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Temporal changes of inner-core (IC) seismic phases have been confirmed with high-quality waveform 
doublets. However, the nature of the temporal changes is still controversial. We investigated systematically 
the temporal changes of IC refracted (PKIKP) and reflected (PKiKP) waves with a large data set of 
waveform doublets. We used non-IC reference phase (mainly SKP), which eliminated ambiguity where 
the temporal changes come from. We found that the temporal changes have always started at refracted 
PKIKP and the travel time changes correlate better with PKIKP. Changes in reflected PKiKP can be easily 
contaminated by the strong and time-varying PKIKP and coda wave trains and therefore are not reliable 
indicators for IC boundary changes. Combining with previous observations, we conclude that the temporal 
changes come mostly (if not all) from the IC interior and IC surface changes as the sole source suggested 
previously can be ruled out. The differential rotation of the IC shifting its heterogeneous uppermost 
structures is the simplest and most reasonable explanation for the origin of the time-varying IC waves. 
A rotation rate of about 0.05-0.1◦ per year with possible decadal fluctuation can reconcile all temporal 
change observations from body waves, IC scattering, and normal mode data.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Temporal changes of the inner core (IC) on decadal time scale 
have been confirmed by many seismic body-wave observations, es-
pecially those from high-quality repeating earthquakes (e.g., Zhang 
et al., 2005). It was first discovered by Song and Richards (1996)
from progressively earlier PKIKP (DF) arrivals traversing the IC 
(Fig. 1) mainly from events in South Sandwich Islands (SSI) region 
recorded by the College (COL) station in Alaska. The time-varying 
DF has generally been interpreted as the differential rotation of 
the IC with respect to the mantle shifting the laterally heteroge-
neous IC (e.g., Creager, 1997; Zhang et al., 2005). Subsequently, the 
PKiKP (CD) arrivals (Fig. 1) reflecting off the IC boundary (ICB) 
were also found to exhibit temporal changes over several years 
(Wen, 2006; Cao et al., 2007; Song and Dai, 2008; Xin et al., 2015; 
Yao et al., 2015), from SSI repeating earthquakes to stations in Cen-
tral Asia and Canada, sampling two spots beneath Southern Africa 
and Central America, respectively. The time-varying CD suggests a 
very dynamic ICB with rapid localized crystallization from the liq-
uid outer core or melting of the ICB (Wen, 2006; Yao et al., 2015; 
Yao et al., 2019), small-scale topography of the ICB shifted by the 
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differential rotation (Cao et al., 2007), or solidified iron patches in 
a mushy layer (Fearn et al., 1981) shifted by the outer core con-
vection (Song and Dai, 2008).

Although the existence of IC temporal changes was challenged 
in the past (e.g., Souriau et al., 1997; Poupinet et al., 2000), it has 
been supported by many studies (Creager, 1997; Song, 2000; Vi-
dale et al., 2000; Song, 2001; Tkalčić et al., 2013; Vidale, 2019). 
The debate was resolved in a joint study by both parties in favor 
of IC temporal changes and IC rotation (Sun et al., 2006) and the 
existence had been well accepted after the doublet study by Zhang 
et al. (2005). However, models for the IC temporal changes remain 
controversial. Estimates of the rotation rate vary orders of magni-
tude, from several degrees per million years (Waszek et al., 2011), 
marginally significant (0.13 with one standard deviation of 0.11 
deg/yr) (Laske and Masters, 2003), a few hundredths (0.05-0.07) of 
deg/yr (Vidale, 2019; Yang and Song, 2020), to a few fractions of 
a deg/yr (by many studies, e.g., Creager, 1997; Zhang et al., 2005; 
Cao et al., 2007). Furthermore, the rotation model might be re-
jected (Mäkinen and Deuss, 2011; Yao et al., 2019). The recent 
study by Yao et al. (2019) is significant as they have considered 
the DF and CD as well as their coda waves and conclude that the 
temporal changes of the IC seismic phases are caused entirely by 
the temporal changes at the ICB.

In this study, we investigated the time-varying DF and CD ar-
rivals using moderate-sized repeating earthquakes (also known as 
waveform doublets) (Poupinet et al., 1984). We used globally dis-
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Fig. 1. Illustration of the ray paths of seismic phases used in this study. The exam-
ple event at 0◦ and 200-km depth is recorded by 3 receivers at the distance of 60◦ , 
135◦ and 150◦ , respectively. The phases include inner core phases PKP (DF, CD) and 
non-inner core phases PKP (BC, AB), P, PP, SKP, and PKP precursor (with scatter-
ing, star, in the lowermost mantle). Abbreviations: IC, inner core; OC, outer core; 
PKP(pre), PKP precursors.

tributed events as well as in the SSI region, which provided initial 
and strongest evidence for the temporal changes of the ICB (Wen, 
2006; Cao et al., 2007; Song and Dai, 2008). Our new results show 
that temporal changes always start from the DF phase and that 
the previously reported temporal changes of CD are likely contam-
inated by time-varying DF wave trains. We laid out several lines of 
evidence that temporal changes from below the ICB are required 
and a differential rotation is still the best way to explain the IC 
temporal changes.

2. Data

We used two data sets of waveform doublets to examine the 
temporal changes of DF and CD arrivals at the distance range be-
tween 128◦ and 142◦ . One is a global data set of high-quality 
waveform doublets with magnitude at least 5.0 (Table S1). It is 
a subset of our recent systematic global search (Yang and Song, 
2020), with clear target phases and time lapse of at least 6 years 
between the two events of the doublet imposed to ensure tempo-
ral changes could be observed if any (Song and Dai, 2008). The 
non-IC (including mantle and outer-core) phases (Fig. 1) of the 
doublets recorded by all available seismic stations should be nearly 
identical, with average cross-correlation coefficient (CC) at least 
0.95 over a 15-s window. The total number of doublets is 39 us-
ing data from 1992 to 2017. The number of non-IC phases ranges 
from 8 to 197 with the median of 43. The doublet quality under 
such criteria is extremely high. For example, the 1993 and 2003 
SSI doublet (ID 1993335_2003249 in Table S2 or simply referred 
as 9303 hereafter), which is among the best of previous studies 
(Zhang et al., 2005; Wen, 2006; Cao et al., 2007), has an average 
CC of only 0.919 with 9 non-IC phases.

Another data set is waveform doublets of slightly inferior qual-
ity in the SSI region (a total of 25 pairs, Table S2). We slightly 
lowered down the cut-off CC to 0.90 and cut-off magnitude to 4.7 
to include some old pairs reported by previous studies and also 
many new pairs of similar quality. Like above, all pairs have time 
lapses of at least 6 years, except for a few old pairs from Song and 
Dai (2008) with lapses close to 6 years.

We used broadband high-gain vertical-component (BHZ) chan-
nels only, except some short-period (SHZ) data from the Yel-
lowknife array (YKA) in Canada from the SSI doublets, sampling 
the anomalous ICB beneath Central America. The array data from 
YKA were linearly stacked to enhance the signal-to-noise ratio 
(SNR). The procedure to stack the YKA data is the same for ei-
ther event of the doublet to ensure consistency between the two 
events. In addition, the waveform data were preprocessed in a se-
ries of procedures as in Xin et al. (2015): (1) removing the mean 
and trend, (2) integrating from velocity to displacement records, 
(3) convolving with the WWSSN Short-Period (WWSP) response, 
and (4) bandpass filtering from 0.6 to 3.0 hz.

3. Detecting temporal changes of the IC

The IC temporal changes can be revealed by differential arrival 
times and dissimilar waveforms of the IC arrivals and their coda 
waves from waveform doublets (Zhang et al., 2005). The arrival 
time difference (dt) of an IC phase between a pair comes mainly 
from origin time errors, clock errors of stations, tiny separation 
between the two sources, heterogeneity of tiny path difference, 
random noise errors, and temporal changes along the raypath. Re-
locations (e.g., Zhang et al., 2005; Wen, 2006) can largely remove 
the influence from earthquake locations, origin time errors, and 
obvious large clock errors (outliers of over a few fractions of a sec-
ond). However, we recently found that small random clock errors 
of stations can be significant for studying the temporal changes 
(with standard deviation of 0.077 s) (Yang and Song, 2020), which 
are at the same order of or greater than the observed IC temporal 
changes. Previous studies by Wen (2006), Yao et al. (2015) and Yao 
et al. (2019) corrected for relocations but did not consider small 
random clock errors. Because the random clock errors in individ-
ual measurements cannot be removed from relocations, it needs 
to be extremely cautious to rely on absolute travel times to study 
temporal changes of the media.

In this study, we used non-IC phase as reference to eliminate 
clock errors before studying the temporal changes of the IC phases 
(Figs. 2–4, 6; Tables S3-S5). We formed double differential time 
(ddt) between two phases and between the two events of the dou-
blet. The ddt between the arrival times t(A) and t(B) of phases 
A and B, respectively, from a doublet is defined as follows (Song 
and Dai, 2008), ddt (A − B) = dt (A) − dt (B) = (t(A2) − t(A1)) −
(t(B2) − t(B1)), where the subscripts 1 and 2 denote the earlier 
and the later events of the doublet, respectively. All the original 
differential time measurements are listed in Tables S3-S5. Using 
ddt can largely eliminate the aforementioned errors, especially 
the origin time and clock errors, since the common errors in dt 
are canceled in the differentiation. For example, ddt(BC-DF) and 
ddt(CD-DF) can be used to detect the temporal variations of the IC 
(Li and Richards, 2003; Zhang et al., 2005; Song and Dai, 2008; Xin 
et al., 2015).

The non-IC SKP phase is often observable in the same seismo-
gram as the PKP phases (DF and CD) at our distance range (128◦
and 142◦), providing an excellent reference phase. We do need to 
consider the separation of the two events of the doublet, which 
are not exactly co-located. The separation is relatively tiny, usually 
within a few hundred meters horizontally and less than 1 km ver-
tically for the inferior doublets (e.g., Zhang et al., 2005; Wen, 2006; 
Yang and Song, 2020). Using the horizontal separation of 370 me-
ters for the 9303 doublet (Wen, 2006), the predicted ddt(SKP-CD) 
and ddt(SKP-DF) from the location difference is up to ∼0.004 s for 
a 1-D reference model. The vertical separation has negligible ef-
fect. The location difference has negligible effect on ddt(CD-DF) as 
their ray parameters are very similar. Thus, in this study, we didn’t 
correct for the location difference. Influences from 3-D mantle het-
erogeneity of tiny path difference and from data noise are treated 
as small random errors, which we estimated to have a standard 
deviation of ∼0.01 s (Yang and Song, 2020). We also used man-
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Fig. 2. Display of an example waveform doublet and IC temporal changes. The doublet (1993335_2003249), although still an inferior one in this study, is a very good and 
well-known pair used in previous studies (Zhang et al., 2005; Wen, 2006; Cao et al., 2007). The IC temporal changes at stations AAK (a, b, and c) and ARU (d, e) were first 
identified by Wen (2006). The gray area in (a) depicts the sliding cross-correlation coefficients (CC) using 5-s windows and 1-s steps starting right before PKP arrivals as 
shown in the box on the left of (a) and the enlarged view in (b). Note the CC starts from 0.5 to 1.0 to show better the high correlation in the vicinity of SKP. The waveform 
of the later event in 2003 (red) is shifted to align with that of the earlier event in 1993 (blue) at the SKP window (with the highest CC of 0.955 in the entire wave train) 
on the right of (a) and an enlarged view in (c). The black line in each panel is the differential waveform computed by subtracting the later one from the earlier one after 
aligning and normalizing the waveforms. The two shaded boxes in (b) represent the time window for measuring the time shift of DF and CD. The panels (d, e) are plotted in 
the same way as the panels (b, c). The DF waveforms at both AAK and ARU show clear time shifts after aligning with SKP. (For interpretation of the colors in the figure(s), 
the reader is referred to the web version of this article.)
tle phase PP as the reference phase for a few (9 in Table S5) SSI 
doublets to YKA. The quality of the PP phase is generally inferior 
to SKP, thus we used PP only when the CC of SKP is smaller than 
0.85 and the CC of PP is greater than 0.85. The location difference 
has stronger effect on ddt(PP-PKP). A horizontal separation of 370 
meters would result in ddt(PP-DF) of up to ∼0.012 s for a 1-D ref-
erence model. We didn’t correct for the location difference either 
when aligning with the PP phase. There are only a few doublets 
using the PP reference (Fig. 3, Table S5), which are not used for 
the subsequent ddt analyses. Correcting for the location wouldn’t 
make a difference in the waveform display (Fig. 3).

The dt for each phase is computed by cross-correlation in time 
domain. The length of time windows is ∼1 s containing the phase 
for the two IC phases, as they are separated only by 1-3 s. The 
time window for SKP or PP is 5 s and is automatically searched 
out using sliding cross-correlation (e.g., Fig. 2) to find the most 
coherent and generally most energetic 5-s window near the pre-
dicted time of SKP or PP relative to DF (hand-picked) by IASP91 
model (Kennett and Engdahl, 1991) and the catalog location of the 
earlier event. In addition, we resampled the waveforms to 0.001s 
intervals (originally at the sampling rate of 0.025 or 0.050 s) to im-
prove the precision of dt and ddt measurements. Influence on the 
time shift from background noise is not considered here, as we 
only used high-quality waveforms with SNR of DF or CD (peak en-
ergy divided by the RMS of 10 s preceding noise) of at least 10.0 
for both events of the doublets. The dissimilarity of waveform is 
often indicated by relatively low CC and can be easily identified by 
manual inspection. We also computed the differential waveform by 
subtracting the waveform of the later event from that of the ear-
lier event after normalization by their peak-trough amplitudes and 
alignment by the times of the SKP (or PP) phase.

4. Source of the temporal changes

We first examined the two prominent anomalous paths re-
ported previously and then our large global data set.

4.1. Southern Africa anomaly

The time-varying CD beneath Southern Africa was first reported 
by Wen (2006) using the 9303 doublet, recorded by stations ARU, 
AAK, and OBN. The station OBN is at the distance around 123◦ so 
that the waveform of CD and DF arrive closely together within half 
wave cycle (∼0.5 s), thus it is difficult to determine whether any 
temporal change is from the CD or DF phase. We re-examined the 
other two stations, AAK and ARU.
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Fig. 3. Example waveform comparisons of SSI doublets recorded by Yellowknife array (YKA). In each window, the waveforms of the two events (blue, earlier event; red, 
later event) are aligned by the non-IC phase (SKP or PP, with CC labeled) and normalized by their peak-trough amplitudes and the black line is the differential waveform 
between the two traces. Note that the relative amplitude between (a) and (b) for the earlier event are reserved. The panel (a) shows the waveforms of PKP waves, coda, and 
precursors, while the panel (b) shows the waveforms of the non-IC phase. The arrival times of the DF in (a) and non-IC in (b) are set to 0. The relative time shifts of the first 
wave cycle of DF in (a), i.e. ddt(non-IC - DF), are marked in the parentheses near the onsets of DF phases (Table S5). The shaded areas in (a) represent the predicted time 
from DF to CD by the IASP91 model (Kennett and Engdahl, 1991).
After relocation, the alignment of DF is better than that of CD 
for both AAK and ARU stations, suggesting CD is anomalous (Wen, 
2006). However, both stations have consistent SKP arrivals for both 
events of the doublet. When the waveforms are aligned with the 
SKP, they are obviously misaligned from the onset of DF for both 
stations (Fig. 2). The results suggest robust temporal changes from 
the refracted DF as well as obvious clock problems in the reloca-
tion. The ddt(SKP-DF) and ddt(SKP-CD) are -0.073 s and 0.028 s for 
AAK, respectively, and -0.068 s and 0.023 s for ARU, respectively. In 
addition, since the coda of DF is very energetic and time-varying 
as shown in Fig. 2, the changes in CD are likely contaminated by 
the DF coda. Consequently, we determined that temporal changes 
occur on DF arrivals, but temporal changes cannot be confirmed 
on the CD arrivals as originally determined from relocation (Wen, 
2006). See more discussion on these two paths below.

4.2. Central America anomaly

Previous studies using a few pairs of waveform doublets from 
SSI to stacked YKA reported temporal changes under Central Amer-
ica in CD mostly, in terms of amplitude (Cao et al., 2007) and 
arrival times (Song and Dai, 2008), indicating time-varying ICB 
over several years. We used 23 pairs of SSI doublets with clear 
IC arrivals to reinvestigate this path (Table S5). All of our pairs also 
have clear and consistent stacked non-IC SKP or PP phase.
The waveforms of the IC arrivals recorded by YKA (stacked) are 
complex with energetic coda and sometimes observable PKP pre-
cursors (Fig. 3). The amplitudes of precursors are relatively weak 
so that the onsets of the DF arrivals are clear. However, the CD ar-
rivals, following the DF windows (shaded) of ∼2 s, are weak and 
buried in the wave trains and thus are difficult to identify. Assum-
ing that the wave cycle at the predicted time by IASP91 model 
(Kennett and Engdahl, 1991) is mostly CD phase, we observed non-
zero ddt(SKP-DF) up to 0.09 s but ddt(SKP-CD) as large as -0.29 s 
(Table S5). The magnitude of ddt(SKP-CD) is much larger than the 
ddt(SKP-DF), indicating CD would be much more anomalous than 
DF.

However, similar to the Southern Africa anomaly, the onset of 
temporal changes always starts from DF rather than CD, when the 
waveforms are aligned with SKP (or PP) (Fig. 3). The waveform 
changes are visible from the very beginning cycle of the DF and the 
differential waveforms display very large amplitudes, sometimes 
even comparable to the amplitudes of the original waveforms. 
Most importantly, the shaded areas after the DF onsets and before 
the predicted times of CD (relative to DF) always show very sig-
nificant temporal changes of the waveforms. The waveform differ-
ences for several pairs (e.g., 1993335_2003249, 1998102_2004084, 
2002128_2017349, 2004083_2017171) are larger in the shaded 
windows than in the subsequent windows. In contrast, pairs with 
precursors of sufficiently high SNRs (e.g., 1991105_2005075, one 
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Fig. 4. Example high-quality doublets with relatively large IC temporal changes. The plot shows all the high-quality pairs with clear PKP (a) and SKP (b) and absolute 
ddt(CD-DF) of at least 0.015 s. The waveforms and shaded areas are plotted similarly to those in Fig. 3. The doublet ID, station code, distance, and ddt measurements are 
labeled.
of the best-quality SSI pairs) also show little energy in the differ-
ential waveforms, providing yet another powerful reference to the 
dissimilarity of the DF and its coda energy (Fig. 3). Compared to 
other paths (e.g., Figs. 2 and 4), the waveforms of this path be-
tween the two events of the doublet are much less coherent after 
the onsets of the DF phase probably due to the time-varying DF 
waveforms and strong coda (Fig. 3). Such time-varying DF wave-
forms and energetic coda, at the distance of ∼150◦ where CD is 
absent, are also observed along the SSI to Alaska path (Zhang et al., 
2005; Yao et al., 2019), which is very close to the SSI to YKA path 
in the IC. The strong DF coda from SSI to YKA or Alaska sampling 
the IC beneath the Central America, despite strong IC attenuation 
(e.g., Cormier and Li, 2002), as well as the prominent changes of 
DF and coda waveforms are peculiar and could be related to highly 
heterogeneous IC structure of the region with strong anisotropy 
(Creager, 1992; Song and Helmberger, 1993; Song and Xu, 2002). 
The large DF waveform difference makes it difficult to discern how 
much energy of the temporal changes in the CD window is from 
the DF coda waves and how much is from the reflection off the 
ICB. However, the waveform difference from the very onset of the 
DF and in the subsequent coda make it certain that the DF energy 
would affect the later-arriving CD in travel times and in ampli-
tudes for this path. The results suggest that the changes in the CD 
window are not reliable indicators for the ICB temporal changes, 
contrary to previous studies (Wen, 2006; Cao et al., 2007; Song 
and Dai, 2008).

4.3. A global view

We measured ddt(CD-DF) from the high-quality global doublets 
(examples in Fig. 4) and slightly inferior SSI doublets (with time 
separation of at least 6 years) (see Data session above). Fig. 5
shows a map of all the 107 ddt(CD-DF) measurements (Table S3 
and S4). Besides the Southern Africa and Central America areas, 
we found only one more spot beneath Japan and its vicinity with 
two relatively large ddt(CD-DF) measurements (-0.041 and -0.038 
s). The two measurements are from the same doublet in the Java 
trench recorded by two nearby stations in northwest US. They both 
have clear mantle SKP phase (top 2 panels of Fig. 4), with ddt(SKP-
DF) of -0.049 and -0.033 s and ddt(SKP-CD) of only -0.008 and 
0.005 s.

There are 41 paths with clear and consistent SKP arrivals with 
CC of SKP of at least 0.90 among all the paths in Fig. 5 (25 from 
the high-quality doublets and 16 from the slightly inferior SSI dou-
blets). We measured the ddt(SKP-DF) and ddt(SKP-CD) for these 
paths and compared with ddt(CD-DF) respectively (Fig. 6). Because 
of the strong DF coda and the mixing of DF and CD energy in the 
SSI-YKA paths (Fig. 3 and discussion above), these paths were not 
used in Fig. 6. We can see that the ddt(SKP-DF) displays much bet-
ter correlations with ddt(CD-DF). The coefficients of determination 
(R2 values) of the linear regressions (Fig. 6) are 0.713 and 0.715 
for the best quality doublets and for the measurements when the 
slightly inferior doublets are also included, respectively; while the 
R2 values between ddt(SKP-CD) and ddt(CD-DF) are only 0.061 and 
0.141, respectively, for the two cases.

The linear regressions from the high-quality and slightly in-
ferior doublets are similar, suggesting 81-86% of the ddt(CD-DF) 
comes from the DF and 14-19% comes from the CD. The two 
largest observed ddt(CD-DF) values are 0.101 and 0.091 s (9303 
doublet to AAK and ARU, respectively; Fig. 3). The largest contri-
butions from the CD would be less than 0.02 s from the above 
inferred percentage contribution. On the other hand, we estimated 
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Fig. 5. Map of ddt(CD-DF) measurements from both high-quality global doublets and slightly inferior SSI doublets. The gray lines are the surface projections of the raypaths 
from events (stars) to stations (triangles), with the inner-core segments in thickened dark gray lines. The absolute values of ddt measurements are plotted at the bottoming 
points of DF (circles) with the legend shown. Note that only one example of SSI to YKA paths (see Table S5) is plotted to avoid overcrowding.
Fig. 6. The double differential time ddt(CD-DF) versus ddt(SKP-CD) (blue) or 
ddt(SKP-DF) (red) from the high-quality (solid) and slightly inferior quality (open) 
doublets with clear and consistent SKP arrivals. The two colored lines show the lin-
ear regressions of the high-quality data (solid circles) of the corresponding colors. 
The slopes for the red and blue lines are 0.861±0.114 and -0.139±0.114, respec-
tively. The linear regressions for the inferior data set (open circles) are similar (not 
shown), which are 0.814±0.141 and -0.186±0.141, respectively.

the standard deviations of dt(CD) from all sources of 0.013 and 
0.014 s for the two paths, respectively, using the method of Yang 
and Song (2020). Thus, the CD temporal changes are not significant 
within two standard deviations (95% confidence) and are well be-
low the detection limit of 0.041 s by Yao et al. (2015) (their Table 
2). The observed ddt(SKP-CD) values also provide a direct refer-
ence, although the SKP has lower SNRs than PKP (CD or DF). The 
largest ddt(SKP-CD) value is 0.031 s (Tables S3 and S4) and the es-
timated standard deviations are around 0.016 and 0.018 s follow-
ing Yang and Song (2020) for the high-quality and inferior quality 
data sets, respectively. We didn’t find any ddt(SKP-CD) measure-
ment that is significant at 95% confidence level. All of our error 
estimates didn’t include possible influence of the preceding DF and 
coda energy on the CD phase as exemplified in Section 4. The in-
fluence would make the errors even larger but is hard to quantify. 
Incidentally, all the measurements are also about or below the de-
tection limits of Yao et al. (2015), suggesting that the method of 
using absolute times is not adequate to determine the CD tempo-
ral change even without considering clock errors.

5. Discussion and conclusion

5.1. Our preferred interpretation: changes from IC interior and 
differential IC rotation

We demonstrated above (in Section 4) that, at distances (128◦
to 142◦) appropriate for the DF and CD phases, most (if not all) of 
the temporal changes are from the refracted DF phase rather than 
reflected CD phase. This suggests that the temporal changes are 
mainly from the interior of the IC rather than the ICB. The con-
clusion is also supported by previous existing observations. First, 
at larger distances (>146◦) when CD is absent, significant changes 
are observed in DF from BC-DF times (Fig. 1) along many ray 
paths (Song and Li, 2000; Zhang et al., 2005; Zhang et al., 2008; 
Yang and Song, 2020). The ddt(BC-DF) can be over 0.3 s for the 
SSI-Alaska path (Zhang et al., 2005), several times larger than the 
largest ddt(CD-DF). Globally, many data points of BC-DF temporal 
changes of over 0.05 s have been observed (Yang and Song, 2020) 
from high-quality doublets, while only two ddt(CD-DF) are around 
0.10 s from SSI doublets with less coherent waveforms and the rest 
are all smaller than 0.05 s. On the other hand, the reflected CD 
phase should be more sensitive to IC topographic changes than the 
transmitted DF phase. These observations are not consistent with 
temporal IC topographic changes. Furthermore, at even greater dis-
tances (>155◦), temporal changes in DF are either insignificant or 
much smaller (Li and Richards, 2003; Yang and Song, 2020). Tem-
poral changes at the ICB would affect the DF phase at different 
distances similarly and thus these observations are again not con-
sistent with temporal changes at the ICB. Second, temporal changes 
of IC scattering (ICS) waves of the pre-critical reflection PKiKP coda 
(at distances of 60 to 95◦) have indicated differential IC rotation 
(Vidale et al., 2000; Vidale, 2019). The ICS waves are best explained 
by small-scale heterogeneity in the top part of the IC (Vidale et al., 
2000; Leyton and Koper, 2007; Peng et al., 2008; Wu and Irving, 
2017).

The above observations provide compelling evidence for inter-
nal changes in the upper part of the IC, rather than at the ICB. 
To explain the internal changes, a shift of the IC is the best and 



Y. Yang, X. Song / Earth and Planetary Science Letters 541 (2020) 116267 7
simplest explanation so far. Furthermore, electromagnetic torque 
provides a ready mechanism for a differential IC rotation (Gubbins, 
1981; Glatzmaier and Roberts, 1995). Thus, we still favor the inter-
pretation of a differential rotation (Song and Richards, 1996; Zhang 
et al., 2005) for the observed IC temporal changes. In this inter-
pretation, the temporal changes of the DF travel times are caused 
by a shift of the internal lateral velocity gradient of the IC (Crea-
ger, 1997) and the temporal changes of the ICS waves are caused 
by a shift of the internal small-scale heterogeneity of the IC (Vi-
dale et al., 2000). Almost all the current non-zero estimates of the 
differential rotation rate are positive (faster rotation than the rota-
tion of the Earth). In fact, a negative rotation rate can be ruled out 
(Song, 2000). This fact itself supports IC rotation as the probability 
of coincidence is very low.

5.2. Examination of contradictory observations and claims in previous 
studies

5.2.1. Claims of temporal changes solely from IC surface
In a series of papers, Wen (2006), Yao et al. (2015), and Yao 

et al. (2019) build a case that the observed IC temporal changes 
are solely from rapid and localized increase or decrease of the IC 
radius and they are not consistent with an IC rotation. Our conclu-
sion is on the opposite side. Below we examine the key arguments 
in their studies.

Wen (2006) first observed temporal changes of the reflected CD 
phase using the 9303 doublet, discovered earlier by Zhang et al. 
(2005), and proposed two possible mechanisms at the ICB to ex-
plain the temporal changes, i.e., an IC rotation shifting ICB topogra-
phy or a rapid localized IC growth. We examined exactly the same 
data (sampling Southern Africa) at Sections 4.1 and 4.3 and con-
cluded that temporal changes occur mostly on DF arrivals while 
CD temporal changes cannot be reliably resolved. It appears that 
the mis-characterization by Wen (2006) was due to the intrinsic 
clock errors. By using SKP as a reference phase to form ddt mea-
surements (rather than the absolute times from relocations), we 
were able to avoid the clock issue. Thus, the key observations of 
Wen (2006) or the foundation for the proposed ICB mechanisms 
can be rejected.

In a follow up paper, Yao et al. (2015) used 9 SSI doublets and 
found 5 of them have significant temporal changes in the absolute 
travel times of DF and/or CD phase after relocations. The paths 
with significant temporal changes are the same as Wen (2006)
from SSI to stations AAK and ARU (sampling Southern Africa). They 
went a step further and attributed the changes (both in DF and CD) 
exclusively to localized increase or decrease of the IC radius. How-
ever, we believe their CD temporal changes are not reliable either. 
First, like Wen (2006), they also used absolute times (of both DF 
and CD phases) from relocations, which are subject to clock errors. 
Second, our new ddt measurements suggest the temporal changes 
are much larger in DF than in CD for the sampling region (South-
ern Africa). Including 9303 to AAK and ARU, we found a total of 16 
ddt measurements with SKP reference phase, most (14) of which 
sample Southern Africa (open circles in Fig. 6, Table S4). The slopes 
suggest that more than 80% of the temporal changes in ddt(CD-DF) 
are from DF and less than 20% are from CD. Their data also give 
a clue – In their example waveforms (Fig. 1 of Yao et al., 2015), 
the DF phase shifts more than CD phase in most traces except the 
9303 pair. Incidentally, our data quality is better than that in Yao 
et al. (2015). Because of insufficient SNRs, we excluded all four of 
their five doublets with temporal changes (at AAK or ARU) from 
our ddt measurements except the old 9303 doublet.

In a more recent follow up, Yao et al. (2019) further narrowed 
all IC temporal changes (including DF, DF coda, and CD) down 
solely to localized and rapid (even in days or months) changes of 
the IC surface and ruled out differential IC rotation. One key argu-
ment is that the rotation is not consistent with the behavior of the 
DF coda from the 9303 doublet to stations in Alaska and Canada. 
The argument is not convincing. First, the difference of the wave-
forms clearly starts from the DF onsets from many studies (e.g., 
Zhang et al., 2005) as well as their Fig. 2 and our Fig. 3 here. Sec-
ond, the DF and coda waves along the path are very complex and 
energetic. The identifications of specific coda arrivals are difficult 
and the assumption of a single scatterer is questionable. The other 
arguments pertain to widely inconsistent estimates of the rotation 
rate from their data analyses, which we address below.

Yao et al. (2015) and Yao et al. (2019) also attributed temporal 
DF changes to the ICB. This is now contradictory to our result that 
there are little signals from the reflected CD phase. The observation 
of significant CD temporal changes is the crucial evidence that they 
attributed all the IC temporal changes to the ICB as a simple and 
consistent model because the CD phase is not affected by the IC 
interior.

In summary, the proposal of the ICB changes (Wen, 2006) as 
the sole source of the observed travel-time temporal changes (Yao 
et al., 2015; Yao et al., 2019) is not compatible with the following 
robust observations presented above. (1) The absolute travel times 
used in these studies are affected by random clock errors, which 
are impossible to be removed from relocations. The absolute-time 
based method cannot be used in the future for studies of temporal 
changes of less than 0.15 s (two standard deviations of the random 
clock errors; Yang and Song, 2020) unless the clock issue is re-
solved. (2) All of the temporal changes start at the onset of the DF 
phase. The later arriving CD phase could be affected by the time-
varying DF phase and its coda, which is amply exemplified by the 
SSI-YKA data (Fig. 3). (3) For the paths which have much more co-
herent CD arrivals (which may indicate less influence from the DF 
and coda) as in the global data set, the CD temporal changes are 
not significant. (4) ICB temporal changes are not consistent with 
the distance-dependent temporal changes of the DF phase or the 
temporal changes of the ICS waves.

5.2.2. Claims of incompatible rotation rates
The large spread of the estimates of the differential rotation 

rate (see introduction) has been used to reject the IC rotation 
(Mäkinen and Deuss, 2011; Yao et al., 2019). Mäkinen and Deuss 
(2011) yield incompatible rates of a few tenths of a degree per 
year in both westward and eastward directions. Estimates by Yao 
et al. (2019) can vary by a factor of 27 along different paths. How-
ever, the argument is problematic for the following two reasons. 
First, measurement uncertainties need to be considered. Rotation 
rate estimates based on the DF travel time changes depend on the 
lateral velocity variations of underlying IC structure, which have 
large uncertainties, e.g., from mantle heterogeneities and fine-scale 
IC lateral variations. Recently, we found a new path from Chilean 
trench to Kazakhstan sampling North Atlantic that suggested a 
steep local (∼2◦) lateral velocity gradient of the IC and a slow 
eastward IC rotation of 0.05◦ per year (Yang and Song, 2020). The 
stations in Kazakhstan are far away from subduction zones and 
thus the gradient is less affected by mantle slab structure. On the 
other hand, the rate estimates based on the SSI-Alaska path, which 
provided early and most robust DF temporal changes, were 0.2-
0.3◦ per year or greater (e.g., Creager, 1997; Song, 2000; Zhang 
et al., 2005; Lindner et al., 2010). The sampled velocity gradient 
(beneath Central America) was measured across a much broader 
region over 25◦ in these studies, which is affected by slab struc-
tures beneath Alaska (Song, 2000; Frost et al., 2020). If the local 
velocity gradient is much greater than the smooth regional gra-
dient, the estimated larger rotation rates for the SSI-Alaska path 
would be greatly reduced. For example, a 5 times increase of the 
local velocity gradient from the broad value would only need lat-
eral difference of less than 0.2 s in differential BC-DF times over 
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a lateral distance of 2◦ , which would reduce the rotation rate to 
about 0.05-0.10◦ per year from previous estimates. Confirmation 
and mapping of the local IC velocity gradients are important in 
future effort. Recently, Vidale (2019) derived a rotation of 0.07◦
per year between 1971 and 1974 based on the temporal shifts 
of strong blips of ICS waves, which does not require the precise 
knowledge of the underlying scatters. Thus it appears that all the 
observed temporal changes of seismic waves are best reconciled 
with a relatively slow rotation of around 0.05-0.1◦ per year. Such 
a slow rotation is also consistent with a marginal rate from the 
normal-mode data (Laske and Masters, 2003). Second, there are 
not data that suggest the rotation rate must be constant at decadal 
time scale. In fact, there are suggestions that the IC rotation is not 
steady (Lindner et al., 2010; Tkalčić et al., 2013). However, those 
observations of non-steady rotation need to be carefully evaluated 
as they are inferred from the SSI to Alaska path, for which the IC 
structure is not well resolved to fine scales and is likely influenced 
by the slab effects (Frost et al., 2020).

Some extreme rotation rates have been reported (Waszek et al., 
2011; Yao et al., 2019). Although it could represent a long-term 
average over the geological time, a rate of several degrees per mil-
lion years (Waszek et al., 2011) would not result in any observable 
temporal changes of the seismic waves in current decades, thus 
can be easily rejected as the current rate of rotation. Yao et al. 
(2019) inferred a rate of at least 8.6◦ per year based on abrupt 
PKiKP temporal changes over 8-85 days and a rotation of IC topog-
raphy. The inference is problematic due to the following. First, we 
have demonstrated above in the waveforms of DF and CD, the tem-
poral changes may not come from CD (PKiKP). Second, their abrupt 
changes were not observed directly from doublets over days. They 
were inferred through a complicated process by using sequences 
of repeating earthquakes in close proximity. The temporal changes 
were initially observed from one sequence with lapses of a few 
years. The timing of the changes was narrowed down to only 8-85 
days by removing the time spans without temporal changes from 
other sequences, assuming different sequences sampling the same 
IC structures. The assumption, however, is problematic, since the 
hypocenter differences between sequences are of a few tenths of 
degrees with uncertainties, which are comparable to IC fine-scale 
structures (Peng et al., 2008).

6. Conclusions

We examined systematically temporal changes of DF and CD 
waveforms using a large data set of repeating earthquakes (39 
high-quality doublets, and 25 slightly inferior SSI doublets) and 
the non-IC SKP (or PP) reference phase. We found 23 SSI doublets 
recorded at YKA that have clear SKP (or PP) phase and 41 other 
doublet-station paths globally with clear SKP phase (thus PP phase 
is not needed). Except the SSI-YKA path, the DF and CD wave-
forms are highly similar (e.g., Figs. 2 and 4) and the differential 
times can be measured precisely (Fig. 6), which show ddt(CD-DF) 
values correlate much better with ddt(SKP-DF) than with ddt(SKP-
CD). More than 80% of the temporal CD-DF changes come from the 
DF and no significant contributions from the CD are observed at 
95% confidence. For the SSI-YKA path, the DF and coda waveforms 
change greatly (Fig. 3) and the CD arrivals are buried in the wave 
trains and hard to identify, making it not meaningful to measure 
the differential times. The differential waveforms show significant 
changes right from the DF onset and well before the predicted CD 
arrival time, suggesting that the CD arrivals can be contaminated 
by the time-varying DF and coda wave trains.

We conclude that the DF and CD temporal changes come mostly 
from the DF phase or the IC interior, rather than the CD phase or 
the ICB as in previous studies. Temporal changes of the ICB (Wen, 
2006) as the sole source of the seismic wave changes (Yao et al., 
2015; Yao et al., 2019) can be ruled out. Our conclusion is con-
sistent with temporal changes of the DF phase at larger distances 
and the ICS waves. The most probable and simplest explanation to 
the observed temporal changes is a differential rotation that shifts 
the position of the heterogenous upper part of the IC. A rotation 
rate of about 0.05-0.1◦ per year may reconcile all current temporal 
change observations from body waves, IC scattering, and normal 
mode data, but the rotation rate could vary even in decadal time 
scale.
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