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F L U C T U A T I O N S O F T H E E A R T H R O T A T I O N 
A N D E L N I N O E V E N T S 

V. Frede, Observatoi re de Paris 

P. Mazzega, Observatoi re Midi Pyrenees 

1. M O T I V A T I O N 

We invest igate t he character izat ion of nonlinear low dimensional de terminis t ic pro-

cesses in t h e rapid fluctuations of E a r t h Rotat ion. We then analyze thei r intrinsic s tabi l i ty 

by Computing the associated global and local Lyapunov exponents . . We see how the vari­

at ions of t h a t s tabi l i ty are related to El Niiio phenomena . 

T h e first s tep of our work is to apply nonlinear t ime series analysis techniques to daily ob­

servations x(t) of the length of day (LOD) and polar mot ion components (PMX, PMY) 

spanning over more t h a n 27 years and filtered so to keep t h e period ränge [ « 2day — 

lOOdays]. Using t i m e delay coordinates , we embed each EOP t ime series in a low di­

mensional pseudo-phase space. T h e dimensional and stabi l i ty character is t ics of t h e un-

derlying dynamica l process (which induces the rapid fluctuations of t he E a r t h ro ta t ion) 

are then ex t r ac t ed from the reconst ructed orbit (see below). We decide to t rea t those 

t ime series in a new m a n n e r because, first of all, a tmospher ic and oceanic flows genera te 

the ma in pe r tu rba t ions in the E a r t h ' s Orientat ion Pa rame te r s (EOP) for such periods 

(see e.g. E u b a n k s 1993). T h e dynamics of the oceanic /a tmospher ic sys tem are nonlinear 

and exhibi t chaotic a t t r ac to r s on various t ime scales (see e.g. Nicolis and Nicolis 1984, 

T z i p e r m a n et al. 1994). Thus we ask the question of the t ransmission of these interact-

ing complex dynamics to the short t e r m fluctuations of the Ea r th Rota t ion . More over, 

the power s p e c t r u m associated to each EOP t ime series analysed here , is b roadband : a 

b roadband s p e c t r u m is not only revelant of a high-dimensional noise process but is also 

typical of a nonl inear low dimensional chaotic process (ex: t h e Lorenz a t t r ac to r , Ruelle 

1991). 

2. E M B E D D I N G 

T h e m a i n idea of t h e non-linear t ime series analysis is to take a univar ia te t i m e se­

ries x(t) and to build from it a mult idimensional object ( the a t t r ac to r ) e m b e d d e d in a 

multiclimensional space ( the embedd ing Space), (Takens 1981). From the geometr ical 

proper t ies of this object , we can recover dynamical propert ies of the underlying process 

which has genera ted t h e t ime series. 
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E m b e d d i n g t i m e delays are obta ined from the Average M u t u a l Informat ion function 

(Fräser a n d Swinney 1986). T h e y are of 10 days for LOD, 15 days for PMX and 18 

days for PMY. 

T h e y a re used t o cons t ruc t t h e mult idimensional vectors wi th delayed coordinates : 

y(t) = [*(/), x{t + T ) , ..., x(t + (DE- - 1 ) T ) ] (1) 

T h e d imens ion of t h e embedd ing space, D'E = 5 — 7 is de te rmined from bo th t h e percent-

age of global false neighbours and from the correlat ion integral m e t h o d s (Grassberger 

a n d Procacc ia 1983). 

In order to have an idea abou t t he phase space behaviour of t he recons t ruc ted Systems, 

we draw 3D projec t ions of delayed coordinates of t h e EOP d a t a vectors; t h e y are clearly 

different from s tochast ic power law noises (infinite dimensional processes) and seem to 

be issued from a smoo th dynamica l system. 

Indeed t h e following figure shows the 3D projection of a 6-dimensional reconst ruct ion of 

delayed vectors for : a) a t i m e series of white noise, b) a t i m e series of a r a n d o m walk, 

d) a chaotic t i m e series c) t h e t i m e series of PMY. T h e results for PMX and LOD are 

s imilar . We clearly see t h e er ra t ic dis tr ibut ion of po in ts for t he whi t e noise, t h e fractal 

s t r u c t u r e of t h e curves for t h e r andom walk and the continuous orbi ts for t h e chaotic Sys­

t e m . For PMY, t h e orbi ts a re continuous, self-crossing because t h e dimension required 

t o unfold t h e a t t r a c t o r is superior to 3, (note t he presence of noise in t h e cent re of t he 

figure). All these resul ts can be found in details wi th comple te discussion in Frede and 

Mazzega (1998a). 
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3 . G L O B A L S T A B I L I T Y A N A L Y S I S 

T h e previous pa r t of t he analysis was devoted to dimensional character izat ions of t he 

EOP short t e r m s fluctuations. A stabil i ty characterist ics of t he under lying dynamics can 

also be d rawn from t h e embedded t ime series. This analysis recovers the development 

of instabil i t ies in t h e System and pu t s hard bounds on the t ime interval over which it is 

impossible to reliably predict the system evolution (whatever migh t be the m e t h o d used 

for such predic t ion) . Firs t of all, t he dynamica l dimension indicates t h e exact number of 

active dynamica l variables of the system and also gives the n u m b e r of Lyapunov expo-

nents to be de te rmined . 

Using a local false neighbours a lgor i thm (Abarbanel and Kennel 1993) and an analysis 

of t he d a t a local covariance ma t r ix eigen-spectrum, we find a local dimension DL = 5 for 

the th ree EOP series. 

T h e global Lyapunov exponents are indicators of the sys tem stabil i ty. They are calcu-

lated from t h e eigen values of the jacobian mat r ix along the orbi t (Abarbanel 1996 ). 

They measure the r a t e of contract ion or expansion of an orbit pe r tu rba t ion taken on a 

local eigen-direction of the sys tem dynamics (see below). A negat ive exponent implies a 

contract ion of the orbi t pe r tu rba t ion lying on the corresponding s table manifold. On the 

contrary if t h e sys tem possesses a t least one positive Lyapunov exponent At, i ts t ime evo­

lut ion is sensit ive t o t h e choice of initial conditions in a par t icular direction. Any small 

pe r tu rba t ion 6(0) excer ted on the orbit at t = 0 along t h a t direct ion grows exponent ia l ly 

with t ime , so t ha t : 

S(t) = S(0)exp(Xit) (2) 

A zero Lyapunov exponent is always associated wi th a cont inuous dynamical sys tem 

(a flow). Indeed it corresponds to the absence of bo th contract ion and expansion if the 

pe r tu rba t ion is exer ted along the orbit itself (neutral manifold). Systems whose sum of 

the Lyapunov exponen t s is negative are dissipative. Any volume of the n-dimensional 

phase space will shr ink wi th t ime , though some directions may remain unchanged (along 

neut ra l manifolds) or even s t re tch (along unstable manifolds). T h e existence of posit ive 

exponents is typical of t he chaotic na tu re of the sys tem regime. Pe r tu rba t ions taken 

"outs ide" from the a t t r ac to r will be d a m p e d but two orbits will rapidely separa te from 

each other on the a t t r a c t o r because of the unstabili ty. 

For each EOP t i m e series, we found two negative exponents , a null one with an accuracy 

of five per cent and two positive exponents . T h e principal Lyapunov exponents averaged 

over 1970-1997 being posit ive, this result unambiguously indicates t h e chaotic na tu re of 

the E a r t h ' s ro ta t iona l dynamica l regime in this period ränge of fluctuations. As a conse-

quence, some theore t ica l predict ion horizons can not be passed beyond by any ten ta t ive 

forecast of t h e the EOP evolution. Horizons of 11.3 days for LOD, 8.7 days for PMX 

and 8.1 days for PMY are found beyond which prediction errors will be of the order of 

the RMS of t h e filtered EOP series. 
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4 . L O C A L S T A B I L I T Y A N A L Y S I S 

T h e previous evaluat ions are global ones, but locally, there can exist vaxiations of t h e 

s tabi l i ty induced by t h e own dynamics of the sys tem or by externa l solicitations. T h e 

s tabi l i ty var ia t ions of t he reconstructed orbi ts are analyzed by t h e de te rmina t ion of the i r 

local Lyapunov exponen t s . These exponents are computed from t h e eigenvalues of local 

jacobian mat r i ces retr ieved from the embedded EOP t ime series. 

T h e following figure shows the Local Lyapunov exponents for a) LOD, b) PMX and c) 

PMY respectively. I t is more exact ly the tempora l variations of t h e principal Lyapunov 

exponen t . 
Local Lyapunov Exponents LOD 

Local Lyapunov Exponents PMX 

Local Lyapunov Exponents PMY 

1970 1974 1994 1998 
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We have chosen two Windows for its evaluation: the first one of 8 days gives us 

the rapid fluctuations of stabil i ty while the 64 days gives us a sort of smooth ing of t h e 

stabi l i ty over 2 m o n t h s . Th is is done to obta in a compromise between the noise level 

and short expec ted variat ions. We remark the same event appears earl ier for t h e second 

window. Th i s is d u e to t h e fact t ha t on the one h a n d the a lgor i thm evalutes 8 jacobian 

mat r ices while 64 on t h e o ther hand. So the same phenomena a t a t i m e t will be seen 

earlier in t h e second case (because of t he larger window of the moving average) . 

We see t h a t t h e E a r t h ' s ro ta t ional s t a t e experiences large changes in s tabi l i ty with regard 

to t h e average chaot ic regime. Moreover the local predict ion horizons, as deduced from 

the local Lyapunov exponen t s , occasionally drop down to about 3.3 days for LOD in t he 

years 1982 - 1984, 2.6 days for PMX in 1972-1973 and 2.6 days for PMY in 1996-1997. 

T h e ma in m o m e n t a r y s tabi l i ty per turba t ions of t h e Ea r th ro ta t ion are clearly related to 

El Nino and La Nina events (e.g. 1982-1984, 1972-1973). T h e 1996 loss in stabil i ty for 

the PMY lacks an obvious source mechanism. 

This means t h a t t h e observed loss of predictabil i ty of the Ea r th Or ien ta t ion Pa rame te r s 

is directely related to t h e stabil i ty loss of the ocean /a tmospher ic sys tem. 

We m u s t keep in m i n d t h a t it is not surprising t h a t a same El Niiio does not have t he 

same effect on t he 3 EOP t ime series stability, t h e stabil i ty of a sys tem depending on 

the sys tem s ta te . More over another source of exci ta t ion may hapen a t the same t ime 

masking par t ia l ly an El Nino forcing. We musn ' t confuse the t ime series itself with t he 

t ime series of the s tabi l i ty variations. Here we are not looking at t he correlat ion between 

El Niiio events and the EOP t ime series but at the repercut ion in t e r m of predictabi l i ty 

of geophysical forcings on the short t e r m fluctuations (less t han 100 days) of t he EOP. 

T h e following t ab le gives dates of events and associated horizons of predict ion (in days) 

for t h e EOP t i m e series (see Frede and Mazzega (1998b) for more detai ls) . 

S e r i e s 

D a t e of e v e n t s 

1972-73 

1976-77 

1977-78 

1979-80 

1982-84 

1987-88 

1991-92 

1995-97 

G l o b a l m e a n v a l u e s 

L O D 

7.8 

11.8 

5.6 

11.8 

2.7 

11.8 

11.8 

6.5 

11.8 

P M X 

3.3 

7.8 

19.5 

5.2 

9.8 

6.5 

5.6 

4.3 

11.5 

P M Y 

10.2 

7.8 

6.5 

10.2 

4.9 

7.8 

4.9 

1.9 

10.2 
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5 . C O N C L U S I O N 

Dimensional a n d dynamica l characterist ics of t h e nonlinear processes inducing t h e 

rap id fluctuations of t h e Ea r th ro ta t ion have been ex t rac ted from t h e LOD and Polar 

Mot ion filtered t i m e series. It is in par t icular shown t h a t some instabil i t ies develop in 

t h e E a r t h ro ta t ion unde r a chaotic regime. Moreover these instabil i t ies are magnified in 

those per iod of E N S O act ivi ty of t he ocean-atmosphere system. As a consequence, the 

horizon of predict ibi l i ty of the EOP t i m e series in this frequency band , is l imited to 10-12 

days in t h e average b u t t o only 2-3 days when El Niiio and La Nina events p e r t u r b the 

E a r t h ro ta t ion . It will be interest ing t o perform the same analysis when longer and more 

precise EOP t i m e series are available and look then at t he repercut ion of t he 1997-1998 

recent El Niiio on t h e EOP stability. 
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