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Fluid motions in the Earth’s core inferred from time spectral features of the geomagnetic field
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The aim of this work is to investigate the time spectral features of the main geomagnetic field fluctuations
as measured on the Earth’s surface in connection with a nontraditional turbulent dynamics of the fluid motions
in the outer layers of the Earth’s liquid core. The average geomagnetic field spectrum is found to be a power
law, characterized by a spectral exponent — %', on time scales longer than 5 yr. We discuss the spectral
exponent in connection with an intense magnetic field in the Earth’s core and with a vortex coalescence process

in a regime of drift-wave turbulence.
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Since the 17th century it was realized that the geomag- B(t)=By+b(t), ®)
netic field changes with time. The physical processes respon-
sible for these variations are known to be a consequence afhere B, is the space-time stationary part of the geomag-
processes occurring both inside and outside the Earth. Variaetic field, ando(t) is the fluctuating part, Eq2) becomes
tions on time scales longer than 5 yr, up to millions of years,
are due to dynamo processes acting within the Earth’s fluid db
metallic core, those on shorter time scales are mostly due to ot
changes of the electrical current systems flowing in the mag-
netospheric and ionospheric regidrd. In this framework, where the second term has been neglected supposing that
due to the inherent impossibility to make direct observation?rb|<||30|_ Therefore, the geomagnetic secular variation on
of the Earth’s fluid core motions, the study of the geomagtime scales of tens of years reflects the fluid velocity just
netic field variations on longer time scales must be considpelow the very thin boundary layer at the top of the Earth’s
ered to be very helpful. core.

The equation that joins the main geomagnetic field evolu- To relate the spectral features of the velocity field to those
tion, in term of magnetic inductioB, to the fluid core mo- of the geomagnetic field, let us express E4).in terms of

=V X (VXBg)+ VX (vXb)~VX(VvXB,y), (4)

tions, is the magnetic induction equatipt Fourier components, i.e.,
JB . _.
E:VX(VX B)+7]VZB, (1) |(1)bk’w IkX(Vk'wX Bo). (5)
Consequently,

wherev is the fluid core velocity vector ang=(ou) ! is

the magnetic diffusivitywhereu=47x10"" Hm ! is the k\%

magnetic permeability, ang=6x10° Sm ! is the esti- EB(k):(Z) Bo"E(k), ©)

mated fluid core electrical conductivity, assumed to be con-

stan}. Here, since the characteristic diffusion time scajés  wherek is the wave number=2=f with f frequency, and

about 3x 10* yr [2], the »V?B term can be neglected at least E,(k) andE, (k) are the power spectral densiti@2SD) for

over time scales that are short comparedtoConsequently magnetic and velocity fluctuations, respectively.

Eq. (1) reduces td3] Here, analyzing data from a set of geomagnetic observa-
tories, we investigate the spectral fluctuations to obtain in-

E=V><(v>< B) @) formation on the properties of turbulent motions inside the
ot ' Earth’s metallic core and on the features of internal magnetic
field.
The validity of this hypothesis, which is called tif@zen- The geomagnetic field data used are the annual means of

flux hypothesisdepends on the length and time scales of thehe magnetic field north, east, and vertical componéxty,
disturbances causing the secular variation, and it is generallgnd Z, respectively collected at 18 geomagnetic observato-
accepted to be valid for time scald@sin the range 5—-10 ries(Table ) over the last 94 years. In detail, data come from
<T<100yr[4]. both the National Geophysical Data CentBoulder, Colo-
Assuming that the geomagnetic field can be written as rado, and from Ref.[5]. When necessary, data were cor-
rected for observatory relocation by shifting their absolute
level appropriately{6], and gaps were linearly interpolated
* Author to whom correspondence should be addressed. Email a@nly when the number of missing points is equal to 1, oth-
dress: demichelis@ingv.it erwise the time series were rejected.
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TABLE |. Code name and geographical location of the observatories considered in this work. Note that
the selected observatories are mainly localized in the northern hemisphere. Only two of them are indeed
located in the southern hemisphere.

Geographical latitude Geographical longitude

Code Name (°N) (°E)

LNN Voyeykovo 59.950 30.705
SIT Sitka 57.058 224.675
IRT Patrony 52.167 104.450
NGK Niemegk 52.072 12.675
VAL Valentia 51.933 349.750
HAD Hartland 50.995 355.517
CLF Chanbon-La-Foret 48.023 2.260
oTT Ottawa 45.400 284.450
TFS Dusheti 42.092 44,705
Col Coimbra 40.222 351.578
FRD Fredericksburg 38.205 282.627
KAK Kakioka 36.229 140.190
SSH She-Shan 31.10 121.19
HON Honolulu 21.320 201.998
ABG Alibag 18.638 72.872
SJG San Juan 18.117 293.850
TNG Tangerang —6.167 106.633
CNB Canberra —35.316 149.366

To remove the effect of measurement noise at short tim@SD in terms of the trace of the magnetic field component
scales we have filtered the data in the time domain using eorrelation matrix defined as
binomial smoothing algorithm, which is equivalent to a low
pass filter characterized by a cutoff frequerféy=0.2 yr !
(7* =5 yr). Moreover, since the time series show long-term
trends, we used a raised cosifrtanning window to evalu-
ate the average spectral features. Figure 1 shows the average
whereb‘Biz(f) is the power spectrum of theh component.
The average '[rﬁBiz(f )] was evaluated after normalizing the

T sB2(F)]= 2

SBA(f), @)
i={X,Y,z}

10 result of each observatory at the lowest significant frequency
10° f*=0.03 yr . The frequency range belof¥ was not con-
¥ sidered since it is affected by the windowing procedure. The
o r main feature of the PSD is its power-law behavior in the
A 107 low-frequency rangé<0.2 yr ! with a spectral exponent
NS_ 107 o F close to— 4. We note that this power-law behavior extends
7 w0tk — 101 E "*,\ over more than a decade as clearly shown in the inset. The
= P g 107 £ A '\_ temporal and spatial variations of the geomagnetic field were
VoOLTE S0 E g TA Y the subject of several works—9], and our result can be
10°F  10%E i oY . inserted into the schematic power spectrum of the geomag-
107 - 10 f[ylgil] . netic field by Courtillot and Le Moue[10] covering more
10 Lol L L riL L Ll than 12 orders of magnitude. Our result agrees with a previ-
107 10" 10° ous work by Filloux[11], where a spectrum:1/f* on time

considered in Table I. The solid black line refers to a nonlinear
power-law best fit in the range<0.2 yr !. Resulting spectral ex-
ponent isa= —[ 3.8+ 0.1]. The vertical dotted line is an indication
of the filter frequency cutoff. The inset shows the results for the
case of Alibag(ABG) time series considering a longer data set of

fiyr

scales longer than 10 yr have been found. In the following,

our aim will be to discuss analytically the origin of the ob-
FIG. 1. The average trace of the PSD of the main geomagnetigeryed spectral slope in connection with a nontraditional tur-

field, computed on the basis of all the geomagnetic observatorieg|ent dynamics of fluid motions in the Earth’s fluid core.

about ~150 yr. Again the solid black line refers to a nonlinear
power-law best fit in the range<0.2 yr 2.
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Invoking Taylor’s hypothesigi.e., assuming that a linear
relationship exists between wave numkeand frequency,
ko), the velocity field spectral features in terms of spectral
exponent should resemble those of the magnetic field,

E,(K)*Eg(k)ock™ 2, ®
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This spectral sloped=— %) is steeper than that expected number suggests that the observed spectral slope is consis-
for Kolmogorov fluid and/or Kraichnan magnetohydrody- tent with a strongly intermittent dynamical turbulence in the
namics (MHD) turbulence(a=—3% and a=—3%, respec- outer layer of the fluid core due to the existence of an intense
tively), as well as, the helical turbulence case<(—2 to  magnetic field.

_1 i - A different framework for the origin of thé™ 3 spec-

3.) This suggests that small-scale fluctuations are strong| : g ! p )
inhibited and that long-range order, as well as, coherentum could be the formation of coherent vortical structures in
structures should be present in the fluid core velocity patterrin€ external layers of the Earth's fluid core as a consequence
As a matter of fact, a steep energy spectrum would imped@f the emergence of a characteristic spatial scale. It has been

the formation of small-scale coherent vortices, as it generallrecently shown[14] that, in the case of Hasegawa-Mima

occurs in the case of traditional Kolmogorov turbulence, \Wo-dimensional(2D) drift wave turbulence, the effect of
vortex shielding” due to the presence of a characteristic

This ob_servatl_onal re;ult supports the Brgglnsky and I\/Ieyt“?ength scale leads to a nontraditional turbulent inertial range.
theoretical point of view 12] of a nontraditional turbulence As a matter of fact, the emergence of long-range order, ap-
where the development of small-scale structures is Strongl}ﬂearing ina steepe,r spectruta (Y3 than the Navier—Stokés
inhibited by a buoyancy instability, locally supercritically. D turbulence spectrumk(53), is the result of a coales-
However, two other possible mechanisms could be respor‘(?:-ence processéig vortex cry,stallizatio)l Moreover. the

sible for the observed spectrum. Hasegawa-Mima equation has the same functional form of
One explanation of the- & spectrum could involve the 9 a S . . .
Ehe Charney equation describing quasigeostrophic dynamics

ffect of an inten re magnetic field. An intense magneti . ; ) .
efect of a ense core magnetic field ense magne geophysical fluid dynamics. Therefore, we may retain also

i . - In

field can, indeed, cause a rearrangement of the topological I -

structures in turbulent flows, modifying the velocity field !tinat a SlTl',l?r phenomenon could be the origin of the ob-
servedk spectrum.

spectral features. Some experime[t$] have shown that In summary, our findings on scaling features of the geo-
under the effect of an increasing external magnetic field th?’na netic fieldy’time s ectr%m charactgrized by as ectrgl ox-
velocity spectral exponent changes from the Kolmogorov 9 P ' yasp

N X :
~ 5 exponent toe=—2 to — I (helical turbulenceat weak ponent~ — %, seem to support the theoretical view of a
magnetic fields, and tae— — %' to —4 at intense magnetic

nontraditional Kolmogorov turbulence in the outer layers of

fields. Moreover, in the latter case turbulence becomes anis Ee Er?rths flwdf core%lZ]. HEV\llever, we Wat?tlto underlllgeb
tropic and strongly intermittent. In this framework, a rela- at the origin of suc hon-roimogorov tu_r uience cou e,
tionship seems to exist between these different dynamicaque to the presence of an intense magnetic field in 'the. Earths
regimes of turbulent motions and the parameter core or due to a vortex coalescen_ce process th_at inhibits the
—10° Ha/Re, where HaBL\o/p is the Hartman number small_er sca_le fluctuations generating _self-organl_zed coherent

T ) . and intermittent structuregl3]. Experimental evidence of
a.nd Re=UL/v is th.e Reynplds numbe{ht_arg,B IS the Inten- intermittency in the dynamics of the geomagnetic field, sup-
sity of the magnetic field. is a chqracterlstlc d|r'neln3|on, and porting this view, have been found in a previous study by us
o, U, p, and v are the conductivity, characteristic velocity,

density, and kinematic viscosity of the fluid, respectiyely [15] and by Vaos and Gianibell{ 16].

. . Finally, we remark that in the case of turbulence in intense
[13]. In detail, some MHD experiments _reveal that _Wh%r? magnetic field our findings may support the view of a strong
>13, the spectral slope of the velocity field fluctuations lies

: 1 magnetic field dynamo and set some constraints on the inter-
in the range~— 3 to ~—4.

In the framework of the Earth’s fluid core motions using nal magnetic field and viscosity.
the presently available and best numerical estimate; of We thank Professor D. P. Lathrop of the University of
U, p, andv (i.e., B=102 T [2], 0~6Xx10° Sm 1 [1], U Maryland for the useful discussions that stimulated this
~5x10 % ms ! [1], p~10* kgm 3 [1], and »~10"°  work. Special thanks to Professor E. Boschi of the INGV
m?s ! [2]) in the outer layer of the Earth’s core, we obtain (Italy) for supporting this work. G.C. is grateful to the Italian
for the parameted a value of the order of=10°. Such a CNR and to the Italian PNRA for financial support.
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