpenFoam, Matlab, and Calib.
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Table 1. SW tools and research methods were applied to analyzed studies.

Author(s) and Year Citation Software Methods Application

Liu et al., 2020 [20] OpenFOAM CFD, FAM, FVM,
MULES, PIMPLE

To simulate breaking wave-induced seabed scour and coastal
erosion. It aims to understand and evaluate nearshore tsunami

deposit transport processes, particularly around offshore structures
like monopiles.

Qin, Motley,
LeVeque, et al., 2018 [21] GeoClaw,

OpenFOAM CFD, NSWE, PISO, VOF Compares GeoClaw, a 2D depth-integrated model, and OpenFOAM,
a 3D model based on tsunami inundation modeling.

Autret et al., 2016 [22] Agisoft, ArcGIS DEM
Investigates large clastic cliff-top storm deposits on Banneg Island

during the stormy winter of 2013–2014 to understand the impacts of
extreme storm waves on rocky coasts.

Xiong et al., 2019 [23] HAZUS DEM, SWE

presents a deterministic approach for assessing large-scale building
damage from tsunamis by quantifying lateral loading on structures

induced by tsunami waves. Utilizing a depth-averaged
hydrodynamic model that solves 2D nonlinear shallow water

equations.

Bellotti, 2020 [24] MATLAB FEM
Model for evaluating long wave amplification in coastal areas using

a modal decomposition method to amplify natural modes under
forcing waves.

Abril and Periáñez,
2017 [25] MATLAB FFT

Presents numerical simulations of the tsunami triggered by the 1995
Nuweiba earthquake in the Gulf of Aqaba, aligning well with

available observations. It explores 12 potential tsunamigenic sources
in the Red Sea.

Yao et al., 2020 [26] OpenFOAM CFD, MULES, PIMPLE,
VOF

Enhance the understanding of tsunami-like solitary wave run-up
reduction by pile breakwaters on a sloping beach, a 3D numerical

wave tank.

Tan et al., 2018 [27] Delft3D SPH Introduces a numerical landslide-tsunami hazard assessment
technique applicable to reservoirs, lakes, fjords, and seas.

Knighton and
Bastidas, 2015 [28] Delft3D MONTE CARLO, PTHA Enhances existing probabilistic tsunami hazard analysis by

differentiating between epistemic and aleatory uncertainties.

Horrillo et al., 2013 [29] FLOW3D CFD
Introduces and validates TSUNAMI3D, a simplified 3D

Navier–Stokes model designed for computational efficiency for
simulating water and landslide interactions.

Kevlahan et al., 2015 [30] MATLAB GKS, MOST

Introduces a new mass and energy-conserving Brinkman
penalization for the rotating Shallow Water Equations, designed to

enforce solid-wall boundary conditions with complex coastlines
easily.

Aristodemo et al.,
2020 [31] OpenFOAM CFD, VOF

Investigates the hydrodynamic forces exerted by solitary waves on
horizontal circular cylinders near a rigid bed through experimental

and numerical methods.

Wang and Liu, 2011 [32] COMCOT LSWE, NSWE Modifying leap-frog finite difference scheme to solve Nonlinear
Shallow Water Equations.

Völker et al., 2011 [33] MB-System DEM

Compares bathymetric datasets from before and after the Mw 8.8
Maule Earthquake on 27 February 2010 offshore Central Chile,

finding no new submarine landslides more enormous than 1 km as a
direct consequence of the earthquake.

Flouri et al., 2013 [34] ArcGIS DEM, NSWE Employs a splitting method to reduce the hyperbolic system into
two successive systems, solving the equations with a dispersive.

Restrepo A, 2012 [35] DSAS DEM Examines the physical and human-induced factors influencing the
recent evolution of the Patía River delta.

Giraldi et al., 2017 [36] GeoClaw MAP, MONTE CARLO Focuses on estimating earthquake model parameters through the
resulting tsunami, specifically applied to the 2010 Chile event.

Stefanakis et al., 2014 [37] VOLNA NSWE Investigates whether small islands near the mainland offer
protection from tsunamis.

Abril-Hernández
et al., 2018 [38] QGIS DEM Analyzes the outflow dynamics of Lake Bonneville breached at the

Marsh Creek Fan.

Mehrotra et al., 2015 [39] MATLAB FCM, PCA
The proposed method involves image classification with a radial
basis function neural network and a generalized improved fuzzy

partition FCM algorithm.

Amante, 2018 [40] MB-System DEM
To develop and apply a methodology for estimating and mapping
vertical errors in integrated bathymetric–topographic DEMs along

coastal regions.

Mitsui et al., 2016 [41] OpenFOAM CFD Analyze the fluid forces acting on the armor blocks during tsunami
overflow.

Zhu and Dong, 2020 [42] ANSYS CFD
Through laboratory experiments and CFD analysis, investigate the
vertical and horizontal forces induced by solitary waves on coastal

bridges.

Förster et al., 2010 [43] CALIB AMS
To understand the previous failure events and current hazard

potential of the Mauritania Slide Complex along the NW-African
continental margin.
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Table 1. Cont.

Author(s) and Year Citation Software Methods Application

Puga-Bernabéu et al.,
2017 [44] ArcGIS, Fledermaus AMS, DEM

To investigate the geomorphologic characteristics and evolutionary
processes of the Gloria Knolls Slide complex on the Great Barrier

Reef margin.

Bourget et al., 2010 [45] CALIB AMS
To investigate the growth and evolution of the Late Quaternary
turbidite system along the Makran convergent margin through

high-resolution stratigraphy from deep-sea cores.

Smith et al., 2010 [46] CALIB AMS
To examine the changes in relative sea level and their impact on
human activity distribution in the Forth lowland, Scotland, from
approximately 11,700 to 2000 calibrated years before the present.

Baumann et al., 2017 [47] Agisoft DEM

Analyzing washover deposition processes and distinguishing
between storm and tsunami overwash events by examining the

washover deposits from the exceptional wave climate during the
winter of 2013–2014 in the Bay of Biscay.

Ali et al., 2019 [48] ANSYS VOF To investigate the role of inland vegetation in reducing the energy of
flood flows and minimizing structural damage.

Torres et al., 2019 [49] COMCOT NSWE, LSWE
To investigate tsunami-induced magnetic field disturbances by

comparing observed magnetic records with computed magnetic
fields for the 2010 and 2015 Chilean tsunamis.

Polonia et al., 2013 [50] CALIB AMS
To re-evaluate the origin of the 20–25 m thick megaturbidite
(Homogenite/Augias) in the Ionian Sea through geophysical

surveys and sediment cores.

Dutykh and
Clamond, 2016 [51] MATLAB FVCF, NSWE

To propose a modified version of the NSWE for modeling
irrotational surface waves under significant bottom variations in

space and time.

Jing et al., 2012 [52] Amira SWE
To develop a numerical model to simulate the behavior

characteristics of harbor waves and investigate resonance
phenomena.

Jiang et al., 2019 [53] OpenFOAM CFD, MULES, PIMPLE,
PISO, SIMPLE, VOF

To numerically examine the effects of tsunami-like hydrodynamic
loading on free-standing structures with various architectural
geometries using a multiphase numerical model based on the

volume of fluid method in three-dimensional space.

Sarjamee et al., 2017 [54] OpenFOAM CFD, FVM, VOF

To present and validate a fully coupled (hydrodynamic and
morphologic) numerical model based on the open-source CFD

package OpenFOAM, designed to simulate flow and morphology
changes induced by a solitary wave on a sloping beach.

Li et al., 2019 [55] OpenFOAM CFD, VOF

Ruffini et al., 2019 [56] Delft3D, MATLAB SPH
Using the hydrodynamic numerical model, quantify the effect of

water body geometry on the propagation of large landslide tsunamis
in the far field.

Wijetunge, 2010 [57] COMCOT SWE

To outline the field measurements and numerical modeling
conducted to develop a high-resolution tsunami inundation map for

Trincomalee on the east coast of Sri Lanka, which was heavily
affected by the 2004 tsunami.

Ulvrová et al., 2014 [58] COMCOT NSWE

To assess tsunami hazards from underwater volcanic explosions by
simulating tsunamis generated from a submerged vent in

Karymskoye Lake, Kamchatka, and the Kolumbo submarine volcano
near Santorini, Greece.

H. Zhang et al., 2019 [59] HydroSed2D NSWE
To investigate the damping effect of vegetation, specifically
Pandanus odoratissimus, on tsunami wave run-up and land

inundation on coastal beaches.

Kevlahan et al., 2019 [60] MATLAB SWE
To address the problem of optimally determining the initial

conditions for the one-dimensional SWE in an unbounded domain
using a limited number of sea surface height observations.

Douglas and Nistor,
2015 [61] OpenFOAM CFD, FVM, PISO

To investigate the propagation and structural interaction of
tsunami-like bores using a multiphase three-dimensional numerical

model.

Bartzke et al., 2016 [62] MATLAB SPH

To understand the hydrodynamic processes and tsunami deposit
transport in gravel-dominated coastal environments, where storm

waves, spring tides, bore waves, and tsunamis can form gravel
bedforms.

San Pedro et al., 2017 [63] CALIB AMS To provide a new interpretation of the Augias deposit in the Ionian
Sea, focusing on its sedimentary processes and origins.

Premasiri et al., 2015 [64] MATLAB GPR To evaluate and mitigate tsunami hazards by reconstructing past
tsunamis using coastal sediments deposited by tsunamis.

Cheff et al., 2019 [65] ArcGIS DEM

To evaluate the risks and evacuation needs associated with a
potential near-field tsunami event from the Cascadia subduction
zone, focusing on the Town of Tofino on Vancouver Island’s West

Coast.
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Table 1. Cont.

Author(s) and Year Citation Software Methods Application

X. Zhang and Niu,
2020 [66] ArcGIS DEM, MONTE CARLO,

PTHA

To develop a more efficient approach to probabilistic tsunami hazard
assessment that balances accuracy and feasibility. Traditional

methods require many scenario simulations to account for
uncertainties in seismic parameters.

Juran et al., 2019 [67] OsiriX DICOM PCA To examine the factors influencing the adoption of latrines provided
during post-2004 tsunami reconstruction efforts in India.

Sraj et al., 2017 [68] tsunami-2d MONTE CARLO To present an efficient method for inferring the fault slip distribution
of the Tōhoku earthquake using water surface elevation data.

Triantafyllou et al.,
2019 [69] GeoClaw, MATLAB MAP, MONTE CARLO

To conduct a comprehensive tsunami risk assessment for a coastal
segment west of Heraklion, Crete, by considering the convolution of

tsunami hazard, vulnerability of assets (e.g., buildings), and the
economic value exposed.

Chen et al., 2020 [70] Geowave DEM

To propose using reciprocal Green’s functions (RGFs) as an effective
tool for forecasting tsunamis generated by submarine landslides,

which can sometimes produce higher waves than seismic tsunamis
in areas close to the source and are more challenging to predict.

Reinhardt et al., 2010 [71] CALIB AMS
To predict the recovery time of the Río Cruces to pre-1960 conditions

following the significant subsidence caused by the 22 May 1960
Chilean earthquake, the largest on record with a magnitude of 9.5.

Stefanakis et al., 2015 [72] VOLNA NSWE To study the extreme characteristics of the run-up of transient long
waves.

Álvarez-Gómez
et al., 2011

[73] COMCOT MONTE CARLO
To model the tsunami impact on the Spanish and North African
coasts of the Alboran Sea, generated by several reliable seismic

tsunamigenic sources in the area.

Çağatay et al., 2012 [74] CALIB AMS
To analyze sedimentary earthquake records from the last 2400 years

in the central Karamürsel Basin of the İzmit Gulf, located in the
eastern Sea of Marmara.

Dahanayake et al.,
2012 [75] CALIB AMS

To analyze the sediments deposited by the 2004 Sumatra–Andaman
tsunamigenic earthquake in various coastal and inland locations of

Sri Lanka.

Vött et al., 2010 [76] CALIB AMS
To present evidence of multiple tsunami impacts on the Bay of
Palairos-Pogonia, NW Greece, during the Holocene, based on

detailed geoscientific studies.

Yakupoğlu et al.,
2019 [77] CALIB, R-studio AMS

To examine the Holocene earthquake history of the Central High
Segment of the North Anatolian Fault by analyzing

seismoturbidities within a 21 m long piston core recovered from the
Kumburgaz Basin in the Sea of Marmara.

Stiros and Blackman,
2014 [78] CALIB AMS

To shed light on the sequence of coastal uplift and subsidence along
the coasts of Rhodes Island, mainly focusing on archaeological

evidence from a 2400-year-old harbor currently about 3 m above sea
level.

Ma et al., 2019 [79] ICEM, OpenFOAM PIMPLE, VOF To present a more accurate method for predicting the maximum
run-up height and inundated area caused by tsunami events.

Sarfaraz and Pak,
2017 [80] OpenFOAM SPH To numerically derive tsunami wave loads on bridge

superstructures using smoothed particle hydrodynamics.

Yang et al., 2020 [81] ANSYS CFD, VOF
To investigate the generation mechanism and characteristics of peak

values of tsunami bore vertical force on a scaled-down
two-dimensional T-girder model.

Webster et al., 2016 [82] ArcGIS AMS To investigate shallow submarine landslides along the central Great
Barrier Reef and their potential to produce tsunamis.

Fabregat et al., 2019 [83] CALIB, reflexW AMS, GPR

To demonstrate the practicality of integrated studies combining
trenching, numerical dating, and shallow geophysical techniques to

characterize the subsurface subsidence structure associated with
sinkholes and reconstruct their deformational and sedimentary

history.

Gylfadóttir et al.,
2017 [84] GeoClaw DEM, SWE

To analyze and model the tsunami generated by a giant rockslide
that occurred on 21 July 2014 from the inner Askja caldera into Lake

Askja, Iceland.

Higman et al., 2018 [85] QGIS DEM
To analyze the catastrophic slope failure at the terminus of Tyndall
Glacier on 17 October 2015, which sent 180 million tons of rock into

Taan Fiord, Alaska.

Xing et al., 2016 [86] Gambit CFD, DEM, VOF
To analyze and simulate the catastrophic rock avalanche that

occurred at about 8:30 p.m. on 27 August 2014 in Fuquan, Yunnan,
southwestern China.

Dall’Osso et al., 2014 [87] ArcGIS DEM, MOST
To conduct a PTHA for the Sydney metropolitan area, addressing
the significant gap in published PTHAs, including inundation for

Australia.

Xie and Chu, 2019 [88] OpenFOAM VOF

To investigate the hydrodynamic forces on coastal structures
impacted by tsunamis, focusing on the effects of the wave Froude

number, the sizes and shapes of the structures, and the initial
conditions.
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Table 1. Cont.

Author(s) and Year Citation Software Methods Application

Creach et al., 2015 [89] SPAD MONTE CARLO, PCA
To address the lessons learned from Storm Xynthia in February 2010,
which caused a significant sea surge along the French Atlantic coast,

flooding low-lying coastal areas, particularly urbanized regions.

Qin, Motley, and
Marafi, 2018 [90] OpenFOAM CFD

To enhance the understanding of tsunami inundation impacts on
coastal communities, high-resolution 3D CFD modeling will be

incorporated to simulate tsunami overland flow around existing
macro-roughness features such as buildings and bridges.

Álvarez-Gómez
et al., 2013

[91] COMCOT NSWE To assess tsunami hazards along the coast of El Salvador, the
smallest and most densely populated country in Central America.

DeDontney and Rice,
2012 [92] COMCOT FFT To resolve the disparity in tsunami lead wave morphologies

observed by two satellites.

Cariolet, 2010 [93] ArcGIS DEM To map and analyze the coastal areas in western Brittany that were
inundated during a storm on 10 March 2008

Boshenyatov and
Zhiltsov, 2019 [94] OpenFOAM PISO, VOF

To investigate the energy losses of tsunami-like waves due to the
formation of large eddies near underwater barriers, an area of

growing importance.

Reynolds et al., 2015 [95] ArcGIS, Delft3D DEM
To assess the impact of sea-level rise and wave-driven flooding on

seabird colonies in the Pacific, mainly focusing on a globally
important seabird rookery at Midway Atoll in the subtropical Pacific.

Benazir et al., 2023 [96] COMCOT SWE
To reflect on the progress of tsunami preparedness in a coastal
community in Aceh, Indonesia, nearly two decades after the

catastrophic 2004 Indian Ocean tsunami.

Rauter et al., 2021 [97] OpenFOAM CFD, PISO, MULES
To evaluate the performance of the multiphase Navier–Stokes

equations implemented in OpenFOAM for simulating impulse wave
generation by landslides.

Nemati et al., 2023 [98] ArcGIS, MATLAB DEM
To report the results of numerical simulations for a potential

subaerial landslide on the coast of Orcas Island and the resultant
tsunami waves in the southern Strait of Georgia.

Guo and Lo, 2022 [99] OpenFOAM CFD, PIMPLE, VOF To investigate the hydrodynamics of a solitary wave passing a
vertical cylinder over a viscous mud bed for the first time.

Attili et al., 2021 [100] OpenFOAM FVM, PIMPLE, VOF To focus on the numerical modeling of landslide tsunamis impacting
dams.

Pakoksung et al.,
2021 [101] QGIS DEM, PTHA

To perform a probabilistic hazard analysis of a tsunami generated by
a subaqueous volcanic explosion at Taal Lake, located on Luzon

Island in the Philippines.

Song et al., 2023 [102] OpenFOAM VOF
To investigate the impacts of tsunami-like waves on coastal bridge

decks with superelevation, addressing a gap in existing research that
typically focuses on wave impacts on flat bridge decks.

Elsheikh et al., 2022 [103] OpenFOAM CFD, FVM
To investigate the hydrodynamics of turbulent bores that propagate

on a horizontal plane, closely resembling dam-break waves and
tsunami-like hydraulic bores.

Rahuman et al., 2022 [104] ANSYS CFD

To visualize and compare the fluid flow patterns around the
Rhizophora mangrove species’ stilt roots and the Avicennia
mangrove species’ pneumatophore roots in the Pichavaram

mangrove forest.

Amina and Tanaka,
2022 [105] ANSYS CFD, VOF, SIMPLE Using numerical simulations to predict how Free Surface Level

variations around finite-length vegetation affect flow structure.

Liu and
Hayatdavoodi, 2023 [106] OpenFOAM VOF, CFD To investigate the impact of waves and bores generated by broken

solitary waves on horizontal decks of coastal structures.

Paulin et al., 2022 [107] MATLAB MAP

To enhance the 4D-Var method for filtering partially observed
nonlinear chaotic dynamical systems by improving the accuracy of

the initial condition estimation and subsequent propagation via
model dynamics.

Kalligeris et al., 2022 [108] Agisoft, ArcGIS DEM
To infer complete tsunami hydrographs from field measurements

and to report the first wave arrival timing, polarity information, and
tsunami height/run-up measurements for five islands.

Tong et al., 2023 [109] MATLAB MAP To compute the probability of tsunamis reaching a certain size on
shore based on earthquake-induced seafloor elevations.

Dai et al., 2021 [110] QGIS DEM
To simulate the formation of a weak layer in the mountainous slope

leading to the Taan Fiord landslide and to analyze the triggering
factors from a geotechnical engineering perspective.

Madden et al., 2023 [111] GeoClaw DEM
To leverage Google’s Tensor Processing Unit to rapidly evaluate

different tsunami risk mitigation strategies, making
high-performance computing accessible to communities.

Yuan et al., 2021 [112] COMCOT PTHA, NSWE, LSWE To conduct a PTHA for mainland China and Taiwan Island.

Celikbas et al., 2023 [113] ArcGIS DEM
To assess tsunami evacuation planning for the Bodrum district along
Turkey’s western coast, which faces significant tsunami risks due to

the active seismicity in the Eastern Mediterranean Sea.
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Table 1. Cont.

Author(s) and Year Citation Software Methods Application

Zengaffinen-Morris
et al., 2022 [114] ArcGIS PTHA To address the challenges in PTHA related to submarine landslides,

which have been less explored than earthquake sources.

Mokhtarzadeh et al.,
2022 [115] OpenFOAM VOF, CFD

To present numerical simulations of impulsive waves generated by
various landslides, including solid block, granular materials, and

heavy block sinking.

Mu et al., 2023 [116] OpenFOAM CFD, VOF, SIMPLE,
PIMPLE, PISO

To investigate a three-dimensional dam-break flow scenario
interacting with vertical circular and square cylinders using

computational fluid dynamics simulations.

Dai et al., 2023 [117] OpenFOAM SPH To investigate submarine landslide tsunamis, a significant global
geohazard.

Zhang et al., 2021 [118] MATLAB SWE

To develop a numerical method, specifically a rezoning-type
adaptive moving mesh discontinuous Galerkin method, for

accurately solving the Shallow Water Equations over non-flat bottom
topography.

Ersoy et al., 2022 [119] ArcGIS VOF, CFD
To assess the potential risk posed by impulse waves originating from
concurrent landslides in Çetin Dam Reservoir in Southeast Turkey,

located near an active orogenic belt.

Paris et al., 2021 [120] OpenFOAM CFD, PIMPLE, PISO,
SIMPLE To model tsunamis generated by granular landslides.

Lo Re et al., 2022 [121] MATLAB, QGIS PTHA, DEM To assess and quantify the vulnerability of buildings in Marzamemi,
Sicily, to tsunami hazards.

Takegawa et al., 2023 [122] OpenFOAM PISO, VOF
To investigate optimal dike shapes to mitigate tsunami overflow,
focusing on numerical simulations based on waveforms from the

Great East Japan Earthquake.

Table 1 presents a synthesis of the included articles in the systematic review. The
reason for each tool is provided. In Appendix A, Table A1, each tool is described; the
descriptions are based on the official sources of each tool. The tools we found include
OpenFOAM, CALIB, MATLAB, ArcGIS, COMCOT, Delft3D, GeoClaw, ANSYS, Agisoft,
MB-System, QGIS, Tsunami-2d, VOLNA, Amira, DSAS, Fledermaus, FLOW3D, Gambit,
Geosoft Oasis, Geowave, HAZUS, HydroSed2D, ICEM, OsiriX DICOM, R-studio, reflexW,
SPAD. In Appendix A, Table A2 captures the transposed usage for each method, respec-
tively, for all method usage in the articles we analyzed. The methods we found include
the following: Accelerator Mass Spectrometry (AMS), Computational Fluid Dynamics
(CFD), Constant Rate of Supply method (CRS), Digital Elevation Models (DEM), Finite
Area Method (FAM), Fuzzy C-Means Clustering (FCM), Finite Element Mesh (FEM), Fast
Fourier Transform (FFT), Finite Volume with Characteristic Flux (FVCF), Finite Volume
Method (FVM), Gustafsson–Kreiss–Sundström stability theory (GKS), Ground-Penetrating
Radar (GPR), Linear Shallow Water Equations (LSWE), Maximum a posteriori values
(MAP), MONTE CARLO (MC), Method for Splitting Tsunamis (MOST), Multidimensional
Universal Limiter for Explicit Solution (MULES), Nonlinear Shallow Water Equations
(NSWE), Principal Component Analysis (PCA), Pressure Implicit with Splitting of Opera-
tor (PIMPLE), Pressure Implicit with Splitting of Operators (PISO), Probabilistic Tsunami
Hazard Analysis (PTHA), Semi-Implicit Method for Pressure-Linked Equations (SIMPLE),
Smoothed Particle Hydrodynamics (SPH), Shallow Water Equations (SWE), and volume of
fluid (VOF).

Based on Tables 1 and A1 presented in Appendix A, two types of the most numerous
tsunami-related models can be identified, namely, models that directly model tsunamis
or parts of tsunamis and models aimed at identifying events in history based on tsunami
deposit examination.
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Figure 3. The interconnectedness of methods, tools, and SW applications with their tools. Note:
This figure shows the interconnectedness of using the different tsunami modeling tools. Unlike the
previous figure focusing on keywords, the individual tools are quite significantly interconnected
(own work; software: VOSviewer [16]).

Table 2 shows the selected ratio of software use to the scientific disciplines (categories
in which articles are classified in WoS) in which the articles were published (the whole
table is in Appendix A, Table A3). As the Pareto rule of thumb suggests, 80.1% of software
use belongs to 8 (30.8%) individual software. The situation is similar in the scientific fields,
where 80.3% of the software used falls into 10 (34.5%) scientific fields related to tsunamis.

As mentioned earlier and shown in Figure 3, the different tsunami tools are interrelated.
This interdependence is also evident in the scientific fields in which the papers were
published. OpenFOAM (used in 32% of total cases) is the most multidisciplinary software
application. For example, the MATLAB tool (used in 13.1% of total cases) was expected to
be applied in various domains because of the multidisciplinary use of the tool in general.
Surprisingly, the multidisciplinary application was not expected in the case of the CALIB
tool (used in 8.6% of total cases). However, the results revealed the contrary.
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Table 2. Application of SW tools in particular research domains.
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Total

Geosciences, Multidisciplinary 3 8 4 5 8 0 1 3 3 0 35
Oceanography 8 5 3 1 3 2 1 1 1 2 27

Engineering, Ocean 16 1 4 1 0 2 2 1 0 0 27
Engineering, Civil 10 1 3 1 0 3 1 1 0 0 20
Water Resources 6 4 1 3 1 0 1 1 1 0 18

Meteorology and Atmospheric Sciences 3 3 2 3 1 0 1 0 1 0 14
Engineering, Marine 8 0 2 0 0 2 1 1 0 0 14

Geochemistry and Geophysics 0 0 3 3 1 0 0 0 1 0 8
Engineering, Multidisciplinary 2 0 1 0 0 1 0 0 0 3 7

Multidisciplinary Sciences 0 2 0 0 1 0 1 1 0 0 5
Total 56 24 23 17 15 10 9 9 7 5

Note: These are selected fields and tools. For an overall overview, see Appendix A, Table A3. The fields of each
article are retrieved from WoS. The number of fields varies for each article.

3.2. SD Model of Tsunami-Related Phenomena

As it is clear from the literature analysis, various methods and tools are used in tsunami
research. However, system dynamics tools, particular software applications, or methods
are not used. The reason is apparent. Applied techniques, tools, and software packages
focus on a specific domain or set of issues. They enable highly specialized modeling and
simulation. The aim of this section is to demonstrate the suitability of the system dynamics
methodology for modeling and simulation of various aspects of tsunamis and the mutual
interconnection of soft and hard disciplines. Hence, a model of tsunami-oriented aspects has
been developed. The model contains seven main subsystems (modules), which represent
topics under study, namely the module describing the tsunami as a natural phenomenon
(The formation of the Tsunami) and six other modules showing the spheres affected by the
tsunami wave, namely the modules People, Buildings, Infrastructure, Finance, Defensive
elements, and Environment. Apparently, modules can be extended by any aspect we need
to investigate. This configuration is created only for demonstrative purposes.

3.2.1. The Formation of the Tsunami

Apparently, it all starts with the formation of a tsunami. Developed links are arbitrary
to enable meaningful and performable analysis. Together with the module containing
defensive elements, the tsunami formation represents the “hard” part of the model in which
exact relations among variables based on physical laws and principles must be modeled.
Other modules contain more or less ambiguous relationships due to their softness. Their
settings can be determined not only based on established relationships but also by model
creators based on their expertise, best practices, or rules. The module contains tsunami
formation and propagation and is presented in the following Figures 4 and 5.

This module is grounded in a set of converters, which mainly describe the behavior of
the wave and their values. The module is based on equations presented in Appendix B.
Water depth can be considered as the starting point of the module description. It is expressed
using a graphical function. We have modeled a change in the depth of the water column,
which is a function of time during the wave propagation and starts at the default value
of 10,000 m and ends at 0 m. The change in the bottom terrain during the wave can be
adjusted as needed based, for instance, on bathymetry data. Further variables associated
with water depth are reckoned using the formulas from Appendix B.

The existence of shallow water waves must be verified, as tsunamis usually spread as
this type of wave. This is verified by a simple condition that returns 0 if the shallow water
wave does not exist and deactivates the module.
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The wave height represents another important value associated with a wave at sea.
Although unnecessary, the flow was chosen for this value instead of the converter, as this
will allow a better connection with the wave amplitude value for which the conveyor must
be used. The basic formula is used to determine the wave height at sea, which expresses
that the more the sea depth decreases (the land approaches), the more the wave height
increases. This value will be used to obtain information about the wave at the coast and the
rise of the wave.

Another formula is based on maintaining wave energy flow and applies to so-called
breaking and non-breaking waves. We also determine the value of the run-up factor and
the maximum run-up height, which leads to the calculation of the Imamura-lida magnitude
scale. This scale includes twelve different grades based on seismic intensity [123]. Other
values that the maximum run-up height needs as input are wave height before shoaling and
inclination of the coast. Wave shoaling is an effect that causes the surface waves that enter
the shore to change their height. The height of these waves is needed for the model. The
value was set to 8 m for this particular wave. The inclination of the coast is also a given
value of 1.30176852 radians.
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Figure 4. (a) Part of SD model: tsunami formation, seismic activity. Note: This part of the diagram
shows the formation of a tsunami from seismic activity (own work; software: Stella Professional).
(b) Part of SD model: tsunami formation. Note: This segment of the diagram focuses on wave
formation The area dealing with wave height shows that it is affected by water depth, wave amplitude,
and wave propagation speed. The section dedicated to wave run-up illustrates how run-up is
influenced by ground slope, surface roughness, and the loss in wave height per meter of inundation
distance. The part of the diagram concerning waves behind a barrier includes factors like barrier
level and barrier efficiency. This segment of the diagram focuses on tsunami simulation and includes
parameters such as assumed water depth, assumed tsunami height, and wave distribution after
propagating over various terrains (own work; software: Stella Professional).
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Figure 5. Part of SD model: tsunami formation, variants of formation. Note: This image shows
diagram sections comprising other possible tsunami sources. Compared to Figure 4a, these are rather
minor in terms of importance and frequency of occurrence (own work; software: Stella Professional).
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The model uses another slope, namely the Inclination of the water surface. This is also set
as a fixed value for the given wave as 0.00021025 radians. This value is then used to calculate
the flow velocity of the run-up. We also need to calculate the value of inundation depth and
the so-called Manning’s roughness coefficient. The Manning’s roughness coefficient is used
in the Manning formula to calculate flow in open channels. In this case, the individual
materials are entered in the fields, and a corresponding coefficient is added to them for
easy material change. Now, for example, the material Earth Channel Weedy, a grassy earth
channel with a coefficient of 0.030, is used [124]. This coefficient is also used for other
calculations, such as inundation distance and flood distance. Its calculation uses only two
values: coefficient and wave height at the shore, which is set at 1.928 m. Wave height at the
shore is also used to calculate the loss in wave height per meter of inundation distance and the
loss of wave height per meter of flooding distance. The last calculation is the wave run-up,
which uses the above values and the so-called experimental constant, with a value of 0.5.

Five sectors further extend this basic module. These sectors deal with the emergence
of the tsunami and can be linked to the primary model. Specific sectors are seismic activity,
atmospheric disturbances, submarine landslides, meteorite impact, and volcanism.

3.2.2. People

This module illustrates the effect of a tsunami on the number of people in different
categories, as presented in Figure 6. It is run entirely in units of People. Nine levels are
included. In the first Population in the state reservoir, at time zero, the number of all people
in the area affected by the tsunami is zero. In fact, except for the Population in the state
variable, all other reservoirs are set to zero during the simulation initiation. This module is
activated once the module The formation of the Tsunami is activated. The outflows separate
the population into two other reservoirs, namely the affected population and the unaffected
population, in both of these reservoirs at time zero because when the tsunami has not yet
arrived, there is no need to distinguish between these two categories. People are further
divided into those who are injured, dead, or uninjured into the Injured people, Dead people,
and Unharmed people reservoirs. Rescuers is another reservoir where we have a number of
rescuers in the area. Rescuers are then also divided into uninjured, wounded, and dead
through model outflows. The last two reservoirs concern paramedics. The first is Paramedics
in the state, where we have the number of all medics available, and the second is Paramedics
in the area, where we have the number of all medics in a given location affected by the wave.

3.2.3. Buildings

This module, with the structure presented in Figure 7, demonstrates how the tsunami
damaged or completely destroyed buildings in the area, as well as how reparation is funded
from the Finance module later on. This module is influenced by The formation of the Tsunami
module as well as the Finance module and is entirely in units of Buildings. The module is
constructed based on the works of Leone at al. [125] and Rossetto at al. [126].

There are four reservoirs in this module, namely Buildings, Damaged buildings, Repaired
buildings, and Destructed buildings. The Buildings repository contains a number of different
types of buildings that are located in a given area. Buildings flow into the Damaged
buildings storehouse, which are damaged by the tsunami and are classified according to the
type of damage. Buildings that were completely destroyed by the tsunami wave flow into
the Destructed buildings reservoir. After a while, the buildings will start to be repaired, and
from the Damaged buildings reservoir, the buildings will start to flow into the Repaired
buildings reservoir according to the volume of funds flowing from the last reservoir in this
model, namely Finances divided into areas. This stock comes from the Finance module.
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Figure 6. Part of SD model: impact on population. Note: This figure captures how the affected
population is influenced by the impact rate and population density in the affected area. Mortality rate
and injury rate determine the number of deaths and injured people, respectively. The diagram also
includes the role of paramedics, showing how their assistance is divided between the unaffected and
affected areas. Finally, the environment, specifically contaminated water, plays a role in the health
outcomes of both injured people and rescuers, contributing to fatal injuries and deaths (own work;
software: Stella Professional).
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Figure 7. Part of SD model: impact on buildings. Note: This segment of the diagram focuses on the
impact of a tsunami on buildings, specifically considering the assumed maximum tsunami height
barrier. The flow depth and intensity of destruction affect the average level of damage to buildings.
Damaged buildings are then categorized based on the rate of destruction (own work; software: Stella
Professional).
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In three reservoirs, Buildings, Damaged buildings, and Repaired buildings, we have used
arrays, namely “Types of buildings”, where the buildings are divided according to their
durability. In the Damaged buildings and Repaired buildings reservoirs, another array is
used, namely “Damage”, where we have types of building damage (initial values are in
oval brackets, array Damage has zero initial values):

• Array Types of building
• Wood and metal plates (180);
• Brick building (550);
• Larger reinforced brick buildings (90);
• Buildings with unreinforced concrete structures (63);
• Buildings with reinforced concrete structures (27).
• Array Damage
• Slight damage to the roof and furniture;
• Medium damage to walls and windows;
• Construction damage;
• Extreme construction damage.

3.2.4. Infrastructure

Based on the work of Ghobarah and Saatcioglu [127] and Valencia et al. [128], this
module represents the damage of tsunamis to traffic communications (see Figure 8). Then,
the wave damage to water pipes and poles with power cables is modeled here. The module
also shows how communications and cable poles are repaired after the wave leaves with
units of kilometers or meters. This module is influenced by the module The formation of the
Tsunami and the Finance module.
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Figure 8. Part of SD model: impact on infrastructure. Note: This figure shows the infrastructure
that a wave can damage or destroy. Several types of materials for each part can suffer from the
tsunami impact. For example, water pipes can be plastic, copper, or steel (own work; software: Stella
Professional).
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There are three reservoirs in these modules: communications (Roads, Railways), water
pipes (plastic, copper, metal), and power cables. Regarding communications, there are three
repositories, namely Communications, Destroyed communications, and Repaired communications
with units of kilometers. While initial values of Roads and Railways are set to 500 and 350,
respectively, Destroyed communications and Repaired communications are set to 0 as
the initial condition before the tsunami’s arrival. Similar to communications, water pipes
consist of water pipes and destroyed water pipes with an array applied to different types
of pipes, namely plastic, copper, and metal. Initial values are set to 10,000, 20,000, and
15,000, respectively. Destroyed water pipes have the initial value set to 0. Power cables
contain three stocks: Power cables, Destroyed power cables, and New poles and cables.
A two-dimensional array is used here: Pole material and height. Materials considered
are wood, concrete, and metal. Height is divided into groups lower than 5 m, from 5 to
10 m, and higher than 10 m. With respect to arrays, initial values are [30,000, 25,000, 15,000;
200,000, 15,000, 3000; 120,000, 30,000, 20,000]. Initial values of Destroyed power cables and
New power cables are set to 0 again.

3.2.5. Finance

In this module, selected financial issues are modeled (see Figure 9). It demonstrates the
amount of pledged financial resources and investments into the impacted area. Moreover,
distribution to various areas is also included. The work of Heger and Neumayer [129] and
Kweifio-Okai [130] is used to build particular model elements and relationships. There are
three main modules interacting with Finance, namely Building, Environment, and People.
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Figure 9. Part of SD model: financial impact. Note: This figure shows the financial aspect of the
model, namely the income side. It considers state support and international financial aid, which
usually comes with a delay (own work; software: Stella Professional).
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This module has four reservoirs: Financial support, Finances of the affected state,
Finance for damages, and Finance divided into areas. The first reservoir contains a value
representing all the funds that have been raised to support the affected area from sources
other than the state, such as contributions from other states, charities, or individuals. The
second reservoir contains the finances of the affected state. Finances for damages add
funds from the state and funds from other sources. The last reservoir contains an array of
particular areas, which are Food, Infrastructure renewal, Water, Healthcare, Shelters, and
Defense elements.

3.2.6. Defense Elements

The Defense element module consists of five sectors focusing on the most essential
tools used in practice. All of these sectors overtake initial data from the module The
formation of the Tsunami. This model is not directly linked to other modules. However,
connection to other modules can be considered. For instance, an apparent connection can
be made with the Finance module. Due to the illustrative nature of this model, further
development in this direction is not applied. Although the modules are not interconnected,
the financial side is also, at least, tentatively mentioned in the individual sections.

• Self-elevating Seawalls

Figure 10 presents the structure of the variables associated with self-elevating seawalls.
Based on experiments and numerical analysis in OpenFOAM, the equations provided in
Appendix C were used for calculations.
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Figure 10. Part of SD model: self-elevating seawalls. Note: This figure exhibits the mechanism of
self-elevating seawalls. This part of the model can be switched off as required. This option reflects
the requirements of reality, where not every area can have this type of barrier (own work; software:
Stella Professional).
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The hydraulic head between the sea and the port side, where the gate is located, is
represented in Equation 19 in Appendix C by the letter h, and this value is set at 2 m. The
experimental coefficient value is set at 0.0354 to best determine the velocity in the so-called
seepage flow, which is the flow of fluid (water) in the permeable layers, in our case, a rubble
wall composed of stones with a diameter of 50 cm.

Next, Surge force per unit width of the wall is reckoned, while the density of seawater is
1.0273 kg

m3 and the surge height is 30 m. The time series of water levels could be represented
by the Gaussian distribution, which can reproduce the rapid rise and subsequent fall of the
water level η. Time is determined in seconds, and rise time indicates the time required to
reach the top of the water level.

Flow discharge via the gap was calculated by taking advantage of Torricelli’s theorem.
It is set as a condition because four different situations can occur, depending on the gap
width and discharge coefficient setting, which must be lower than 1. The hydraulic head
between the seaside and the port side of the gate is again represented by the letter h. The
friction loss within the gate gap is set at 2 m. The water depth in the gate gap is set at 4.5 m.
The last important value is the correction factor.

Friction loss within the gate gap can be calculated using the Darcy–Welsbach formula.
This value should be small when the gate width is narrow. The condition below is based on
Torricelli’s theorem. In any case, the discharge coefficient was derived purely from numeri-
cal analysis. Therefore, The correction factor aims to adjust the formula by incorporating
other energy-dissipating mechanisms that cannot fully reproduce the hydrodynamic model
Takagi et al. [131].

The discharge coefficient balances tsunami momentum and energy loss, leading to
reduced flow, friction, shrinkage, expansion, and swirling. The larger the coefficient, the
more momentum prevails, facilitating the flow of water through the gap. The regression
between the discharge coefficient and the hydraulic head was derived for w = 10, 15, 20,
30 cm as follows.

w = 10 cm: IF(h ≤ 2)THEN((0.24 × h) + 0.45) ELSE 0.93 (1)

w = 15 cm: −0.04 × h2 + 0.34 h + 0.18 (2)

w = 20 cm: 0.15 h + 0.29 (3)

w = 30 cm: 0.15 h + 0.25 (4)

The model sets the gap width and discharge coefficient as an array.
We can also determine whether the wall is functional or not based on the idea that the

width of the gap in the floating breakwater system should be less than 3% of the total port
breakwater section Nakashima et al. [132]. If applied condition 19 is met, the breakwater is
functional. However, no technical procedure has been proposed to estimate the tsunami
influx. The flow through such a constriction is usually complicated, so the resulting flow
pattern is not easily subjected to any analytical solution.

The price is only estimated based on the Kamaishi Protection Breakwater in Japan,
which is the deepest in the world. The price for 1 m2 = USD 8.954 was determined and
based on data from a hypothetical wall in a model for which we know the height, height,
and length. So first, we calculate the size of the seawall size = height × lenght. We can
use the formula cost o f the wall = size o f the wall × 8.954, for calculation of the cost of the
wall, a hypothetical price in U.S. dollars.

• Breakwaters

The breakwaters sector, whose structure is presented in Figure 11, requires a wave
height as an input value. Data for this particular model are taken from Ooya Harbor.
Hudson’s formula [133,134] was used as a starting point during past tsunami events to
analyze the stability of the defensive breakwater. According to this formula, the weight of
the required armor is proportional to the wave height of the proposed incident. The density
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of armor has a value of about 133 × 1000 kg/m3. In contrast, the relative underwater
density of armor is only 15 × 1000 kg/m3. The slope of the structure was set to 30 rad for
this situation. It should be noted that using the Empirically determined damage coefficient
value is exposed to wind waves that do not exceed the peak for rubble structures. Therefore,
the way the value is used here is not what it was intended for (i.e., for very long periods
of waves exceeding rubble structures and breakwaters). Nevertheless, the armor units
will benefit from the coupling effect when they resist the forces acting on them due to
the tsunami currents. Without any better action, Esteban et al. [135] suggested that the
Empirically determined damage coefficient values could be used, although it is clear that
further research is needed on this issue.
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Figure 11. Part of SD model: breakwaters (own work; software: Stella Professional).

Unlike formulas such as Van der Meer [136], Hudson’s formula does not provide an
indication of the degree of damage that can be expected as a result of an event. However,
in order to quantify the strength of the structure, the armor damage was measured by a
factor S similar to that used by Van der Meer. The ratio was defined as the ratio between
the weight of the required armor and the actual weight of the armor.

• Vertical deep barrier

The vertical deep barrier sector with the structure presented in Figure 12 requires the
input values water depth and gravitational acceleration. Pressure waves from earthquakes
and landslides rebound from stable walls and then propagate back into the ocean [137].
High tsunamis develop only at depths of less than about 500 m or even 200 m. All
calculations are based on the work of Levin and Nosov [138].
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An array is inserted in the amplitude or wave height for easy switching between sample
values. We can also determine if the barrier is effective and efficient based on a simple condition
IF e f f iciency = (tsunami barrier height > amplitude or wave height ) THEN 1 ELSE 0. We can
also roughly determine the price based on the tsunami barrier height.

• Other defense alternatives

Two additional Defense elements were developed only for analytical purposes; their
integration into the model is not necessary. These alternatives are the Caisson breakwater
(see Figure 13) and the influence of coastal vegetation (see Figure 14).
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3.2.7. Environment

This module shows how the tsunami will affect nature on the coast and at sea. There
is also a model of drinking water contamination or sea pollution by various wastes. This
module is affected by the module The formation of the Tsunami. This module (see Figure 15)
is developed based on the work of Srinivas and Nakagawa [139].

There are four reservoirs in this module, namely Dead animals, Contaminated water,
Destroyed coastal and sea life, and Waste in the sea. The values of all reservoirs are
set to zero at the beginning of the simulation. The meanings of single reservoirs are
self-explanatory. There are two arrays applied. In Destroyed coastal and sea life, types of
vegetation, such as coral reefs, marine plants, mangrove forests, and coastal vegetation in
cubic meters are used. In Waste in the sea, an array of specific types of waste is applied,
namely (general) waste, soil, and debris. Waste is measured in kilograms and indicates the
number of different types of waste that enter the sea when the wave recedes.
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Figure 14. Part of SD model: influence of coastal vegetation. Note: This figure shows the impact of
the wave on the vegetation and vice versa. There are several types of vegetation in this part of the
model, and different vegetation parameters are assumed (own work; software: Stella Professional).

Sci 2024, 6, x FOR PEER REVIEW 28 of 47 
 

 

3.2.7. Environment 
This module shows how the tsunami will affect nature on the coast and at sea. There 

is also a model of drinking water contamination or sea pollution by various wastes. This 
module is affected by the module The formation of the Tsunami. This module (see Figure 15) 
is developed based on the work of Srinivas and Nakagawa [139]. 

 
Figure 15. Part of SD model: impact on fauna and flora. Note: This part of the model shows the 
impact of the wave on fauna and flora. The amount of waste moved into the sea and the amount of 
marine life destroyed are examples of the main indicators monitored here (own work; software: 
Stella Professional). 

There are four reservoirs in this module, namely Dead animals, Contaminated water, 
Destroyed coastal and sea life, and Waste in the sea. The values of all reservoirs are set to 
zero at the beginning of the simulation. The meanings of single reservoirs are self-explan-
atory. There are two arrays applied. In Destroyed coastal and sea life, types of vegetation, 
such as coral reefs, marine plants, mangrove forests, and coastal vegetation in cubic me-
ters are used. In Waste in the sea, an array of specific types of waste is applied, namely 
(general) waste, soil, and debris. Waste is measured in kilograms and indicates the number 
of different types of waste that enter the sea when the wave recedes. 

3.2.8. Model Simulation 
Due to the main purpose of the model and its illustrative nature, simulations were 

not used for the analysis or for finding a solution for a specific case or event. The aim was 
to show the possibilities of system dynamics in connecting various disciplines into one 
multidisciplinary descriptive mechanism. Therefore, all tests usually executed on the 
available model, such as what-if or sensitivity analysis, were not conducted. However, the 
model successfully passed the robustness test under extreme conditions and structural 
and behavioral tests. 

The initial model parametrization is based on values indicated in previous sections 
presenting particular modules and sectors. Further parametrization is based on data as-
sociated with a specific tsunami wave from 2004 in the Banda Aceh area of Indonesia. 

Figure 15. Part of SD model: impact on fauna and flora. Note: This part of the model shows the
impact of the wave on fauna and flora. The amount of waste moved into the sea and the amount
of marine life destroyed are examples of the main indicators monitored here (own work; software:
Stella Professional).
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3.2.8. Model Simulation

Due to the main purpose of the model and its illustrative nature, simulations were
not used for the analysis or for finding a solution for a specific case or event. The aim
was to show the possibilities of system dynamics in connecting various disciplines into
one multidisciplinary descriptive mechanism. Therefore, all tests usually executed on the
available model, such as what-if or sensitivity analysis, were not conducted. However, the
model successfully passed the robustness test under extreme conditions and structural and
behavioral tests.

The initial model parametrization is based on values indicated in previous sections
presenting particular modules and sectors. Further parametrization is based on data associ-
ated with a specific tsunami wave from 2004 in the Banda Aceh area of Indonesia. Further
settings can be found in the model, which is included in the Appendices A–C associated
with this manuscript. There is one principal issue associated with the simulation. The
model contains processes that take place in various time units. Simple unification is not pos-
sible in one model. We can either develop two separate models based on specific time units
or use multiple simulations with simultaneous switching off of selected sectors. However,
the solution is feasible. The one-hour step was selected as the time unit for the simulations
used for all modules except the Formation of tsunami and Defense elements. These two
modules use the one-second step. The following figures demonstrate the dynamics of the
selected variable in each module. Figure 16 shows the situation of the population 100 h after
the start of the simulation. The population was first divided into affected and unaffected
populations. The affected population became either injured, uninjured, or dead. Figure 17
shows the size of the destruction in terms of communications and water pipe damage. As
determined by the model’s initial parametrization, roads are being repaired in terms tens
of hours while the reparation of water pipes is postponed. Figures 18 and 19 present the
outputs of the sensitivity analysis. Figure 18 captures the barrier utility at different levels of
barrier effectiveness and different levels of potential wave height at impact. The right part
of the graph (shown in green and separated by the black line) captures usefulness greater
than 91%. The black line (on the right side) defines the region of usefulness between 89%
and 91%. The part of the graph between the black lines describes the condition where the
barrier application is useful. The left part of the graph (to the left black line) shows the
situation where the application of the barrier is counterproductive. Figure 19 captures the
change in the utility of barrier application relative to the effectiveness of the barrier and the
potential wave height.
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vertical axis is monitored in units of People; all three variables can reach values between predefined
minima and maxima (Injured people min = 0, max = 80,000; Dead people min = 0, max = 500;
Paramedics in the affected area min = 300, max = 1100) (own work; software: Stella Professional).
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4. Study Limitations

This study has several principal limitations, which can be clustered into two segments.
The first segment contains issues related to the literature review and analysis that was
conducted. The second one is associated with the developed model. As for the former,
the first limitation is the incomplete identification of all relevant articles. We were not
able to circumvent this limitation because of the use of the term “tsunami” even in a field
where it is used in a context other than its original meaning, an example being “obesity
tsunami” or “addiction tsunami”, etc. Based on the use of this word, we had to add an
auxiliary relevant keyword to remove redundant articles. This step may have caused not
all relevant articles to be found. Another limitation is in the search for software used,
where not all studies mention the name of the software used and/or do not use the word
“software” next to the software name. We were able to partially circumvent this limitation
by using a double-machine full-text search, wherein the first step, the retrieved articles were
searched for the term “software”, followed by recording the names of the reported software
and then performing a full-text search for the names of the retrieved software. Another
limitation was that not all articles were found in the full-text version. Additional steps may
be taken in future replications or extensions of this study to obtain a comprehensive pool
of articles. Moreover, additional resources and paper repositories are available. Searching
their content, on the other hand, would result in more redundancy in acquired papers
rather than new discoveries. Regarding the model itself, we need to highlight that the
purpose of the presented model is to demonstrate the possibility of integrating various
disciplines in the investigation of complex multidisciplinary phenomena. Thus, particular
modules and subsystems may seem to be incomplete or need to be elaborated. Indeed,
they are, and they do need. The main intention is to outline how tsunami research can be at
least partially consolidated. Elaboration would lead to a higher density of interconnections,
which does not have to support comprehensibility and meaningfulness. Although the
presented study is comprehensive, the list of tools, techniques, methods, or software
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toolkits cannot be fully exhausted. Various software applications are used for particular
and specific aspects of tsunami-related science [140]. For instance, the topic of the fragility
of constructions due to the tsunami impact (e.g., [141–148]) can serve as an example, which
is not explored much in this study. However, the goal of this paper was not to create
a comprehensive picture of tsunami research but only the part where tsunami-related
software and modeling methods are used to investigate tsunamis. In future research, we
could compare approaches to tsunami research using software and “software-free” tsunami
research. The most significant challenge is related to the time units used in the model.
There are processes that are more convenient to simulate in seconds or minutes, while other
processes take place in the order of hours or days. Unification in the system dynamics
model can be achieved, for instance, by developing the simulation of two separate models.
This represents the main research challenge in this domain.

5. Conclusions

With advances in computing power and software for modeling and simulation, the
capabilities in the vast majority of scientific fields have advanced [149], and this is also true
in the field of tsunami research [150]. In our study, we identified the most widely used
software and methods in the tsunami field over the last decade. We also identified the
sectors in the tsunami field where software and methods are used. Furthermore, we have
assigned each software and method their function for the analyzed article. The most signif-
icant software packages in the tsunami research we identified include OpenFOAM, CALIB,
MATLAB, ArcGIS, and COMCOT. The methods we have identified belong to various
fields of study and are mostly focused on the tsunami origin or its propagation, exploring
historical tsunamis based on tsunami deposits, modeling tsunamis in 3D space, identifying
tsunami impacts, exploring relevant variables for tsunamis, creating tsunami impact maps,
and comparing simulation results with real data. Various methods are applied, such as the
Accelerator Mass Spectrometry, Computational Fluid Dynamics, Constant Rate of Supply
Method, Digital Elevation Models, Finite Area Method, Fuzzy C-Means Clustering, and
probabilistic tsunami hazard analysis. The importance of finding a tool that would not
be over-specialized and narrowly focused on particular aspects of tsunamis needs to be
emphasized as the main added value of this study. It is apparent that the existing special-
ized tools or methods used in particular fields of study need to be applied to find answers
to particular domain-related research questions. However, due to the multidisciplinary
nature of tsunamis, the more complex systems approach needs to be applied. The holistic
view and feedback structures with mutually interconnected parts represent its primary
attributes. Data or information acquired by tools, techniques, or modeling software can be
used as inputs to more complex models, which would improve understanding and insights
into tsunami phenomena. No study used or mentioned the possibility of applying system
dynamics as a methodological tool, which focuses on capturing change and behavior over
time. This approach is applied in various disciplines. This study demonstrates that the
application of system dynamics as a commonly used modeling and simulation methodol-
ogy can be successfully used for the implementation of the system perspective in tsunami
research.
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Appendix A

Table A1. SW tools description.

Tool Website Usage In Total

Agisoft https://www.agisoft.com/, accessed on 15 March 2023 For photogrammetric process; for image post-processing 3

Agisoft Metashape is a stand-alone software product that performs photogrammetric processing of digital images and generates 3D spatial data to be used in GIS
applications, cultural heritage documentation, and visual effects production, as well as for indirect measurements of objects of various scales.

Amira
https://www.thermofisher.com/cz/en/home/electron-

microscopy/products/software-em-3d-vis/amira-software.
html, accessed on 15 March 2023

Tsunami waves visualization 1

Amira Software is a comprehensive and versatile 2D–5D solution for visualizing, analyzing, and understanding life science and biomedical research data from many
image modalities, including Optical and Electron Microscopy, CT, MRI, and other imaging techniques. With incredible speed and flexibility, Amira Software supports

advanced 2D–5D bioimaging workflows in research areas ranging from structural and cellular biology to tissue imaging, neuroscience, preclinical imaging, and
bioengineering. From any 3D image data, including time series and multi-channel, Amira Software delivers a comprehensive range of data visualization, processing, and
analysis capabilities. Amira Software allows life science and biomedical researchers to gain invaluable insights into their data at different scales and from any modality.

ANSYS https://www.ansys.com/, accessed on 15 March 2023 Modeling and validation of numerical models; to build
numerical model; to build a channel domain 5

Ansys Discovery is the first simulation-driven design tool to combine instant physics simulation, proven Ansys high-fidelity simulation, and interactive geometry
modeling in a single user experience.

ArcGIS https://www.ArcGIS.com/index.html, accessed on
15 March 2023

To identify blocks; for merging and checking data; for
calculation of slope gradient; for evacuation potential; to plot a

tectonic map; to subtract backscatter and seismic data, the
post-slide bathymetry grid; to create map of studied area; for

incorporating collected data; to model wave heights and
inundation for a range of SLR scenarios

15

ArcGIS offers unique capabilities and flexible licensing for applying location-based analytics to your business practices. Gain greater insights using contextual tools to
visualize and analyze your data. Collaborate and share via maps, apps, dashboards, and reports.

CALIB http://calib.org/calib/, accessed on 15 March 2023 To calibrate radiocarbon ages 12

Without official description

COMCOT

https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1
.512.84&rep=rep1&type=pdf, accessed on 15 March 2023

Note: We could not find official website; included link is to
manual for COMCOT software

NSWE solver; to simulate the entire life-span of a tsunami; to
simulate tsunami propagation from its origin to coastal areas;

to simulate tsunami events; for the wave propagation; to
validate combination of time step, grid spacing, and depth

9

COMCOT (Cornell Multi-grid Coupled Tsunami model) adopts explicit staggered leap-frog finite difference schemes to solve Shallow Water Equations in both Spherical
and Cartesian Coordinates. A nested grid system, dynamically coupled up to 12 levels (which will also be referred to as layers) with different grid resolutions, can be

implemented in the model to fulfill the need for tsunami simulations in different scales.

Delft3D https://oss.deltares.nl/web/delft3d, accessed on
15 March 2023

To create a grid; to simulate tsunami; to model wave heights
and inundation for a range of SLR scenarios 4

Delft3D is open-source software and facilitates the hydrodynamic (Delft3D-FLOW module), morphodynamic (Delft3D-MOR module), waves (Delft3D-WAVE module),
water quality (Delft3D-WAQ module including the DELWAQ kernel), and particle (Delft3D-PART module) modeling.

DSAS
https://www.usgs.gov/centers/whcmsc/science/digital-

shoreline-analysis-system-dsas?qt-science_center_objects=0#
qt-science_center_objects, accessed on 15 March 2023

Determination of coastline change 1

The Digital Shoreline Analysis System (DSAS) v5.0 software is an add-in to Esri ArcGIS desktop 10.4–10.6 that enables a user to calculate rate-of-change statistics from
multiple historical shoreline positions. It provides an automated method for establishing measurement locations, performs rate calculations, provides the statistical data
necessary to assess the robustness of the rates, and includes a beta model of shoreline forecasting with the option to generate 10- and/or 20-year shoreline horizons and

uncertainty bands.

Fledermaus https://qps.nl/fledermaus/, accessed on 15 March 2023 For digital elevation models 1

Fledermaus unlocks the potential of data, with a wide variety of analysis tools working in 3D or 4D space. With fast and easy presentation tools, it shows data better than
ever before.

FLOW3D https://www.flow3d.com/, accessed on 15 March 2023 Simulate tsunami 1

FLOW-3D is an accurate, fast, proven CFD software that solves the toughest free-surface flow problems. A pioneer in the CFD industry and a trusted leader, FLOW-3D is
a highly efficient, comprehensive solution for free-surface flow problems with human-centric support.

Gambit http://geoweb.mit.edu/gg/, accessed on 15 March 2023 To generate geometry and meshes of the numerical model 1

https://www.agisoft.com/
https://www.thermofisher.com/cz/en/home/electron-microscopy/products/software-em-3d-vis/amira-software.html
https://www.thermofisher.com/cz/en/home/electron-microscopy/products/software-em-3d-vis/amira-software.html
https://www.thermofisher.com/cz/en/home/electron-microscopy/products/software-em-3d-vis/amira-software.html
https://www.ansys.com/
https://www.ArcGIS.com/index.html
http://calib.org/calib/
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.512.84&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.512.84&rep=rep1&type=pdf
https://oss.deltares.nl/web/delft3d
https://www.usgs.gov/centers/whcmsc/science/digital-shoreline-analysis-system-dsas?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/centers/whcmsc/science/digital-shoreline-analysis-system-dsas?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/centers/whcmsc/science/digital-shoreline-analysis-system-dsas?qt-science_center_objects=0#qt-science_center_objects
https://qps.nl/fledermaus/
https://www.flow3d.com/
http://geoweb.mit.edu/gg/
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Table A1. Cont.

Tool Website Usage In Total

GAMIT, GLOBK, and TRACK form a comprehensive suite of programs for analyzing GNSS measurements primarily to study crustal deformation. The software has been
developed by MIT, Scripps Institution of Oceanography, and Harvard University with support from the National Science Foundation. The software may be obtained

without written agreement or royalty fee by universities and government agencies for any non-commercial purposes.

GeoClaw http://www.clawpack.org/geoclaw, accessed on
15 March 2023 To model tsunami; to simulate tsunami 5

It is a variant of Clawpack for geophysical flows. Clawpack is a collection of finite volume methods for linear and nonlinear hyperbolic systems of conservation laws.
Clawpack employs high-resolution Godunov-type methods with limiters in a general framework applicable to many kinds of waves. Clawpack is written in Fortran and

Python.

Geosoft Oasis https://www.seequent.com/products-solutions/geosoft-
oasis-montaj/, accessed on 15 March 2023 To create color surface plot from simulation results 1

QA/QC, transform, and analyze all raw data—geology, geochemistry, and geophysics—with powerful 2D and 3D modeling capabilities.

Geowave https://www.osgeo.org/projects/geowave/, accessed on
15 March 2023 To generate tsunami and wave propagation 1

GeoWave is a software library that connects the scalability of distributed computing frameworks and key-value stores with modern geospatial software to store, retrieve,
and analyze massive geospatial datasets.

HAZUS https://www.fema.gov/flood-maps/products-tools/hazus,
accessed on 15 March 2023 To define building damage states 1

FEMA’s Hazus Program provides standardized tools and data for estimating risk from earthquakes, floods, tsunamis, and hurricanes. Hazus models combine expertise
from many disciplines to create actionable risk information that increases community resilience. Hazus software is distributed as a GIS-based desktop application with a

growing collection of simplified open-source tools. Risk assessment resources from the Hazus program are always freely available and transparently developed.

HydroSed2D https://sourceforge.net/projects/hydrosed2d/, accessed on
15 March 2023

To investigate tsunami wave run-up and land inundation on
coastal beaches 1

HydroSed2D is a two-dimensional numerical model for hydrodynamics and sediment transport on unstructured mesh.

ICEM https://www.3ds.com/products-services/catia/products/
icem-surf/, accessed on 15 March 2023 Mesh generation 1

ICEM Surf is the industry-leading Curve and Surface explicit geometry modeling tool for defining, analyzing, and performing high-end visualization of complex
free-form shape CAD surface models to the highest quality. Used in product design processes throughout automotive, aerospace, consumer goods, and press-tool design

industries, providing solutions for direct surface modeling, refinement, reconstruction, and scan modeling.

MATLAB https://www.mathworks.com/products/matlab.html,
accessed on 15 March 2023

To solve the eigenvalue problem; to compare results and
estimate; to compute wind-driven flow; to classify pre- and
post-tsunami images; to simulate time steps; to export and

reformate grid; to perform gradient-based optimization
algorithm; to process data; to solve part of the system

15

MATLAB® combines a desktop environment tuned for iterative analysis and design processes with a programming language that expresses matrix and array
mathematics directly. It includes the Live Editor for creating scripts that combine code, output, and formatted text in an executable notebook.

MB-System https://www.mbari.org/products/research-software/mb-
system/, accessed on 15 March 2023

To calculate seafloor attributes; to generate the one-ninth
arc-second coastal DEM 2

MB-System is an open-source software package for the processing and display of bathymetry and backscatter imagery data derived from multibeam, interferometry, and
sidescan sonars.

OpenFOAM https://www.openfoam.com/, accessed on 15 March 2023

To develop a nonlinear three-dimensional coupled model; to
create 3D model; to use its solver; to calculate the flow field

under the water surface; to create model of 3D numerical wave
tank; to create model of tsunami barriers and tsunami impacts;
to create a hydrodynamic and morphologic model; to create

tsunami model; to simulate tsunami; to calculate properties of
tsunami

25

OpenFOAM is the free, open-source CFD software developed primarily by OpenCFD Ltd. since 2004. It has a large user base across most areas of engineering and
science, from both commercial and academic organizations. OpenFOAM has an extensive range of features to solve anything from complex fluid flows involving

chemical reactions, turbulence, and heat transfer to acoustics, solid mechanics, and electromagnetics.

OsiriX DICOM https://www.osirix-viewer.com/, accessed on 15 March 2023 To construct a 3D image of stones and to measure its
dimensions, volume, and surface area 1

It fully supports the DICOM standard for easy integration in your workflow environment and an open platform for the development of processing tools. It offers
advanced post-processing techniques in 2D and 3D, exclusive innovative techniques for 3D and 4D navigation, and a complete integration with any PACS.

QGIS https://qgis.org/en/site/, accessed on 15 March 2023 To create a map; to generate mesh 3

QGIS is a professional GIS application that is built on top of and proud to be itself Free and Open-Source Software (FOSS).

R-studio https://www.rstudio.com/, accessed on 15 March 2023 To calibrate ages of tsunami deposits 1

RStudio’s mission is to create free and open-source software for data science, scientific research, and technical communication. We do this to enhance the production and
consumption of knowledge by everyone, regardless of economic means, and to facilitate collaboration and reproducible research, both of which are critical to the

integrity and efficacy of work in science, education, government, and industry.

reflexW https://www.sandmeier-geo.de/reflexw.html, accessed on
15 March 2023 To process Ground-Penetrating Radar data 1

he software covers the complete range of wave data (seismic, GPR, ultrasound) and the different geometry assemblings (surface reflection and refraction, borehole
crosshole and tomography, and combination of borehole and surface measurements). You may also have a look at a one-sided brochure for GPR, reflections seismics,

refraction seismics, and borehole application.

SPAD https://ia-data-analytics.com/data-mining-software/,
accessed on 15 March 2023 To apply statistical test on data 1

http://www.clawpack.org/geoclaw
https://www.seequent.com/products-solutions/geosoft-oasis-montaj/
https://www.seequent.com/products-solutions/geosoft-oasis-montaj/
https://www.osgeo.org/projects/geowave/
https://www.fema.gov/flood-maps/products-tools/hazus
https://sourceforge.net/projects/hydrosed2d/
https://www.3ds.com/products-services/catia/products/icem-surf/
https://www.3ds.com/products-services/catia/products/icem-surf/
https://www.mathworks.com/products/matlab.html
https://www.mbari.org/products/research-software/mb-system/
https://www.mbari.org/products/research-software/mb-system/
https://www.openfoam.com/
https://www.osirix-viewer.com/
https://qgis.org/en/site/
https://www.rstudio.com/
https://www.sandmeier-geo.de/reflexw.html
https://ia-data-analytics.com/data-mining-software/
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Coheris Analytics SPAD is the only software dedicated to Data Mining and Predictive analysis that provides a totally graphical and intuitive interface with powerful
features.

tsunami-2d https://www.ornl.gov/team/scale/sensitivity-and-
uncertainty-analysis-0, accessed on 15 March 2023

To apply sensitivity analysis and propagation of uncertainties
of cross-sections; to conduct sensitivity and uncertainty

analysis
2

The TSUNAMI-1D, TSUNAMI-2D, and TSUNAMI-3D analysis sequences compute the sensitivity of keff and reaction rates to energy-dependent cross-section data for
each reaction of each nuclide in a system model. The one-dimensional (1D) transport calculations are performed with XSDRNPM, the two-dimensional (2D) transport

calculations are performed using NEWT, and the three-dimensional (3D) calculations are performed with KENO V.a or KENO-VI.

VOLNA https://gmd.copernicus.org/articles/11/4621/2018/,
accessed on 15 March 2023

To compare results with presented numerical solver; to
simulate tsunami 2

A finite-volume nonlinear shallow water equation (NSWE) solver built on the OP2 domain-specific language (DSL) for unstructured mesh computations. VOLNA-OP2 is
unique among tsunami solvers in its support for several high-performance computing platforms: central processing units (CPUs), the Intel Xeon Phi, and graphics

processing units (GPUs).

Table A2. Usage of methods.

Abb. Method Usage

AMS Accelerator Mass Spectrometry To obtain radiocarbon ages

CFD Computational Fluid Dynamics

As a part of OpenFOAM; model of FLOW3D; to solve a
three-dimensional Reynolds Averaged Navier–Stokes equations; to
investigate solitary wave-induced vertical and horizontal forces on

coastal bridges; to predict flow character and dynamic loading
profile from an idealized tsunami impact on a coastal community;
to simulate impulse wave generation and propagation; to simulate

a tsunami

CRS Constant Rate of Supply method To develop dates of tsunami deposits

DEM Digital Elevation Models

To capture a shielding phenomenon created by the dense buildings;
to generate images; for topographical data; to calculate finite

difference grid; to calculate a bathymetry and derived seafloor
attributes such as slope gradient; to evaluate a model; to generate

an inundation zones

FAM Finite Area Method To address the problem of fluid information mapped from the
three-dimensional space to the two-dimensional space

FCM Fuzzy C-Means Clustering As part of used method

FEM Finite Element Mesh To create a mesh

FFT Fast Fourier Transform To analyze data; to obtain value for equations

FVCF Finite Volume with Characteristic Flux As part of equations

FVM Finite Volume Method To compute the two-phase incompressible flow with the
Navier–Stokes equations; as a solver; as a part of model

GKS Gustafsson–Kreiss–Sundström stability
theory To evaluate penalization

GPR Ground-Penetrating Radar
For characterizing the subsurface subsidence structure associated

with sinkholes and reconstructing their deformational and tsunami
deposit history; to trace extent and morphology

LSWE Linear Shallow Water Equations As a part of COMCOT; to calculate a tsunami

MAP Maximum a Posteriori Values To calculate an estimate of the maximum water surface elevation
standard deviation; to characterize solution of the problem

MC Monte Carlo

To combine a probability of occurrence of earthquake; to estimate a
relative error; to evaluate an overall uncertainty in tsunami hazard;

to generate a synthetic earthquake catalog; to sample a resulting
posterior; to confirm robustness of the created index; to vary all

uncertain input parameters have been randomly within the
specified distribution

https://www.ornl.gov/team/scale/sensitivity-and-uncertainty-analysis-0
https://www.ornl.gov/team/scale/sensitivity-and-uncertainty-analysis-0
https://gmd.copernicus.org/articles/11/4621/2018/
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Abb. Method Usage

MOST Method for Splitting Tsunamis To simulate a tsunami; to simulate an earthquake-generated
tsunami

MULES Multidimensional Universal Limiter for
Explicit Solution

To maintain boundedness of a volume fraction; to maintain
boundedness of a volume fraction independent of the underlying

numerical scheme, mesh structure, etc.

NSWE Nonlinear Shallow Water Equations

To calculate a long wave propagation; to simulate protection of
small islands; as a base for modified equations; as a governing

equation; to describe a propagation problem; to perform numerical
simulations of volcanic explosion resulting in a tsunami wave

traveling across the water; to solve tsunami equations

PCA Principal Component Analysis For a dimensionality reduction; to select relevant variables

PIMPLE Pressure Implicit with Splitting of
Operator

For a pressure-velocity solver; to employ a pressure-velocity solver
To solve a velocity and pressure

PISO Pressure Implicit with Splitting of
Operators

To obtain a pressure field; to solve RANS equations with a volume
of fluid

PTHA Probabilistic Tsunami Hazard Analysis As based method for expanded method; for modeling a tsunami

SIMPLE Semi-Implicit Method for
Pres-sure-Linked Equations As a part of PIMPLE

SPH Smoothed Particle Hydrodynamics
As a based method for enchanted method; for wave propagation

from off- to onshore; to simulate waves; to study the nature of flows
for an extreme wave above and in the interior of gravel bedforms

SWE Shallow Water Equations
As a base for a model; for modeling a tsunami with small numbers

of observation points in more physically realistic settings; to
calculate a model

VOF Volume of Fluid
To capture a free surface; to obtain sea-level or mudslide interface
location; to figure out the role of vegetation of finite width in energy
reduction of flood flow; to track the free surface between two fluids
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Table A3. Relationship among tools and research domains.
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Applications Geosciences, Multidisciplinary 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1
Computer Science, Interdisciplinary 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2

Computer Science, Theory, and Methods 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1
Engineering, Civil 0 0 3 1 0 1 1 0 0 0 0 0 0 1 0 0 3 0 10 0 1 0 0 0 0 0 21

Engineering, Environmental 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 2
Engineering, Geological 1 0 0 2 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4

Engineering, Marine 0 0 2 0 0 0 1 0 0 0 0 0 0 0 0 0 2 0 8 0 1 0 0 0 0 0 14
Engineering, Mechanical 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 2 0 0 0 0 0 0 0 3

Engineering, Multidisciplinary 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 2 0 0 0 0 0 0 0 8
Engineering, Ocean 0 0 2 1 0 1 2 0 0 0 0 0 0 1 0 0 4 0 16 0 1 0 0 0 0 0 28

Environmental Sciences 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 2 1 0 0 0 0 0 0 5
Geography, Physical 0 0 0 0 3 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 6

Geochemistry and Geophysics 0 0 0 0 1 3 0 0 0 0 0 1 0 0 0 0 3 0 0 0 0 0 0 0 0 0 8
Geology 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 3

Geosciences, Multidisciplinary 0 1 0 8 8 5 1 1 1 0 1 3 1 0 0 0 4 2 3 0 3 0 1 1 0 0 44
Imaging Science and Photographic Technology 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1

Materials Science, Multidisciplinary 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Mathematics, Applied 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 3

Mathematics, Interdisciplinary Applications 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 2
Mechanics 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 2 0 0 0 0 0 0 0 5

Meteorology and Atmospheric Sciences 0 0 0 3 1 3 1 0 0 0 0 1 1 0 0 0 2 0 3 0 0 0 0 1 0 0 16
Multidisciplinary Sciences 0 0 0 2 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 6

Nuclear Science and Technology 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
Oceanography 2 0 2 5 3 1 1 0 1 1 0 1 0 0 0 0 3 1 8 0 1 0 0 0 1 0 31

Physics, Fluids, and Plasmas 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 2
Physics, Mathematical 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1

Remote Sensing 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1
Statistics and Probability 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1

Water Resources 0 0 0 4 1 3 1 0 0 0 0 1 1 0 0 0 1 0 6 0 1 0 0 1 0 0 20

Total 6 1 13 28 20 18 9 2 2 1 2 8 3 2 2 3 29 5 65 1 11 1 2 3 2 2
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Appendix B. Module Formation of Tsunami: Equations

The following equations are taken from the model created in the Stella Profesional
software. In this modeling toolkit, the variables are defined using pseudocode.

phase velocity o f the wave =
√

gravitational acceleration ∗ water depth (A1)

wave period =
wave length

phase velocity o f the wave
(A2)

wave length = phase velocity o f the wave ∗ wave period (A3)

wave height =
1√

water depth
(A4)

estimated runup = (maximum wave amplitude)
4
5 ∗ (gauge location water depth)

1
5 (A5)

runup f actor =
wave aplitude

maximum runup height
(A6)

maximum runup height = 2.831 ∗
√

cot inclination o f the coast ∗ (tsunami wave height be f ore shoaling)
5
4 (A7)

Imamura lida magnitude scale =
ln maximum runup height

ln 2
(A8)

f low velocity o f the runup = (inundation depth)0.7 ∗
√

tan inclination o f the water sur f ace ∗ Manning′s roughness coe f f icient (A9)

inundation distance =
0.06 ∗

(
wave height at the shore

3

)
(Manning′s roughness coe f f icient)2 (A10)

loss in wave height per meter o f inundation distance =
167 ∗ (Manning′s roughness coe f f icient)2

(wave height at the shore)
1
3

+ (5 ∗ sin ground slope) (A11)

wave runup = (1 + experimental constant) ∗ 1+2∗experimental constant
(2∗(experimental constant)2)

∗(1

+

(
8 ∗ gravitational acceleration ∗ (Manning′s roughness coe f f icient)2

0.91 ∗ (experimental constant)2

∗ground slope ∗ (wave height at the shore)
1
3
)
)

(A12)

Appendix C. Module Defense Elements: Equations

velocity within rubble mound = experimental coe f f icient ∗
√

2 ∗ gravitational acceleration ∗ h (A13)

surge f orce per unit width o f the wall = 4.5 ∗ density o f seawater ∗ gravitational acceleration ∗ (surge height)2 (A14)

Gaussian distribution = tsunami height ∗ exp

(
− (time − rise time)2

rise time

)
(A15)

weight o f required armour

= density o f armour∗(wave height)3

empirically determined damage coe f f icient∗(relative underwater density o f armour−1)3∗cos slope o f structure

(A16)
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