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Abstract We applied a new method to compute tsunami Green’s functions for slip inversion of the 1 April
2014 Iquique earthquake using both near-field and far-field tsunami waveforms. Inclusion of the effects of
the elastic loading of seafloor, compressibility of seawater, and the geopotential variation in the computed
Green’s functions reproduced the tsunami traveltime delay relative to long-wave simulation and allowed us
to use far-field records in tsunami waveform inversion. Multiple time window inversion was applied to
tsunami waveforms iteratively until the result resembles the stable moment rate function from teleseismic
inversion. We also used GPS data for a joint inversion of tsunami waveforms and coseismic crustal deformation.
The major slip region with a size of 100 km×40 km is located downdip the epicenter at depth ~28 km,
regardless of assumed rupture velocities. The total seismic moment estimated from the slip distribution is
1.24× 1021Nm (Mw 8.0).

1. Introduction

The 2014 Iquique earthquake sequence began with a large foreshock (Mw 6.7) that occurred on 16 March
2014. The main shock, occurred on 1 April 2014 at 23:46:47 (UTC), had a moment magnitude of Mw 8.2 and a
hypocenter located at 19.642°S, 70.817°W with a depth of 23 km, according to the USGS (United States
Geological Survey). Two days after, on 3 April, the largest aftershock with Mw 7.7 occurred southeast of the
main shock epicenter. The 2014 Iquique main shock generated a tsunami that was recorded by Deep-ocean
Assessment and Reporting of Tsunamis (DART) buoys [e.g., Heidarzadeh et al., 2014] (Figure 1) and tide
gauges (Figure 2). Global Positioning System (GPS) networks recorded the coseismic displacement caused by
this earthquake [Schurr et al., 2014] (Figure 2).

The slip distribution for the 2014 Iquique earthquake has been estimated by teleseismic inversion [Lay et al.,
2014; Yagi et al., 2014], tsunami inversion of offshore DART waveforms [Lay et al., 2014; An et al., 2014], and a
joint inversion of teleseismic, local strong motion records and GPS data [Schurr et al., 2014]. The moment
magnitudes estimated by these previous studies are in the range of Mw 8.0–8.2.

For tsunami waveform inversions, the linear shallow water wave, whose velocity solely depends on the
bathymetry without dispersion, has been assumed to compute the Green’s functions [e.g., Fujii et al., 2011;
Fujii and Satake, 2013]. However, the observed tsunami arrivals in the far field are significantly delayed relative
to the simulated tsunami waveforms [Rabinovich et al., 2011; Allgeyer and Cummins, 2014; Inazu and Saito,
2013;Watada et al., 2014]. In addition, tsunami forerunners in the far field with a reversed polarity were also
reported [Allgeyer and Cummins, 2014; Watada et al., 2014]. In general, arrival time and initial phase of
tsunamis are very important for the tsunami waveform inversion. Because of the arrival time delay and
polarity reversal, previous studies on the sources of transoceanic tsunamis such as the 2010 Maule, Chile,
tsunami [e.g., Lorito et al., 2011; Fujii and Satake, 2013], the 2011 Tohoku, Japan, tsunami [e.g., Fujii et al., 2011;
Gusman et al., 2012; Romano et al., 2012; Satake et al., 2013], and the 2014 Iquique, Chile, tsunami [e.g., An
et al., 2014] did not use the tsunami waveforms in the far field.

Watada et al. [2014] attributed the observed tsunami traveltime delays and the initial negative depressions to
the elastic loading of the seafloor, the compressible seawater, and the geopotential variation due to the
moving water mass and proposed a method to correct the waveforms of simulated linear shallow water
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Figure 1. (a) Distribution of maximum simulated tsunami heights from the estimated slip distribution of the 2014 Iquique earthquake from joint inversion of tsunami
waveforms and GPS data. Maximum tsunami amplitude at each observation station is indicated by the size of the circle. Green color gradation shows the traveltime
delay produced by the shallow water simulation. Station names are indicated by black, blue numbers indicate the distance in kilometers of each station from the
epicenter along the great circle, and green numbers indicate the traveltime delay relative to the tsunami shallow water simulation at each station. (b) Traveltime
differences between simulated and the observed tsunami waveforms. Green triangles represent traveltime difference between observation and linear shallow
water wave. Red circles represent traveltime difference between observation and phase-corrected shallow water wave. (c) Comparison of tsunami waveforms
simulated by solving the linear shallowwater equations from the estimated slip distribution (green lines), the phase-corrected tsunami waveforms (red lines), and the
observed tsunami waveforms (black lines). The blue bars indicate the time range used for tsunami waveform inversion. Purple line marks the observed traveltime of
the first tsunami peak, which was used for tsunami back tracing (Figure 2b).
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wave. In this study, we first use teleseismic body waves to estimate the source time (moment rate) function of
the rupture then use the ocean-wide tsunami waveforms and the coseismic displacement data in a joint
inversion to estimate the spatial and temporal slip distribution of the 2014 Iquique earthquake.

2. Teleseismic and Tsunami Waveforms and Coseismic Displacement Data
2.1. Teleseismic Waveform Data

We used the teleseismic body waves of 54 P wave vertical components recorded at the epicentral distances
between 30° and 100° (Figure S1 in the supporting information). We applied a band-pass filter for the
frequency range between 0.003 and 1.0 Hz to the original waveforms provided by the Incorporated Research
Institutions for Seismology, Data Management Center (IRIS-DMC).

2.2. Tsunami Waveform Data

We used the tsunami waveforms recorded at 19 DART and five tide gauge stations (Figures 1 and 2).
The Intergovernmental Oceanographic Commission (IOC) and the National Oceanic and Atmospheric
Administration (NOAA) provided the tide gauge and DART data, respectively. To obtain the tsunami
waveforms, the ocean tides were approximated by fitting polynomial functions and removed from the
original records.

Figure 2. (a) Predicted coseismic crustal deformation from the estimated slip distribution from tsunami waveforms and GPS data (Vr = 1.5 km/s). Red and blue arrows
represent the synthetic and observed horizontal and vertical displacements, respectively. Green and orange contours respectively represent positive and negative
vertical surface deformation (contour interval = 0.1m). Yellow triangles represent the tide gauge stations, and the blue star represents the epicenter of the 2014
Iquique earthquake. (b) Travel timemap of back-traced tsunami based on the traveltimes of the first peaks of observed tsunami waveforms. Purple area indicates the
source area for the first peaks of observed tsunami waveforms. (c) Comparison of synthetic (red lines) and observed (black lines) tsunami waveforms at tide gauge
stations. The blue bars indicate the time range used for tsunami waveform inversion. Purple line marks the observed traveltime of the first tsunami peak at each
station, which was used for tsunami back tracing (Figure 2b).
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The tsunami was recorded at seven tide gauge stations (Matarani, Arica, Iquique, Patache, Mejillones, Pisagua,
and Tocopilla; Figure 2). The highest amplitude of the first tsunami cycles was 187.9 cm at Iquique (Figure 2c).
We estimated the tsunami source region by applying Huygens’ principle for back tracing the tsunami from
each observation station using the Geoware TTT (Tsunami Travel Time) program. The traveltime arcs for the
first peaks of Pisagua and Tocopilla were inconsistent with other stations (Figure 2b), probably because of
poor bathymetry data around these stations. Hence, we did not use the tsunami waveforms at Pisagua and
Tocopilla for the inversion but used them for validation purpose.

Tsunami amplitudes recorded at the DART stations are much smaller because they are located at deep water
(3000–6000m). For example, tsunami amplitude of 24.89 cm was recorded by DART 32401, which is located
at a water depth of 4865m and approximately 290 km from the epicenter (Figures 1a and 1c).

2.3. Coseismic Displacement Data

We used coseismic horizontal and vertical displacements at 13 GPS stations (Figure 2a) of the Integrated
Plate Boundary Observatory Chile (IPOC), the International Associated Laboratory, and the Central Andean
Tectonic Observatory Geodetic Array projects in northern Chile [Schurr et al., 2014]. The horizontal and
vertical displacements at stations within 200 km from the epicenter are ranging from 9.0 to 84.7 cm and from
�24.4 to 0.4 cm, respectively.

3. Methodology
3.1. Fault Geometry

We assumed a fault with a geometry based on the SLAB1.0 subduction zone model [Hayes et al., 2012]
and the hypocenter of the aftershocks located by USGS, although the globally estimated depth may not be
very accurate (Figure S2). For each subfault, strike angle of 347°, rake angle of 90°, and subfault size of
20 km×20 km are used.

3.2. Moment Rate Function From Teleseismic Inversion

The moment rate function and the slip distribution were estimated from teleseismic body wave inversion
using Kikuchi and Kanamori’s [1991] method. The rupture duration on each subfault is decomposed into
seven isosceles triangles with duration of 6 s at 3 s intervals, implying that rupture duration for each subfault
was at most 24 s. We assumed three different constant rupture velocities, Vr = 1.5, 2.0, and 2.5 km/s, and
estimated the moment rate functions and slip distributions.

3.3. Joint Inversion of Tsunami Waveforms and GPS Data

The slip distribution was estimated by a joint inversion of tsunami waveforms recorded at five tide gauge
stations, 19 DART stations, and coseismic displacements at 13 GPS stations. We applied a multiple time
window inversion [Satake et al., 2013] with two time windows with an interval of 15 s allowing each subfault
to slip up to 30 s. These parameters were selected so that the total rupture duration of the resulting moment
rate function resembles that estimated by teleseismic body wave inversion. Like teleseismic inversion, we
assumed three different constant rupture velocities: Vr = 1.5, 2.0, and 2.5 km/s. The Green’s functions also
contain synthetics of horizontal and vertical displacements at GPS sites. We included a spatial smoothness
constraint on the slip distribution into the inversion procedure [Gusman et al., 2010].

For the tsunami Green’s functions, first we solved the linear shallow water equations and then we corrected
the simulated offshore tsunami waveforms by including frequency-dependent dispersion using a method
proposed byWatada et al. [2014]. The nondispersive linear shallowwater equations are numerically solved by
a finite different method with staggered grid scheme [Satake, 1995]. The bathymetry grid is based on the
30 arc sec General Bathymetric Chart of the Oceans (GEBCO_08) bathymetric data [Intergovernmental
Oceanographic Commission, International Hydrographic Organization, and British Oceanographic Data Centre,
2003]. The tsunami waveforms at tide gauges and DART stations are computed on 30 arc sec and 5 arc min
bathymetry grids, respectively. The ground deformation from each subfault is computed by Okada’s [1985]
formula assuming that the solid ocean bottom is modeled as homogeneous elastic half-space. The sea
surface deformation is assumed to be the same as the ocean bottom deformation. To include the effects of
seawater compressibility, the elasticity of the Earth, and the gravitational potential variation due to the
mass motion during the tsunami propagation, we utilized the frequency-dependent phase velocity
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computed by the normal mode method [Watada and Kanamori, 2010] and corrected the phases of the
simulated long-wave tsunami waveforms in the frequency domain by the Fourier transform method
[Watada et al., 2014]. With this procedure we account for the fact that waves of different wavelengths travel
at different phase velocity. Phase-corrected Green’s functions are linear long waves with dispersion effects;
hence, any linear inversion scheme for multiple subfaults can be applied.

Figure 3. Slip distributions for the 2014 earthquake estimated by teleseismic body wave inversions and joint inversions
of tsunami waveforms and GPS data. (a) Moment rate functions from teleseismic body wave inversions and joint
inversions of tsunami waveforms and GPS data with assumed constant rupture velocities of 1.5, 2.0, and 2.5 km/s, (b) slip
distributions from teleseismic body wave inversions for the assumed rupture velocities, and (c) slip distributions from joint
inversions of tsunami waveforms and GPS data for the assumed rupture velocities. Blue, green, and red stars represent
the epicenter of the main shock, the largest foreshock, and the largest aftershock, respectively.
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Because the tsunami amplitudes recorded at DART stations located in the deep ocean are significantly
smaller than those at tide gauges, we weighted the tsunami waveforms at DART stations with a factor of 40.
The weight factor is 1 for tsunami waveforms at tide gauge stations except for Iquique and Patache where
the factor is 3 because the results are very sensitive to these waveforms. The weight factor for the horizontal
and vertical displacements data at the GPS stations is 100.

4. Result and Discussion
4.1. Comparison of Teleseismic and Joint Inversion Results

The moment rate functions estimated from the teleseismic body wave inversion with different rupture
velocities are quite similar with peaks at ~35 s (Figure 3a). The total rupture duration is different for the
assumed rupture velocities, but most seismic moment release ended in ~80 s. This indicates that the
teleseismic waveforms provide a robust estimate for the temporal changes of the earthquake source process.
The moment rate function estimated from the joint inversion with Vr = 1.5 km/s has a peak at 47 s and the
entire rupture process lasted for ~120 s (Figure 3a).

The estimated slip distributions from joint inversion of tsunami waveforms and GPS data are very similar for
different rupture velocities (Figure 3c). On the contrary, the spatial slip distributions from teleseismic body
wave inversions strongly depend on assumed rupture velocities (Figure 3b). Faster rupture velocity enforces
the large slip patch moving toward the deeper part of the fault, beneath the land, although each solution can
explain the observed seismic waveforms equally well. Amongst the slip distributions from the teleseismic
inversions with the three different rupture velocities, the one for 1.5 km/s is most similar to the slip
distribution from the joint inversion of tsunami waveforms and GPS data in terms of large slip area. Thus, the
velocity of 1.5 km/s may represent the rupture process of the 2014 Iquique earthquake.

Regardless of the assumed rupture velocities, tsunami waveform misfits from the joint inversions are similar,
although the one for the rupture velocity of 1.5 km/s gives the smallest root-mean-square error (RMSE) values
(RMSE_Vr1.5=0.433, RMSE_Vr2.0= 0.441, and RMSE_Vr2.5=0.443). The RMSE value is larger (RMSE_Vr∞=0.476)
for the infinite rupture velocity than finite velocities. This may indicate that introduction of finite rupture
velocity instead of an instantaneous rupture process can better explain the tsunami waveforms, although they
are insensitive to the choice of rupture velocity, as indicated by Fujii and Satake [2007]. The tsunami inversion
results are insensitive to the assumed rupture velocity because the tsunami phase velocity is only 0.2 km/s at a
water depth of 4 km, which is much slower than rupture velocity.

4.2. Rupture Process of the 2014 Iquique Earthquake

The joint inversion of tsunami waveform and GPS data result shows that the 2014 Iquique earthquake
ruptured from the epicenter to the southeast direction toward the largest aftershock, which is located on the
plate interface that did not rupture during the main shock (Figures 3c and S3). This is consistent with the
backprojection result by Schurr et al. [2014] and teleseismic inversion result by Yagi et al. [2014].

From the slip distribution obtained by the joint inversion of the tsunami and GPS data (Figure 3c and
Table S1), the seismic moment (Vr= 1.5 km/s) is calculated as 1.24× 1021Nm (Mw 8.0) by assuming a rigidity
of 4 × 1010N/m2. This seismic moment is slightly smaller than that from teleseismic waveform inversion
(1.88× 1021Nm, Mw 8.1). The major slip region with slip amount larger than 3m extends 100 km×40 km, and
the maximum slip amount is approximately 7m for both inversions (Figures 3b and 3c). This major slip region
is located at downdip side of the hypocenter at depths between 20 and 35 km. The DART data off the coast
of Iquique were used; hence, tsunami waveform can better constrain the slip in the shallow region near the
trench compared to inversion results of only teleseismic or land-based GPS data. Here we confirmed that the
largest slip of the 2014 Iquique earthquake did not reach the plate interface near the trench (Figure 3c).

Tsunami waveforms, land-based GPS data, and teleseismic body waves can provide accurate estimates of
offshore slip distribution, slip distribution beneath land, and the precise timing of slip history, respectively,
for interplate earthquakes. A slip distribution from only tsunami waveforms (Figure S4) has a very similar
pattern to those from the joint inversions. Comparison of the results from the tsunami waveform inversion
and joint inversions (tsunami and GPS) show that the tsunami waveform provided strong constraint to the
solution, and the GPS data mainly constrain the slip beneath land.
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4.3. Tsunami Simulation and Calculated Surface Deformation

The estimated slip distribution from the joint inversion of tsunami and GPS data can explain the observed
tsunami waveforms (Figures 1c and 2c) and coseismic displacements (Figure 2a) very well at most stations.
Tsunami waveforms at Pisagua and Tocopilla that were not used in the inversion are compared with the
simulated ones (Figure 2c). Although the arrival times of the observed and simulated tsunami waveforms at
Tocopilla are significantly different, the period and amplitude of first waves are similar.

From the estimated slip distribution, we computed the tsunami waveforms at the DART stations by solving
the linear shallow water equations. The arrival time differences between simulated and observed tsunami
waveforms are calculated by the cross-correlation technique explained in Watada et al. [2014] and shown
in Figure 1b. Without the tsunami phase velocity correction, the arrival time differences at stations more than
12000 km away from the source (except for DART 52401) ranged from 10 to 20min (Figure 1a) or in the range
of 1–2% of the traveltime (Figure 1b).

The calculated deformation pattern shows that tide gauge stations located very close to the epicenter
(i.e., Pisagua and Iquique) were clearly subsided due to the main shock (Figure 2b). The maximum predicted
land subsidence is approximately 30 cm (Figure 2b). While leading positive tsunami waves were recorded
at all tide gauge stations (Figure 2c), it does not necessarily mean that there is no subsidence or uplift at
near-field stations such as Pisagua, Iquique, and Patache, because tide gauge station and water columnmove
together with the ground during the seismic event.

5. Conclusions

The tsunami arrival time and polarity reversal observed at far-field DART stations can be accurately reproduced
by solving shallow water equations and applying the phase velocity correction to the simulated waveforms
[Watada et al., 2014]. The slip distribution of the 2014 Iquique earthquake from our joint inversion method can
accurately explain the tsunami waveform in the near field as well as in the far field. We propose the tsunami
phase velocity correction to be included as a standard procedure in inversion methods when using far-field
tsunami waveforms.

Inversion of teleseismic body waves provides better temporal resolution, while the joint inversion of tsunami
and geodetic data provides a better spatial resolution. Hence, we may reach a more precise time-space
distribution and rupture velocity from a combined use of teleseismic body waves, tsunami waveforms, and
land-based GPS data. Our result shows that the slip distribution from teleseismic body wave inversion with
rupture velocity of 1.5 km/s is consistent with the spatially stable slip distribution from the joint inversion
of tsunami waveforms and GPS data.
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