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Abstract

Singular spectrum analysis (SSA), used in both single channel and complex SSA (CSSA)

modes, is applied to time series of Length-of-Day (LOD) variations and the Modified

Southern Oscillation Index (MSOI),  focusing on intcrarrnual  periods. A robust quasi-

biennial (QB) oscillation is observed at -28 months, with strong low frequency (LF)

components seen at -54 months, in both series for the period 1962–1 996. The restructured

series from separate channel SSA analyses are closely related, with maximum correlation

coefficients of 0.87, 0.82, and 0.90 for the QB, LF and full El Niiio/Southern Oscillation

(ENSO) bands, respectively, and with complex SSA showing a slightly higher correlation

of 0.93 for the full ENSO variability. ENSO events occur when both the QB and LF

components add constructively, with positive LOD and MSOI anomalies indicative of an El

Nifio (warm event—in which an increase in atmospheric angular momentum results in high

LOD values), while a decrease in LOD and MSOI reflects cold (La Nifia) events. No

discernible lags or leads between the two series are observed. ‘It is the sum of these

components, LF plLM QB—-the  full ENSO variability—that is the most coherent, indicating

the robust link between the ENSO phenomena and interannual  LOD variations. The

correlation, the largest reported to date, confirms the success of SSA in separating signal

from background noise. Decaclal  variability is also observed in both series.

1. Introd[{ction

The rotation rate of the solid Earth exhibits minute but complicated changes of LIp to several

parts in 10~ in speed [corresponding to a variation of several milliseconds in the length of

day (LOD)-Fig. 1] and even larger variations in the direction of the rotation axis (polar

motion). These changes occur over a broad spectrum of time scales, ranging from days to

centuries and longer, reflecting the fact that they are produced by a wide variety of

geophysical and astronomical phenomena (see for example, Lmnbeck,  1988; hide [ml

Dickey, 199 1; RO.WI1, 1993). Changes in LOD at seasonal and higher frequencies can be
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attributed primarily to exchange of angular momentum with the atmosphere, with z,onal

frictional stress ancl surface pressure gradients acting  as agents fortransfcrring anglllar

momentum between the atmosphere and the Earth. At the other end of the frequency

domain, tidal dissipation, post-glacial rebound and core-mantle interactions are accepted as

the causes of the long-term (secular to decade) variations in LOD. Intermediate between

these regimes are the interannual variations (AP using the notation of Hide and Dickey,

199 1) which are dominated by atmospheric effects, with some indication of an oceanic

contribution [Dickey et al., 1993 and 1994].

Several earlier studies have attempted to link Ap to the Quasi-Biennial Oscillation

(QBO) [for a review, sec Lanzbcck,  Chapter 7, 1980]. Initially, Lundwck  and  Caze/lave

[1973] associated AD changes during the 1955-71 period with the QBO. Later, Stepbanic

[1982] proposed a connection between A~ and the Southern Oscillation by establishing

coherence between AD and equatorial Pacific air temperature (whose fluctuation is a good

index of the Southern Oscillation phenomenon). He speculated that the coherence was

caused by zonal  wind anomalies originating in the tropics. Further investigations were

stimulated by the occurrence of the unusually strong and well observed El Nifio of 1982-83

[see e.g., Philander, 1983 ancl 1990; Rmmus.wm md Wallace,  1983]. The largest changes

ever recorded in LOD and A AM occurred during January and February 1983 [Rosen et al.,

1984 and Eubanks et al., 1985].

The El Nifio/Southern  Oscillation (ENSO) phenomenon is associated with

persistent but irregular variations of atmospheric pressure over the tropical Pacific on

interannual time scales. This gives rise to pronounced year-to-year variations in the climate

of the Pacific basin [Rmmlma and Wallace, 1983] associated with extensive fluctuations

in the atmospheric and oceanic circulation and in sea surface temperatures [Philander,

1983, 1990]. The dynamical processes involved include  nonlinear air-sea interactions, with

changes in the sea surface temperature causing changes in the surface winds which, in turn,

modify ocean surface waters, providing a fccclback loop. The persistence of the oscillation
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is probably a consequence of the thermal inertia of the oceans, which provides a means of

storing heat from one year to the next. According to a moclel by WyrIki [ 1985], the ENSO

cycle is driven by the steady accumulation of warm water in the western part of the

equatorial Pacific caused by the prevailing surface easterly winds. An El Niiio event is

triggered by a relaxation c)f the easterlies, which causes a surge of warm water to move

from the west to the east Pacific until it encounters the coasts of North and South America,

where it is deflected to higher latitudes in both hemispheres. The El Nifio events thus serve

to remove the excess warm equatorial water, setting the stage for the oscillation to begin

again. The associated “Southern Oscillation” in surface air pressure has the structure of a

standing wave, with antinodes near the eastern and western boundaries of the South

Pacific, -90° longitude apart [Horel cml Wallmx?, 1981]. This has led to the development of

various Southern Oscillation indices (SOI) based on the difference between sea level

surface pressure in the cast and west Pacific. The most commonly used index is based on

the normalized seasonally adjusted pressure difference between Tahiti, in the east, and

Darwin, Australia, in the west [Chen, 1982].

Comparisons between Ap and the strength of the ENSO cycle, represented by the

Southern Oscillation Index (S01 or MSOI—-see  following section) series, have indicated

striking agreement [Chao, 1984, 1988, 1989; Eubanks, 1986; Salstein  cim.i  Rosen, 1986;

Gmnbis, 1992; and Dickey et al., 1993 and 1994], with high interannual values of LOD

generally coinciding with ENSO events. During an 13NS0 event, the MSOI (S01) reaches a

maximum (minimum), leading to an increase in atmospheric angular momentum (AAM)

associated with the collapse of the tropical easterlies. Further’ increases in AAM may result

from a strengthening of westerly flow in the subtropical jet streams [Rosetl et af., 1984].

Conservation of total angular momentum then requires the Earth’s rate of rotation to slow

down, thus increasing LOD. Significant correlation exists back to 1930 [Dickey et al.,

1993 and Jordi et al., 1994], with currently available historical LOD series being unable to

resolve interannual  signals before this time.
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In this study, we utilize (he technique of singular spectrum analysis (SSA) in both a

single-channel and n~ulti-channc]  mode to explore the relationship between Earth rotation

and E,NSO phenomena on interannual  time scales. A description of the data sets is

presented in Section 2. The SSA and Maximum Entropy Method (MEM) techniques are

described in Section 3, with the analysis and interpretation featured in Section 4. The final

section provides a discussion and a summary.

2. Description of the Data

2.1 Lerlgth-of-Day

The LOD series utilized (Figure 1) is the Jet Propulsion Laboratory (JPL) Kalman-filtered

series, designated as COMB95 [Gross, 1996; Gross et al., 1997], which is derived from a

Kalman filter-based combination of independent Earth rotation measurements utilizing the

techniclues  of optical astrometry, very long baseline interferometry (VLBI) and lunar laser

ranging (LLR) to form a high-quality series. Issues of reference frame commonality and the

unevenness of data quality and quantity have been addressed and tidal effects have been

removed. The LOD series spans the period January 20.0, 1962 through January 17, 1996

at 5 day intervals.

2.2 Southern Oscillation Index

We use here a modified version of the index based on the Tahiti and Darwin sea level

pressure (SLP) data, provided by the National Center for Environmental Prediction [K.

Mo, personal communication]. The time series is obtained here by first removing the

annual cycle (this is done by subtracting from both time series the mean SLP value at that

location for the corresponding month), dividing the monthly anomalies so obtained by the

corresponding standard derivation, and then taking the Darwin-minus-Tahiti differences.

Note the series used here, the “Modifiecl  Southern Oscillation Index” (MSOI), is opposite
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in sign than that which is commonly used [e. g., 7“rentxrl/1 and Shea, 1987], so as to bc

positively correlated with the LOD (see Fig. 4).

3. Analysis Technique

3.1 Singular Spectruw Analysis (SSA)

SSA is the term used in a number of recent climate studies [e.g., Vmi[ard and Ghil, 1989;

Rmwsson et al., 1990; Ghil mul Valitard, 1991] to refer to the univariate  application of

principal component analyses (PCA) [e.g., Preise/zdorfer,  1988] in the time domain. The

method is also known as Karhunen-Lo5ve  (K-L) expansion [e.g., Pike et al., 1984] in

digital signal processing. It was introduced into biological oceanography by Colebrook

[1978], into nonlinear dynamics by Broomhead  and  King [ 1986], and into

paleoclima(ology  by Fmedrich [ 1986]. RasnzMsso/z  et al. [1 990] also used SSA to

investigate the quasi-biennial component of ENSO.

SSA is algorithmically equivalent to the application of extended empirical

orthogonal functions (EEOFS) [e.g., Wear-e  and Nasstrom,  1982~  Lau md C}mn, 1986;

Graham et al., 1987a, b] to a univariate time series but has special features and greater

flexibility when applied to the analysis of phenomena with longer time scales and higher

sampling rates [Ghil md Mo, 1991 a & b and 1992]. Vrmtm-d et al. [1992] provide a review

of SSA and of its applications to data-adaptive filtering and noise reduction. For brevity,

we sketch here the method based on its relation to spatial empirical orthogonal function

(EOF) analysis [e.g., Preisemiorfcr, 1988], which is of more common use in meteorology.

Spatial EOF (S-EOF) analysis proceeds by expanding the history of a discrete field

Xi,j, where the indices i and j refer to the spatial and temporal directions respectively—

1< i < M, 1< j < ~—into the sets of its eigenvcctors  (EOFS)  and principal components

(PCs). In SSA, the spatial direction is replaced by time lags, i.e., .~i,j = ~j+i,  and M

becomes the number of lags. The algebraic formulation remains essentially the same but the

T-PCs are shorter than the original time series by M – 1 components. Valilard and Ghil

7



[ 1989] refer to the EOFS and PCS of SSA as T-EOFS and T-PCs to distinguish them from

their counterparts in S-EOF analysis.

The time scales of the dynamics aclciressecl  by SSA are bounded from below by the

sampling interval, z,

The choice of M is a

and from above by the window width, z,,, = Mx [Val[tard et al., 1992].

trade-off between the amount of information one wishes to retain and

the degree of statistical significance that is required. Increasing M enhances the former at

the expense of the latter, and vice versa.

In contrast with standard spectral analysis in which the basis functions are given a

priori (e.g., the sines and cosines of Fourier analysis), in SSA they are determined from

the data themselves to form an orthogonal basis that is optimal in the statistical sense.

Oscillatory modes can be identified as pairs of nearly equal eigenvalues,  while their

eigenfunctions (T-EOFS) and T-PCs have the same time scale of oscillation, as well as

being nearly 90° out of phase [Vautat-d and Ghil, 1989; Valitard et al., 1992]. Because of

this property, the method is particularly helpful  in isolating enharmonic oscillations with

fluctuating atnplitudes  from noisy data.

The part of the time series’ variability corresponding to a given oscillation can be

isolated by restricting the K-L expansion to the T-EOFS and T-PCs that have been

identified as corresponding to that oscillation [Ghil and Vautard,  1991; Vautard et al.,

1992]. The reconstructed components (RCS) which carry the contributions of the individual

T-EOFS and T-PCs to the variance of the data are time series of length N (not N – M + 1,

like the T-PCs). The RCS are additive and their complete sLm~ gives  back the original time

series.

The eigenvalue  associated with a T-EOF gives the variance of the corresponding T-

PC, while its square root is the associated singular value (SV). The SVS are standard

deviations and give their name to the SSA method.

3.2 Maxitjllm Entropy: Spcctrdl  E.vtimation
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The main advantage of the maximum entropy method (M EM) [Yule, 1927; Walker-,

; Blit-g,  1968] is its high spectral resolution, obtained by fitting relatively high-order

nodels to the data. Its main drawback is the possible appearance of spurious peaks as

the resolution, and hence the order, of the method is increased [Childers,  1978].

The basic assumption underlying MEM is that the time series can be modeled by an

AR process. The optimal order of the AR process for a given time series is usLmlly inferred

from Akaike’s information criterion (AIC) [Akaike,  1974]. However, the AIC often calls

for a very high order if the data have not been prefiltered. SSA can be used to compute a

data-adaptive prefilter  by retaining only the leading, statistically significant T-PCs of a

given time series [Ghil and  Vautard, 199 1; Val(fard et al., 1992]. Removal of the noise by

SSA permits the application of a low-order MEM, which achieves the same resolution as a

much higher-order one, without the introduction of spurious peaks. This two-step

procedure for spectral estimation is discussed in detail and applied to synthetic examples

and to time series of atmospheric angular momentum by Pe/tlatld  ef al. [ 1991 ].

4. Results and Interp-etatiorl

SSA is applied to LOD data (Fig. 1) with a window width of tw = 60 months with ~ = 1

month (monthly data) and M = 60. This allows us to investigate a broad range of time

scales while ensuring a high degree of statistical significance. The first 14 SVS (Fig. 2)

explain the bulk of variance with remaining SVS being within the noise floor, as evidenced

by the break in the slope of the singular spectrum [Vautard and Ghil, 1989].

The first two SVS (SV1 and 2) capture the long-term decadal  variability that has

been associated with core-mantle coupling. The contribution of SV 1 and 2 peaks (not

shown) in the early 1970s and reaches a minimum in 1986 and increases thereafter;

together they exphiin  187a of total variance of the series. The next nearly equal pair (SVS 3

and 4) captures the strong annual cycle with the terms being i“n quadrature (Fig. 3a)

explaining 157o of the total variance, while the nearly equal pair, SVS 5 and 6, corresponds
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to the semi-annual cycle, explaining the 10% of variance (Fig. 3b). Their cnvclopcs  arc not

constant in time but arc modulated on intcrannual  to secular time scales. In particular, the

clccadal  LOD rnodukltion  matches the dccadfil  variability of the ENSO cycle, with maxima

(mimima) in the semiannual (annual) component occurring roughly  at the times the strong

ENSO events of 1972 and 1982 (see Fig. 3a and b---note we exclude the beginning and

cnd of this series to avoid end effects). This indicates a linkage between seasonal LOD

variability and the ENSO phenomena, which occurs via non-linear interactions [Gross et

al., 1997].

The dominant decadal  variability (SVS 1 and 2) and seasonal variability (SVS 3-6)

was removed from the L.OD, resulting  in a series that is dominated by interannual

variability (denoted as LODt) and is WC1l correlated with the MSOI (see Fig. 4). Single-

channel SSA was utilized on both the MSOI and LOD_l_ time series separately; in addition,

complex SSA (CSSA) was applied jointly to both series (Fig. 5), with the LOD~ taken as

the real part and MSOI as the imaginary part, with the goal of studying joint variability. For

all three ‘analyses (see Fig. 5) the first pair was associated with the low frequency

component (4–6 yr periocl) of ENSO, with the second pair capturing the quasi-biennial

oscillation (2–3 yr period). Slightly higher interannual  variance was seen in the MSOI as

compared with the LOD~ series. For example, the LF component of MSO1 explains 1470

of the variance, whereas the LOD~ component accounts for 1270. Similarly for the QB

component, the corresponding numbers are 127o for MSOI and 107o for the LOD series.

Complex SSA rcsu]ts lic midway between these numbers for the I-F component (explaining

137o of variance), while for the QB component, the CSSA results are consistent with the

single channel and LOD results. Similar bimodal behavior has been investigated for the

Southern Oscillation Index using SSA by Rmmis.wm  et al. [ 1990] and by Keppeme a~M/

G//ii [ 1992]; Jiang ct al [ 1992] app]icd  multi-channel SSA to equatorial wind and sea

surface temperature. Fourier spectral analysis has also revealed this phenomenon

[Dickey et [Il., 1992].

10
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The LF, QB, and the full ENSO components of interannual  LOD are isolated by

summing the contributions of T-PCs 1 and 2, T-PCs 3 and 4, and T-PCs I -4 respectively,

using the reconstruction method justified rigorously by Va~{tard e~ al. [ 1992, equation

(2. 17)]. Fig. 6 displays the results (solid for LOD and dashed for. MSOI) for both single

channel (Fig. 6a-c) and multichannel (Fig. 6d-f) SSA for the LF (Figs. 6a, d) and QB

(Figs. 6b, e) components and their sum (Figs. 6C ancl f). The two series track quite well for

the single channel analyses (Fig. 6a-c), with excellent agreement seen in the full ENSO

amplitude (Fig. 6c). Typically, the CSSA amplitudes are of similar size to the single

channel results indicating the robust connection between these analyses. The cold (La Nifia)

events of 1971, 1974, 1976, and 1988 are seen as minima in both LODi’ and MSOI (see

Fig. 6C and f), whereas the warm events arc observed as maxima in LODT and MSOI

(minor episodes in 1965, 1969, 1977, and 1987 with strong events in 1972 and 1982).

Here, the classification of cold and warm events follows that of Rmtwmotz md Carpenter

[1982] and Deser and Wallace  [1987], which is broadly accepted, Note the complex nature

of the 1991-93 warm events, with a double peak occurring in all components. Decadal

variability is also evident, with strong cold events in the early and mid- 1970s and in 1988

and robust warm events in the early and mid- 1980s.

High correlation, seen visually in the comparison of the time series, reaches a

maximum of 0.87, 0.82, and 0.90 for QB, LF, and full ENSO variability, respectively,

with no discernible lag or lead between the two series (Figs. 8a and b). Secondary maxima

are also evident—indicative of the relevant periods. It is interesting to note that it is the sum

of two components that is the most coherent. The LF component, with the fewest repeat

cycles. has the lowest correlation of the three. The CSSA correlation (0.93) is the largest.

Past stuclies have shown the LOD-SOI  correlation to be dependent on the time series

considered, and the filtering applied to the series. Using a l-year minus 5-year moving

average to isolate intcrannual  variability Dickey et al. [ 1994] obtained a maximum cross

correlation of 0.67 for the period 1962–1988 and a correlation of 0.79 for the period 1972-
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1986. C/Kio [ 1984] reported a correlation coefficient of 0.56 for the period 1957-1983,

while Elibmks  et [II. [ 1986] cotnputcd  a correlation coefficient of -0.5 for the period 1962-

84, and Chao  [1988] found a correlation of 0.68 for the period 1962-84. Chao  [1989] also

obtained a correlation coefficient of 0.75 for the period 1964-84 by using multiple

regression on the SOI and a stratospheric AAM series, derived from monthly data from

three stations using an idealized model of the QBO. The results of the present study give

the largest correlation to date, indicating the success of SSA in separating signal from the

background noise, particularly for the full ENSO variability, reconstructed from single

channel or complex SSA analyses.

ENSOS generally occur when both the QB and LF components add constructively,

with positive MSOVLOD anomalies indicating a warm (El Niilo) event while negative

MS OVLOD reflects a cold (La Niiia) event (e.g., RasmussoIl  et al., 1990, Keppeme mzd

Ghil, 1992, and Dickey et al., 1992). Note, for example, the constructive nature of the

1972, 1982-83, and 1986-87 warm events, which result in an El Nifio amplitude (Fig. 6c)

that is considerably larger than the individual components (Figs. 6a and b—note the

difference in scale). Similarly, the coherently-phased negative amplitudes of these

components during 1988 produced an intense cold (La Niiia) event. Interference between

these bands results in the complex nature of the full ENSO series; for example, the QB

oscillation with minima in 1974 and 1976 (Fig 6b) adds with single negative peak in LF

components (centered in 1975, Fig. 6a) to produce two consecutive cold events in 1974

and 1976. In contrast, destructive interference between these two components in 1980 and

1985 results in a lack of pronounced ENSO variability during these times.

The spectra of the two reconstructed series (Fig. 7) have common bimodal

structure, with the low frequency being centered at 53 months in the LOD and at 55 months

in the MSOI, while the QB peak is centered at 29 months in LOD, and at 28 months in the

MSOI. In the CSSA case, the common pcriodicity  in the LF band is 54 months, while that

of the QB is 28 months. The time variation of LODt-MSOI correlations are displayed in
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Figs. 9a and 9b, using a window of 60 months for the single channel and complex SSA,

respectively. Typically, the full ENSO component is more coherent, with LOD-MSOI

correlation of 0.85 or larger for both the single channel SSA and the CSSA cases. The

correlation is most variable for the QB component, reaching a minimum of - 0.54 for

single channel case in 1968. This is caused by the mismatch of the two series in 1968 (Fig.

6b); in the MSOI, a maximum occurs in 1967,  whereas a plateau is seen in the LOD~. The

relative minima in the LF component (1971 and 1979—Fig. 9a) are associated with relative

phase shifts between LOD~ and MSOI (Fig. 6a). The CSSA coherence is higher; a relative

dip (ranging from -0.8 to 0.85) is seen in all three components in 1978, and is caused

phase differences between the series. It should be noted that the LODl_  QB variation reflects

the contribution of the whole atmosphere, including the troposphere and the stratosphere,

with the latter being a major contributor. During the 1982-83 ENSO event, for example, the

stratospheric winds integrated from 100 to 1 mb explained 20% of the intcrannual LOD

variance [Dickey et al., 1994]. The QB oscillation in the MSOI, on the other hand, appears

to be a tropospheric phenomenon (e.g. Xu, 1992).

5. Summary and Discussion

The El Nifio/Southern  Oscillation (ENSO) phenomenon involves large-scale redistribution

of atmospheric mass between the eastern and western ends of the Pacific, and is associated

with changes in both atmospheric and oceanic circulation (Philander, 1990). During a

warm (El Nifio) event the MSOI reaches a maximum, with a concomitant collapse of the

tropical easterlies and an increase in global A AM. Conservation of total angular momentum

requires the Earth’s rate of rotation to diminish, causing LOD to increase. A further

increase in AAM may result from the large-scale heating of the tropical troposphere

associated with the El Nifio events (Stephanick,  1982), leading to a zonally  symmetric rise
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in the tropical 200 mb height field (Horcl and Wallace, 198 1) an(! a consequent

strengthening of the upper-level subtropical jet strew-ns.

In this study, we have utilized both complex and single-channel singular spectrum

analysis (SSA) to study interiinnual  variations in the Earth’s rate of rotation, and hence, in

the length of day (LOD), and its link to the ENSO phenomenon, indicated by variations in

the Modified Southern Oscillation Index (MSOI),  during the period 1962–1996. Our

results underscore the pronounced bimodal  nature of ENSO, with a strong quasi-biennial

(QB) oscillation centered at -28 months and a robust low frequency (LF) component at

-53–55 months in both series. The restructured LOD and MSOI signals from separate

channel SSA are highly correlated, with maximum of coefficients of 0.87, 0.82, and 0.90

for the QB, LF, and full ENSO band, The application of complex SSA (CSSA with LOD

taken as the real and MSOI as the imaginary part) assesses the joint variability of the two

series. The CSSA results are simi]ar (Fig. 6), having slightly higher correlation than the

single channel findings, and with the sum of LF and QB components having the largest

cross-correlation (0.93—see Fig. 8). ENSO events occur when both the LF and QB

components add coherently, with positive LOD and MSOI indicative of an increase in

atmospheric angular momentum (AAM) during warm (El Nifio) events; conversely, a cold

(La Nifia) event reflects a decrease in AAM and LOD. No discernible lag or lead between

the two series, each given at monthly intervals, is observed. The strong LOD-MSOI

correlation, the largest reported to date by a significant amount, further confirms the

success of SSA in separating signal from background noise in geophysical series, and

affhms the causal link between the dynamics of Earth rotation and the ENSO phenomenon.
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Figure Captions

Fig. la. Monthly length-of-day (LOD) time determinations derived from a Kalman filter-

based combination [Gross, 1996] of independent Earth rotation measurements.

Fig. 2. Normalized eigenvalue spectrum of the lag-covariance matrix of the length-of-day

time series shown in Fig. 1 with a window size of 60 months. The singular values

corresponding to three pairs of oscillations are pointed out, notably long-term trends (1-2),

annual (3-4) and semi-annual (5-6) variations.

Fig. 3. The reconstructed LOD time series (in ms) obtained by combining the variance

associated with two pairs of temporal principal components (T-PCs) (a) Annual

component: Principal components (PCs): PCs 3 and 4; (b) Semi-annual components: PCs 5

and 6.

Fig. 4. (a) Length-of-day time anomaly (LOD~) series after the removal of the annual and

semi-annual components (PC 3-6) and the PCs ( 1–2) representing the longer term decadal

effects and (b) the MSOI time series (Darwin minus Tahiti sea level pressure-see text for

details). Note that both series are dimensionless.

Fig. 5. Normalized eigenvaluc spectrum of the lag-covariance matrix of the I.ODT and

MSOI time series as shown in Fig. 4 with a window size of 60 months. Results from both

singular channel and complex SSA are displayed. The first pair (SV 1-2) corresponds to
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the low frequency ENSO oscillation, while the second corresponds to the quasi-biennial

ENSO (3-4) variability.

Fig. 6. Reconstructed LODT (solid line) anct MSOI (dashed line) time series obtained by

combining the variance associated with temporal principal components (T-PCs). (a) and (d)

display the low frequency component; (b) and (e) the quasi-biennial component; and (c)

and (f,) is the sum of the two components; (a)--(c) shows the results of single channel SSA,

whi!e (d)-(f) are the corresponding complex SSA series.

Fig. 7. Maximum Entropy Method (MEM) power spectra of I.ODT (filled circles) and the

MSOI (open circles) as obtained from single channel (a) and multi-channel SSA (b).

Fig. 8. (a) Correlation as a function of lag between the Modified Southern Oscillation

Index and Length-of-Day (LOD~) as analyzed by single channel SSA. Both bands (PC 1-

4) are indicated by the connected squares (maximum correlation = 0.90); the low frequency

(PC 1 and 2) is represented by the connected full circles (maximum correlation = 0.78); and

the quasi-biennia] band is indicated by the connected open circles (maximum correlation =

0.86); (b) results from comp]ex  SSA.

Fig. 9. (a) Correlation as a function time using

SSA; and (b) same as (a) for multichannel SSA.

a window of 60 months for single channel
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