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Abstract—A major interplate earthquake occurred on
September 16th, 2015, near Illapel, central Chile. This event gen-
erated a tsunami of moderate height, however, one which caused
significant near field damage. In this study, we model the tsunami
produced by some rapid and preliminary fault models with the
potential to be calculated within tens of minutes of the event origin
time. We simulate tsunami signals from two different heteroge-
neous slip models, a homogeneous source based on parameters
from the global CMT Project, and furthermore we used plate
coupling data from GPS observations to construct a heterogeneous
fault based on a priori knowledge of the subduction zone. We
compare the simulated signals with the observed tsunami at tide
gauges located along the Chilean coast and at offshore DART
buoys. For this event, concerning rapid response, the homogeneous
source and coupling model represent the tsunami at least as well as
the heterogeneous sources. We suggest that the initial heteroge-
neous fault models could be better constrained with continuous
GPS measurements in the rupture area, and additionally DART
records directly in front of the rupture area, to improve the tsunami
simulation based on quickly calculated models for near coastal
areas. Additionally, in terms of tsunami modeling, the source
estimated from prior plate coupling information in this case is
representative of the event that later occurs; placing further
importance on the need to monitor subduction zones with GPS.

Key words: Tsunami signal, slip model distribution,
earthquake rupture.

1. Introduction

Central Chile has suffered numerous large earth-
quakes which have generated devastating tsunamis.
These tectonic events are related to the subduction of
the Nazca plate beneath the South American conti-
nent at a speed of ~ 68 mm/year (ANGERMANN and
Krotrz 1999; Viony et al. 2009). In consequence,
events with a considerable magnitude have occurred
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periodically in the study area; the latest of these being
the Illapel earthquake (Mw =~ 8.2) occurring on the
16th of September, 2015, generating a moderate
tsunami which reached a maximum recorded height
of 4.5 m in Coquimbo.

The rupture area is located approximately
between the latitudes of 30° and 32.5°S, and cities of
considerable population were affected by the earth-
quake and tsunami. Tsunamigenic earthquakes have
been registered in this area since 1730, the events of
1880 and 1943 being the two most recent (LomNITZ
1971; ComptE and Parpo 1991). The subduction
geometry shows unusual behavior at these latitudes,
since the slab becomes nearly flat at around 100 km
depth (Tassara et al. 2006; ParpoO et al. 2012) and
arc volcanism is cut off (STErRN 2004). The rupture
area of the Illapel earthquake, and its predecessors, is
delimited to the north by the Challenger fracture zone
and to the south by the Juan Fernandez ridge
(SPARKES et al. 2010).

To quickly estimate tsunami height and first wave
arrival time, homogeneous fault models can be used.
However, to have a better understanding of the tsu-
nami source, more realistic models can be simulated
(CaListo et al. 2015). Heterogeneous models are
based on a wide range of observations that include
seismological, GPS, and even tsunami measurements.
The main problem, regarding tsunami hazard miti-
gation, is the time required to generate these
heterogeneous models; those based only on seismo-
logical data are currently the quickest available.

A tsunami brings information about its source and
propagation to coastal, and deep water, tide and
pressure gauges. In this study, we compare the
observed tsunami generated by the 2015 Illapel event
to simulated signals, using different source models, at
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six tide gauge locations along the Chilean coast and
three offshore DART buoys.

2. Tsunami Modeling

The tsunami numerical simulation is computed
using the software COrnell Multi-grid Coupled Tsu-
nami Model (COMCOT), version 1.7 (WanG 2009),
which adopts staggered leap-frog finite differences to
solve shallow water equations in their linear and non-
linear form (L1 et al. 1998). The linear approximation
is used when the wavelength is much larger than the
sea depth; the non-linear approximation is required as
the wave approaches the coast and the bathymetry
changes sharply. COMCOT vl1.7 assumes that the
uplift motion is much faster than the wave propaga-
tion, so the initial vertical water displacement is
approximated by the sea floor displacement, calculated
here using the improved elastic finite fault plane theory
of Okapa (1985). Furthermore, in this study we
assume that all deformation occurs simultaneously.

COMCOT vl1.7 uses a nested and equally spaced
grid system, which reduces computational costs while
allowing fine bathymetry grids near the coastline. We
use four grid levels at six coastal locations; the
nearest around 140 km from the epicenter and the
farthest 1400 km away. At three offshore DART
locations two grid levels are used. We simulate 3.5 h
of tsunami propagation with a 5 s time step. We used
a bottom friction coefficient of 0.025, representative
of a 2 cm diameter coarse sand and widely used in
tsunami simulation (MASAMURA et al. 2000).

3. Grid Generation

The nine locations chosen for this study are
named in Table 1 and displayed in Fig. 1. Tide gauge
data are available for the coastal and offshore loca-
tions and high resolution bathymetry is used for the
coastal locations. The Generic Mapping Toolkit
(WEsseEL et al. 2013) and ArcGis 9.3 are used to
construct the four grid levels, generating in total 23
grids. There are two first level grids, with a resolution
of 2.16 arc minutes, one is common for all coastal
locations and covers the area from Arica to

Pure Appl. Geophys.

Talcahuano, and the other one is common for all the
DART locations. Then, for the nine individual loca-
tions, second grids, with a 0.54 arc minutes
resolution, were built. Third and fourth grid levels are
generated with respective resolutions of 0.108 and
0.018 arc min for the coastal areas.

The level 1 grid resamples ETOPO1 (AMANTE and
Eakins 2009) while the level 2 grid resamples NASA’s
SRTM30 plus data (BECKER et al. 2009). The higher
resolution bathymetry, used for the third and fourth
level grids, is provided by the Chilean Navy Hydro-
graphic and Oceanographic Service (Spanish acronym:
SHOA) which has a maximum resolution of around
30 m (http://www.shoa.cl/tramites/tramite.php); this is
coupled to the ASTER high resolution topography
(http://asterweb.jpl.nasa.gov).

4. Tsunami Signals

4.1. Observed Data

The observed data are acquired from SHOA tide
gauges situated close to the coastal cities of Arica,
Iquique, Caldera, Coquimbo, Valparaiso and Talc-
ahuano; and from NOAA’s National Data Buoy
Center (http://www.ndbc.noaa.gov/) for the offshore
locations, which correspond to water column height
from DART Buoys. For the coastal locations, the
oceanic tide, simulated using a classical harmonic
analysis, is subtracted to obtain the tsunami wave-
form. The DART data were filtered to remove the
diurnal, semi-diurnal and lunar (Mj3) tides. The
resulting time series represents the tsunami signal,
tidal signals with four or more cycles are not
expected in deep ocean (TorLkova 2010). Table 1
summarizes the precise locations of the tide gauges
and DART buoys.

4.2. Fault Models

Four different source models are used in this
study, their surface deformations are shown in Fig. 2.
The simplest model is a homogeneous rectangular
fault, with parameters obtained from the Global
Centroid Moment Tensor Project (http://www.
globalcmt.org/) (Dziewonski et al. 1981; EKSTROM
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Table 1

Summary of tide gauge and DART buoy locations

Latitude Longitude Real depth (m) Virtual depth (m)
Arica 18.48S 70.32W 443 4.76
Iquique 20.21S 70.15W 5.36 5.28
Caldera 27.10S 70.83W 4.59 3.77
Coquimbo 29.95S 71.33W 4.08 5.17
Valparaiso 33.03S 71.63W 4.58 11.63
Talcahuano 36.69S 73.11W 4.68 6.06
DART 32412 17.99S 86.33W 4387 4357
DART 32401 20.47S 73.43W 4797 4734
DART 32402 26.74S 73.98W 4070 4066

et al. 2012). This model has a moment magnitude of
8.2, a fault geometry with strike 5°, dip 22° and rake
106° at a centroid depth of 17.8 km and epicenter at
31.22°S, 72.27°W. We use the relations given by
PaprazacHos et al. (2004), which relate the event
magnitude to the length and width of the fault, and
Kanamori and ANDERSON (1975) to compute the slip,
taking the rigidity, u, to be 3 x 10'° Pa. The solutions
give an area of 209 x 82km? and average dislocation
of 5.59 m. These values are consistent with the
parameters calculated based on BLASER et al. (2010),
STRASSER et al. (2010), Kamigaicur (2011) and Mur-
oTaNI et al. (2013). The resulting vertical surface
deformation produced by this source is shown in
Fig. 2d.

Two heterogeneous models based on seismological
observations were used to simulate tsunami wave-
forms. The first one is the finite fault model obtained
from the USGS event page (http://earthquake.usgs.
gov/earthquakes/eventpage/us20003k7a). This solu-
tion is a preliminary finite fault model based on
teleseismic waveform analysis. Figure 2a shows the
surface deformation produced. On the other hand, the
model of BENAVENTE et al. (2016) corresponds to a
solution obtained using three component W-phase
waveforms (Kanamori 1993) acquired from the Fed-
eration of Digital Seismograph Networks (FDSN). The
data selection and inversion procedures largely follow
BENAVENTE and Cummins (2013). Additionally, the
faulting surface in this solution is parametrized to
follow the slab geometry provided by the SLAB1.0
model (HAYEs et al. 2012). The surface deformation
produced by this solution is shown in Fig. 2b.

We finally construct a heterogeneous model
based on information collected prior to the 2015
earthquake: the plate locking within the area delim-
ited by the last megathrust event in this area (1943),
the subduction velocity, and the amount of time
since the previous event. The interseismic coupling
data of MEgrois efal. (2014) used GPS data,
collected between 2004 and 2012, to quantify the
kinematic coupling on the subduction interface
producing a plate locking distribution in the Ata-
cama area. Assuming that the previous subduction
event resets the stress accumulation in the system
and that the locking degree has no temporal
variation, the amount of slip that the slab should
move during an earthquake is related to the degree
of locking on the interface and to the amount of time
during which the system is loading. It has previously
been observed that plate locking patterns follow the
slip distribution of large earthquakes (MORENO et al.
2010). We restrict the area of the source to the 1943
earthquake (BEck et al. 1998) and use this year to
compute the amount of time for which the energy
has accumulated, at a velocity provided by the plate
motion code of DEMETS et al. (1994). The predicted
heterogeneous slip distribution in this region is then
the product of the plate locking degree, subduction
velocity, and amount of time since last event. To
obtain the rest of the fault parameters for each
subfault we use the SLAB1.0 model (HAYEs et al.
2012) for depth, strike and dip, and the pmotion
code (DEMETs et al. 1994) for rake angle. The
resulting surface deformation pattern is shown in
Fig. 2c.
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Figure 1
Central map: the study location in Chile, showing the limits of Figng (dashed line); 2015 epicenter from the global CMT solution (yellow
star); 1943 event rupture limit, which activated again in 2015 (blue line); the positions of DART buoys 32401 and 32402 (orange diamonds),
with the direction and distance to DART buoy 32412 off the map indicated by the arrow; and finally the six coastal locations used in this study
(numbered squares). Side maps: the fourth level bathymetry grids used for the six coastal locations (correspondingly numbered and named)
with the coastline estimation and precise location of the tide gauges (white circles)

5. Results

During the 3.5 h tsunami simulation the waves
reach the six tide gauge locations along the coast and
the three DART buoys. In the coastal areas, the far-
thest gauges are 1400 km north, and 650 km south, of
the epicenter; the nearest, Coquimbo, is located
140 km to the north. The DART signals used are
from buoys between 500 and 2000 km from the

rupture area. The results of the observed tide gauge
signals, compared to those generated by the different
sources for coastal areas, are shown in Fig. 3. For the
offshore locations this information is shown in Fig. 4.

In general, the four models can simulate the shape
and arrival time of the tsunami. In the case of coastal
tide gauges, the farthest stations show better fit,
whereas for the offshore locations the main features
of the DART records are well simulated. A
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Figure 2
Initial deformation of the tsunami model using: a USGS preliminary model, b Benavente W-phase model, ¢ Coupling distribution based on
MErois et al. (2014), and d Homogeneous fault model. The white circles are the nearest tide gauge locations to the epicenter and correspond to
the boxes 4 and 5 of Fig. 1. The positions of the other tide gauges and DART buoys relative to the limits of this figure can also be seen in

measurable difference between the models is the
wave amplitude, therefore we introduce a parameter
which measures how well the amplitude of the first
peak can be reproduced: the Spga parameter of AN-
DERSON (2004), defined by

(p1 —p2) 2
S(p1,p2) = 10exp Lﬂin(}?l,l’z)]
where p; and p, are the amplitudes of the first peak of
the observed and virtual tsunami signals. This is a
function which decreases monotonically from the
best fit value of 10. The results are displayed in
Table 2.

Because we are investigating the source of the
tsunami and how this influences its propagation, we
concentrate mainly on the first wavelength, but also we
extend the discussion to the extended wave train. For
the coastal locations, the source contributes relatively
more to the shape of the first wavelength, compared to
the following waves. The first wavelength is less

influenced by the physical consequences of the local
geomorphology, such as shelf and bay resonance
(Yamazaki and CHeunG 2011; BEeLLoTTI ef al. 2012).
However, the following waves can be well modeled at
the coastal locations if the tsunami source is accurately
defined, for example see CaListo ef al. (2015) for
results from a previous earthquake, and for the Illapel
event the simulations from Aranguiz et al. (2016) and
the Center for Tsunami Research (NOAA/PMEL)
(http://nctr.pmel.noaa.gov/chile20150916/). For the
case of the offshore locations, without the influence of
the coast which amplifies the source errors forewards
through time, we consider the entire simulation.

In Arica and Iquique, the gauges farthest north of
the epicenter, the arrival time and shape of the first
peak are well reproduced for all models; nevertheless,
the amplitude is better estimated using the homoge-
neous and coupling-based models, as shown by their
high Spga parameters. The USGS preliminary model
significantly underestimates the wave height.
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Figure 3

Comparison between the observed tsunami signal at SHOA tide gauges (red line) and simulated tsunami signal generated by different source
models: USGS preliminary model (green line), Benavente W-phase model (blue line), Heterogeneous model based on interseismic coupling
(orange line) and Homogeneous fault model (black line). Time is measured relative to the earthquake origin

Caldera is located 450 km north of the epicenter and amplitude while the homogeneous, W-phase and cou-
the signals show good correlation for up to 120 min pling-based models all perform relatively accurate
after the earthquake; beyond this, however, no model simulations for the first few wavelengths.
used in this study reproduces the observed waves. Coquimbo is the nearest location to the epicenter

Again, the USGS preliminary model underestimates the at which a tide gauge recorded the observed tsunami,
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Figure 4
Comparison between the observed tsunami signal at DART buoys (red line) and simulated tsunami signal generated by different source
models: USGS preliminary model (green line), Benavente W-phase model (blue line), Heterogeneous model based on interseismic coupling
(orange line) and Homogeneous fault model (black line). Time is measured relative to the earthquake origin

situated just to the north of the rupture area. The first
observed wave is again similar to that of the cou-
pling-based model, the only one to have a high Spga
parameter. No model used here can accurately
reproduce the second and fourth waves which reach
over 4 m in height. Concerning the first three waves
only, the W-phase model of Benavente, which pre-
dicts the greatest uplift close to the trench in front of
Coquimbo, produces the best fit.

In Valparaiso, situated close to the southern extent
of the rupture area, the models do not reproduce the
entire 210 min observation, although a high-fre-
quency component on both the observed and modeled
data complicates the visual interpretation. The shape
and amplitude of the first peak is well fit for the
homogeneous, coupling-based, and W-phase models.
The Spga parameters confirm the goodness of fit for
the first peak amplitude; however, it should be noted
that they are time shifted. Furthermore, the coupling-
based model overestimates the arrival time, the sim-
ulated tsunami appears 15 min early.

The southernmost location, Talcahuano, is
650 km south of the epicenter. The first wave is best
represented by the homogeneous model while the two
heterogeneous models derived from seismic data are
very similar in form and slightly underestimate the
observed amplitude, although still with good Spga
values; finally the coupling-based model overesti-
mates the amplitude and the arrival time of the first
peak. The arrival time of the second wave, observed
around 170 min after the event origin time, is not
reproduced by any model.

The DART buoy 32401 is located 1200 km
northwest of the earthquake epicenter and the virtual
signals fit the general shape of the record for the
length of the simulation. The coupling-based and
homogeneous models fit the arrival time of the first
wave better, whereas the amplitude is well repro-
duced by the W-phase and homogeneous models, as
the Spga coefficient confirms.

The closest DART buoy, 32402, is located
500 km from the epicenter. The arrival time is better
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Table 2

Spga parameter which measures the goodness of fit of the first peak
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USGS preliminary Benavente Coupling-based Homogeneous
Arica 0.09 4.74 9.71 9.03
Iquique 2.08 8.15 9.93 10.00
Caldera 7.80 9.76 9.87 9.99
Coquimbo 5.25 3.48 9.46 3.46
Valparaiso 4.36 9.98 9.97 9.98
Talcahuano 9.27 9.32 6.16 9.39
DART 32412 9.83 8.42 9.52 7.58
DART 32401 5.81 9.89 9.41 9.95
DART 32402 8.26 9.77 9.71 8.21

obtained by the coupling-based model as well as the
signal shape, although the amplitude is a little over-
estimated. The homogeneous, W-phase and USGS
models generate more subsequent waves than the
coupling-based model, but none are capable of
accurately matching the observation.

The DART buoy 32412 is the furthest tsunami
signal, 2000 km distant from the epicenter. The
arrival time for the first wave is well reached by the
coupling-based and USGS models, and the Spga
parameter confirms that those models also better fit
the amplitude.

6. Discussion

The two heterogeneous source models which can
rapidly be calculated for this earthquake, based on
teleseismic waveform data, produce tsunami signals
which generally represent the waves observed along
the Chilean coastline. Additionally, the W-phase
model of Benavente provides a good tsunami fit when
compared to the preliminary USGS model which uses
the more traditional seismic phases (P, SH and
surface).

Somewhat surprisingly, among the three fault
models based on earthquake data, it is the homoge-
neous finite fault that gives the best first wavelength
fit for the tsunami signal. This can be explained by
limitations on either the heterogeneous source models
or the tsunami simulation and bathymetry used.
However, a prior study of the 2014 Iquique earth-
quake (Cauisto et al. 2015) has demonstrated that it
is possible to accurately model a near field tsunami in
Chile using SHOA bathymetry, in which the

heterogeneous source models were inverted using
coseismic GPS measurements along with teleseismic
waveforms. It is worth noting that later peaks at the
closest tide gauges are not well predicted by any
model used in this study, suggesting a different,
potentially more complicated fault mechanism than
one which can be rapidly obtained from long-period
teleseismic phases. A recent study (Hicks and RIET-
BROCK 2015) has demonstrated that greater source
detail can be found using higher frequency near field
seismic data, information which is lost in the tele-
seismic waveforms. This suggests that a combination
of real-time, near field, seismic and GPS stations,
providing additional constraints for the slip inver-
sions, could improve the correlation between quickly
modeled and observed tsunami signals.

We next focus on the nearest tide gauge,
Coquimbo, at which the amplitudes of the second and
fourth waves are underestimated. The first peak,
which is better reproduced, is the consequence of the
sea floor uplift closest to the gauge. Beyond this
distance range, we suggest that relatively small per-
turbations to the source mechanism have the potential
to alter this waveform after the first peak, as any
changes in wave directionality will be strongly
affected by the bay geometry, especially as the
northernmost rupture limit is around the same latitude
as the bay. The W-phase model of Benavente, which
gives the greatest vertical displacement in front of
Coquimbo, is the closest to obtaining the observed
wave amplitudes. If more data sources were avail-
able, further slight modification of this slip
distribution in the northern part of the rupture area
could significantly improve the model at this tide

gauge.
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The coupling-based model uses information
gathered in the rupture area prior to 2015 to generate
a heterogeneous source model. Therefore, the success
of this model in matching the main features of the
generated tsunami in 2015 is a notable result. How-
ever, this is not without complications: the
overestimated arrival time, especially at Valparaiso,
is due to the 2015 event having less slip in the
southernmost part of the rupture area than the cou-
pling predicts. This cannot currently be improved
post-event, as the coupling-based model uses no
parameters of this event in its definition, instead
taking all of its information from the loading stage of
the seismic cycle. The coupling model has limitations
due to the distribution of the GPS stations, and also as
the land-based GPS have less control over the off-
shore coupling values, meaning lower resolution near
the subduction trench, the area which has the most
influence over tsunami generation. In this study in
particular, there is a lower density of GPS stations in
the southern limit of the rupture area, see Fig. 3 of
Mertors et al. (2014). More work is required in this
topic to confirm the suitability of coupling maps to
predict the characteristic features of future tsunamis.

To evaluate source models, the coastal tide gauge
data have limitations: they are sited in sheltered
locations and the complexity of the near shore
bathymetry accentuates any small perturbations in the
tsunami waveforms caused by source errors. In con-
trast, the DART records are free of harbor effects so
provide more reliable information for source esti-
mation. We suggest that the differences between the
DART and simulated signals can be mainly attributed
to source errors in the quickly derived slip models.
Although the tsunami, in this case, arrives at the
DART buoys after the seismic information used to
construct the sources is available, DART data clearly
can improve upon the initial seismic source estimates
(TaNG et al. 2016) and more accurately predict
Pacific-wide propagation (see http://nctr.pmel.noaa.
gov/chile20150916/ for more information).

7. Conclusions

For rapid response and tsunami mitigation after a
seismic event, the rupture models predicted by the
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teleseismic waveforms produce usable initial tsunami
estimates. The W-phase model is promising; this
phase arrives before the S and surface waves,
meaning it is theoretically possible to model the slip
and produce an initial tsunami prediction as soon as
the W-phase arrives, within 5 min at regional stations
(YE et al. 2016) and around 20 min at seismic sta-
tions up to 5000 km distant (KanaMorl and RIvErRA
2008; HAYES et al. 2009). While the tsunami esti-
mated from these slip models is far from perfect, in
this study they reproduce the amplitudes and arrival
times of the tsunami arriving at coastal areas suffi-
ciently well to aid tsunami warning and mitigation
attempts. To further improve these models within the
required timescale, a potential way could be through
real-time GPS measurements in the vicinity of the
rupture area. Previous studies (CaLisTo et al. 2015)
have shown success in simulating tsunamis from
GPS-derived source models for other subduction
earthquakes (ScHURR et al. 2014); however, the
accuracy of such methods for tsunami source esti-
mation is still not proven. An increased density of
real-time GPS coverage along subduction zones
would help future studies in this topic.

DART data would help to refine the quickly cal-
culated, seismic-based slip models, and to model a
source to enable more accurate simulation across the
Pacific area. In this case, the closest DART buoy
records the tsunami half an hour after the event origin
time. However, with DART buoys directly in front of
the rupture, it would be possible to use DART data
quicker to constrain the predicted affects of the tsu-
nami and its propagation along the near coastal areas.
Chile is one of the World’s most seismically active
countries and currently only has two offshore DART
buoys, both situated in the north. It would be helpful
for future events to have more buoys operational in
this corner of the Pacific.

In tsunami hazard analysis, potential sources used
to generate inundation maps are often homogeneous
models which do not necessarily produce the best fit
to the eventual event (CaLisTO et al. 2015). In this
study, we show that a reasonable heterogeneous slip
model can be predicted by an interseismic degree of
locking. Figure 3 and Table 2 show that the cou-
pling-based model generally performs well in shape,
first peak amplitude and arrival time. GPS
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observations and the generation of accurate, high
resolution locking degree datasets for regions where
subduction earthquakes periodically happen could be
used to predict more realistic heterogeneous tsunami
source models before the earthquakes happen. Tsu-
nami inundation maps could be updated using this
information to give the scenario arising from the most
representative source in a particular region. However,
more work is required at other subduction zones to
confirm this hypothesis.

GPS stations are of great use for subduction
zones, concerning tsunami hazard estimation, for two
main reasons: not only could continuous GPS sites
help to constrain preliminary fault slip models (and
the simulated tsunami they generate), but also GPS
data can generate the plate locking maps which could
provide a representative tsunami source estimate
prior to the event happening. The collection and
transmission of both onshore and offshore data, real-
time automation of slip models and tsunami esti-
mates, and further understanding of subduction zone
segmentation and earthquake cycles are ongoing
challenges concerning accurately simulating and
predicting future tsunamis, and the damage they will
cause.
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