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The shuffling rotation of the Earth's inner core
revealed by earthquake doublets

Hrvoje Tkaléi¢'*, Mallory Young', Thomas Bodin?, Silvie Ngo' and Malcolm Sambridge’

Geodynamical models and seismic observations suggest that the Earth's solid inner core rotates at a different rate than
the mantle. However, discrepancies exist in rotation rate estimates based on seismic waves produced by earthquakes. Here
we investigate the inherent assumption of a constant rotation rate using earthquake doublets—repeating earthquakes that
produce similar waveforms. We detect that the rotation rate of the Earth's inner core with respect to the mantle varies with time.
We perform an inverse analysis of 7 doublets observed at the College station, Alaska, as well as 17 previously reported doublets,
and reconstruct a history of differential inner-core rotation between 1961 and 2007. We find that the observed doublets are
consistent with a model of an inner core with an average differential rotation rate of 0.25-0.48° yr~" and decadal fluctuations
of the order of 1° yr~" around the mean. The decadal fluctuations explain discrepancies between previous core rotation models
and are in concordance with recent geodynamical simulations.

to the mantle emerges in geodynamo modelling, but its

strength and direction is very sensitive to the imposed
viscous boundary conditions at the inner-core boundary'™ and the
balance between the gravitational and electromagnetic torques’.
The discovery of systematic variations over time in travel
times of inner-core-sensitive PKPdf waves® (Fig. 1c) from South
Sandwich Islands (SSI) earthquakes observed in Alaska confirmed
geodynamical predictions about the differentially rotating inner
core. The estimated rotation rate of about 1.1-3°yr~! in the
eastward (prograde) direction®” (Supplementary Fig. Sla) relied
on the assumption that the fast axis of cylindrical anisotropy is
tilted with respect to the Earth’s rotation axis. However, since these
initial studies, both the assumption that the direction of the fast
axis of anisotropy can be uniquely determined and the assumption
that a cylindrical anisotropy prevails in the inner core have been
disputed®’ (see also refs 10,11).

Another method of detecting a differential rotation of the inner
core abandoned the need for uniform cylindrical anisotropy'.
According to this method a fixed source-receiver path will sample
a volume of the inner core with increasing velocity as a function
of time as the inner core spins with a different rate than the
mantle, causing PKPdf waves of more recent earthquakes to traverse
the inner core faster (Supplementary Fig. S1b). The obtained
differential rotation was about 0.3° in the eastward direction. These
results were criticized on the grounds that there are significant
uncertainties in the earthquake location parameters, and that the
contribution to travel times from short-scale inhomogeneities in
the crust and mantle is significant in comparison with the resulting
time shift in the PKPdf arrival®. A subsequent joint inversion for
inner-core rotation and mantle heterogeneity confirmed a very
robust lateral velocity gradient in the inner core and found an
eastward differential rotation of between 0.3 and 1.1° yr~! (ref. 14).
This result was contrasted, however, by a study of earthquakes from
1977 to 1998, which found small temporal variations in the splitting
functions of the normal modes sensitive to the Earth’s core indicat-
ing a low differential rotation rate of 0.13£0.11° yr~! (ref. 15).

I he differential rotation of the solid inner core with respect

The discrepancy between the body wave and normal mode
results seems to reflect an inherent difficulty in obtaining accurate
estimates of inner-core rotation. However, it may also indicate
that the underlying assumption of a steady differential inner-
core rotation is incorrect. If one instead allows for a time-
variable inner-core rotation, different studies sampling different
time intervals would be expected to yield different rotation rates. In
fact, decadal fluctuations in inner-core rotation are indeed expected
on geodynamical grounds. Detected decadal changes in the length
of day (LOD) reflect the presence of time-dependent zonal flows in
the fluid core'®. Through electromagnetic coupling, these flows
should entrain time-dependent variations in inner-core rotation
with respect to the mantle. The more recent geodynamo models'®
suggest the presence of such fluctuations.

Earthquake doublets

Similar waveforms from earthquakes originating in the SSI
region and observed in Alaska were first reported and used to
question a prograde rotation of the Earth’s inner core'®. The
use of earthquake doublets?®® offered a way to overcome the
earlier problem of location errors and small-scale heterogeneities
contaminating travel times. Earthquake doublets are repeating
earthquakes that produce highly similar waveforms. The similarity
in their waveforms attests that the waves initiated at the same
location and traversed through the same Earth structure. In
practice, this means that the separation of the two sources is smaller
than the typical wavelength at which the waveforms are observed.
Indeed, a recent relocation of the SSI earthquakes using improved
algorithms verifies that they occur in tight spatial clusters?'.
Using a number of earthquake doublets, a significant and steady
differential rotation of the inner core in the eastward direction
was robustly determined to be about 0.4-1.0°yr™' (ref. 20) and
0.3-0.5° yr~! (ref. 22).

Here we present results of a new search for earthquake doublets
using the College station (the station with the most complete
continuous recording) and perform an analysis of their travel
times. A common feature of all previous seismological studies using
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Figure 1| Newly observed doublet and PKP waves. A newly observed doublet at the College station, Alaska (doublet #11; Supplementary Table S1; row 11).
A more recently recorded waveform (6 January 1995) is shown in black. a, 3 branches of PKP waveforms enlarged from the rectangle in b.
Cross-correlation coefficient CC between the two waveforms is shown in the lower right. b, Traces are aligned on the PKPbc phase and filtered between 0.5
and 1.0 Hz. Supplementary Fig. S8 gives more details about this doublet. €, A schematic representation of Earth’s cross-section with ray paths of seismic
waves referred to in this study; PKPdf, PKPbc and PKPab, shown. Note that only PKPdf waves traverse the Earth's inner core.

earthquake doublets was the assumption that the rate of inner-core
differential rotation is constant with time. Using data less reliable
than earthquake doublets, evidence for a fluctuation in the inner-
core rotation rate has been found from a statistical-based spectral
analysis®® and an event pair travel time analysis**. Furthermore,
a non-zero acceleration has been suggested for the past 55 years
(ref. 25). On the basis of new earthquake doublet data and a new
analysis technique, we show that a model with a non-steady rotation
of the inner core with respect to the mantle is a plausible alternative
to a steady-rotation model.

Difficulties associated with searching for doublets are escalated
by the fact that most seismic stations of interest do not have
continuous records (see Supplementary Methods). We design
an algorithm to systematically search for repeating earthquakes
originating in the South Sandwich Islands region. We first search
for duplicates in P-waves recorded at the closest available stations,
mostly in Antarctica. The waveforms recorded at the Antarctic
stations are often complex owing to a high noise level, concealing
potential earthquake doublets. In addition, the pairs of stations
selected to confirm doublets do not always record common events
(see Supplementary Methods S1.1). Despite this limitation, we
observe 12 new doublets that were not reported in an earlier study
of doublets??, and we analyse 7 of them together with 17 previously
reported doublets. The PKPdf waveforms of five doublets are too
noisy for further analysis. One of the newly observed doublets is
shown in Fig. 1a,b. A cross-correlation coefficient of 0.96 indicates
high similarity of the waveforms. Only a small shift in PKPdf onsets
was obtained for this doublet (0.05=+0.04 s) despite the time lapse
of more than 7 years. The waveforms of all 24 doublets are shown
in Fig. 2a. The traces shown are shifted so that the onsets of the
PKPdf arrival of the earlier event of each doublet are roughly
aligned. Several previously reported and new doublets are featured
in Supplementary Figs S3-S10.
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Variable rates of inner-core rotation

A linear, non-zero fit for all PKPdf time shifts as a function of
time lapse would imply a constant rate of inner-core differential
rotation with respect to the mantle over the past five decades.
From Supplementary Figs S12-S14, however, it becomes clear that
the PKPdf time shifts could be better explained if a time-variable
rotation rate is allowed. For example, doublets #8 and #9 have
similarly long time lapses of slightly more than 6 years, but
the PKPdf time shift for doublet #8 is more than 0.2s larger
(Supplementary Fig. S13). In simple terms, this means that a
pronounced change in the inner-core rotation rate is likely to have
occurred between years 2002 and 2005.

Rather than imposing a linear fit to the PKPdf time shifts, we
instead use a transdimensional Bayesian approach to invert for the
expected slope and its change in time. This is an ensemble inference
approach, where many potential solutions are generated with a
variable number of unknowns using the reversible jump Monte
Carlo algorithm?*. For example, we used receiver functions and
surface wave dispersion to invert for shallow Earth structure and
demonstrated that it is possible to let the data infer the appropriate
level of complexity in the recovered solution model®. Following a
similar approach, the time interval here is divided into a variable
number of B-splines, whose number and position of nodes along
the time axis are unknowns in the algorithm (see Supplementary
Methods S1.7 and Fig. S15).

With such a transdimensional formulation, the number of
unknowns itself becomes an unknown in the inversion®***. We
first demonstrate that a transdimensional parametrization with
an unknown number of B-splines is preferable to simple linear
regression when inverting for the expected slope and its change
with time (Supplementary Figs S14-S18). The root-mean-square
of the best-fitting linear function (Supplementary Fig. S14) is
0.073 s, whereas the same value from the expected average cubic
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Figure 2 | Waveform doublets and measurement methods. a, PKP waveforms observed at College station, Alaska for 24 doublets originating from the SSI
region. Seventeen doublets were discovered previously?2 (marked by O for old) and seven new doublets are reported in this study (grey shade; marked by
N for new). The traces (grey for the earlier events and black for the later events) are aligned with the PKPbc phase and sorted with increasing time
separation from top to bottom. b, Method 1: enlarged PKPdf segments for each doublet marked by ticks in a. The bracketed segments are aligned using
cross-correlation. Blue horizontal bars indicate the measured PKPbc-PKPdf travel-time difference. ¢, Method 2: enlarged PKPdf and PKPbc segments of the
first event of a doublet (left) and the second event of a doublet (right). The traces indicated by brackets are aligned using cross-correlation. Red horizontal

bars indicate the measured PKPbc-PKPdf travel-time difference.

splines model (shown in Fig.3a) is 0.047s, thus indicating a
significantly better fit to the data. Figure 3a (red line) shows a
solution averaged over 300,000 samples. The variation of the time
differences curve is complex, with the most probable increases in
slope occurring during the late 1960s, the early 1990s and between
2002 and 2004 (Figs 3a and 4a). The most probable significant
decreases occur during the late 1970s, the late 1990s and after 2004.
Here the uncertainty on each doublet measurement is assumed
to be inversely proportional to the cross-correlation coefficient
associated with that doublet. The posterior probability distribution
for the number of nodes is given in Fig. 3b. Results of synthetic
tests (Supplementary Figs S16-S18) further justify the use of a
transdimensional Bayesian approach.

The fit shown in Fig. 3a can be differentiated and presented
as a slope in syr~! (Fig. 4a). Assuming a heterogeneity gradient
in the inner core, the slope (syr™') can be converted to an
inner-core rotation rate (° yr~') using « = —y8t/(dv/dL), where
y is a dimensionless correction factor relating the change in
source—receiver distance to the change of azimuth, §¢ is the slope
(syr™!) normalized by the total time PKPdf waves spend in the
inner core (%,syr™'), and dv /9L is the lateral velocity gradient in
the inner core obtained by previous workers' (between —0.0278%
per degree without mantle structure corrections and —0.0145%
per degree with mantle corrections). Figure4b thus shows a
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possible model for the recent history of the inner-core rotation rate
determined by our study, which assumes a known velocity gradient.
The model is characterized by a non-steady rotation of the inner
core with respect to the mantle.

Reconciling rotation from body waves and normal modes

Differential travel times of PKP waves from the SSI recorded in
Alaska have been previously used to observe temporal changes in
PKPdf waves'?. The time span of data in that study was from 1967
to 1996. Figure 4b shows that during that 30-year interval, the
most pronounced increase in the inner-core rotation rate occurred
during the late 1960s, according to our study. The rate climbed
steeply to about 0.5-1°yr~!' (depending on the structural model
used) and then declined for approximately 10 years thereafter.
There was another increase in the rotation rate in the late 1980s,
which resulted in a deceleration and a return to a zero rate around
2000. We integrated the rotation rate over the time interval used
in ref. 12 and obtained a cumulative shift in alignment of the
inner core to the mantle of 8.48-16.26°, depending on whether
mantle corrections' are included or not (Table 1). When divided
by the total time interval, a resulting average rotation rate of
0.30-0.58°yr~! (with and without corrections for near-station
structure) compares well to previous results'?. Earthquake doublets
that were analysed in ref. 22 encompassed the time interval of
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Figure 3 | Solution model and posterior distribution of the number of
nodes. a, Doublet measurements (blue triangles represent measurements
for each earthquake of a doublet and are joined with straight lines) are
fitted with a variable slope model using a Bayesian transdimensional
inversion derived as an average over the ensemble of collected models. The
red line shows the expected solution model (normalized to zero mean). The
dashed grey line is an average solution £1s.d. b, Posterior distribution for
the number of B-spline nodes across the ensemble solution
(Supplementary Sections S1.7 and S1.9).

1961-2004, 15 years longer in duration than that of the travel time
study'?. When the rotation rate is integrated and divided by the
time interval of 1961-2004 (see dark grey rectangle in Fig. 4b),
the obtained average rate is in good agreement with previously
published results, yielding 0.31, 0.51 and 0.63° yr—! in this study
compared to 0.27, 0.43 and 0.53°yr~! in ref. 22; compare the
1961-2004 doublets column of Table 1 with Supplementary Table
S5 from ref. 22. After interpreting Fig. 4, it becomes clear that the
larger differential rotation rate value compared with that obtained
in the travel-time study comes from two further increases in the
rotation rate: one occurring during the late 1960s and one occurring
between 2002 and 2005. We note that during the 1971-1974
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Figure 4 | Inner-core differential rotation rate as a function of time. a, The
slope parameter as determined by the inversion (Fig. 3). Blue areas indicate
eastward rotation whereas red areas indicate westward rotation.

b, Differential rotation rate as derived from the slope for three different
values of the velocity gradient'®. The dark grey and the light grey rectangles
delineate the time intervals used in the study of doublets?? and normal
modes'®. The areas under these curves were integrated to estimate the
total shift (Table 1). The dashed line is the solution obtained when doublet
#8 is omitted from the inversion.

time interval a small inner-core rotation rate of 0.15°yr~' was
obtained from an independent study of scattering®. Although this
time interval is relatively short, the high, however decelerating,
inner-core rotation rates of 0.5-1° yr~! of our model (Fig. 4) are in
apparent disagreement with this scattering study.

Whereas body wave studies tend to be superior in revealing
short-scale features, normal modes, although sensitive to inner-core
differential rotation, are insensitive to small-scale heterogeneity and
anisotropy. Figure 4 indicates that the rotation of the inner core
in the time period 1977-1998 was characterized by acceleration
starting after 1985 and deceleration starting before 1995, but for
the rest of the time the rotation was close to zero with respect

Table 1| Shifts in angular alignment between the inner core and the mantle and average shift rates over time.

Lateral gradient from 1967-1996 travel 1977-1998 normal 1961-2004 1961-2007 doublets,
ref. 14 with and without times'? modes'® doublets?? this study
mantle correction
(% per degree)
Shift Shift/time Shift Shift/time Shift Shift/time Shift Shift/time
©) Cyr ©) Cyr ©) Cyr M ©) Cyr M
—0.0278 no mantle corr. 8.48 0.30 410 0.19 13.27 0.31 1.43 0.25
—0.0176 station only 13.39 0.48 6.49 0.31 21.97 0.51 18.05 0.39
—0.0145 station and source 16.26 0.58 7.88 0.38 26.66 0.63 2191 0.48

Integrated total shift in alignment of the inner core with respect to the mantle for time intervals from previous studies and for the entire time-interval sampled by the existing earthquake doublets. Different
total shifts (°) were obtained for each time interval (associated with previous studies'21522) for three different lateral gradients in velocitym. Also shown is average shift over time (° yr~"). Compare

results from this table with Supplementary Table S5 from ref. 22.
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to the mantle. Interestingly, the inner core underwent a slight
westward rotation between the years 1981 and 1985. We integrated
the rotation rate over a period of approximately 20 years (shown by
light grey rectangle in Fig. 4b) and obtained a total shift of 4.10°
(see the 1977—1998 normal modes column in of Table 1) when
mantle correction are ignored. After dividing by the total time
interval, we retrieved an average rate of 0.19°yr~!, in agreement
with normal modes from the same time interval®. Slightly higher
values were obtained when the station and source corrections were
applied (0.31 and 0.38° yr™!). Overall, our averaged rate obtained
from the normal modes time interval is significantly smaller than
that resulting from the doublets time interval.

The above calculations thus provide a quantitative explanation
for and an elegant resolution to the long-standing discrepancy
between differential rotation rates derived from either body
waves®!2142022 or normal modes'® alone (Fig. 4b; for the concept,
see Supplementary Fig. Slc).

Geodynamical implications

Our results reveal that although at times the angular alignment
of the inner core and the mantle remains negligibly small or even
negative (retrograde rotation), the inner core exhibits cumulative
rotation in the eastward direction (prograde rotation) with a mean
rate of 0.25-0.48°yr~!, depending on the Earth model used for
travel time corrections (Table 1). This produces a total eastward
shuffle between about 11 and 22° over the time interval of 1961-mid
2007 (Table 1). Our study provides an alternative to the steady-
rotation model and suggests that superimposed on this average
motion are decadal fluctuations. The most striking feature of the
recovered differential rotation time history is the large fluctuation
starting after 2000 characterized by a sharp acceleration and then
a deceleration that leads to a retrograde rotation. Its magnitude
is uncertain owing to the edge effects imposed by the B-spline
parametrization and disappears completely when doublet #8 is
excluded from the inversion, as shown by our bootstrap test
(Fig. 4b and Supplementary Method S1.10 and Fig. S18). Although
the error associated with doublet #8 is not larger than that of
other doublets, further data are required to further constrain the
inner-core rotational dynamics for these more recent years. In
the meantime, a more conservative model should be considered
(dashed line in Fig. 4b) while noting that the exclusion of doublet
#8 does not change the main conclusions about the shuffling
rotation of the inner core.

Present constraints on the amplitude of fluctuation in the
differential rotation rate of the inner core are based on LOD
variations not exceeding those observed. These constraints depend
on the assumptions about the relative strength of electromagnetic
coupling at the core-mantle boundary and gravitational coupling.
In a previous study®*, the inner-core-mantle gravitational coupling
strength was required to be quite large to explain the 6 yr mode in
LOD. However, a more recent study’ suggests a different source
for this mode, thereby making a weaker gravitational coupling
strength viable. When inner-core differential rotation is approached
from an angular momentum perspective as in ref. 36, a rate of
about 0.25° yr™! at all periods of fluctuation does not violate the
observed LOD so long as the product of I' and t is smaller than
5 x 10" Nmyr, where ' is the gravitational coupling factor and
7 is the viscous relaxation time of the inner core. Keeping in
mind the uncertainties in estimates of electromagnetic coupling at
the core-mantle boundary®, the observed inner-core fluctuations
shown in Fig.4b can be used to place upper bounds on the
gravitational coupling.

Although other mechanisms, such as variable inner-core
topography®”® or rapidly changing structure in the inner or
outer core®, have been suggested to explain seismic observations,
the inferred acceleration of the inner core is in agreement with
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geodynamical simulations. Using a torque balance equation such
as in ref. 18 and a previous gravitational torque estimate®, the
exciting electromagnetic torque required to explain the observed
accelerations in our model of inner-core rotation is ~1.19 X
10?° N m, which agrees with published values®.

Recent numerical geodynamo simulations suggest that present-
day seismically inferred mean rotation rates of several tenths of a
degree per year could be a fragment of a time-varying signal rather
than a steady super rotation'®. If, one the one hand, the mantle
has a major influence on the core dynamics, it would take a very
slow rotation of 1° Myr ™, assuming an inner core growth rate of
I mmyr~! (ref. 40), to preserve a degree-one longitudinal signature
at the top 100 km of the inner core, as seismological evidence sug-
gests there exists*""*2. We note that despite attempts to map the slow
to fast transition as a function of depth*?, the present core-sensitive
seismological data do not provide dense enough spatial sampling to
constrain a sharp transition from the slow to the fast hemisphere of
the inner core. If, on the other hand, the core dynamics are mini-
mally influenced by the mantle, a development of a hemispherical
structure at the top of the inner core is possible through a much
faster dynamical mechanism, such as degree-one convection***.

Methods

We measure PKPdf travel-time differences between the first and the second event of
a doublet using the approach described in ref. 22 (Method 1). After the waveforms
of two earthquakes forming a doublet are aligned on the PKPbc arrivals (see
Supplementary Figs S4, S6, S8 and S10; top panel), we cross-correlate the PKPdf
waveforms and obtain the same or very similar results to those reported in ref. 22
(compare columns 4 and 5 of Supplementary Table S1). The waveforms before and
after the time shift are shown in the middle panel of Supplementary Figs S4, S6, S8
and S10. The cross-correlation coefficients indicate the similarity of waveforms for
both long waveform sections (showing the quality of a doublet) and small sections
around the PKPdf waves (showing the quality of an individual measurement).
They are either comparable to or slightly higher than those previously reported
(Supplementary Methods S1.3). The obtained PKPdf time shifts using Method 1
are shown with blue bars in Fig. 2b and column 5 of Supplementary Table S1. The
time shifts obtained by an alternative method (Method 2) are shown with red bars
in Fig. 2c and are reported in column 6 of Supplementary Table S1. In Method 2, we
measure the PKPbc—PKPdf differential travel time for each of the two earthquakes
in a doublet and subtract one from the other to get the desired time shift of PKPdf
waves. The waveforms corrected for the time shift are shown in the bottom left
panel of Supplementary Figs S6-S29. We take the average PKPdf time difference
obtained by method 1 and method 2 as the measured time difference (also see
discussion about method 3 and Supplementary Fig. S11).

We then perform a Bayesian inversion parameterizing the regression model
with a variable number of cubic B-splines. The solution is not a single best-fit
model, but a large ensemble of models that are distributed according to the
posterior probability density function. The likelihood (the probability of the data
d given the model m) is defined by a least-squares misfit function given by the
distance between observed and estimated data:

N 2

o(dim) = 1 exp{z (gt —dy) } W
I, <\/2mri2) p 2(0y)
where d; is the data i, g(m); is the data i estimated from a given model m,
and o; is the standard deviation of an assumed random Gaussian noise for
measurement 7. In our problem, we do not know the number of cells; that is, the
dimension of the model space is itself a variable, and hence the posterior becomes
a transdimensional function.

The seismic waveform data used in this study were obtained from Incorporated
Research Institutions for Seismology Data Management Centre (http://iris.edu).

Supplementary Sections S1.1-S1.11 provide a full description of
waveform doublet identification, measurements, transdimensional Bayes
analyses and validation.

Received 1 October 2012; accepted 2 April 2013; published online
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