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ABSTRACT

In this paper, we consider the problem of fast wave heights numerical evaluation of hypothetical
tsunami along Pacific coast of Kamchatka Peninsula and the Kuril Islands. We focus on PC-based fast
numerical calculation of tsunami wave propagation according to the classical shallow water approximation.
Valuable performance gain is achieved by using the advantages of the modern computer architectures,
namely the Field Programmable Gates Arrays (FPGAs). The Mac-Cormack finite difference scheme of the
second order approximation to solve the shallow water system (Titov V. and Gonzalez F. 1997) has been
implemented to the FPGA-based Calculator, specially designed by the authors for this task (Lavrentiev et
al., 2017; Lysakov et al., 2018). Numerical tests show that it takes only a few seconds to calculate tsunami
wave propagation over approximately 2000x2000 km (3120x2400 knots) water area with about 900 m step
gridded bathymetry for the given realistic tsunami wave source. The FPGA calculator was also tested on the
exact analytical solution obtained by Marchuk (2017) for model bottom topography.
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1. INTRODUCTION

Events of a seismic nature following by catastrophic floods caused by a tsunami wave (the instances
of which have increased in the last decades) have an important impact on the population of littoral regions.
This paper presents the results of numerical simulation to obtain the distribution of tsunami wave heights
using the real bathymetry around Kamchatka Peninsula and Kuril Islands. Characteristics of the source, used
for numerical experiments, are close to those of disaster event of March 11, 2011 (The Great East Japan
Earthquake). Our goal is to reduce the required time for numerical modeling of tsunami wave propagation
by using the proposed hardware-software solution, based of the Field Programmable Gates Array (FPGA).
The FPGA-based co-processor, in the sequel referred to as Calculator, is installed on a regular PC.

As is well known, DART (Deep-ocean Assessment and Reporting of Tsunami) buoys, (see https://
nctr.pmel.noaa.gov/Dart/) or any other pressure sensor system, like the DONET (Dense Oceanfloor Network
system for Earthquakes and Tsunamis) (https://www.jamstec.go.jp/donet/e/), provide measurements of the
passing tsunami wave in the real-time mode. So, the measured wave profile is available in real time (even
just as the wave is passing over the sensor) through the satellite network channels. Having these measured
data, first, it is necessary to recalculate the detected wave profile in terms of the initial sea surface
displacement at tsunami source. There are different approaches to do this, see (Hiroaki T. and Yusaku O.,
2014; Voronina T., 2016), e.g. We would like to refer also to the “orthogonal decomposition” approach, see
(Lavrentiev M., Kuzakov D. et al., 2017; 2018). The corresponding algorithm works very fast estimating the
initial water surface displacement at a source in a few seconds with just a regular PC.

Fast calculation of tsunami wave heights distribution along the entire coastal line under study would
be really helpful for the local authorities to make a decision about the necessary safety measures to avoid
casualties and to reduce economy loss. Calculation of the wave propagation over the given water area is
now a rather standard process, based on numerical solution to linear or nonlinear shallow water differential
equations. The USA NOAA tsunami warning centers use the so-called MOST (Method Of Splitting
Tsunamis) software package, which simulates all tsunami phases — generation, propagation, and inundation
of the dry land, see (Titov V. and Gonzalez F. 1997). Here we address the module of MOST software,
responsible for calculation of the wave propagation only. As was proved in numerical mathematics, one can
trust numerical solution to evolution type system of partial differential equations only if the time step is in a
certain relation with the space grid step length. Therefore, calculation with the fine enough computational
grid, may require too much time even with an advanced computer. So, one of the possible ways to carry out
in time the wave propagation computation from a source up to a shoreline, is nested grids algorithms
(Hayashi K. et al., 2015). The second way is using the modern computer architectures like Graphic
Processing Unit (GPU) or FPGA microchip.

Presently, most of performance gain is due to the parallel implementation of a given data processing
algorithms. Such parallel calculations require the corresponding hardware, namely multi-core CPU clusters
(rather expensive within supercomputing units), GPU based hybrid systems, or FPGA microchip based
special processors. Using FPGA microchip advantages, we accelerate solution to system of shallow water
equations. The achieved performance at regular PC with the proposed Calculator is nearly 250 times faster
compared to propagation of the real wave (6 sec against 1600 sec).
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The rest of the paper is as follows. We first present a version of shallow water system, used for
numerical computations and the description of the Mac-Cormac numerical scheme. Comparison of
numerical solution with the analytic one for model bathymetry is also given. In the next section the
proposed Calculator — hardware device for code execution acceleration, is briefly described. Then the results
of a number of numerical tests, arranged at the real digital bathymetry with 30 arc sec (nearly 900 m) mesh
step are presented. We use the initial seabed displacement at tsunami source similar to those of the Great
Tohoku Earthquake of 2011. Obtained numerical results are then discussed.

2. MATHEMATICAL STATEMENT OF THE PROBLEM

The referred software package MOST (like many other tools) uses the following equivalent form of
a shallow water system (which does not take into account such external forces as sea bed friction, Coriolis
force and others), which could be found in (Titov V. and Gonzalez F. 1997):

H, +uH), +(vH), =0
u, +uu, +vu, +gH =gD, O
v, +uv, +vy, +gHy = gDy

where H(x, y, t)=n(x, y, )+D(x, y, t) is the entire height of water column, #(x,),z) being the sea surface
disturbance (wave height), D(x,y) — depth (which is supposed to be known at all grid points), u and v
components of water flow velocity vector, g — acceleration of gravity.

The so-called Mac-Cormack scheme (MacCormack R. and Paullay A., 1972) was used for numerical
treatment of the shallow water system (1). The Mac-Cormack algorithm is a direct difference scheme at three-

point stencil of a “cross” type. Simulation domain is assumed to be a fixed rectangle (respectively to
geographic coordinates), time independent:

Q((xy) ={(xy): X1 <x <X5, Y1 <y <Y X, Y, - const}.

The uniform rectangle grid is considered in Q:
Q xy) = {((xiy): X1 <xi <X, Y1 <); <Y2,0<i <Ny, 0<j <N},

where Ax = xi+; — xi, Ay = yi+1 - yi — grid steps with respect to variables x and y, respectively. Consider the
partition of the time period for wave propagation:

y_=‘tt”):OsnsNtJl
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™ = 1 - ¢ — time steps. For simplicity, in the sequel we use a uniform step v = <, while, in case of
necessity, it is not a problem to use the variable time steps. We will use standard notation for the mesh

variables @ at node (i,j), as D} = P(x;, ;51 ).

The shallow water equations (1) at the mesh nodes Q on the n-th time step will be approximated with
the help of explicit two-steps Mac-Cormack finite difference scheme of the second order approximation:

Ist step:

ryn+l n n,on n n n..n n .n
Hy - Hj +H,.j —Hu, H@/"y‘_Hz Vil _

T Ax Ay
b
~n+l n n n n n
i U +u; U A:z—lj +v; u; ;uy—l Ny A::t YV _0
T I
Y , ()

—n+l n n n n n

ij Vi n Vi T Viclj n Vi Vi nu YIU 1

+uy f +g =0
T Ax Ay Ay
2nd step:
Hn+1 ([_]n+1 + Hn )/2 Hn+l ~n+l _Hn+1f\n+1 Hn+lﬂn+l _Hn+lAn+1
ij i+lj t+1] ij+1 lj+1 _
©/2 Ax Ay
b

n+l ~n+l ~n+l ~n+l ~n+l ~n+l ~n+l ~n+l

U ( 'H"z/ )/2 n Uiy Uy . Ui — Uy N Nivy =My 0
t/2 Y Ax Ay Ax 3)
b

n+l on+l n —n+l —n+l —n+l —n+l ~n+l —~n+l

Vi~ (Vz/ Y )2 n Yoy Vi o Vi TV gnzm i _y
t/2 Y Ax Ay Ay

Usually, the real tsunami wave simulation is performed in a spherical or geodetic coordinate system
(A, @), where A is the longitude and ¢ is the latitude in arc degrees. Accordingly, the following relations are
used to calculate the differences Ax and Ay:

JTO‘H _)\’i)
Ax; =18‘TRE cos(cpj),
J"7((pz‘+ _cpi)
Ay = ee R

b

where Rg stands for the Earth radius. This scheme looks similar to the splitting method (with respect to space
variables), which is used in the MOST software package. Indeed, in order to calculate the values of the
sought functions at grid-point (i,j,n+1) the values at 3 points of the previous time step (i,j,n) (i-1,j,n) (i,j-1,n)
are used during the first half-step in (2), and the values at the points (i,j,n) (i+1,j,n) (i,j+1,n) during the
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second half-step in (3). However, comparison of the known analytic solutions with the numerically obtained
ones show that the proposed attempt to realize the three-points calculation stencil (Mac-Cormack scheme)
seems to be preferable compared to the one from the MOST software package (Lavrentiev et al., 2017;
Lysakov et al., 2018).

Indeed, precision of the proposed implementation of the Mac-Cormack scheme has been tested by a
comparison of the computed solution with the known analytic solutions for the model case of the parabolic
bottom topography, see (Marchuk An., 2017). The 1000 * 1000 km littoral area was considered, where the
depth increases according to the formula:

D(x,y)=10-8-72,

where the ordinate y means the distance to the coastline. As is observed in Fig. 1, the achieved precision is
the same or better, as compared to the MOST software package.

Figure 1. Comparison of the wave height maxima distribution obtained within ray approximation (brown
isolines) with results of numerical modelling using FPGA calculator (red isolines) and by the MOST
software (blue isolines).
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3. FPGA BASED CALCULATOR

Modern Field Programmable Gate Array (FPGA) microchips provide the possibility of parallel
implementation of hundreds of thousands of simultaneous computation flows; their internal memory attains
tens of megabits. FPGAs are configurable processors, i.e., the same hardware device may serve as a special
processor for different tasks, depending on a particular loaded algorithm. This platform makes it possible to
construct the computational architecture the most suitable for the implemented algorithms. Moreover, FPGA
microchips can be reconfigured an unlimited number of times to solve different problems or change
processing algorithm.

According to difference scheme (2)-(3), at each grid-point it is necessary to calculate the values of

n+l n+l n+l

three grid-functions: ~ % , "% , and Vi, For the FPGA algorithm implementation, the stream processor
architecture was proposed. It consists of a certain processor elements (PEs). Such PEs executes a version of
a 2-dimension run, a pipeline with a sequential data stream. The auxiliary data for each node required to be
stored in memory, are the values of all functions in use at 4 neighbor nodes forming computation stencil.
The FPGA architecture makes it possible to use the fast inner memory (BRAM) for implementing such
stencil buffer.

The input data flow is a sequential line-by-line inspection of all the grid points. The suggested PE
architecture allows either processing several points simultaneously, or connecting in series several PEs to
implement several iterations as a single pipeline. This makes it possible to optimize the PE set according to
the peculiarities of a given hardware platform. The mathematical operations in (2), (3) of Mac-Cormack
difference scheme are implemented as a calculation pipeline, with performance of 1 node treatment at one
computer clock cycle.

o ‘—\DDR3
(—of2 DMA [ IC

o (—|DDR3
———— g

o . o

i L L e

i e e e i

Figure 2. Operation scheme and appearance of the FPGA based Calculator.

Block-scheme of the Calculator and its appearance are given in Fig. 2. In addition to Processing
Elements (PE's), which perform calculation in parallel mode, the Calculator has memory controllers DDR3,
PClIe controller, and DMA modulus responsible for the direct access to the host computer memory. The
Calculator receives the input data from the memory through FIFO (First In, First Out) memory, which makes
it possible to adopt the frequency of separate calculation modules tuning it to the particular FPGA microchip
as well as the outer memory and interface characteristics. Calculator may contain several PEs, depending on
the characteristics of a particular FPGA in use. Block-scheme of the Calculator, based of FPGA microchip
Xilinx Virtex-7 VC7009, is available in (Lavrentiev et al., 2017; Lysakov et al., 2018).
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Let us give some explanations about calculation pipeline realized in this FPGA based Calculator. Recent
version contains 16 Processing Elements (PEs). The sequence of tasks is arranged as follows. The first
couple of PEs works on calculation of the tsunami flow parameters corresponding to the time layer n+/.
Both PEs use the digital bathymetry array depth values and wave parameters on the previous time layer only

n+l n+l n+l

along 3 lines of computational domain which are enough for obtaining values of ~ "% | “y , Vi (i=1,...Nx)

along the certain line j of rectangle grid Q | First PE obtains values on the intermediate time layer n+1/2,
which are used by the second PE for the almost simultaneous calculating of wave parameters for time layer

n n

n+1. Then this couple of PEs takes into account wave parameters = 7, “i , Vi (i=1,..,Ny) and the depth along

the next line j+2 of computational domain, where the values for time layer n+/ along the grid line j+/ must
be calculated. So, line-by-line the first couple of PEs calculates and sends to DMA the wave parameters for
time layer n+/. When these tsunami parameters have been obtained (with the help of first couple of PEs) for
first 3 grid lines of domain, then the second couple of PEs starts calculating wave parameters for time layer
n+2. After the first 3 lines have been completed by the second couple of PEs the third couple starts to work
on the time layer n+3, and so on. After completing the time layer n+/ by the first couple of PEs, it starts
processing grid variables for time layer n+9. This pipeline cycle continues up to the numerical experiment
number of time steps limit. The FPGA calculator simultaneously works on wave parameters at 8 time layers
with 3 grid lines delay each.

4. NUMERICAL EXPERIMENTS

Numerical experiments were arranged at the gridded bathymetry around Kamchatka Peninsula and Kuril
Islands, visualization of which is presented in Fig.3. This 30 arc sec resolution gridded bathymetry was
developed in Bezhaev, Marchuk and Seliverstov (2002) based on the large number of depth soundings
provided by “Vulkanolog” vessel. For ocean depth description in far-field areas the segments of global digital

bathymetry database developed in (Smith and Sandwell, 1997) have been added. This digital bathymetry and
computational grid have the following characteristics:

* Grid size is 3120x2400 points

* Grid steps are 30 arc seconds in both directions (which means approximately 584 and 928 meters,
respectively);

» Array covers the area between 144° and 170° E, 41° and 61° N;

» Time step used in computations is equal to 1.0 sec.
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Figure 3. Digital bathymetry of the Russian Far-East Kuril-Kamchatka region.

The FPGA based Calculator with a regular modern PC needs 24 sec to simulate the first 90 minutes of the
wave propagation from the dipole-type source. This source looks similar to the unit source used for tsunami
forecast by NOAA (Gica E. et al., 2008) but significantly stretched in one direction. The shape and profile of
the typical unit source is based on the available geological and geophysical information. Due to this, the
typical for subduction zone seabed displacement area for 7.5 M earthquake was approximated by 50x100 km

rectangle having maximum water surface elevation as 57 cm. The initial seabed displacement at such a unit
source is shown in Fig. 4.

Figure 4. 2D shaded and 3D views of the source used for numerical modeling.
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The extended 500 km long model tsunami source was used in numerical experiment. The source size
has the same order as 1952 Kamchatka and 2011 Great Tohoku tsunami sources but the maximum initial
water surface elevation at source is taken equal to +200 cm. Geographic location of this source is shown in
Fig. 5 as two ellipses. The part of source with the initial surface depression is located closer to the coast than
the uplift wing. The “real” propagation time for the wave in this case is evaluated as 6000 sec. This includes
wave approaching and reflecting off the shore processes.

Kronotsky cape

N -

\&‘b’ Shipunsky
. ~Cape
‘Z’ )

Figure 5. Position of model tsunami source eastward of Kamchatka peninsular and distribution of the wave
maxima near the Northern Kuril and Kamchatka coast.

Numerical simulation with the 3120x2400 nodes computational grid shows that the main wave
approaches the nearest shore in approximately 1600 sec after the shock. With the proposed FPGA based
Calculator, it takes only a few seconds to calculate the maximal height distribution along the entire coastline
considered. Namely, it takes 29.95 sec for the Calculator based on Virtex-6 microchip (SLEDv7 printed
board), while just 5.98 sec with VC709 microchip. The similar computational experiment was carried out
using MOST software. It takes not less than 1.0 sec for calculating each time step on the medium class PC
(2.5-3.0 GHz). In the other words, it takes approximately 1800 sec for calculation with the MOST software
tsunami propagation up to the nearest coast. So, the performance gain, achieved by the proposed Calculator,
is nearly 250 times compared to the MOST software. It means that calculation is executed at least 250 times
faster compared to propagation of the real wave (6 sec against 1600 sec).
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Figure 6 shows the more detailed FPGA computed distribution of tsunami wave maxima along the
North Kurils and Kamchatka shore for the tsunami source under study.
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Figure 6. Distribution of tsunami wave maxima (in centimeters) along North Kurils and Kamchatka shore
obtained with FPGA based Calculator.

This wave-height distribution shows that for such location of the initial sea surface displacement (Fig.
5) the highest tsunami waves (up to 12 m) are expected at some harbors in the southern part of Kamchatka
Peninsula. At the coastline areas, which are not just opposite to the described source, the height of tsunami is
significantly lower (100-200 cm only). It is comparable to the maximal vertical displacement at tsunami
source. In order to verify numerical results, obtained with the described FPGA based Calculator, the same
numerical experiment was carried out using MOST software. Fig. 7 below presents the computed maximal
heights of tsunami wave generated by the same extended source, which is shown in Fig. 4.
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Figure 7. Distribution of tsunami wave maxima along the shore calculated by MOST software.
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As is observed from the Fig. 7, the maximum tsunami heights distribution along the North Kurils and
Kamchatka coast is similar to the one obtained using FPGA based Calculator. This comparison proves
reliability of numerical results obtained with FPGA based Calculator, which can be obtained within few

seconds after start of calculation. Let compare this processing time to hours required for computation using
MOST software.

Now, let us say few words about the digital bathymetry, used for numerical tests. Usually, the grid step
is determined by the available bathymetry databases, accounting for the goals of numerical modeling. These
days such grid step, typically about 900 m, is considered too large. However, it depends on the modeling
goals. When one needs a detailed evaluation of the expected wave heights along the entire shoreline, it is
necessary to carry out numerical modeling with the corresponding fine mesh size in the near-coast regions. It
could be done by choosing the properly small grid step in the entire water area. However, the number of
computational nodes will increase by 2-3 orders, which results in the necessity of extended computational
facilities or, alternatively, in a dramatic increase of the CPU time required for simulation. As for the proposed
FPGA-based Tsunami Wave Calculator, the available memory resources dictate the limit of approximately 50
millions for a number of computational nodes.

There is even a more important challenge. Refining a computational grid using interpolation of depth
values to 10-20 m resolution will miss the fine details of real bathymetry, which are not reflected in the
original 900 m resolution database. Therefore, results of numerical modeling will be rather far from reality in
the near shore areas. Natural solution to this problem could be obtained by the nested grids approach, where
the resolution depends, roughly speaking, on the distance to the shore. Of course, the fine digital bathymetry
in the coastal area is required for obtaining the detailed wave height distribution along the shoreline. A
combination of the nested grids approach with the hardware code acceleration (by the use of Graphic
Processing Units — GPU) has been tested by the authors simulating tsunami wave propagation at Sanriku
coast, see (Hayashi K. et al., 2015).

When the fine digital bathymetry in the coastal area is available, it is not a problem to pass the obtained
numerically wave parameters from the original «rough gridded» area to the one with a fine grid. The
algorithm in use admits simultaneous computations in several near-coast areas. So, by using just a few of the
proposed FPGA based Calculator, PCs gives ability for Tsunami Warning Centers (services) to obtain the
robust evaluation of maximal tsunami wave heights along the entire coastal region by the reasonably short
time, certainly much less compared to the wave travel time from the source to the coast.

5. DISCUSSION

Having such tool as the designed “Tsunami Wave” Calculator, operating with the regular PC as a co-
processor, it is possible to move toward the real-time instrument for the local authorities to evaluate tsunami
danger in any particular part of the coast. Indeed, shortly after strong near shore underwater seismic event
the magnitude and epicenter location is known. In case the event could be dangerous, special service
(municipal, e.g.) can order (and certainly pick up) the time series — tsunami wave profile, measured by
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available sensor system (DONET, S-NET, DART buoy, or any other). Rather simple algorithm, see
(Lavrentiev M., Kuzakov D. et al., 2017; 2018) will recalculate these data in terms of the initial seabed (sea
surface) displacement at tsunami source just in a few seconds. Then, using the Calculator, any expert is able
to calculate an approximation of the expected wave height distribution along the valuably long part of the
coast. As the computation takes less then a minute, several scenarios (differ from each other by small shifts
of the initial displacement area) could be processed. Short calculation time gives possibility to use longer
wave time series for reconstruction tsunami source which must improve the final height prediction. This
would provide a solid ground for decision makers for evacuation measures.

After development and testing of a number of the real time algorithms, covering the entire process,
namely: automated order of tsunami wave profile from the sensor network, automated accounting of the
tidal component, wave profile recalculation in terms of the initial sea bed displacement at tsunami source,
generation of adaptive digital bathymetry, calculation of tsunami wave propagation, inundation mapping, it
will be possible to create the real time decision support software for tsunami warning services.

6. CONCLUSION

As a step toward the real-time tsunami danger evaluation, the FPGA-based specialized Calculator has
been designed and tested. It uses FPGA microchip, which dramatically accelerates numerical modeling of
tsunami wave propagation. Calculation of the tsunami wave propagation from the hypothetic source up to the
Kuril-Kamchatka shoreline in the 3120x2400 knots computational domain takes only a few seconds. So, the
wave height distribution along the coast can be determined almost immediately after restoration of the initial
water surface displacement at the tsunami source area. As was shown earlier, the precision of numerical
results is the same then using the MOST software, the official tool of NOAA (USA) tsunami warning centers.
These results show the possibility of tsunami danger forecast in the real-time mode. The authors will propose
soon a version of software which uses nested grids approach to obtain characteristics of a tsunami wave along
the detailed shoreline.
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ABSTRACT

The anomalous tsunamigenic earthquake, which occurred on August 2, 2007 at 02.37 GMT in the
Tatar Strait, near the western coast of Sakhalin Island (Nevel’sk earthquake), is examined. Though the
magnitude of the main shock was M=6.2, the tsunami waves generated by this earthquake were
abnormally large, reaching heights of more than 3 meters at some points of the coast. Generally,
earthquakes of similar magnitudes do not cause significant tsunami waves but only waves, which are
very weak. Also unusual about this event was the distribution of maximum wave heights along the
entire west coast of Sakhalin Island, from Chekhov to Korsakov, which were proceeded by recessions
of coastal water. The present study presents the numerical simulation of this earthquake and of the
tsunami it generated. Two scenarios of possible seismic sources are being considered, the dynamics of
which can explain the unusual distributions of tsunami wave heights along the coast.

Key words: earthquake source, anomalous tsunami waves, numerical simulation
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INTRODUCTION

Earthquakes occurring in the Kuril- Kamchatka zone mainly generate tsunamis in the Far Eastern
region of Russia. For the period from 1737 to 1983 more than 60 tsunami events were observed or
recorded on the Pacific coast of the country. According to historical and instrumental data, the coasts
of Sakhalin Island are rarely struck by tsunamis [1-3]. The greatest danger for Sakhalin is tsunamis
generated from seismic sources in the Sea of Japan. The most famous of these events is the Moneron
tsunami of 5 September 1971, when a wave height of up to 2 m was recorded on the south coast of
Sakhalin. Tsunami waves, which occur in the seismically active zone of Kuril-Kamchatka and reach
the shores of Sakhalin, are usually weakened due to the attenuation effect of the Kuril ridge. An
unexpected event was the generation of an “anomalous” tsunami of 2 August 2007 (at 02.37 GMT) in
the area of the Tatar Strait, 60 km off Yuzhno-Sakhalinsk. This moderate earthquake with magnitude
Mt = 6.2, generated tsunami waves on the west coast of Sakhalin that reached up to 3 meters in height
[4,5].

1. Features of the Nevel’sk earthquake and tsunami 02.08.2007.

As noted in [4], the heights of tsunami waves on the coast, which were generated by the Nevel’sk
earthquake on 2 August, 2007, indicate that the magnitude of this earthquake could not have been 6.2
as reported, but was significantly more. Also, in the scientific literature [4,5] it is noted that the
tsunami in the Nevel’sk region followed immediately after the main shock, and began with a strong
withdrawal of the water along the coast. Anomalous for this earthquake was also the rise of some
parts of the coastal zone, the so-called “benches”, both in the Nevel’sk region and in other parts of the
coast. A significant feature of this earthquake is the ambiguity in data in the determination of the
earthquake’s epicenter, apparently due to the occurrence of several aftershocks comparable in strength
to the main shock [4,5]. According to the US Geological Survey [https://earthquake.usgs.gov], the
epicenter of the earthquake had coordinates 47.116 °© N 141.798 ° E (2007-08-02 02:37:42 (UTC)),
and was located at a depth of 5 km, while according to the network of autonomous digital seismic
stations (DAT) of the SF of the GS of RAS [http:// www.globalemt.org] the coordinates of the
epicenter were given as: 46.829 ° N, 141.756 © E [4] (Table 6.1), with focal depth of 10.6 km.

One of the characteristic features of the Nevel’sk earthquake was that the tsunami that was generated
began with a withdrawal of water in many parts of the coast (see Fig.1). It is well known that when a
tsunami begins with rundown of water, the subsequent waves could have anomalously high run-up
[6,7]. In addition, the character of the tsunami waves that struck the coast was very unusual: the run-
up and rundown of the first waves at various points did not have any regularity, which makes it
difficult to explain. The maximum heights of the waves on the coast were distributed very unevenly,
not diminishing, and often, increasing, with increasing distance from the epicenter of the earthquake
along the coast [8,9]. In the same case, when the seismic source was quite long, and the hypocenter
was shallow the existing coastal and shelf faults (identified or not identified at the time of the
earthquake) can give additional heterogeneous displacements, which in turn significantly affect the
formation of tsunami waves. As known, the generation of a tsunami wave depends on the character
and character and dynamics of bottom displacements in the zone of the earthquake source, or more
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precisely, on the initial bottom displacements. It is also known that when calculating the generation of
tsunami waves, seismic data are used to determine the orientation of fractures in the source, then the
model of the seismic source is refined, the energy of this earthquake is recalculated into the possible
energy of tsunami and then, using various models of numerical simulation of tsunami wave
propagation from source to coastal zone, an assessment is made of possible run-up of tsunami waves
onto the coast [8,9]. In such computations, there is always the question of the adequacy of the seismic
source model, and this is especially true for the tsunami formed by the source located in the near-field
zone, i.e. at a distance of the order of the wavelength from the source to the nearest coast. At the same
time, the obtained results directly depend on the choice of the model for determining the seismic
source of the earthquake. Therefore, it was very important to determine the correct location of the
seismic source, as well as to understand the possibility of the existence of crustal faults passing
through this source. At the same time, an important characteristic of this work was the availability of
data on detailed field studies of the west coast of Sakhalin Island from Yablochnoye point to
Gornozavodsk one, conducted by staff members of IMGG FEB RAS. As noted in [5], of the
“identified and fairly reliably mapped on land directly to the east of the city of Nevel’sk, there is a
relatively long (about 40 km) sub-meridional fault of the type of thrust or uplift-thrust”.
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Fig. 1. a) Character of tsunami wave run-up on the west coast of Sakhalin island at Nevel’sk
earthquake (02.08.2007, M=6.2); (+) first elevation wave at run-up on the beach, (-) first depression
wave at run-up on the beach [4,5]; b) earthquake main shock epicenter map (orange star) and its
aftershocks (encountered by grey dashed curve) — the data are from [4]; grey circles of aftershocks
and blue ring of epicenter — the data are from USA Geological Service [https://earthquake.usgs.gov].
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2. The mechanism of the Nevelsk earthquake of 02.08.2007 and the choice of scenarios for a
seismic source

In Fig.1b above, it is clearly seen that the aftershock zone covers the entire shelf zone, partially
entering the dry shore, in the area surveyed by the coast. This zone has a lengthy character, which
indicates the possible lengthy character of the earthquake source.

In Fig. 2 the map of active geotectonic faults [10] and the relief map of Sakhalin Island [4] are
presented. The model seismic sources used for numerical modeling of the Nevel’sk earthquake and
tsunami are also schematically shown here.

Fig. 2 Model representation of computational source for Scenario 1 and Scenario 2 at maps: a)
active faults of Sakhalin island [10]; b) relief of Sakhalin island [4]; blue lines — schematical
representation of earthquake sources for two scenarios.

As noted in [4,5], the location of the aftershocks “coincides well with the route of the West-Sakhalin
fault and almost all of the aftershocks are located on the western wing of this fault.” An analysis of

Vol. 38, No. 1, page 17 (2019)



the factors cited in [4,5,10-12], (see Fig.2a, b) suggests that the seismic source consisted of a series of
key blocks [8], the implementation of which at different times led to such an unusual distribution of
run-up heights on the coast and to such a strange pattern of distribution of waves on the coast (see
Fig.1a).

Also, it should be noted that a similar character of tsunami wave height distribution, in addition to the
specified implementation of movements in a multi-block seismic source, can be determined by
waveguide effects along the coastal zone, i.e. captured waves. In this case, the energy of the waves
generated by an underwater seismic source located on the shelf is captured by the shelf and the wave,
which is subsequently reflected from the coast, then from the edge of the shelf (as in a waveguide),
spreads along the coast, slowly attenuating [13]. In this case, the wave process is oscillatory in
character: the form of the wave field is determined by the decay of the wave into separate oscillating
trains (corresponding to each mode of the captured wave) with different speeds of movement: high-
frequency components propagate ahead and lower-frequency components coming only later [14].
When they are superposed, a complex pattern of interference arises, leading to a non-monotonic
change in the height of the run-up along the coastline. However, in this paper, the effect of such a
process on the distribution of waves along the coastal zone will not be considered.

3. Numerical simulation of the Nevel’sk earthquake and tsunami 02.08.2007.

To study the earthquake of August 2, 2007, in the Tatar Strait, we analyzed the field data obtained
from the survey of the western coast of Sakhalin Island [4,5], and analyzed the possible location of the
seismic source. Based on the analysis performed, the choice of optimal variants of seismic source
dynamics was made, numerical simulation of tsunami wave generation and propagation up to 5-meter

isobaths for the water area (1380 +1460 E, 450 +550 N) was made, with a calculated grid, including
480x599 points.

In this work, a number of calculation options with different implementation of the movements in the
source were considered. The choice of options was determined by coastal survey data. It is well
known (see, for example, [9]) that the sign of the displacement shift in the center determines the sign
of the run-up phase for sources located in the near-field zone, i.e. at a distance of the order of the
wavelength. Since we had data on the character of the run-up of tsunami waves from the coastal
section from Yablochny to Gornozavodsky points, then the rundown or run-up of the waves at
specific points can determine the character of movements in the part of the source that is oriented to
this part of the coast. Therefore, the analysis of possible movements of blocks in the source was
carried out by selecting the speeds of movement and adjusting the magnitudes of the displacements of
a particular block (see, for example, [9]).

Of all the options considered, two Scenarios were selected, the results of which most correlate with
the results of field studies of the coast of the western part of Sakhalin, conducted by staff of IMGIG
FEB RAS [4]. For numerical simulation of a tsunami, a seismic source was chosen, located at a
distance of 2 to 7 km from the coast (depending on the Scenario and on the location of the block),
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whose width were 19 km, and 50 km long. For the first Scenario, the source consisted of 7 blocks (see
Fig.3a), for the second one - of 9 blocks (see Fig.3b). For Scenario 1, the number of blocks in the

seismic source was determined primarily by the character of the bottom bathymetry, and for Scenario
2, by the co-seismic displacements from [4,16,17].

In Table 1, data on the sequence of movement of blocks in the source when implementing Scenario 1
are presented.

Table 1
Block number 1 2 3 4 5 6 7
Shift value (m) | 0.6 1 -1 -1 1 -1 -0.6
Start time (sec) 0 20 20 0 0 0 20
Stop time (sec) | 10 60 40 10 20 30 30
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Fig. 3. Schematic representation of model seismic block sources a) (red contour) for computation on
Scenario 1; b) (blue contour) — on Scenario 2. Location of earthquake epicenter for Scenario 1 is
determined on data of net of autonomous digital seismic stations (DAT) SF GS RAS [4,5]; for
Scenario 2 location of earthquake epicenters is determined on data by Kim Ch.U. (IMGiG Far-East
Branch of RAS) [4].
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In the framework of nonlinear shallow water equations (see, e.g., [9,13]), numerical simulation of
tsunami wave generation by this seismic source, propagation of these waves over the computational
area was carried out and maximum wave values were estimated for a number of coastal points
(Fig.1a). The simulation was carried out with a time step of 1s, with checking for convergence and
stability of the numerical scheme [15]. The results of numerical simulation of the generation and
propagation of tsunami waves for Scenario 1 are presented in Fig. 4 and Fig. 5. It is clearly seen that
the wave field from such a source is substantially determined by the bottom topography. Thus, the
wave front extending towards the continental slope has a well-defined elongated shape, which is
caused by faster wave propagation to the underwater depression area, up to 800 m deep. At the same
time, the wave front approaching Sakhalin coast is flatter. In addition, there is a predominant
propagation of the wave front in the southwestern direction of the Sakhalin coast, while the wave
reaches the more northern points of the coast in a longer period of time (Fig.5). This may be due to
the greater width of the shelf zone to the north.

] 00:00:10

00:00:00

00:00:20 00:00:50

Fig. 4. Formation of tsunami source under implementation of Scenario 1.
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Fig. 5. Propagation of tsunami wave on computational basin at implementation of Scenario 1.
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Fig. 6. Maximum wave height distribution in the computational basin (Scenario 1).
Figure 6 presents a picture of the distribution of maximum wave heights in the water area. Its detailed
analysis allows us to estimate the effect of possible movements in a seismic source and justify the use

of a multi-block key model for calculating the generation.
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48.50°

Fig. 7. 3D histogram of maximum tsunami wave height distribution (Scenario 1).
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Fig. 7 shows a three-dimensional histogram of the distribution of the maximum heights of tsunamis
along the western coast of Sakhalin Island, obtained by computation according to Scenario 1.

It is clearly seen that the highest heights of run-up are in the range from 46.79 to 470 N, which is
consistent with the data shown in Fig.la. It can be seen that the maximum heights reaching 2.0 m are
alternated by heights ranging from 0.3-0.5 m.

For the second computation, a seismic source was used, a schematic view of which is shown in Fig.
3b. When modeling Scenario 2, data from [4,16,17] were used, where it was proposed to apply the
one- dimensional distribution of the co-seismic displacements of the earth's surface, obtained using
the Japanese ALOS satellite, “which were fixed in a narrow coastal zone less than 10 km wide and
about 30 km from the village Lopatino to the village Kalinino” [4,16,17]. The division of the
deformation zone into 2 extended sections: the northern section and the southern section, comparable
to the corresponding aftershocks with M = 6.2 and M = 5.8, allowed us to present the seismic source
in the following form (Fig. 8) and set the dynamics of the key blocks in the source represented in
Table 2.

47 | 47

46.5 | I | 46.5

Fig. 8. Schematic representation of model seismic block source (blue contour) for Scenario 2; grey
curves are the co seismic shifts from works [4,16,17].
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Table 2

Number of | Block Number |1 |2 (3 |4 |56 |7 | 8 9
case
Vert‘(clﬁ;Sh‘“ 0.5/03]-0.4/1.0L1.5/1.8]-0.8/0.15 |-0.15
1 Start time (s) |20 /20| 0 |40({30 (20| 0 | 50 | 50
Stop time (s) |30 ]40]20|50]40|50|20] 70 | 70
Vertical shift 18 1.2 0.2
) (m)
Start time (s) 40 20 70
Stop time (s) 60 40 90

In Fig. 9, the generation process of the tsunami source during the implementation of Scenario 2 is
shown. Unlike Scenario 1, the beginning of the movement of the blocks corresponding to two sections
of the deformation zones (see Fig. 8) can be seen in Fig. 9 (left upper panel). Further aftershock
movement to the south and north was approximated by the movement of blocks in the earthquake
source (Table 2), which can be seen on the upper right panel of Fig. 9. Such a complex
implementation of the dynamics of a seismic source noticeably changed the structure of the wave field
in the tsunami source (see Fig. 9, bottom panels).

00:00:18 " | 00:00:38

00:00:48 " 1 00:01:28

Fig. 9. Formation of tsunami source under implementation of Scenario 2.
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Fig.10. Maximum wave height distribution in the computational basin (Scenario 2).
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Fig. 11. 3D histogram of maximum tsunami wave height distribution (Scenario 2).

Fig. 10 shows the distribution of maximum wave heights, which is most pronounced along the
entire western coast of Sakhalin Island and along the central continental part, which may be due to the
peculiarities of the dynamics of this source (Table 2). At the 3d histogram for this scenario,
pronounced peaks of heights up to 3.5 m in its central part are observed, alternating with weak rises of
water up to 40 cm (Fig.11).
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4. Comparison of computational with empirical data and data of other authors

The results of comparison of the obtained computations with empirical data and computations of
other authors are shown in Fig. 12 and Table 3. It is clearly seen that the computation data for
Scenario 1 (Fig.12a) are weakly consistent with the real data (Fig. 12d), being close to the empirical
data only in a limited number of points. This can be explained by the fact that the dynamics of the
blocks in the source was determined primarily by the character of the bottom bathymetry. However,
the factors described in [4,5,10-12] are rather contradictory, which apparently, did not allow to set the
correct dynamics of blocks in the source in Scenario 1.
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Fig. 12. Comparison of computational and empirical results: a) computation on Scenario 1; b)
computation on Scenario 2; ¢) results from [18-20]; d) real date [4,5].

In Scenario 2, data on the one-dimensional distribution of the co-seismic displacements of the
earth's surface [4,16,17] were used (see Fig. 8). It can be seen (Fig. 12b) that the histogram of the
distribution of maximum wave heights is closer to the empirical data (see Fig. 12d).

The data from [4,5], which presents the coastal survey results for each item, the results of
numerical simulation [21], and the results obtained in calculations for two Scenarios (Scenario 1 and
2) were summarized in Table 3 (column 1, 2, and 3, 4, respectively).

It can be seen that for Znarech’e, Zyryanskoie, Lovetskaya, Pravda the calculated and observed
values are close to one other, and a number of calculated data for the maximum run-up heights for
points Gornozavodsk, Zavety II’icha, Kalinino, Yablochny are somewhat underestimated. It is
important to note that the calculated data were obtained on a 5-meter isobath, and it is necessary to
take into account the gain for the wave height when converting from the shelf zone to the dry shore.
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As a result, the calculated wave heights with data obtained on a 5-meter isobath, when recalculated to
the coastal zone, may be more consistent with empirical data. At the same time, in such points as
Lopatino, Nevel’sk, Yasnomorsk, Kholmsk the estimated heights obtained from Scenario 2 are too
high, relative to empirical data. Since in numerical simulations, a multi-block seismic source was
preferred, and waveguide effects along the coastal zone, i.e. the captured waves (see above) are
possible, these overestimated values of the heights are due to the neglect of these effects.

Table 3

Ne Numerical Numerical Numerical

Name points Real modeling [21] modeling modeling

data [5] (m) Scenario 1 Scenario 2
(m) (m) (m)

1 2 3 4

1 Gornozavodsk 1.3 14 2 0.9
2 Zarech’e 0.7 1.28 0.8 0.7
3 Lopatino 0.2 - 0.8 0,8
4 Nevelsk 1.2 1.6 1.2 1,6
5 Lovetskaya 2.1 3.15 1.8 2.1
6 Yasnomorsk 1,8 - 1.6 2.3
7 Zavety Il’icha 3.2 3.47 1.8 2.6
8 Kalinino 1.8 1.69 1.0 1.5
9 Zyryanskoie 1.3 - 1.3 14
10 Pravda 1 1.67 2 1,2
11 Kholmsk 0.2 1.13 1.1 0,5
12 Yablochny 1.5 0.95 1.3 1.1

5. CONCLUSIONS

Based on this study, one of the conclusions that can be made is that the assumption that the
character of the run-up height distribution of the tsunami that hit the coast of Sakhalin after the
submarine earthquake of August 2, 2007, depends to a large extent on the specifics of the dynamics,
including the underwater seismic source, which determines not only the magnitude of run-up, but also
the run-up phase. However, to clarify the computations, it is necessary to take into account the co-
seismic displacements of the earth's surface in the coastal zone along the west coast of Sakhalin, and it
is also assumed that the waveguide effects along the coastal zone are necessary.
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ABSTRACT

Tsunamis have always affected Chilean coastal communities, causing great loss of lives and property,
and pose a permanent threat to their inhabitants. The Sumatra tsunami in 2004 took hundreds of
thousands human lives along the Indian Ocean; similarly, the Chile 2010 and Japan 2011 tsunamis
caused great land devastation, though less lives were lost. The Chilean case is of special interest since
tsunamis have struck consistently during the last decade, which demands higher social resilience and
increased effectiveness in mitigation measures to reduce local and national risk. This research presents
a study of the tsunami evacuation processes carried out by the inhabitants during the earthquakes of
2010 and 2015 in the Biobio region, applying a statistical methodology to understand the behavior of
the population within a diverse urban and territorial context, with plain and hilly areas. A total of 251
surveys were conducted with inhabitants affected by the tsunamis, to assess the evacuation processes,
considering starting time, means of transport, the use of automobiles, traffic jams, and the quality of
evacuation routes and safe zones. The objective of the study is to quantify these evacuation processes
in an urban context, to prospect possible improvements in the future planning and design of coastal
cities.

Keywords: Tsunami, earthquakes, behavior, evacuation route, safety zones, traffic jams, hazard zones
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1. Introduction

This research presents a study of the tsunami evacuation processes in the cities of Talcahuano and
Dichato during the 2010 Maule earthquake, and for the 2015 Coquimbo earthquake; both disasters
produced human losses and major material damages on the south-central and northern Chilean coasts;
in addition, tsunami warnings led to the evacuation of a significant number of inhabitants from the risk
zones to the highlands of the hills along the country's coast in search for shelter.

The 2010 Maule earthquake 8.8 (Mw) occurred at 3:34:08 local time (UTC-3), on Saturday February
27, and triggered a tsunami that affected large parts of the central coast of Chile. The tsunami caused
extensive damage in the cities of Talcahuano (Fig. 1) and Dichato; however, the loss of life was very
low due to the timely evacuation process performed by the population. The 2015 Coquimbo earthquake
occurred at 19:54:31 local time (UTC -3) on Wednesday, September 16, 2015, reaching a magnitude of
8.4 Mw. The epicentre was located 37 kilometres northwest of Los Vilos and 37 kilometres southwest
of Canela Baja, in the region of Coquimbo, northern Chile. It was vastly perceived along the country,
and also in some areas of Argentina, Uruguay and Brazil. This is the largest event recorded since the
2010 Maule earthquake, and the third largest since May 22, 1960, surpassing the magnitude of the
event that occurred off the coast of Pisagua-Iquique on April 1, 2014. The Hydrographic and
Oceanographic Service of the Chilean Navy (SHOA) issued a tsunami alarm for the entire Chilean
coastal border and almost one million people were orderly and timely evacuated to the security zones.
The alarm spread to the shores of the Pacific Ocean abroad, including Peru, Ecuador and Hawaii.

The main objective of the study is to analyze the behavior of the population during the tsunami
evacuation process in the earthquakes of 2010 and 2015, considering the time taken to evacuate the
hazard zones after the earthquake, the geographical conditions, to determine the main means of
transport for evacuation, the start time of the evacuation, the time and distance of the evacuation, the
quality of evacuation routes and safe zones, and problems with car traffic and the roads. Furthermore,
comparing both experiences will allow to define the strengths and weaknesses as experienced by
people during the evacuation process, considering the differences between geographical areas, as well
as behaviors that may endanger people and affect the normal evacuation procedure.

2. Research methods and overview of data sources

The main research method used for this paper was the application of 251 surveys to people that were
caught in tsunami flood areas during the 27F, 2010 Maule earthquake and the 2015 Coquimbo
earthquake. The surveys were applied in different areas (Fig. 1), defined by the morphological
characteristics of the territory (flat areas and areas with nearby hills), and by the type of urban land use
(residential, industrial, etc.). To facilitate contact with the affected communities, the municipalities of
Talcahuano and Tomé collaborated in contacting local leaders to support the implementation of the
surveys in each of their community centres.

The sorting and analysis of the results were performed through simple statistics using spreadsheets and
crossing information between the different selected areas. The start time of evacuation, evacuation
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routes and safe locations were marked using Geographic Information System (GIS) maps, according to
information provided by people and duly recorded in the surveys.

To enrich the analysis, specific comparisons were made with the evacuation process performed during
the 2011 tsunami in Tohoku region, Japan.

Fig. 1 Study area. Left, Tsunami flood maps of Talcahuano published by SHOA, Chile, based on
the historical tsunami events. Right, detail of the area.

3. Earthquake of 2010 and cities affected by the tsunami in Chile

Table 1 shows characteristics and damage conditions in the cities of Talcahuano and Dichato, hit by the
2010 earthquake. The 2010 Maule earthquake (8.8 Mw) occurred at 3:34:08 local time (UTC-3), on
Saturday February 27t, and triggered a tsunami which affected large parts of the central coast of the
country. The tsunami caused extensive damage in the cities of Talcahuano and Dichato; however, the
loss of life was very low due to the timely evacuation process performed by the population. Damage
caused by the 2010 tsunami in the cities of Talcahuano and Dichato was very high (Table 1), affecting
26.6% and 65% of the urban area, respectively, and destroying more than 8900 homes. In the case of
the 2015 Coquimbo earthquake (8.4 Mw), which occurred on Wednesday, September 16 at 19:54:31
local time (UTC -3), after the activation of the tsunami alarm the population of the cities of Talcahuano
and Dichato began the evacuation to the safer higher areas; finally, the waves reached the coast with a
height of 1.2 meters, causing minor damage.
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Table 1 Cities affected by the tsunami and damage conditions. Developed by author. Source of data:
Biobio Region Coastal Border Reconstruction Plan; PRBC18, Master Plan for Dichato and Talcahuano,
Government of Chile, 2011. Reconstruction Plan for 27F Earthquake and Tsunami, Government of
Chile, August 2010. Statistics of the legal medical service for the 2010 Earthquake, Government of
Chile, 2010.

Talcahuano 2010 Dichato 2010
8.8 Mw 8.8 Mw
Population 163.626 people 3.488 people
Extension of urban area 40.3 km? 1.22 km?
Tsunami affected area 10.72 km? 0.803 km?
Houses destroyed by tsunami 7.636 1.343
Tsunami victims 3 16

4. Questionnaire on tsunami evacuation for the 2010 Maule earthquake

4.1 Geographical conditions of survey area and time to start evacuation

To elucidate tsunami evacuation behaviors in the 2010 Maule earthquake in Chile, a questionnaire
survey was conducted in December 2013 for the severely affected city of Talcahuano and the Dichato
district of Tomé city, with students of the University of Concepcion participating as interviewers. The
survey areas are DCH (Dichato), TZ2 (Talcahuano Central), TZ3 (El Morro), and TZ4 (Salinas).
Altogether 193 cases of data were collected. The survey results for: means of tsunami warning, means
of transport for evacuation, evacuation routes and conditions; are examined here.

An official tsunami warning was not issued for this earthquake. According to the hearing survey from
the disaster management section of Talcahuano municipal office, by the author (H. M.) in 2012, there
was a notice from ONEMI that there was no risk of tsunami and that information was broadcast via a
local radio station. In the hearing survey at the Dichato temporary housing village on the same
occasion, local people and community leaders confirmed the same conditions. Fig. 2 shows tsunami
alarm conditions. Overall, 56% of respondents reported that the tsunami alarm did not exist, while 25%
said they got some alarm information from neighbors or family.
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Fig. 2 Tsunami alarm in Biobio (Q3, n=193)

Fig. 3 shows the time taken to start evacuation for each survey zone. Overall, half of respondents
started evacuation during the shaking or immediately after the earthquake. Still, 14% of respondents
did not, or could not evacuate, and seem to have stayed on the upper floors of apartments or houses.
Evacuation was faster in Dichato, and TZ3 El Morro, while it was slower and more respondents did not
evacuate in TZ Talcahuano Central. Fig. 4 shows actions taken before starting to evacuate (MR:
multiple response) in relation to disabilities. The percentage of those starting evacuation immediately
is higher (61%) for those cases with no disability followed by those cases with little disability in
walking, and then by those cases of vision or hearing disability. Family teaching of tsunami evacuation
prior to the F27 event tends to make people evacuate quicker (Fig. 5), so that it seems to be a primary
and basic requirement to promote a quick start for evacuation.

0% 20% 40% 60% 80% 100%
DCH I U I S U S s 7 A 3
TZ2 Talcahuano Central BUNVEE 7 4 2 7

TZ3 ElMorro I S |- S | 7 3 6

TZ4 Salinas I Y D VA | s g 6 10
Total I Y | 38 | 15 26
® 1 during EQ m 2 immediately after
= 3 10 to 20 min. after 4 20 to 30 min. after
5 more than 30 min. after 6 did not evacuate

Fig. 3 Time taken to evacuate vs. survey zones (QS5, n=190)
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Fig. 4 Actions taken before evacuation vs. disability (MR: multiple response, n=160)
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Fig. 5 Q20 Family teaching of tsunami evacuation prior to 27F event and QS5 time to start evacuation
(n=183) Pvalue =0.003<0.01

4.2 Transport means for evacuation

Fig. 6 and Fig. 7 show the topography of Talcahuano and Dichato with evacuation routes marked. In
Talcahuano, evacuation distances are short (mostly less than 500m) in Zones 2 and 3, and are much
longer in Zone 4. Fig. 8 depicts means of transport for evacuation. The percentage of people on foot is
high in TZ3 El Morro, and TZ2 Central Talcahuano, while use of cars (4 to 7, both driving a car or
pickup, and getting a car ride or a pickup ride) is higher in TZ4 Salinas, followed by DCH, Dichato. In
this figure, ‘other’ refers to those who could not or did not evacuate and stayed in the buildings. Such
cases represent a share of more than 30% in TZ2 Central Talcahuano, where 3-4 story apartments are
common. Traffic jam conditions (Fig. 9) vs survey zones indicate similar patterns of severe conditions
in TZ4 Salinas and Dichato.
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Fig. 6 Evacuation GIS map of 27F2010, in Talcahuano (Zone 2 is Central, Zone 3 is El Morro, and Zone 4 is
Salinas). Circles are origins of evacuation and stars are destinations in safety zones.

©  Start of Evacuation 27F
{) *  Safe Place
{ —»— Evacuation Route

Fig. 7 EvacuationGIS map of 27F, 2010 in Dichato (DCH). Circles are origins of evacuation and stars are
destinations in safety zones.
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Fig. 8 Means of transport for evacuation vs. survey zones (Q6, n=189)
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Fig. 9 Traffic jams observation vs. survey zones (Q14, n=186)

The reasons for predominant pedestrian evacuation in Talcahuno and Dichato are based on rules and
morals, and people tend to consider it is safer to walk than to drive or ride a car. Fig. 10 shows mobility
patterns in the 2011 Great Tohoku earthquake and tsunami. Automobile evacuation was higher in the
coastal plain area than in Rias region, and automobile use in Tohoku was much higher than in

Talcahuano and Dichato.
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Fig. 10 Relation between means of transport for tsunami evacuation and regional topography in the 2011 Great
Tohoku earthquake and tsunami (Fukko Shien survey archive, MLIT survey, n=5524 cases)

4.3 Conditions of evacuation routes, evacuation zones and universal access

Most people evacuated to safe areas just to walk in the nearby hills (Fig. 11). The evaluation of
evacuation routes ranked ‘bad’ and ‘very bad’ in all areas where surveys were conducted (Fig. 12).
This is mainly due to poor signage of the tsunami evacuation routes, or to routes being blocked by
debris from the earthquake, or to lack of artificial lighting. Safe places are also classified as ‘bad’
because they do not have any basic facilities or services (bathrooms, drinking water, electricity, climate
protection) to enable the sheltering of people.

0,9 0,8
rotal - | RN 332
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Fig. 11 Evacuation place vs. survey zones (Q10, n=187)
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Fig. 12 Rating evacuation route vs. survey zones (Q13, n=185)

4.4 Assumption of a daytime earthquake on a weekday

The 2010 Maule earthquake occurred at night time at the weekend. As for the means for travelling,
40% do it on foot and 27% by buses or trains, while private car travellers are 11%. Supposing an
earthquake should have occurred during day time of a week day, the means of transport and travelling
patterns are of critical interest (Fig. 13). The daytime evacuation pattern is shown in Fig.13. Those
who plan to go back home from work places are about 25%, and those who plan to go and see their
family and then evacuate are about 10%. A day time earthquake and tsunami threat seems to increase
two-way traffic going home, going to see family and then evacuating, though car use may not increase
much in such cities, as the majority of commuters still use public transportation like buses and trains.

. m 1 within the
6% flood hazard
zone

3in the safety
zone

m4 wasinthe
safety zone,
but returned to
hazard zone

Fig. 13 Evacuation pattern assuming daytime earthquake vs. survey zones (Q24, n=191)
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4.5 Summary of findings in the Biobio tsunami evacuation 2010

A questionnaire survey was conducted in Talcahuano and Dichato to investigate evacuation behavior
after the 2010 Biobio Earthquake and subsequent tsunami.

1. Most of the people evacuated within 20 minutes after the earthquake, even though there was no
official tsunami warning. However, about 30% of cases could not or did not evacuate in due time
and stayed on the upper floors of apartment buildings or second floor of houses.

2. The majority (nearly 60%) of transportation for evacuation was on foot, while about 15% occurred
by driving a car or a pickup, and getting a car or pickup ride. Use of cars for evacuation is much
higher in TZ4 Salinas and in Dichato, and a correlation between the use of cars and evacuation
distances is obvious. Traffic jams occurred more in Dichato and TZ4 Salinas than in TZ2 Central
Talcahuano and TZ3 EI Morro.

3. In case of a daytime earthquake, many think they would either go home or go to see their family
before evacuating. Such behavior may increase demand for traffic and increase traffic jams and the
difficulty of evacuation.

4. Family education on tsunamis and evacuation tends to increase the percentage of respondents who
evacuate quickly.

5 Questionnaire on tsunami evacuation for the 2015 Coquimbo earthquake in the
city of Talcahuano.

5.1 Perception of risk after the evacuation alarm and evacuation start time

In order to elucidate the behavior of inhabitants during the tsunami evacuation in Talcahuano for the
2015 Coquimbo earthquake, a survey was conducted during January 2015, with the help of students
from the University of Concepcion. The study areas are the same as for the 2010 tsunami study, TZ2
(Central Talcahuano), TZ3 (El Morro) and TZ4 (Salinas), aimed at comparing the behavior during the
evacuation for the 2010and 2015 tsunamis in Talcahuano. A total of 58 data cases were collected. The
results of the surveys for: tsunami warning, evacuation means, evacuation routes, and participation in
evacuation drill are discussed here.

After the 2010 earthquake, Chile implemented a tsunami alarm system in the main coastal cities of the
country, so in Talcahuano the authorities activated the sirens after the strong earthquake in 2015. Fig.
14 shows that 83% of the respondents were in the flood hazard zones, 11% in safe areas, and 6% said
they had been in a safe area but returned to the hazard zone to see their relatives or protect their houses
from thieves.
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Fig. 14 Where were you when you heard siren (Q5B, n=58)
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Fig. 15 Did you evacuate from tsunami (Q4, n=58)

Fig. 15 shows whether respondents evacuated to security zones or not, where 32% evacuated to high
security areas and 68% said they did not evacuate, mainly because they considered that the earthquake
was not strong enough compared to 27F in 2010, despite the fact that 72% reported having heard the
evacuation siren (Fig. 16).
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Fig 16 Did you hear tsunami alert or siren (Q5, n=58)

Of all respondents 38% evacuated 5 minutes after the earthquake, 25% between 6 and 10 minutes later
and 33% after 31 minutes from the earthquake. In the TZ4 Salinas area, which is characterized by a flat
area with distant hills, the slowest evacuation was recorded, where 50% evacuated to security zones
between 5 and 10 minutes after the earthquake; meanwhile, in the TZ2 Central Talcahuano zone, the
evacuation was the fastest, with 83% evacuated to high safety zones between 5 and 10 minutes after the
earthquake (Fig. 17). Table 2 shows time taken to start evacuation in the 2011 Great Tohoku earthquake
tsunami. It is clear that evacuation of Talcahuano in 2010 and 2015 is much faster.

‘ B 1 your car or pickup truck

pickup truck

TZ2 Talcahuano central 1 _ = 3 walk

0% 20% 40% 60% 80% 100%

Fig. 17 When did you start to evacuate? (Q6B, n=58)
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Table 2 Time taken to start evacuation in the 2011 Great Tohoku earthquake tsunami, by MLIT survey for
disaster restoration (Murakami).

Time at which 50% of Time at which 80% of

Average starting time

Tsunami nsk perception after eq. No. of cases afler 6q. (min) people. stmtgd peopleA stangd
evacuation (min.) evacuation (min.)

I thought tsunami should come, or -

‘ 3105 18 14 29
I thought tsunami might come. g
I tbought .tsuna:m would nc?to come, or 2411 ’5 24 0
I didn't think about tsunami.
Total 3524 22 14 34

5.2 Transport means for evacuation

Fig. 18 shows that in the TZ4 Salinas area, where the flattest topography is observed, 87% of people
evacuated by cars or pickup trucks, mainly because the safety zones are defined in the hills, 2
kilometres away from residential areas, a distance which people avoid walking, despite the fact that
during the evacuation of 2010 a high traffic jam was recorded on the escape routes in this area. In the
case of the TZ2 Central Talcahuano and TZ3 El Morro arcas, where the safe zones are defined in the
hills that are less than 500m away, the evacuation was conducted mainly walking.

124 Salinas m 1 thoght tsunami would not

reach my place

TZ3 El Morro n 2 _ 2 to avoid thieves
122 Talcahuano central [N =30ther

0% 20% 40% 60% 80% 100%

Fig. 18 Transport means to evacuate (Q6C, n=58)

Fig. 19 shows that people in the TZ4 Salinas area (where the flattest topography is observed and where
safe hill areas are 2 km from point at the highest risk) did not evacuate because they thought the
tsunami would not reach their houses, even though the evacuation alarm was activated. This shows the
low perception of the risk by the population when comparing the smaller magnitude of the 2015
earthquake with that of 2010. Another factor that influenced the decision not to evacuate was to avoid
leaving their homes alone for fear of thievery.
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Fig. 19 Main reason you did not evacuate (Q7, n=58)
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Fig. 20 Did you participate in tsunami evacuation drills? (Q10, n=58

Fig. 20 and Fig. 21 show that approximately 50% of people participated in evacuation drills and claimed to

know the evacuation maps spread by the Municipality, which shows an interest in preparing for future
emergencies.

TZ4 Salinas

W 1yes, | know it very well
TZ3 El Morro

= 2 yes, | know something of it

TZ2 Talcahuano central m3no

T T

0% 20% 40% 60% 80% 100%

Fig. 21 Did you know the city tsunami risk map (Q22, n=58)
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5.3 Summary of findings in the Talcahuano tsunami evacuation 2015

A questionnaire survey was conducted in Talcahuano to investigate evacuation behavior after the 2015
Coquimbo Earthquake and subsequent tsunami.

1. In relation to the 2015 earthquake, respondents point out that the perception of risk was lower than
for the 2010 tsunami, despite the activation of the alarm for evacuation, which is reflected in the fact
that only 32% of the respondents evacuated to high areas.

2. People from the TZ4 area evacuated the risk zone mainly by car, because of a greater distance to the
safe areas, causing traffic jams in the evacuation routes, which triggered conflicts between the
pedestrians and the car occupants. In the case of TZ2 and TZ3 areas, people evacuated mainly by
walking to nearby hills, within 500 m distance.

3. After the 2010 earthquake, the Municipality of Talcahuano has constantly carried out tsunami
evacuation drills where the population generally participate; this certainly helps to prepare for future
events. However, the low percentage of evacuation during the 2015 tsunami alarm is mainly due to
the low levels of perception of risk among the population, when compared to the great earthquake of
2010.

4. In general, families claim to know the tsunami risk maps, which helps to keep track of evacuation
routes and safe areas to react in a timely manner. This contrasts with the perception of risk when
people compare the lower magnitude of the 2015 earthquake with that of the 2010 disaster, not
aware that a smaller magnitude earthquake can equally trigger a potentially disastrous tsunami.

6. Conclusions

The 2010 Maule earthquake and the 2015 off coast Coquimbo earthquake caused tsunami in Chile, and
the questionnaire surveys were conducted in the cities of Talcahuano and Dichato, the most affected
cities. This study analyzed and compared tsunami evacuation behavior and affecting factors in view of
urban form and evacuation environments. The findings are as follows.

Tsunami evacuation tends to be faster in Chile than in Tohoku, however, it is important to address the
fact that tsunami arrival times in Chile can be much faster than in Tohoku. An approximate 5% to 10%
of people did not evacuate as they thought the tsunami would not affect their homes or they wanted to
protect their homes from thieves. Besides, it is important to determine how to better support elderly and
handicapped people for evacuation. Tsunami warning systems in Chile are developing fast and now
people are getting more frequent warnings than before, in cases of smaller seismic activities. As for the
means of transport, the majority of people evacuate on foot as they respect it as a basic rule. However,
automobile evacuation tends to increase in areas where car ownership and daily use of automobiles are
common, such as suburbs where evacuation places are far or in upper class communities. People
evacuating on foot face various difficulties and risks due to traffic jams caused by automobiles or fast
moving vehicles.
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A difference is detected in the evacuation process between the areas of the city where
hills are higher and closer and the flat sectors with distant hills; in the first areas,
evacuation is faster and it is mainly on foot, unlike the second areas, where evacuation
tends to be slower and the use of an automobile increases considerably, causing jams on
the roads.

At the moment of the tsunami, evacuation routes in the cities of Talcahuano and Dichato
were poorly signposted and 25% of people rated them as good, 21% as ‘regular’, and
54% as ‘bad’ and ‘very bad’; this is mainly because their design did not facilitate the
displacement of people and, after the earthquake, the roads were obstructed by debris that
fell off the facades of buildings; similarly, the safe zones did not provide a minimum of
facilities or services, such as drinking water, protection against the weather, or health
services, making it difficult for people to remain in them.

The two earthquakes occurred at night time when family members were mostly at home
and together. In cases of a daytime earthquake, people may try to get back home to help
the elderly or children, at home or in nursing schools and such trips by automobiles
increase traffic. Studies on working people and work places, such as industries and
offices, with regards to tsunami evacuation are important as they improve protocols and
awareness of tsunami related hazards.

In the case of the 2015 earthquake, in Talcahuano the evacuation rate of people away
from the risk zone was low (32% evacuated to high areas), despite the fact that the
tsunami alarm was activated. This was due to the low perception of risk among the
population, because of the lower magnitude of this earthquake (8.4 Mw) compared to that
of the 2010 earthquake (8.8 Mw). This behavior may constitute a false perception of risk
considering that an 8.4 Mw magnitude earthquake can produce a potentially destructive
tsunami.
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