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Foreword

Coastal zones are valuable areas where sea, land, and atmosphere meet. They are
characterized by coastal topography and nearshore waves which drive various
dynamic processes to interact with each other. The coastal topography serves as the
basis of the environment, in which waves will break and produce turbulent mixing,
dissipating wave energy and providing a wealthy coastal zone utilized by many
ecosystems for various activities. In the coastal zone, vigorous sediment movement
due to nearshore waves continuously changes the topography which protects land
from flooding. Coastal environments based on coastal topography are therefore
important in coastal hazard mitigation as well as sustainability of society. However,
coastal environments are highly variable in broad timescales from minutes to
decades, affected by natural and anthropogenic impacts from both the ocean and the
land.

Coastal erosion is accelerating on many coasts all over the world. Water pollu-
tion and eutrophication are degrading coastal environments in semi-enclosed bays
backed by megacities. Understanding the cumulative impact of these types of envi-
ronmental degradation is difficult since the transport of sediment and nutrients is
affected not only by waves, currents, and topography in the coastal zone but also by
various inland natural and anthropogenic changes that lead to the increase and
decrease of materials delivered to the coast. The impact is sometimes rapid urban-
ization far from the coastal zone. The response is sometimes delayed as long as
several decades.

Large tsunamis and earthquakes are infrequent natural events capable of causing
large-scale destruction along coastal areas by heavily altering their physical and
environmental characteristics. Although coastlines are naturally highly dynamic
systems, these events cause dramatic changes in estuaries, coastal lagoons, tidal
flats, wetlands, and beaches resulting in large alterations in their morphology, sedi-
ment, depth, water quality, surface area, and flow, as well as inhibiting flora and
fauna in a very short period of time. On occasion, the impact is so large that these
coastal features even disappear completely.

History abounds with examples of devastating tsunamis that originated from dif-
ferent causes, most commonly from earthquakes. The first record of a Holocene
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tsunami is related to the Storegga slide, a large submarine landslide in the North Sea
around 6000 BC, which heavily impacted the coastline of Norway as sediment was
found up to 20 m above sea level. In modern-day history, there are more than 50
records of large tsunamis and related earthquakes, including the most recent events
in the Indian and Pacific Oceans (2004 Sumatra, 2010 Chile, and 2011 Japan).

In terms of human life, NOAA states that since 1850, about 420,000 lives have
been lost due to tsunamis as local coastal communities and large villages, towns,
and even cities have been impacted. Likewise, losses in infrastructure, the economy,
and ecosystem services have amounted to trillions of dollars.

Tsunamis like the 2004 Indian Ocean Tsunami and the 2011 Tohoku Tsunami
caused catastrophic damage to coastal areas. Many reconstruction processes are
being introduced in the affected areas including structure-based countermeasures
and nonstructure-based relocation and evacuation plans. In consideration of accel-
erating reconstruction processes, we need to pay deliberate attention to long-term
treatment of coastal environments.

Restoration and reconstruction of damaged areas are the cause of large debates;
on one side, arguments for the paramount importance of human protection at all
costs, without proper consideration of the environment, have prevailed, while on the
other, there are increased calls for a more balanced approach to harmonize measures
of protection with the environment in order to allow coastal ecosystems to thrive.
The restoration process and reconstruction measures in certain countries could be
taken as an example of both, but unfortunately aesthetic and visual restoration is
often mistaken for full environmental restoration.

This book deals with impacts of tsunamis and earthquakes on coastal environ-
ments. In addition to direct impact and response due to flooding and abrasion, the
text covers physical, chemical, and biological responses in coastal morphology,
water quality, and ecosystems. Comprehensive descriptions of multi-scale impacts
of tsunami and earthquake events, both spatially and temporally, will help us to
understand the complicated interactions developed in coastal zones and to achieve
the sustainable resilient environment and society with smart post-event recovery. I
believe this book will be beneficial to researchers and students in science and engi-
neering as well as policy-makers, urban planning engineers, and coastal managers.

The University of Tokyo Shinji Sato
Tokyo, Japan
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Chapter 1

Revisiting the 2001 Peruvian Earthquake
and Tsunami Impact Along Camana Beach
and the Coastline Using Numerical Modeling
and Satellite Imaging

Bruno Adriano, Erick Mas, Shunichi Koshimura, Yushiro Fujii,
Hideaki Yanagisawa, and Miguel Estrada

Abstract On June 23, 2001, a moment magnitude Mw 8.4 earthquake occurred off
the southern coast of Peru causing substantial damage to urban and agricultural
areas. The tsunami generated by this earthquake reached up to 7 m run-up height
and extended over 1.3 km inundation. This paper aims to revisit the impact of the
2001 Peruvian tsunami on the coastal area and its morphology along Camana city.
The tsunami source is reconstructed through inversion of tsunami waveform records
observed at several tide gauge stations and the impact is analyzed using the
numerical result and moderate-resolution satellite images to calculate the inundation
features in the coast. Finally we propose the tsunami source model suitable for
further analysis of this event through tsunami numerical simulations. In addition,
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environmental changes, in particular the impact to vegetation areas, were evaluated
using satellite imagery. An important reduction of agricultural areas due to tsunami
impact and soil salinization was confirmed.

Keywords Peru earthquake ¢ Tsunami source ¢ Inversion * Modeling * Remote
sensing

1.1 Introduction

The tsunami generated by the 23 June 2001 Peru Earthquake (M,, 8.4) generated a
destructive tsunami that struck the southern region of the Peruvian coast. The post-
tsunami survey team (ITST: International Tsunami Survey Team) reported tsunami
heights, distance of inundation and structural damage (ITST 2001a, b, c). ITST
reported that the destruction due to the tsunami was mainly concentrated in Camana
along 30 km of a sandy populated beach. The average value of run-up height was 5 m
with a maximum value of 7 m. The inundation distance reached between 700 m and
1.3 km inland. As a result, the agricultural fields in the Camana estuary were covered
with up to 40 cm of sand deposits (Okal et al. 2002). Official records estimated that
at least 57 people were killed by the earthquake and 26 by the tsunami, while 2812
were injured and approximately 60,000 houses were damaged or destroyed (MINSA/
OPS 2005). An engineering analysis of the recorded ground motion conducted by
Rodriguez-Marek et al. (2010) shows that the earthquake presented peak ground
accelerations between 0.04 and 0.34 g for distances from the fault between 70 and
220 km. Within the framework of the project Enhancement of Earthquake and
Tsunami Disaster Mitigation Technology in Peru (JST-JICA SATREPS) (Yamazaki
etal. 2013), Peruvian and Japanese research teams had conducted field surveys in the
affected areas of Camana which remain unreconstructed since 2001. They had found
tsunami traces, such as watermarks on walls, still present in remaining destroyed
buildings of the urban area to the south of Camana beach (Shoji et al. 2014;
Yanagisawa et al. 2011). Furthermore, Spiske et al. (2013) analyzed the changes of
tsunami deposits after 7 years from the main event, and found that approximately 25
% of the original sediment layer had been reduced during this period.

The seismological discussion of the 2001 Peru earthquake, including the tsunami
impact, had been addressed in detail on several scientific publications (e.g., Audemard
et al. 2005; Bilek 2002; Giovanni 2002; Okal et al. 2002; Tavera et al. 2002, 2006).
However, few studies had focused on reproducing the tsunami inundation (Adriano
et al. 2011; Jimenez et al. 2011). Therefore, in this study, the main purpose is to
reproduce, through numerical modeling and satellite image analysis, the tsunami
impact of this event to the Camana beach coastline and its morphology. The following
discussion is divided in three sections. First, a seismic source model estimated from
tsunami data is introduced; this source is suitable for modeling tsunami inundation.
The proposed source model is based on tsunami waveform inversion of recorded
signals at several tide gauge stations. In the second section, using the calculated
seismic source, a non-lineal tsunami numerical modeling is conducted to reproduce
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the inundation area, the maximum inundation depth, and the tsunami run-up. Finally,
in the third section, the tsunami impact to Camana beach coastline is evaluated using
the tsunami numerical results and pre- and post-event satellite images.

1.1.1 Developing the Tsunami Source Model
1.1.1.1 Seismic Source Models

The 2001 Peru earthquake occurred on June 23 (15:33:14 local time) along the
Peru-Chile trench. The main shock took place at the subduction zone between
Nazca and South American plates. The Nazca plate is sub-ducting underneath of the
South American plate at a rate of 4.3—4.5 cm/year (Fig. 1.1). This inter-plate contact
zone is the longest and one of the most active plate boundaries worldwide (Audemard

T T
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15° 8

Camana
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0»06/]
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%
%

Nasca Plate

* Epicenter
A Subduction

[ Rupture area 0 150 Km
1868 Rupture Area I

Fig. 1.1 Tectonic setting of southern Peru and northern Chile. The epicenter and rupture area of
the 2001 event are shown by the black star and the hatched polygon, respectively
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et al. 2005) and it has generated several large and catastrophic earthquakes in the
past (Dorbath et al. 1990).

The epicenter of the 2001 event was located at 73.64°W 16.26°S (USGS) while
the hypocenter was estimated at 73.94+2.5 km west and 16.46+3.9 km south with
30.4+9.5 km depth according to the Geophysical Institute of Peru (IGP) (Tavera
et al. 2002; Ocola 2008). Based on the Modified Mercalli Intensity scale the
maximum intensity of ground shaking was VII (Tavera et al. 2006). The rupture
process duration was estimated by the Global CMT catalog as 86 s and by Kikuchi
and Yamanaka (2001) as 107 s. The estimated magnitude varied from M,, 8.2 to M,,
8.4. For instance, Kikuchi and Yamanaka (2001) analyzed teleseismic broadband P
waves retrieved from 24 seismic stations to determine the general source parameters.
They estimated a moment magnitude of M,, 8.2 and a seismic moment of 2.2 x 10!
Nm in a rupture area of 150 km x 240 km. Similarly, Tavera et al. (2002) determined
the fault plane orientation and magnitude of Mw 8.2 by analyzing the polarity of P
waves and body waveform inversion from 15 broadband stations at teleseismic
distances. Another analysis of P waveforms from 14-recorded seismograms
estimated a total seismic moment of 2.4 x 10?! Nm, which gives a moment magnitude
of M,, 8.2 (Giovanni 2002). Conversely, the Global CMT catalog reported a seismic
moment of 4.7x10* Nm with a moment magnitude of M,, 8.4. This event was
followed by intensive aftershock sequences of approximately 400 earthquakes
during the first month after the earthquake. The strongest aftershock was on July 7,
2001 with a moment magnitude M,, 7.5 (Bilek 2002; Tavera et al. 2006).

Most of the earthquake source models that have been proposed for the 2001 Peru
earthquake are based on the observation and the analysis of seismic data. Conversely,
this study contributes on presenting a source model calculated from tsunami
waveform inversion as a follow-up estimation from a previous source proposed by
Adriano et al. (2012) but using new bathymetry data available and different tide
gauges in the area for better approximation.

1.1.1.2 Tsunami Data

The 23 June 2001 Peru tsunami was recorded in several tide gauge stations around
the Pacific Ocean (Goring 2002). In this study the tide gauge data were taken from
the National Oceanic and Atmospheric Administration (NOAA)/Pacific Marine
Environmental Laboratory (PMEL), Center for Tsunami Research, which were pro-
vided by the National Oceanic Services (NOS)/NOAA, Field Operation Division,
Pacific Regional Office. These data were originally sampled in 1-min and 15-s
intervals. According to NOS/NOAA, the data had a minimal editing/reformatting
and no quality controls were performed.

For this event, we used tsunami waves recorded at eight tide gauge stations
located in Chile and one station located in Peru (Fig. 1.2a). We retrieved the tsu-
nami signal by approximating the tidal wave as a polynomial function and remove
it from the original record. Then, the initial time of the earthquake (T,=2001/06/23
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Fig. 1.2 (a) Location of the tide gauge stations used for the tsunami waveform inversion (solid
white square). (b) Inferred fault geometry of the 2001 Peru Earthquake from aftershocks
distribution

20:33:14 UTC, according to USGS) was subtracted. Finally, the tsunami waveforms
were resampled in 1-min interval for tsunami inversion, as shown by red dashed
lines in Fig. 1.3.

1.1.1.3 Tsunami Waveform Inversion

The focal parameters of the earthquake source are based on the Global CMT catalog
(strike 308°, dip 18°, slip angle 63°). Figure 1.2b shows the epicenter and the extent
of aftershocks over a 7-day window following the main-shock. Based on the
aftershock distribution a 300 km in length and 100 km width area was set as the
rupture zone oriented southeast from the epicenter. In addition, the fault area was
divided in 12 subfaults (50 km x50 km) to cover the aftershock area as shown in
Fig. 1.2b. The top depths of subfaults are 14.15 km and 29.60 km southwest north-
east from the trench to the coast.
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Fig. 1.3 Comparison of the recorded (red) and synthetic (blue) tsunami waveforms computed
from the estimated slip distribution. The time intervals shown in solid lines were used for the
inversion; dashed lines are shown only for comparison but those were not use in the source model
estimation

To calculate the synthetic tsunami waveform at the tide gauge stations, tsunami
propagation from each subfault to the stations was calculated using the linear
shallow-water approximation (Satake 1995). The computational domain is shown in
Fig. 1.2a. The bathymetry data was constructed from the General Bathymetry Chart
of the Ocean (GEBCO) 30 arc-seconds grid data. As the initial condition, static
deformation of the seafloor is calculated for a rectangular fault model (Okada 1985).
In addition, the effect of coseismic horizontal displacement was also included
(Tanioka and Satake 1996). The non-negative least square method was used to
estimate the slip distribution. The details of the inversion method are described in
Fujii and Satake (2007). The calculation of later phases or reflected waves in the
tsunami signal is particularly difficult and inaccurate with the coarse resolution in
the bathymetry data; therefore, only the first cycle of tsunami waveform was used
for the inversion process.

The comparison of the recorded (red curves) and synthetic (blue curves) tsunami
waveforms computed from the estimated slip distribution is shown in Fig. 1.3. In
general, the synthetic waveforms agree with the observed data at stations located far
from the source. Conversely, there is a 15 cm difference on the estimated maximum
amplitude at Callao station. Although the maximum amplitude of Callao, Arica, and
Iquique stations is not well reproduced, the phases are well estimated. The inversion
results are shown in Table 1.1 and Fig. 1.4a. The total seismic moment was
calculated from the slip distribution as 4.07 x 10?! Nm (M,, 8.3) using 4.0x 10'° N/
m? as average rigidity value in an elastic medium. The inversion result indicates that
the maximum slip corresponds to the deepest subfaults (No. 9-10), near Camana
beach. The land-level changes calculated from the slip distribution suggest a coastal
subsidence of approximately 1.07 m near Camana beach (Fig. 1.4b) while GPS
measurements estimated 0.84 cm of land subsidence at Camana (Ocola 2008).
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Table 1.1 Earthquake source model obtained from the tsunami waveform inversion

Strike | Dip Rake
angle angle | angle |Length |Width |Slip Depth

No. |(®) @) ©) (km) (km) (m) (km) Lat. (°) |Lon. (°)
1 308 18 63 50 50 0.05 |14.15 —-18.25° | -72.20
2 308 18 63 50 50 0.00 |14.15 -17.97 —72.58
3 308 18 63 50 50 234 | 14.15 —-17.68 -72.95
4 308 18 63 50 50 0.00 |14.15 —-17.40 -73.32
5 308 18 63 50 50 0.00 |14.15 -17.12 —73.69
6 308 18 63 50 50 0.00 |14.15 -16.83 -74.07
7 308 18 63 50 50 0.00 129.60 | -17.90 -71.92
8 308 18 63 50 50 1.73  129.60 | -17.62 -72.30
9 308 18 63 50 50 10.18 |29.60 -17.33 -72.67
10 308 18 63 50 50 1094 29.60 | -17.05 —73.04
11 308 18 63 50 50 732 129.60 | -16.76 -73.41
12 308 18 63 50 50 0.00 29.60 -16.48 -73.79
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Fig. 1.4 (a) Slip distributions estimated by tsunami waveform inversion. The color scale shows
the slip value for each subfault. The star shows the epicenter. (b) Seafloor deformation computed
from the estimated slip distribution. The red solid contours indicate uplift with a contour interval
of 0.5 m, whereas the blue dashed contours indicate subsidence, with a contour interval of 0.5 m

1.1.2 Numerical Simulation of Tsunami Inundation
1.1.2.1 Numerical Model Set-Up

The Tohoku University’s Numerical Analysis Model for Investigation of Near-Field
Tsunami No.2 (TUNAMI-N2) model, which is based on the non-linear shallow
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water approximation, was used to conduct the tsunami numerical simulation. A set
of non-linear shallow water equations (1.1, 1.2 and 1.33) are discretized by the
Staggered Leap-frog finite difference scheme (Imamura 1996). The bottom friction
coefficients in the Manning’s equation are set according to the land use (Table 1.1).

on oM oN _

+—+—=0 (1.1)
ot ox oY
oM o0 (M*) 0(MN on gn’
—t—| — |+—| — |=—gD—~ MVM? +N?
or &(z)j @(:D] 8 D (1.2)

2 2
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_+_
o ox\' D oy\ D oy D'

where

—h

M = _[udz (L.4)
N zijvdz (1.5)
D=n+h (1.6)

M and N are the discharge flux of x and y direction, respectively, 7 is the water level
and £ is the water depth above the mean sea level.

The computational domain is divided into four subdomains to construct a nested
grid system, as shown in Fig. 1.5. The grid size, which extends from the earthquake
source region to the coast of Camana coast, varies from 30 to 810 m. The bathym-
etry data for the first to the third domains were interpolated from the GEBCO 30
arc-seconds grid data. The merged topography and bathymetry grids for the fourth
domain were constructed from the nautical chart provided by the DHN, Navy of
Peru (Direccién de Hidrografia y Navegacion in Spanish) and the land elevation
data obtained from the Thermal Emission and Reflection Radiometer (ASTER) sen-
sor with 1 arc-second grid resolution.

For the tsunami inundation model, the land resistance during tsunami penetration
is considered by setting a specific roughness coefficient to the land cover (Table 1.2)
(Aburaya and Imamura 2002; Dutta et al. 2007; Kotani et al. 1998). Figure 1.6
shows the spatial distribution of Manning’s roughness coefficient (n) in the compu-
tational domain of tsunami inundation model. The n-distribution was obtained
through the unsupervised classification of moderate resolution satellite image. In
addition, the coastline of Camana beach and surroundings were estimated from the
analysis of satellite images. The detail of this step is discussed in Sect. 1.4.1.
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Fig. 1.5 The computational domain for the model of tsunami propagation and inundation to the
coastal area of Camana city. The grid size varies from 810, 270, 90 to 30 m, as shown in the nested
grid system detailed by (a—d)

Table 1.2 Manni.ng’s Smooth ground 0.020
roughness cogfﬁcwnt ) . Shallow water area or natural beach | 0.025
values according to (Kotani

etal. 1998) Vegetated area 0.030

Populated area 0.040

1.1.2.2 Results and Validation of Tsunami Inundation Model in Camana
Coast

As shown in Fig. 1.5, the topography in Camana coast is predominantly of low lands
penetrating as much as 1.0 km. Following the plain beach area, steep hills can be
observed in the north and south from the river mouth (Fig. 1.5d). This topography
gives a natural barrier against the tsunami penetration. According to the satellite
imagery analysis, almost 5 km inland from the coastline of Camana beach is used
for agriculture. In addition, based on the model results, the tsunami penetrated 1.0—
1.5 km inland in this area.

Results from simulation were validated through the comparison with field sur-
veyed inundation data. Figure 1.7 shows the spatial distribution of modeled maxi-
mum tsunami inundation depths. The maximum inundation depth in the
computational domain is 8.5 m. The tsunami penetration at Playa Pucchun and
south of Camana beach (La Punta — Las Cuevas) agrees with the observed data
(ITST 2001a, b, c; Dengler 2001). It was observed that the urban area located to the
south of Camana beach, between the La Punta and the Las Cuevas, was inundated
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Fig. 1.6 Spatial distribution of roughness coefficient, according to the land-use condition, inferred
from the unsupervised classification of pre-tsunami satellite imagery (Landsat-5 TM)

with 3-4 m (Fig. 1.7d). On the other hand, the agricultural areas to the north of
Camana beach were inundated with 2-3 m (Fig. 1.7b, c). Except for areas in the
north of Camana beach (Playa la Chira), where the calculated tsunami penetration
slightly overestimates the limits observed by the ITST 2001 survey, simulation
results are consistent with in-situ measurement data. Discrepancies in the north part
of Camana are due to the limitation of the shallow water approximation added to the
lack of local bathymetry information within the study area, in particular near the
Playa La Chira.

The modeled tsunami inundation is validated by K and k coefficients proposed
by Aida (1978) According to the ITST 2001 survey, 20 points of local inundation
depth were measured around Camana beach (Fig. 1.7a). Figure 1.8 shows a lineal
comparison of simulated and measured tsunami inundation depth. Based on the
suggested guidelines provided by JSCE (2002) (0.95<K<1.05 and k< 1.45), our
results can be evaluated as suitable (K=1.02 and k< 1.07) to be used for evaluating
tsunami impact along Camana beach coastline and its morphology.

1.1.3 Impact of the Tsunami Inundation in Camana Coast
1.1.3.1 Method

Satellite images were selected based on its acquisition time and free-cloud coverage
in the study area. Unfortunately there was no available image acquired within a
short time after or before the tsunami event. Nevertheless, we selected three
Landsat-5 Thematic Mapper (TM) images scenes (Path 04, Row 71; according to
the World Reference System 2). Two pre-event images taken on June 21, 1999,
almost 2 years before the event, and on June 10, 2001, almost 2 week before the



