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Within the framework of the project Enhancement of
Earthquake and Tsunami Disaster Mitigation Technology in Peru (JST-JICA SATREPS), this study determines tsunami inundation mapping for the coastal
area of Lima city, based on numerical modeling and
two different tsunami seismic scenarios. Additionally, remote sensing data and geographic information
system (GIS) analysis are incorporated in order to
improve the accuracy of numerical modeling results.
Moreover, tsunami impact is evaluated through application of a tsunami casualty index (TCI) using tsunami
modeling results. Numerical results, in terms of maximum tsunami depth, show a maximum inundation
height of 6 m and 15.8 m for a potential scenario (first
source model) and for a past scenario (second source
model), respectively. In terms of inundation area, the
maximum extension is 1.3 km with a runup height of
5.3 m for the first scenario. The maximum extension
is 2.1 km with a runup height of 11.4 m for the second
scenario. The average TCI value obtained for the first
scenario is 0.36 for the whole inundation domain. The
second scenario gives a mean value of 0.64, where TCI
equal to 1.00 represents the highest condition of risk.
The results presented in this paper provide important
information about understanding tsunami inundation
features and, consequently, may be useful in designing
an adequate tsunami evacuation plan for Lima city.

Keywords: inundation modeling, inundation mapping
and casualty index
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1. Introduction
Tsunami inundations have caused an unfortunate loss
of life and extensive property damage to coastal communities in seismic-prone countries. Tsunami events that occurred in seismically similar areas such as the 2010 Chile
Tsunami, the 2012 Japan Tsunami and the December 26,
2004, Sumatra tsunami, for instance, are tragic reminders
of the devastation that these powerful events can generate in coastal areas. In the case of Peruvian seismic history, one of the most disastrous seismic events occurred
in 1746, whose epicenter was located in front of the central area of Peruvian coast. According to historical testimony, the capital city of Lima was completely destroyed
by ground shaking and the subsequent tsunami flood [1].
It is therefore important to develop an efficient tsunami
warning system in order to mitigate the catastrophic damage due to tsunami events.
Detailed maps of potential tsunami inundation areas
are important for the delineation of evacuation routes and
long-term planning in vulnerable coastal communities.
The Dirección de Hidrografı́a y Naveagación (DHN) [2]
is the Peruvian institution responsible for the Sistema
Nacional de Alerta de Tsunamis (SNAT The national
tsunami warning system). This institution publishes and
periodically updates inundation charts for main coastal
cities and ports along the whole Peruvian coast. These
inundation charts are mostly developed by using tsunami
refraction curves technique that estimates tsunami arrival
time and tsunami height along the coastline through progressive curves that are drawn from the epicenter and empirical equations, respectively. This methodology is explained in [3], [4] and [5]. Additionally, the inundation
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Fig. 1. Inundation chart published by DHN for the La Punta district and Callao Province [2].

chart that covers the La Punta district and part of Callao
Province (see Fig. 1) was updated within the framework
of the project Sistema de Información Sobre Recursos
para Atencion de Desastres [6]. The inundation zone indicated in this inundation chart is the result of the worstcase scenario chosen from two different seismic sources
models and was calculated using the Tsunami Inundation
Modeling Exchange (TIME project) [7]. Fig. 1 shows the
inundation chart for La Punta and Callao.
The purpose of this study is to determine the tsunami
inundation area for the coastal region of Lima city by
adopting two different seismic source scenarios through
numerical modeling and a detailed topography model that
includes building height information and land use classification. Additionally, numerical modeling results such
as flow depths and current velocity are used to evaluate
tsunami impact by estimating a tsunami casualty index
within the inundation area.

2. Description of the Study Area
The study area essentially covers the central zone of the
Lima coast that corresponds to the constitutional province
of Callao (see Fig. 2). The geographic limits for the study
area are 11.95◦ – 12.09◦ south and 77.18◦ to 77.13◦ west.
Morphologically, the coastal plain rises to approximately
15 m above sea level near the shoreline. While the coastJournal of Disaster Research Vol.8 No.2, 2013

line to the north forms a long sweeping bay, however, the
coastline to the south of the study area presents a small
peninsula that corresponds to the La Punta district. According to the Peruvian Institute of Statistic and Informatics [8] (INEI), the population of Lima city is about 9 million people. For Callao province, however, there are about
950,000 living in this province. Urban use in the study
area is divided mainly into three types (see Fig. 2c). The
first corresponds to residential type, with its area concentrated in the southern part of the inundation domain below 12◦ 02 30 S. This is the most populated area in Callao
province and as a result, the land surface is largely covered by houses and avenues. The second urban use is located in the center of the study area between 12◦ 01 S and
12◦ 02 30 S. This zone is covered by extensive vegetated
area that corresponds to the back of the International Airport of Lima and agricultural fields. There are also some
towns along the coastline, where housing types are principally non engineering buildings [8]. In the third zone
type, the land surface along the coastline is mainly occupied by factories.

3. Tsunami Source Scenario
Seismic events accompanied by large tsunamis along
coastal central Peru have been reported since historical
times. The 1746 earthquake, for instance, is considered
275
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Fig. 2. a) View of the first domain (405 m grid resolution). Boundaries for other domains are shown in dashed lines. b) View
of bathymetry and topography datasets for inundation modeling (5th domain). c) Study area that corresponds to the 5th domain,
background view of WorldView-2 satellite images in true composite.

one of the most catastrophic seismic events in Peruvian
history. The moment magnitude for this event has been
estimated between 8.8 and 9.0 and the reported tsunami
runup height was between 15 m and 24 m [1, 9]. Two
centuries later, only two event with considerable magnitude have occurred. The 1966 earthquake, whose epicenter was located in the north central coastal area of Peru,
had a rupture length of 100 km and a local tsunami height
of 2.6 m. The last, the 1974 earthquake that occurred in
front of Lima city, had a rupture length of 140 km and a
local tsunami height of 1.6 m [1]. No large earthquakes
have been reported in the area since then. There is therefore a clear seismic gap of approximately 250 years. Furthermore, considering the seismic history of this area, it is
urgent to take into account the high possibility of the occurrence of an enormous seismic event accompanied by a
catastrophic tsunami in front of Lima city.
In the evaluation of seismic models, the application of
global positioning system (GPS) observation and Interferometry Synthetic Aperture Radar (InSAR) makes it possible to measure strain/displacement associated with plate
convergence movement in high-seismicity zones. [10]
used a GPS array with about 1,000 permanent stations to
recognize coseismic deformations associated with large
earthquakes and ongoing deformation over long years in
Japan. [11] and [12] used pre- and post event SAR imagery datasets to estimate crustal movement from the
2008 Wenchuan, China, earthquake and the 2011 To-
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hoku, Japan, earthquake, respectively. Historical information such as earthquake intensity perception, runup
measurement and wave arrival times in past earthquake
events plays an important role in estimating seismic models for potential earthquake scenarios that can be used to
evaluate possible future impact [13]. In this study, the
source model is based on two different seismic scenarios. The first is a megathrust earthquake that would likely
adversely affect the metropolitan Lima region and that is
appropriate for the simulation of long-period wave and
tsunami modeling [14]. The seismic source is based on
a model of interseismic coupling distribution in subduction areas for a period of 265 years since the 1746 earthquake. This data also includes sea floor deformation measurements obtained offshore from Lima city by a combination of GPS receivers and acoustic transponders [15],
as well as information on historical earthquakes, to propose a slip distribution. The seismic source is divided
into 280 sub fault segments, each 20 km × 20 km, in a
700 km by 160 km rupture area with a moment magnitude of 9.0 Mw. The slip solution model shows two main
asperities, the largest approximately 70 km west of Lima
city with maximum slip of 15.4 m, and the second south
of Lima with slip up to 13.0 m. Fig. 3a shows the spatial
location for slip model distribution. The second seismic
scenario is a model of the tsunami source of the 1746 Peru
earthquake that was calculated through a direct comparison of tsunami modeling results and the interpretation of
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tom. Features of the bottom deformation thus reflect initial water surface displacement that is assumed as an initial condition of tsunami propagation modeling. Fig. 4a
shows displacement result for the first source scenario
and Fig. 4b results for the second source scenario. Areas
in red and blue represent uplift and subsidence displacement, respectively. Contour lines are drawn at 0.25 m intervals. In the case of the first scenario, there are two regions of high uplift deformation that are consistent with
slip model distribution. The higher uplift region has a
maximum displacement of 4.6 m and is located about
150 km in front of Lima coastal area. In the case of the
second scenario, displacement distribution shows a homogeneous uplift area that is concentrated at the center of
the rupture fault with a maximum displacement of about
8.2 m.

4. Tsunami Numerical Modeling
Numerical simulation was conducted by using the Tohoku University Numerical Analysis Model for Investigation of Near-field tsunami No.2 (TUNAMI-N2) code
based on shallow water theory and a Cartesian coordinate
system that was developed by the Disaster Control Research Center (DCRC), Tohoku University, Japan. The
set of nonlinear shallow water equations (Eqs. (1), (2) and
(3)) are discretized using a staggered leap-frog finite difference scheme [18],
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Fig. 3. a) Slip distribution proposed by [14] used for the
first seismic scenario. b) Slip distribution proposed by [16]
for the second scenario. The slip scale is shown below for
each model.

3.1. Initial Sea Floor Displacement
We use a rectangular dislocation model [17] to calculate ocean bottom deformation due to our source scenarios. Initial sea floor displacement is assumed from the
instant push up of seismic deformation on the ocean botJournal of Disaster Research Vol.8 No.2, 2013
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historical documents about tsunami flooding [16]. This
scenario estimates a 550 km × 140 km rupture area for
five sub fault models with a 110 km × 140 km area. This
model considers maximum slip of 17.5 m approximately
50 km southwest in front of Lima city. Fig. 3b shows slip
model distribution for this seismic scenario.
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where M and N are the discharge flux in the x- and ydirections, respectively; η is the water level and h is the
water depth with respect to mean sea level.
To perform tsunami inundation modeling, the computational area is divided into five domains to construct a
nested grid system (see Fig. 2). Bathymetry/topography
data for the first and second domains are resampled from
General Bathymetry Chart of the Ocean (GEBCO) 30 arc-
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Fig. 4. a) Sea floor displacement calculated from the proposed slip distribution in the first source scenario. b) Sea
floor displacement calculated from the estimated slip distribution [16]. Areas in red represent the uplift. Areas in blue
represent subsidence displacement. Contour lines are drawn
at 0.25 m intervals for each model.

seconds grid data. Bathymetry data for the third to fifth
domains are constructed from a nautical chart provided
by DHN and topography data are merged from the Thermal Emission and Reflection Radiometer (ASTER) 1 arcsecond resolution raster data and 5 m resolution contour
line data from the Callao regional government. The grid
size varies from 405 m to 5 m.

there are basically two approaches to be applied in inundation modeling [19]. The first is a topography model that
uses a constant roughness coefficient for the whole computational domain and a very detailed topography dataset
including building height informations. This approach is
used when the obstacle or urban use, e.g., buildings, seawalls, roads or fields, is represented adequately within
cells in the inundation model. This model thus uses a
finer grid size where flow around and between obstacles
is well simulated. The second approach is known as the
equivalent roughness model, applied when obstacles are
much smaller than grid size. [20] introduced an appropriate methodology for this case that is based on the calculation of a building/house occupation ratio within grid cells
in the inundation domain. This method has been utilized
and validated through a comparison with field survey data
in order to develop tsunami fragility functions [21, 22].
Furthermore, based on these methodologies, [23] presented a comparison of three runup models -a constant
roughness model, a topography model and an equivalent
roughness model- in highly populated areas. They concluded that the topographic model is used to identify the
distribution of inundation parameters in residential areas.
Since high grid resolution and urban use influence the
estimation bottom roughness coefficient, it may change
the propagation of waves considerably due to obstacles
or roughness induced energy dissipation. Consequently,
the final input raster should include features with appropriate elevation heights and adequate roughness surface
mapping [24]. In this study, in order to improve the accuracy of numerical results, we enhanced the topography
model approach by adding a specific bottom roughness
coefficient for each grid cell in the inundation domain.
These coefficient values are based on a roughness coefficient map (see Fig. 5a). [25] performed land use classification using satellite images from WorldView-2 sensor.
Coefficient values are assigned according to land use [26]
in order to present a roughness coefficient map for the
coastal area of Lima city. Additionally, topography data is
combined with a height building model (see Fig. 5b). For
the La Punta district, a GIS building shape file on a single
house scale is available that includes the number of stories, spatial location and construction material type fields.
In this case, the height building model is constructed by
multiplying the number of stories by 2.5 m, the standard
story height in Lima city. For the rest of the computational domain, however, only the spatial location for a
block scale is available. Nevertheless, in order to construct the height building model, we assume a two-story
height for each block as a preliminary estimation. Only
the historical building known as “Fortaleza Real Felipe”
(location coordinates −77.15W, −12.06S) was manually
delineated, however, and its height is fixed equal to 8 m,
which is approximately the real height of the perimeter
wall. Fig. 5 shows a roughness coefficient map and the
final topography model use for inundation modeling.

4.1. Roughness Coefficient for Inundation Zone
Generally, based on the relation between the scale of an
obstacle and the grid size of the computational domain,
278
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Fig. 6. Synthetic tsunami height recoded at the Callao tide
gauge station. The solid line was calculated using the first
source scenario [14]. The dashed line was calculated using
the second source scenario [16].

Fig. 5. a) Roughness coefficient map [25]. b) GIS building
shape file used to construct the building height model.

5. Tsunami Inundation Mapping
The computation time for tsunami modeling is 3 hours.
In order to satisfy the stability condition, the time step
for numerical computation is fixed at 0.2 s. Tsunami
inundation is calculated on the fifth domain using
5 m resolution of bathymetry/topography grid data with
1567 × 3346 grid points in the longitude and latitude
directions, respectively. Fig. 6 shows synthetic tsunami
height recorded at the Callao tide gauge station, which is
located at 77.16W, 12.06S (see Fig. 10), within 3 hours
of simulation. The tsunami arrival time registered at the
Callao station is about 20 min for both source scenarios,
22 min and 25 min for the first and second, respectively.
In addition, the time step when maximum tsunami height
occurred, which is approximately equal to 38 min on average, is considered alike for both models. Taking into
account, however, that the bathymetry dataset is constant
in both numerical simulations, it is certain that there is a
difference in tsunami height amplitude, while the maximum tsunami wave height is approximately 5 m for the
first scenario. In the case of the second scenario, it is
approximately 10 m. This notable difference is consistent with the initial sea floor displacement due to each
source scenarios (Fig. 4). Hence, clear differences regarding tsunami flooding features should be expected.
The local inundation depth is the result of measuring
water marks on structures above the ground. Inundation
Journal of Disaster Research Vol.8 No.2, 2013

depth and inundation area results for each source scenario
are shown in Fig. 7. As expected, there is a clear difference in terms of tsunami depth and inundation area between the two scenarios. In terms of inundation depth, its
maximum values reach 6 m and 15.8 m in the first and second scenarios, respectively. Considering the input of the
building height model, the inundation depth in the case
of the second scenario therefore completely over flows
approximately 95% of the buiding within the inundation
area (see Fig. 7b). In contrats, for the first scenario, only
one-storey buildings (approximately 5%) are completely
inundated (see Fig. 7a). In the northern part of the computational domain, inundation distantce reaches a maximum
extension of 1 km with a runup heights of 6 m for the first
scenario. In the case of the second scenario reaches about
1.4 km with a runup heights of 12.4 m. In the surrounding
area of the Rimac river estuary 12◦ 02 S latitude tsunami
inundation extends up to 1.3 km with a runup height of
5.3 m for the first scenario that extends up to 2.1 km with
a runup height of 11.4 m for the second scenario. Tsunami
depth and inundation area characteristics for the southern
part of the computational domain (Callao-La Punta area)
is discussed later in section 5.2.

5.1. Tsunami Impact Assessment
In order to analyze tsunami impact in the study area,
we estimated potential tsunami casualties due to tsunami
flooding. [27] introduced a practical methodology that
uses a simple human model based on cylinder members
to evaluate the effect of hydrodynamic force on it. It
is thus possible to determine locations and times within
the tsunami inundation zone where casualties are likely
to occur. [23] presented an improvement on the previous
method by considering that human model falls by two different mechanisms. The first considers that hydrodynamic
force exceeds friction force on the soles of human model
feet (Eq. (7)) and the second occurs when the moment
from the bottom back of the heel due to the hydrodynamic
force is bigger than the resistance moment due to human
model weight (Eq. (8)).
279
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Fig. 8. Schematic explanation and measurements of human
model adopted in this study.

Fig. 7. a) Tsunami inundation calculated using the first
source scenario. b) Tsunami inundation calculated using the
second source scenario. The inundation depth scale is shown
for each model.
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In the above equations, μ is the friction coefficient, W0
is body weight, W is buoyancy, hG is the vertical distance
from the floor to the resultant force due to the flow depth,
IG is the distance between the center of gravity of the body
and the bottom back of the heel, ρ is sea water density, u
is velocity, S is the perpendicular projection area according to flow depth, (∂ u/∂ t) is local acceleration, V is the
volume of the submerged human body, and CD and CM are
drag and inertia coefficients, respectively. [27] introduced
a tsunami casualty index (TCI) that is defined by Eq. (9)
where TC is the duration of the tsunami inundation flow
that satisfies Eqs. (7) and (8) and Ti is the total duration of
the tsunami inundation flow. TCI is used to illustrate the
spatial distribution of potential tsunami casualties.
TCI =

TC
Ti

. . . . . . . . . . . . . . (9)

In this study, the human body model is shown in Fig. 8.
This model is constructed by examining technical reports
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elaborated by the Peruvian Health Institute [28], and its
measurements are a good physical representation of the
average Peruvian adult in Lima. Additionally, the friction
coefficient in foot soles is assumed as 0.7 [29] and CD and
CM are assumed equal to 1.0 and 0.5 [27], respectively.
TCI results for both models are shown in Fig. 9. Basically, the TCI for each model follows consistent behavior
similar to inundation depth and inundation area. Based
on the impact assessment model, howevaer, in the case
of the first scenario, there are areas with inundation depth
up to 4 m for which the TCI shows values of 0.5 (see
Fig. 9a), which might indicate that tsunami flow velocity is not strong enough to produce hydrodynamic force
able to adversely affect the balance of the human model
within 3 hours of tsunami simulation [23]. It is important
to note that some of these areas are concentrated in the La
Punta district, where the maximum TCI value is 0.52 for
most of the streets. The average TCI value obtained for
the first scenario is 0.36 throughout the whole inundation
domain. In the case of the second scenario, however, approximately 85% of the inundation area shows TCI values
over 0.8 (see Fig. 9b). Specifically, for the La Punta distric, practically 90% of sreets shows a TCI value of 0.93.
In the case of the second scenario, the mean value for the
TCI is 0.64. Additionally, based on our numerical calculation, the balance instability of the human model for each
cell grid in almost the whole inundation domain occurs
between 2 and 5 minutes after the tsunami wave arrives.

5.2. Tsunami Mapping for Callao-La Punta
A comparison of tsunami inundation for the Callao-La
Punta area is presented in Fig. 10. Based on numerical
results, the second scenario is almost twice that of the
first scenario in terms of inundation depth and inundation
area. This fact is due to the slip model of each scenario.
In the case of the first scenario, inundation depth values
reach 6 m, which may inundate one-storey buildings comJournal of Disaster Research Vol.8 No.2, 2013
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Fig. 9. a) TCI estimated using tsunami feature results from
the first source scenario. b) TCI estimated using tsunami
feature results from the second source scenario. The TCI
scale is shown for each model.

pletely. The inundation depth for most of the streets in
the La Punta district reaches values up to approximately
4 m. Based on the time series shows in the previous
Fig. 6, however, this state occurs three times with a time
period of about 50 minutes in 3 hours of tsunami simulation. Inundation area extends several blocks on land in
Callao province (about 1 km of inundation) with a maximum runup height of 4 m (see Fig. 10a). In the case
of the second scenario, inundation depth reaches 15.8 m,
which is why almost 90% of the buildings are completely
inundated. The inundation depth for all of the streets in
the La punta district reaches a maximum value of 10.6 m.
There are therefore some buildings six stories high that
may not be inundated. The inundation area also extends
several blocks on land in Callao province (about 2.15 km
inundation) with a maximum runup height of 11 m (see
Fig. 10b). There is a clear inundation zone, however,
that extends 1.7 km and that corresponds to the inundation zone when buildings are completely inundated.

6. Conclusions
Tsunami inundation modeling using two different
tsunami source scenarios and a detailed bathymetry raster
dataset was carried out in order to determine the tsunami
Journal of Disaster Research Vol.8 No.2, 2013

Fig. 10. Comparison of tsunami inundation from both
source models for the Callao-La Punta area. a) Inundation
mapping using the first source scenario. b) Inundation mapping using the second source scenario. The green circle
shows the location of the Callao tide gauge station.

inundation area for the coastal region of Lima city. Additionally, flow depth and flow velocity results were used
to evaluate tsunami impact by estimating a tsunami casualty index within the inundation area. Inundation maps
developed using both tsunami scenarios show two highly
different tsunami risks for the study area. The inundation depth and inundation area for the second scenario
(past source scenario) shows most of the tsunami features
to be twice the results using the first scenario (potential
source scenario). If we therefore consider Peruvian seismic history and lessons learned from past tsunami events
in other regions, such as the 2011 Tohoku tsunami, both
mapping results should be considered in order to propose
a tsunami warning system. Additionally, TCI maps estimated using both scenarios show consistent behavior similar to that shown by the inundation maps. Mean values of
281
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the TCI in the computation domain are 0.36 and 0.64 for
the first and second scenarios, respectively. These TCI
maps may be useful for developing tsunami evacuation
plans, especially in the case of the La Punta district where
the TCI value is greater than 0.5 for both models. Finally,
mapping results presented in this paper give important information for understanding tsunami inundation features,
and they therefore may be useful in designing an adequate
tsunami warning system that can be included in tsunami
evacuation plans for Lima city.
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2012- Assistant Researcher, Sección de Geofı́sica y Sociedad, Instituto
Geofisico del Perú
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