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Abstract. In this study, we use a nonlinear and non-
stationary time series analysis method, the ensemble empir-
ical mode decomposition method (EEMD), to analyze the
polar motion (PM) time series (EOP CO04 series from 1962
to 2013) to find a 531-day-period wobble (531 dW) sig-
nal. The 531 dW signal has been found in the early PM se-
ries (1962-1977), but cannot be found in the recent PM se-
ries (1978-2013) using conventional analysis approaches. By
virtue of the demodulation feature of EEMD, the 531 dW
can be confirmed to be present in PM based on the differ-
ences of the amplitudes and phases between different intrin-
sic mode functions. Results from three sub-series divided
from the EOP C04 series show that the period of the 531 dW
is subject to variations, in the range of 530.9-524 days, and
its amplitude is also time-dependent (about 2-11 mas). Syn-
thetic tests are carried out to explain why the 531 dW can
only be observed in recent 30-year PM time series after using
EEMD. The 531 dW is also detected in the two longest avail-
able superconducting gravimeter (SG) records, which further
confirms the presence of the 531 dW. The confirmation of
the 531 dW existence could be significant in establishing a
more reasonable Earth rotation model and may effectively
contribute to the prediction of the PM and its mechanism in-
terpretation.

1 Introduction

It is recognized that the polar motion (PM) contains two
dominant components: the annual wobble (AW) with a 12-
month period and the Chandler wobble (CW) with a 14-
month period. Some researchers have suggested that the CW
is highly variable with respect to its amplitude (e.g., Carter,
1981, 1982; Hopfner, 2003; Chen et al., 2009, 2013a, b),
some have considered it to have double or multiple frequen-
cies (e.g., Chao, 1983; Pan, 2012), and some have consid-
ered its frequency to be invariant (e.g., Okubo, 1982; Vicente
and Wilson, 1997; Gross et al., 2003; Seitz and Schmidt,
2005). If the CW is frequency modulated as Carter (1981,
1982) suggested, namely, the frequency is governed by the
magnitude, it will create an infinite number of sidebands,
arranged symmetrically about the carrier and spaced at in-
teger multiples of the modulating frequency (Carter, 1981).
The first upper and lower sidebands could be at 1 cpy (cy-
cles per year) and 0.69 cpy, respectively, when the beat fre-
quency is 0.157 cpy (CW’s frequency 0.843 cpy & k x 0.157;
k = 1 denotes the first upper and lower sidebands), where the
beat frequency or beat period is the time period required for
the Earth’s pole to complete a cycle of the combined AW
(12 months) and CW (14 months). Because the first upper
sideband of the CW was contaminated in the spectrum of
the AW, it was concluded that only the first lower sideband,
which is located at 0.686 cpy, could most likely be detected.
Based on a 16-year time series of International Polar Mo-
tion Data (spanning from 1962 to 1977), a 0.686 cpy com-
ponent with its amplitude being around 10 to 17 mas (mil-
liarcsecond) was very weakly detected in Carter (1982), but
its signal-to-noise ratio (SNR) is very low. Based on the
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PM series (spanning from 1974 to 1981) obtained by the
Doppler satellite tracking and lunar laser ranging, Morgan
et al. (1982) identified two spectral peaks at 532 + 10.8 days
and 537 4 15.2 days, with their amplitudes around 8.6 + 2.0
and 7.4 & 2.2 mas, respectively. However, after then (1980s),
this signal was seldom announced in the PM time series with
higher SNR (especially for the records after the mid-1990s).
Recently, Na et al. (2011) found a 500-day period compo-
nent in the PM data with an average amplitude of 20 mas,
and argued that, if assuming the existence of this compo-
nent, the RMS error of the prediction of the PM could be
reduced by 50 %, and suggested that this phenomenon should
be caused by resonance of an unidentified oscillating mode
of the Earth (possibly the Earth’s inner core wobble). In ad-
dition, this wobble (or referred to as an 18-month wobble)
was found in the analysis of the atmospheric angular mo-
mentum data by Wahr (1983) and Chen et al. (2010). Fur-
thermore, a signal with a period of about 1.5 years could also
be found from the variation of length of day (LOD) by using
the wavelet analysis as suggested by Chao et al. (2014). To
check our results (this paper), King (2015) used a Kalman
filter smoother to analyze the PM series in the time do-
main, and his results show that the amplitude and espe-
cially the phase of the 531dW are time-variable (www.
nonlin-processes-geophys-discuss.net/2/C163/2015/), while
relevant earlier results using a Kalman filter on the PM se-
ries can be found in King and Watson (2014). Besides these,
to our knowledge, this component was poorly studied. Inas-
much as the detection of this component could be significant
in establishing a more reasonable Earth rotation model and
may effectively contribute to the prediction of the PM, the
main purpose of this study is to detect the ~ 530-day-period
wobble (simply 531 dW hereafter for convenience, the rea-
son for which can be found in Sect. 3) component and to
provide a possible explanation why in general cases it could
not be detected from observation series (e.g., EOP C04 se-
ries) based on the Fourier analysis.

Generally, the traditional Fourier analysis method can-
not observe this 531dW signal (see Fig. 2d-f); hence, in
this study, a nonlinear and non-stationary time series anal-
ysis method, the ensemble empirical mode decomposition
(EEMD) (Huang and Wu, 2008; Wu and Huang, 2009), is ap-
plied to a PM time series as a filter bank to detect the 531 dW
signal. (To know the differences and relations between differ-
ent spectral analysis methods, we suggest the readers to refer
some other literatures, such as Tary et al., 2014).

Here, the PM time series, the EOP C04 series span-
ning from 1962 to 2013 with a 1-day sampling in-
terval from the International Earth Rotation and Refer-
ence System Service (IERS) (http://www.iers.org/IERS/EN/
DataProducts/EarthOrientationData/), is used for observing
the signal of interest.
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2 Method

EEMD was proposed to overcome the disadvantages existing
in the empirical mode decomposition (EMD) (Huang et al.,
1998; Huang and Wu, 2008), such as the mode-mixing prob-
lem and the end effect (see Fig. 2 in Shen and Ding (2014)),
although EMD has demonstrated its applicability in a wide
range of geoscience studies over the last 15 years (e.g., Pee
and McMahon, 2006; Thomas et al., 2009; Franzke, 2009;
Jackson and Mound, 2010; Jeng and Chen, 2011; Lee et al.,
2011; Shen and Ding, 2014; Chambers, 2015). The details
of EMD and EEMD can be found in many relevant litera-
tures (e.g., Huang et al., 1998; Huang and Wu, 2008; Wu and
Huang, 2009; Shen and Ding, 2014).

A given time series x (¢) can be decomposed into a number
of intrinsic mode functions (IMFs) using the following steps
(Huang and Wu, 2008; Shen and Ding, 2014).

1. Identify all local maxima and local minima of x(z),
where its upper (lower) envelope can be formed using a
cubic spline line to connect all the local maxima (min-
ima).

2. Use hi(t) =x(t) —m1(t) to get a new series, where
m1(t) is the mean of the upper and lower envelopes of
x(¢). Steps 1 and 2 are called a sifting procedure.

3. Generally, h1(¢) is not an IMF; hence, treat /1 (¢) as the
data given just as x(¢), and repeat the sifting procedure
(steps 1 and 2) k times until i (z) is an IMF, namely,
hik(t) = hig—1) (t) —mae(t). Let ey (t) = hyk(¢), which
is designated as the first IMF.

4. Then, letting r1(¢) = x(¢) — c1(¢), and repeating steps
1-3 for r1(¢), one can get the second IMF, c2(t).

5. Repeat the above steps, and then the jth target IMF,
cj(t), can be obtained.

The above process is the EMD. In these steps, two differ-
ent iterative loops exist. The first loop is employed to obtain
hi (1), inwhich an IMF must have a specific definition to stop
circulating steps 1 and 2. In the second loop, the repeat times
J must be a finite number, in which a criterion must be de-
termined to stop the entire sifting process. For the first loop,
Huang et al. (1998) I|m|ted the size of the standard devia-

tion, SDy, = Z Im|?/ Z |h1x|2, which was computed from
t=0 t=0
the two consecutive sifting results to stop this loop. SDy, can

generally be set between 0.2 and 0.3. The second loop can be
terminated by either of the two criteria: (1) the component ¢,
or the residue r,, becomes so small that it is less than the pre-
viously given value of the substantial consequence; or (2) no
more IMF can be extracted from r,, (see also Shen and Ding,
2014).

Given that EMD has the mode-mixing problem and end
effects, EEMD is developed with the following procedures
(Huang and Wu, 2008; Shen and Ding, 2014).
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1. Add a white noise series to the targeted time series x (z).

2. Decompose the series with added white noise into
IMFs.

3. Repeat procedures 1 and 2 iteratively, but with different
white noise series each time.

4. Obtain the (ensemble) means of the corresponding
IMFs of the decompositions as the final IMF.

In the decomposition using EEMD, the added white noise
series cancel each other out in the final mean of the corre-
sponding IMF. Note that in the EEMD process, procedure 2
is just the whole EMD process. The means of the IMFs re-
main within the natural filter windows, significantly reducing
the possibility of mode mixing and preserving the filter prop-
erty (Huang and Wu, 2008; Shen and Ding, 2014).

By using EEMD, the chosen time series can be decom-
posed into a finite number of simple IMFs, and different-
scale signals in the series will be re-combined by proper
IMFs based on the fact that different IMFs have different fre-
quency bands. Hence, for the chosen EOP CO04 series, f (1)
and its IMFs satisfy the following linear equation:

@) = IMFL(t) + IMF2(t) + ...+ IMFn(¢) + (1), 1)

where n is the number of the IMFs and r(¢) is a residue term.
In addition, EEMD can be used to demodulate a frequency-
modulated time series (Huang et al., 1998; Huang and Wu,
2008). That means EEMD can be used not only as a fil-
ter bank, but also as a demodulator simultaneously. Since
EEMD has these two advantages, we use it to detect the
531 dW in the PM.

A frequency modulation signal can be expressed as fol-
lows (Carter, 1981, 1982):

e/ (x,y) = Ccsinlgo + 27 for + M - sin(2r fmt)], 2

where ¢, (x, y) is the expected value of the x-component or y-
component, and fn, the frequency of the modulating signal.
Here, we set it to be equal to 0.157 cpy (the beat frequency
between the CW and AW); f; and C. are the frequency and
amplitude of the CW, and M is the modulation index, defined
as M=Af/ fm, where Af is the maximum variation of fm; ¢o
is the initial phase, and it is simply set as zero (same as the
AW and the 531 dW).

3 Results

3.1 Results from the PM series with/without using
EEMD

The waveforms of the two components, the x- and y-

components of the chosen PM series are shown in Fig. 1a,
and their corresponding Fourier spectra are shown in Fig. 1b,
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c (see the black bold curves; we call them the original spec-
tra). The vertical dashed lines (Fig. 1b and c) are located at
the target frequency, 0.6875cpy, and there is no peak that
can be identified for the 531 dW based on the original spec-
tra of PM series. Meanwhile, if the EEMD is used on these
two components, 11 IMFs can be obtained, respectively (see
Fig. 2 for the waveforms of the IMFs of the x-component).
In the Fourier spectra of IMF5 and IMF6, the 531 dW can be
clearly detected (see the blue and red curves in Fig. 1b and c).
The spectra for other IMFs (sum) of the x- and y-components
are denoted by the green curves (we call them the resid-
ual spectra). No peak can be identified for the 531dW in
the residual spectra. The amplitudes of the 531 dW signals
in IMF5 and IMF6 are denoted by the blue and red arrows,
respectively. Comparing with the original spectra, the am-
plitudes in IMF5 and IMF6 are outstanding (Fig. 1b and
c); the phases of the IMF5 and IMF6 are almost opposite
(Fig. 1d and e; it might be caused by the demodulation fea-
ture of EEMD). According to Eqg. (1), the mean amplitudes of
531 dW in the x- and y-components achieve 7.1 and 7.2 mas,
respectively, while the corresponding noise level is about
4mas. The low SNR might be the reason why we cannot
identify the 531 dW signal directly from the original spec-
tra of PM time series spanning from 1962 to 2013 using
conventional analysis approaches. However, previous stud-
ies show that this signal has been found in the 1962-1977
PM series (see Carter, 1981, 1982). One possible inference is
that the amplitude of the 531 dW may vary with time. Hence,
we divide the 1962-2013 PM series into three sub-series,
the 1962-1977 series, the 1978-1994 series, and the 1995
2013 series, to further study the 531 dW signal. Note that,
after 1980, the EOP time series is generated from the mod-
ern geodetic observations, and the precision of the time series
has been highly improved. However, given that the EEMD is
actually based on the waveform of the time series to filter dif-
ferent signals for different IMFs, we have confirmed that the
distinction at 1980 will not significantly affect our results.
Based on the conventional Fourier analysis approach, the
results as shown in Fig. 3 clearly indicate that only the target
peak in the spectra of the 1962-1977 series (see Fig. 3b) is
over their corresponding background noise level (see Fig. 3d;
note that a 0.57 cpy peak in Fig. 3f is also over the noise level,
but it is not the interesting signal of this study), which is con-
sistent with previous studies (Carter, 1981, 1982; Morgan et
al., 1982). Without using EEMD, our estimates for the tar-
get 531 dW, CW, and AW (the annual wobble) are tabulated
in Table 1 (note that the estimations for the amplitudes, fre-
quencies and their corresponding error bars are obtained by
using the AR (Autoregressive) method of Chao and Gilbert,
1980; more details can be found in Ding and Shen, 2013, and
Ding and Chao, 2015). For the x- and y-components of the
531 dW signal from the 1962-1977 series, the corresponding
amplitudes are 11.3 and 14.6 mas, while the estimates of pre-
vious studies are about 8 mas (Carter, 1981, 1982; Morgan
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Figure 1. The x- (black) and y-components (red) of the 1962—-2013 PM series (a) and their corresponding Fourier amplitude spectra (original
spectra, denoted by the black curves in b and c). (b) x-component; (c) y-component. The spectra for IMF5 and IMF6 after applying EEMD
to x- and y-components are indicated by blue and red curves, and their corresponding phases (based on the discrete Fourier transform) are
shown in (d) and (e), respectively. The spectra (residual spectra) for other IMFs (sum) of x- and y-components are denoted by the green

curves.
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Figure 2. The first 10 IMFs of the x-component of the 1962—-2013 PM time series after using EEMD; the last one, IMF11, is a linear term.

Here, it is ignored.
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Table 1. The observed frequencies (cpy) and amplitudes (mas) of the CW, AW and the target wobble.

Target wobble

Chandler wobble Annual wobble

Frequency Amplitude  Frequency Amplitude  Frequency Amplitude
1962-1977  x-component*  0.68751+3.2x 10~4 11.3+4.6 0.84381+£24x10~4 129.24+3.3 1.00023+2.6x10~% 97.1+4.1
x-IMF5 0.68749+3.4x 1074 441451 0.84380+2.6x10~4 103.6+3.4 1.00019+3.1x10"% 73.1+45
x-IMF6 0.68750+4.7x10~% 33.24+75 0.84381+9.8x10~4 251+7.9  1.00021+9.9x10"% 24.6+8.3
y-component*  0.68753+3.4x 104 146448 0.84383+2.7x10"% 129.2+3.2 1.00028+3.1x1074 90.8+3.9
y-IMF5 0.687524+3.6 x 1074 449453 0.84384+28x10~4 104.0+33 1.00027+33x107% 73.2+47
y-IMF6 0.68753+4.5x 104 327473 0.84384+10x10"3 238+82 1.00031+1.2x10"3 185+9.0
1978-1994  x-component*  — - 0.843124+1.7x10"% 180.1+2.1 1.00031+2.4x10"4 90.6+3.4
x-IMF5 0.696144+3.5x10"% 50.0+4.0 0.84311+21x10"4 1455+26 1.00027+3.0x10"% 83.9+35

x-IMF6 0.696114+3.7x 1074 453453 0.84309+7.2x 1074 27.2+67 - -
y-component*  — - 0.843144+1.8x 104 180.1+2.2 1.00029+27x10"4 84.1+35
y-IMF5 0.696174+3.7x10"% 505+3.9 0.84316+2.0x10"4 153.3+25 1.000284+3.2x10"4 82.0+3.7

y-IMF6 0.696134+3.9x 1074 441442 084314+64x10"% 299+59 - -
1995-2013  x-component*  — - 0.838924+2.5x 1074 128.04+3.4 1.00030+3.6x10™4 100.8+4.5
x-IMF5 0.686444+4.9x10"% 31.24+7.0 0.83895+31x10"4 81.1+45 1.00025+43x10"% 63.0+53
x-IMF6 0.68646+7.7x10"% 33.3+6.9 0.83893+6.8x10"4 466+58 1.00031+7.4x10"% 39.2+6.7
y-component*  — - 0.83893+2.4x 104 128.2+3.2 1.00027+3.8x10"4 91.8+5.1
y-IMF5 0.68648+4.7x10~% 32.84+6.5 0.83897+29x10"4 86.6+4.1  1.00027+4.1x10"% 63.6+5.7
y-IMF6 0.68644+6.1 x 1074 333464 0.83894+54x10~4 37.9+55 1.00031+7.4x10"% 285+6.6

* Directly estimated values from observation series without using EEMD.

Table 2. The vector differences of the amplitudes of IMF 5 and IMF6 for the three sub-series (frequency domain).

1962-1977 1978-1994  1995-2013
x-component  531dW 12.8 4.0 34
RMS noise level 9.5 8.8 5.4
y-component  531dwW 16.4 8.7 3.9
RMS noise level 9.2 8.2 5.5

et al., 1982). However, this wobble cannot be found in the
1978-1994 and 1995-2013 series.

After applying EEMD to the three sub-series, only IMF5
and IMF6 contain the 531dW signal, the corresponding
spectra being shown in Fig. 4 (for the x-component) and
Fig. 5 (for the y-component). As for other IMFs, the cor-
responding peaks at 531 dW frequency cannot exceed the
background noise levels of their spectra just as in the whole
1962-2013 PM series they cannot (see the green curves in
Fig. 1). Note that we do not rule out the possibility that some
part (energy) of the interesting signals may also be present in
the adjacent IMFs, but they must be very weak (see Fig. 1)
so that they can be neglected. Hence, in the present case, we
will only concern with the IMF5 and IMF6.

As shown in Figs. 4 and 5, the phases for CW (and AW)
in IMF5 and IMF6 are the same (except for IMF 6 in Figs 4c
and 5c, where there is no peak for AW), whereas the phases
for the 531dW in IMF5 and IMF6 are quite different. The
corresponding amplitude and frequency estimates are listed
in Table 1. Taking into account the same phases as shown in
Figs. 4 and 5, one can find that the amplitudes from the IMFs
for CW and AW are consistent with the results without using
EEMD (see Table 1). As for the amplitudes of the 531 dW in

www.nonlin-processes-geophys.net/22/473/2015/

the three sub-series, we use the vector difference to estimate
the relevant values. The corresponding results are shown in
Table 2. Considering the estimation errors, Table 2 also indi-
cates that the 531 dW cannot be found in the spectra by using
the Fourier analysis (as shown in Fig. 3e and f).

Wahr (1983) implied that there exists an 18-month (~ 547-
day) polar wobble (which can be considered as coincid-
ing with the 531dW signal mentioned in the present pa-
per), which could be caused by oceanic excitation. Chen
et al. (2010) further demonstrated that the atmospheric ex-
citation may give rise to the 531dW signal with an am-
plitude 15mas using the atmospheric angular momentum
(AAM) data set spanning from 1948 to 2006. But, from the
above results, those excited 531 dW signals almost disappear
from the 1978-1994 and 1995-2013 series. This might be
due to the fact that the 531 dW signal has varying ampli-
tudes and phases with time. However, after using EEMD,
the 531 dW signals can be detected in two IMFs with very
different phases. Hence, we may carefully suggest that this
phenomenon can be explained by the demodulation feature
of EEMD. And this feature of EEMD gives us a chance to
confirm that the 531 dW is present in PM due to the differ-
ences of the phases between different IMFs.

Nonlin. Processes Geophys., 22, 473-484, 2015
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Figure 4. The amplitudes and phase spectra of the IMF 5 and IMF 6 and the sum of the other IMFs of the x-components of the three
sub-series after using EEMD (a—f) for the 1962-1977, 1978-1994 and 1995-2013 series, respectively. The vertical dashed lines denote the

possible spectral peaks for the 531 dW.

3.2 Synthetic tests for the frequency modulation and
demodulation

By carefully examining Table 1, we can find that the ampli-
tudes of the 531 dW in IMF6 perhaps have some proportional
relation to the amplitudes of CW in their corresponding x-/y-

Nonlin. Processes Geophys., 22, 473-484, 2015

components without using EEMD (namely, those two corre-
sponding amplitudes for x- (or y-) component have almost
linear relationship (considering the error bar); see Table 1),
whereas the amplitudes of the 531 dW in IMF5 and their cor-
responding CW amplitudes in x-/y-components without us-
ing EEMD have no obvious linear relationship. According to

www.nonlin-processes-geophys.net/22/473/2015/
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Figure 5. Same as Fig. 4 but for the y-components of the three sub-series.

Table 3. The chosen amplitudes of the CW (0.8437 cpy) and AW (1 cpy) for the synthetic series, and the corresponding estimated values

from the synthetic series. (Unit: mas.)

M Synthetic (input) Synthetic (output)
Cw AW Cw AW  531dwW
0.23 1962-1978 130.9 82.06 129.2 97.1 15.17
1978-1995 181.9 68.25 180.1  90.6 19.82
1995-2013 129.5 85.4 128.0 100.8 14.89
0.38 1962-1978 133.9 72.03 129.2 97.1 25.06
1978-1995 186.3 5423 180.1  90.6 33.49
1995-2013 132.6 756 128.0 100.8 24.65

previous studies, here we assume that the amplitude of the
531dW in IMF®6 is caused by the frequency modulation of
CW.

The expression of the frequency modulation signal can
be found in Eq. (2) in Sect. 2. From Table 1, we can get
the amplitudes of the x- and y-components of the three
sub-series (without using EEMD); hence, we use those pa-
rameters to generate three synthetic noise-free time series
based on Eq. (2), and they have the same sampling intervals
and lengths as the 1962-1977, 1978-1994, and 1995-2013
series, respectively. As previous studies suggested (Carter,
1981, 1982), we first test the modulation index M of CW that
equals 0.23 and 0.38, respectively, and set different ampli-
tudes for the CW and AW to ensure that the synthetic spectra
coincide with the spectra of the actual observations (here we
use the x-components of the three sub-series as examples),
and the frequencies of the CW and AW are set to 0.8437
and 1.00 cpy. The set amplitude parameters (input) and their
corresponding synthetic output are listed in Table 3. The cor-
responding spectral results are shown in Fig. 6. From Table 1
and Fig. 6, one can clearly find that, if M = 0.23, for the
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1962-1977 series, the amplitude (x-component) of the side-
band that is caused by the frequency modulation of the CW is
15.17 mas, and our estimates from the 1962-1977 series are
about 11.3 and 14.6 mas for x- and y-components, respec-
tively. Obviously, our synthetic result is consistent with our
observed results. If we only consider this fact, we may con-
clude that the observed target wobble from the 1962-1977
series very likely originates from the frequency modulation
of CW. But, here we do not want to infer whether the CW
is frequency modulated, but obviously, the synthetic results
for the 1978-1994 and 1995-2013 series based, respectively,
on M =0.23 and 0.38 clearly show the appearance of the
target wobble, whereas there is no significant peak for the
target wobble in the corresponding actually observed spec-
tra. Namely, the modulation index M = 0.23 or 0.38 of CW
cannot explain the observed results from the later two sub-
series. Although we cannot ensure that M is a constant, we
try to find an M that can produce sufficient modulation for all
the three sub-series. We find that M = 0.5 is a good choice.
Now we set M = 0.5, and construct three synthetic noise-
free time series based on Eq. (2) for the 1962-1977, 1978—
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Table 4. The input parameters for the six synthetic series. (FM: frequency modulation.)

Synthetic series

I 1 (FM) I 1v(FM) V VI (FM)

CW Frequency (cpy) 0.8437  0.8437 0.8437 0.8437 0.8437 0.8437
Amplitude (mas) 137.6 137.6 191.3 191.3 136.4 136.4

AW Frequency (cpy)  1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Amplitude (mas) 63.7 63.7 42.6 426 67.4 67.4

531dW  Frequency (cpy) 0.6875 0.6875 0.6875 0.6875 0.6875 0.6875
Amplitude (mas) 44.1 50.0 50.0 31.2 31.2

1994, and 1995-2013 series, and still set different ampli-
tudes for the CW and AW to guarantee that the theoretical
spectra coincide with the observational spectra (the input pa-
rameters are the same as the parameters for the three se-
ries without considering the frequency modulation of CW,
which are listed in Table 4; note here that only CW and
AW are considered). The corresponding results are shown
in Fig. 7 (using the x-components as examples), and the am-
plitudes of the first sidebands caused by the frequency mod-
ulation of CW are marked by the arrows. The synthesis re-
sults (x-components) show that the amplitudes of the 531 dW
in the three sub-series are, respectively, 33.36, 44.98, and
32.98 mas, while the corresponding results of the x- and y-
components in IMF 6 are 33.2 (for x) and 32.7 mas (for y),
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45.3 (for x) and 44.1 mas (for y), and 33.3 mas (for x or y).
Clearly, when M = 0.5, the results from the frequency mod-
ulation of CW are consistent with the corresponding results
in IMF6. If the 531 dW in IMF6 is really caused by the fre-
quency modulation of CW with a modulation index M = 0.5,
the 531dW in IMF5 may be excited by some geophysical
processes, such as the atmospheric—oceanic excitation (Wabhr,
1983; Chen et al., 2010); then, we can appropriately explain
the observations after using EEMD and the disappearance of
the 531 dW in the recent PM series. Here, we would like to
further demonstrate that EEMD can directly demodulate a
frequency-modulated time series.

We generate six synthetic noise-free time series. The
length of the synthetic series | and Il is equal to that of the
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Figure 7. The amplitude spectra of the synthetic series without using EEMD. (a), (b), and (c) for the x-component of the 1962-1977,
1978-1994, and 1995-2013 series, respectively. The black curves indicate the results without considering the frequency modulation of CW,
whereas the red dashed curves are the corresponding results when considering the frequency modulation of CW, with the modulation index

M =0.5.

1962-1977 series, the length of the synthetic series 11l and
IV is equal to that of the 1978-1994 series, and the length
of the synthetic series VV and VI is equal to that of the 1995—
2013 series, with a 1-day sampling interval. The synthetic
series | (111/V) contains three sinusoidal components without
frequency modulation, and the frequencies and amplitudes of
CW and AW (see Table 4) are set to make the results for CW
and AW after tuning the frequency modulation of CW to be
the same as with the observations from the x-component of
the 1962-1977 series (1978-1994 and 1995-2013; see Ta-
ble 1 and Fig. 8b—f). The third signal is the 531 dW, which
is listed in Table 3. As for the synthetic series Il (IV/VI),
its parameters are the same as the synthetic series I (111/V),
but a mechanism of the frequency modulation of CW is con-
sidered with the modulation index M = 0.5. The spectra of
the six synthetic series are shown in Fig. 8. Obviously, after
considering the frequency modulation of CW, the amplitude
of the 531 dW in the synthetic series Il is reduced to only
11.05 mas, which is almost equal to the observed result ob-
tained from the x-component of the 1962-1977 series with-
out using EEMD (11.3 mas, see Fig. 3 and Table 1). The cor-
responding spectra of the IMF5 and IMF6 of the synthetic
series Il obtained after using EEMD are shown in Fig. 8b1
and b3. Similar to the real data, the phases for CW (or AW)
in IMF5 and IMF6 are the same, whereas the phases for
the 531dW in IMF5 and IMF6 are opposite to each other
(Fig. 8b2). Comparing those synthetic results with the re-
sults from the x-component of the 1962-1977 series as listed
in Table 1, the amplitudes of the 531 dW in IMF5 (44.1 mas)
and IMF6 (33.2 mas) of the real data are almost equal to those
of the synthetic results. The results as shown in Fig. 8c—d and
e—f have a similar nature to the results as shown in Fig. 8a—b.
Namely, the input 531 dW signal is in fact demodulated into
IMF5, whereas the 531 dW signal caused by the frequency
modulation of CW is demodulated into IMF6.

The frequency modulation mechanism of CW is an open
question. If we accept the modulation mechanism of CW ad-
dressed above, the results obtained from the PM series af-
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ter using EEMD can be appropriately explained. However,
the excitation sources of the 531dW in IMF5 still cannot
be confirmed. We do not intend to answer this question in
this study, but we will try to confirm the 531 dW in the in-
dependent gravity records in the following section to further
confirm its presence.

3.3 Results from the SG records

If the 531 dW can be excited by the atmospheric/oceanic an-
gular momentum, or if it is the normal mode of the Earth, it
may be found in the gravity records. Hence, we choose the
superconducting gravimeter (SG) records from the Global
Geodynamic Project (GGP) network to further confirm the
existence of this signal. The GGP network has been operat-
ing about 25 years (from 1997), but the longest available con-
tinuous records (without very large gaps) are only about 16
years long, namely, the records from SG stations Membach
(mb) (1995-2011) and Medicina (mc) (1998-2014). After
removing the tidal effects (solid and ocean), the local atmo-
spheric effect (without the 531 dW signal in it), and the pole
tides, the spectra of the residual gravity records are shown in
Fig. 9 (see the black curves). Two peaks around 531 dW can
be found in Fig. 9a (for station mb) and b (for station mc).
We have confirmed that the local atmospheric effect and the
pole tides have no contributions to the 531 dW. Since the pole
tides have been removed, namely, CW, AW and the possi-
ble 531 dW signals caused by the polar motion have been re-
moved from the gravity records, the residual 531 dW must be
caused by some other sources. Here, we further consider the
hydrological loading (global) effect except the atmospheric
loading (global) and non-tidal ocean loading effects (Petrov
and Boy, 2004). The two latter effects are the same possi-
ble sources that excite the 531 dW in PM series. However,
Fig. 9 clearly shows that those three effects cannot explain
the residual 531 dW; only the residual AW can be appropri-
ately explained. This finding seems to be inconsistent with
previous studies, but they can be explained. As Wahr (1983)
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Figure 9. The Fourier spectra of the two residual SG records. (a) mb record; (b) mc record. The effects of the atmospheric loading (global),
non-tidal ocean loading and the hydrological loading (global) are indicated by the red, blue and green curves, respectively.

and Chen et al. (2010) suggested, the 531dW can be ex- ries only after convoluting with the CW term. However, the
cited by atmospheric/oceanic effects, and the excited signal 531 dW signals excited by atmospheric and oceanic effects
by atmospheric or oceanic effects can be found in the PM se- seem to have different phases; hence, the 531 dW cannot be
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found in the PM series (Chen et al., 2010). If we accept this,
the 531dW signal in gravity records comes from two dif-
ferent sources: indirectly from polar motion that is affected
by the atmospheric/oceanic effects, and directly from the at-
mospheric/oceanic effects. The excited 531 dW from PM has
been removed by taking away the pole tide effects. The ex-
cited 531 dW directly from the atmospheric/oceanic effects
has just the same nature as the excitation in the PM; if no con-
volution is processed with the CW, the 531 dW signal cannot
be found in the PM or gravity records. Hence, our findings
are actually consistent with previous studies.

No matter how, our results clearly show that the demodu-
lation feature of EEMD is helpful for detecting the 531 dW
signal in the PM series, and we confirm that the amplitude
and frequency of the 531 dW vary with time.

4 Discussion and conclusion

After applying EEMD to the 1962-2013 PM time series
(EOP C04), a531dW is clearly found with a mean amplitude
of about 7 mas (with much larger amplitudes in the IMF5 and
IMF6 series, respectively), but in the spectra without using
EEMD, this signal cannot be found. The 531dW has been
found by previous studies in the 1962-1977 PM series with a
lower SNR. To confirm previous observations (Carter, 1981,
1982) and to further study this signal, we divide the whole
PM series into three sub-series, the 1962-1977, 1978-1994
and 1995-2013 PM time series. Without using EEMD, the
results for the 1962-1977 PM series are consistent with pre-
vious studies, while the 531 dW signal disappears from the
Fourier spectra of the 1978-1994 and 1995-2013 PM time
series. However, after applying EEMD to those three sub-
series, the 531 dW signals can be found in each sub-series
with different outstanding amplitudes (based on the spectra
of the decomposed IMF5 and IMF6 series), which (taking
x-components as examples) are, respectively, about 12.8 in
1962-1977, 4.0 in 1978-1994, and 3.4mas in 1995-2013
(see Table 2), while the corresponding noise levels of the
three sub-series are about 9.5, 8.8, and 5.4 mas, respectively.
That is the reason why the 531 dW signal can only be directly
found in the 1962-1977 PM series without using EEMD.
Although the frequency modulation mechanism of CW is
an open question, we find that if the modulation index M
of CW equals 0.5, the results obtained from the PM series
after using EEMD can be appropriately explained. Further-
more, using synthetic tests, we confirmed the demodulation
feature of EEMD, which can help us find the 531 dW signal
in the PM series, but this paper does not attempt to explain
the possible excitation sources of the 531 dW. Given that the
531 dW signal can be directly found in the SG records with-
out using EEMD, it should be considered in the study of the
long-period effects in some relevant geophysical data sets.
Though various previous studies have confirmed that the
incomplete orthogonality of EEMD hardly affects the anal-
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ysis of many geophysical processes, it might still affect our
PM time series analysis process. Owing to the frequency and
amplitude of the 531 dW signal being time-variant (gener-
ally, they might be caused by the excited process and the
background noise in different time spanning), it becomes
quite difficult to explore its excitations. It might be caused
by the core dynamics, or even by some random processes
(e.g., Chao et al., 2014), but from the phase results of the
531 dW of King (2015), we may prefer to consider that the
531 dW seems to be excited by some kind of unknown pro-
cess, which needs further investigations. Anyway, as a fi-
nal conclusion, we suggest that the 531 dW signal exists in
nature, but left its mechanism open. With the accumulation
of high-precision geodetic observation data, the long-period
terms, such as 531 dW, are to be further studied, and this may
help us better understand the Earth system.
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