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Abstract The July 2015 Mw 7.0 Solomon Islands tsunamigenic earthquake occurred ~40 km north of the
February 2013 Mw 8.0 Santa Cruz earthquake. The proximity of the two epicenters provided unique
opportunities for a comparative study of their source mechanisms and tsunami generation. The 2013
earthquake was an interplate event having a thrust focal mechanism at a depth of 30 km while the 2015
event was a normal-fault earthquake occurring at a shallow depth of 10 km in the overriding Pacific Plate.
A combined use of tsunami and teleseismic data from the 2015 event revealed the north dipping fault plane
and a rupture velocity of 3.6 km/s. Stress transfer analysis revealed that the 2015 earthquake occurred in
a region with increased Coulomb stress following the 2013 earthquake. Spectral deconvolution, assuming the
2015 tsunami as empirical Green’s function, indicated the source periods of the 2013 Santa Cruz tsunami
as 10 and 22min.

1. Introduction

A tsunamigenic earthquake occurred on 18 July 2015 in the Solomon Islands, southwestern Pacific Ocean
(Figure F11). The epicenter was at 165.172°E and 10.444°S with a depth of 10.0 km and a moment magnitude,
Mw, of 7.0 according to the United States Geological Survey (USGS). A normal-fault mechanism was reported
by USGS. The Pacific Tsunami Warning Center issued a tsunami alert, but it was lifted shortly afterward
because coastal observations showed small sea level fluctuations with amplitudes up to ~10 cm.

The southwestern Pacific Ocean accommodates a complex tectonic setting including several tectonic plates
forming a number of convergent and divergent plate boundaries. The Solomon Islands earthquake of July
2015 occurred near the easternmost of the Solomon Islands trench and the northern end of the Vanuatu
trench (also known as New Hebrides trench) which form the convergent boundaries between the Pacific
and Australian Plates (Figure 1). The epicentral area is an active subduction zone having produced several
tens of M> 7 earthquakes since around 100 years ago. The region experienced a large thrust earthquake
(Mw 8.0) on 6 February 2013 (known as the Santa Cruz earthquake) generating a tsunami that caused 10
deaths [Fritz et al., 2014; Lay et al., 2013; Romano et al., 2015]. Another large Mw 8.1 thrust earthquake on
1 April 2007 also produced a regional tsunami with 52 deaths (Figure 1) [Fritz and Kalligeris, 2008; Chen et al.,
2009; Taylor et al., 2008;Wei et al., 2015]. This region also has the potential to produce tsunami earthquakes; a
moderateMw 7.1 tsunami earthquake on 3 January 2010 produced large runup heights of up to 7m [Newman
et al., 2011] (Figure 1). The hypocenter of the July 2015 earthquake indicates that this normal-fault earthquake
occurred within the overriding Pacific Plate at a shallow depth of 10 km (inset in Figure 1).

Although the July 2015 tsunamigenic earthquake had a moderate size (i.e., Mw 7.0), it is an important and
unique event both regionally and globally in various ways:

1. It is an example of normal-fault earthquakes in the overriding plate which are very rare. Another example
is the 11 April 2011 FukushimaMw 6.6 earthquake which occurred far inland without generating a tsunami
[Tanaka et al., 2014; Ishibe et al., 2015]. Tsunamis from normal-fault earthquakes have been reported
offshore Kuril in 2007 (Mw 8.1) [Rabinovich et al., 2008; Fujii and Satake, 2008], offshore Indonesia in
August 1977 (Mw 8.3) [Gusman et al., 2009], offshore Samoa Islands in September 2009 [Okal et al., 2010;
Fritz et al., 2011; Beavan et al., 2010], and offshore Japan in March 1933 (Mw 8.6) [Tanioka et al., 1997],
but all these events occurred within the subducting oceanic plate.
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2. The occurrence of this moderate tsunamigenic earthquake was possibly facilitated by stress transfer from
the 2013 Santa Cruz earthquake. We explore this possibility through Coulomb stress transfer and seismi-
city rate analyses. This event provides another example for the concept of Coulomb stress transfer [e.g.,
Stein, 1999]. Stressing of overriding plates during earthquake cycles is discussed by Taylor et al. [1996]
and Zheng et al. [1996].

3. As the sources of the 2015 Solomon Islands and 2013 Santa Cruz tsunamis are very close to each other
(~40 km, Figure 1), the former smaller tsunami may serve as empirical Green’s function for the latter larger
one. Hence, spectral deconvolution results in the source spectrum of the 2013 Santa Cruz tsunami.
Empirical Green’s functions have been applied to seismic waveform data [e.g., Hartzell, 1978] but have
never been applied for tsunamis.

The overall objective of this work was to compare the 2013 and 2015 Solomon Islands earthquakes and tsu-
namis. The proximity of the 2013 and 2015 epicenters (~40 km) provided unique opportunities to investigate
the relationship between them using tsunami and seismic data. We obtained both tsunami and teleseismic
records of the 18 July 2015 tsunami and earthquake and conducted numerical tsunami simulations, teleseis-
mic body wave inversion, tsunami spectral deconvolution, Coulomb stress transfer analysis, and seismicity
analysis. Our aims were the following: (1) to obtain a rupture model for the 2015 earthquake, (2) to study
seismicity and Coulomb stress transfer from the 2013 Santa Cruz earthquake, and (3) to explore the source
spectrum of the 2013 tsunami by applying spectral deconvolution.

2. Data and Methods

Source models of earthquakes have been estimated using various data including teleseismic, near-field
strong motion, tsunami, and geodetic records [e.g., Koketsu et al., 2011]. Among various data, the nature of
tsunami data is different from that of seismic data because seismic waves propagate ~ 20–100 times faster

Figure 1. Epicentral area, tectonic setting, and sea level stations. The USGS earthquake catalog is utilized for the epicenters of M> 7.0 earthquakes since A.D. 1900.
Nakanishi and Kanamori [1984] provided the focal mechanism for the 1980 earthquake. For focal mechanisms of other earthquakes, we used USGS catalog.
Dashed lines are tsunami travel times for the 2015 earthquake. The waveforms shown on left and right sides are for the 2015 and 2013 tsunamis, respectively. The
red arrows indicate expected tsunami arrival time at each station. Abbreviations: SIT, Solomon Islands Trench; VT, Vanuatu Trench.
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than those of tsunami. Due to such a large difference in travel speeds, seismic data give high temporal reso-
lution of the source process whereas tsunami waveforms allow a reliable spatial distribution for the tsunami
source, as first reported by Satake [1987]. A more accurate slip distribution for tsunamigenic earthquakes can
be achieved by a combined use of both tsunami and seismic data in order to maintain high-resolution solu-
tions both in time and space domains [e.g., Gusman et al., 2015; Lay et al., 2014; Heidarzadeh et al., 2015, 2016].

The data consist of 71 teleseismic records and 7 tsunami records. The teleseismic records were collected from
the Incorporated Research Institutions for Seismology; all located in the far-field (distance range of 30°–100°
from the epicenter) with full azimuthal coverage (Figure S1 in the supporting information). We band-pass filtered
the vertical component records for the band 0.004–1.0Hz. Out of seven tsunami records, two were Deep-ocean
Assessment and Reporting of Tsunamis (DART) records coming from the U.S. National Oceanic and Atmospheric
Administration and five were tide gauge records from the Intergovernmental Oceanographic Commission. All
tsunami stations were located outside the area of seafloor deformation. Tsunami records were sampled at
1min intervals. We estimated the tidal signals using polynomial fitting and removed them from tsunami records.
For spectral analysis, we exploited the Welch’s averaged modified-periodogram method [Welch, 1967].

We performed teleseismic body wave inversions by employing the method by Kikuchi and Kanamori [1991]
using P wave records to obtain slip distribution. We utilized the velocity structures of CRUST 2.0 and ak135
[Bassin et al., 2000; Kennett et al., 1995]. The focal mechanism solution reported by Global Centroid
Moment Tensor (GCMT) solution as strike: 88.0°, dip: 44.0°, and rake: �108.0° (NP-1), and strike: 291.0°, dip:
49.0°, and rake: �74.0° (NP-2) were used. For each subfault, with size of 5 km×5 km, we allowed maximum
rupture duration of 4.0 s forming from three rise-time triangles with duration of 2 s overlapped by 1.0 s. We
changed rupture velocity (Vr) in the range of 1.6–4.0 km/s with 0.2 km/s intervals, yielding 13 different solu-
tions for each nodal plane. Due to the variable Vr, the number of subfaults was ranged from 11 (along
strike) × 5 (along dip) to 19 × 6. The teleseismic body wave inversion applied here is not the same as typical
teleseismic inversion which is based on a single Vr. Our method, which was previously applied by Lay et al.
[2014] and Gusman et al. [2015], uses a variable maximum Vr in order to examine which source model gives
better agreement with tsunami data.

Tsunami simulations were conducted using the nonlinear shallow water model of Satake [1995]. The 30 arc
sec GEBCO digital bathymetry data were used [Intergovernmental Oceanographic Commission et al., 2003].
We utilized a time step of 1.0 s. Analytical formulas of Okada [1985] were employed for calculations of
coseismic seafloor deformation. While various slip distributions obtained by teleseismic inversion with
different rupture velocities were used as initial condition, rupture velocity was not considered in tsunami
simulation. Tsunami travel time calculation was performed by the TTT software [Geoware, 2011]. Quality of
fit between simulations and observations was measured using normalized root-mean-square (NRMS) misfit
[Heidarzadeh et al., 2016]. We used the first wave cycle of tsunami at each station for NRMS calculations.
The NRMS misfits from tsunami and teleseismic simulations can be compared to each other because they
are normalized with the amplitudes of the observations.

Stress transfer analysis was performed by calculating static changes of the Coulomb failure stress, known as
ΔCFF, which is defined as ΔCFF =Δτ�μ′Δσ, where Δτ and Δσ are the shear and normal stress changes,
respectively, and μ′ is the apparent friction coefficient [Stein et al., 1992; Ishibe et al., 2015]. Regions with posi-
tive and negative ΔCFF values indicate regions with increased and decreased Coulomb stress following the
earthquake, respectively. In order to consider spatial heterogeneity of stress fields, ΔCFF calculations were
conducted by using the focal mechanism of each earthquake as the receiver fault [Ishibe et al., 2011]. We used
the heterogeneous fault slip model of the 2013 Santa Cruz earthquake by Lay et al. [2013] and focal mechan-
ism solutions of earthquakes between 1 January 2010 and the 18 July 2015 Solomon Islands earthquake
among the GCMT catalog in order to evaluate ΔCFF transferred from the 2013 Santa Cruz earthquake. The
total number of GCMT solutions was 241. We assumed an elastic half-space model and used an apparent
friction coefficient of 0.4, a Poisson ratio of 0.25, and a rigidity of 40GPa for the earth.

3. Source Model of the July 2015 Earthquake

Finite-fault inversions for 13 rupture velocities and 2 nodal planes showed that they are similar to each other
concerning the match between the observed and synthetic seismic waveforms. Examples of the results are
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shown for Vr= 1.6 and 3.6 km/s for the NP-2 (Figures S2 and S3). Although the rupture velocities are very dif-
ferent for these two cases, the resulting synthetic waveforms are similar. The NRMS misfits for teleseismic
results were very close to each other for both nodal planes and were in the small ranges of 0.636–0.656
and 0.654–0.671 for NP-1 and NP-2, respectively (Figure 3e). In addition, the curves of the NRMS misfits were
flat without distinct trough. Therefore, it was challenging to choose the best model out of the 26models from
teleseismic results. Nonetheless, the spatial slip distributions and the maximum slip amounts are different for
various models and nodal planes (Figures F22 and S4). When rupture velocity increases, the ruptured areas
expand but the maximum slip decreases (Figures 2 and S4). We thus simulate tsunamis from these different
slip models and compare the synthetic tsunami waveforms.

Figure 2. Results of teleseismic body wave inversions. (a–i) Slip distributions on both nodal planes (NP-1 and NP-2) and source time functions (moment-rate
functions) on NP-2 for three different rupture velocities. Aftershocks, occurred within 1month after the 2015 Solomon Islands earthquake, are also plotted. Blue
contours show water depth.
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Figure 3. (a, b) Seafloor deformation for various models and nodal planes. The black contours show seafloor deformation and start from 0.1m with 0.1m intervals.
Blue contours show water depth. (c) Comparison of the observations (black) and simulations (red) for the slip distribution model with Vr = 3.6 km/s on NP-1. The
simulated waveforms for Lifou were shifted 5min to match with the observations. Horizontal blue lines show part of the tsunami records considered for NRMS
misfit computations. (d) Same as Figure 3c but for the model with Vr = 3.6 km/s on NP-2 which is our final model. (e) NRMS misfits for various slip models. Rupture
velocity was varied in teleseismic inversion to estimate the slip distribution, which was then used for tsunami simulations.
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Tsunami simulations revealed that the synthetic tsunami waveforms were significantly different for 26 mod-
els (Figure S6 shows tsunami simulations for 13 models of NP-2). We note that we did not change the rupture
velocity for tsunami simulations; instead, we employed various slip distribution models obtained from tele-
seismic inversions using different Vr. The simulated tsunami amplitudes from the slip distribution of seismic
model of Vr=1.6 km/s (Figure S6a) are around twice larger than those of model Vr=4.0 km/s at some
locations (Figure S6m). This implies that tsunami simulation is capable of differentiating between available
models although the fit between the observed and simulated tsunami waveforms is not as good as that of
seismic waveforms. The NRMS misfits for tsunami indicate that NP-2 gives smaller misfits compared to
NP-1 (Figure F33e). The slip distribution for Vr=3.6 km/s is the best one as it gives the minimum value of the
NRMS misfit for both nodal planes (Figure 3e). The NRMS misfit curve becomes flat beyond the slip distribu-
tion with Vr of 3.2 km/s indicating that tsunami simulations favor fault models of Vr> 3.2 km/s. The NP-2
appears to be the fault plane because, first, it results in smaller NRMS misfits than NP-1(Figure 3e) and,
second, it is more consistent with spatial distribution of aftershocks (Figures 2 and 3). Our final slip model,
based on the seismic and tsunami waveform analyses, is on the north dipping nodal plane (NP-2) having a
rupture velocity of 3.6 km/s (Figure 2h). The total duration of rupture is ~17 s having the peak at ~5 s
(Figure 2i). The average slip is 0.6m, and the large-slip area (areas having slips>1.5 times of the average slip,
Murotani et al. [2013]) was 35 km (along strike) × 10 km (along dip). The maximum seafloor uplift and subsi-
dence are ~4 and ~42 cm, respectively. The seismic moment is 4.21 × 1019 Nm giving Mw 7.0.

4. Stress Transfer From the 2013 Santa Cruz Earthquake

Great interplate earthquakes sometimes induce shallow normal-fault earthquakes in the surrounding areas
[e.g., Ammon et al., 2008; Kato et al., 2011; Ishibe et al., 2015]. For the Solomon Islands region, seismicity
analysis revealed that regional seismicity significantly increased following the 6 February 2013 Santa Cruz
earthquake, and temporal distribution of the seismicity showed that level of the seismicity is still high after
more than two years relative to that before the 2013 event (Figures S8c and S8d). Coulomb stress transfer
analysis showed that ΔCFF from the 2013 Santa Cruz earthquake is positive around the hypocenter of the
2015 Solomon Islands earthquake when the NP-2 of the 2015 event is assumed as the receiver fault
(Figures F44b and 4c). We also calculated ΔCFF for GCMT solutions of 241 earthquakes before and after the
2013 event using their own focal mechanisms as the receiver faults (Figures 4d and 4e). Normal-fault
earthquakes, according to Frohlich [1992] classifications, occurred with a rate of 7.1 event/yr before the
2013 earthquake and 22.9 event/yr after that, indicating a significant increase. Among 56 normal-fault earth-
quakes which occurred after the 2013 Santa Cruz event, 50 of them (~90%) received positive ΔCFF from the
Santa Cruz event for at least one of their nodal planes (Figures 4d and 4e). These results suggest that the
Coulomb stress changes imparted by the 2013 Santa Cruz earthquake possibly facilitated the generation
of the 2015 Solomon Islands earthquake with normal-fault mechanism, although the two events were more
than two years apart. The analyses were repeated for different values of apparent friction coefficient (μ′) and
for both nodal planes (Figure S7) revealing that the results were robust.

5. Source Spectrum of the 2013 Santa Cruz Earthquake

Following the occurrence of tsunamigenic earthquakes, the resulting tsunami waves propagate through
various submarine bathymetric features and are refracted and reflected from coastlines until they are
recorded at sea level stations [e.g., Satake, 1988]. Therefore, the tsunami records on DART or tide gauge sta-
tions contain a history of tsunami propagation effects in addition to tsunami source features. Here we call
such features as tsunami propagation-path effects. For example, the tsunami spectra at the LataWharf station
showed similar peak at ~20min for both the 2013 and 2015 tsunamis although the latter tsunami was much
smaller than the former one (point A in Figures F55c and 5d). This is possibly a propagation-path effect. If two
tsunamis, with different powers, occur close to each other at different times, the smaller event may serve as
empirical Green’s function for the larger one. Therefore, for the larger event, spectral deconvolution separates
the propagation-path effects from the tsunami records and gives the source spectrum of the tsunami [e.g.,
Rabinovich, 1997; Heidarzadeh and Satake, 2014]. In other words, the smaller tsunami helps to remove the
propagation-path effects from the tsunami records of the larger event as long as the source periods of the
smaller event are shorter than those of the larger one.
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Here as the sources of the two tsunamis of 2015 and 2013 are very close to each other (~40 km apart,
Figure 1) and the latter is much larger than the former one (Figures 5a and 5b), the 2015 tsunami serves as
empirical Green’s function for the 2013 one. Because it is the first time that empirical Green’s function
method is adopted for tsunamis, it is useful to compare the results from this method with previous results.
Figures 5a and 5b show that the propagation paths of the two tsunamis are similar. Spectral deconvolution
is usually conducted using spectral division. The peaks of the spectral-ratio plot give the tsunami source
spectrum of the larger event. Figure 5e shows the result of spectral deconvolution which is representative
of the source spectrum of the 2013 Santa Cruz tsunami (painted area in Figure 5e). Based on Figure 5e, the

Figure 4. (a) Seismicity of the Solomon Islands region in past 15 years (period 2000–2015). Data are from USGS. (b) ΔCFF
from the 2013 earthquake for the receiver fault of the 2015 earthquake (NP-2). Slip distribution of the 2013 earthquake
(white contours) is from Lay et al. [2013]. Contours of slip distribution begin from 2m with 2m intervals. The seismicity
shown in this panel is for the period from 6 February 2013 to 18 July 2015. (c) Vertical distribution of ΔCFF along the line
A-A′. (d and e) Seismicity and focal mechanism solutions (from GCMT catalog) for time periods of before and after the 2013
earthquake. The color in focal mechanism solutions indicate computed ΔCFF assuming each focal mechanism as the
receiver fault for NP-2.
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2013 Santa Cruz tsunami’s energy is distributed in the period band of 7–50min with two major peaks at
10 and 22min. As the water depth around the source area is ~4500m (Figure S9), these two peak periods
imply source dimensions of ~60 km×~140 km [using Heidarzadeh and Satake [2013], equation (3)] which is
consistent with the source dimensions of ~65 km×~135 km from teleseismic inversions of Lay et al. [2013]
(Figure S9).

6. Comparison of Rupture Velocity Between Normal-Fault and Megathrust
Earthquakes

Seismic wave analyses have shown that rupture velocities for shallow earthquakes are usually in the range of
1–4 km/s. For example, a Vr in the domain of 1.2–4.0 km/s was reported for the 11 March 2011 off-Tohoku
earthquake using seismic data [e.g., Simons et al., 2011; Hayes, 2011 Q3; Yoshida et al., 2011]. The final model
for the July 2015 normal-fault earthquake has a rupture velocity of 3.6 km/s which seems to be larger than
that for megathrust earthquakes. Previous studies, applying joint tsunami and seismic data, revealed slower
rupture velocities in the domain of 1.5–2.0 km/s for interplate megathrust earthquakes from various subduc-
tion zones [Lay et al., 2009, 2013, 2014; Gusman et al., 2015; Heidarzadeh et al., 2015, 2016]. On the other hand,
a relatively large rupture velocity of 3.5 km/s was reported for the January 2007 Kuril outer-rise normal-fault

Figure 5. (a, b) Maximum simulated tsunami amplitudes for the 2013 and 2015 tsunamis. Source model used for the simulation of the 2013 tsunami is from Lay et al.
[2013]. Note that color scale is different in these two panels. (c, d) Spectra for the tsunami waveforms of the 2013 Santa Cruz and 2015 Solomon Islands tsunamis.
(e) Spectral ratio between the two tsunamis.
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earthquake [Lay et al., 2009]. Although rupture velocity may vary depending on the earthquake depth and sub-
duction zone, the data here may show that rupture velocity for normal-fault earthquakes (Vr=3.5–3.6 km/s)
tends to be larger than that for megathrust events (Vr=1.5–2 km/s). This could be possibly explained by the
rigidity at the earthquake source area: the more rigid the source area, the higher the rupture velocity [Bilek
and Lay, 1999]. As normal-fault earthquakes occur within the plate, either in outer-rise region or on an overrid-
ing plate, where the rigidity of the crust is usually larger than that for plate interface; hence, the rupture velocity
would be higher.

7. Conclusions

The 18 July 2015Mw 7.0 Solomon Islands tsunamigenic normal-fault earthquake was investigated employing
tsunami and teleseismic data analysis and was compared with the 6 February 2013 Santa Cruz Mw 8.0 earth-
quake and tsunami. Main results are the following:

1. A combined use of tsunami and teleseismic data led us to a model of the north dipping fault plane with
rupture velocity of 3.6 km/s as the final model for the 2015 earthquake. The average slip was 0.6m, and
the large-slip area was 35 km (along strike) × 10 km (along dip). The seismic moment is 4.21 × 1019 Nm
giving Mw 7.0.

2. Coulomb stress transfer and seismicity analyses indicate that the occurrence of the recent 2015 earth-
quake was possibly facilitated by the 2013 Santa Cruz earthquake.

3. The 2015 Solomon Islands tsunami serves as empirical Green’s function for the 2013 Santa Cruz tsunami.
Spectral deconvolution, assuming the 2015 tsunami as empirical Green’s function, indicated the source
periods of the 2013 tsunami as 10 and 22min.

4. Results of this study combined with data from other subduction zones revealed that rupture velocity for
intraplate normal-fault earthquakes (Vr=3.5–3.6 km/s) tends to be larger than that for interplate mega-
thrust earthquakes (Vr=1.5–2 km/s).
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