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The solid inner core is at the center of the Earth, gravitationally held within the liquid outer core. It 
is one of the most dynamic parts of Earth’s interior. Since the initial claim of inner core differential 
rotation relative to the mantle, its existence and rate have been challenged for over two decades. Here, 
we re-examine the seismic records of two megaton nuclear tests in Novaya Zemlya, Russia, three years 
apart, from the Large Aperture Seismic Array in Montana, USA. Using an improved static time correction 
from an antipodal earthquake, we refine the resolution of the beamforming of PKiKP and its inner-core 
scattered coda. Then, we measure the slight time shifts (tenths of seconds) between the inner-core-
scattered waves from the two events with moving-time-window cross-correlation. Applying a novel back-
projection method, we locate the inner-core regions that scatter the energy within the PKiKP coda based 
on its slowness and the lapse time. We then measure the inner core rotation, first assuming alignment 
with Earth’s rotation axis, then finding the best-fitting differential rotation axis with a grid search. The 
rotation rates here are robust and consistent across the many scattered arrivals throughout the inner 
core scattering wavetrain. Our results indicate 0.10◦/year inner core super-rotation rate from 1971 to 
1974 aligned with Earth’s rotation axis, or 0.125◦/year with the rotation axis tilting about 8◦ from the 
Earth’s rotation axis, which yields a marginally better fit to the observed time shifts.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Earth’s solid inner core (IC), which grows from the slow so-
lidification of the liquid outer core (OC), is a central but poorly 
understood frontier of Earth sciences. The latent heat and light el-
ements released during the solidification drive the convection in 
the OC, which powers the geodynamo for the Earth’s geomag-
netic field [Gubbins, 1981; McFadden and Merrill, 1984; Glatz-
maier and Roberts, 1995]. The IC is gravitationally held under the 
liquid OC, and differential rotation of the IC from the electromag-
netic torque produced by the OC convection is possible [Glatzmaier 
and Roberts, 1995]. Investigation of the motion of the IC may im-
prove the knowledge of the formation and evolution of the IC and 
OC and enhance the understanding of Earth’s geomagnetic field.

Differential rotation of the IC was first apparent in the three-
dimensional numerical simulations of the geodynamo [Glatzmaier 
and Roberts, 1996], and then corroborated by the seismological 
observations of the systematic increase of the PKPbc (a compres-
sional wave bottoming in the lower outer core) – PKIKP (a com-
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pressional wave refracted in the IC) differential travel times from 
1967 to 1995 [Song and Richards, 1996]. Since then, many ensuing 
studies of the IC differential rotation have inferred similar super-
rotation, using various seismological data, i.e., transmitted body 
waves [Creager, 1997; Zhang et al., 2005; Yang and Song, 2020a], 
back-scattered body waves [Vidale et al., 2000; Vidale, 2019], and 
normal modes [Laske and Masters, 2003]. More recent works have 
advanced models that are quite diverse, including super-rotation 
rates varying from about 1◦ per million years to 3◦ per year [Song 
and Richards, 1996; Su et al., 1996; Creager, 1997; Laske and Mas-
ters, 2003; Zhang et al., 2005; Cao et al., 2007; Waszek et al., 
2011; Yang and Song, 2020a], accelerating rotation [Lindner et al., 
2010], and strongly fluctuating or oscillating rotation rates [Ding 
and Chao, 2018; Tkalčić et al., 2013]. At the same time, the very 
existence of the IC differential rotation has been in debate. Some 
studies argued the measured PKPbc-PKIKP differential travel times 
may represent mislocations of the earthquakes [Souriau, 1998a, 
1998b; Poupinet et al., 2000] or heterogenous structure along the 
raypaths [Souriau and Poupinet, 2000]. The time-varying PKiKP ar-
rivals (a compressional wave reflected at the IC boundary) might 
indicate localized changes at the inner core boundary (ICB) [Wen, 
2006; Xin et al., 2015; Yao et al., 2015, 2019]. Consequently, some 
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studies [Yao et al., 2019; Mäkinen and Deuss, 2011; Deuss, 2014] 
claim that some of the best resolved datasets cannot be interpreted 
as the pure super-rotation.

Vidale et al. [2000] first used inner-core scattered waves (ICS) 
to estimate a rotation rate of ∼0.15◦/year. In his recent study [Vi-
dale, 2019], using correlation-based static corrections for the Large 
Aperture Seismic Array (LASA) stations, the resolution of the beam-
forming is improved. The time shifts between the hand-selected 
coherent blips from the two nuclear tests are used to estimate a 
rotation rate that is about half of the previous study, ∼0.07◦/year. 
As controversy about the reality of IC rotation persists, in this 
study, we take into account the depths of scatterers and objec-
tively threshold the significant signals and time shifts. We also 
consider the case that the pole of differential rotation may differ 
from Earth’s pole of rotation.

2. Data and method

The IC scattered waves, compared to the transmitted (PKIKP) 
or reflected compressional (PKiKP) waves, are more precise and 
sensitive to a small IC rotation [Vidale, 2019]. Also, the systematic 
changes of time shifts from the numerous IC scatterers provide a 
wide spatial coverage and many measurements of the IC interior 
compared to the limited measurements from transmitted waves. 
The disadvantage of the IC scattered waves is that the observation 
of the short-period ICS relies on the geometry and aperture of the 
network, and sufficiently favorable data are rarely recorded. Also, 
large events and precise repeatability are required to measure the 
time shifts.

In this study, we use the seismic records of a pair of megaton 
nuclear tests in northern Novaya Zemlya, Russia in September 1971 
and August 1974, recorded at ∼60◦ distance on LASA in Montana, 
USA. LASA comprised up to 525 vertical-component stations across 
a 200-km aperture, emplaced in 60-m boreholes in firm ground 
(see Fig. 1, Frosch and Green, 1966). 311 stations recorded the first 
event and 205 the second one, with 199 in common. We will use 
in this study the common 199 stations to analyze the IC motion. 
The unsurpassed resolution of about 0.01 s/km slowness for LASA 
provides this fortunate chance to locate the scatterers within the 
IC, which refine estimation of the IC rotation.

We bandpass filter the seismograms to retain only 1 to 3 Hz 
energy; most is 1 to 2 Hz, centered at about 1.5 Hz. A beamform-
ing approach including static shift corrections is applied to all the 
available LASA stations, then envelopes are formed for each in-
cident wave slowness vector [Vidale, 2019]. The static shifts, on 
the order of tenths of seconds, correct the wavefront distortion 
due to crust and mantle structures under LASA. The statics, re-
fined for this paper, were estimated by cross-correlation alignment 
with iasp91 predictions [Kennett and Engdahl, 1991] of the PKIKP 
phases for an earthquake near the antipode [Vidale, 2019].

3. Time shift measurement by cross-correlation

In Vidale [2019], the time shifts between the two explosions 
are computed from the instantaneous phase difference of stacks 
at common slownesses and back-azimuths. In this study, we apply 
a moving-time-window cross-correlation (CC) approach to better 
measure the time shifts between the two beamformed stacks. To 
robustly measure the time shifts, we select a 4-second time win-
dow with up to a 0.4-second shift to search for the maximum 
CC. Compared with the method in Vidale [2019], the CC measure-
ments are more consistent in the large-amplitude, high-similarity 
regime, and smoother and more robust in the small-amplitude, 
low-similarity regime (see Fig. 2A & 2B and Figure S1).

In our moving-time-window CC approach, we again interpret 
only the data that surpasses the quality thresholding criteria from 
2

Fig. 1. The locations of the twin nuclear tests and LASA. The black triangle marks the 
location of LASA and the dashed circle highlights the geometry of the common 199 
inner-ring LASA stations used in this study. The magenta star shows the location 
of the twin nuclear tests used in this study. (For interpretation of the colors in the 
figure(s), the reader is referred to the web version of this article.)

Vidale [2019]. We compute the average of the envelope ampli-
tudes of the stacks and the envelope amplitude ratios between 
the traces for the two events at the same slownesses and back-
azimuths. In this study, we use two alternate approaches to search 
for the blips that are high-energy and highly coherent (HEHC). 
First, we select the numerous HEHC points using a generous cri-
terion; CC coefficients larger than 0.8, average amplitudes larger 
than 40% of the peak values of global beams, and amplitude ratios 
between the stack windows for the two explosions between 0.2 
and 1.8. Fig. 2 shows the results from imposing these criteria for 
the East-West (E-W) slowness slice with North-South (N-S) slow-
ness of 0.01 s/km. Second, we search for the more limited number 
of most robust HEHC points using the more stringent criterion of 
CC coefficients larger than 0.9, average amplitudes larger than 0.5, 
and amplitude ratios within 0.5 and 1.5 to find fewer but more 
robust time-shift estimates.

4. Array processing approach

The HEHC points each have a characteristic arrival time, back-
azimuth, and slowness. Based on these measurements, we back-
project the raypaths of the HEHC points to their corresponding 
scattering locations (see Fig. 3) [Frost et al., 2013; Vidale and 
Wang, 2020]. The basic idea is developed and improved from the 
techniques of Wen [2000] and Cao and Romanowicz [2007], which 
use beams of PKP precursors to determine the locations of scatter-
ers in the lower mantle based on a single scattering assumption. 
Energy at a specific time prior to the PKP arrival might arise from 
scattering anywhere on “isotime” surfaces on both source- and 
receiver-sides of the lower mantle. Adding the slowness vector of 
the precursor energy, in addition to its relative time prior to PKP 
arrival, constrains the scatterer location to a point rather than just 
somewhere on a surface. This approach has also been used to esti-
mate isolated scatterer locations in the mantle [Frost et al., 2013].

In the case that the IC moves relative to the mantle, the scat-
terers within the IC move with the IC. Consequently, the energy 
scattered by the same scatterer within the IC from the second nu-
clear test will arrive at a common station with a slight arrival time 
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Fig. 2. Energy blips selections shown against roughly transverse slowness and arrival time relative PKiKP. This slice has a fixed N-S slowness of 0.01 s/km. (A) & (B) show 
the time shifts between the beamformed waveforms from two explosive events computed with the method in Vidale [2019] and our CC approach. (C) is the CC coefficients 
between the beamformed waveforms. (D) is the amplitude ratios of the beamformed waveforms. (E) is the average amplitude. The black dots mark the points that meet 
the generous criterion as a blip. We discard the values of the time shifts, CC coefficients and amplitude ratios when their corresponding CC coefficients smaller than 0.5 or 
amplitude ratio is larger than 1.8 or smaller than 0.2.
shift relative to the first test (see Fig. 4C and 4D, Figure S2). In 
previous studies, the axis of the IC rotation relative to the man-
tle is assumed the same as the Earth’s rotation axis [e.g., Song 
and Richards, 1996; Vidale, 2019]. Here, the extensive coverage of 
the IC scatterers and robust measurements of time shifts provide a 
unique chance to explore both the rotation axis and the amount of 
rotation.

5. Results

We first identify all the HEHC points. There are a total of 6703 
points in slowness-delay-time space with our weak selection cri-
terion and 687 points with the stricter criterion. We note that our 
study focuses on the beamformed seismic energy from the IC scat-
terers, therefore we only use the points whose trajectories pass 
through the IC, although conceivably scattering in the outer core 
and mantle might contribute.

The slownesses of PKiKP phases from global events measured 
on LASA indicate that there is a tendency for raypaths close to 
the edges of the IC to have PKiKP slowness observations up to 
0.005 s/km greater than the predicted slowness, likely due to lat-
eral mantle structure under LASA [Vidale and Wang, 2020]. We 
thus apply a previously derived small empirical correction to those 
slownesses [Vidale and Wang, 2020]. Next, we back-project the 
high-energy points in the beam to their associated scatterer loca-
tions at the ICB or within the IC (see Fig. 4A & 4B). The scatterers 
on the western side of LASA correspond to the high-energy points 
of the negative E-W slowness (Fig. 2). The clear negative time 
shifts for the PKiKP coda arrivals incident from the west indicate 
that the PKiKP coda waves of the second explosive event arrived 
earlier than the corresponding waves from the first one. The time 
shifts are opposite for the scattered waves incident from the east 
3

of LASA (Fig. 2 & 4A). The east-west pattern indicates, for this ge-
ometry, that the western scatterers systematically move closer to 
LASA and the event location, while the eastern ones move away 
during the time period between the two explosive events. This 
spatial pattern of the time shifts is consistent with eastwards dif-
ferential IC rotation, i.e. super-rotation (see Fig. 4).

For comparison with the observed arrival time shifts, we com-
pute the pattern and amplitude of the time shifts that would arise 
from a 1◦ IC super-rotation of the scatterers relative to the mantle, 
with the rotation pole constrained to coincide with Earth’s rota-
tion pole (Fig. 4C and 4D, and Figure S2). We derive the travel 
time changes by 1D ray-tracing of the iasp91 model [Kennett and 
Engdahl, 1991].

The comparison of the observed time shifts with the predicted 
time shifts for the 1◦ super-rotation shows a clear linearity (see 
Fig. 4E & 4F). We use the L1-norm misfit to search for the best-
fitting rotation angle to find the best linear fit. We force the in-
tersect to be 0, as would be the case for a pure rotation. This 
procedure fixes the origin time difference between the two ex-
plosive events and searches for the best rotation angle. We note 
that Vidale [2019] used only the greater aperture of stations from 
1971 explosion to estimate slownesses, which may (or may not) 
reduce scatter at the expense of less uniform and comprehensive 
analysis.

Accounting for scatterers at all the depths, the best-fitting rota-
tion rate is 0.100◦/year, slightly larger than 0.07◦/year in previous 
study [Vidale, 2019]. The increased estimate arises because we 
here consider the depths of the scatterers, which were assumed 
to be shallow in the IC in the previous study. The time shifts mea-
sured for the scatterers remain similar, but for deeper scatterers 
at smaller radii from the center of Earth, larger angular rotation 
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Fig. 3. Illustration of the back-projection approach. (A) shows the seismogram (black) and envelope (cyan) from beamforming at N-S slowness 0.012 km/s and E-W slowness 
-0.012 km/s. The red dashed line marks energy corresponding to a particular scattering volume in the IC at 200 km below the ICB. (B), (C) and (D) show the lapse time 
after PKiKP, total slowness, and back-azimuth for scattering at this location 200 km below the ICB. The black diamond indicates the location of such a resolved scatterer. The 
black triangle shows the location of LASA and black dashed line indicates the outline of IC scatterers that would be visible at LASA from events everywhere. The magenta 
star indicates the source location, and the magenta dashed line shows the outline of the potential IC scatterers illuminated by this source that would be visible, given arrays 
everywhere. (E)-(H) show the scattering volume in the IC at 300 km below the ICB similar to (A)-(D). This figure illustrates that the PKiKP coda energy at late lapse time are 
scattered by the deep scatterers within the IC.
is necessary to match the observed time shifts (Fig. 4C and 4D, 
and Figure S2). It should be noted that our work mapping the 3D 
distribution of scatterers [Vidale and Wang, 2020] has provided a 
firmer basis for placing scatterers deep in the IC.

However, we prefer the slightly different solution obtained ig-
noring the time shifts for the deepest scatterers. Figs. 4E and 
4F reveal that the observed time shifts for the deepest scatter-
ers are systematically smaller than the predicted ones. This may 
4

arise from limitations in slowness resolution due to the finite fre-
quency of scattered waves, velocity structure errors, or multiple 
scattering, as we note below in the discussion. Thus, we prefer the 
slightly slower rotation rate of 0.096±0.008◦/year, which incorpo-
rates scatterers at only depths shallower than 300 km. To estimate 
the confidence of the rotation rate, we apply a bootstrapping tech-
nique [Efron and Tibshirani, 1991]. We randomly pick 300 out of 
the total 515 shallow scatterers (<300 km) and estimate the ro-
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Fig. 4. Distribution of time shifts and depths of the scatterers. (A) and (B) show the time shifts and depths of the single high-energy points. (C) and (D) show the distribution 
of the predicted time shifts assigned to the scatterers located at different depths assuming the IC rotates eastward 1◦ relative to the mantle. (E) shows the time shifts for 
the scatterers versus the predicted time shifts for a 1◦ rotation. Magenta points indicate the shallow scatterers (< 300 km) and magenta dashed line shows the linear fitting, 
and the cyan points show the case for deep scatterers. Black dashed line illustrates the best linear fit for all the scatterers. (F) shows the time shifts of scatterers versus the 
predicted time shifts for 1◦ IC rotation colored by the depths. Black line is the same as in (E).
tation rate. We repeat this procedure 200 times to estimate the 
uncertainty of the rotation rate.

6. Exploration of remaining misfit

The misfits between the predicted and observed time shifts 
with the depths and average amplitudes of the scatterers are 
shown in Fig. 5. The comparison with the depths shows the mean 
misfits deviate from zero with bias for the scatterers deeper than 
300 km. After removal of the arrivals scattered more than 300 km 
below the ICB, trends of misfit are unbiased (Fig. 5A & 5B). The 
comparison with the average amplitudes shows the misfits signif-
icantly increase below the average amplitude 50%, consistent with 
our selection criterion, which presumes lower quality for relatively 
small arrivals. For this reason, in this study, we prefer to omit the 
time delays of the deepest scatterers (> 300 km) in interpreting 
the rotation rate and rotation axis.

We offer three possible sources of the misfits. First, we applied 
a slowness correction to resolve the absolute slowness, motivated 
by the comparison of the observed and predicted PKiKP slownesses 
for 73 earthquakes and explosions [Vidale and Wang, 2020]. The 
5

predictions systematically underestimated the observed slowness 
near the PKiKP slowness rim of the IC. This correction is empirical 
but well-based on inspecting many PcP and PKiKP arrivals within 
epicentral distance 100◦ , but still only an approximation [Vidale 
and Wang, 2020]. Second, in this study, we assume only single 
scattering to locate the scatterers in the IC, encouraged by the 
long mean free paths computed from the scattering estimated by 
previous studies being much longer than the maximum depths of 
visible scattering (500 km) [Vidale and Wang, 2020]. Multiple scat-
tering might occur amidst strong heterogeneities, especially for the 
deeper IC scatterers. The comparison between the depths of the 
scatterers and the misfits indicates a clear bias for the deep scat-
terers (>300 km) (see Fig. 5A & 5B). This bias, which appears at 
300 km depth and below, might be because the late PKiKP coda 
energy contains multiple scattering.

So far, we have only interpreted the time shifts of the IC scat-
terers as differential rotation. However, there are other proposed 
mechanisms for localized IC temporal changes [Wen, 2006; Cao et 
al., 2007; Mäkinen and Deuss, 2011; Yao et al., 2015, 2019]. A third 
potential source of misfit is nonrotational processes, i.e., vertical 
motion of the ICB [Wen, 2006; Cao et al., 2007; Yao et al., 2015] or 



W. Wang and J.E. Vidale Earth and Planetary Science Letters 577 (2022) 117214
Fig. 5. The comparison of the misfits of the observed and predicted time shifts for 
the inferred rotation axis versus the depths and corresponding average amplitudes 
of the beamformed seismograms of the scatterers. (A) and (C) show the results for 
the scatterers that meet the high-level criterion. Red dots show the mean values of 
the misfits within the 50 km bins in depth. (B) and (D) show the results for the 
scatterers that meet the low-level criterion but not the high-level one.

structural changes in the IC or OC [Mäkinen and Deuss, 2011; Yang 
and Song, 2020b]. Time shifts caused by localized media changes 
could superimpose on the time shifts from IC rotation, generating 
additional misfit. However, any possible effects of localized tempo-
ral changes of IC are not big enough to be identified and separated 
in this study.

7. Rotation axis tilt

In previous studies of IC differential rotation, the axis has been 
fixed to be the same as the Earth’s rotation axis for lack of res-
olution to test the assumption. However, while this assumption 
seems likely, it is not dynamically required as far as we know. If 
the pole of IC differential rotation differs, it is expected to precess 
in retrograde motion about Earth’s rotation pole with an ∼15.6-
year period, termed IC wobble [Chao, 2017a].

Hence, we grid-search the tilt of the rotation axis, the azimuth 
of the tilt, and the rotation rate to find the best match to the 
time shifts of the high-energy points. To accurately estimate the 
rotation parameters, we first conduct a grid search for the global 
minimum using large 2◦ × 12◦ × 0.1◦ grid elements (latitude ×
longitude × rotation angle). Then, we conduct a finer-scale grid 
search around the coarse-grid global minimum using 0.5◦ × 1◦
× 0.001◦ elements. We also apply the same bootstrapping tech-
nique to estimate the confidence of the rotation pole and rotation 
rate. We randomly pick 300 out of the total 515 shallow scatterers 
(<300 km) and conduct the fine-scale regional grid search to find 
the best-fitting rotation pole and amount for 200 times to estimate 
the uncertainties (see Figure S3).

We first examine differential rotation around the Earth’s ro-
tation axis. The best-fitting rotation rate is 0.096±0.005◦/year, 
which we mentioned above as the estimation from the slope fit-
ting in Fig. 4D. Next, we conduct the global search described in 
the previous paragraph. Our best-fitting result indicates a rota-
tion axis that is 8◦ off the geographic north pole, which is lo-
cated at 81.7◦±0.6◦N and 36◦±16.5◦W with the rotation rate as 
6

0.125◦±0.024◦/year (see Fig. 6). The results of the global grid 
search and the bootstrapping technique show there are a range of 
the rotation poles and rotation rates are possible with similar mis-
fit (Fig. 6 and Figure S3). The uncertainty of the longitude (∼250 
km) from the bootstrapping test is relatively larger than the uncer-
tainty of the latitude (∼70 km) (see Figure S3). We note that the 
uncertainties will be underestimates if there are systematic biases 
such as mentioned below missing in the bootstrap analysis.

Compared to the rotation constrained to be parallel to the 
Earth’s rotation axis, the tilting rotation shows a better fit to the 
observed time shifts (Fig. 7). For the rotation around the Earth’s 
rotation axis, the distribution of misfits between the observed and 
predicted time shifts shows a deviation from zero mean. These 
misfits cannot be explained by the misalignment of the origin 
times of the two explosions, which has been explored in Vidale
[2019] through consideration of alignment of later, less IC sensi-
tive phases.

Tilting of the rotation axis reduces the misfit of the scatterers, 
especially the ones below northeastern Asia [see Fig. 7D-F, Fig-
ure S4]. The scattering strength in this area has been resolved to be 
strong within 300 km below ICB [Vidale and Wang, 2020]. There-
fore, our modeling of the IC scatterer temporal changes may be 
biased by the multiple scattering. In parallel, there is also a report 
of large temporal changes in the PKPbc (or PKPab) – PKIKP dif-
ferential time, which may also indicate localized small-scale lateral 
variations in the shallow part of the IC (< 300 km) [Yang and Song, 
2020b]. However, dynamically, IC differential rotation so far from 
co-linearity with Earth’s rotation is unlikely [Dumberry, 2008]. To 
better constrain any tilt of the IC rotation axis, more repeating 
earthquake sequences and large-aperture dense arrays would help 
by improving the coverage for mapping the IC and reduce artifacts 
potentially caused by multiple scattering from strong scattering re-
gions, and perhaps localized temporal changes at the ICB and/or 
within the IC.

8. Geodynamical interpretations

IC super-rotation was first predicted in geodynamic simulations 
driven by the electromagnetic coupling between the IC and con-
vective OC [Gubbins, 1981; Glatzmaier and Roberts, 1996]. How-
ever, it is difficult to confidently predict the expected rotation pat-
tern driven by coupling with the gravitational, viscous, and mag-
netic forces [Aurnou and Olson, 2000]. After initial seismological 
estimations of the rotation rate of 1-3◦/year [Song and Richards, 
1996; Su et al., 1996], the rotation rates have decreased to be-
low 0.2◦/year [Yang and Song, 2020a], using similar timing changes 
in PKPbc-PKIKP differential travel times over decades. A decade-
scale survey of the normal modes infers a rotation rate of 0.13◦ ±
0.11◦/year [Laske and Masters, 2003].

The hemispheric structural dichotomy of the IC and the incli-
nation of boundaries of the east-west hemispheric boundary may 
indicate at most weak rotation on the timescale of seismic ob-
servations [Waszek et al., 2011]. The geodynamic simulations also 
suggest that the current seismic observations of faster rotation may 
come from the small-time-scale IC oscillation superimposed on a 
large-time-scale steady rotation, depending on the relative influ-
ence of viscous, gravitational and magnetic torques [Aubert et al., 
2008; Dumberry and Mound, 2010; Waszek et al., 2011]. For exam-
ple, on a decadal time scale, it is possible that the IC can oscillate 
at the maximum rate of about 0.1◦/year with a 60-year period 
from a much larger magnetic torque fluctuations [Aubert et al., 
2008], consistent with our observation and some previous studies 
[Laske and Masters, 2003; Vidale, 2019; Yang and Song, 2020a].

A steady six-year oscillation has been resolved in the length of 
day and geomagnetic field variations [Mound and Buffett, 2006; 
Holme and De Viron, 2013; Ding and Chao, 2018]. Mantle-inner-
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Fig. 6. Grid Search for inferred rotation rates and misfit across possible locations for rotation poles using the shallow scatterers (< 300 km). (A) & (B) are the grid search 
results for the best-fitting rotation rates and L1-norm misfit for their associated rotation poles, respectively.

Fig. 7. Comparison of the observed and predicted time shifts for the north pole and inferred rotation axis using the shallow scatterers (< 300 km). (A) shows the distribution 
of measured time shifts. (B) and (C) show the predicted time shifts assigned to their scatterers’ locations for the rotation axis as the inferred rotation axis and the north 
pole, respectively. (D) illustrates the histograms of the misfit between the observed and predicted time shifts. The blue and red histograms show the misfits for the rotation 
axis as the inferred rotation axis (B) and north pole (C), respectively. (E) and (F) show the misfit between the observed and predicted time shifts for those two rotation axes, 
respectively. The black star in each subplot illustrates the location of rotation axis.
core gravitational (MICG) coupling has been proposed to explain 
the 6-year axial libration, which is driven by degree-two density 
structure of the mantle and IC and the equatorial ellipticities of the 
CMB and ICB [Ding and Chao, 2018]. The predicted IC axial rotation 
and our rotation are both super-rotation from 1971 to 1974 (see 
Figure S5), and our estimated rotation angle is roughly consistent 
with the predicted value [Chao, 2017b]. The MICG coupling only 
considers the gravitational coupling, therefore the rate discrepancy 
might easily arise from an over-simplified coupling model. This 
idea of MICG coupling does not require fixing the rotation axis to 
match Earth’s rotation axis, given the asymmetric structure of the 
lower mantle [Garnero et al., 2016] and also asymmetry in the IC, 
so the IC differential rotation axis may deviate from the Earth’s ro-
tation axis, as we considered above, but further studies would be 
needed for definitive models and observations.

In summary, based on the refined beamforming, objective 
thresholding, and improved correlation, we measure the time shifts 
of the high-energy and highly-coherent scattered energy within 
7

the IC scattered waves, radiated by twin nuclear explosions. We 
applied the back-projection technique to locate the corresponding 
scatterers. Aided by the locations, including depths, of the IC scat-
terers, we explore the IC rotation considering both a fixed and free 
rotation axis. Our results show a tightly constrained rotation of 
0.29◦ from 1971 to 1974 if differential rotation aligns with Earth’s 
rotation axis, or if not, a more uncertain rotation of 0.37◦ around 
an axis that is tilted about 8◦ from Earth’s rotation axis.
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