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Abstract

Wavelet coherence analysis is defined and used to analyze the relationships between Length-Of-Day (LOD)
variations and El Nĩno-Southern Oscillation (ENSO) on interannual scales. Using the newest observation data,
this study quantitatively shows time-scale-dependent correlations and phase shifts between LOD variations and
the ENSO. Good no-lag correlations (larger than 0.8) can be found on 3.0–4.9-year scales, while either obvious
phase-shifts or low correlations are found on the other interannual scales. Around 2.5-year (biennial), 3.5-year and
5.0-year scales (i.e. around the time scales of ENSO’s significant modes), the LOD variations with respect to the
ENSOlag in phase by 4–5 months,leadby 3 months andlag by 3–5 months, respectively. Thus, there are obvious
time-scale-dependent correlations and phase-shifts between the Earth rotation rate variations and the ENSO even
within interannual scales.
© 2005 Elsevier Ltd. All rights reserved.

Keywords:Wavelet coherence analysis; Length-Of-Day variations; El Niño-Southern Oscillation

1. Introduction

Length-Of-Day (LOD) variations, reflecting the changes in the solid Earth’s axial rotation, are dynamic
indicators of the motion and redistribution of the material inside or on the surface of the Earth. El Niño-
Southern Oscillation (ENSO) is the most important coupled ocean–atmosphere phenomenon to cause
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global climate variability on interannual scales, characterized by interannual oscillations in the tropical
Pacific Sea Surface Temperature Anomaly (SSTA) and accompanied by large-scale fluctuations in air
pressure occurring between the western and eastern tropical Pacific that are measured by the differences in
air pressure anomaly between Tahiti and Darwin, Australia (i.e. the Southern Oscillation Index (SOI)). By
the conservation of angular momentum, the ENSO changing the atmospheric angular momentum (AAM)
can influence the solid Earth’s angular momentum, leading to the varying LOD. Obvious relationships
between the interannual LOD variations and the ENSO have been validated by many studies (Chao, 1984;
Eubanks et al., 1986; Dickey et al., 1994). In fact, on interannual scales, the observed LOD variations are
caused dominantly by the fluctuations in the atmospheric zonal winds (Hide and Dickey, 1991; Rosen,
1993). Seasonal LOD variations can be accounted for almost solely by the seasonal fluctuations in these
atmospheric zonal winds (Rosen and Salstein, 1985). It is believed that the long-term (decadal to secular)
variations in the LOD are caused by post-glacial rebound, core-mantle interaction, and tidal dissipation.

The ENSO shows several significant interannual modes around biennial and middle-interannual scales
(Torrence and Compo, 1998). It has been reported that the correlations between LOD variations and
the ENSO are poor on biennial scales (Chao, 1989). That means that the correlations may vary with
time scale even within the interannual scales. Furthermore, the phases of the ENSO cycle do not exactly
correspond to that of the LOD variations.Chao (1984)reported the finding that the SOI and the interannual
LOD variations during 1957–1983 get a (negative) maximal correlation coefficient of−0.56 when the
SOI leads in phase by 1 month;Eubanks et al. (1986)reported a maximal correlation coefficient during
1962–1984 of−0.5 when the SOI leads by 3 months;Chao (1988)reported a maximal correlation
coefficient during 1972–1986 of−0.68 for a 2-month lead time;Dickey et al. (1993)reported a maximal
correlation coefficient during 1964–1989 of−0.67 for a 1-month lead time. An interesting study shows
that the ENSO signal can be detected by investigating the amplitude modulations of the seasonal LOD
variations (Gross et al., 1996). The coherence studies mentioned above are done over entire interannual
scales. In fact, the phase shifts between the LOD variations and the ENSO should vary with time scale
even within the interannual scales. This study, defining a wavelet coherence analysis technique and using
the newest observation data, will quantitatively investigate the correlations between the LOD variations
and the ENSO with respect to time scale and phase shift.

2. Wavelet coherence analysis

Wavelet analysis is a useful mathematical technique for analyzing time signals of time-varying mag-
nitudes and periodicities. The wavelet analysis has found many applications in studying the relationship
between LOD variations and the ENSO (e.g.Gambis, 1992; Chao and Naito, 1995; Liu, 1999; Zhou
et al., 2001). These studies comparing the continuous wavelet transform (CWT) of the LOD variations
time series with that of the ENSO time series demonstrate that the LOD variations and the ENSO have
similar spectral structures on interannual scales. Wavelet coherence analysis, which will be defined in
the following, can provide further information about time-scale-dependent phase shifts and correlations
between two different time signals. In other words, wavelet coherence analysis, based on wavelet trans-
forms of two different time signals, provides a quantitative way to describe the correlations between two
time signals as a function of both time scale and phase shift.

To define wavelet coherence analysis, we utilized wavelet amplitude-period spectrum (WAPS), a
wavelet analysis technique initially developed to separate the Chandler wobble from the annual wobble
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in the Earth’s polar motion (Liu et al., 2000). For a time functionf(t) ∈L1(R), its WAPS is defined by

Wψf (a, b) = 1

cψa

∫ +∞

−∞
f (t)ψ

(
t − b

a

)
dt, a, b∈R, a > 0, (1)

wherea is time scale index andb is time translate index;ψ(t) = exp(−t2/2δ2) cos 2πt with δ being a real
constant; and constantcψ = ʃψ(t) cos 2πt dt. Hereψ(t) (real part of Morlet wavelet) is called the mother
wavelet. The WAPS can be reviewed as an approximate version of the CWT. The advantage of the WAPS
over the traditional CWT is that, for a time signal composed of some sinusoidal (or quasi-sinusoidal)
sub-signals, its WAPS extremes can directly indicate sub-signals’ local amplitudes and indicesa and
b of the extremes, respectively, indicate sub-signals’ local periods and zero-phases (andπ-phases). In
other words, the WAPS of a time signal can directly recover the local amplitudes, periods and phase of
the sub-signals contained in the time signal, which suggests the WAPS should be useful for coherence
analysis. For the traditional CWT, that is not the case since it emphasizes on energy conservation other
than amplitude maintenance.

For two time functionsf1(t), f2(t) ∈L1(R), theirwavelet coherenceis defined by

c12(a, s) =
∫ +∞
−∞ Wψf1(a, b− s)Wψf2(a, b)db√∫ +∞

−∞ |Wψf1(a, b)|2db
√∫ +∞

−∞ |Wψf2(a, b)|2db
, (2)

wheresdenotes the phase lag ofWψf2(a,b) versusWψf1(a,b) at time scalea, which can be regarded as
the phase lag off2(t) with respect tof1(t) at time scalea. With time scalea fixed, WAPSWψf1(a,b) as
well asWψf2(a,b) should fluctuate around zero as time translateb changes. That means, at a fixed time
scalea, theWψf1(a,b) as well asWψf2(a,b) should have a mean (i.e. expectation value) of zero. Thus,
the wavelet coherence functionc12(a,s) as defined by Eq.(2) measures the correlation coefficient of time
functionsf1(t) and f2(t) when f2(t) lags f1(t) by s at time scalea. For instance,c12(a, 0), calledno-lag
wavelet coherence function(NWCF), measures the correlation coefficient off1(t) andf2(t) without any
lag at time scalea. With time scalea fixed, there should be a maximal wavelet coherence as phase lags
ranges within [−a/2,a/2], i.e., there should exist a function

Mc12(a) = max

{
c12(a, s)|s∈

[−a
2
,
a

2

]}
, (3)

which is calledmaximal wavelet coherence function(MWCF). In fact the MWCF Mc12(a) shows
the maximal correction coefficient of time functionsf1(t) and f2(t) at time scalea. The phase lags
that generates such maximal wavelet coherence indicates the phase shift betweenf1(t) and f2(t) at
time scalea. Generally, the sign of the MWCF should be uniformly positive. However, the MWCF
can also be defined as the function of negative maximal wavelet coherences if one wants to check
the anti-correlation between two time signals. In fact, a positive MWCF and a negative MWCF are
equivalent in use for coherence studies, since there is only a phase-discrepancy ofπ between each
other.

The process of computing the wavelet coherence function of two time signals and finding the MWCF
is called awavelet coherence analysisof the two time signals. A similar wavelet coherence analysis
technique was developed and applied to the coherence analysis of seasonal LOD variations and AAM
by Schmidt and Schuh (2000). In that analysis, they use theL2-normalization CWT that interprets a



270 L.T. Liu et al. / Journal of Geodynamics 39 (2005) 267–275

Fig. 1. Three monthly time series used in this study. SOI and SSTA3.4 come from the CPC, NCEP and LOD variations come
from the EOPC04, IERRSS. Ten-degree polynomial fitted trend of the LOD variations is also shown (thick line).

time signal in terms of local energies but not local amplitudes. Here, we adopt the WAPS technique that
interprets a time signal in terms of local amplitudes rather than energies.

3. Data and analysis experiments

Three monthly time series, SOI, SSTA3.4 and LOD variations, are prepared for this study (Fig. 1). All
time series span the same time period of 1962–2004. The monthly SOI and SSTA3.4, two typical ESNO
time series, are downloaded from the Climate Prediction Center (CPC), National Center for Environmental
Prediction (NCEP). The LOD data come from the daily EOPC04, International Earth Rotation and
Reference Systems Service (IERRSS). To enable the comparison with the monthly meteorological series,
we have converted the daily EOPC04 values to monthly series by block averaging. The secular trend of the
LOD is determined by a 10-degree polynomial fitting and is removed. The remaining forms the monthly
LOD variations. To avoid any artificial filtering error, the significant annual term and semi-annual term
in the LOD variations are not filtered out.
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Fig. 2. Interannual wavelet amplitude-period spectra (WAPS) of SOI (A), SSTA3.4 (B) and LOD variations (C). Dashed lines
denote edge-effect regions.

Two wavelet coherence analysis experiments are carried out. The first experiment is a wavelet coherence
analysis of the SOI and the SSTA3.4 on interannual scales. It is very well known that the SOI and the SSTA
are highly anti-correlated to each other on the interannual time scales (e.g.Philander, 1990; Nuzhdina,
2002). So there should be almost no phase-discrepancies between each other and their no-lag wavelet
coherences should be very close to−1. Thus, results of this analysis experiment can test the effectiveness
of the wavelet coherence analysis defined in Section2. In the mean time, such an experiment can also
show the major interannual modes in the ENSO cycle. The second experiment is a wavelet coherence
analysis of the LOD variations and the SSTA3.4 on the interannual scales. This experiment quantifies the
correlations between the LOD variations and the ENSO with respect to time scale and phase shift, and
will provide the major results of this study.

In the first experiment, the SOI and the SSTA3.4 are, respectively, transformed into interannual WAPSes
by allowingδ= 21/2 anda∈ [1.5, 10] (Fig. 2A and B). One should note that the variablea of the WAPS
serves as an exact indicator of period and that the radius (e-folding time) of the cone of influence (or edge
effect region) is exactly 2a (=21/2δa) (Torrence and Compo, 1998). It is obvious that the WAPS of the SOI
is very similar to that of the SSTA3.4 but in an anti-phase way. Extremes of the two WAPSes match well
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Fig. 3. Results of the wavelet coherence analysis of the SSTA3.4 vs. the SOI. (A) Wavelet coherence functioncSOI,SSTA3.4(a,s) in
image. Red line denotes the trace of the MWCF and dashed lines denote the range of [−a/2,a/2]. (B) MWCF (red) and NWCF
(green).

to each other in magnitude throughout the time span 1962–2004 and throughout the interannual scales.
Both WAPSes clearly show three significant interannual modes, respectively, around biennial, 3.5-year
and 5.0-year scales. The wavelet coherence function is then computed witha ranging within [1.5, 8]
(Fig. 3A). The WAPS values within the edge effect regions are not used in the computations. Note that
the edge-effect regions are very wide as the time scalea is larger than 8 years. The (negative) MWCF is
then determined according to Eq.(3) by searching the wavelet coherence function for the deepest blue
valley (Fig. 3B). The NWCF is also shown there.

The second analysis experiment is done just like the first one. We make a computation of the WAPS
of the LOD variations, still withδ= 21/2 (Fig. 2C). FromFig. 2B and C, one can observe that the WAPS
extremes of the LOD variations match those of the SSTA3.4 only to some degree, and there are still
obvious phase discrepancies. Then the wavelet coherence function is computed (Fig. 4A). The MWCF
is determined according to Eq.(3) by searching the wavelet coherence function for the highest red ridge
(Fig. 4B). The NWCF is also shown.

4. Results and discussions

Results of the first wavelet coherence analysis experiment verify the high anti-correlation between the
SOI and the SSTA (Fig. 3). Throughout time scales of 1.5–7.0 years, the MWCF is very close to the
NWCF with their values being very close to−1. The trace of the MWCF is also quite close to zero phase
lag, with a standard deviation of 1.7 months within the time scale of 1.5–7.0 years. These results also
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Fig. 4. Results of the wavelet coherence analysis of the SSTA3.4 vs. LOD variations. (A) Wavelet coherence function
cLOD,SSTA3.4(a,s) in image. Blue line denotes the trace of the MWCF and dashed lines denote range of [−a/2, a/2]. (B) MWCF
(blue) and NWCF (green). Three dashed red lines denote the time scales of ENSO’s significant modes.

verify the effectiveness of the wavelet coherence analysis defined in Section2 in detecting the correlations
with respect to time scale and phase lag.

The second wavelet coherence analysis experiment quantifies the correlations between LOD variations
and SSTA3.4 with respect to time scale and phase lag (Fig. 4). One can see that the values of the MWCF,
being around 0.5 or larger, obviously vary with time scale. This means that the LOD variations do correlate
to the ENSO and such correlations are obviously time-scale-dependent. On 2.2–3.0-year and 5.0–8.0-
year scales, the trace of the MWCF significantly differs from that of the NWCF (Fig. 4A), indicating
large phase-discrepancies between the LOD variations and the ENSO on these time scales. On 1.5–2.2-
year scales, both the MWCF and the NWCF are valued as low as about 0.5, not suggesting very good
correlations. Only on 3.0–4.9-year scales the MWCF and the NWCF coincide well with each other with
their values larger than 0.8, which reveals that the good correlations between the LOD variations and the
ENSO mainly lie in the 3.0–4.9-year scales.Fig. 4also shows a particular phenomenon: the LOD variations
may correlate to the ENSO very well at 6.8-year scale, around which the maximal wavelet coherences
are larger than 0.9. However, at this time scale, the LOD variations obviously lead the ENSO in phase
by 10 months. As shown by the first wavelet coherence analysis experiment, the ENSO magnitudes are
significant around the biennial, 3.5- and 5.0-year scales. So it is interesting to investigate the correlations
between the LOD variations and SSTA3.4 around these three time scales. According toFig. 4A, the LOD
variations with respect to the SSTA3.4 lag in phase by about 4–5 months around the biennial scales, lead
by about 3 months at the 3.5-year scale and lag by about 3–5 months at the 5.0-year scale. Thus, on the
time scales around which the ENSO is significant in magnitude, the phase-discrepancies (including both
phase lag and phase lead) between the LOD variations and the ENSO are still obvious.



274 L.T. Liu et al. / Journal of Geodynamics 39 (2005) 267–275

The correlation between LOD variations and the SOI is not studied here.Figs. 3 and 4suggest that
this would be not useful since the outcome would be identical fora< 7 years. We do not investigate
the correlation between LOD variations and the SOI fora> 7 years, since the degree of freedom in the
coherence analysis decreases asa increases and degrades the credibility of the coherence analysis results.

Results of the second wavelet coherence experiment reveal that the interannual LOD variations do
correlate to the ENSO because their maximal wavelet coherences are around 0.5 or larger throughout the
interannual scales. Good correlations between the LOD variations and the ENSO mainly lie in 3.0–4.9-
year scales. However, the interannual LOD variations can be explained only to some degree by the ENSO,
since there are either obvious time-scale-dependent phase shifts or low correlations between each other
on most of the interannual scales. Particularly, the LOD variations with respect to the ENSO lag in phase
around the biennial and 5.0-year scales but lead in phase around the 3.5- and 6.8-year scales.
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