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Abstract

Tsunamis are devastating natural hazards that can reach runups of 30 m in coastal areas.
One of the most important mitigation measures to save human lives is evacuation, which
requires identification of both the inundation area and safe zones. Currently, a ground el-
evation of 30 m is used to determine safe zones in Chile. However, it has also been used
for urban planning, for which the actual tsunami hazard may be overestimated. This re-
search aims to propose a criterion based on probabilistic analysis to determine the tsunami
inundation limit, considering both the runup and inundation distance from the shoreline.
To this end, a synthetic database of runup and inundation distance from the shoreline
was analyzed. First, stochastic earthquake sources were used to simulate tsunami events
up to an inundation level in 10 coastal cities. Second, maximum runup and inundation
distance were calculated for each tsunami scenario along transect lines perpendicular to
the coastline. Finally, three exceedance probabilities of runup — 0.5%, 1%, and 2% in 50
years — were calculated to estimate the runup and inundation distances for each city. The
results showed that geomorphology has an important role in runup and inundation dis-
tance. In addition, this research introduced new criteria for inundation limit identification,
which are more flexible and accurate than the current 30-m ground elevation criterion used
for tsunami risk assessment and urban planning. The application of this proposed method
would allow local authorities to improve the locations of both critical infrastructure and
safe zones.
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1 Introduction

Tsunamis, rare yet devastating natural hazards, are primarily triggered by submarine
earthquakes, along with landslides and volcanic eruptions (Grezio et al., 2017). Recent
tsunamis — such as the 2010 Chile tsunami, with a 29-m runup in Constitucion; the 2004
Indian Ocean tsunami, which caused a 31-m runup in Lhoknga, Indonesia; and the 2011
Japan Earthquake, which resulted in a 39.7-m runup in Miyako City — exemplify the
substantial coastal inundation caused by these events (Fritz et al. 2011; Borrero et al.
2006; Mori et al. 2011). These measurements align with historical tsunami records, such
as the 20-25-m runup on Mocha Island due to the 1960 Chile tsunami (Takahashi 1961),
the 38.2-m runup in the 1896 Meiji Sanriku tsunami, and the 28.7-m runup in the 1933
Showa Sanriku tsunami (Mori et al. 2011). To mitigate these risks, tsunami inundation
maps have been developed, offering vital information for evacuation planning and long-
term coastal development (Adriano et al. 2013; Cho et al. 2016; Grezio et al. 2017b;
Naim et al. 2021). The tsunami inundation zone in Japan is defined by numerical simu-
lation using a combination of worst-case scenarios. In addition, tsunamis are classified
into two different levels: Level 1, more frequent events with low inundation depths,
typically less than 7-10 m, and Level 2, rare events typically over 10 m, with inundation
heights up to 20 and 30 m (Shibayama et al. 2013). In Peru, the tsunami inundation zone
is also defined based on numerical simulations and is divided into two areas, one related
to earthquakes of magnitude 8.5 Mw and a more extensive area related to earthquakes
of magnitude 9.0 (CNAT 2021). In other cases, such as the city of Port Alberni, Canada,
the tsunami inundation zone is defined as the area below 20 m.a.s.l. (Alberniweather
2005). In Chile, tsunami inundation maps are made by the Hydrographic and Oceano-
graphic Service of Chilean Navy (SHOA for its name in Spanish) through numerical
simulation of one extreme event. Although these maps are based on the worst-case
scenario (Solis and Gazmuri 2017), in 2018 the National Service for Disaster Preven-
tion and Response (SENAPRED and formerly ONEMI) developed a specific emergency
plan that defined the 30-m.a.s.l. contour as a safe zone, following an international rec-
ommendation by the International Tsunami Information Center (IOC, 2014). This is
consistent with results from Priest et al. (2010), who found through a probabilistic
analysis that 99% of Cascadia tsunami variation is covered by runup <30 m.

The focus of both the inundation map and the 30-m.a.s.l. contour criterion in Chile
is primarily on facilitating tsunami evacuation. However, due to the absence of other
specific urban planning instruments such as probabilistic tsunami maps, the Ministry of
Housing and Urbanism (MINVU) and the Ministry of Social Development (MDS) have
indirectly advocated for the use of these tools in land-use planning for coastal cities. The
MINVU is responsible for land-use planning, in collaboration with the municipalities of
coastal cities through communal regulatory plans (CRPs). These CRPs are required to
include risk areas related to various natural hazards. As a result, most municipalities use
the available tsunami inundation maps (based on the worst-case scenario) as a hazard
input (Alvarez et al. 2018). In 2017, the MDS introduced guidelines for project risk
assessment (MDS 2017). According to these guidelines, if there is no CRP or it lacks
tsunami hazard information or if there is no official inundation map, the 30-m contour
criterion must be applied. Projects situated below this altitude are deemed to be at
maximum risk (Martinez et al. 2017). As a consequence of this criterion, in many cases
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risk-free areas are not available for the development of activities in the coastal zone. An
illustrative case is the construction of the Constitucion city hospital, for which SENA-
PRED recommended a location at least 30 m above sea level. This recommendation
resulted in a decade-long delay in project approval and initiation (ONEMI, 2014; Jarpa
2015; Rey 2020; Orellana 2023). A similar scenario has unfolded with the Community
Family Health Center (Cecof) in the town of Queule, stalled since 2017 due to the
unavailability of land 30 m.a.s.1. This has led to a considerable increase in project costs
due to the need for access routes (Ilustre Municipalidad Toltén 2017). While health ser-
vices in coastal areas are advised to be located above 30 m.a.s.1., practical constraints
such as a lack of land in certain areas at these elevations often pose challenges (Min-
isterio de Salud 2019; PUC, 2010). To resolve this issue, Vicuila and Schuster (2021)
suggest that regulations consider risk in a graduated manner, correlating it with hazard
levels, advocating for a more comprehensive risk mitigation analysis. An example of
this approach can be seen in the CRP of Iquique, where risk is classified as “very high”
for areas located below 10 m.a.s.1., “high” for areas between 10 and 20 m.a.s.1., “moder-
ate” for areas between 20 and 25 m.a.s.1, and “low” for areas between 25 and 30 m.a.s.l.
(Tustre Municipalidad Iquique 2019).

The application of a criterion based on ground elevation only has an important dis-
advantage in that it does not consider the local behavior of tsunamis in coastal areas.
It is known that coastal dunes and cliffs can act as natural barriers against tsunamis
(Smart et al. 2016; Mikami et al. 2019; Widiyanto et al. 2020), while the existence of
rivers, estuaries and coastal islands can affect the impacts of tsunamis since they cause
channeling effects, increasing the inundation area (Reese et al. 2011; Shimozono et al.
2012). Moreover, Aranguiz and Catalan (2022) highlight the importance of consider-
ing the distance from shore and not only the ground elevation when defining the safe
zone, especially in extensive low-lying areas where the 30-m elevation is located many
kilometers inland. In fact, the runup of 31 m during the 2004 Indian Ocean tsunami
refers to the maximum vertical excursion on the front of a small hill about 600 m off the
shoreline (Synolakis and Kong 2006). In a similar manner, the 29-m runup due to 2010
Chile tsunami took place on a cliff located 120 m from the shoreline (Fritz et al. 2011).
Moreover, Mori et al. (2011) analyzed the runup during the 2011 Japan Tsunami as a
function of distance from the shoreline and found that runup decreased exponentially
with increasing distance, up to 5 km from the shoreline.

In a previous work (Aranguiz et al., 2024), the authors developed probabilistic tsu-
nami inundation maps for specific Chilean cities, utilizing a comprehensive tsunami
source database and conducting a probabilistic hazard analysis. The present research
focuses on a different aspect of tsunami hazards, specifically the probabilistic analysis
of tsunami runup and inundation distance, to propose a more general and simplified
criterion for determining the tsunami inundation limit. This will provide local commu-
nities without inundation maps or communal regulatory plans a tool to define safe zones
and land use. The study focuses on ten coastal cities along the Chile-Peru subduction
zone and uses numerical simulation of stochastic tsunami scenarios. Section 2 describes
the methodology for generating, selecting and propagating tsunami scenarios, as well as
generating the synthetic database for probabilistic analysis. The results are presented in
Sect. 3, followed by a discussion in Sect. 4 and conclusion in Sect. 5.
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2 Methodology

The first step in the probabilistic analysis is to gather a database of tsunami records.
This is necessary for conducting a probabilistic analysis of tsunami runup and inun-
dation distance. However, the current records available are not sufficient for a spe-
cific location. To overcome the limitations of available records, a synthetic database of
tsunami runup is created using stochastic tsunami scenarios. This involves simulating
hundreds of scenarios up to an inundation level in 10 coastal cities along the Chile-Peru
subduction zone. This subduction zone is one of the most seismically active areas in the
world. The tectonic environment of the region is characterized by the movement of the
Nazca Plate beneath the South American Plate, which releases a significant amount of
seismic energy globally (Barrientos 2018; Ledn et al. 2019). Figure 1 provides a visual
representation of the methodology, which consists of four consecutive steps. Step 0 is
named as such because it serves as a starting point for the methodology, rather than
being an integral part of it. The tsunami scenarios used in this study were proposed by
Aranguiz et al. (2024). Step | involves conducting numerical simulations of tsunamis at
all selected locations, while Step 2 entails selecting the runup and inundation distance
for each scenario along multiple lines perpendicular to the coastline. This step essen-
tially generates a synthetic runup-distance database. Finally, Step 3 involves the proba-
bilistic analysis of this synthetic database, where the runup and inundation distance
corresponding to a given exceedance probability are selected along each transect line.
These four steps will be further explained in the following paragraphs.

In this study, we considered three tsunami hazard levels with exceedance proba-
bilities of 0.5%, 1% and 2% over a 50-year lifetime, corresponding to 9,975, 4,975
and 2,475-year return periods, respectively. The Chilean tsunami design provisions,
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Fig. 1 Diagram of methodology. (a) Step 0: A review of starting point for the methodology. (b) Step 1:
Examples of numerical simulations for Valparaiso — Vifia del Mar. (¢) Step 2: Examples of selecting the
runup and inundation distance for each scenario along multiple transects perpendicular to the coastline.
(d) Step 3: Probabilistic analysis of the synthetic database of runup and inundation distance
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NCh3363:2015 (INN, 2015), do not specifically mention a design event, and it is
assumed that the deterministic tsunami inundation map from SHOA (intended for evac-
uation) may be used. Therefore, the 2% in 50 years level is particularly relevant, as it
aligns with the tsunami design criteria outlined in the ASCE 7-22 code (ASCE 2022),
which sets this threshold as the design standard for coastal infrastructure to ensure
resilience against extreme tsunami events. Additionally, it was observed that the 0.5%
in 50 years level may approximate the conditions represented in current deterministic
tsunami inundation maps of Chilean cities, while the 1% in 50 years represents an inter-
mediate value for comparison. It is important to note that these tsunami hazard levels
may differ from those used in seismic design. The return period of an earthquake cannot
be directly translated to a return period of tsunami inundation. While an earthquake of
a given magnitude may occur with a certain frequency, the resulting tsunami inundation
is highly influenced by the earthquake’s slip distribution, which can vary significantly
for earthquakes of the same magnitude. As such, the return period for tsunami haz-
ards reflects a combination of both seismic activity and the specific characteristics of
individual tsunami events. On the other hand, seismic design considers a peak ground
acceleration (PGA) with an exceedance probability of 10% in 50 years (475-year return
period) as proposed in Eurocode 8, as well as the ASCE code before 1997 (Sukuoglu &
Akkar, 2014). The basis of this design was to provide life safety under design ground
motions. However, after 1997, the ASCE code’s design objective shifted to avoiding
structural collapse under the maximum considered earthquake (MCE) ground motion,
which corresponds to an exceedance probability of 2% in 50 years (2475-year return
period). Regarding seismic design in Chile, NCh433.0f96 (INN 1996) determines seis-
mic demand from a response spectrum, considering an allowable-design-level earth-
quake for broad seismic zones (Lagos et al. 2020). The design spectra are based on
historical earthquake data, which provides a robust foundation for understanding and
mitigating seismic risks (Massone 2013). Although these design events are based on
historical earthquakes, new proposal have recently included performance-based design
principles. For instance, in 2017, the Chilean Society of Seismology and Seismic Engi-
neering (ASHISINA for its name in Spanish) proposed a method to include a Design-
based earthquake (i.e. 475-year return period, or exceedance probability of 10% in
50 years) to ensure immediate occupancy after an event, and a Maximum Considered
Event (i.e. 950-year return period or exceedance probability of ~5% in 50 years) to
ensure life safety (Lagos et al. 2020). However, this proposal is not officially included
in the seismic design code.

2.1 Step 0, Generation and selection of stochastic tsunami scenarios

The stochastic tsunami scenarios database is available in Aranguiz and Ramos (2024).
The following paragraph provides a brief description of the methodology used in Aran-
guiz et al. (2024). The study area is presented in Fig. 2, which shows the latest and
largest tsunamigenic earthquakes of magnitude M,, = 8.0 along the Chile-Pert sub-
duction zone (Fig. 2a), as well as the 10 coastal cities selected for tsunami numerical
simulations in the current study (red dots). Based on the characteristics of large earth-
quakes, a seismic segmentation was defined using the study of Saillard et al. (2017),
which found that peninsulas act as barriers to earthquake rupture areas. As a result, the
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Fig. 2 Map of the study area. (a) Coastal cities considered for numerical simulations and main earth-
quakes M,, = 8.0 in the Peru-Chile subduction zone. (b) Seismic segments and fault geometry of the
subduction zone divided into subfaults for the generation of stochastic earthquakes. Magenta points were
used for the application of the SROM method. Modified from Aranguiz et al. (2024)

subduction zone was divided into four seismic segments, as shown in Fig. 2b. The first
segment begins near Pisco, Peru, at the Nazca ridge, and ends at the Mejillones Penin-
sula, Chile. The second segment covers the area from the Mejillones Peninsula to the
Tongoy Peninsula. The third segment begins at the Tongoy Peninsula and ends at the
Arauco Peninsula, and the fourth segment runs from the Arauco Peninsula to the Taitao
Peninsula in southern Chile. To create earthquake source models for each seismic seg-
ment, the Slab 2.0 model (Hayes et al. 2018) was utilized. This involved the generation
of subfaults of approximately 20x20km?, as shown in Fig. 2b. The earthquakes with
heterogeneous slip distributions were then generated using the Karhunen-Loeve (K-L)
expansion (LeVeque et al. 2016). The minimum and maximum moment magnitudes
considered for the synthetic earthquakes were as follows: M, 8.0-9.2 for segments 1
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and 3, M,, 8.0-9.0 for segment 2, and M, 8.0-9.6 for segment 4. Each magnitude range
was further divided into 0.2-magnitude bins.

The probabilistic analysis of tsunami inundation has a high computational cost,
which increases as the grid resolution increases. Therefore, the Stochastic Reduced
Order Model (SROM) was used (Grigoriu 2009). The SROM is a highly efficient tool
for simulating various tsunami scenarios, significantly reducing the computational costs
associated with uncertainty propagation. This model improves upon the traditional
Monte Carlo method by incorporating two key steps: selecting a function sample and
determining probabilities through an optimization process. In the work of Aranguiz et
al. (2024), a target vector X was constructed using coseismic deformations, and statis-
tical properties such as marginal distributions and correlation matrices were analyzed
for each seismic segment and magnitude interval. This approach greatly enhances the
precision of estimating tsunami-related uncertainties, while also being able to handle a
substantial number of filtered scenarios (n~10,000) with computational efficiency, as
demonstrated by (Sepulveda et al. 2017). In total, 50 earthquake scenarios were selected
in each magnitude bin, resulting in a total of 300 scenarios for seismic segments 1 and
3, 250 scenarios for segment 2, and 400 scenarios for segment 4. It is important to note
that in the optimization process the SROM method assigns a probability to each tsunami
scenario; therefore, any probabilistic analysis should consider a weighted distribution
function (Aranguiz et al. 2024). The weights used in this analysis are derived from
coseismic displacements and are specific to individual magnitude bins according to the
optimization process of the SROM method. To assess the stability of these weights, one
would need to compare the results with a more localized analysis that uses different
spatial areas and tsunami metrics. Although a full demonstration of this comparison is
beyond the scope of this manuscript, a sensitivity analysis and comparison with tradi-
tional Montecarlo approach can be found in the work of Sepulveda et al. (2017).

2.2 Step 1, tsunami numerical simulations

The selected tsunami scenarios were simulated to an inundation level in several coastal
cities. The following cities were chosen: Arica, Iquique, Chafiaral, Coquimbo-La Ser-
ena, Valparaiso-Vifla del Mar, San Antonio, Constitucion, Talcahuano, Coronel, and
Corral, as shown in Fig. 2a. These cities were selected due to their diverse morpholo-
gies, including large flat areas, as well as narrow river valleys with steep slopes. Tsu-
nami numerical simulations were performed using the Non-hydrostatic Evolution of
Ocean Wave (NEOWAVE) model (Yamazaki et al. 2011). Four nested grids were used
in most locations except for Constitucion and Corral, where five grids were used. Grids
1, 2, and 3 have resolutions of 120 arcsec (~3700 m), 30 arcsec (~900 m), and 6 arcsec
(~180 m), respectively. Grids 4 and 5 have resolutions of 1 arcsec (~30 m) and 1/3
arcsec (~ 10 m). Grids 1 and 2 were built from the Global Bathymetric Model (GEBCO)
and grid 3 was built from regional and local nautical charts, while grids 4 and 5 were
built by combining nautical charts and additional local bathymetry provided by the DOP
(Ports Works Division of the Ministry of Public Works). Similarly, the topography was
collected from different sources, and Lidar data with a 2-m resolution is available for
many cities (Aranguiz et al. 2024). Figures 3 and 4 show the highest-resolution grids
of all selected cities. The simulations covered an elapsed time of 4 to 8 h to capture
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Fig. 3 Highest-resolution grids used in tsunami simulations of (a) Arica, (b) Iquique, (¢) Chaifiaral, (d)
Coquimbo — La Serena, (e) Valparaiso — Vifia del Mar

the maximum amplitudes of tsunami waves from more distant scenarios, as well as the
resonance effects in some cities such as Talcahuano, Arica, and Iquique (Aranguiz, et
al., 2019; Cortés et al. 2017). The simulated tsunami scenarios for each city were those
of the seismic segment where the city is located and the adjacent segments.

In the context of tsunami inundation simulations, surface roughness plays a crucial
role in accurately modeling the interaction between tsunami waves and the coastal envi-
ronment. For the simulations conducted in this study, the surface roughness coefficient
is assumed to be constant, with a Manning’s n value of 0.025. This value has been
selected based on prior research and has been validated in studies such as Aranguiz et
al. (2018), where it was shown to provide reliable results for similar coastal environ-
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Fig. 4 Highest-resolution grids used in tsunami simulations of (a) San Antonio, (b) Constitucion, (c)
Talcahuano, (d) Coronel, (e) Corral

ments. The choice of a constant surface roughness coefficient simplifies the modeling
process while still capturing the essential effects of frictional resistance on tsunami
wave propagation and inundation. Although surface roughness can vary depending
on specific local conditions, the use of a constant n value is a common and validated
approach in tsunami modeling, providing a balance between computational efficiency
and accuracy in simulating inundation dynamics.
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Fig. 5 Diagram of the free surface flow generated by the deformation of the seafloor in addition to the
definition of variables for calculating runup (R) and inundation distance (D)

Table 1 Seismic parameters for calculation of annual recurrence (Aranguiz et al. 2024)

Seismic Segment Qeq beg M4z
1 4.887 0.832 9.2
2 4.853 0.802 9.0
3 5.713 0.917 9.2
4 4.056 0.732 9.6

2.3 Step 2, generation of runup-distance database

The tsunami intensity measures considered were runup and inundation distance. Fig-
ure 5 illustrates the definition of runup (R), which is the maximum ground elevation
flooded by the tsunami in relation to the sea level. Inundation distance (D) is the dis-
tance, measured perpendicularly to the coastline, to the points where the maximum
inundation line is reached (UNESCO & 10C, 2019). To calculate inundation distance,
the coastline of each city was divided into equal sections and then several transect lines
(perpendicular to the coastlines) were drawn, as shown in the upper frame of Fig. lc.
The runup of each tsunami scenario was recorded along each transect line together
with the distance from the shore, represented by the black dots in the middle and lower
frames of Fig. lIc. The inundation distance was then computed along the transect line
from the initial point (at the coastline) to the final point, where the runup occurs. This
process was repeated for each coastal city and each simulated scenario. Therefore, a
database of runup and inundation distance from shore was generated for each transect
line, and a probabilistic analysis could be applied. Since the grids are expressed in
geographical coordinates, it was possible to compute the distance using the haversine
formula implemented in Matlab®. This equation is a special case of a more general
formula (Eq. 1) of spherical trigonometry, the law of haversines, which relates the sides
and angles of spherical triangles. It should be noted that this expression is an approxi-
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mation when applied to the Earth because it is not perfectly spherical (Dauni et al. 2019;
Prasetya et al. 2020).

hav (g) =hav(py— )+ cos(p ) cos(py) hav(Aas — A1) (1)

Where hav is the haversine function: hav (6 ) = sin® (%) = 1_+“(9), d 1s the spherical

distance between two points, r is the radius of the sphere, in this case the radius of the Earth,
¥ 1, ¥ 2 the latitude of point 1 and latitude of point 2, and A 1, A 5 the longitude of point 1
and longitude of point 2. Solving Eq. (1) allows the inundation distance from the coastline to
be obtained for the maximum inundation lines of each scenario. The length of equal sections
along the shoreline varied according to the size of the coastal city under study; for instance,
it was 50 m in Corral, 150 m in Constitucion, 200 m in Chafaral and Valparaiso, 250 m in
Arica, Iquique and San Antonio, 300 m in Coronel, 350 m in Coquimbo, and 600 m in Talca-
huano. In Corral and Constitucion, the distances are smaller because the highest-resolution
grids are smaller, while in Talcahuano, the grid size is the largest.

The NEOWAVE numerical model calculates the total depth of water D}, in the cell
(4, k) and at time step m using the following expression:

ik = G T+ Hil = i 2)

Where ¢ [ is the water elevation from mean sea level, H}}, is the terrain height consider-
ing mean sea level as a reference (corresponding to grid helght) and 7}, is the deforma-
tion of the ocean floor calculated with the method of Okada (1985). The sign convention
that NEOWAVE uses for height /', is positive to the left and negative to the right of the
coastline (Fig. 2). Water elevatlon &y 4k is calculated in the entire computational domain
by integrating the momentum and continuity equations with the implicit non-hydrostatic
pressure solution presented in Yamazaki et al. (2011). These equations allow us to calculate
C 7 in the center of the cell (4, k) of the grid in terms of the fluxes in  and ¥, FLX and

FLY, from:

FLX]#LI«, - FLXjAk 3
RA X cosg . )

<m+1 _ C;nk + ( m+1 n?]nk) — At

Where A ¢ is the time step size, A )\ is the grid size along the longitude coordinate, R is
the radius of the earth, and ¢ ;, is the latitude coordinate of the cell. The terms 'L X and
FLY inthe cell (j, k) are calculated by:

2

FLX]'J( — U]7)n+lc ;n Lk + Um+1C m T+ Um+1

(Hyp =) + (g =n3i)

FLY7k _ V;m,+1<— 77nk 4 VnH—lC Tt + Vm+1 5

Where [J and V/ are the depth-averaged velocity components and the subscripts P and n
indicate upwind and downwind velocity:
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For the runup calculation, it is necessary to describe the retreat of the inundation line as well
as the water depth by updating the dry cells. To this end, a marker CELL’". | updates cell
status based on water depth. If D7} is positive, the cell is under water and CELLT) =1,
and if D}, is zero or negative, the cell is dry and C ELLY, = 0. The inundation line retreat
procedure is repeated to update the dry-wet interface for each time step m . Therefore, the
runup will be equal to ¢ at the point where D7} is zero. The lower frames of Fig. 1-c

illustrate inundation limits as a function of the runup for two examples of tsunami scenarios.
2.4 Step 3, probabilistic analysis of the synthetic database

Once the runup and inundation distance database is generated, it is possible to compute the
joint average return period by combining the seismic recurrence with the exceedance prob-
ability of the tsunami intensity measure )/] (Sepulveda et al. 2019), as follows:

1
Z JZ 1A f]‘]/ ujle\[[<]\/[[ > ]\/[[(UV[/ UJIL) (7)

Tr(MI,) =

Where A Uq/ .. 18 the average annual exceedance rate of earthquakes of magnitudes within
the interval A wj in the seismic segment Z;, calculated using the truncated Gutenberg
Richter Law (Kramer 2014):
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Parameter v = exp(a — 8 M), along with @ = 2.303a., and S = 2.303b.,, is a
seismic parameter calculated for the corresponding seismic segment of Fig. 2-b (Aranguiz
et al. 2024). The minimum magnitude was M,,;, = 5.0, while the maximum magnitude
depended on the seismic segment. The term Py (M1 > M1 |M/ ;) is the exceedance
probability of tsunami intensity measure )/ ] being exceeded given an earthquake within
the interval M7 ,; in the seismic segment Zi. This exceedance probability is calculated
using the empirical weighted cumulative distribution function with the weights obtained
from the application of the SROM method in the selection of tsunami scenarios. Examples
of exceedance probability curves of one transect line for several magnitude intervals are
shown in the upper frame in Fig. 1d. The middle frame shows the same exceedance prob-
ability curves combined with average annual exceedance rate of earthquakes. Finally, in
Fig. 1d, the lower frame shows the return period of runup for a given transect line.

To use the results for structural design requirements and urban planning, the following
expression was considered in the calculation of return periods associated with the probabil-
ity that an intensity measure will be exceeded within the lifetime of a structure:
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P=1-(1-1/Tp)" ©)

Considering a lifetime [, =50 years and three exceedance probabilities, P,: 0.5, 1, and 2%,
three return periods may be calculated T : 9975, 4975, and 2475 years.

3 Results

The following paragraphs show the results of the probabilistic analysis of tsunami
runup and inundation distance. The results are displayed for each city, with a line made
up of points associated with their respective transects and a color scale to identify the
runup. In addition, cities are displayed as a function of geographical location from north
to south.

Figure 6 displays the inundation limit as a function of runup in the cities of Arica,
Iquique, and Chafaral. The thick black line represents the coastline, while the thin
black line represents the 30-m.a.s.l. contour as a reference. The shape of the runup line
is consistent for each probability. However, as the probability decreases, both the runup
value and maximum inundation distance increase. For instance, at a probability of 2%
in 50 years, the maximum runup is 8 m in Arica and Iquique and 13 m in Chafaral. In
comparison, at a probability of 0.5% in 50 years, the maximum runup reaches 14 m,
13 m, and 19 m in Arica, Iquique, and Chafiaral, respectively. Similarly, the inundation
distance also increases as the exceedance probability decreases, with values ranging
from 1300 m to 1600 m in Arica, from 750 m to 1030 m in Iquique, and from 1190 m
to 1390 m in Chaiaral. These results are consistent with previous events in the region.
The 1868 and 1877 earthquakes, each with an estimated magnitude of 8.8 (See Fig. 2),
resulted in tsunami heights of 18 m and 9 m in Arica, respectively. In Iquique, maxi-
mum inundation heights were 12 m and 6 m for the same events (NCEI & WDS, 2023).
The most recent event occurred in 2014 (M,, 8.2), causing a tsunami with an inunda-
tion distance of 100 m and a maximum runup of 2.5 m in Playa Cavancha, Iquique.
Meanwhile, in Arica, the highest runup was 2.76 m in a rocky area south of the city’s
port (Catalan et al. 2015). In Chafiaral, the last major event was in 1922, and historical
records indicate that the tsunami reached a height of 10 m one hour after the earthquake
(Cubelos et al. 2019).

It is important to note that the probabilistic inundation limits of cities are strongly
influenced by their topography. For example, Arica is situated at the bend where the
coast of South America abruptly changes direction. The continental shelf in this area is
characterized by a nearly uniform slope and depth range of 0 to 200 m, with a relatively
constant width (Cortés et al. 2017). Iquique is located on a relatively straight coast,
with a wide continental shelf. In addition, both cities have steep slopes on their east-
ern edges, resulting in an elevation of approximately 25 to 30 m.a.s.l. a short distance
from the coastline (Leon et al. 2019). According to Cortés et al. (2017) the bathymetry
of Arica and Iquique is characterized by a uniform shelf, which can enhance tsunami
resonance conditions. This highlights the significant impact of morphological charac-
teristics on the tsunami response. In contrast, the town of Chafiaral has a sandy beach
with a gentle slope, with only the northern and southern areas of the bay having steeper
slopes. Therefore, it is observed that the inundation limit presents abrupt changes in
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Fig. 6 Inundation line as a function of runup value associated with exceedance probabilities of 2, 1, and

0.5% in 50 years for Arica, Iquique, and Chafiaral

runup value short distances from the shoreline. However, in Arica and Chafaral, it is
also observed that the runup increases as a function of the inundation distance. To illus-
trate this, Fig. 7 shows the slope maps of these two locations. It can be seen that due to
the topography, the water is channeled inward due to strong changes in slope, resulting
in runup values of 14 m at long distances of approximately 1600 m in Arica and 19 m at
distances of almost 900 m in Chanaral.

Figure 8 shows the results of the inundation limit as a function of runup for Coqui-
mbo - La Serena, Valparaiso - Vifia del Mar, and San Antonio. In the Coquimbo - La
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Serena area, the maximum runup can reach 5 m in the northern and central parts of the
bay, while in the southern area, it can reach 15 m for the lowest exceedance probabil-
ity. The change in inundation distance is minimal between 2% and 0.5% probability of
exceedance, and the maximum inundation distance remains constant at approximately
1500 m. The most recent tsunami event in this area occurred in 2015, with a maximum
runup of 6.41 m in the southern area of the bay, and only 2.98 m in the central part.
The maximum inundation distance was 700 m inland (Ardnguiz et al. 2016). Similarly,
in 1922, another event generated a wave height of 7 m in the southern area of the bay
(NCEI & WDS, 2023). Coquimbo Bay has a flat, low-lying topography with a sandy
beach and a 10-km-wide shelf. The seafloor has a gentle slope, and depths within the
bay do not exceed 50 m (Aranguiz et al. 2016). Additionally, the cities in this area have
a network of coastal wetlands that act as a buffer zone against tsunami impact. In fact,
areas behind the wetlands experienced less flooding during the 2015 event (Van Den
Berg et al. 2016).

In the Valparaiso-Vina del Mar conurbation (Fig. 8, central panels), runups of 9 to 15 m
are observed in cliff-lined areas, while the flat zones experience smaller runups, ranging
from 5 to 8 m depending on the exceedance probability. Additionally, it has been noted
that the inundation distance can reach up to 1100 and 1670 m in low-laying areas as the
exceedance probability decreases, but it remains below 200 m in cliff-lined areas. This is
not unexpected, as elevated coasts are less vulnerable to large inundations compared to flat
coasts where large floods are more common, since the water does not encounter resistance
(Charvet et al. 2013), and Valparaiso and Vifia del Mar are cities located on coastal plains
flanked by several hills (Ledn et al. 2019). The results are consistent with records from the
last major earthquake and tsunami in 1730 (See Fig. 2), when the maximum runup reached
11 m.a.s.l. and the inundation distance reached 850 m (Carvajal et al. 2017). The 2015 event
was also recorded on area beaches, with runups of 3 m and inundation distances of less
than 20 m. A similar situation is observed in San Antonio (Fig. 8, lower panels). This city
is characterized by cliff-lined coasts in both the southern and northern areas of the Maipo
River mouth. Maximum runups range from 11 to 14 m along the coastal cliffs, while in the
flat area they range between just 4.5 and 5.5 m, depending on the probability. The maximum
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Fig. 8 Inundation line as a function of runup value associated with exceedance probabilities of 2, 1, and
0.5% in 50 years for Coquimbo — La Serena, Valparaiso — Vifia del Mar, and San Antonio

inundation distance ranges from 1600 to 2900 m due to the tsunami surging into the Maipo
River. It is important to mention that San Antonio is located in front of a submarine can-
yon, which may reduce the impact of tsunamis (Aranguiz and Shibayama 2013). The city
reported a tsunami amplitude of only 2 m inside the port and 1-m flow depth at the container
terminal in the southern part of the port during the 2010 tsunami.

Figure 9 illustrates the relationship between inundation limit and runup in the cities of
Constitucion, Talcahuano, and Coronel. In the case of Constitucion, the cliff area facing
the Pacific Ocean experiences the highest runups, ranging from 10 to 15 m, with maximum
distances of 50 to 150 m as the probability of exceedance decreases. North of the cliff
area, there is a flat area exposed to the sea, in which inundation distances reach 300 m and
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Fig. 9 Inundation line as a function of runup value associated with exceedance probabilities of 2, 1, and
0.5% 50 years for Constitucion, Talcahuano, and Coronel

runup reaches 7 m for the 2% exceedance probability in 50 years. The runup can increase
to 9 and 10 m for the exceedance probabilities of 1 and 0.5%, respectively, with an inunda-
tion distance of 800 m in both cases. Along the Maule River, the runup remains between 5
and 6 m for all exceedance probabilities, while the inundation distance ranges from 100 to
500 m. These results are consistent with records from the last major event in 2010, where
the maximum runup was 29 m along the cliff-lined coast, with an inundation distance of
120 m from the shoreline. Similarly, smaller runup measurements were observed in the city
center, located along the Maule River, with an inundation distance of approximately 500 m
(Fritz et al. 2011).

In Fig. 9, the middle row displays the results for Talcahuano, showing that there are no
significant differences in the inundation area as the exceedance probability increases. In the
cliff-lined areas, the runup can reach 8 m, while flat areas experience an inundation distance
of 4 km with a runup of approximately of 5 m for the lowest exceedance probability. The
topography of Talcahuano plays a crucial role in the extent of tsunami inundation. The
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southern shore of the bay consists of a coastal plain with a terrain elevation ranging from 5
to 10 m, bordered by hills with heights ranging from 50 to 130 m (Ledn and March 2014).
In addition, the bay faces north and has a relatively rectangular shape, measuring 14 km
in length and 11 km in width, with a maximum water depth of 30 to 40 m at the entrance.
Furthermore, the area is characterized by wetlands that are divided by a network of chan-
nels influenced by tides, forming a drainage system parallel to the coast, which serves as
a channel for water (Morton et al. 2011). Historical records indicate that the 1730 tsunami
reached a runup of 8 m and even flooded areas located 9 m.a.s.1. and 350 m from the coast-
line (Carvajal et al. 2017). In addition, the 1960 tsunami had a wave height of 5 m at the
southern shore of the bay, resulting in limited inundation distance (NCEI & WDS, 2023).
By contrast, the third and largest wave of the 2010 tsunami flooded a large area of the city,
with a maximum runup of 8 m and an inundation distance up to 4 km (Fritz et al. 2011).

Coronel Bay presents a relatively limited tsunami impact. However, the southern shore
behaves differently compared to the northern area. The former experiences runups ranging
from 5 to 9 m and a limited distance, while the latter has runups of 5 to 6 m and an inunda-
tion distance of 500 to 1200 m, depending on the exceedance probability. During the 2010
tsunami, Coronel experienced limited inundation, with the maximum runup of 2.5 m in
the southern part of the bay. This can be attributed to the presence of the Biobio submarine
canyon (Aranguiz and Shibayama 2013), which causes tsunami waves to refract and change
direction. This effect is further enhanced by diffraction from Santa Maria Island.

Figure 10 shows the results of inundation as a function of runup for Corral. While the
extent of the inundation area does not visibly vary with the defined exceedance probability,
there is a significant change in runup values in the flat areas, from 8 m to 14 m. This can
be attributed to the fact that during the inundation, some of the kinetic energy of the tsu-
nami is converted into potential energy. In cases where there is a sudden change in slope, a
large amount of energy is transformed into potential energy (Ogami and Sugai 2018). These
results are consistent with the inundation in 1960, when an inundation height of 10 m was
recorded.

Figure 11 shows the relationship between runup and inundation distance. Figure 11a dis-
plays all pairs of runup-distance data and for all transect lines in all locations. It can be seen
that maximum runups can easily exceed 25 m and even 30 m in some locations. In general,
the maximum runup decreases as distance from the shoreline increases. Special cases are
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Fig. 10 Inundation line as a function of runup value associated with exceedance probabilities of 2, 1, and
0.5% in 50 years for Corral
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Fig. 11 (a) Runup and inundation distance measurements for all locations, transects, and simulated sce-
narios. (b) Runup and inundation distance measurements associated with return periods of 2470, 4975,
and 9975 years, along with historical maximum measurements and simulated scenarios for all locations

Arica and Iquique, where the runup values increase with increasing distance, which is due
to the geomorphology, which channels water and causes large runups inland where steep
slopes are located. This behavior also occurs to a lesser extent in Chafiaral, where high
runups are generated in areas where the inundation distance is long. The rest of the locali-
ties present a behavior similar to that of Constitucion, where cliff areas are characterized
by large runups and distances less than 500 m, while flat areas are characterized by small
runups and long distances. It is worth noting the results in Talcahuano, where the inundation
distance can reach 6 km inland. Meanwhile, Fig. 11b shows the probabilistic results associ-
ated with three return periods in all locations, namely: 2475, 4975, and 9975 years (or 2, 1
and 0.5% probability of exceedance in 50 years). For comparison, the maximum simulated
points of each transect line (light grey) and historical data (solid circles) are also shown.
Based on these results, several criteria can be proposed. The first criterion can be defined as
an envelope of maximum runups, which may be used for planning tsunami evacuation and
the locations of safe zones, as illustrated by the black line in Fig. 11b. In this case, the first
area is defined by the 30-m contour line from the shoreline to 3 km inland. Then, the second
area is defined by the 15-m contour line between 3 and 6 km inland, and finally, areas further
than 6 km inland may be considered safe from tsunami inundation. The second criterion
is based on probabilistic results, such as the blue line in Fig. 11b. This line corresponds to
an envelope of runup with a 0.5% probability of exceedance in 50 years (9975-year return
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period). In this case, the 20-m contour may be used from the shoreline to 1 km inland, fol-
lowed by the 15-m contour from 1 to 2 km inland, and then the 7.5-m contour from 2 to
4 km inland, while the area beyond 4 km may be considered safe from tsunami inundation.
This criterion could be used for urban planning and the location of critical infrastructure,
as a tsunami has a very low probability of exceeding this limit. The third criterion could be
defined for structural design of public and private infrastructure (red line in Fig. 11b), which
is based on the 2% probability of exceedance in 50 years (return period of 2500 years).
The limit may be defined as the 12.5-m ground elevation from the shoreline up to 1.5 km
inland, followed by 5 m from 1.5 to 3.5 km, while structures located further than 3.5 km
from the shoreline do not need to be designed to withstand tsunami forces. As expected, the
results related to the 1% exceedance probability in 50 years (4975-year return period) are
between those of the two previous exceedance probabilities, but no significant differences
are observed. Therefore, only two criteria based on probabilistic analysis are suggested.

Figure 12 shows an application of the previously presented probabilistic criteria to the
city of Vifa del Mar, as well as a comparison with fully probabilistic tsunami inundation
maps. Figures 12a and ¢ show a spatial representation of probabilistic criteria that could be
used for urban planning (blue line in Fig. 11b) and structural design requirements (red line
in Fig. 11b), respectively. The 30-m contour level is also shown in the figure as a solid black
line. Figures 12b and d show the probabilistic maps obtained by Aranguiz et al. (2024), cor-
responding to exceedance probabilities of 0.5% and 2% for the same location. It can be seen
that the criterion based on probabilistic analysis of runup with a 0.5% exceedance probabil-
ity (Fig. 12a) presents an inundation area similar to that of the fully probabilistic map in the
area less than 1 km from the shoreline. However, in the zone between 1 and 2 km from the
shoreline, the inundation area is slightly overestimated compared to the probabilistic map.
Beyond 2 km from the shoreline, the proposed criterion would slightly underestimate the
inundation. In the case of the criterion based on runup with a 2% exceedance probability
(Fig. 12c¢), which may be used for structural design requirements, the inundation area is
overestimated compared to the fully probabilistic map in the area less than 1.5 km from the
shoreline. Beyond that distance, the inundation is slightly underestimated. This comparison
confirms that the proposed criteria align with fully probabilistic maps. Moreover, the cur-
rently proposed method is much less expensive in computational terms than the probabi-
listic maps. Therefore, coastal communities could use the proposed criteria if no official
inundation maps are available. Finally, comparison of the simplified proposed criteria and
the fully probabilistic maps to the 30-m ground elevation criterion (solid black line) for
the location of critical infrastructure or structural design requirements for buildings shows
that latter would be very restrictive. Therefore, it is recommended to use either of the two
proposed criteria for urban planning and maintain the 30-m ground elevation criterion for
evacuation purposes only.

4 Discussion
Estimating tsunami probabilities based on recorded data is feasible at a regional scale, as
seen in Kulikov et al. (2005), who estimated runups of 13 m and 25 m for 50-year and 100-

year return periods along southern Peru and northern Chile. However, establishing prob-
abilities for specific locations is challenging due to the limited event catalog that matches

@ Springer



Natural Hazards

s

Longitude
Longitude

Fig. 12 Comparison of criteria based on probabilistic analysis and probabilistic inundation maps for the
city of Vifia del Mar. (a) Urban planning probabilistic criterion (blue line Fig. 11b). (b) Probabilistic inun-
dation map associated with 0.5% exceedance probability in 50 years (Aranguiz et al. 2024). (¢) Structural
design probabilistic criterion (red line in Fig. 11b). (d) Probabilistic inundation map associated with 2%
exceedance probability in 50 years (Aranguiz et al. 2024)

desired risk tolerances (Geist and Parsons 2006). Therefore, this study employed a compu-
tational approach to create a synthetic database of tsunami runup and inundation distances.
This method allows for a more nuanced analysis by considering multiple points across an
area and incorporating slip distribution uncertainties and potential earthquake locations
(Septilveda et al. 2017, 2019). The findings extend our understanding of tsunami hazards by
providing detailed runup-distance data along the Chile-Peru subduction zone.

Coastal areas, often settled for housing, maritime facilities, and tourism, require care-
ful tsunami hazard management. Applying a uniform 30-meter elevation as an inundation
limit may be overly conservative, especially given Chile’s complex coastal morphology
(Yamazaki and Cheung 2011; Aranguiz & Shibayama, 2013). This study underscores
the importance of local geography and topography in defining safe zones. For instance,
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coastal dunes, cliffs, and rivers can serve as natural barriers against tsunamis (Aranguiz and
Catalan 2022). Incorporating distance from the shore along with tsunami runup provides
a more accurate assessment of local tsunami behavior, with higher runup elevations on
steep slopes and lower elevations on wide, flat beaches. This aligns with field data from
Mori et al. (2011), showing an exponential decrease in runup with increased distance from
shore. Therefore, elevation-based criteria alone may not be ideal for urban planning (Grezio
et al., 2017; Schneider et al. 2016). The probabilistic approach used in this study allows
for a more accurate identification of hazard zones based on varying exceedance probabili-
ties. This method can be adapted to areas without probabilistic tsunami maps, segmenting
regions according to these probabilistic criteria. For example, the black line in Fig. 11b
could define evacuation zones, the blue line for critical infrastructure, and the red line for
structures designed to withstand tsunami forces. Compared with existing strategies, such as
Japan’s Level 1 and Level 2 tsunami classifications (Shibayama et al. 2013), the proposed
criteria offer flexibility and adaptability to diverse regional contexts, especially in areas like
Chile and Peru with varying coastal topography. While this approach does not replace fully
probabilistic tsunami maps, it provides a more accessible method for identifying tsunami
risk areas in communal regulatory plans.

To better understand the impact of a 30-meter ground elevation as a tsunami inunda-
tion limit, we calculated the return periods and exceedance probabilities over a 50-year
period for each location. We selected the transect line with the maximum runup at each
location for our analysis, meaning that the computed return period for any other transect
line within the same location would be longer. It is important to note that only one location,
Iquique, reported a simulated runup exceeding 30 m. Therefore, we computed the empiri-
cal weighted distribution function and fitted a curve to extrapolate the required value, as
illustrated in Fig. 13. In this figure, the continuous lines represent the empirical weighted
functions, while the dashed line indicates the fitted function. It is possible to observe that
the return periods for a 30-meter runup can easily exceed 100,000 years. The numerical
values of return periods and exceedance probabilities are presented in Table 2. Notably,
Talcahuano, located within Concepcion Bay, shows extremely high return periods. This is
not unexpected, since all simulated and recorded tsunami runup inside the bay do not exceed
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Fig. 13 Return period as a function of runup for a representative transect line in each location. The solid
line represents the empirical curve, and the dashed line corresponds to the fitted curve
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Table2 Return periods and Coastal cities Return period (years) Exceedance
exceedance probabilities in 50 probability
years period for a 30-m runup at (%) in 50
each location year period
Arica 149.300 0.033
Iquique 139.960 0.036
Chafiaral 2.014.900 0.00248
Coquimbo — La Serena 9.147.600 0.000547
Valparaiso — Vina del Mar ~ 263.540 0.019
San Antonio 604.340 0.00827
Constitucion 237.580 0.021
Talcahuano 583.750.000.000.000 8.5x107-10
Coronel 65.760.000 0.000076
Corral 454.950 0.011

9—-10 m. Consequently, using a 30-meter ground elevation as a tsunami inundation limit may
be excessively conservative.

While this study makes significant contributions to the identification of different tsunami
risks areas and to the development of criteria based on probabilistic analysis in areas where
no probabilistic maps are available, it is essential to acknowledge its limitations. Assump-
tions made during numerical simulations and uncertainties in historical data may introduce
potential sources of error. Furthermore, it was found that probabilistic tsunami inundation
is very sensitive to the b-value in the Gutenberg-Richter law (Aranguiz et al. 2024), which
is related to the recurrence of seismic events. Nevertheless, the methodology used in the
creation of the criteria provides results similar to those of probabilistic maps. The advantage
of this methodology is that its results are much less computationally expensive compared
to a probabilistic map and could be used in any location without the need to simulate new
scenarios. To enhance the proposed method, the scenarios could be clustered by topographi-
cal features and new results could be obtained for runup and inundation distance based on a
characterization of the cities under study.

5 Conclusions

The present research proposed new criteria for identification of tsunami inundation lim-
its based on a probabilistic analysis of tsunami runup and inundation distance. These new
criteria can be used as an input for tsunami hazard in communal regulatory plans and thus
facilitate the definition of risk areas. The main conclusions are the following:

— The observed runup values in this study are consistent with historical tsunami events.
Our findings not only corroborate these historical records but also extend our under-
standing by providing comprehensive runup-distance data in several locations along the
Chile-Peru subduction zone.

— Two criteria were created based on probabilistic analysis; the blue-line criterion may be
recommended for the location of critical infrastructure and the red-line criterion can be
used to require that structures be designed to withstand tsunamis forces. However, any
critical infrastructure must be designed to withstand tsunami forces.
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— The current criterion based on the 30-m ground elevation could be very conservative
if it is applied to urban planning or structure design requirements. Instead, the use of
combined variables such as runup and inundation distance provides more representative
results for the complex geomorphology of the Chilean coast.

— The proposed criteria can be used in communal regulatory plans to establish general
tsunami inundation hazard levels to assess tsunami risk in a gradual manner.There-
fore, areas without available probabilistic tsunami inundation maps may be segmented
according to the current proposed criteria.
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