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Time reversal imaging of the 2015 lllapel tsunami source

Chao An'""“ and Lingsen Meng'

TEarth, Planetary, and Space Sciences, UCLA, Los Angeles, California, USA

Abstract studies of the 2015 lllapel earthquake show large variance in the east-west location of the
principal slip, and it is also controversial if there is significant slip near the trench. In this study, we derive
the initial water elevation from tsunami waves based on the time reversal imaging technique. This approach
does not make assumptions on the fault geometry required by finite-fault inversions. We adopt 4 out of
total 24 stations based on their azimuthal coverage in the time reversal analysis. Additionally, we introduce
a correction that scales the wave amplitude at each station by the epicentral distance to account for the 2-D
spreading effects. The results show a focused region of water elevation with a maximum height of 2.0 m
located approximately 30 km from the trench. By comparison to the initial deformation predicted by several
finite-fault models, our results indicate minimum slip distribution near the trench.

1. Introduction

The technique of time reversal (TR) imaging was first developed in acoustic experiments [Fink, 1992; Fink et al.,
2000; Tanter et al., 20001. In a typical TR experiment, arrays of transducers time reverse the sound they receive
and send it back to the original source as if the process of wave propagation was reversed in time. The sound
then refocuses near the source and recovers the originally transmitted signal. The technique is valid based on
the reciprocity principle that applies to standard wave equations. In recent years, efforts have been devoted
to exploring the TR of seismic recordings to image the earthquake rupture processes [e.g., Larmat et al., 2006;
Kawakatsu and Montagner, 2008]. The TR technique is more applicable to tsunami waves because they can be
accurately simulated given well-known bathymetry.

The first application of the TR technique to a real tsunami event was conducted by Hossen et al. [2015a].
Recordings from various tsunami sensors were adopted to establish the initial sea displacement of the tsunami
generated by the 2011 M9.0 Tohoku earthquake. It was found that the reduction in the number of sta-
tions from 17 to 12 did not affect the refocused image. However, a good azimuth coverage is necessary
to recover the tsunami source. Hossen et al. [2015a] also conducted tests of two different approaches of
weighting— uniform scaling and station-dependent weighting. In the first approach, the TRimage was scaled
to match the maximum recorded wave height at each station in a least squares sense. In the second approach,
each TR image from an individual station was scaled based on the reduction of wave amplitude during the
forward and reverse propagation, and all the separate TR images were averaged to construct the final TR
image. Hossen et al. [2015a] showed that the two approaches led to similar initial elevation profiles, in terms
of area and peak height, but the forward predicted waveforms using the refocused sources better matched
the observations for uniform scaling. In their later work, Hossen et al. [2015b] attempted to account for the
water depth variance in the source region. To accomplish this, every individual TR image was corrected by
the Green’s functions from the source grids to receiver stations. The results showed that the final image could
accurately predict the tsunami waveforms at local and far-field distances, and they therefore suggested that
the technique has the potential to provide tsunami warnings in a real event. Although in Hossen et al. [2015b],
the Green’s function from a source grid to an observation station was taken to be the same as that from the
station to the source, the two Green’s functions must be different by a factor of the water depth ratio. TR anal-
ysis involves no assumptions about the fault geometry and also excludes the trade-off of smoothing factors
that are required by finite-fault inversions [Satake, 1987; Fujii et al., 2011; Satake et al., 2013; Wei et al., 2013;
Anetal, 2014; Lay et al., 2014; Yagi et al., 2014; Gusman et al., 2015; Heidarzadeh et al., 2016a] and inversions
of initial water elevation [Baba et al., 2005; Tsushima et al., 2011, 2014]. Therefore, it is useful to recover the
tsunami source solely from tsunami data, especially to detect nonseismic components of tsunami sources
[Hossen et al., 2015a]. On the other hand, lacking other constraints also means that the choice of weighting

AN AND MENG

TIME REVERSAL IMAGING OF ILLAPEL TSUNAMI 1732


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://orcid.org/0000-0001-7503-5564
http://orcid.org/0000-0003-2428-0548
http://dx.doi.org/10.1002/2016GL071304
http://dx.doi.org/10.1002/2016GL071304

@AG U Geophysical Research Letters 10.1002/2016GL071304

—40°

—40°

L L L L | L
-80° : -70°

Figure 1. The location of tsunami stations in the 2015 lllapel event. The red star shows the earthquake epicenter
(71.864°W, 31.553°S) given by Centro Sismoldgico Nacional (Chile) (CSN), black inverted triangles mark the tide gauges,
and magenta triangles denote the DART stations. Stations with framed boxes around their names are adopted in the TR
analysis. The tide gauges are identified as follows: pich(Pichidangui), qtro(Quintero), valp(Valparaiso), sano(San Antonio),
buca(Bucalemu), const(Constitucion), quir(Quiriquina), talc(Talcahuano), crnl(Coronel), lebu(Lebu), coqu(Coquimbo),
huas(Huasco), cald(Caldera), chnr(Chafaral), talt(Taltal), papo(Paposo), anto(Antofagasta), meji(Mejillones), toco(Tocopilla),
pata(Patache), juan(Juan Fernandez), and sanf(San Felix). The computational domain in the TR analysis is the same as
shown in this figure. The white box identifies the region of tsunami source shown in Figure 2.

factors for each station plays an important role in TR analysis. In this study, we introduce a new approach of
weighting based on the 2-D spreading effects of water waves.

On 16 September 2015 22:54:33 UTC, a M,, 8.3 earthquake occurred near lllapel, Chile, generating a tsunami
wave with maximum runup of 11 m [e.g., Fuentes et al., 2016]. The tsunami waves were recorded by more
than 20 tsunami stations. However, most of these stations are located along the coastline that is parallel to
the strike direction of the fault, with the exception of only two DART (Deep-ocean Assessment and Reporting
of Tsunamis) stations in the open ocean and two tide gauges on islands in the eastern Pacific (Figure 1). Thus,
the azimuthal coverage of the stations is far from ideal, and the ability to apply TR analysis to this event is
questionable. In addition, it was found that the near-trench portion of a subduction zone was capable of hold-
ing huge coseismic slip and generating megatsunamis [e.g., Kanamori, 1972; Maeda et al., 2011; Sato et al.,
2011; Fujiiet al., 2011; Lay et al., 2011; Shao et al., 2011; Yue and Lay, 2011; Satake et al., 2013], so it is obvious
societal importance for characterizing tsunami hazards to understand if significant slip occurs in a subduc-
tion earthquake [e.g., Lay et al., 2012; Ma, 2012; Yue et al., 2014]. However, mixing results were obtained about
whether the rupture reached the trench during the lllapel event. For instance, Melgar et al. [2016] jointly
inverted high-rate GPS records, strong motion records, interferometric synthetic aperture radar (InSAR), and
tsunami records and concluded that the slip was segmented into two domains, with the shallow slip patch
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rupturing all the way to the trench. Li et al. [2016] performed iterative modeling of teleseismic body waves
and tsunami waves and also found the rupture extending to the trench. Tilmann et al. [2016] jointly inverted
seismic, strong motion, GPS, and InSAR data and derived slip of 4.7 m near the trench. On the other hand,
Heidarzadeh et al. [2016b] preferred the slip concentrated in a large area between the trench and coastline
based on finite-fault inversions of teleseismic data and forward simulations of tsunami waves. In this study,
we derive the initial water elevation profile based on the TR technique four tsunami stations located at dif-
ferent azimuths, which is then compared with the sea surface deformation predicted by finite-fault models.
Such comparison allows us to infer the location and extent of the principal slip of the 2015 Illapel earthquake.

2. Data and Method

The 22 tide gauges and two nearby DART stations that recorded the tsunami waves in the 2015 lllapel event
are shown in Figure 1. All the tide gauges are located along the nearly straight north-south trending coastline
exceptjuan and sanf (the full names of the stations are given in the caption of Figure 1). We adopt observations
from four stations, qtro, chnr, juan and sanf, in the TR process, which are selected based on the azimuthal
coverage. First, juan and sanf are chosen since they are the only two with a relatively large oblique angle to the
fault strike (>30°). Then, two more stations are selected to the north and south of the epicenter. Tests of trial
and error show that the choice in the north has little impact on the results, so chnris chosen with its epicentral
distance comparable to juan and san. In the south, tests show that station gtro generates less artifacts along
the coastline than other southern stations.

The length of tsunami data implemented in the TR analysis is 12,000 s for all stations. First, all the records
are truncated to keep only the leading crest. This corresponds to the wave propagation from the tsunami
source directly to observation stations with little interaction with the coastline. This part of the tsunami wave
can be accurately simulated by linear shallow water wave equations. The truncated signals are then padded
with zeros up to the full time length, reversed in time, and then implemented as source terms at the obser-
vation stations in tsunami simulation. Waves from those sources propagate from stations to the source and
interfere with each other to recover the tsunami source. Following the reciprocity principle for tsunami waves
[Korolev, 2011; Hossen et al., 2015a], each tsunami source has a cylindrical shape. The radius of the cylinder
is t, \/E where t, = 10 s, g is the gravitational acceleration, and h is the water depth at the observation
station. The height of the cylinder is forced to vary as the time-reversed realistic recordings at the station.
In our analysis, we perform the TR simulation for each tsunami station separately and then sum up all the TR
images from individual stations to construct the final TRimage. The TR results from other combinations of sta-
tions can thus be easily obtained without recalculations. The TR image after summation is linearly scaled by
the maximum amplitude of all the 24 stations to generate the final TR image. The whole process is equivalent
to a simultaneous TR simulation of all the used stations as it is a linear system. The linear version of COMCOT,
a tsunami simulation package [Liu et al., 1998; Wang and Liu, 2006, 2007; An et al., 2014], is adopted to com-
pute the tsunami waveforms. The bathymetry resolution is 30 arc sec extracted from the General Bathymetric
Chart of the Oceans (GEBCO_2014) bathymetry data, and the time step is 1.0 s to satisfy the C.F.L. condition.
In the numerical simulations, the locations of the tide gauges are shifted up to a few kilometers toward the
ocean in order for them to be located in the water [e.g., Gusman et al., 2015]. Wave nonlinearity is negligible at
DART stations because the ratio of wave amplitude and water depth is very small [e.g., An and Liu, 2014]. A list
of the water depth at the tide gauges is given in the supporting information (Table S2). Shuto [1991] suggests
that linearity holds for water depth more than 50 m, so nonlinearity could be significant for tide gauges in
shallow water. Nevertheless, recent simulations of the 2014 Iquique tsunami using local bathymetry of high
resolution show that the overall nonlinearity is small for most of the tide gauges [An et al., 2014]. We therefore
choose to neglect wave nonlinearity in this study.

In the analysis, it is found that the amplitude decay due to the 2-D spreading effects varies because of the dif-
ference in the distance from the tsunami source to the observation stations. For example, the distance from
the four used stations, gtro, chnr, juan and sanf, to the Centro Sismolégico Nacional (Chile) (CSN) epicenter
(71.864°W, 31.553°S) is 139.2 km, 591.0 km, 691.2 km, and 993.1 km, respectively, causing differences in wave
amplitude decay. Based on shallow water wave equations, the wave amplitude decays as \/; with distance
[e.g., Kajiura, 1963], where r is the distance from the source to an observation point. Obviously, tsunami sta-
tions located farther from the source record smaller waves and in the TR process the waves become even
smaller after propagating from station to the source. Station gtro is the closest station to the epicenter among
the four used stations, so the wave amplitude at gtro, as well as the amplitude of TR image obtained from
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Figure 2. The TR image of the 2015 Illapel tsunami source. (left) Initial water elevation inferred from a finite-fault inversion of tsunami, InSAR, and GPS data.
(middle and right) The display of the TR images with and without distance correction. In Figure 2 (right), each individual TR image from the four stations is
multiplied by a correction factor (given in Table S3 in the supporting information), summed up, and then scaled to match the maximum wave amplitude at all
the 24 stations in a least squares sense. In Figure 2 (middle), the four individual TR images are summed up directly and then scaled to be same maximum wave
height in the source as Figure 2 (right). The black star marks the CSN epicenter, and the black dashed line denotes the trench.

gtro, is much larger than the other three stations. So the final TR image is dominated by the individual TR
image from station qtro. Thus, it is necessary to correct the wave amplitude to account for the 2-D spreading
effects. In our TR analysis, the wave amplitude at each station is multiplied by a factor of \/Zto eliminate the
amplitude decay due to 2-D spreading. The distance is chosen to be 2r instead of r to account for the wave
propagation from the source to the station and the reverse propagation from the station to the source. Apart
from the spreading decay, the wave amplitude is also affected by the water depth, i.e., waves propagating to
shallow water will reduce wavelength and increase amplitude. For example, DART 32402 with water depth
of 4070.0 m recorded a wave height of ~0.12 m, but tide gauge chnr with water depth of 24.0 m recorded
~0.43 m, although their epicentral distance and azimuth are close. However, this effect is also reversed in the
reverse propagation, so waves propagating from 32402 to the source gets amplified by entering shallower
water, but waves from chnr become smaller due to increase of water depth. Thus, the effects of water depth
variation are automatically taken in account in the TR simulations. A synthetic example is displayed in the sup-
porting information (Figure S1), which shows that the original, final TR image is dominated by the TR image
from the closest station but with the correction by \/Z the images from other stations become stronger and
the final image is significantly improved. In our TR analysis for the lllapel event, we use the distance along
the great circle path from a station to the CSN epicenter to perform the amplitude correction. A list of the
amplitude correction for all the stations is given in Table S3 in the supporting information.

3. Results

The initial sea surface elevation in the 2015 lllapel earthquake obtained from the TR analysis is shown in
Figure 2. The initial water deformation predicted by a finite-fault model based on joint inversion of the
tsunami, InSAR, and GPS data is plotted in Figure 2 (left). This model is hereinafter referred to as our finite-fault
model. The details of the inversion are provided in the supporting information (Text S1 and Figures S3-S5)
[Okada, 1985]. Figure 2 (middle and right) displays the TR images with and without distance correction of
2-D spreading, respectively. Both the two TR images show a focused source of water elevation located about
30 km to the east of the trench and about 70 km to the northwest of the CSN epicenter. This is very similar
to that obtained from our finite-fault model. The maximum water height obtained by TR imaging is ~2.0 m,
which is very close to that from joint inversion (~1.8 m). Figure 2 (middle and right) compares the TR images
before and after the correction. It is clear that the correction enhances the major tsunami source from the
wave focusing near the coastline. The correction also weakens the artifacts to the southwest, leading to a
more focused tsunami source image.

The TR images also show two areas of artifacts to the southwest of the major tsunami source (A and B in
Figure 2), owing to the interaction of waves with the Juan Fernandez Ridge (JFR). In Figure 3 we show the TR
process for station juan to illustrate the interaction. The snapshots of tsunami waves are plotted in each panel,
and the time is denoted by the simulation time, with t=12, 000 s being the last time step, i.e., the earthquake
origin time and the final TR image. It is clear that, from t = 9400 s to t = 9800 s, the difference in water depth
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Figure 3. The TR process for station juan and wave interaction with JFR. The grey areas located roughly along latitude
34°S mark the JRF, where the water depth is much shallower than the surrounding ocean. The simulation startsatt = 0s,
but waves are not emitted from juan until the first crest shows up at about 9000 s. Waves refracted by JRF and reflected
at the islands evolve to artifact A and B, respectively. Note that waves have bounced back from the computational
boundaries at t=12,000 s because of the wall boundary conditions adopted in the numerical simulation.

between JFR and the surrounding ocean causes wave refraction, which evolves to the closer artifact (artifact A).
The farther artifact (artifact B) originates from the reflection of waves at the offshore islands. In this study,
those artifacts are inevitable due to the limitation of stations. If more stations are available for TR analysis, the
major source will be strengthened by wave interference, leading to relatively weaker artifacts.

The prediction of tsunami waves at all 24 stations from the final TR image is plotted in Figure S2 in the sup-
porting information. The results show that the stations to the north of the epicenter have slightly earlier
arrivals than observed, owing to the artificial lobe attached to the major source. Likewise, the artifacts to the
southwest of the major source lead to an early phase at station juan. The overall matching of waveforms is sat-
isfactory, and the key features of the waves, i.e., wave amplitude, period, and arrival time, are well reproduced
at most stations.

In Figure 4 we compare the TR results with the initial sea surface deformation predicted by four published
slip models and our joint model. We note here that the trench line shown in the figure is given by the PLATES
project (http://www-udc.ig.utexas.edu/external/plates/data.htm), which is about 15 km to the east of that
given by Bird [2003] that is used in some studies [Melgar et al., 2016; Heidarzadeh et al., 2016b]. Figure 4 shows
that all the slip models locate the principal slip zone to the north of the epicenter, but the details of the slip
distribution and the amount of near-trench slip vary from model to model, leading to different profiles of
initial water elevation. The maximum initial water height also varies substantially from ~1.4 m predicted by
Heidarzadeh et al. [2016b] to ~3.4 m by Melgar et al. [2016]. Among all the models, we find that our joint model
predicts the most similar profile of initial deformation in comparison to the TR results, which is featured by
a region of elevation that is oblique to the trench. The maximum water height from the TR results is about
2.0 m, located ~30 km to the east of the trench, which also agrees well with our joint model. It is therefore
indicated that the TR results are consistent with our joint model in which the maximum slip is located about
40-60 km to the east of the trench and the near-trench slip is relatively low (<3 m).
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Figure 4. Comparison of the TR results with the initial elevation predicted by slip models. (first and third rows) The slip
models, and (second and fourth rows) the corresponding initial water elevation. The black star marks the CSN epicenter,
and the black dashed line denotes the trench. The color scale of slip and water height is the same for all the plots,
respectively.

4, Discussion

In traditional acoustic TR experiments, the transducers are usually aligned along a straight line with small
gaps that are less than a wavelength, which is referred to as time reversal mirror (TRM) [e.g., Fink et al., 2000].
However, the actual distribution of the tsunami stations hardly satisfies the TRM condition due to uneven
azimuthal coverage and large distance gaps between stations. In the case of 2011 Tohoku event, the tsunami
waves were recorded by more than 50 sensors near Japan. Hence, the amount of data is adequate, and the
azimuthal coverage of tsunami stations is also acceptable. However, in the 2015 lllapel event, although there
are more than 20 tsunami stations, the azimuthal coverage of the stations is far from ideal. This raises the
question if more data with similar azimuth can improve the TR imaging. In this study, we did not use all 24
tsunami stations but adopted data from only four stations at different azimuthal locations. This is because
20 stations out of the total 24 are aligned along the strike direction of the fault. Adopting all of them would
lead to a focused source dominated by waves that propagate in the strike direction. As shown in Figure 5, the
TR image obtained from all 24 stations is featured by an elongated area of water elevation in the east-west
direction. Since most waves are propagating from north to south or from south to north in the TR process,
they interfere in the southern region and constrain the northern and southern borders (top and bottom)
relatively well. However, lacking data from the western side lead to large uncertainties in determining the
western and eastern borders (left and right) of the tsunami source. In the supporting information, we plot
the TR results of using 414 stations in Figure S6. It demonstrates that the final image is gradually dominated
by the wave focusing in the east-west direction when the number of stations increases. This is consistent
with the aforementioned results of 24 stations. In Figures S7 and S8, we show the TR image using one more
DART station 32412 that is located at a relatively far distance from the source. The water elevation profile thus
obtained is very similar to the result of four stations after normalized to the same maximum amplitude. In tra-
ditional acoustic experiments, it has been demonstrated that reflected waves can be used to image the source.
For example, Fink et al. [2000] show that, in an enclosed cavity with reflecting boundaries, only one single
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Figure 5. The TR image using all the 24 stations. The water elevation is
distributed in an elongated area because most of the waves propagate in
the along-strike direction during the TR process. Note that the absolute
value of the water height is not scaled by the real tsunami data, so it is
much smaller than that shown in Figure 2.

The TR results from all 24 stations also
indicate the importance of station juan
in constraining the border of the tsu-
nami source perpendicular to the strike
direction, since it is the only station located perpendicular to the strike direction. Other stations provide suffi-
cient constraints on the northern and southern borders of the tsunami source, but they have little sensitivity
on the western and eastern borders. juan is a tide gauge located near an offshore island, so the accuracy of
simulating tsunami waves at the gauge largely depends on the resolution of the bathymetry data. If local
bathymetry data with high resolution is available, it will clearly improve the estimation of the tsunami source.
In addition, the final TR image is a static snapshot of the sea surface deformation, which ignores the kinematic
rupture process of the earthquake. All the slip models shown in Figure 4 except our joint model are kinematic
models, with earthquake source duration lasting about 100 s, causing uncertainties in estimating the loca-
tion of the tsunami source. According to studies of seismic data [e.g., Li et al., 2016], most energy was radiated
between 20 s and 80 s from earthquake origin time, so we can use 60 s to estimate the propagation distance of
tsunami waves during the earthquake rupture. Given that the water depth near the trench is around 6000 m,
this leads to a tsunami speed of \/g_h = 242.5 m/s with h being the water depth. Thus, ignoring the kinematic
rupture process of the earthquake will resultin a maximum error of ~14.5 km in our estimation of the location
of the tsunami source.

5. Conclusion

In this study, we applied the TR technique to reconstruct the tsunami source of the 2015 lllapel earthquake. We
introduced a correction to account for the 2-D spreading effects, which improved the TR results by isolating
the tsunami source from the wave focusing along the coastline and reducing the artifacts. Results show that
using four tsunami stations led to a satisfactory image of the tsunami source, albeit with two areas of artificial
wave focusing resulting from wave interaction with the JFR. The tsunami source has an oblique profile to the
strike direction and a maximum water height of ~2.0 m located ~30 km to the east of the trench. The final TR
image is compared with the initial water elevation predicted by several published slip models, and it is highly
consistent with our joint model that has a maximum slip of ~8 m located about 40 ~ 60 km to the east of the
trench and relatively low near-trench slip (< 3 m).
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