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Abstract 10	
  

In this study, we use a nonlinear and non-stationary time series analysis method, the ensemble 11	
  

empirical mode decomposition method (EEMD), to analyze the polar motion (PM) time series (EOP 12	
  

C04 series from 1962 to 2013) to find a 531-day-period wobble (531dW) signal. The 531dW signal 13	
  

has been found in the early PM seires (1962-1977) but cannot be found in the recent PM seires 14	
  

(1978-2013) using conventional analysis approaches. By the virtue of the demodulation feature of 15	
  

EEMD, the 531dW can be confirmed to be present in PM based on the differences of the amplitudes 16	
  

and phases between different intrinsic mode functions. Results from three sub-series divided from 17	
  

the EOP C04 series show that the period of the 531dW is subject to variations, in the range of 18	
  

530.9d-524d, and its amplitude is also time- dependent (about 2-11 mas). Synthetic tests are carried 19	
  

out to explain why the 531dW can only be observed in recent 30-years PM time series after using 20	
  

EEMD. The 531 dW is also detected in two longest available superconducting gravimeter (SG) 21	
  

records, which further confirms the presence of the 531dW. The confirmation of 531dW existence 22	
  



	
  
	
  

could be significant in establishing a more reasonable Earth rotation model and may effectively 23	
  

contribute to the prediction of the PM and its mechanism interpretation.  24	
  

 25	
  

1 Introduction 26	
  

It is recognized that the polar motion (PM) contains two dominant components: the annual wobble 27	
  

(AW) with a 12-month period and the Chandler wobble (CW) with a 14-month period. Some 28	
  

researchers have suggested that the CW is highly variable with respect to its amplitude (e.g., Carter, 29	
  

1981, 1982; Höpfner, 2003; Chen et al., 2009; Chen et al, 2013a, 2013b), some have considered it 30	
  

having double or multiple frequencies (e.g., Chao, 1983; Pan, 2012), and some have considered its 31	
  

frequency being invariant (e.g., Okubo, 1982; Vicente and Wilson, 1997; Gross et al., 2003; Seitz 32	
  

and Schmidt, 2005). If the CW is frequency modulated as Carter (1981 and 1982) suggestted, namely 33	
  

the frequency is governed by the magnitude, it will creates an infinite number of sidebands, arranged 34	
  

symmetrically about the carrier and spaced at integer multiples of the modulating frequency (Carter, 35	
  

1981). The first upper and lower sidebands could be at 1 cpy (cycles per year) and 0.69 cpy 36	
  

respectively when the beat frequency is 0.157 cpy (CW’s frequency 0.843cpy ± k×0.157; k=1 37	
  

denotes the first upper and lower sidebands), where the beat frequency or beat period is the time 38	
  

period required for the Earth’s pole to complete a cycle of the combined AW (12 months) and CW 39	
  

(14-months). Because the first upper sideband of the CW was contaminated in the spectrum of the 40	
  

AW, it was concluded that only the first lower sideband, which is located at 0.686 cpy, could most 41	
  

likely be detected. Based on a 16-year time series of International Polar Motion Data (spanning from 42	
  

1962 to 1977), a 0.686 cpy component with its amplitude being around 10 to 17 mas (milliarcsecond) 43	
  

was very weakly detected in Catrer (1982), but its signal-to-noise ratio (SNR) is very low. Based on 44	
  



	
  
	
  

the PM series (spanning from 1974 to 1981) obtained by the Doppler satellite tracking and lunar 45	
  

laser ranging, Morgan et al. (1982) identified two spectral peaks at 532±10.8 days and 537±15.2 46	
  

days, with their amplitudes around 8.6±2.0 mas and 7.4±2.2 mas, respectively. However, after then 47	
  

(1980s), this signal was seldom announced in the PM time series with higher SNR (especially for the 48	
  

records after the mid-1990s). Recently, Na et al. (2011) found a 500-day period component in the 49	
  

PM data with an average amplitude of 20 mas, and argued that if assuming the existence of this 50	
  

component, the RMS error of the prediction of the PM could be reduced by 50%; and suggested that 51	
  

this phenomenon should be caused by resonance of unidentified oscillating mode of the Earth 52	
  

(possibly Earth's inner core wobble). In addition, this wobble (or referred to as an 18-month wobble) 53	
  

was found in the analysis of the atmospheric angular momentum data by Wahr (1983) and Chen et al. 54	
  

(2010). Furthermore, a signal with a period about 1.5 year could be also found from the variation of 55	
  

length of day (LOD) by using the wavelet analysis as suggested by Chao et al. (2014). To check our 56	
  

results (this paper), King (2015) used a Kalman Filter-Smoother to analyse the PM series in the time 57	
  

domain, and his results show that the amplitude and especially the phase of the 531dW are time vary 58	
  

(www.nonlin-processes-geophys-discuss.net/2/C163/2015/) ; while relevant earlier results using a 59	
  

Kalman Filter to the PM series can be found in King and Watson (2014). Besides these, in our 60	
  

knowledge, this component was poorly studied. Inasmuch as the detection of this component could 61	
  

be significant in establishing a more reasonable Earth rotation model and may effectively contribute 62	
  

to the prediction of the PM, the main purpose of this study is to detect the ~530-day-period wobble 63	
  

(simply 531dW hereafter for convenience, the reason of which could be found in section 3) 64	
  

component and provide a possible explanation why in general cases it could not be detected from 65	
  

observation series (e.g. EOP C04 series) based on the Fourier anaylsis. 66	
  



	
  
	
  

Generally, the traditional Fourier analysis method cannot observe this 531dW signal (see Figures 67	
  

2d-f), hence, in this study a nonlinear and non-stationary time series analysis method, the ensemble 68	
  

empirical mode decomposition (EEMD) (Huang and Wu 2008; Wu and Huang 2009) is applied to a 69	
  

PM time series as a filter bank to detect the 531dW signal. (To know the differences and relations 70	
  

between different spectral anaylsis method, we suggest the readers to refer some other literatures, 71	
  

such as Tary et al. (2014)) . 72	
  

Here, the PM time series, the EOP C04 series spanning from 1962 to 2013 with one-day 73	
  

sampling interval from the International Earth Rotation and Reference System Service (IERS) 74	
  

(http://www.iers.org/IERS/EN/DataProducts/EarthOrientationData/), is used for observing the signal 75	
  

of interest. 76	
  

 77	
  

2 Method 78	
  

EEMD was proposed to overcome the disadvantages existing in the empirical mode 79	
  

decomposition (EMD) (Huang et al., 1998; Huang and Wu, 2008), such as the mode-mixing problem 80	
  

and the end effect (see as Fig. 2 in Shen and Ding (2014)), although EMD has demonstrated its 81	
  

applicability in a wide range of geoscience studies over the last 15 years (e.g., Pee and McMahon, 82	
  

2006; Thomas et al., 2009; Franzke, 2009; Jackson and Mound, 2010; Jeng and Chen, 2011; Lee et 83	
  

al., 2011; Shen and Ding, 2014; Chambers, 2015). The details of EMD and EEMD can be found in 84	
  

many relevant literatures (e.g., Huang et al., 1998; Huang and Wu, 2008; Wu and Huang, 2009; Shen 85	
  

and Ding, 2014). 86	
  

A given time series x(t) can be decomposed into a number of intrinsic mode functions (IMFs) 87	
  

using the following steps (Huang and Wu, 2008; Shen and Ding, 2014):  88	
  



	
  
	
  

1. Identify all local maxima and local minima of x(t), where its upper (lower) envelope can be 89	
  

formed using a cubic spline line to connect all the local maxima (minima). 90	
  

2. Use h1(t)=x(t) − m1(t) to get a new series, where m1(t) is the mean of the upper and lower 91	
  

envelopes of x(t). Steps 1 and 2 are called a sifting procedure. 92	
  

3. Generally, h1(t) is not an IMF, hence, treat h1(t) as the data given just as x(t), and repeat the 93	
  

sifting procedure (step 1 and 2) k times until hk(t) is an IMF, namely, h1k(t)= h1(k-1) (t) − m1k(t). 94	
  

Let c1(t)= h1k(t), which is designated as the first IMF. 95	
  

4. Then, setting r1(t)=x(t) −c1(t), and repeating the steps 1-3 for r1(t), one can get the second IMF, 96	
  

c2(t). 97	
  

5. Repeat the above steps, and then the j-th target IMF, cj(t), can be obtained.  98	
  

The above process is the EMD. In these steps, two different iterative loops exist. The first loop is 99	
  

employed to obtain hk(t), in which an IMF must have a specific definition to stop circulating steps 1 100	
  

and 2. In the second loop, the repeat times j must be a finite number, in which a criterion must be 101	
  

determined to stop the entire sifting process. For the first loop, Huang et al. (1998) limited the size of 102	
  

the standard deviation, 2 2
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T T

k k k
t t

SD m h
= =

=∑ ∑ , which was computed from the two consecutive sifting 103	
  

results to stop this loop. SDk can be generally set between 0.2 to 0.3. The second loop can be 104	
  

terminated by either of the two criteria: (1) the component cn or the residue rn becomes so small that 105	
  

it is less than the previously given value of the substantial consequence; or (2) no more IMF can be 106	
  

extracted from rn (see also in Shen and Ding, 2014). 107	
  

 Given that EMD has the mode-mixing problem and end effects, EEMD is developed with the 108	
  

following procedures (Huang and Wu, 2008; Shen and Ding, 2014): 109	
  

1. Add a white noise series to the targeted time series x(t); 110	
  



	
  
	
  

2. Decompose the series with added white noise into IMFs; 111	
  

3. Repeat procedures 1 and 2 iteratively, but with different white noise series each time; 112	
  

4. Obtain the (ensemble) means of the corresponding IMFs of the decompositions as the final 113	
  

IMF. 114	
  

In the decomposition using EEMD, the added white noise series cancel each other in the final 115	
  

mean of the corresponding IMF. Note that in the EEMD process, the procedure 2 is just the whole 116	
  

EMD process. The means of the IMFs remain within the natural filter windows, significantly 117	
  

reducing the possible of mode mixing and preserving the filter property (Huang and Wu, 2008; Shen 118	
  

and Ding, 2014). 119	
  

By using EEMD, the chosen time series can be decomposed into a finite number of simple IMFs, 120	
  

and different-scales signals in the series will be re-combined by proper IMFs based on the fact that 121	
  

different IMFs have different frequency bands. Hence, for the chosen EOP C04 series, f(t), and its 122	
  

IMFs satisfy the following linear equation 123	
  

f(t) = IMF1(t) + IMF2(t) +…+ IMFn(t) +r(t).                  (1) 124	
  

where n is the number of the IMFs and r(t) is a residue term. In addition, EEMD can be used to 125	
  

demodulate a frequency-modulated time series (Huang et al., 1998; Huang and Wu, 2008). That 126	
  

means EEMD can be used not only as a filter bank but also as a demodulator simultaneously. Since 127	
  

EEMD has these two advantages, we use it to detect the 531dW in the PM. 128	
  

A frequency modulation signal can be expressed as follows (Cater, 1981 and 1982), 129	
  

0( , ) sin[ 2 sin(2 )]t c c me x y C f t M f tφ π π= + + ⋅ .                       (2) 130	
  

where ( , )te x y  is the expected value of the x-component or y-component, mf  the frequency of the 131	
  

modulating signal, here we set it to be equal to 0.157 cpy (the beat frequency between the CW and 132	
  



	
  
	
  

AW); 	
   cf 	
   and cC  are the frequency and amplitude of the CW, and M is the modulation index, 133	
  

defined as = mM f fΔ , where fΔ 	
   is the maximum variation of mf ; 0φ  is the initial phase, and it 134	
  

is simply set as zero (same as the AW and the 531dW). 135	
  

 136	
  

3 Results 137	
  

3.1 Results from the PM series with/without using EEMD  138	
  

The waveforms of the two compponents, the x- and y- components of the chosen PM series are 139	
  

shown in Fig. 1(a), and their corresponding Fourier spectra are shown in Figs. 1(b,c) (see the black 140	
  

bold curves, we call them the original spectra). The vertical dashed lines (Fig.1b and 1c) locate at the 141	
  

target freuquency, 0.6875cpy, and there is no peak that can be identified for the 531dW based on the 142	
  

original PM series. Meanwhile, if the EEMD is used on these two components, 11 IMFs can be 143	
  

obtained, respectively (see Fig. 2 for the waveforms of the IMFs of the x-component). In the Fourier 144	
  

spectra of IMF5 and IMF6, the 531dW can be clearly detetcted (see the blue and red curevs in Figs. 145	
  

1b and 1c). The spectra for other IMFs (sum) of x- and y-components are denoted by the green 146	
  

curves (we call them the residual spectra). No peak can be identified for the 531dW in the residual 147	
  

spectra. The amplitudes of the 531dW signals in IMF5 and IMF6 are denoted by the green and red 148	
  

arrows respectively. Comparing with the original spectra, the amplitudes in IMF5 and IMF6 are 149	
  

outstanding (Figs. 1b and 1c); the phases of the IMF5 and IMF6 are almost opposite (Figs. 1d and 1e; 150	
  

it might be caused by the demodulation feature of EEMD). According to Equation (1), the mean 151	
  

amplitudes of 531dW in x- and y- components achieve 7.1 and 7.2 mas, respectively; while the 152	
  

corresponding noise level is about 4mas. The low SNR might be the reason why we cannot identify 153	
  

the 531dW signal directly from the original PM time series spanning from 1962 to 2013. However, 154	
  



	
  
	
  

previous studies show that this signal has been found in the 1962-1977 PM series (see Carter 1981, 155	
  

1982). One possible inference is that the amplitude of the 531dW may be varing with time. Hence, 156	
  

we divide the 1962-2013 PM series into three sub-series, 1962-1977 series, 1978-1994 series and 157	
  

1995-2013 series, to further study the 531dW signal. Note that after 1980, the EOP time series is 158	
  

generated from the modern geodetic observations, and the precision of the time series has been 159	
  

highly improved. However, given that the EEMD is actually based on the waveform of the time 160	
  

series to filter different signals for different IMFs, we have confirmed that the distinction at 1980 161	
  

will not significantly affect our results. 162	
  

 163	
  

 164	
  

Figure 1. The x- (black) and y-components (red) of the 1962-2013PM series (a) and their 165	
  

corresponding Fourier amplitude spectra (original spectra, denoted by the black curves in b and c). (b) 166	
  



	
  
	
  

x-component; (c) y-component. The spectra for IMF5 and IMF6 after applying EEMD to x- and y- 167	
  

conponments are indicated by blue and red curevs; and their corresponding phases (based on 168	
  

Discrete Fourier Transform) are shown in (d) and (e), respectively. The spectra (residual spectra) for 169	
  

other IMFs (sum) of x- and y-components are denoted by the green curves.  170	
  

 171	
  

 172	
  

Figure 2. The first 10 IMFs of the x-component of the 1962-2013 PM time series after using EEMD. 173	
  

The last one, IMF11, a linear term, is here ignored. 174	
  

 175	
  

Based on the conventional Fourier anaylsis approach, the results as shown in Fig. 3 clearly 176	
  

indicate that only the target peak in the spectra of the 1962-1977 series (see Fig. 3b) is over their 177	
  

corresponding background noise level (see Fig. 3d; note that a 0.57 cpy peak in Fig. 3f is also over 178	
  

the noise level, but it is not the interesting signal of this study), which is consistent with previous 179	
  



	
  
	
  

studies (Carter, 1981 and 1982; Morgan et al., 1982). Without using EEMD, our estimates for the 180	
  

target 531dW, CW, and AW (the annual wobble) are tabulated in Table 1 (Note that the estimations 181	
  

for the amplitudes, frequencis and their corresponding error bars are obtained by using the AR 182	
  

method proposed by Chao and Gilbert (1980), more details can be found in Ding and Shen (2013), 183	
  

and Ding and Chao (2015)). For the x- and y-components of the 531dW signal from the 1962-1977 184	
  

series, the corresponding amplitudes are 11.3 mas and 14.6 mas, while the estimates of previous 185	
  

studies are about 8 mas (Carter, 1981 and 1982; Morgan et al., 1982). However, this wobble cannot 186	
  

be found in the 1978-1994 and 1995-2013 series. 187	
  

 188	
  

 189	
  

 190	
  

Figure 3. The three sub-series divided from the EOP C04 series (1962-2013) and their 191	
  



	
  
	
  

corresponding amplitude spectra. The vertical dashed line locates at the 0.687 cpy, and the horizontal 192	
  

lines denote the RMS noise amplitudes of the frequency bands 0.2-0.75 cpy and 1.05-2.0 cpy, which 193	
  

are used as the background noise levels of their corresponding spectra. For the x- and y-components 194	
  

of the 1962-1977 series, the RMS noise amplitudes are 9.5 mas and 9.2 mas, respectively; for those 195	
  

of the 1978-1994 series, they are 8.8 mas and 8.2 mas; for those of the 1995-2013 series, they are 5.4 196	
  

mas and 5.5 mas.  197	
  

 198	
  

Table 1. The observed frequencies (cpy) and amplitudes (mas) of the CW, AW and the target 199	
  

wobble. The estimations are obtained by the AR method (Chao and Gilbert, 1980). 200	
  

  Target Wobble Chandler Wobble Annual Wobble 

  Frequency Amplitude Frequency Amplitude Frequency Amplitude 

1962-1977  

x-Component* 0.68751±6.6e-4 11.3±5.2 0.84381±5.8e-4 129.2±7.2 1.00023±6.2e-4 97.1±8.9 

x-IMF5 0.68749±7.0e-4 44.1±7.4 0.84380±6.2e-4 103.6±7.4 1.00019±7.3e-4 73.1±9.2 

x-IMF6 0.68750±7.2e-4 33.2±8.5 0.84381±1.1e-3 25.1±9.9 1.00021±1.2e-3 24.6±10.4 

y-Component* 0.68753±6.8e-4 14.6±5.5 0.84383±6.3e-4 129.2±7.0 1.00028±6.5e-4 90.8±8.5 

y-IMF5 0.68752±7.1e-4 44.9±7.7 0.84384±6.8e-4 104.0±7.3 1.00027±7.9e-4 73.2±8.7 

y-IMF6 0.68753±8.0e-4 32.7±9.2 0.84384±1.7e-3 23.8±10.5 1.00031±1.9e-4 18.5±10.9 

1978-1994  

x-Component* -- -- 0.84312±4.1e-4 180.1±4.4 1.00031±5.4e-4 90.6±6.3 

x-IMF5 0.69614±6.8e-4 50.0±6.7 0.84311±5.2e-4 145.5±5.3 1.00027±6.3e-4 83.9±6.1 

x-IMF6 0.69611±7.4e-4 45.3±8.1 0.84309±8.6e-4 27.2±8.3 -- -- 

y-Component* -- -- 0.84314±4.2e-4 180.1±4.2 1.00029±5.8e-4 84.1±6.5 

y-IMF5 0.69617±7.3e-4 50.5±6.5 0.84316±5.0e-4 153.3±5.0 1.00028±6.6e-4 82.0±7.0 

y-IMF6 0.69613±7.9e-4 44.1±6.8 0.84314±7.9e-4 29.9±7.9 -- -- 

1995-2013 

x-Component* -- -- 0.83892±1.9e-4 128.0±2.1 1.00030±2.8e-4 100.8±3.6 

x-IMF5 0.68644±4.2e-4 31.2±6.1 0.83895±2.6e-4 81.1±3.4 1.00025±3.7e-4 63.0±4.4 

x-IMF6 0.68646±6.3e-4 33.3±5.9 0.83893±5.3e-4 46.6±4.1 1.00031±6.3e-4 39.2±5.6 

y-Component* -- -- 0.83893±1.8e-4 128.2±1.9 1.00027±3.0e-4 91.8±4.0 

y-IMF5 0.68648±4.1e-4 32.8±5.7 0.83897±2.4e-4 86.6±3.0 1.00027±3.5e-4 63.6±4.3 

y-IMF6 0.68644±5.7e-4 33.3±5.5 0.83894±4.3e-4 37.9±3.8 1.00031±6.3e-4 28.5±5.5 

* Directly estimated values from observation series without using EEMD. 201	
  

 202	
  

Table 2. The vector differences of the amplitudes of IMF 5 and IMF6 for the three sub-series 203	
  



	
  
	
  

(frequency domian). (unit: mas) 204	
  

  1962-1977 1978-1994 1995-2013 

x-component 
531dW 12.8 4.0 3.4 

RMS noise level  9.5 8.8 5.4 

y-component 
531dW 16.4 8.7 3.9 

RMS noise level 9.2 8.2 5.5 

 After apppling EEMD to the three sub-series, only IMF5 and IMF6 contain the 531dW signal, 205	
  

the corresponding spectra being shown in Fig. 4 (for x-component) and Fig. 5 (for y-component). As 206	
  

for other IMFs, the corresponding peaks at 531dW frequency can neither exceed the background 207	
  

noise levels of their spectra just as in the whole 1962-2013 PM series they cannot (see the green 208	
  

curves in Fig. 1). Note that we do not rule out the possibility that some part (energy) of the 209	
  

interesting signals may also present in the adjacent IMFs, but they must be very weak (see Fig. 1) so 210	
  

that they can be neglected. Hence, in the present case, we will only concern the IMF5 and IMF6.  211	
  

As shown in Figs 4 and 5, the phases for CW (and AW) in IMF5 and IMF6 are same (except for 212	
  

IMF 6 in Figs 4c and 5c, where there is no peak for AW), whereas the phases for the 531dW in IMF5 213	
  

and IMF6 are quite different. The corresponding amplitude and frequency estimates are listed in 214	
  

Table 1. Taking into account the same phases as shown in Figs 4 and 5, one can find that the 215	
  

amplitudes from the IMFs for CW and AW are consistent with the results without using EEMD (see 216	
  

Table 1). As for the amplitudes of the 531dW in three sub-series, we use the vector difference to 217	
  

estimate the relevant values. The corresponding results are shown in Table 2. Considering the 218	
  

estimation errors, Table 2 also indicates that the 531dW cannot be found in the spectra by using the 219	
  

Fourier analysis (as shown in Figs 3e and 3f). 220	
  

Wahr (1983) implied that there exists a 18-month (~547day) polar wobble (which can be 221	
  



	
  
	
  

considered as coinciding with the 531dW signal mentioned in the present paper), which could be 222	
  

caused by oceanic excitation. Chen et al. (2010) further demonstrated that the atmospheric excitation 223	
  

may give rise to the 531dW signal with an amplitude 15 mas using the atmospheric angular 224	
  

momentum (AAM) dataset spanning from 1948 to 2006. But from the above results, those excited 225	
  

531dW signals almost disappear from the 1978-1994, and 1995-2013 series. This might be due to the 226	
  

fact that the 531dW signal has varying amplitudes and phases with time. However, after using 227	
  

EEMD, the 531dW signals can be detected in two IMFs with very different phases. Hence, we may 228	
  

carefully suggest that this phenomenon can be explained by the demodulation feature of EEMD. And 229	
  

this feature of EEMD gives us a chance to confirm that the 531dW is present in PM due to the 230	
  

differences of the phases between different IMFs. 231	
  

 232	
  

 233	
  

 234	
  

Figure 4. The amplitudes and phase spectra of the IMF 5, IMF 6 and the sum of the other IMFs of 235	
  

the x-components of the three sub-series after using EEMD. a)-b), c)-d) and e)-f) for the 1962-1977, 236	
  

1978-1994 and 1995-2013 series, respectively. The vertical dashed lines denote the possible spectral 237	
  



	
  
	
  

peaks for the 531dW.  238	
  

 239	
  

 240	
  

Figure 5. Same as Figure 4, but for the y-components of the three sub-series. 241	
  

 242	
  

3.2 Synthetic tests for the frequency modulation and demolulation  243	
  

By carefully examining Table 1 we can find that the amplitudes of the 531dW in IMF6 perhaps 244	
  

have some proportional relation with the amplitudes of CW in their corresponding x-/y-components 245	
  

without using EEMD (namely those two corresponding amplitudes for x- (or y-) component have 246	
  

almost linear relationship (considering the error bar), see Table 1), whereas the amplitudes of the 247	
  

531dW in IMF5 and their corresponding CW amplitudes in x-/y-components without using EEMD 248	
  

have no obvious linear relationship. According to previous studies, here we assume that the 249	
  

amplitude of the 531dW in IMF6 is caused by the frequency modulation of CW.  250	
  

The expression of the frequency modulation signal can be found in Eqution (2) in the Section 2. 251	
  

From Table 1, we can get the amplitudes of the x- and y- components of the three sub-series (without 252	
  

using EEMD), hence, we use those parameters to generate three synthetic noise-free time series 253	
  



	
  
	
  

based on Equation (2), and they have the same sampling intervals and lengths as the 1962-1977, 254	
  

1978-1994, and 1995-2013 series, respectively. As previous studies suggested (Carter, 1981 and 255	
  

1982), we first test the modulation index M of CW which equals 0.23 and 0.38 respectively, and set 256	
  

different amplitudes for the CW and AW to ensure that the synthetic spectra coincide with the 257	
  

spectra of the actual observations (here we use the x-components of the three sub-series as examples), 258	
  

and the frequencies of the CW and AW are set to 0.8437 and 1.00 cpy. The set amplitude parameters 259	
  

(input) and their corresponding synthetic output are listed in Table 3. The corresponding spectral 260	
  

results are shown in Fig. 6. From Table 1 and Fig. 6, one can clearly find that if M=0.23, for the 261	
  

1962-1977 series, the amplitude (x-component) of the sideband that is caused by the frequency 262	
  

modulation of the CW is 15.17 mas, and our estimates from the 1962-1977 series are about 11.3 and 263	
  

14.6 mas for x- and y-components, respectively. Obviously, our synthetic result is consistent with our 264	
  

observed results. If we only consider this fact, we may conclude that the observed target wobble 265	
  

from the 1962-1977 series very likely originates from the frequency modulation of CW. But here we 266	
  

do not want to infer whether the CW is frequency modulated, but obviously, the synthetic results for 267	
  

the 1978-1994 and 1995-2013 series based respectively on M=0.23 and 0.38 clearly show the 268	
  

appearance of the target wobble, whereas there is no significant peak for the target wobble in the 269	
  

corresponding actually observed spectra. Namely, the modulation index M=0.23 or 0.38 of CW 270	
  

cannot explain the observed results from the later two sub-series. Although we cannot ensure that M 271	
  

is a constant, we try to find an M that can produce sufficient modulation for all the three sub-series. 272	
  

We find that M=0.5 is a good choice.  273	
  



	
  
	
  

 274	
  

Figure 6. The amplitude spectra of the synthetic records (noise-free) based on conventional approach. 275	
  

a) and b), c) and d), and e) and f) for the x-component of the 1962-1977 series, 1978-1994 series, and 276	
  

1995-2013 series, respectively. The three top figures show the results without considering the 277	
  

frequency modulation of CW, whereas the three bottom figures are the corresponding results with 278	
  

considering the frequency modulation of CW, with the modulation index M= 0.23 (black curves) and 279	
  

0.38 (red dashed curves).  280	
  

 281	
  

Now we set M=0.5, and construct three synthetic noise-free time series based on Equation 2 for 282	
  

the 1962-1977, 1978-1994, and 1995-2013 series, and still set different amplitudes for the CW and 283	
  

AW to guarantee that the theoretical spectra coincide with the observational spectra (the input 284	
  

parameters are the same as the parameters for the three series without considering frequency 285	
  

modulation of CW, which are listed in Table 4; note here only CW and AW are considered). The 286	
  



	
  
	
  

corresponding results are shown in Fig. 7 (using the x-components as examples), and the amplitudes 287	
  

of the first sidebands caused by the frequency modulation of CW are marked by the arrows. The 288	
  

synthesis results (x components) show that the amplitudes of the 531dW in the three sub-series are 289	
  

respectively 33.36, 44.98, and 32.98 mas, while the corresponding results of x- and y components in 290	
  

IMF 6 are 33.2 (for x-) and 32.7 mas (for y-), 45.3 (for x-) and 44.1 mas (for y-), 33.3 mas (for x- or 291	
  

y-). Clearly, when M=0.5, the results from the frequency modulation of CW are consistent with the 292	
  

corresponding results in IMF6. If the 531dW in IMF6 is really caused by the frequency modulation 293	
  

of CW with a modulation index M=0.5, the 531dW in IMF5 may be excited by some geophysical 294	
  

processes, such as the atmospheric/oceanic excitation (Wahr, 1983; Chen et al., 2010), then we can 295	
  

appropriately explain the observations after using EEMD and the disappearance of the 531dW in the 296	
  

recent PM series. Here, we would like to further demonstrate that EEMD can directly demodulate a 297	
  

frequency-modulated time series. 298	
  

 299	
  

 300	
  

Figure 7. The amplitude spectra of the synthetic series without using EEMD. (a), (b), and (c) for the 301	
  

x-component of the 1962-1977, 1978-1994, and 1995-2013 series, respectively. The black curves 302	
  

indicate the results without considering the frequency modulation of CW, whereas the red dashed 303	
  

curves are the corresponding results when considering the frequency modulation of CW, with the 304	
  



	
  
	
  

modulation index M =0.5.  305	
  

 306	
  

Table 3. The chosen amplitudes of the CW (0.8437 cpy) and AW (1 cpy) for the synthetic series, 307	
  

and the corresponding estimated values from the synthetic series. (Unit: mas)  308	
  

M  
Synthetic (input) Synthetic (output) 
CW  AW CW AW 531dW 

0.23 
1962-1977 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 
1962-1977 133.9 72.03 129.2 97.1 25.06 
1978-1995 186.3 54.23 180.1 90.6 33.49 
1995-2013 132.6 75.6 128.0 100.8 24.65 

 309	
  

Table 4. The input parameters for the six synthetic series. (FM: frequency modulation) 310	
  

  Synthetic series 
  I II (FM) III IV (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 42.6 67.4 67.4 

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

 311	
  

We generate six synthetic noise-free time series. The length of the synthetic series I and II is 312	
  

equal to that of the 1962-1977 series, the length of the synthetic series III and IV is equal to that of 313	
  

the 1978-1994 series, and the length of the synthetic series V and VI is equal to that of the 314	
  

1995-2013 series, with one-day sampling interval. The synthetic series I (III/V) contains three 315	
  

sinusoidal components without frequency modulation, and the frequencies and amplitudes of CW 316	
  

and AW (see Table 4) are set to make the results for CW and AW after tuning the frequency 317	
  

modulation of CW to be the same as with the observations from the x-component of the 1962-1977 318	
  



	
  
	
  

series (1978-1994 and 1995-2013; see Table 1 and Figs. 8b-f). The third signal is the 531dW which 319	
  

is listed in Table 3. As for the synthetic series II (IV/VI), its parameters are the same as the synthetic 320	
  

series I (III/V), but a mechanism of frequency modulation of CW is considered with the modulation 321	
  

index M=0.5. The spectra of the six synthetic series are shown in Fig. 8. Obviously, after considering 322	
  

the frequency modulation of CW, the amplitude of the 531dW in the synthetic series II is reduced to 323	
  

only 11.05 mas, which is almost equal to the observed result obtained from the x-component of the 324	
  

1962-1977 series without using EEMD (11.3 mas, see Fig. 3 and Table 1). The corresponding 325	
  

spectra of the IMF5 and IMF6 of the synthetic series II obtained after using EEMD are shown in Figs. 326	
  

8b1 and 8b3. Similar to the real data, the phases for CW (or AW) in IMF5 and IMF6 are same, 327	
  

whereas the phases for the 531dW in IMF5 and IMF6 are opposite with each other (Fig.8b2). 328	
  

Comparing those synthetic results with the results from the x-component of the 1962-1977 series as 329	
  

listed in Table 1, the amplitudes of the 531dW in IMF5 (44.1 mas) and IMF6 (33.2 mas) of the real 330	
  

data are almost equal to those of the synthetic results. The results as shown in Figs. 8(c-d) and 8(e-f) 331	
  

have a similar nature to the results as shown in Fig.s 8(a-b). Namely, the input 531dW signal is in 332	
  

fact demodulated into IMF5, whereas the 531dW signal caused by the frequency modulation of CW 333	
  

is demodulated into IMF6.  334	
  

The frequency modulation mechanism of CW is an open question. If we accept the modulation 335	
  

mechanism of CW addressed above, the results obtained from the PM series after using EEMD can 336	
  

be appropriately explained. However, the excitation sources of the 531dW in IMF5 still cannot be 337	
  

confirmed. We do not intend to answer this question in this study, but we will try to confirm the 338	
  

531dW in the independent gravity records in the following section to further confirm its presence.  339	
  

 340	
  



	
  
	
  

 341	
  

Figure 8. The amplitudes of the significant peaks (from left to right: 531dW, CW, AW) are marked 342	
  

by the arrows. The spectra of the synthetic series I (a) and II (b); and the spectra of the IMF5 and 343	
  

IMF6 of the synthetic series II after using EEMD (b1-b3). The spectra of the synthetic series III (c) 344	
  

and IV (d); and the spectra of the IMF5 and IMF6 of the synthetic series IV after using EEMD 345	
  

(d1-d3). The spectra of the synthetic series V (e) and VI (f); and the spectra of the IMF5 and IMF6 of 346	
  

the synthetic series VI after using EEMD (f1-f3). 347	
  

 348	
  

3.3 Results from the SG records  349	
  



	
  
	
  

If the 531dW can be excited by the atmospheric/oceanic angular momentum, or it is the normal 350	
  

mode of the Earth, it may be found in the gravity records. Hence, we choose the (superconducting 351	
  

gravimeter (SG) records from the Global Geodynamic Project (GGP) network to further confirm the 352	
  

existence of this signal. The GGP network has been operating about 25yr (from 1997), but the 353	
  

longest available continuous records (without very large gaps) are only about 16yr long, namely the 354	
  

records from the SG stations Membach (mb) (1995-2011) and Medicina (mc) (1998-2014). After 355	
  

removing the tidal effects (solid and ocean), the local atmospheric effect (without 531dW signal in it), 356	
  

and the pole tides, the spectra of the residual gravity records are shown in Fig. 9 (see the black 357	
  

curves). Two peaks around 531 dW can be found in Figs. 9a (for station mb) and 9b (for station mc). 358	
  

We have confirmed that the local atmospheric effect and the pole tides have no contributions to the 359	
  

531dW. Since the pole tides have been removed, namely the CW, AW and the possible 531dW 360	
  

signals caused by the polar motion have been removed from the gravity records, the residual 531dW 361	
  

must be casued by some other sources. Here we further consider the hydrological loading (global) 362	
  

effect except the atmospheric loading (global) and non-tidal ocean loading effects (Petrov and Boy, 363	
  

2004). The two latter effects are the same possible sources which excite the 531dW in PM series. 364	
  

However, Fig. 9 clearly shows those three effects cannot explain the residual 531dW, only the 365	
  

residual AW can be appropriately explained. This finding seems being not consistent with previous 366	
  

studies, but they can be explained. As Wahr (1983) and Chen et al. (2010) suggested, the 531dW can 367	
  

be excited by atmospheric/oceanic effects, and the excited signal by atmospheric or oceanic effect 368	
  

can be found in the PM series only after convoluting with the CW term. However, the 531dW signals 369	
  

excited by atmospheric and oceanic effect seem have different phases, hence the 531dW cannot be 370	
  

found in the PM series (Chen et al., 2010). If we accept this, the 531dW signal in gravity records 371	
  



	
  
	
  

comes from two different sources: indirectly from polar motion which are affected by the 372	
  

atmospheric/oceanic effects, and directly from the atmospheric/oceanic effects. The excited 531dW 373	
  

from PM has been removed by taking away the pole tide effects. The excited 531dW directly from 374	
  

the atmospheric/oceanic effects has just the same nature as the excitation in the PM; if no 375	
  

convolution is processed with the CW, the 531dW signal cannot be found in the PM or gravity 376	
  

records. Hence, our findings are actually consistent with previous studies.  377	
  

No matter how, our results clearly show the demodulation feature of EEMD is helpful for 378	
  

detecting the 531dW signal in the PM series, and we confirm that the amplitude and frequeny of the 379	
  

531dW are varying with time.  380	
  

 381	
  

Figure 9. The Fourier spectra of the two residual SG records. (a) mb record; (b) mc record. The 382	
  

effects of the atmospheric loading (global), non-tidal ocean loading and the hydrological loading 383	
  

(global) are indicated by the red, blue and green curves, respectively. 384	
  

 385	
  

4 Discussion and Conclusion 386	
  

After applying EEMD to the 1962-2013 PM time series (EOP C04), a 531dW is clearly found 387	
  



	
  
	
  

with a mean amplitude about 7mas	
   (with much larger amplitudes in IMF5 and IMF6 series 388	
  

respectively), but in the spectra without using EEMD, this signal cannot be found. The 531dW has 389	
  

been found by previous studies in the 1962-1977 PM series with a lower SNR. To confirm previous 390	
  

observations (Carter, 1981 and 1982) and further study this signal, we divide the whole PM series 391	
  

into three sub-series, 1962-1977, 1978-1994 and 1995-2013 PM time series. Without using EEMD, 392	
  

the results for the 1962-1977 PM series are consistent with previous studies, while the 531dW signal 393	
  

disappears from the Fourier spectra of the 1978-1994 and 1995-2013 PM time series. However, after 394	
  

applying EEMD to those three sub-series, the 531dW signals can be found in each sub-series with 395	
  

different outstanding amplitudes (based on the spectra of the decomposed IMF5 and IMF6 series), 396	
  

which (taking x-components as example) are respectively about 12.8 mas in 1962-1977, 4.0 mas in 397	
  

1978-1994 and 3.4 mas in 1995-2013 (see Table 2), while the corresponding noise levels of the three 398	
  

sub-series are about 9.5 mas, 8.8 mas and 5.4 mas recpectively. That is the reason why the 531dW 399	
  

signal can only be directly found in the 1962-1977 PM series without using EEMD. 400	
  

Although the frequency modulation mechanism of CW is an open question, we find that if the 401	
  

modulation index M of CW equals 0.5, the results obtained from the PM series after using EEMD 402	
  

can be appropriately explained. Furthermore, using synthetic tests we confirmed the demodulation 403	
  

feature of EEMD which can help us find the 531dW signal in PM series, but this paper does not 404	
  

attempt to explain the possible exctiation sources of the 531dW. Given that the 531dW signal can be 405	
  

directly found in the SG records without using EEMD, it should be considered in the study of the 406	
  

long period effects in some relevant geophycial datasets.  407	
  

Though various previous studies have confirmed that the incomplete orthogonality of EEMD 408	
  

hardly affects the analysis of many geophysical processes, it might still affect our PM time series 409	
  



	
  
	
  

analysis process. Owing to the frequency and amplitude of the 531dW signal being time-varying 410	
  

(Generally, they might be caused by the excited process and the background noise in different time 411	
  

spanning), it becomes quite difficult to explore its excitations. It might be caused by the core 412	
  

dynamics, or even by some random processes (e.g., Chao et al., 2014); but from the phase results of 413	
  

the 531dW of King (2015), we may prefer to consider that the 531dW seems being excited by some 414	
  

kind of unkown processes, which needs further investigations. Anyway, as a final conclusion, we 415	
  

suggest that the 531dW signal exists in the nature, but left its mechanism open. With accumulation of 416	
  

high-precise geodetic observation data, the long-period terms, such as 531dW, are to be further 417	
  

studied, and this may help us better understand the Earth system. 418	
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