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1. Introduction
The Earth's inner core is thought to have been formed by the

precipitation of iron from the fluid outer core[1]. It is considered 
that a part of the inner core surface where iron in the fluid outer 
core is precipitated may be melted and forms a mushy region[2-
4], but its position is not well understood seismologically. Butler 
and Tsuboi (2021)[5] show that the precursors of PKIIKP waves 
observed at the antipodal stations can be successfully modeled as 
reflected below a liquid/solid interface at a depth of 100 km 
below the inner core boundary. We discussed if the PKIIKP phase 
can be explained by a low P-wave velocity layer at the base of 
the outer core by using the synthetic seismograms calculated by 
SEM. We also discussed the existence of a S-wave discontinuity 
just below the inner core boundary by using the SEM synthetics 
in Butler and Tsuboi (2021)[5]. One of the advantages in using 
SEM to sample the inner core structure is that the Spectral 
Element Method is implemented with the adjoint simulations to 
generate finite-frequency sensitivity kernels, which can be used 
to perform tomographic inversions for 3-D Earth structure.  
  Here, we use our recent antipodal observations for PKIIKP and 
its precursors to compute the finite-frequency sensitivity kernels 
for a shear wave velocity structure on the inner core by using the 
Spectral Element Method. 

2. Data
To investigate the three-dimensional structure of the

proposed boundary at the top of the inner core, we use data from 
earthquake-receiver pairs studied in Butler and Tsuboi (2021)[5] 
—Tonga to a station in Algeria (TAM), Sulawesi to Amazon 
(PTGA), northern Chile to Hainan Island (QIZ), and central 
Chile to mainland China (ENH and XAN). In addition to these 
earthquake-receiver pairs, we also examined Spanish data 
(ECAL) from an earthquake in New Zealand. Waveform data 
from TAM and PTGA show that there are significant arrivals 
between PKIKP and PKIIKP, about 7 and 17 seconds before 
PKIIKP. In contrast to TAM and PTGA data, for Chinese stations 
(QIZ, ENH, XAN) no arrival of this waveform is seen. These 
results show two groups: TAM, PTGA, and ECAL with a clear 
PKIIKP precursor, and QIZ, ENH, XAN with no visible 
precursor, which may imply regional differences at the surface of 

the inner core. These lateral heterogeneities may generate 
observed differences in the PKIIKP phase. We try to locate these 
heterogeneities by using the sensitivity kernels computed by the 
adjoint method. 

3. Sensitivity kernels
We calculate the sensitivity kernel of the inner core shear wave
structure for the amplitude of precursor waves. In order to do so, 
we have included a spherically symmetric shear wave structure
as: Vs = 0.5 km/s from the inner core surface to a depth of 100
km, Vs = 5.0 km/s from 100 km to 250 km, and a spherically
symmetric structure with a PREM model below the depth 250
km. The spectral element method program, specfem3d_globe, is 
used, and the number of elements at the surface along the two
sides of block, NEX_XI, is set to 640. We use 9600 cores of the
Earth simulator to calculate the theoretical seismic waveform
which is accurate to a shortest period of about 7 seconds. 
The calculation of the finite frequency sensitivity kernel of the
inner core shear wave velocity structure was performed by the
adjoint method[6-12]. The finite frequency sensitivity kernel
calculation is done in two steps. First, the hypocenter of the
global CMT mechanism[13] is used to calculate the theoretical
seismic waveform for the seismic station at the antipodal point 
corresponding to each earthquake. At this time, the global wave
fields at the end of the time step—in which the theoretical seismic 
waveform is calculated—are saved in the disk. We apply the
same band pass filter with a period of 8 seconds and 50 seconds 
to both theoretical and observed seismograms. From the
calculated seismic and observed waveforms, we set the time
window of arrival of PKIIKP waves and cut out these waveforms. 
We calculate the adjoint source for the amplitude of the seismic
waveform from the difference between the observed waveform
and the theoretical waveform. Since the accuracy of the
theoretical seismic waveform used here is about 7 seconds, it is
not possible to identify the PKIIKP wave and its precursor wave 
independently, so when cutting out the waveform, we set the
window to include both of these phases. Then, using the adjoint 
source obtained in this way, the theoretical seismic waveform that 
propagates backward from the observation station to the seismic 
source is calculated by reversing the time. We calculate the finite-
frequency kernel of the shear wave velocity in the inner core for 
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the amplitude of the PKIIKP waves for the path, combining the 
propagation of the seismic waves from the source to the 
observation station used from the theoretical seismic waveform 
calculated beforehand. 

  Figure 1. (A) A cross-sectional view of the event sensitivity 
kernel of the shear wave velocity structure with respect to the 
PKIIKP wave amplitude is shown. The vertical axis is parallel to 
the rotation axis with the top representing north. The location of 
the New Zealand earthquake is lower right and the station ECAL 
is upper left. The sensitivity kernel shows that the amplitude of 
the PKIIKP wave is sensitive to the shear wave velocity structure 
along the raypath of PKIIKP wave, which samples down to 
around depth 250 km below the top of the inner core. (B) The 
theoretical seismic waveform (red) and the observed waveform 
(black) for the August 16, 2013 earthquake in New Zealand are 
observed at the ECAL station in Spain. (C) The adjoint source is 
shown for the PKIIKP waves. These traces are ground 
displacement and bandpass filtered between periods 8 and 50 
seconds. 

Figure 1 shows both the theoretical seismic waveform and the 
observed waveform for the August 16, 2013 earthquake in New 
Zealand observed at the ECAL station in Spain, and the adjoint 
source of the amplitude for the PKIIKP waves. A cross-sectional 
view of the sensitivity kernel of the shear wave velocity structure 
with respect to the PKIIKP wave amplitude is shown. The figure 
confirms that the kernels are sensitive along the raypaths of the 
PKIIKP phases. Since we focus on the shear wave velocity 
structure along the surface of the inner core and we already have 
included 3D mantle structure in our computation. We assume 
that the amplitudes of the PKIIKP waves are sensitive to the shear 
wave velocity structure at the incident point and exit point of the 
inner core surface as these waves pass through the inner core. The 
adjoint kernel calculated for such an earthquake and its antipodal 
observation point is called an event kernel. For each of the twelve 
seismic source-receiver pairs used in this analysis, the event 
kernel for the shear wave velocity structure in the inner core was 
calculated. By adding the event kernels calculated in this way, the 
gradient of the misfit function to improve the initial model was 

calculated. We are now preparing for the inversion of the shear 
wave structure at the surface of the inner core by using these 
sensitivity kernels. 

Acknowledgment 
Data were obtained from GEOSCOPE and the IRIS Data 
Management System. We used the computer program 
(SPECFEM3D) for Spectral-Element Method. Centroid moment 
tensor solutions (GCMT) are used for synthetic models. We 
thank GEOSCOPE, USGS and NSF, NCDSN China, and the 
Spanish Digital Seismic Network for the operation and 
maintenance of the seismic stations used in this study. 

References 
[1] Biggin, A., Piispa, E., Pesonen, L. et al. Palaeomagnetic field

intensity variations suggest Mesoproterozoic inner-core 
nucleation. Nature 526, 245–248 (2015).
https://doi.org/10.1038/nature15523 

[2] Fearn, D. R., Loper, D. E. & Roberts, P. H. Structure of the
Earth’s inner core. Nature 292, 232–233 (1981). 

[3] Huguet, L. et al. Structure of a mushy layer under
hypergravity with implications for Earth’s inner core.
Geophys J Int 204, 1729–1755 (2016). 

[4] Shih, S. A., & Chao, B. F.  Inner core and its libration
under gravitational equilibrium: Implications to lower-
mantle density anomaly. Journal of Geophysical Research:
Solid Earth, 126, e2020JB020541.(2021)
https://doi.org/10.1029/2020JB020541 

[5] Butler, R., Tsuboi, S., Antipodal seismic reflections upon
shear wave velocity structures within Earth's inner core.
Physics of the Earth and Planetary Interiors, 321, (2021)
106802, https://doi.org/10.1016/j.pepi.2021.106802. 

[6] Tromp, J., C. Tape, and Q. Liu. Seismic tomography, adjoint 
methods, time reversal and banana-doughnut kernels.
Geophys. J. Int., 160(1):195–216, (2005). doi:
10.1111/j.1365-246X.2004.02453.x.

[7] Tromp, J., D. Komatitsch, and Q. Liu. Spectral-element and 
adjoint methods in seismology. Communications in
Computational Physics, 3(1):1–32, (2008). 

[8] Liu, Q. and J. Tromp. Finite-frequency kernels based on
adjoint methods. Bull. seism. Soc. Am., 96(6):2383–2397,
(2006). doi: 10.1785/0120060041. 

[9] Liu, Q. and J. Tromp. Finite-frequency sensitivity kernels for 
global seismic wave propagation based upon adjoint
methods. Geophys. J. Int., 174(1):265–286, (2008). doi:
10.1111/j.1365-246X.2008.03798.x.

[10] Tape, C. H., Liu, Q., & Tromp, J., Finite-frequency 
tomography using adjoint methods -Methodology and 
examples using membrane surface waves, Geophys. J. Int., 
168, 1105–29 (2007). 

[11] Tape, C. H., Liu, Q., Maggi, A., & Tromp, J., Adjoint 
tomography of the southern California crust, Science, 

Annual Report of the Earth Simulator April 2022- March 2023

Ⅱ-18-2

https://doi.org/10.1029/2020JB020541
https://doi.org/10.1016/j.pepi.2021.106802


325(5943), 988–992 (2009). 
[12] Peter, D., D. Komatitsch, Y. Luo, R. Martin, N. Le Goff, E. 

Casarotti, P. Le Loher, F. Magnoni, Q. Liu, C. Blitz, T. 
Nissen-Meyer, P. Basini, and J. Tromp. Forward and adjoint 
simulations of seismic wave propagation on fully 
unstructured hexahedral meshes. Geophys. J. Int., 
186(2):721–739, (2011). doi: 10.1111/j.1365-
246X.2011.05044.x. 

[13] Ekström, G., M. Nettles, and A. M. Dziewonski, The global 
CMT project 2004-2010: Centroid-moment tensors for 
13,017 earthquakes, Phys. Earth Planet. Inter., 200-201, 1-9 
(2012) doi:10.1016/j.pepi.2012.04.002 

地球シミュレータ所内課題 - Earth Simulator JAMSTEC Proposed Project -

Ⅱ-18-3




