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Abstract. The occurrence of mega-tsunamis over the last
couple of decades has greatly increased the efforts of the re-
search community and practitioners to work hand in hand
to reduce risks from these highly destructive threats. Pro-
tecting the population through evacuation is the best alter-
native for avoiding loss of life in the wake of the occurrence
of a tsunamigenic earthquake. Therefore, guaranteeing the
proper state of evacuation routes is very important to ensur-
ing appropriate movement to the safe zones. This study car-
ries out a detailed analysis of possible evacuation scenarios,
considering the actual state of the escape routes of Iquique, a
Chilean city prone to tsunamis, with a substantial number of
urban micro-scale vulnerabilities, i.e., elements that obstruct
or complicate pedestrian flow. The quantification of the de-
lay in evacuation processes resulting from the presence of ur-
ban micro-vulnerabilities is carried out through micro-scale
agent-based model (ABM) simulations. In addition, these re-
sults are integrated with high-resolution tsunami inundation
simulations, allowing for an estimation of the potential num-
ber of people that the tsunami may reach under different sce-
narios by emulating the dynamics and behavior of the popu-
lation and the decision-making regarding the starting time of
the evacuation.

1 Introduction

Tsunamis are infrequent natural phenomena capable of trig-
gering large human and material losses in coastal areas, as
shown during the last 20 years by disasters like the In-
dian Ocean tsunami in 2004 (with over 200 000 deaths);
the 2011 event in Tōhoku, Japan (roughly 20 000 victims);
and tsunami catastrophes with fewer casualties including
Chile (2010, 2014, and 2015), Indonesia (2010 and 2018),
and Tonga (2022). Significant progress has been achieved in
tsunami risk forecasting over the last few decades, with faster
and more robust methodologies to estimate earthquake pa-
rameters and tsunamigenic potential (e.g., Gusman and Tan-
ioka, 2014; Melgar and Bock, 2015; Crowell et al., 2016).
Moreover, early warning systems have benefited from ex-
panded networks for direct sea surface observations, both in
deep water and on the coast (e.g., Wächter et al., 2012; Mu-
lia and Satake, 2020; Catalan et al., 2020), and from new
tsunami forecasting models, constrained with near-real-time
data assimilation methods to provide fast and accurate as-
sessment of tsunami wave propagation (e.g., Maeda et al.,
2015; Wang et al., 2017; Navarrete et al., 2020).

The advances in tsunami science have led to more ro-
bust strategies and actions for risk reduction (Suppasri et al.,
2013; Tsimopoulou et al., 2013; Koshimura and Shuto, 2015;
Khew et al., 2015). These include “hard” countermeasures
aimed at avoiding or mitigating tsunami inundation in ur-
banized areas (e.g., seawalls, breakwaters, floodgates, and
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control forests) and “soft” strategies focused on education
and policy. Examples of this latter approach comprise, for
instance, land-use and built-environment planning and early
warning and emergency management systems. Among hard
and soft strategies, evacuation has been underlined as the
most important and effective method for saving human lives
during a tsunami (Shuto, 2005; Suppasri et al., 2013). In re-
cent years, researchers have made significant progresses in
tsunami evacuation studies developing computer-based mod-
els for dynamic simulations (Aguilar and Wijerathne, 2016;
Kitamura et al., 2020; León et al., 2020; Makinoshima et al.,
2016, 2018; Mas et al., 2015; Mostafizi et al., 2017; Tauben-
böck et al., 2009; Wang et al., 2016; Wang and Jia, 2021),
analyses of the evacuees’ behaviors during past emergen-
cies (Makinoshima et al., 2020; Charnkol and Tanaboriboon,
2006; Kubisch et al., 2020), and analyses of how geographi-
cal and built-environment attributes can contribute to the suc-
cess (or failure) of evacuation processes (Allan et al., 2013;
León et al., 2022; Tumini et al., 2017; Villagra et al., 2014;
Villagra and Quintana, 2017). Along these lines, authors in-
cluding León et al. (2020) and Álvarez et al. (2018) have
underlined the need for carrying out spatially detailed sur-
veys of the actual physical conditions that evacuees might
find while they are undertaking evacuation and for analyz-
ing how these features can influence this process. In partic-
ular, Álvarez et al. (2018) conducted one such analysis in
the tsunami-prone city of Iquique, Chile, where they found
that some of the designated evacuation routes could be ob-
structed for up to 20 % of their available evacuation space.
This was the outcome of existing “micro-vulnerabilities”,
i.e., human-scale obstacles capable of impeding pedestrian
displacements, like parked cars, street vendors, and restau-
rant tables located on sidewalks.

In this article we draw upon the work of Álvarez et al.
(2018) to develop a dynamic analysis of how the existing
micro-vulnerabilities in Iquique, Chile, could impact the ex-
pected evacuation times and success rates during two tsunami
scenarios. To do this, we use an agent-based computer model
originally developed and validated by Poulos et al. (2018)
(capable of examining the spatial interactions between the
evacuees considering the urban environment), coupled with
high-resolution tsunami flooding simulations generated by
two different earthquakes: Mw 8.4 and Mw 9.0. Our findings
and methods (which can be applied in other tsunami-prone
contexts around the globe) can support tsunami risk mitiga-
tion in two complementary ways. First, they deliver spatially
detailed outcomes about the actual conditions of evacuation
routes; this scale of analysis is not typically addressed by
evacuation analyses, and our findings could guide specific
risk-reduction policies for improving the evacuation qualities
of the urban built environment. Secondly, emergency man-
agement stakeholders could use our findings for improved
evacuation planning and training, as they show routes’ fur-
ther characteristics beyond their length, origin, and destina-
tion, therefore helping to recommend one of them. For in-

stance, two or more designed routes that are in the same
urban area and have similar lengths can have dissimilar ex-
pected evacuation times and safety conditions due to the ex-
isting micro-vulnerabilities along them.

The article is organized as follows: we first summarize the
evidence of high seismic hazard in the study area, suggesting
the possible existence of a high risk of tsunami evacuation;
secondly, we present the models and computational tools that
we use to study tsunami evacuation processes; and then the
main results and a discussion of their implications are pre-
sented, followed by concluding remarks and recommenda-
tions.

2 Study area

The Peru–Chile Trench is known for being a zone of con-
vergence between the Nazca and South American plates
that has high seismic activity. The most notable seismic
events registered in the region in recent centuries include the
1868 Arica and 1877 Iquique earthquakes, both of magni-
tudes estimated at around Mw 8.8 and followed by destruc-
tive tsunamis (Lomnitz, 2004). The so-called “Norte Grande”
of Chile, located between the Chile–Peru border and the
peninsula of Mejillones near the city of Antofagasta (Fig. 1),
has received special attention owing to the existence of a
seismic gap with high accumulation of elastic deformation
(Comte and Pardo, 1991; Chlieh et al., 2011; Métois et al.,
2013). Even though destructive earthquakes have been nu-
cleated in the area over the last 60 years (Mw 7.4 1967 and
Mw 7.7 2007 near Tocopilla and the Mw 8.2 Iquique earth-
quake in 2014), they represent only a small fraction of the ac-
cumulated deformation (Catalán et al., 2015; Yáñez-Cuadra
et al., 2022), which means that there is enough potential
seismic energy to produce a major tsunamigenic subduction
earthquake (Hayes et al., 2014; González et al., 2020).

The seismic context described above motivates us to place
our study in the city of Iquique, a port city located in the
north of Chile (20.53° S, 70.18° W). We focus on the down-
town zone, which consists of a narrow strip no wider than
3 km from east to west with an upward slope that ends in the
coastal mountain range. Iquique hosts intense industrial and
commercial activity due to the presence of one of the most
important ports in the country, which is used for the transport
of goods and mining resources. Among its attractions are one
of the largest duty-free zones in South America, historical
buildings, the natural beauty of its beaches, and a year-round
temperate climate. The city has undergone major growth,
with a rate of around 70 % between 1993 and 2003. Accord-
ing to the results of the last census, a total of 184 953 people
reside in the city (INE, 2012). The rapid growth of coastal
cities such as Iquique has led to increased exposure of their
inhabitants and property to hazards such as tsunamis and
a consequent increase in vulnerability and flood risk (Neu-
mann et al., 2015; Kron, 2013; Jongman et al., 2012).
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Figure 1. Left panel: geographical location of the study area and major earthquakes (red circles) reported in Chile since 1868 (epicenters
based on the records of the National Seismological Center of the University of Chile and the United States Geological Survey). Right panel:
downtown Iquique and the tsunami evacuation routes where Zegers Street is highlighted (the map has been modified from ONEMI and IMI,
2013).

3 Research methods and modeling tools

3.1 Urban micro-vulnerabilities along evacuation
routes

During an evacuation, escape routes to higher ground are de-
termining factors for the proper execution of the process. An
appropriate evacuation route layout ensures that the path of
travel to safe areas is the shortest; in Iquique the orthogo-
nal street layout is a positive element that guarantees redun-
dant and practically straight evacuation routes (see Fig. 1).
Nonetheless, the high population growth; vehicle ownership
rates; and large commercial, tourism, industrial, and educa-
tional activities in the study area increase the tsunami risk.
High occupancy rates give rise to a series of problems in
terms of space availability along evacuation routes, which
ideally should remain clear and free of obstacles to avoid a
decrease in their design capacity (Scheer et al., 2012).

Downtown Iquique shows many of these complications
that can negatively affect the displacement of evacuees at the

pedestrian-experience scale (León and March, 2016; Walker,
2013; Álvarez et al., 2018). More specifically, the work
of Álvarez et al. (2018) documents the presence of “ur-
ban micro-scale vulnerabilities” along evacuation routes that
stem from their poor use, poor maintenance, or design prob-
lems, and it proposes a methodology to quantify the effect of
urban micro-vulnerabilities on the displacement of evacuees
through an urban friction rate, which “represents the pro-
portion of the area of an evacuation route that is occupied
by the micro-vulnerabilities existing on it” (Álvarez et al.,
2018, p. 2033). Another important issue is the use of pub-
lic spaces for parking, which considerably reduces the route
capacity; the latter is due to the great number of vehicles in
circulation in Iquique, with 3.62 vehicles per 10 inhabitants,
much higher than the national average of 2.64 (INE, 2015).
While other factors such as the use of sidewalks to extend the
service areas of restaurants and the use of public spaces for
informal commerce have a smaller presence, they similarly
slow evacuations. The analysis of tsunami evacuation scenar-
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Figure 2. Friction rates of the main evacuation routes of downtown Iquique, based on the results of Álvarez et al. (2018).

ios developed in Álvarez et al. (2018) allows the quantifica-
tion of the presence of urban micro-vulnerabilities along the
evacuation routes of Iquique to realistically represent evacu-
ation processes in light of the city’s current conditions. Fig-
ure 2 shows the results of the assessment of the evacuation
routes of Iquique (their locations are depicted in Fig. 1) as a
function of their friction rates; the routes with urban environ-
ments that are the worst prepared for a possible evacuation
are O’Higgins, Latorre, and Zegers streets. In what follows
we focus on Zegers Street to carry out a detailed analysis of
evacuation owing to the rapid tsunami arrival and flooding
along this street.

3.2 Tsunami modeling

In this study, numerical simulations of hypothetical tsunami
scenarios are developed using the open-source GeoClaw
model (Berger et al., 2011). The GeoClaw code solves the
nonlinear shallow-water equations using a mesh-adaptive
high-resolution finite-volume method to compute spatio-
temporal evolution of water depths h(x,y, t) and depth-
averaged flow velocities in horizontal dimensions, u(x,y, t)
and v(x,y, t). It has been widely applied to tsunami haz-
ard assessment in different topo-bathymetric contexts (e.g.,
Melgar and Bock, 2015; Cienfuegos et al., 2018; Williamson
et al., 2020).

The tsunami scenarios are modeled using four nested grids
in planar coordinates to achieve a high-resolution descrip-
tion of the tsunami propagation and inundation from its gen-
eration zone into the city (see Fig. 3). Grid 1 corresponds
to the bathymetry of the Pacific Ocean, generated from the
GEBCO 2014 digital global bathymetric model (Weatherall
et al., 2015), which covers the tsunami generation zone with
a coarse resolution of 900 m. Grids 2 and 3, with resolutions
of 180 and 30 m, respectively, are obtained from the nautical
charts of the national Hydrographic and Oceanographic Ser-
vice of the Chilean Navy (SHOA) to propagate the tsunami
to the Chilean coast. The inundation modeling is performed
with Grid 4 using lidar topographic information of the city of

Iquique with a resolution of 2 m (provided by the JICA–JST
tsunami project; see Tomita et al., 2016) to achieve a high
level of detail at the street level.

The validation of the model configuration is performed us-
ing tsunami observations of the 2014 Iquique earthquake. We
compare computed tsunami signals with tidal gauge records
at the Iquique port and with DART buoys (UNESCO/IOC,
2014; Heidarzadeh et al., 2015) using two source models.
The first one is obtained from the inversion of tsunami
records (An et al., 2014), while the second one incorporates
GPS measurements in addition to perform the source inver-
sion (Gusman et al., 2015). The initial conditions for the
tsunami simulations are estimated based on the displacement
distribution of the earthquake source using the elastic dislo-
cation theory of Okada (1985).

In general the deep-water DART tsunami time series gen-
erated from the fault models of An et al. (2014) and Gus-
man et al. (2015) are in good agreement with the tsunami
records (Fig. 4). Nevertheless, an earlier tsunami wave ar-
rival is observed in the simulations at the Iquique tide gauge,
as was also the case in simulations reported in Catalán et al.
(2015) and Gusman et al. (2015). Some differences in phases
and amplitudes are also observed at this tidal gauge, con-
sistent with results reported previously by the same authors.
These differences might be due to the inherent epistemic un-
certainty associated with the modeling of rupture inversion
and its consequent variability in finite fault models (Cien-
fuegos et al., 2018), and/or an insufficient bathymetric reso-
lution and insufficient information to properly represent the
port layout, which may result in a poor description of the
later stages of the tsunami evolution. Nonetheless, model re-
sults are in agreement with previously published works deal-
ing with the same event and are thus considered adequate to
be applied in the present study.

3.3 Tsunami scenarios

We adopt the interseismic coupling (ISC) model approach
(Li et al., 2015) to define potential future earthquake slip

Nat. Hazards Earth Syst. Sci., 24, 1485–1500, 2024 https://doi.org/10.5194/nhess-24-1485-2024



R. Cienfuegos et al.: Analysis of the effects of urban micro-scale vulnerabilities on tsunami evacuation 1489

Figure 3. Nested grids used in the numerical simulations. The yellow triangles indicate the locations of the DART buoys used for the tsunami
model validation and the tidal gauge near the port of Iquique.

sources in the Norte Grande seismic gap. For the tsunami
evacuation analysis, we define two cases: a Mw 9.0 earth-
quake based on the ISC estimations of Chlieh et al. (2011)
and a Mw 8.4 earthquake from the large sample of stochastic
scenarios developed by Métois et al. (2013), selected for its
high flood level and early arrival time. Both scenarios were
proposed as possible earthquakes before the 2014 Iquique
earthquake, thus giving a conservative assessment of poten-
tial ruptures. The tsunami simulations are performed assum-
ing a mean tide level and a high tide level (+0.76 m) at the
time of the nucleation of the earthquake. The initial sea sur-
face deformations and the resulting tsunami time series at
the tidal gauge located near the port of Iquique are shown in
Fig. 5.

3.4 Evacuation modeling

The evacuation model used herein was developed and vali-
dated by Poulos et al. (2018); it consists of an agent-based
model (ABM) to statistically aggregate the evacuation dis-
placements from the individual level. The model uses a col-
lision avoidance algorithm (van den Berg et al., 2011) which
naturally captures congestion problems that may occur dur-
ing an evacuation. We define a 45 cm agent space where no
agent overlapping is allowed. The Dijkstra shortest-path al-
gorithm (Dijkstra, 1959) is set as the evacuation route se-
lection. The displacement velocity of each agent is sam-
pled from a Weibull distribution with a mean of 1.34 m s−1

(shape parameter 10.14 and scale parameter 1.41), calibrated
by Rinne et al. (2010) and consistent with the literature re-
view conducted by Daamen and Hoogendoorn (2007). The

change in pedestrian velocity as a function of the slope of the
terrain is calculated using Tobler’s hiking function (Tobler,
1993), which has been employed in similar studies (Wood
and Schmidtlein, 2012; Fraser et al., 2014; Solís and Gaz-
muri, 2017).

A realistic representation of the urban environment is ob-
tained by including the urban micro-vulnerabilities present
along the studied evacuation route following the methodol-
ogy and field data of Álvarez et al. (2018) (see Fig. 10 for
a graphic representation of these). The effect that these fea-
tures have on the agent movement is taken into account us-
ing the speed conservation value (SCV) (Schmidtlein and
Wood, 2015; Fujiyama and Tyler, 2004), which is the frac-
tion of the maximum speed that a pedestrian can reach on a
given surface (Wood and Schmidtlein, 2012). The SCV as-
sociated with urban micro-vulnerabilities are either block-
ages where the agents cannot go through (SCV= 0), partial
speed reductions when they encounter street level changes
(SCV= 0.5501), or minor speed reductions (SCV= 0.9091)
when the movement takes place over rough surfaces (see Ál-
varez et al., 2018, for details).

Because the spatial distribution of the population depends
on the time of the day, we consider two scenarios: nighttime
and daytime. The nighttime case is modeled using data of the
demographic census disaggregated at the block level (INE,
2012). The population distribution in the daytime scenario is
mainly based on an origin–destination survey for the city of
Iquique (SECTRA, 2010) but is complemented with infor-
mation from the census, information related to the permitted
load of non-housing infrastructures (MINVU, 2016), and in-
formation related to the occupancy of educational establish-
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Figure 4. The 2014 tsunami signals recorded by the Iquique tide gauge and DART buoys (black), compared with time series generated by
the numerical simulation using An et al. (2014) (blue) and Gusman et al. (2015) (green) earthquake sources.

ments from the Ministry of Education. In Fig. 6 the popu-
lation distribution is presented around the studied street for
nighttime and daytime scenarios. Based on the data, the total
number of agents is set to 3171 in the nighttime scenario and
4597 in the daytime scenario.

In order to take into account the variability in decision-
making regarding the evacuation starting times of agents,
we employ the Rayleigh cumulative probability distribution,
which has been widely used in tsunami evacuation modeling
(Mas et al., 2012; León and March, 2014, 2016; Solís and
Gazmuri, 2017):

F(t)= 1− exp
(
−t2

2σ 2

)
, (1)

where t is the time variable and σ is the scale parameter of
the distribution; the latter is expressed in terms of the average
starting time of evacuation t as σ = t

√
2/π .

4 Results

4.1 Tsunami arrival times

In Fig. 7 the tsunami arrival times for the two modeled sce-
narios are presented. The high topographic resolution (2 m)
allows the representation of the effect of the inundation
through the streets of the city. It can be seen that in the
Mw 9.0 scenario, the first blocks of the city are flooded in less
than 15 min, while in theMw 8.4 scenario, this area is flooded
in 20 min. The most exposed areas are the port of Iquique and
the duty-free zone (ZOFRI), home of the commercial hub of
the city and located north of the port. The evacuation analysis
herein is focused around Zegers Street, where tsunami inun-
dation appears to take between 15 and 25 min to penetrate six
blocks. This street is also one of the routes of greatest con-
cern due to the presence of urban micro-vulnerabilities (Ál-
varez et al., 2018). Therefore, different evacuation scenarios
are modeled in detail, considering all the streets that feed the
Zegers evacuation route as the modeling zone (see Fig. 1).
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Figure 5. Initial sea surface deformations for the Mw 9.0 (a) and for the Mw 8.4 (b) tsunami scenarios. (c) Modeled tsunami heights at the
tidal gauge located near the port of Iquique (see Fig. 3).

4.2 Assessment of the modeled evacuation curves

On 8 August 2013, the National Office of Emer-
gency (ONEMI) carried out a tsunami drill in the north of
Chile as part of the national preparedness plans. In Tarapacá
Region (Iquique is the regional capital), 76 000 people par-
ticipated in the drill (Walker, 2013). During the drill, a re-
search team of the Research Center of Integrated Disaster
Risk Management (CIGIDEN) recorded the progress of the
drill through a count of arrivals at meeting points on des-
ignated evacuation routes every 30 s. The counting of evac-
uees was used to build evacuation curves (Solís and Gazmuri,
2017). Here we use the evacuation curves built for O’Higgins
Street, since data on the evacuation of Zegers Street could not
be properly completed. Two independent measurements for
evacuees are available for this street (see Fig. 8).

It is observed that the final evacuation times are close to
35 min, with no major differences between the simulations
and the drill measurements. However, the shapes of the evac-
uation curves differ, especially for the initial times, which
could be explained by a low turnout of people located in areas
closer to the safe zone, whose times of arrivals are shorter.
Moreover, as participation in the exercise was not mandatory,

it is likely that the recorded participants’ departure locations
were unevenly distributed across the city, with a more signifi-
cant participation rate in areas close to the sea (therefore with
longer evacuation times). On the other hand, the evacuation
drills in Chile require the population to wait for 2–3 min be-
fore starting the evacuation after the warning is released; in
the case of the modeled evacuation with the shorter departure
time of 3 min, the Rayleigh distribution allows a few agents
to begin to move as soon as the modeled earthquake begins.

Despite these differences, the model is capable of reflect-
ing, with significant accuracy, the required times for total
evacuation, as measured during the drill (roughly 35 min),
and shows similar evacuation rates to those collected during
the exercise for the evacuation period after 17 min of evacu-
ation.

4.3 Evacuation process under the modeled tsunami
scenarios

We present the results of the ABM evacuation simulations
for Zegers Street considering (i) nighttime and daytime sce-
narios, (ii) scenarios with and without the effect of urban
micro-scale vulnerabilities, and (iii) three times for the initi-
ation of the agents’ evacuation. We assume a mean departure
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Figure 6. Population distribution in the studied area. Upper panel: nighttime scenario. Lower panel: daytime scenario.

time of t = 3 min for an optimistic scenario where the agents
start the evacuation immediately after the seismic shaking, a
mean departure time of t = 8 min assuming that most of the
agents start evacuating once the tsunami alarm is activated,
and a pessimistic scenario where the agents start evacuating
at t = 19 min when the first tsunami waves are visible.

Thus, a total of 12 combinations are simulated to assess the
evacuation process. For each scenario, 30 ABM simulations
are run to capture the variability in the initial spatial distribu-
tion of the agents within the blocks adjacent to Zegers Street,
the speed functions, and the departure times; by doing so we
expect to achieve an error of less than 1 % in the number of
evacuees at each time, using a confidence interval of 95 %
(Byrne, 2013; Ritter et al., 2011).

In Fig. 9 we present the average evacuation curves for each
modeled scenario, in which the upper curves correspond to
the results of the daytime scenarios (with more agents to be
evacuated) and the lower curves to the nighttime scenarios.
The total time needed to completely evacuate the agents to
safe zones does not undergo significant variations in response
to changes in the population distribution, since the differ-
ences in the distances that the agents have to travel along the
evacuation route and the agent speed functions show a mod-
erate variability within the simulations. On the other hand,

the differences between scenarios where agents encounter
urban micro-scale vulnerabilities are also mild but may not
be negligible. The maximum instantaneous difference in the
number of evacuees (with and without urban micro-scale vul-
nerabilities) for the case of t = 3 min is nearly 250 agents in
the daytime scenario and 180 agents in the nighttime sce-
nario (see Fig. 11). When the mean departure time increases,
the maximum instantaneous difference in evacuees tends to
decrease, since the route appears to be less congested; as
expected, urban micro-scale vulnerabilities have more influ-
ence on the evacuation process as the route becomes more
crowded.

The effects of the modification of the mean departure time
on the evacuation curves can also be observed in Fig. 9.
When the agents start evacuating with a mean departure time
of t = 3 min, the evacuation of the total population is reached
after 40 min. On the other hand, when the agents’ starting
evacuation time is set to t = 8 min, the time needed for a
complete evacuation is around 50 min. In the pessimistic sce-
nario when t = 19 min, more than 1 h is needed to complete
the process.

We now perform the analysis of the evacuation pro-
cess considering the tsunami inundation scenarios. Since the
ABM simulation gives the position of each agent over time
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Figure 7. Tsunami arrival time maps for the modeled scenarios.
(a) Mw 9.0 earthquake. (b) Mw 8.4 earthquake.

with a 1 s resolution and the tsunami inundation is also mod-
eled at high spatial and temporal resolution, it is possible
to estimate the number of agents that are reached by the
tsunami at each time. We show a snapshot of the ABM and
tsunami simulations in Fig. 10. The two tsunami scenarios
(Mw 9.0 and Mw 8.4) are run for a mean tide level and a
high tide level. In Tables 1 and 2 we summarize the percent-
age of agents (of the total) that are reached by the tsunami
under the different studied cases. For the two tsunamigenic
scenarios, when the agents’ mean departure time is set to
t = 3 min, the percentage of agents reached by the tsunami is
zero or very low (less than 0.2 %), thus demonstrating that a
prompt evacuation starting immediately after the earthquake
is paramount to saving lives.

When the mean departure time is t = 8 min, the percentage
of agents caught by the tsunami increases significantly, with
values between 1.5 % and 4.0 % for the Mw 8.4 earthquake
and between 9.7 % and 22.3 % for the Mw 9.0 scenario. It is
important to note that in the nighttime case, more agents are
reached by the tsunami, especially in theMw 9.0 earthquake.
The latter is due to the residential nature of the housing that
is located very close to the coastline, implying that a higher
number of agents are exposed to the tsunami within the first
blocks during nighttime (see Fig. 6). No significant differ-
ences between the cases with and without urban micro-scale
vulnerabilities are observed, while the percentage of agents
caught by the tsunami is much higher for the simulations un-
der high tide.

In the pessimistic case with a mean evacuation departure
time of t = 19 min, the percentage of agents reached by the
tsunami shows a radical increase. For the Mw 8.4 scenario,
nearly 30 % of the agents are caught by the tsunami for the
mean tide case, while around 50 % are reached when the
tsunami simulation is performed under high-tide conditions.
For the Mw 9.0 earthquake, the percentage of agents that are
reached by the inundation is around 60 % and 70 % for the
mean and high tide case, respectively. It is worth noting for
the Mw 9.0 earthquake that more agents are caught by the
tsunami under the nighttime scenario (though only 3 %–4 %
more), consistent with the previous results, but the situation
is the opposite for the Mw 8.4 earthquake under high tide,
where more agents are reached during the daytime. The latter
may be due to the arrival of the first waves within 20–25 min
over the blocks having a high rate of occupancy in the day-
time (see Fig. 6). On the other hand, again, the influence of
the urban micro-scale vulnerabilities is not decisive for the
evacuation process.

5 Discussion

The analysis we conducted did not show overall significant
influences of the urban micro-scale vulnerabilities on the
evacuation processes. However, it was shown that the lat-
ter would depend on the level of congestion, so we now at-
tempt to measure the influence of micro-scale vulnerabilities
by computing the differences in the number of evacuees at
each time for simulations with and without their presence. To
quantitatively assess this, we perform ABM simulations with
t = 3 min, increasing the total number of agents in the day-
time and nighttime scenarios by factors of 1.5, 2, 2.5, and 3.
In Fig. 11 we show the resulting differences in the number of
evacuees reaching the safe zone. In the daytime scenario the
maximum difference in evacuees increases from 250 to 550
(2.2 times higher) when the number of agents is doubled and
to 720 (+2.9 times) when it is tripled. For the nighttime sce-
nario, the maximum difference of 180 evacuees increases to
290 (+1.6 times) and 370 (+2.06 times) when the total num-
ber of agents is doubled and tripled, respectively. It is thus
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Figure 8. Validation of evacuation curves for the daytime scenario using a mean departure time of 3 min compared with two measurements
from the 8 August 2013 drill. The ABM is run with (red) and without (blue) urban micro-scale vulnerabilities – the maximum and minimum
limits of the simulation settings are shown, and the center line corresponds to the average curve.

Figure 9. Average evacuation curves for the 12 modeled scenarios considering the presence and absence of urban micro-scale vulnerabilities,
different departure times, and the nighttime and daytime spatial distribution of agents.

shown that as the evacuation route becomes more crowded,
the delays that the presence of urban micro-scale vulnerabil-
ities induces in the evacuation processes increase.

The relatively small influence of the urban micro-scale
vulnerabilities on the outcomes of an evacuation process in
the study area could rapidly change if other real-world condi-
tions (consistent with observations during tsunami emergen-
cies in Chile) are included in the model. For instance, while

our analysis considered that agents could use both the side-
walks and the road as a movement area, tsunami evacuations
in other cities have shown that this can be unfeasible due to
full road occupancy provoked by automobile traffic conges-
tion (León et al., 2022). In such a case, where evacuees might
be confined to the sidewalks, urban micro-scale vulnerabili-
ties’ impact on evacuee speeds could be much higher.
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Figure 10. Snapshots of the ABM simulation for the Zegers evacuation route. (a) The first tsunami arrivals are shown for theMw 9.0 scenario
at time t = 16 min; agents colored in white are in the process of evacuating, while those colored in red have been reached by the tsunami.
(b) Example of a street segment and the representation of urban micro-vulnerabilities: obstacles that impose a speed reduction are depicted
in green, while the ones that block the agents’ passage are colored in red.

Table 1. Percentage of agents reached by the tsunami under the Mw 8.4 scenario assuming mean tide and high tide (in parentheses).

Percentage
t = 3 min t = 8 min t = 19 min

Nighttime, no urban micro-scale vulnerabilities 0.0 (0) 1.5 (3.5) 32.6 (47.8)
Nighttime with urban micro-scale vulnerabilities 0.0 (0) 1.7 (3.6) 32.5 (47.3)
Daytime, no urban micro-scale vulnerabilities 0.0 (0) 1.5 (3.9) 33.0 (57.7)
Daytime with urban micro-scale vulnerabilities 0.0 (0) 1.6 (4.0) 33.0 (56.6)

Table 2. Percentage of agents reached by the tsunami under the Mw 9.0 scenario assuming mean tide and high tide (in parentheses).

Percentage
t = 3 min t = 8 min t = 19 min

Nighttime, no urban micro-scale vulnerabilities 0.0 (0.2) 14.4 (22.3) 62.3 (72.1)
Nighttime with urban micro-scale vulnerabilities 0.1 (0.2) 14.5 (22.3) 62.1 (72.2)
Daytime, no urban micro-scale vulnerabilities 0.0 (0.1) 9.8 (16.2) 58.4 (68.7)
Daytime with urban micro-scale vulnerabilities 0.0 (0.1) 9.7 (16.0) 58.0 (68.6)

The expected impact of the urban micro-scale vulnerabili-
ties on pedestrian evacuation time could also change depend-
ing on the chosen modeling technique and how it assesses
the effect of the agents’ agglomeration density. For instance,
queuing models focused on evacuation (e.g., Lämmel et al.,

2010) typically simulate the urban realm as a network of
links and nodes throughout which agents move. Each link has
a definite capacity that limits the number of evacuees that can
simultaneously be within it, and, therefore, incoming agents
must wait to enter the link if there is not enough available
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Figure 11. Quantification of the impact of urban micro-vulnerabilities in the evacuation process. “1 Evacuees” is the difference between sce-
narios without and with urban micro-vulnerabilities when the total number of agents is increased by factors of 1.5, 2, 2.5, and 3. (a) Daytime
scenario. (b) Nighttime scenario.

space. Other network-based models (Goto et al., 2012; Wang
and Jia, 2021) use the spatial properties of each street link
(width, length) to estimate its area and then apply a contin-
uous function to assess the impact of the agents’ density on
their pedestrian speed within it. León et al. (2021) proposed
a raster-based agent-based model where each agent assesses
the density of agents located in its next destination cell along
its escape path. If this density surpasses 1.3 agents m−2, the
agent changes direction to avoid it (therefore its evacua-
tion path length and time increase). In future work, different
agent-based models could be used to assess the same evac-
uation scenario and micro-scale parameters in Iquique, and
subsequently a sensitivity analysis could be performed to ex-
amine how the results change among them.

The approach accounting for urban micro-scale vulnera-
bilities could also be used to assess how post-earthquake ur-
ban scenarios could dynamically affect evacuation. In this re-
spect, existing models (Aguirre et al., 2018) use the material
characteristics of the building stock to estimate the amount of
seismic-related damage that a given tsunamigenic earthquake
can provoke in a city. In turn, this analysis could lead to an as-
sessment of the likely amount of debris to be deposited along
the streets. In the agent-based model, this debris could be in-
cluded as new micro-scale vulnerabilities that further delay
the evacuation (e.g., Castro et al., 2019).

A limitation of our modeling approach is that the spatial
distribution of micro-vulnerabilities considered only a day-
time scenario, when impeding obstacles such as restaurant
tables and chairs, advertisement objects, and areas of infor-
mal street vending are placed directly on sidewalks. As this
distribution is time-dependent, it is prone to change during
other periods such as nighttime and holidays. Despite this
limitation, it allowed us to assess a worst-case scenario for

which risk-reduction approaches could be developed. Fur-
ther field surveys could be conducted during different time
scenarios for delivering time-specific risk assessments.

Another modeling variable that could be scenario-
dependent is the average departure time. The three studied
mean starting times (3, 8, and 19 min) might change signif-
icantly, for instance, during a nighttime evacuation. In such
a case, people could be woken up by the strong shaking or
by the subsequent sirens, power shortages would not allow
warnings to be broadcast through the emergency system, or
the lack of natural light could impede visual analysis of the
sea conditions. All these cases could lead to delayed depar-
tures beyond our assumptions. Future research could tackle
this problem by conducting post-disaster surveys aimed at
grasping real-world evacuation behaviors, including actual
departure times. An example of this type of research is shown
by Kubisch et al. (2020), who examined this problem in the
aftermath of the 2010 Talcahuano tsunami in Chile.

6 Conclusions

Recent progress in tsunami sciences and disaster risk man-
agement has provided better early warning systems, proto-
cols, and plans to improve the evacuation response of the
population and ultimately save lives. However, the analysis
of the impact that the so-called urban micro-scale vulner-
abilities (which result from poor maintenance or practices
along evacuation routes) may have on evacuation processes
has received only little attention in the specialized litera-
ture. We have thus conducted here a series of agent-based
model (ABM) simulations to assess the effects that the urban
micro-scale vulnerabilities identified in the city of Iquique
in Chile could have on the number of evacuees that might
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escape from the tsunami along one of the main evacuation
routes in the city. Two demanding tsunamigenic scenarios
with arrival times of between 15–20 min were considered to
assess the evacuation process along Zegers Street located in
the downtown of the city. Daytime and nighttime scenarios
were considered, and three different average evacuation start-
ing times were assumed in the evacuation simulations.

The most important variable controlling the number of
agents caught by the tsunami was shown to be the average
departure time for the evacuation. A self-evacuation imme-
diately after the earthquake (3 min) would allow almost all
agents in the studied area to be saved under all the consid-
ered scenarios. On the contrary, a delayed evacuation with
an average time of 19 min would result in a large increase
(between 30 % and 70 %) in the number of agents reached
by the tsunami.

The differences in evacuation times with and without the
presence of urban micro-scale vulnerabilities in Zegers Street
were mild but not negligible and are more important as the
average departure evacuation time is reduced (and the evacu-
ation route is more crowded). Nevertheless, their effect on the
number of agents caught by the tsunami was not decisive in
the studied case. Through additional simulations that consid-
ered doubling and tripling the total number of agents, it was
shown that as the evacuation route becomes more crowded,
the delays that the presence of urban micro-vulnerabilities in-
duces in the evacuation processes may increase significantly.
Thus, the relatively small effect of the micro-scale vulnera-
bilities on the outcomes of an evacuation process in the study
area could rapidly change if other real-world conditions, such
as a full road occupancy provoked by automobile traffic con-
gestion, are considered. In cases where evacuees are confined
to the sidewalks, urban micro-scale vulnerabilities’ impact
on their speeds could be much higher.
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