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[1] Recent observations of inner-core scattering (ICS) waves provide evidence that the
outermost 300 km of the inner-core has strong heterogeneities with a length scale of a few
kilometers. These waves follow a path similar to that of the inner-core–reflected waves
PKiKP and were originally observed in data from 16 events in the distance range 58� to
73� recorded by the Large Aperture Seismic Array (LASA). Here we present additional
observations of the ICS waves from a total of 78 events recorded by LASA at distances
from 18� to 98�. We use a modified version of the Generic Array Processing software
package to identify ICS waves on the basis of travel time, back azimuth, ray parameter,
amplitude, and coherence. There are 44 events that produce clear ICS waves. We then
perform forward modeling of the observed ICS waves using a Monte Carlo seismic
phonon method that allows for multiple scattering along the raypath. Most of the ICS
waves appear without a visible PKiKP phase, initially grow in time, and have a spindle-
shaped envelope. The duration, risetime, and decay rates of the observed ICS waves
can be best explained by small-scale volumetric heterogeneities in the outermost few
hundred kilometers of the inner core. The average Qc value for the 44 events is �600.
Most clear ICS waves are found for raypaths sampling the Pacific Ocean and Asia, and
relatively few observations are from the Atlantic Ocean, roughly consistent with the
recently observed hemispheric difference in the inner-core structure.
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1. Introduction

[2] The Earth’s inner core is one of the most dynamic
parts of the Earth’s interior. Although the inner core is
mainly composed of iron and other light elements, its
detailed structure is far from well known. Recent studies
have found strong lateral heterogeneities inside the inner
core with a wide range of length scales [Tromp, 2001; Song,
2003, and references therein]. Observations of backscattered
PKiKP coda waves provide evidence that the outermost few
hundred kilometers of the inner core contains heterogeneity
on the length scale of a few kilometers [Vidale and Earle,
2000]. These waves, termed inner-core scattering (ICS)
waves, travel along a similar path to the inner-core–
reflected waves PKiKP (Figure 1a), follow immediately
after the expected PKiKP arrival, grow to a peak at �50 s,

and slowly decay over time. Koper et al. [2004] found
additional evidence of the ICS waves from a global study
using seismic data recorded by array stations of the Inter-
national Monitoring System.
[3] Although it has been suggested that the ICS waves

could be produced by reverberations at the inner-core
boundary (ICB) [Poupinet and Kennett, 2004], synthetic
calculations using a single-scattering approximation and ray
theory favor the idea that the spindle shape, or initial
growing PKiKP coda, can only be produced from volumet-
ric heterogeneities located inside the shallow portion of the
inner core [Leyton and Koper, 2007a]. Since the ICS waves
are backscattered in the top few hundred kilometers of the
inner core, they provide one of the highest-resolution tools
for better understanding of the fine-scale structure of the
inner core. This has important implications for our knowl-
edge of core processes, including the solidifying of the inner
core from the liquid outer core, and the generation of the
Earth’s magnetic field. Temporal changes in ICS waves can
be used to further refine the differential rotation rate of the
Earth’s inner core [Vidale et al., 2000].
[4] The ICS waves reported by Vidale and Earle [2000]

were originally observed in seismic data produced by 12
earthquakes and four nuclear explosions in the distance
range of 58� to 73�, and recorded by the Large Aperture
Seismic Array (LASA) between 1969 and 1975. Here we
use the same data set, and find a total of 44 events
generating high-quality ICS waves in the distance range
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of 34� to 98�. Most of the ICS waves have a spindle-shaped
envelope, and the durations shrink with increasing distan-
ces. We also perform forward modeling of the observed ICS
waves using a Monte Carlo seismic phonon method that
allows for multiple scattering events between source and
receiver [Shearer and Earle, 2004]. In addition, we find that
most ICS waves are coming from raypaths sampling the
Pacific Ocean and Asia, and relatively few observations
from the Atlantic Ocean. This is roughly consistent with the
recently observed hemispheric pattern of the inner-core
structure [Creager, 1999; Niu and Wen, 2001; Wen and
Niu, 2002; Cao and Romanowicz, 2004; Koper et al., 2004;
Leyton and Koper, 2007b; Cormier, 2007].

2. LASA Array and Data Selection

[5] We use the short-period array data generated by 152
events (Figure 1b) and recorded by LASA, which was in
operation from 1968 to 1978 [Frosch and Green, 1966;
Hedlin et al., 2000]. It consisted of up to 525 short-period

(�1 Hz) borehole sensors with an aperture of �200 km. The
E and F outer rings were turned off before 1974. Because
there were large travel time anomalies associated with the
outer rings [Engdahl and Felix, 1971], we only use data
recorded by the inner four rings (A, B, C, and D) in this
study, representing 13 subarrays and at most 207 stations
(Figure 2). The corresponding station coordinates are listed
in Table S1.1

[6] We select events in the distance range of 12–98�,
where PKiKP is precritical and most energy incident on the
ICB is transmitted rather than reflected. We visually inspect
all the waveforms, and remove those events with no data or
strong glitches in the time window of 890–1340 s, which
roughly corresponds to 100 s before the minimum, and 250 s
after the maximum theoretical arrival time of PKiKP on
the basis of Preliminary Reference Earth Model (PREM)
[Dziewonski and Anderson, 1981]. After the selection
process, we obtain a total of 78 events for further analysis.
The event information, epicentral distance, back azimuth,
and quality of the PKiKP and ICS waves (as described in
section 4) are listed in Table S2.

3. Analysis Procedure

[7] We use a modified version of the Generic Array
Processing (GAP) Software Package [Koper, 2005] (The
GAP source code are available at ftp://ftp.eas.slu.edu/pub/
koper/gap.1.0.tar.gz) to analyze the data. We first filter the
records with a three-pole Butterworth band-pass filter with
corners at 0.67 and 1.33 Hz. Next, we apply a sliding
window slowness analysis for all data generated by the 78
events. We use a time window of 2 s with a 50% (1 s)
overlap. For each time segment, we perform a search over a
grid of potential 2D slowness vectors, and select as optimal
the slowness vector that gives the highest beam power.
Beam power is defined as the root-mean-square (rms)
amplitude over the selected time window, with amplitude
proportional to the ground velocity. The waveform coher-
ence is also computed by stacking the instantaneous phases
of the shifted traces [e.g., Schimmel and Paulssen, 1997].
[8] An example of the GAP output is given in Figure 3.

This event was the first of the two closely located nuclear
explosions at Novaya Zemlya that were used in Vidale et al.
[2000] to constrain the inner-core differential rotation. The
direct P wave is slightly clipped. Two mantle phases, PcP
and PP, are nearly buried in the P coda waves. The direct
PKiKP wave is not prominent at a distance range of �60�.
However, there is a clear signal that persists for �200 s after
the expected PKiKP arrival, which is marked by a drop to
near-zero slowness and a slight increase in beam power and
coherence. This signal, termed ICS waves by Vidale and
Earle [2000], is most likely scattered in the upper few
hundred kilometers of the inner core and follows a similar
raypath to that of the core-reflected phase PKiKP (Figure 1).
PKKP, which reflects from the underside of the core-mantle
boundary, does not appear at 60� as a distinct arrival but as a
broad envelope of scattered energy (termed PKKPX by
Earle and Shearer [1998]) around the theoretical PKKPDF

time. Finally, P0660P0, P0440P0, and P0P0, the underside

Figure 1. (a) Raypath for PKiKP at a distance of 60�. At
this range, most of the energy is transmitted across the
inner-core boundary. The inner-core scattering (ICS) wave
path is very similar to that of the PKiKP. (b) A map showing
the epicentral locations of 78 events (stars) and the distances
to the center of the LASA array (black triangle) by an
azimuthal equidistant projection. The black circles mark the
16 events that were used in the study of Vidale and Earle
[2000]. The dashed circles mark the distance at 30�
increments.

1Auxiliary materials are available in the HTML. doi:10.1029/
2007JB005412.
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reflections from the 660 km and 440 km mantle disconti-
nuities and the Earth’s free surface, respectively, appear at
2200–2400 s.
[9] We note that there is an abrupt change in back

azimuth and slowness for the ICS waves occurs about
100 s after the PKiKP arrival, and the back azimuth is
scattered rather than following the minor arc direction. This
is likely due to the decaying P coda and gradually increasing
ICS amplitude (Figure 3i). Only after about 100 s does the
grid search program pick the back azimuth and slowness
corresponding to the ICS as the best fitting parameters. In
addition, the ICS waves cover a range of slowness around
the expected PKiKP arrival, which is very near zero
slowness. Some of them may be associated with negative
slowness, and hence result in back azimuths similar to major
arc phases such as PKKP and P0P0.
[10] Next, we construct envelope beams with linear

summation on the basis of the theoretical PKiKP slowness
from PREM [Dziewonski and Anderson, 1981]. We then
stack 21 envelopes with ±1 s/deg around the expected
PKiKP slowness, and smooth the resulting envelope stack
by a median operator with a half width of 20 data points
(2 s). The 2 s/deg slowness window captures most of the
ICS wave energy around the PKiKP slowness (Figure 3).
We also compute a noise envelope by averaging 21 enve-
lopes between –9 and –7 s/deg, where no clear phase is
expected or observed around the PKiKP arrival [Vidale and
Earle, 2000]. The choice of the slowness window for noise
is somewhat arbitrary, but helps to define a background
noise level that is relatively stable across a wide range of
slowness. The noise is removed by squaring the signal

envelope, subtracting the square of the line fit to the noise,
and taking the square root [Vidale and Earle, 2000]. An
example of this procedure is shown in Figure 4 for the same
nuclear event. The resulting ICS envelope has a clear
spindle shape, building to a peak at about 50 s and then
slowly decaying afterward.

4. Variations of PKiKP and ICS Waves With
Magnitude and Locations

[11] We assign a quality index for PKiKP and ICS
generation to all 78 events on the basis of visual inspection
of the slowness analysis output (Figure 3) and the resulting
ICS envelope (Figure 4). Before assigning the qualities, we
check the signal-to-noise ratio (SNR) of the resulting
envelope, and require that the average amplitude within
25 s of the expected PKiKP arrival be at least 1.5 times
larger than the preevent noise level (30 to 5 s before the
expected P arrival). Eleven envelopes do not satisfy this
criterion. Next, we assign one of the following three quality
indices to the PKiKP and ICS waves for each event:
(2) conclusive, (1) inconclusive, and (0) negative. We
require that the events with a quality of 2; for PKiKP have
a sharp arrival at the expected arrival and slowness, and that
those events with a quality of 2 for ICS waves have
persistent coda energy with the expected PKiKP slowness
clearly above the preevent noise level. For example, the
nuclear event presented in Figures 3 and 4 has a quality of 0
in PKiKP, and 2 in ICS waves. Additional examples
corresponding to other qualities are shown in Figure 5.

Figure 2. (a) Geometry of the inner four rings of LASA subarrays that are used in this study. (b) The
corresponding array response function (ARF) for a frequency of 1 Hz. (c) The azimuthally averaged ARF.
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