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We apply a waveform inversion method based on simulated annealing to complex core phase data
observed by globally deployed seismic arrays, and present regional variation of depth profiles of attenu-
ation and velocity for the top half of the inner core. Whereas measured attenuation parameters exhibit
consistent trends for data sampling the eastern hemisphere of the inner core, for the western hemisphere,
there is a remarkable difference between data sampling the inner core beneath Africa (W1) and beneath
north America (W2). Obtained attenuation profiles suggest that intricate heterogeneities appear to be
confined in the top 300 km. The profile for the eastern hemisphere has a high attenuation zone in the
top 150 km that gradually diminishes with depth. Conversely, for the western hemisphere, the profile
for W1 shows constant low attenuation and that for W2 represents a gradual increase from the inner core
boundary to a peak at around 200 km depth. Velocity profiles, obtained from differential traveltimes
between PKP(DF) and PKP(CD, BC) phases, for the eastern and western hemispheres are respectively
about 0.8% faster and 0.6% slower than the reference model at the top of the inner core, and the difference
nearly disappears at about 200 km depth. Our result suggests the presence of intricate quasi-hemispher-
ical structures in the top �200–300 km of the inner core.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The structure of the inner core has been studied primarily by
analyzing seismic core phases (Fig. 1a). PKP(DF) which passes thor-
ough the inner core, and PKP(BC, AB) which passes thorough the
outer core or PKP(CD) which is reflected at the inner core boundary
(ICB) contain information about the inside and outside of the inner
core, respectively. These phases, however, are also affected by the
structure of the crust, mantle and strongly heterogeneous D00 layer
at the base of the mantle. We usually, therefore, utilize the differ-
ential traveltime and amplitude between PKP(DF) and PKP(CD, BC,
AB) for structural analyses of the inner core, assuming that the
effects from outside of the inner core cancel out each other due
to the closeness of ray paths therein.

One of the most peculiar and puzzling seismological properties
of the inner core is the presence of the hemispherical heterogene-
ity in the outermost part of the inner core first reported by Tanaka
and Hamaguchi (1997) and later confirmed by many researchers
(e.g. Creager, 1999; Niu and Wen, 2001; Cao and Romanowicz,
2004; Yu and Wen, 2006; Tanaka, 2012). It is generally agreed that
the eastern (western) hemisphere is characterized by a high (low)
velocity and high (low) attenuation shallow layers, which may pro-
vide an important clue to constrain the growth processes of the
inner core (e.g. Monnereau et al., 2010; Alboussière et al., 2010).
There exist, however, considerable discrepancies in the detail of
the attenuation and velocity structures among previous studies;
for example, by analyzing PKP(DF) and PKP(Cdiff; a diffracted wave
along ICB) that globally sampled the inner core, Tanaka (2012) sug-
gested that fast and slow velocity anomalies gradually merge to
their average at about 400 km and 250 km depths from ICB, and
high attenuation (QP � 180) and low attenuation (Q P � 300) layers
exist top 250 km and 450 km in the eastern and western hemi-
sphere, respectively. Yu and Wen (2006) reported larger QP values
than Tanaka (2012) both in the eastern hemisphere and in the wes-
tern hemisphere. On the other hand, Cao and Romanowicz (2004)
obtained similar hemispherical features, but only in the top 85 km
of the inner core.

In terms of regional studies, Kaneshima et al. (1994) showed a
velocity model beneath the northeastern Pacific (VMOI velocity
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Fig. 1. (a) Illustration of ray paths of core phases. (b) Traveltime curve of core
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model) which is about 0.6% slower than PREM (Dziewonski and
Anderson, 1981) at the ICB and linearly merges to the PREM at
300 km depth, and Ohtaki et al. (2012) represented a similar wes-
tern hemisphere like velocity structure beneath the Antarctica. As
to the attenuation structure, the pioneering work of Doornbos
(1974) suggested largest attenuation at the top of the inner core
and a gradual decrease with depth beneath the northwestern
Pacific, while the existence of a high attenuation zone at depths
of 200–300 km below the ICB is suggested beneath the northeast-
ern Pacific (Morita, 1991; Kazama et al., 2008; Iritani et al., 2010).

Systematic analyses of globally available waveform data may
help to resolve these discrepancies (e.g. Li and Cormier, 2002; Cor-
mier and Li, 2002; Garcia et al., 2006). Particularly, the waveform
inversion method based on simulated annealing (SA) adopted by
Garcia et al. (2004, 2006) is effective in extracting information
about the inner core structure from complicated core phases
(Fig. 1). In our earlier study (Iritani et al., 2010), we modified and
applied the waveform inversion method for Japanese Hi-net array
data, and obtained a continuous 1D attenuation profile beneath the
northeastern Pacific that shows a gradual increase of attenuation
from ICB with a peak at 200 km depth. While this result is consis-
tent with the previous result for the same region (Morita, 1991;
Kazama et al., 2008), it is not so with other studies that show gen-
erally low attenuation for the western hemisphere. In this study,
we extend the treatment of Iritani et al. (2010) to a large number
of globally available broadband seismic array data, and obtain con-
tinuous depth profiles of attenuation and velocity structures in
various regions of the inner core to systematically investigate the
hemispherical heterogeneity. We also note that Iritani (2013)
extended the waveform inversion method to discuss the frequency
dependence of attenuation and its hemispherical variation to infer
the growth process of the inner core.
phases for the AK135 model.
2. Data

We analyze the vertical component of broadband velocity seis-
mograms observed by globally expanded seismic arrays that
record high-quality core phases. The distribution of stations and
events are illustrated in Fig. 2. The waveform data are collected
from Japanese F-net, NECESSArray (NorthEast China Extended
SeiSmic Array, from Sep. 2009 to Aug. 2011), permanent European
stations, USArray and PASSCAL arrays deployed in a number of
places in the world for events that occurred from May 1997 to
Fig. 2. Distributions of stations (red triangle), events (yellow star) and ray paths (black lin
line indicates the boundary between the eastern and western hemispheres defined by T
figure legend, the reader is referred to the web version of this article.)
March 2012 with Mw greater than 5.8 (Table 1). Collected core
phases sample regions beneath eastern Pacific, North America
and Africa in the western hemisphere and almost all areas of the
eastern hemisphere of the inner core (Fig. 2). The angle of the
ray paths with respect to the earth’s rotation axis is greater than
40� (i.e., equatorial paths) for all data sets used in this study, and
the effect of anisotropy of the inner core is not significant (Creager,
1999). Each waveform is filtered by a second order zero-phase But-
terworth band-pass filter with corner frequencies of 0.35 and 2 Hz,
e) that are used in this study. Ray paths are plotted only for the inner core. The blue
anaka and Hamaguchi (1997). (For interpretation of the references to color in this



Table 1
Event list.

Date Time (GMT) Lat. Lon. Depth (km) Mw Array name Area Distance coverage Analysis⁄

8 May 1997 13:29:26.9 51.8 �170.6 17.0 6.0 PASSCAL East 143–159� 1
20 July 1997 0:30:26.4 52.3 �167.4 19.0 6.0 PASSCAL East 143–159� 1
23 Jan. 1998 9:20:10.3 52.1 �168.5 15.0 5.9 PASSCAL East 145–158� 1
5 Dec. 1998 1:12:49.8 52.0 �169.4 15.0 5.8 PASSCAL East 147–160� 1
28 Jan. 1999 8:10:8.8 52.9 �169.1 51.1 6.6 PASSCAL East 143–159� 1
11 March 2001 0:50:45.3 �25.4 �177.6 244.7 5.8 EU East 135–160� 1
19 May 2001 17:36:32.4 �19.9 �177.2 392.1 5.9 EU East 137–160� 1
18 June 2001 19:57:1.4 �24.5 �69.6 117.4 5.8 F-net W2 147–160� 1
29 June 2001 18:35:56.4 �19.7 �66.4 287.2 6.0 F-net W2 146–160� 1
2 Oct. 2001 0:48:23.2 �16.2 �173.4 108.9 6.1 EU East 137–159� 1
9 March 2002 12:27:17.1 �56.0 �27.3 127.9 6.0 F-net East 152–160� 1
16 June 2002 6:55:20.0 �17.6 �178.5 588.1 5.9 EU East 136–157� 1
27 June 2002 7:16:15.1 �13.4 166.8 194.5 6.0 EU East 135–144� 2
4 Oct. 2002 19:5:55.2 �20.9 �178.7 650.8 6.3 EU East 140–154� 1
12 Oct. 2002 20:9:18.5 �8.3 �71.7 539.4 6.9 PASSCAL W1 150–151� 1
10 Dec. 2002 4:28:1.0 �24.0 179.3 538.8 6.0 EU East 138–158� 1
4 Jan. 2003 5:15:8.8 �20.7 �177.3 394.7 6.5 EU East 142–160� 1
27 April 2003 22:57:49.1 �8.2 �71.6 580.2 5.9 PASSCAL W1 149–150� 1
19 May 2003 10:43:27.3 �18.0 �178.4 578.5 5.9 EU East 136–160� 1
20 June 2003 6:19:47.4 �7.4 �71.9 556.2 7.0 PASSCAL W1 149–150� 1
27 July 2003 11:41:31.9 �20.0 �65.2 350.6 6.0 F-net W2 148–160� 1
27 July 2003 11:41:31.9 �20.0 �65.2 350.6 6.0 PASSCAL W1 151–157� 1
11 Jan. 2004 9:29:12.7 �20.2 �179.2 682.5 5.9 EU East 137–160� 1
3 Feb. 2004 23:9:34.4 �3.5 140.6 43.0 5.9 PASSCAL W2 151–157� 1
17 March 2004 3:21:10.4 �21.2 �65.6 297.0 6.1 F-net W2 150–160� 1
14 April 2004 1:33:9.5 �17.8 �174.0 144.5 5.9 EU East 145–158� 1
19 May 2004 7:4:14.2 22.8 121.5 25.0 6.2 PASSCAL W2 142–150� 1
15 Oct. 2004 4:8:54.9 24.5 122.7 102.1 6.6 PASSCAL W2 142–148� 1
5 Nov. 2004 5:18:38.3 �4.4 143.9 128.7 5.9 PASSCAL W2 147–155� 1
12 Nov. 2004 6:36:20.2 �26.9 �63.2 583.1 6.0 PASSCAL W1 151–152� 1
13 Nov. 2004 7:33:21.4 �26.8 �63.2 582.0 5.8 PASSCAL W1 151–152� 1
21 Nov. 2004 11:7:19.9 �15.2 �174.6 270.0 5.9 EU East 140–154� 1
23 Nov. 2004 21:5:0.8 �24.3 179.1 569.4 5.8 EU East 147–159� 1
21 March 2005 12:23:58.4 �24.9 �63.5 572.3 6.8 PASSCAL W1 150–152� 1
21 March 2005 12:43:15.0 �24.7 �63.6 572.2 6.4 PASSCAL W1 150–152� 1
30 March 2005 17:42:0.4 �22.3 �179.6 585.1 6.1 EU East 137–160� 1
11 April 2005 14:54:10.2 �7.4 �78.0 131.7 6.0 PASSCAL W1 148–153� 1
16 April 2005 22:41:19.7 �17.8 �69.9 129.6 5.8 PASSCAL W1 151–154� 1
12 June 2005 19:26:29.4 �56.4 �26.7 97.8 6.0 F-net East 149–160� 1
26 July 2005 14:11:37.5 �15.4 �73.2 107.6 5.9 F-net W2 150–160� 1
26 July 2005 14:11:37.5 �15.4 �73.2 107.6 5.9 PASSCAL W1 152–156� 1
14 Aug. 2005 2:39:42.9 �19.9 �69.4 129.1 5.8 F-net W2 142–159� 1
14 Aug. 2005 2:39:42.9 �19.9 �69.4 129.1 5.8 PASSCAL W1 152–155� 1
26 Feb. 2006 3:8:31.8 �23.6 �179.8 553.9 6.4 EU East 139–159� 1
2 June 2006 7:31:38.0 �20.8 �178.5 584.6 6.0 EU East 136–160� 1
27 June 2006 2:59:20.0 �19.8 �178.0 596.7 6.3 EU East 135–155� 1
15 Aug. 2006 23:53:51.2 �21.2 �175.7 162.5 6.1 EU East 137–158� 1
3 Sept. 2006 22:57:33.4 �23.9 179.0 568.8 5.9 EU East 138–158� 1
30 Sept. 2006 16:26:59.8 �15.7 �73.3 120.4 5.9 F-net W2 136–153� 1
3 Oct. 2006 18:3:19.1 �19.0 168.9 166.4 6.3 EU East 145–155� 1
13 Sept. 2007 16:9:19.6 �3.5 101.2 52.0 6.0 USArray East 135–144� 2
22 Nov. 2007 23:2:14.5 4.46 95.01 52.1 5.8 USArray East 135–144� 2
19 Nov. 2007 0:52:16.5 �21.0 �178.6 562.5 6.3 EU East 141–154� 1
16 Feb. 2008 14:45:15.3 �21.6 �68.8 135.3 6.1 PASSCAL W1 135–143� 2
14 April 2008 9:45:20.7 �56.0 �27.8 115.2 6.0 F-net East 147–160� 1
18 April 2008 20:39:12.5 �17.3 �179.0 577.8 6.3 EU East 145–159� 1
15 May 2008 14:23:33.3 �58.1 �25.2 36.8 5.9 F-net East 147–160� 1
8 July 2008 9:13:10.0 �16.3 �72.0 125.7 6.2 PASSCAL W1 137–142� 2
19 July 2008 22:39:56.8 �17.2 �177.1 395.3 6.4 EU East 135–153� 1
1 Sept. 2008 4:0:40.8 �25.5 �177.3 172.3 6.0 EU East 141–159� 1
12 Oct. 2008 20:55:44.6 �20.3 �65.2 361.5 6.2 F-net W2 145–160� 1
17 Dec. 2008 10:56:2.6 �17.8 �178.3 547.8 5.8 EU East 136–144� 2
12 July 2009 6:12:50.8 �15.3 �70.8 197.1 6.1 F-net W2 138–155� 1
5 Sept. 2009 3:58:41.6 �15.5 �70.7 209.8 5.8 F-net W2 138–155� 1
30 Sept. 2009 19:3:22.7 �15.7 �69.7 257.8 5.9 F-net W2 139–156� 1
30 Sept. 2009 19:3:22.7 �15.7 �69.7 257.8 5.9 NECCESSArray W2 143–153� 1
16 Oct. 2009 9:52:55.4 �7.1 105.1 45.2 6.1 USArray East 135–144� 2
22 Nov. 2009 7:48:25.2 �17.7 �178.4 546.4 6.3 EU East 136–142� 2
22 Nov. 2009 22:47:31.2 �31.5 179.7 437.1 6.2 EU East 147–160� 1
28 Jan. 2010 8:4:16.9 �23.6 �67.0 204.5 5.9 PASSCAL W1 136–144� 2
4 March 2010 22:39:29.8 �22.4 �68.7 118.7 6.3 NECCESSArray W2 149–159� 1
6 May 2010 2:42:53.9 �18.3 �71.3 52.6 6.2 NECCESSArray W2 145–155� 1
23 May 2010 22:46:55.5 �14.0 �74.5 108.9 6.1 F-net W2 135–151� 1
23 May 2010 22:46:55.5 �14.0 �74.5 108.9 6.1 NECCESSArray W2 140–150� 1

(continued on next page)
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Table 1 (continued)

Date Time (GMT) Lat. Lon. Depth (km) Mw Array name Area Distance coverage Analysis⁄

24 May 2010 16:18:33.6 �8.1 �71.6 591.4 6.4 NECCESSArray W2 135–144� 2
26 June 2010 9:50:46.3 �8.3 108.0 100.4 5.9 USArray East 135–152� 1
30 June 2010 4:31:7.2 �23.2 179.3 581.6 6.4 EU East 137–159� 1
12 July 2010 0:11:26.2 �22.4 �68.6 134.7 6.2 NECCESSArray W2 150–160� 1
13 Sept. 2010 7:15:50.9 �14.7 �71.1 171.0 5.8 NECCESSArray W2 142–152� 1
28 Dec. 2010 8:34:22.5 �23.5 �179.7 571.4 6.3 EU East 139–158� 1
17 Jan. 2011 19:20:59.9 �5.4 102.4 35.4 6.0 USArray East 135–152� 1
6 March 2011 12:32:2.3 �18.3 �69.7 126.3 6.3 F-net W2 141–158� 1
6 March 2011 12:32:2.3 �18.3 �69.7 126.3 6.3 NECCESSArray W2 145–155� 1
6 March 2011 14:32:42.1 �56.4 �26.7 101.2 6.5 F-net East 149–160� 1
2 April 2011 10:59:42.1 �19.8 �69.5 117.8 5.9 NECCESSArray W2 146–156� 1
3 April 2011 14:7:14.5 �17.6 �178.4 565.4 6.4 EU East 137–158� 1
17 April 2011 1:58:51.3 �27.6 �63.1 573.9 5.8 PASSCAL W1 136–144� 2
8 June 2011 3:6:24.4 �17.4 �69.8 150.4 5.9 PASSCAL W1 137–142� 2
22 July 2011 6:56:42.8 �20.2 �178.4 605.0 5.9 EU East 138–160� 1
4 Aug. 2011 0:16:11.2 �3.0 100.8 45.9 5.8 USArray East 135–151� 1
22 Nov. 2011 18:48:19.2 �15.4 �65.2 553.8 6.6 F-net W2 141–160� 1
11 Dec. 2011 9:54:59.8 �56.0 �27.8 123.1 6.3 F-net East 150–160� 1
5 March 2012 7:46:11.9 �28.2 �63.3 565.1 6.1 PASSCAL W1 140–144� 2

⁄ 1: by waveform inversion as in Section 3.1; 2: by amplitude ratio as in Section 3.2.
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and the dominant frequency is about 1 Hz. After waveform inver-
sion analysis, we discard data that appear to suffer from cycle skip-
ping problems and the resultant data set consists of about 4100
traces (out of 6800 traces).
3. Methods of core phase measurements

In the conventional analysis of core phase data, the attenuation
parameter and traveltime are measured by comparing PKP(DF)
with another core phase to eliminate effects of the crust, mantle,
and D00 layer. In this study, depending on the distance range of
the record sections we employ different methods: for record sec-
tions that involve PKP(BC) phases, we estimate the parameters
from the entire record section for each event-array pair via a wave-
form inversion; on the other hand, for record sections of event-ar-
ray pairs for which only PKP(DF) and PKP(CD) are observed, we use
the amplitude ratio and the differential traveltime for the measure-
ment. Which method is employed for each event-array pair is
listed in the last column of Table 1.

3.1. Record section of an event-array pair that involves PKP(BC) phases

To measure attenuation parameters and traveltimes, we employ
a non-linear waveform inversion method based on SA that is de-
scribed in Iritani et al. (2010). SA is a method that can efficiently
search for the global minimum in a model space with a large num-
ber of parameters (cf. Sen and Stoffa, 1995), and this waveform
inversion searches for optimal parameterized model waveforms
that well explain observed data according to a SA algorithm. As
shown in Fig. 1, core phase data consist of four phases, PKP(DF),
PKP(BC), PKP(AB) and PKP(CD), and the distance range that each
phase is observed is limited. We thus parameterize model wave-
forms in two ways depending on the distance range.

For a part of the section for which three core phases (PKP(DF,
BC, AB)) are simultaneously observed, each waveform is parame-
terized as follows:

SiðtÞ ¼ RDF
i Aðt�DF

i Þ �Wðt � sDF
i Þ þ RBC

i Wðt � sBC
i Þ þ RAB

i H

�Wðt � sAB
i Þ ð1Þ

where SiðtÞ is a time series of the model waveform of station i; WðtÞ
is a reference waveform which indicates a representative incident
wave to the array; RDF

i ; RBC
i ; RAB

i are amplitude parameters that
combined the effects of the source radiation, geometrical spreading
and transmissions at boundaries in the earth; sDF

i ; sBC
i ; sAB

i are trav-
eltimes of respected phases; Aðt�DF

i Þ is the differential attenuation
operator between PKP(DF) and reference waveform assuming a
constant Q (e.g. Aki and Richards, 1980), and it is defined as,

Aðt�Þ ¼
Z 1

�1
exp �xt�

2
þ i

xt�

p
log

x
x0

� �
eixtdx ðx0 ¼ 2pÞ ð2Þ

where x; x0 are the angular frequency and the reference angular
frequency of PKP(DF); and H represents the Hilbert transform oper-
ator and asterisk denotes convolution. As in the previous studies,
we do not include PKP(CD) in the modeling because of its small
amplitude.

For the rest of the record section for which the three core phases
are not simultaneously observed, we model only PKP(DF) wave-
forms as

SiðtÞ ¼ RDF
i Aðt�DF

i Þ �Wðt � sDF
i Þ ð3Þ

and we use WðtÞ determined from the triplicated distance range.
The optimization process in our waveform inversion is based on

that of Iritani et al. (2010). We first estimate unknown parameters
in Eq. (1), WðtÞ; RDF;BC;AB

i , sDF;BC;AB
i ; t�i , by using triplicated data. As

for initial values, we set WðtÞ ¼ 0:0; RDF;BC;AB
i ¼ 1:0, and

t�i ¼ 0:001; for sDF
i ; sBC

i and sAB
i , we use theoretical traveltimes of

respective phases for the reference velocity model, AK135 (Kennett
et al., 1995). We then perturb these parameters iteratively and cal-
culate L1 norm misfit function,

E ¼
X

i

Z
jDiðtÞ � SiðtÞjdt ð4Þ

where DiðtÞ is an observed waveform at station i. In each step, the
reference waveform and amplitude corrections are perturbed ran-
domly by 1% of the maximum amplitude of the observed record sec-
tion within a given range; only when the misfit function, E,
decreases, new parameters are accepted. For traveltimes sDF;BC;AB

i

and attenuation parameter t�DF
i , new parameters are given by ran-

dom values within predetermined ranges, and the acceptance is
evaluated by following Boltzmann criterion that depends on E and
the number of iterations (e.g. Chevrot, 2002; Garcia et al., 2004).
Next we apply the same approach to the rest of core phase data
by using Eq. (3) with fixing WðtÞ, and estimate RDF

i ; sDF
i , and t�i .

(Iritani et al., 2010 describes more detail of the SA algorithm.) We
execute these processes 20 times for each event-array data set with



Fig. 3. Example of the waveform inversion. (a) A record section observed by NECESSArray for an event in South America (4 March 2010). Waveforms are aligned by
theoretical traveltimes of PKP(DF). (b) The reference waveform obtained by the waveform inversion. (c) Comparison between data (solid line) and model waveforms (dotted
line). Both waveforms are aligned by the measured traveltime of PKP(DF). Black and open circles represent measured traveltimes of PKP(BC) and PKP(AB), respectively.

Fig. 4. Filtered seismogram of a South American event (23 May 2010) observed by NECESSArray at an epicentral distance of 139�. Black and open circles respectively denote
measured traveltimes of PKP(DF) and PKP(CD), and arrows indicate measured amplitude.
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different random seeds, and the average and standard deviation of
estimated parameters are defined as the measured optimal param-
eters and their errors.

An example of the waveform inversion analysis is presented in
Fig. 3. Although three core phases overlap each other for a distance
range of 145–147� where conventional approaches have difficul-
ties, observed data are well fit by the optimal waveforms, and esti-
mated traveltimes appear robust (Fig. 3c).
3.2. Record section of an event-array pair without PKP(BC)

For an event-array pair for which PKP(BC) used as a reference
phase in the waveform inversion is absent and only PKP(DF) and
PKP(CD) are observed in the entire record section, the waveform
inversion method cannot be simply applied because of the diffi-
culty of modeling PKP(CD) that is in the retrograde branch (e.g.
Aki and Richards, 1980) as a reference phase. Therefore, we employ
a conventional approach and use the amplitude and traveltime. We
measure the peak to peak distance as the amplitude and the time
of the maximum amplitude as the traveltime for each phase under
the assumption that the phase difference between PKP(DF) and
PKP(CD) is 180� (Fig. 4). The attenuation parameter of the inner
core is then obtained from the amplitude ratio PKP(DF) to PKP(CD).
Assuming the ray theory, the amplitude of core phase is affected by
the radiation pattern, geometrical spreading, attenuation in the
mantle, and the transmission/reflection at discontinuities in the
earth. By correcting these effects other than the attenuation of
the inner core, t�IC can be obtained as

t�IC ¼ �
1
pf

ln
ADF

ACD
ð5Þ

where ADF and ACD are the corrected amplitudes of PKP(DF) and
PKP(CD), respectively. In calculation of the attenuation parameter,
we assume 1 Hz as the reference frequency (f in Eq. (5)). The ade-
quacy of this approach is tested by using full-waveform DSM syn-
thetics (Kawai et al., 2006) for AK135 up to a distance � 143:4�:
the accuracy of measurements is about 0.05 s for t�IC and 0.1 s for
the differential time for noise free synthetics. We also confirm in
the later section (4.1.1) that there is no systematic bias between
the measurements of t� by the waveform inversion and the hand
pick measurements employed here. Although the CMB scattered
precursors to PKP may potentially contaminate PKP(DF) at distances
greater than around 140�, such bias is also not confirmed.

4. Results

4.1. Attenuation

4.1.1. Attenuation parameters, t�

In the waveform inversion employed in this study (except for
the case in Section 3.2), attenuation parameters are measured by
broadening of PKP(DF) relative to the reference waveform WðtÞ,



Fig. 5. (a) Ray paths of PKP(DF) that sample the western hemisphere. The black solid line indicates the boundary between the hemispheres defined by Tanaka and Hamaguchi
(1997). Data in the red circle show relatively small attenuation parameter in the distance range between 148–157� (W1), and those in the green circle show gradual increase
over the distance of 147� (W2). (b) Measured attenuation parameters averaged for a distance bin of 1� are plotted. (c and d) Ray paths and measured attenuation parameters
for data that sample the eastern hemisphere. The error bar in (b) and (c) denotes a standard error and different colors in (b) and (d) correspond to the paths in the same color
in (a) and (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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which is unique for each event-array pair and is estimated from the
entire core phases within the distance range where three core
phases are observed. Assuming the outer core attenuation is negli-
gible, therefore, the difference between ray paths in the mantle for
PKP(DF) and PKP(BC) affect the measurement of the attenuation
parameter. We evaluate and correct for this effect as follows. First,
we calculate the theoretical t� value of PKP(BC) in the mantle for a
given attenuation model (PREM), and consider the average as the t�

value of the reference waveform. Then, we correct the residual
between the theoretical t� of PKP(DF) in the mantle and the t� of
the reference waveform for each data. The overall corrections val-
ues of this effect are around 0.035.

After the correction for the effects of the mantle, attenuation
parameters are averaged over 1� bins for each event-array pair
and plotted as a function of epicenter distance for a source depth
of 0 km. Measured attenuation parameters show a clear hemi-
spherical variation for a distance range 135–147�: t� in the western
hemisphere vary from 0.2 to 0.4 and t� in the eastern hemisphere
show larger values than the western hemisphere and vary from 0.4
to 0.6. In the distance range over 148�, t� in the western hemi-
sphere shows two different trends: while the data that sample be-
neath the western Atlantic and Africa (red circle in Fig. 5a) show
slight increase of t� from 0.4 at 148� to 0.45 at 157�, the data that
sample beneath the northeastern Pacific and north America (green
circle in Fig. 5a) show a relatively large increase of t� from 0.4 at
147� to 0.6 at 151� and become nearly constant value of 0.6 in
the farther distance range (Fig. 5b). On the other hand, t� for the
eastern hemisphere have a nearly constant value of 0.6 at a dis-
tance range 147–155� that appear to decrease beyond. The general
trend of the eastern hemisphere data is consistent for all event-ar-
ray data for all distance ranges (Fig. 5d), indicating that a similar
structure extends in a wide region of the eastern hemisphere from
shallow to deep.

The depth (from the ICB) of the turning point of PKP(DF) for a
distance of 148� is about 150 km, and it suggests the existence of
lateral heterogeneity of attenuation structure below this depth in
the western hemisphere. We, thus, separate the data for the wes-
tern hemisphere into two groups, which we refer to as W1 for
the data that sample beneath the western Atlantic and Africa and
W2 for the data that sample beneath the northeastern Pacific
and north America (Fig. 5a). The result for W2 is consistent with
the result of Kazama et al. (2008), who estimated the structure of
the top half of the inner core beneath the northeastern Pacific by
amplitude ratio between PKP(DF) and PKP(BC, AB). Fig. 6 illustrates
comparisons of PKP(DF) waveforms stacked for 1� bins around
137�, 143� and 150� for each sampling region. Waveforms for W2
show a larger broadening with distance compared to waveforms
for W1 and the eastern hemisphere confirming the presence of
attenuative region in W2.

Similar features can be confirmed from the measurement of the
amplitude. As we mentioned in the first paragraph of this section,
attenuation parameters of the inner core are measured by broad-
ening of PKP(DF) with respect to the reference waveform, and it
differs from more conventional differential methods those directly
compare core phases within each seismogram (e.g. Doornbos,
1974; Kazama et al., 2008). Thus, it is possible that properties un-
ique to individual stations are reflected in the attenuation mea-
surements. To check the robustness of the measurements by the
waveform inversion (data analyzed as in Section 3.1), we compare
obtained attenuation parameters with values measured by ampli-
tude ratios of PKP(DF) to PKP(BC, CD). We measure the peak-to-
peak amplitude of PKP(DF) and PKP(BC, CD) manually for each data
(RDF;BC obtained by the waveform inversion, if properly corrected
for the q-filter effect, give similar results). The mantle-path-cor-
rected amplitude ratios show a consistent trend with t�, indicating
significant differences between the western and eastern hemi-
spheres for a distance range of 135–143� from the amplitude ratio
between PKP(DF) and PKP(CD) (Fig. 7a) and between W1 and W2
for a distance range over 148� from the amplitude ratio between
PKP(DF) and PKP(BC) (Fig. 7b). It should be noted here that the



Fig. 6. (a–c) Comparison of stacked PKP(DF) phases for distance bins of 1� around 137� (red), 143� (green) and 150� (blue) for (a) W1 (event 19 July 2008 in Table 1), (b) W2 (8
June 2011) and (c) the eastern hemisphere (26 July 2005). (d–f) Similar to (a–c), but the observed waveform at 150� (blue) is compared with the waveform of 137� convolved
with the attenuation filter with a differential value indicated at the right-bottom corner of each box (black). Waveforms are normalized by the maximum amplitudes. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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amplitude measurements employed in Section 3.2 are included for
the distance range of 135–143� (Fig. 7a). Those correspond to the
entire measurements for W1 (red points in Fig. 7a), �5% measure-
ments for W2 (green), and �15% for East (blue).

Fig. 8 shows a comparison of t� measured by the waveform
inversion and by the amplitude ratio for the same event-array
datasets analyzed as in Section 3.1. As these measurements are
independent to each other, correlation slopes nearly one (correla-
tion coefficients are 0.76 for the western hemisphere and 0.72
for the eastern hemisphere) indicate that there is no systematic
bias introduced in measurements obtained by the waveform inver-
sion, although large uncertainty remains for individual measure-
ments (shown as data points in the figure) (cf. Iritani et al., 2010).

4.1.2. Attenuation profile
Using the observed attenuation parameters, we invert for atten-

uation profiles of the top half of the inner core via the conventional
least-squares method. For the inversion, we use individual t� mea-
surements corrected for the effects of the mantle attenuation. t� for
a layered earth may be written by using quality factor Q as follows,

t�i ¼
Xn

j¼1

Tij

Q j
ð6Þ
where t�i is the attenuation parameter for the ith ray path, Tij is the
traveltime for the ith ray path in the jth layer of the inner core, Qj is
the quality factor of the jth layer of the inner core, and n is the total
number of layers. Since attenuation parameters show the consistent
trend in the eastern hemisphere and the significant difference
between W1 and W2 in the western hemisphere, we solve for one
representative attenuation model for the eastern hemisphere by
using all data that sample the eastern hemisphere, and two models
for the western hemisphere using the data of W1 and W2 sepa-
rately. We define 10 layers with a thickness of 50 km in the top
500 km of the inner core for the model of the eastern hemisphere
and W2 of the western hemisphere; for the model of W1 of the
western hemisphere, because of the limited distant coverage
(137–144�, 149–157�), we define 4 layers with a thickness of
100 km in the top 400 km of the inner core.

The obtained attenuation profiles are shown in Fig. 9a. The
attenuation model for the eastern hemisphere has a high attenua-
tion (Q�1 ¼ 0:006) zone near the ICB, and the attenuation gradually
decreases with depth (blue line in Fig. 9a). For the western hemi-
sphere, the model for W1 shows nearly a constant low attenuation
(Q�1 � 0:003) and the model for W2 shows a gradual increase with
depth with a peak at around 200 km. Below a depth of 300 km of
the inner core, three attenuation models show similarly small
attenuation (Q�1 � 0:002); this may indicate that the inner core



Fig. 7. Comparison of measured amplitude ratios: (a) PKP(CD)/PKP(DF) and (b)
PKP(BC)/PKP(DF) for W1 (red), W2 (green) and the eastern hemisphere (blue).
Averaged values for each hemisphere for a distance bin of 1� and their standard
errors are plotted. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 8. t⁄s measured by the simulated annealing waveform inversion (SAWI) are
compared with those measured by the amplitude ratio of PKP(DF) to PKP(BC, CD):
(a) for the western hemisphere and (b) for the eastern hemisphere. Different colors
correspond to the different arrays shown in Fig. 5a and c. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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is similar in all regions below 300 km, and the hemispherical het-
erogeneity is restricted in the top 300 km of the inner core. The
theoretical values calculated using obtained models well explain
the observed data (Fig. 9b and c).

4.2. P-wave velocity

4.2.1. Differential traveltimes
The depth variation of the P-wave velocity structure of the top

half of the inner core is estimated from differential traveltimes be-
tween PKP(DF) and PKP(CD) or PKP(BC). For the actual inversion of
the velocity structure, we use the residual between the observed
and theoretical values of the differential traveltime of PKP(BC,
CD) and PKP(DF), Dti:

Dti ¼ sBC;CD
i � sDF

i

� �
� tBC;CD

i � tDF
i

� �
ð7Þ

where sBC;CD
i and sDF

i are measured traveltimes and tBC;CD
i and tDF

i are
theoretical traveltimes calculated for AK135 reference model of
PKP(BC, CD) and PKP(DF) at a station i, respectively. A positive
residual denotes faster arrival of PKP(DF) (slower arrival of PKP(BC))
and a negative residual denotes slower arrival of PKP(DF) (faster ar-
rival of PKP(BC)) with respect to the reference model. Fig. 10 pre-
sents measured traveltime residuals as a function of distance,
averaged for each event-array pair with a distance bin of 1�. For
the data that sample the western hemisphere, negative traveltime
anomalies are observed throughout the distance range with small
fluctuations (Fig. 10a), even though measured attenuation parame-
ters show the difference between W1 and W2. On the other hand,
for the data that sample the eastern hemisphere, all data show
positive traveltime anomalies; while a consistent trend is observed
for the most of event-array pairs, relatively small positive anoma-
lies are observed for the USArray data for events in Indonesia
(Fig. 10b). As ray paths of PKP(DF) for Indonesia-USArray pairs go
across the boundary between two hemispheres by sampling both
hemispheres considerably (Fig. 5c), we interpret that the small
traveltime residuals are due to the result of canceling effect of the
hemispherical anomalies and omit this data set from further
modeling for the depth profile.

4.2.2. Velocity model
Based on the ray theory, a traveltime anomaly can be written as,

Dti ¼
Z

i

Du
u

udl ð8Þ

where Dti is the traveltime residual for the ith ray path, u is the
slowness of the inner core, Du=u is the fractional perturbation of
the slowness, and dl represents the length of an infinitesimal



Fig. 9. (a) Attenuation profiles for W1 (red), W2 (green) and the eastern
hemisphere (blue). The model errors are shown by shadows. (b and c) A comparison
between theoretical values calculated using obtained attenuation models and
averaged t� by the distance bin of the 1� for the western hemisphere (b) and the
eastern hemisphere (c). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 10. Measured differential traveltime residuals referenced to AK135. Averaged
values for each array for a distance bin of 1� are plotted; the distance range of 136–
144� and 145–155� correspond the differential traveltime of PKP(DF)–PKP(CD) and
PKP(DF)–PKP(BC), respectively. The error bar denotes the standard error and colors
in (a) and (b) correspond to ray paths in Fig. 5a and c. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 11. B-spline basis functions used in the analysis (dotted lines) and their
summation (solid line).
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segment along the ray path. We parameterize the perturbation of
slowness by a summation of cubic b-splines,

Du
u
ðrÞ ¼

Xm

k¼1

akBkðrÞ ð9Þ

where BkðrÞ is the b-spline basis function, ak is the coefficient for
each b-spline basis function with a knot interval of 100 km, m is
the total number of b-spline functions, and r is the radius. The esti-
mated profile VNewðrÞ is give by the reference velocity, VRefðrÞ as

VNewðrÞ ¼ VRefðrÞ 1� Du
u
ðrÞ

� �
: ð10Þ
Since the arrival of the PKP(BC) is limited up to a distance of 155�,
traveltime residuals are available to this distance range and the
resolvable depth range is down to �350 km from the ICB. Thus,
we use 6 b-spline basis functions and estimate the velocity struc-
ture of the top 350 km of the inner core (Fig. 11). In the actual inver-
sion, individual values of Dt are used and 6 coefficients, ak, are
obtained by the conventional least-squares method; the error bar
of the estimated velocity model, EðVNewÞ, is calculated by
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EðVNewÞ ¼ VRef E
Du
u
ðrÞ

� �
¼ VRef

Xm

k¼1

EðakÞBkðrÞ ð11Þ

where EðDu=uÞ is the error of the slowness perturbation and EðakÞ is
the error of the b-spline coefficient calculated from the diagonal
component of the posterior-covariance matrix. Since the measured
traveltime residuals show consistent trends in each hemisphere ex-
cept for the USArray data (for Indonesian events), we construct a
representative velocity profile for each hemisphere.
4.3. Trade off between the base of the outer core and the inner core

The velocity structure of the inner core cannot be uniquely
determined only by the traveltime residuals because there is a
trade-off between the velocity structure of the inner core and the
base of the outer core. The positive (negative) residual can be ex-
plained not only by a faster (slower) anomaly in the inner core,
but also by a slower (faster) anomaly at the base of the outer core.
Tanaka (2012) measured the amplitude ratio and differential trav-
eltime between PKP(DF) and PKP(Cdiff) from global core phase
data sets, and suggested that AK135 which has a small velocity
gradient at the base of the outer core is more reasonable than
PREM which has a relatively large velocity gradient. This view is
consistent with other previous studies (Souriau and Roudil, 1995;
Cormier, 2009). On the other hand, in a regional study, Kaneshima
et al. (1994) studied the velocity structure beneath northeastern
Pacific, and suggested a larger velocity gradient in the 300 km
Fig. 12. Velocity models inverted for the same traveltime data by using three
velocity models of the outer core, AK135 (solid line), VMOI (dashed line), the model
that have middle value of AK135 and VMOI at the ICB (dotted line) for (a) the
western hemisphere and (b) the eastern hemisphere. AK135 model is also plotted
as a reference by black dots.
range above ICB and about 0.35% faster velocity at the base of
the outer core compared to AK135 (VMOI model).

To investigate the degree of the tradeoff between the outer core
and inner core velocity structure, we employ three velocity models
for the base of the outer core: AK135, VMOI and the Middle model
which has middle values between AK135 and VMOI in 100 km
above the ICB, while the same as AK135 for the rest. For each of
the employed outer-core velocity models, we invert for an inner
core velocity profile using the measured traveltime residuals
Fig. 13. (a and b) Comparisons of measured amplitude ratio of PKP(DF)/PKP(Cdiff)
(1� bin average) with prediction from models in Fig. 12 for the western hemisphere
(a) and the eastern hemisphere (b). Solid, dashed and dotted lines denote prediction
based on corresponding velocity models in Fig. 12 and error bars are standard
errors. (c) Comparisons of measured differential traveltime residuals between
PKP(DF) and PKP(Cdiff) relative to AK135. Red and blue lines represent theoretical
values for the western and eastern hemisphere respectively, and line types are same
as (a and b). Measured data for W1 (red), W2 (green) and the eastern hemisphere
(blue) are averaged by the distance bin of the 1�. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)



Table 2
B-spline coefficients, ak , for the best velocity profiles.

B-spline coefficients (�10�3)

a1 a2 a3 a4 a5 a6

WEST �4.536 �6.949 �1.831 �1.591 0.1634 0.05501
EAST �4.439 12.07 2.872 �1.526 0.1654 0.05477
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(Fig. 10) for two hemispheres (Fig. 12). Robustness of models is
examined by comparing amplitude ratios and differential travel-
times between PKP(DF) to PKP(Cdiff). Here, we measure the peaks
of these phases by hand, and the amplitude and traveltime are
defined by the peak to peak and the time of the maximum peak,
respectively. Theoretical amplitude ratios and differential
traveltimes are estimated from DSM synthetics (Kawai et al.,
2006) calculated with the attenuation models estimated in the pre-
vious section (Fig. 9a). The results shown in Fig. 13 indicates that
the velocity models obtained by assuming the Middle outer core
model (dotted lines) reasonably explain both of observed
amplitude ratios and differential traveltimes for both hemispheres
except for W2. As for the W2 region, the model with the VMOI
Fig. 14. (a) Velocity profiles for the western hemisphere (red) and the eastern
hemisphere (blue) inverted by using the Middle outer core velocity model. The
model errors are shown by gray shadow. AK135 model is also plotted by broken
line. (b and c) Comparisons between theoretical values calculated by using the best
velocity models and measured values of the differential traveltime for the western
hemisphere (b) and the eastern hemisphere (c). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
outer core fits data slightly better, which is consistent with Kane-
shima et al. (1994) as their studied area corresponds to W2, but
the difference may not be significant as shown later in the wave-
form data.

Based on the above results, we adopt the Middle model as a
common velocity model for the base of the outer core, and
obtained velocity profiles for both hemispheres as the best models
are shown in Fig. 14a (corresponding b-spline coefficients, ak, are
presented in Table 2). The fit of the theoretical differential travel-
time residuals between PKP(DF) and PKP(BC, CD) calculated for
the obtained velocity profiles to data are shown in Fig. 14b and c.
The inner core velocity profile for the western hemisphere shows
0.6% slower velocity anomaly at the ICB that gradually merges to
AK135 at about 200 km depth. On the other hand, the eastern
hemisphere shows 0.8% faster anomaly at the ICB that merges to
AK135 at about 200 km depth. These features of heterogeneities
are generally consistent with the results of Tanaka (2012), but
the depth that heterogeneities disappear is shallower than the
depth suggested by Tanaka (2012). It should be noted that, regard-
less of the choice of the outer core model, the feature that the east-
ern hemisphere show the faster velocity than the western
hemisphere dose not change and the absence of heterogeneities
below �200 km depth of the inner core neither (Fig. 12).
5. Discussion and conclusion

In this study, we obtain depth profiles of the attenuation and
velocity structures in various regions of the inner core for the
equatorial ray paths, and identify intricate differences between
the eastern and western hemispheres. The hemispherical hetero-
geneity disappears below a depth of �300 km where attenuation
is generally weak (Q�1 � 0:002). The eastern hemisphere exhibits
higher attenuation and faster velocity than the western hemi-
sphere above this depth. Moreover, we observed a lateral heteroge-
neity of attenuation inside of the western hemisphere that can be
confirmed in observed waveforms. Fig. 15 shows comparisons be-
tween observed and full-wave synthetic waveforms. Fig. 15a is for
data observed by the Tibetan array (26 July 2005) which sample in
W1, and Fig. 15b is for data observed by NECESSArray (4 March
2010) which sample in W2. Synthetics are calculated by the DSM
method for attenuation models for W1 and W2 with the velocity
model for the western hemisphere (red line in Fig. 12). We use
the Global CMT catalog for source parameters. For both regions,
synthetic waveforms calculated for the corresponding attenuation
structures (Fig. 9a) fit the observed waveform better. For W2
(Fig. 15b), although the VMOI-based model should fit even better
as seen in Fig. 14a, the difference in waveforms seems subtle as
the current modeling fits well.

During the review process of the current manuscript, the recent
independent work of Attanayake et al. (2014) is called for the
authors’ attention by the referee and the editor. Our result is basi-
cally consistent with theirs except that our analyses cover a wider
distant range, thus the models extend deeper in the inner core. The
apparent inconsistency for some of the attenuation measurements
might stem from the different ways of grouping of the
measurements.



Fig. 15. Comparison of observed waveforms with synthetics for two attenuation models of the western hemisphere (Fig. 9a): (a) W1 (event: 26 July 2005 with PASSCAL array)
and (b) W2 (4 March 2010 with NECESSArray). Red and green lines represent waveforms for the attenuation models of W1 and W2, respectively. DSM synthetics are
convolved with the modeled reference waveform, W(t). In each figure, waveforms are normalized by the amplitude of PKP(BC) at a smallest distant station (i.e., top traces in
each figure). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The well known positive correlation between velocity and
attenuation in the inner core (e.g. Souriau et al., 2003) is confirmed
in this study, and it is common to consider that seismic scattering
is the primary mechanism for the attenuation in the inner core (e.g.
Cormier and Li, 2002). Vidale and Earle (2000) suggested the exis-
tence of strong scattering due to heterogeneities with scale length
of about 2 km in the top 300 km of the inner core by the envelope
analysis of PKiKP coda. As a cause of scattering, the preferred align-
ment of iron crystals due to a dendritic growth of the iron is pro-
posed to explain anisotropy of attenuation (Bergman, 1997;
Bergman et al., 2002; Cormier and Li, 2002). While this interpreta-
tion of scattering well explains the anisotropic part of the attenu-
ation and velocity, what we obtained in this study is a variation of
the isotropic part (the equatorial paths) of attenuation and veloc-
ity. Therefore, it is necessary to consider a different texture to ex-
plain hemispherical heterogeneities of attenuation and velocity.
Alternatively, Monnereau et al. (2010) and Alboussière et al.
(2010) proposed a translational convection model of iron crystals
of the inner core that crystallize in the western hemisphere side
and melt (out to the outer core) in the eastern hemisphere side;
this model explained the hemispherical variation of attenuation
and velocity by the difference of the grain size (large grain size
in the eastern hemisphere and small grain size in the western
hemisphere). However, the translational convection does not result
in any shear deformation. Therefore, the anisotropic feature that
the polar rays go faster and are more attenuated than equatorial
rays in the inner core (e.g. Poupinet et al., 1983; Creager, 1992;
Shearer, 1994; Oreshin and Vinnik, 2004; Irving and Deuss, 2011)
cannot be explained, as well as the heterogeneity of attenuation
in the western hemisphere observed in this study. It may imply
that more complex solidification process exists in the inner core.
Iritani (2013) explored the possibility by extending the simulated
annealing waveform inversion method to investigate the fre-
quency dependency/independency of the inner core attenuation
(Iritani, Takeuchi, and Kawakatsu, paper in preparation).
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