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Abstract. The Earth’s rotation rate is not constant, but behaviour. Nowadays, it is well known that the Earth’s rate
changes on all observable timescales, from subdaily toof rotation ), and hence the length of the day (LoD), is
decadal and longer. These variations are usually discusseabt constant in time, but exhibits changes of the order of a
in terms of variations in the length of the day (LoD) and are few parts in 16, i.e.5Q/Q ~ 10~8. Though variations with
caused by processes acting within the interior, at the surfacéhe largest amplitude occur over the decadal timescale, ob-
and outside of the Earth. Here, we investigate the presencservations of the evolving state of Earth rotation have re-
of long-standing decadal variations in yearly LoD data cov-vealed the occurrence of variability on many timescales rang-
ering the period from 1832 to 2009 by applying the Hilbert— ing from days to centuries and longer. This wide range of
Huang transform (HHT). The HHT has been slightly modi- timescales is the expression of the wide variety of processes
fied here to take into account the uncertainty of LoD valuesinfluencing Earth rotation. These processes involve external
that has changed greatly in time due to the use of differentidal forces, superficial processes concerning the atmosphere,
LoD measurement techniques. The LoD time series has beenceans, and hydrosphere, and internal processes taking place
completely decomposed into five intrinsic mode functions at the core-mantle boundary as well as within the solid Earth
(IMF) and a residual trend. The estimation of instantaneousdtself (Hide and Dickey 1997). This is the reason why, for
frequencies and related amplitudes of the obtained IMFs hasany years, scientists in the field of astronomy and Earth sci-
allowed us to compute the Hilbert spectrum that has beerences have been focusing their attention on the interpretation
used as the starting point for studying and discussing the stasf the Earth rotation fluctuations as a key to understanding
tionarity of typical LoD timescale stationarity. The obtained fundamental terrestrial dynamical processes.
results while showing the presence of multiple periodicities LoD variations occurring over the longest timescales are
also indicate the absence of really stationary periodicitiesthought to be primarily a consequence of the tidal friction
Therefore, rather than considering the processes taking plagesulting from the gravitational attraction of the Sun and
in the Earth’s core as the result of a superposition of oscil-Moon on the rotating Earth. These interactions produce a
lations (i.e. stationary mechanisms) occurring on a discretesecular slowing of rotation and consequently a secular in-
number of different timescales, it would be better to think of crease in the LoD. The linear increase in the LoD is expected
a superposition of fluctuations that are intermittent in bothto be about 2.3 ms century, but what is actually observed
frequency and amplitude. from the ancient astronomical record is an increase of about
1.7 ms century!. The difference between these two values,
which is sometimes called the anomalous rate of increase in
LoD, is believed to be caused by a linearly varying redistri-
1 Introduction bution of mass within the Earth associated with the so-called
. . _ post-glacial rebound. Indeed, although the ice began to melt
The question of whether or not the rotation rate of the Earth is; 5t 18 000 yr ago and was mostly gone 5000 yr ago, the

constant was investigated at least as early as the Seve”teerﬁﬁpressions of the Earth’s surface have not completely dis-
century. However, it was only in the twentieth century that appeared yet.

the observation of planetary motions confirmed its irregular
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Variations in the LoD occurring on relatively short to Braginsky(1984), torsional oscillations can have a period
timescales, from subannual to annual, characterized by anf ~ 60 yr if the amplitude ofB; is around 0.2 mT, but if it
amplitude up to 2ms have been explained primarily by theis closer to 1-2mT, the period of the free modes shifts to
exchange of angular momentum between the solid Earth andmaller values. MoreoveGillet et al. (2010 have recently
its atmosphere and oceans, as deduced from many studiégpothesized the existence of torsional oscillations recurring
(e.g. Hide et al, 198Q Marcus et al. 1998 Gross et al. in the core interior every 6yr. These torsional oscillations,
2004). whose angular momentum accounts well for the change in

Between these two kinds of variations are those occurringhe length of the day with a six-year period detected over the
over timescales of several decades with an amplitude of a fevgecond half of twentieth century, seem to be carried by an
milliseconds that cannot be easily explained by surface prointernal field (B;) of about 4 mT.
cesses. These variations are generally believed to be causedBesidesBraginsky (1984 and Gillet et al. (2010, many
by the transfer of rotational angular momentum between theother authors have estimated the characteristic periodicities
Earth’s liquid metallic core and the overlying solid mantle of torsional oscillations and of the typical periodicities of
(Wahr, 1988 Jault 2003. When the mantle gains angular LoD decadal variationsCurrie (1973 analysed LoD data
momentum, its rotation rate increases, while the observegrimarily from the 18th and 19th centuries using the maxi-
LoD decreases. Various mechanisms have been invoked tmum entropy method and found a periodicity of 57.5yr. The
explain how the angular momentum is transferred across theame method was used by and Thomagl977), who found
core-mantle boundary. Commonly cited mechanisms involvewell-defined signals at 66 and 33 yr. Some years latat;
viscous Rochesterl984, gravitational Jault and Le Mouél  man and Bloxhan{1997 showed that the fluid flow at the
1990 Buffet, 1996, electromagneticHolme 1998 and to-  surface of the core is consistent with the presence of two tor-
pographic Hide, 1969 1977 core-mantle coupling, but ar- sional oscillations travelling inside the core with periods of
guments for and against each of these mechanisms can % and 53 yrHide et al.(2000 identified a dominant vari-
found as a consequence of the poor knowledge of the physiability period of approximately 65yr in LoD data. More re-
cal conditions in the core. cently,Roberts et al(2007) confirmed the existence of a pe-

Since the Earth’s magnetic field is produced by fluid flows riodicity of around 60 yr by applying the empirical mode de-
occurring in the Earth’s core, whatever the nature of thecomposition (EMD) analysis to LoD data and to the Earth’'s
torque, the assumption that the decadal fluctuations are due tmagnetic field by suggesting the existence of a correlation
these flows suggests that there ought to be some correlatiometween the two signals with a well-determined lag.
between the time variability of observed LoD and that of the Considering the nonlinearity and non-stationarity of LoD
observed Earth’'s magnetic field. Unfortunately, studying cor-time series, we applied the complete Hilbert—Huang trans-
relation is complicated because of the attenuation suffered bjorm (HHT) here to try to gain a deeper knowledge of LoD
magnetic field variations travelling upward through the con- typical periodicities. So, HHT was performed by decompos-
ducting mantle. When correlations have been identified, théng the original signal into a series of monocomponents by
time lag between changes in the LoD and similar changes irmeans of EMD and then evaluating the associated Hilbert
the observed magnetic field has been used to help constraspectrum to study the properties of the original signal in the
mantle electrical conductivity. time—frequency—energy domain. Additionally, we have de-

One of the keys to explaining the possible correlation be-veloped a procedure to estimate a Hilbert spectrum able to
tween the observed LoD and Earth’s magnetic field couldtake into account the information on LoD actual measure-
be found in magneto-hydrodynamic torsional waves, i.e. inment errors. In this way, the estimated LoD characteristic pe-
the rotation of core fluid on concentric cylinders coaxial with riodicities, as shown in the following, acquire a more reliable
the Earth’s rotation axis. It has been suggested that these tostatistical meaning. Using the Hilbert spectrum it is possi-
sional oscillations, with proper period and spatial structure,ble to both study the temporal evolution of the instantaneous
may transfer sufficient angular momentum across the corefrequencies characterizing the signal and evaluate the actual
mantle boundary to produce the observed LoD variations orpresence and stationarity of the decadal periodicities, such as
decadal timescaled4ult et al. 1988 Jackson et 3/1993. that of about 60 yr that have been found in the excess LoD

Periodicities of torsional oscillations have not been as-data by other authors.
sessed precisely yet. The reason for the large uncertainty The paper is organized as follows: in Seztwe briefly
in these periodicities arises from the poorly known physi- describe the technique of the Hilbert—Huang transform intro-
cal conditions of the core and from the mathematical modelduced byHuang et al(1998, in Sect.3 we explain how HHT
constructed to describe the flow at the top of the core. Indeedhas been applied to test the existence and stationarity of the
the periods of the fundamental modes of the torsional oscillaexcess LoD decadal periodicities and, finally, in Sdove
tions depend crucially on the assumed magnitude of the comdiscuss and summarize our results.
ponent of the magnetic field orthogonal to and away from the
rotation axis B;), which is not well known and, partially,
on the viscosity of the fluid core. For instance, according
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2 The Hilbert-Huang transform: a brief introduction whereg; (¢) is the phase function, a4, (+) and co®; (¢) are
theamplitude-modulate@@M) and thefrequency-modulated
HHT provides a new method for analysing nonlinear and(FM) parts of the signal, respectively. Thus, the instantaneous
non-stationary time series, allowing the exploration of inter- frequencyf; (1) is given directly by differentiating the phase
mittent and amplitude-varying processes. HHT consists ofwith respect to timef; (r) = d¢; (r) /dt.
the successive use of two mathematical techniques: EMD The separation of a given IMF into its AM and FM parts
and Hilbert spectral analysisHgang et al. 1998 2003 has been achieved empirically following the iterative normal-
Huang and Wu2008. The central idea of HHT is that a jzation scheme proposed bijpang et al(2009. This scheme
time series can be decomposed into simple oscillatory modegorks as follows. Once all IMFs are found, all local maxima
of significantly different average frequencies and a residueof the absolute value of thagh IMF, i.e. | ¢;(r) |, are con-
These modes are called intrinsic mode functions (IMFs) anchected in the first iteration by means of a cubic spline curve,
are directly obtained from the data with no a priori assump-say ei1(1). Then, the functions; 1(7), ..., yi..(r) are esti-
tions regarding their nature. IMFs are constructed to satisfymated via an iterative procedure as follows:
two specific conditions:
ci(t) Vi, (n—1)(t)
1. the number of extrema and of zero crossings must be’i-1() = eil) < Yin (1) = T @
either equal or differ at most by one; ’ ’

wheree; ((¢) is the cubic spline curve connecting all lo-
2. the mean value of the envelope defined by the localcal maxima of the absolute value of the—1) with k =
maxima and of the envelope defined by the local min-1, ..., ». Normalization stops at iterationwhen all the val-
ima is zero. ues of the functiony; ,(¢) are less than or equal to unity.
Having removed the amplitude modulation,,(t) repre-
sents the FM part of the IME; () and, according to Eq1j,
yi.n(t) = Ccosp; (¢). Based on simple trigonometric relations,
the instantaneous frequency for tile IMF ¢; (¢) is given by:

We will not linger over details of the complete procedure
to perform EMD since it is reported in many scientific pa-
pers, for instance itduang et al(1998 2003, Huang and
Wu (2008 andFlandrin et al.(2004). Here, we just empha-
sise that for the stoppage condition of the sifting process we

use, as suggested Ijuang et al(1998, the Cauchy-type

dgi(t) _ d Yin(0)

convergence criterion where the threshold value limiting the f; (1) = = —arctan , 3)
size of the standard deviation computed from two consecu- dr dr J1- y,-z_n ()
tive siftings has been set so as to have a diadic decomposition '
in the case of fractional Browian motion time series having Wwhile, according to Eq.1), the AM part is given by:
the same length of actual time seri€andrin et al.2004).
After decomposing a signal into its monocomponents, i.e.A; (1) = ¢ 4)

its IMFs, it is possible to calculate the instantaneous frequen- Yisn(t)

Ci.e.s and t_he associated energies using, for example, the tr;3\7hereA,-(t) provides the instantaneous amplitude of itre
ditional Hilbert transform. Here, however, we computed the |, , ¢:(t) and reflects how the energy (defined as the ampli-

Hilbert spectrum by est|mat.|ng, for each IMF, the Instanta- 4o squared), associated with the instantaneous frequency,
neous frequency and associated energy through the so-call% anges with time. The Hilbert spectrum is obtained by plot-

direct quadrature methodigang et al. 2009. The estima- . ting on the same graph the curves for the instantaneous fre-

tion of instantaneous frequency from experimental data 'Squency of each IME as a function of time and the associated

not a trivial mathematical problem and many algorithms havear.n litude. The corresponding Hilbert spectr 1 (de-
been proposed. For instanddyang et al(2009 tested dif- ’ ' D g pectrétf, 1) (

ferent methods for instantaneous frequency estimation findﬁned in terms of amplitudesi/(f.1) = A(/.1), or squared
' amplitudes 1) = A%(f,1)), is designed to represent the
ing that the normalized Hilbert transform and direct quadra- P A0 (/.1) g P

.~ amplitude/energy in a time—frequency (or alternatively time—
ture gave the best results. One of the advantages of d're(aer?od) represe%ation g y( y

quadrature is that it is not affected by the occurrence of nega-
tive frequencies, a problem generally suffered by a traditional

Hilbert transform. 3 Data and analysis
The method of direct quadrature is based on the principle
that a monocomponent signal, say the IME) (wherei = In the present study we focused on a time series of ex-

1,...,k with k the number of IMFs into which the signal cess length of dayxLoD spanning May 1832—-May 2009 at
x(¢) has been decomposed), can be written as the product ofearly intervals. In detail, we extended the smoothed length

its envelopeA; (1) and its carrier cog; (1) as follows: of day series LUNAR97, covering the period May 1832—
May 1997 at yearly intervals@ross 2001), to the present
ci(t) = A;(t)cosg; (1), (1) using COMB2010 series. This consists of daily values
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Fig. 1. Values and uncertainties for the excess length of dayD,
spanning 1832.5-2009.5 at 1 yr intervals.
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and uncertainties for the length of day from 20 Jan-
uary 1962 to 28 May 2010 and can be downloaded
from ftp://euler.jpl.nasa.gov/keof/combinations/20196, it
is from COMB2010 that yearly values of length of day and
relative uncertainty for the last 12 yr (1998—-2009) have been
evaluated. We notice that the LoD series@foss(2007)
has been obtained after many transformations. The LoD se-
ries is indeed derived from a Kalman Earth orientation filter
based on a combination of independent Earth rotation mea-
surements utilizing the techniques of optical astrometry, very
long baseline interferometry (VLBI) and lunar laser ranging
(LLR). The result is a smoothed and interpolated estimate
of the length of day. This time series, as obtained, does not
permit the analysis of periodicities of a few years because 2, L L L 1
Gross(200)) has applied Gaussian filters to the original data 1850 1900 1950 2000
of Jordi et al(1994. Nevertheless, longer periodicities of the
length of day, as decadal ones, can be appropriately investi-
gatgd using this time series. . Fig. 2. Empirical mode decomposition @fLoD into five intrinsic
Figure 1 shows theALoD yearly values, i.e. values of - "¢ o tone (IMFs}; () and a residue(r).
the excess LoD in milliseconds with respect to the standard

day of 86400s, for a time interval spanning 178yr. Each g\ yielded five prominent IMFs and a residue, as shown
ALoD value is plotted together with its associated uncer-j, Fig. 2. Figure3 exhibits a comparison between the power
tainty (Gross 2003); this gets smaller with time. Itis between gpaciral densities (PSDs) of the excess La¢D) and of

0.6 and 0.35ms in the time interval May 1832-May 1955, ihe single IMFs into which the original signal has been de-
between 0.1 and 0.02ms in the period from May 1955 tocomposed. The sum of the IMF PSDs correctly reproduces
May 1997, and around 0.02-0.01ms from May 1998 tOthe PSD of theALoD, confirming the completeness of our
May 2009. decomposition. Furthermore, we may notice that the shape of

Since this time series is non-stationary and nonlinear, wepe AL oD PSD is well described by a stretched Lorentzian
studied it using HHT. For this reason, we pre-processed dat@hape

using EMD and then estimated its Hilbert spectrum by direct

quadrature as introduced Ihyuang et al(1998 2003 and A

Huang and Wi{2008. We belive that HHT allows us to bet- 5= A+ (f/fo")’ ®)

ter define values and stationarity of typical LoD periodicities

and to gain a deeper insight into the underlying processesvith « ~ 2.8 and fo = [0.0137+0.0008 yr—1. This suggests
that are expected to influence Earth’s rotation rate. So, wehat the spectrum okLoD fluctuations is mainly broadband,
first applied EMD in the standard way without considering thus supporting the presence of nonlinearities and also non-
the effects of different error measurements and using as thetationary features. We will return to this point in the next
stoppage criterion that discussed in Séct. section.

cy(t) [ms]
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a nearly diadic filter bank, suggesting that the nature of the
analysed time series is similar to that of a fractional Brow-
nian motion Flandrin et al, 2004. From these average fre-
quency valueg; the corresponding average periodicities can
be obtained. They are equal t6; = 5yr; 7> = 10yr, T3 =
21yr, T, =59yr andTs = 90 yr. Similar periodicity values
were obtained byCurrie (1973, who analysedALoD data
using the maximum entropy method and found periodicities

Fig. 3. Comparison between the power spectral density (PSD) Ofof 10-11yr, 21-22yr and 57.5yr. These values are never-

ALoD and the PSDs of each IMF. The dashed line is a nonlinearth | tially diff tf th . lv obtained b
best fit of theALoD PSD using a stretched Lorentzian shape (see eless partially ditierent from those previously obtained by

Eq.5). Roberts et al(2007), who found clear evidence for two peri-
odicities of 30yr and 65 yr. While we could partly confirm

B the longest periodicity of 65yr having found an IMF, i.e.
Figure4 shows the average frequencig=of the IMFsc;, c4(t), with a mean periodicity of- 59 yr, we did not find any

plotted in Fig.2, as a function of the IMF indek Each av-  evidence for the periodicity of 30yr by using the Fourier-

erage frequency has been computed by means of the Fouriéased approach on all the IMFs. Moreover, the Fourier spec-

PSDS; (f) associated with each IMF, as follows: trum of each IMF does not show any characteristic peak at
[FSi(Hds the frequencies found bRoberts et al(2007). In contrast,

SN iR ey the PSDs shown in Fi@ are characterized by an energy dis-

JSi(Hdf tributed over a quite large interval of frequencies, suggesting

The error associated with each value Bf as shown in a non-stationary character for the two periodicities indigated

Fig. 4, corresponds to the standard deviation, i.e. the rootby Roberts et al(2007)._We bell_eve thatthe observed perlo_d_-

mean square of the second central moment that, similarly t6(_:|t|es should more reliably be interpreted under a probabilis-

. : tic point of view in terms of average characteristic timescales.
the case of Eqf), has been obtained by applying the follow- ) o ,
a8 yapplying To infer the origin of the differences between our results
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i lation:

Ing retation ) on ALoD characteristic periodicities and those obtained by
2 f(f—fi)ZSi(f)df Roberts et al(2007), we used EMD as already done by

9% = [Si(fHdf | ) Roberts et al(2007), but with the simple purpose of pre-

_ _ processing the data. The real step forward in the analysis
The observed scaling of the average IMF frequencies as fresented here is represented by the estimation of the Hilbert

function of the IMF index is the classical

ﬁ ~ fCZ_i ’ (8)

spectrum of excess LoD that, due to the way it is estimated,
also takes into account the uncertainties associated with LoD
estimation. By means of the Hilbert spectrum it is possible

wherei is the IMF index andf; is a characteristic frequency. to move the investigation of excess LoD timescales from the
This means that the empirical mode decomposition acts atime domain to the time—frequency—energy domain. So, the
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Fig. 6. Ensemble averaged Hilbert spectryfi(7,t)) reported on
the time—period plane. The horizontal white line indicates the 65 yr
characteristic periodicity.

Fig. 5. Ensemble averaged Hilbert spectryi ( f,¢)) plotted on
the time—frequency plane. Frequency resolution is 0.1 in #hg'n
The horizontal white line indicates the 65 yr characteristic periodic-

ity.

direct quadrature method, explained in S@chas been per-

formed on each IMF. For each IMF the instantaneous fre- 0'35; 84yr
quency f; (¢t) and the associated amplitude(s) have been IE 030? 69 yr 4837
evaluated using Eqs3) and @). The results obtained are £ oxsE
plotted in the time—frequency—energy space, with energy de- 2 E
fined as the amplitude squared. The resulting representation g 02F
is defined as the Hilbert spectrufi( f, ). 2 015 E
Furthermore, to obtain a more robust estimate of the fre- TQ F 2y
quencies contained within the excess LoD data, we not only ‘5 0.10~
calculated the Hilbert spectrum starting from the excess LoD ‘2“ 0.05 -
series, but we also developed a procedure to take into account E
the time-varying uncertainty associated with LoD estimation. 0.00 éoin B R S S R 501
So, we applied the HHT to a large ensembleAdfoD; (¢) ) 1 '
time series with values defined as follows: flyr]
ALODg(t) = ALOD(t) + €4 (2), (9) Fig. 7. Marginal spectrumHm(f) computed using the ensemble

averaged Hilbert spectrufH ( f, 1)) shown in Fig.5.
wherek is an index in the intervall, N], ALoD(¢) is the
original excess LoD time series,(¢) is a random value from
a Gaussian distribution such that the standard deviation of an
infinite number of such values would be the measured uncer- Figure 5 shows the Hilbert spectrumiH (f,t)), as ob-
tainty of theALoD(¢), i.e.o(t) = §ALoD(¢) whereo (¢) is tained by averaging on the ensembleNo& 100 000 Hilbert
the standard deviation @f,(z). This corresponds to consid- spectra. The main feature ol (f,t)) is its patchy charac-
ering many of the possibly infinita\LoD time series con- ter, which suggests the lack of stationary periodicities in the
sistent with the estimated errors. This procedure ensures aLoD time series. A more immediate interpretation of the
more reliable estimation of the local frequencies, also pro-characteristic periodicities contributing to the LoD fluctua-
viding a right evolution of their significance. Thus, for each tions can be obtained by looking at F&.where the Hilbert
time series, both EMD and direct quadrature have been perspectrum is represented in the time—period—energy domain.
formed to get the corresponding Hilbert spectréhdf, r) Here, the non-stationary feature of the contributing period-
on the time—frequency plane. This procedure has been iticities is more pronounced. In particular, there is no clear
erated N = 100000 times to explore the sample space ofevidence of a rigorously constant periodicity in the range
ALoD(z) errors correctly. All resulting Hilbert spectra are T €[50, 70] yr. For this reason it would be more appropri-
successively averaged to get thresemble averaged Hilbert ate to refer to a range of periods within which character-
spectrum{H ( f,t)). This way of applying the HHT must not istic periodicities are more likely to fluctuate. Indeed, the
be confused with the so-called ensemble empirical mode deHilbert spectra in Fig$ and6 should be interpreted in terms
compositions (EEMD)Kuang and Wu2008, where the av-  of probability and statistical weight. This point is clearly
erage is done over the sets of IMFs before computing theshown in Fig.7, where we have plotted the marginal spec-
Hilbert spectrum. trum Hy(f) computed using the ensemble averaged Hilbert

Nonlin. Processes Geophys., 20, 1127435 2013 www.nonlin-processes-geophys.net/20/1127/2013/
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Table 1. Second and third columns list the main parameters (av-
erage and standard deviation) of the Gaussian distributions used to
decompose, by means of E4.l}, the marginal spectrurilm(T)
shown in Fig.8. Fourth column gives the value of the degree of
stationarity DS for each peridd;.

80x10~

60

40

Marginal Spectrum H,,,(T)

j Tyl ojlyl DS(T))
1 25 6 0.51
20 2 45 7 1.11
I . 3 64 5 0.31
L e S 4 79 14 0.17

0 4211 2l etz »L,l»»rw ! ‘ L1 \*JKL Ll
20 40 60 80 100 120 140 5 119 18 0.26

Period T [yr]

Fig. 8. Marginal spectruniin (7)) computed using the ensemble av-  To characterize the temporal behaviour of the identified
eraged Hilbert spectruf{ (T, t)) shown in Fig6. The dashed lines  typical period bands and to evaluate the stationarity of each
correspond to the six Gaussian functions (see expression dflFq. period band, we have computed the so-catledree of sta-

whose superposition reconstructs the marginal specHmtT). tionarity DS(T') of each period band. According Kuang et
al. (1998, DS(T) can be defined as follows:
spectrum{H (f, 1)), and defined as follows: 12 H(T3. ) 2
. DS(T)) = /[1— —f} dr, (12)
1 [ f2j —1j J Hm(T))
Hin(f) = — [ (H(f.0)dr, (10)
2— 1 wherery; andrp; are the boundaries of the period band cor-

) ] responding td’; £ o; (as listed in Tabld) andr € [11;, t2;].
wherer; andr; are the starting and ending values of the For g stationary signal the degree of stationarity DS is ex-
time interval over which the analysed signal is defined. Thispected to be zero. Departures from zero are a signature of
spectrum is very revealing about the mean energy distribunon.-stationarity. The last column in Tadlagives DS values
tion during the whole time interval in the frequency domain. of the main characteristic periodicities. All values of DS are
We recall that, differently from the Fourier spectrum, the gifferent from zero, indicating that non-stationarity is a fea-
Hilbert spectrum has a statistical meaning. In detail, it is poS+yre common to all typical periodicities of exceskoD fluc-
sible to identify four characteristic period bands~af4yr,  tyations. In particular, the periodicity of 79yr character-
~485yr, ~ 68 yr and~ 84 yr, respectively. This result can jzed by the smallest value of DS seems to be more stationary
be better visualized by evaluating the marginal spectrum inthan the other periodicities. However, we have to take into ac-
the period domain usingf/ (T, 1)) instead o H (f,1)). Fig-  count the shortness of theLoD time series analysed here,
ure 8 shows the marginal spectrufin(7") computed in the  \yhich necessarily influences the value obtained for the de-
period domain. This plot exhibits a more detailed structuregree of stationarity. A good calculation of this quantity must
than that shown in Fig7, showing at least two other pos- take into account the interval over which it is calculated. This

sible main typical timescales around80yr and~90yr,  interval should be much longer than the periodicity itself.
although most of the energy is concentrated in the range

T € [60,80] yr.
To better identify the different main periodicities, the 4 Summary and conclusions
marginal spectrunt,(T) has been decomposed into a su- ) ) ) ) o _
perposition of single Gaussian bands in the interiat The aim of th|§ vyork is that of mvestlgatmg_the properties
[15,150] yr. This has been done by fitting the marginal spec-©f decadal variations in the length of day with the purpose
trum using the following expression: of gaining some new information that can be helpful in the
modelling of the LoD and of the torsional oscillations in the
5 (T — T;)? fluid core. However, as will be discussed in what follows, our
h(T) = Z Aj exp[—z—zf] . (11)  results can contribute to drawing a picture of these variations
j=1 9j and of core motions which seem to be more complicated than

The single contributions are plotted in F&).while in Ta- expected.

X o In the first part of the paper we applied empirical mode
gilznl are shown the main features of each contributing Gaus'olecomposition to the time series of excess length of day. We

obtained the same number of monocomponents as obtained
by Roberts et al(2007. The values of the mean frequency
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of the different modes, which we have estimated by consid-ties, thus making it more appropriate to talk of period bands
ering the (energy-weighted) mean frequency in the Fouriemwithin which characteristic periodicities are more likely to
power spectrum, are also coincident to those obtained byluctuate.
Roberts et al(2007), who used both the autocorrelation func-  This result also implies that it would be more correct to
tion and a visual method. The only exception is for the valueintroduce the concept of fluctuation in place of that of os-
of the mean frequency of the third mode where our resultscillation. An oscillation is an intrinsically stationary process.
are slightly different. This difference is inherent in the em- On the contrary, we have found that periodicities of the ex-
pirical mode decomposition, which produces a set of com-cess LoD are nonstationary and have a time-varying ampli-
ponents (IMFs) from the original data by selecting different tude. Therefore, rather than considering the processes taking
parameters independently of each other. When using EMDplace in the Earth’s core as the result of a superposition of
it is possible to choose a number of variables such as thescillations (i.e. stationary mechanisms) occurring on a dis-
maximum number of sifting iterations, the stopping criteria crete number of different timescales, we should think of a
as well as the relative thresholds. The obvious (yet critical)superposition of fluctuations that are intermittent in both fre-
question is which set of the many possible choices of the sift-quency and amplitude, as confirmed by the continuous power
ing variables gives a meaningful result. For instaftgherts  law spectrum of Fig3. Of course, this implies that processes
et al. (2007 used two stopping criteria, each with two dif- occurring in the Earth’s core are nonlinear, thus making the
ferent thresholds, for pre- and post-1840 magnetic data tghysical modelling of fluid flows in the core as well as of
account for the different quality of data. Here, we preferredcore-mantle coupling more complicated to perform.
to use a single stopping condition with a single threshold and We conclude with a purely speculative conjecture. The
move the problem of frequency determinations to the secongbresence of a nonstationary and broadband spectrum for the
part of the HHT analysis. Indeed, the ultimate purpose of theexcess LoD could be the counterpart of a wave turbulence
EMD is to decompose a given data set into a finite and ofterprocess, perhaps a consequence of a turbulent convection
small number of intrinsic mode functions that admit Hilbert phenomenon occurring in the internal fluid core. Clearly, at
transforms. We emphasise that the physical meaning of th¢he present stage this is only a conjecture that requires more
decomposition into IMF of the original signal comes only studies.
in the totality of the decomposed components in the Hilbert
spectrum KHuang et al. 1999. This is the reason why we
have paid serious attention to the analysis of the Hilbert specAcknowledgementsThe authors would like to thank the Jet
trum and have avoided giving a detailed physical meaning tdPropulsion Laboratory, California Institute of Technology, the Na-
each IMF component as iRoberts et al(2007). Indeed, the  tional Aeronautics and Space Administration and all those involved
broadband nature afLoD pointed out by traditional Fourier in acquiring and reducing the Earth orientation measurements that
analysis clearly indicates the absence of a characteristic frelave been combined to form COMB2010. This study would not
quency/periodicity in the investigated range of scales, sup—ha\’e been possible without their considerable efforts.
porting the idea that the excess LoD fluctuations should no‘E . i L
be considered the result of the superposition of a few simplehd't?d by: . Zaliapin
X oo . eviewed by: D. R. Barraclough and one anonymous referee
linear waves/oscillations, but conversely are better described
in terms of a random superposition of fluctuations character-
ized by different characteristic timescales.

The really innovative part of our study is contained in the

Second.part of the paper, where trad_'tlonal analyses are abal%’raginsky, S. |.: Short-period geomagnetic secular variation, Geo-
doned in favour of the so-called Hilbert-Huang transform  pnys Astrophys. Fluid Dynam., 30, 1-78, 1984.
(Huang et al.1998, which we have applied in a completely Buyffet, B. A.: A mechanism for decade fluctuations in the length of
original way. Taking advantage of the knowledge of errors in  day, Geophys. Res. Lett., 23, 3803-3806, 1996.
ALoD measurements, we performed a sort of Monte CarloCurrie, R. G.: The 60 year spectral line in length of day fluctuations,
approach to EMD Hilbert analysis (this simulation should S. Afr. J. Sci., 69, 180-182, 1973.
not be confused with EEMD) to produce the most statisti- Flandrin, P., Rilling, G., and Goncalvés, P., Empirical mode decom-
cally likely Hilbert spectrum. .position as afilter bank, EEE Sig. Prog. Lett., 11, 112.—114, 2004.
The patchy aspect of the Hilbert spectrum immediaterG'"et' N., Jault, D., Ca_net_, E. a_nd_Fournler A.,’ Fast torsional waves
suggested the lack of stationarity in the characteristic peri- ?2‘1757“(;%915"6‘9“6“0 field within the Earth's core, Nature, 465,
quCItl.es contalneq in th&.LoD time Seres. This lack of sta- Gross, R. S.: A combined length-of-day series spanning 1832-
tionarity was confirmed by the estimation of the degree of ~1997.| ynAR97, Phys. Earth Planet. Inter., 123, 65-76, 2001.
stationarity DS for all the period bands found by decompos-goss, R. s., Fukumoria, I, Menemenlis, D., and Gregout
ing the Hilbert marginal spectrum into a superposition of five  p_ Atmospheric and ocean excitation of length-of-day vari-
Gaussian distributions. So, what we are finally capable of es- ations during 1980-2000, J. Geophys. Res., 109, B01406,
tablishing is thatALoD does not contain stationary periodic-  doi:10.1029/2003JB002432004.
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