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A B S T R A C T

The Earth's Inner Core may rotate at a different speed than Earth's crust–mantle. We use observations for antipodal earthquake and station pairs to examine the
arrival time shift of the whispering-gallery wave which propagates tangentially along the top of the Inner Core. Observations of these waves for earthquakes which
occurred at the same location reveal that travel times vary by≥0.2 s over the past 20 years. We propose that these time shifts are caused by the interaction of a zero
rigidity patch (lateral heterogeneity) at the Inner Core surface with the Inner Core differential rotation. The simplest interpretation infers a rotation rate of 0.05°/
year, which is one order of magnitude smaller than those reported by previous studies. Our result may also give constraint to the provenance of a zero rigidity patch
at the Inner Core surface. The Fresnel zone coverage of whispering-gallery PKIIKP+… antipodal measurements beneath the Inner Core boundary extend over ~60%
of the boundary surface, in contrast to PKiKP–PKP paths which individually measure specular reflections (~1 Hz) from the top of the ICB over Fresnel zones each
encompassing 0.002% of the Inner–Outer Core boundary.

1. Introduction

The differential rotation of the Earth's Inner Core with respect to the
Mantle has been controversial since its discovery (Song and Richards,
1996; Su et al., 1996; Creager, 1997; Laske and Masters, 1999; Vidale
et al., 2000; Zhang et al., 2005; Wen, 2006; Cao et al., 2007; Waszek
et al., 2011; Tkalčić et al., 2013). Observations apparently contra-
dictory to differential IC rotation have been raised by Mäkinena and
Deuss (2011) and Yao et al. (2019). The question of inner core rotation
is important for understanding the growth and structure of the IC over
time (e.g., Loper, 1983; Loper and Roberts, 1981; Lister and Buffett,
1995; Huguet et al., 2018), convection in the Outer Core, and the
geodynamo responsible for Earth's magnetic field (e.g., Gubbins, 1977,
1981; Loper, 1978; Glatzmaier and Roberts, 1995; Aubert and
Dumberry, 2011).

Here we extend our antipodal observations of the whispering-gal-
lery wave (Butler and Tsuboi, 2010 and Supplement) and report on the
time shift of this wave over the past 20 years. The simplest inter-
pretation for our observed time shift is by the Inner Core differential
rotation with a 0.05°/year rotation rate, which discloses lateral het-
erogeneity at the top of the IC. Nonetheless, other explanations are
considered. Since the whispering-gallery wave propagates at the top of
the Inner Core (see Fig. 1)—tangential to the vertical radial and over a
ray surface encompassing nearly 60% of the Inner Core—it provides
corroboration of Inner Core rotation and lateral heterogeneity in-
dependent of previous observations of PKiKP, and PKPBC.

2. Antipodal observations

Antipodal observations have the potential to illuminate structure in
the Inner and Outer Core region of the Earth (Rial, 1979; Rial and
Cormier, 1980; Butler, 1986; Niu and Chen, 2008). In 2010 we found a
pair of earthquakes (a doublet) in Tonga, recorded at TAM, Ta-
manrasset, Algeria (see Butler and Tsuboi, 2010, Supplemental mate-
rial). The substantial amplification and phase shift for PKPAB with re-
spect to PKIKP shown in these seismograms demonstrates their close
proximity to the antipode. Both events exhibit the same PKPAB–PKIKP
differential time of 113.2 s to within 0.1 s, indicating the same anti-
podal distance. The cross-correlation measurement of goodness of fit
r12 = 0.97 over a 130 s window extending from PKIKP and through
PKPAB. In this observed waveform, PKIIKP (a single reflection within
the Inner Core at the Inner-Outer Core Boundary, IOCB) comes about
32 s after PKIKP (as determined by tau-P method (Crotwell et al., 1999)
for PREM and IASPEI91), which represents a “whispering gallery” of
energy propagating along the boundary (Fig. 1). After 8 years from
discovery, we have checked if a third event had occurred in the same
region, conferring a triplet of antipodal observations. We actually found
that there was an event in 2011, which occurred at the same region
with almost the same magnitude (Supplementary Table S1). This third
event also shows substantial antipodal amplification for PKPAB with
respect to PKIKP, appropriate PKPAB phase shifts, identical PKPAB-
PKIKP timing of 113.2 s, and correlation with the doublet (Fig. 2).

We modeled the data in Fig. 2 by using the spectral-element method
(SEM) as a reference (Komatitsch and Vilotte, 1998; Komatitsch et al.,
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2002; Tsuboi et al., 2003; Komatitsch et al., 2005) to compute synthetic
seismograms accurate up to 3.5 s. The initial model used incorporates a
simple PREMmodel (Dziewonski and Anderson Dziewonski and Anderson,
1981). The synthetic seismogram shows arrival of PKIIKP at antipodal
station with smaller amplitude than observation, which may suggest that
the IOCB region is not modeled well with the simple PREM model.

3. Time shift of whispering-gallery wave

For the antipodal (~180°) TAM triplet in Fig. 2, we calculate cross-
correlation of PKIKP arrivals for each event pair, (i.e., 1992–2001,
1992–2011, and 2001–2011) and shift the time series to align PKIKP
phases. Then we read time shifts of arrivals of PKIIKP manually, which

Fig. 1. Principal antipodal ray surfaces are shown in
cross section. PKIKP (black) travels a ray path along the
diametral axis between earthquake and seismic station,
but is not antipodally focused. PKP-AB (blue) traverses
the D" region at the base of the Mantle and the upper
Outer Core. PKP-Cdiff (red) diffracts around the Inner
Core at the base of the Outer Core. PKIIKP (green) enters
the Inner Core and reflects once beneath the top of the
Inner Core. The whispering-gallery arrivals (…PKIIIKP
+PKIIIIP+…) travel between PKIIKP and PKP-Cdiff ray
surfaces. (For interpretation of the references to color in
this figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 2. (A) Broadband vertical seismograms for triplet
events, TAM-2011 (blue), TAM-2001 (red) and TAM-
1992 (black), are plotted. Each velocity seismogram is
aligned to the arrival of PKIKP phase. The PKIIKP phase is
highlighted within dotted window. Synthetic velocity
seismogram of PREM model for event TAM-1992 is also
plotted (green). Time is expressed relative to earthquake
origin time aligned to PKIKP peak. (B) Detail of antipodal
triplets for TAM are plotted for velocity. Arrival times of
PKIIKP phase (first trough within dotted window) are
read at around 32 s after the PKIKP arrival. (For inter-
pretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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are associated with the whispering-gallery waves at the very top of the
Inner Core. We show closeup PKIKP and PKIIKP arrivals in Fig. 2b
(detail). Between 1992 and 2001 the time shift is +0.25 s and between
1992 and 2011 the time shift is +0.2 s. Because it is difficult to des-
ignate where exactly the PKIIKP wave starts and ends as a whispering
gallery, to be very conservative we measured the first arrivals of PKIIKP
waves (velocity) shown in Fig. 2 at the initial first motion (trough)
following the PREM time (32 s) for PKIIKP at 180°. Nonetheless, a wider
spread of differential times and phase correlations are also apparent
later into the PKIIKP+PKIIIKP+… wave train, which do not conform
with a simple linear trend.

If the top ICB structure is laterally homogeneous, then there would
be no time shift in PKIIKP. Hence, both lateral heterogeneity and ro-
tation are necessary to see any “rotation” effects in PKIIKP. If there is no
rotation, then the lateral heterogeneity must be time dependent to
produce a changing time shift. Hence, the ~0.2 s temporal anomaly is a
minimum estimate—e.g., Butler and Tsuboi (2010) estimated an
anomaly of +0.5 s, based on displacement data. As shown in Butler and
Tsuboi (2010), the antipodal annular ray-surface for PKIIKP for the
Algeria-Tonga axis encompass nearly 60% of the ICB. Because the ar-
rivals of PKPAB relative to PKIKP at TAM do not show the time shifts
seen in the PKIIKP phase, we may assume that these temporal changes
of PKIIKP arrivals over 20 years arises from some temporal changes at
the ICB.

4. Inner Core differential rotation and heterogeneity at the IC
surface

Here we propose that this temporal change in PKIIKP phase may
arise from the differential rotation of the Inner Core relative to the
mantle. It is generally thought that the Inner Core surface reveals quasi-
hemispherical structure (Tanaka and Hamaguchi, 1997; Niu and Wen,
2001). We may assume that due to the eastern direction of inner-core
differential rotation, the annular PKIIKP propagation path at the surface
of the Inner Core is laterally heterogeneous –e.g., PKiKP-PKIKP differ-
ential times are faster in the quasi-eastern hemisphere (40°E–180°E,
surface longitude projected to ICB) and slower in the quasi-western
hemisphere (180°W–40°E), with respect to the PREM model. Recently it
also has been shown that some portions of the surface of the Inner Core
may exhibit almost zero rigidity (Cormier, 2015). This low rigidity
feature at the surface of the Inner Core is also shown by stacked traces
of our study (Fig. 3). We have substantially augmented the antipodal
data set introduced by our previous study (Butler and Tsuboi, 2010),
comprising diametral axes between earthquake and antipodal receiving
station (i.e., Tonga–Algeria) from 8 earthquakes to 39 in the distance
range Δ > 179°. This has enabled data stacking to improve the signal-
to-noise of the inner core arrivals. Stacked antipodal data for the Ton-
ga–Algeria diametral axis are shown in Fig. 3. We model the data in
Fig. 3 by using SEM for PREM and modified model Vp4. The working
model Vp4 incorporates a liquid-liquid IOCB (Cormier, 2015), and a
liquid-solid discontinuity at a radius of 1100 km, or ~120 km below the
IOCB. An unknown inner core arrival in Fig. 3 is featured in Vp4 but not
PREM, which suggests that there may exist a region of very slow, shear
wave velocity at the top of the Inner Core.

If the rigidity is zero in these low shear velocity regions, then we
may assume that the P wave speed becomes almost 6.1% slower, con-
sistent with the PREM velocity decrease between the Inner and Outer
Core (Cormier, 2015). The observed 0.2 s delay of PKIIKP phase may be
interpreted that the P-wave velocity along some portion of PKIIKP ray
path surface becomes ~6.1% slower at the ICB. We may assume this
portion is about 22 km, which is the ray path length over which a 6.1%
P-wave velocity reduction (solid to liquid) results in a 0.2 s slower
travel time compared with a P-wave velocity of 11 km/s. Because the
diametral axis between Tonga-TAM is nearly equatorial, a 22 km por-
tion of PKIIKP ray path corresponds to ~1° rotation at the surface of the
Inner Core. Changes in PKIIKP ray path (1992) projected at the surface

of the Inner Core are shown in Fig. 4. Thus, a 1° rotation of the Inner
Core over 2 decades is equivalent to a 0.05°/yr rate, which is almost 6
to 20 times smaller rotation rates than reported by previous studies
(Song and Richards, 1996; Creager, 1997; Zhang et al., 2005). Since
PKIIKP propagates at the top of the Inner Core—tangential to the ver-
tical radial and over a ray surface encompassing much of the Inner
Core, it provides corroboration of Inner Core rotation independent of
PKPBC-PKIKP and PKiKP-PKIKP observations.

5. Discussion

Recently, Wang and Song (2019) has claimed that the doublet
earthquakes we observed in 2010 are not located at antipode of TAM
and that the PKIIKP phase we observed was generated by scattering of
strong heterogeneities in the mantle wedge above the subducting Tonga
slab near Fiji. They used ISC epicenters for our doublet and the epi-
central distance for these earthquakes from station TAM is less than
179.6°. In Butler and Tsuboi (2010), we have carefully selected 20
station-event pairs with good signal-to-noise in the antipodal distance
range 179–180° based on NEIC or ISC distances. We have shown that
the doublet reported in Butler and Tsuboi (2010 Supplement) exhibits
substantial amplification for PKPAB and other phases with respect to
PKIKP (which is not focused) and show the characteristic, additional π/
4 phase shift predicted for PKPAB. We also have calculated the corre-
lation coefficient of traces aligned on PKIKP and PKPAB (r12 = 0.97)
and confirmed that the two events can be regarded as doublet event.
Wang and Song (2019) does not consider PKPAB amplification and
waveform similarities and rejects the possibility of antipodal location of
the doublet, which is not a decisive argument. Thus we suppose that our
statement of doublet identification at antipode still holds and we may
assume that the large amplitude arrival is really PKIIKP phase.

Although we have discussed a scattering origin of this phase in the
Supplemental material of Butler and Tsuboi (2010) we consider the
possibilities of generating a large amplitude phase by scattering near
the subducted Tonga slab to the antipode at TAM. Wang and Song's
(2019) scatterer is located at (18.7°S, 179.1°W) at a depth of 450 km
near Fiji, and is based solely on timing. However, this does not account
for geometric spreading associated with the scattering interaction (see
bistatic radar equation 4-1, Ishimaru, 1978), when the ray parameter is
reset (i.e., not a specular reflection). Let R0 = 2 ∗ 6371 km for antipodal
PKIKP, R1 ~800 km (distance to scatterer from earthquake) and
R2 = 2 ∗ 6371 – 450 km (PKIKP distance from scatterer to TAM). For
PKIKP geometric spreading is proportional to (1/R0) whereas for the
scatterer path, geometric spreading is proportional to ( )R R1

1 2 (Ishimaru,
1978). PKIKP spreading effect is proportional to 7.8 × 10−5 whereas
for the scattered path the effect is 1.0× 10−7. Hence, energetically the
scattered wave arrival is 0.1% of the amplitude of PKIKP. This does not
take into account the actual conversion losses in the scattering inter-
action (both with the Tongan slab and below Fiji), which will further
diminish the amplitude of the proposed scattered arrival at TAM. Fi-
nally, the timing of the S-to-P scattered arrival relative to PKIKP is
~114 s after PKIKP, which is later than the ~32 s time of PKIIKP. Given
the observations (Fig. 3) of PKIIKP+PKIIIKP+… with an amplitude
comparable to PKIKP and at the theoretical time of PKIIKP, the scatterer
proposed by Wang and Song (2019) is an insufficient alternative to
PKIIKP observed at TAM.

Butler and Tsuboi (2010) considered a scatterer directly beneath the
doublets corresponding to S300PKIKP, which nominally has timing
near PKIIKP. Since both SV and SH motions are normal to PKIKP, the
S300-to-PKIKP transmission coefficient is zero for the radially sym-
metric earth. To have a non-zero coefficient, there must be a substantial
dipping interface at 300 km. The Tonga slab is about 400 km west,
dipping 12° westward. Therefore, PKIKP or S traveling vertically
downward miss the Tongan subduction heterogeneity. Recent P-wave
tomographic imaging of the Tonga subduction system (Fukao and
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Obayashi, 2013) show velocity anomalies of< 1% beneath the TAM
antipode near the 300 km depth, but no clear evidence of a scattering
structure. Although a contribution from S-to-PKIKP cannot be refuted,
neither is there evidence. Since the PKIIKP is a regular seismic phase, it
has provenance over an ill-defined scattering surface or body.

Recent work by Yao et al. (2019) carefully examined inner core
differential rotation reported in previous works and claimed that ob-
served PKIKP and PKiKP changes may be explained by temporal
changes of the IC surface rather than rotation. One of three assertions
involved scatterers at the ICB. To explain coda observed in PKIKP and
PKiKP arrivals from a 1993 earthquake, Yao et al. (2019) propose a
scatterer at the ICB beneath northern Brazil, offset ~10°E laterally from
the great circle between arrays in Alaska and Canada and South
Sandwich Islands (SSI) doublet earthquakes. Since this scatterer is not
observed to rotate with the Inner Core into the field of view of the
observing arrays—and eventually disappears by 2003—Yao et al.
(2019) conclude that differential rotation of the IC is “implausible.”
Nonetheless, as the scatterer's location is derived from timing and back
azimuth measures, we invoke Ishimaru (1978) to consider geometric
spreading effects. For a path length R0 between SSI earthquakes and
Alaska arrays, the scatterer parses the path length in sections of about
R1 = R0/3 and R2 = 2R0/3. For the direct path, the geometric
spreading ~1/R0 and for the combined paths earthquake→ scatterer &
scatterer → array, the geometric spreading amplitude follows:

= =( ) { }{ }R R R R1 1 4. 5/ .R R
1 2 3

2
3

9
2 0

2 0
20 0

Although a simple example, this illustrates that the amplitude of the
scattered path diminishes as 4.5/R02. Given the extreme geometric loss
rate for the scattered path, the apparent lack of rotational effects and its
disappearance, are not unexpected.

Although the observation of PKIIKP at antipodal stations is not
discussed in Yao et al. (2019), temporal changes of the IC surface at the
PKIIKP reflection point with 1 km increase in radius (Yao et al., 2019)
may explain 0.2 s change of PKIIKP phase over 20 years. However,
PKIIKP reflection should occur in the annular region surrounding the IC

surface, which is contradictory to the suggested localized change at the
IC surface within a timescale of days or months, as proposed in Yao
et al. (2019). Thus, the simplest exclamation for the temporal change of
PKIIKP over 20 years is by inner core rotation with 0.05°/year.

A recent study for the amplification of antipodal PKIIKP waves
(Cormier, 2015) proposes a region in the equatorial quasi-eastern
hemisphere at the surface of Inner Core where there exists anomalously
low or near-zero shear modulus in a 20 to 40 km thick layer beneath the
ICB, also reported by Attanayake et al. (2018) and Tkalcic and Pham
(2018). Although the patch size of this anomalous region is not certain,
it is proposed that this patch is best explained by freezing rather than
melting (Cormier, 2015). This anomalous patch in the equatorial quasi-
eastern hemisphere may result in temporal evolution of the PKIIKP
arrival. If we assume the eastward differential rotation of the Inner
Core, the fraction of the slow region along the ray path of PKIIKP wave
may increase at the margin of PKIIKP ray annulus at around 50°E. It
also should be noted that there is a possibility that the time shift of
PKIIKP arrival becomes zero or negative, if this slow patch region is
entirely covered by the PKIIKP annulus as the result of the Inner Core
differential rotation. This may imply that the PKIIKP arrival time shift
may give constraints to the size of slow patch if we may assume the
differential rotation rate. There may be a possibility that the slow patch
region may affect the waveform of PKIKP phase. However, as the
thickness of slow patch is thin and the velocity perturbation is small, it
is not likely that it is seen in PKIKP waveform. Butler and Tsuboi (2010)
show additional antipodal pairs wherein the PKIKP waveforms may
pass through this slow patch, but does not show such features.

As an alternative explanation to differential rotation, the time shift
of PKIIKP arrival may arise from lateral expansion or contraction of
near-zero shear modulus patches over time. However, these changes
would not be restricted to the edge of the PKIIKP Fresnel zone, but
would encompass the integrated contribution over the whole IC ray
surface of the whispering gallery phase (Fig. 4). Decadal changes in
PKiKP–PKIKP (~1 Hz) differential times may be modeled by 1–km
changes in IC topography, not due to rotation (Wen, 2006). However,
the heat of fusion required to freeze or melt this mass (2.4E+15 kg) is
substantial. For the Core, Nimmo (2015) and Huguet et al. (2018)

Fig. 3. (left) Stacked TAM displacement data are compared with PREM and Inner Core model Vp4. The PKIIKP arrival time in aqua, preceded by an unknown Inner
Core arrival (?) in yellow, are featured in Vp4 (blue arrows) but not PREM. (right) Inner Core velocity profiles, Vp4, for P-waves (green) and S-waves (blue). Dotted
red indicates modification from PREM model.
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estimate the heat of fusion at 750 kj/kg, and specific heat capacity at
785 ± 75 j/kg°. Thus, the heat of fusion associated with this mass
(2.4E+15 kg) requires 1.8E+18 kj, which is about 1000-fold larger
than its heat capacity (compare ice, where the ratio is about 80). Over a
decade the power required is about 5.8 GW. This is a fairly large
number for a fairly small feature. In contrast, the “shadow” differential
rotation can easily expose or hide such structures, that may be formed
over much longer time scales. Without differential rotation the PKIIKP
+… ray surface must integrate over processes covering 60% of the ICB,
dynamically acting over a decade, to produce travel-time fluctua-
tions> 0.2 s.

We recognize that the 20 years are too short an interval to clearly
resolve the inner core rotation rate and the concomitant velocity het-
erogeneity of the Inner Core. Over these two decades, we have observed
minimum time shifts of +0.2 s. Thus, we admit that the inner core
differential rotation we observed for PKIIKP time shifts for the earth-
quake triplet is not yet strongly resolved. We need to have additional
earthquakes for the same region. Observations for a century might be
necessary to confirm the inner core rotation rate through seismological
observation. Nonetheless, because the temporal inhomogeneity ob-
served for PKIIKP has been changing for past 20 years, it may be

promising to use these observations for the estimation of inner core
rotation rate and Inner Core structure. We may wait until the next
earthquake to comprise a quartet for checking the time shift for PKIIKP.
Searching for other antipodal pairs to obtain PKIIKP phase observations
might be necessary.

6. Conclusions

We have used observations for antipodal earthquake and station
pairs and found that there exists a time shift of the whispering-gallery
wave which propagates along the top of Inner Core. We propose that
these time shifts are caused by the interaction of a zero rigidity patch at
the Inner Core surface with the Inner Core differential rotation. Our
interpretation is consistent with the rotation rate is 0.05°/year, which is
one order of magnitude smaller than those reported by previous studies.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.pepi.2020.106451.
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