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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 exponenta'2

11
3 , 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 geom
netic field changes with time. The physical processes resp
sible for these variations are known to be a consequenc
processes occurring both inside and outside the Earth. Va
tions on time scales longer than 5 yr, up to millions of yea
are due to dynamo processes acting within the Earth’s fl
metallic core, those on shorter time scales are mostly du
changes of the electrical current systems flowing in the m
netospheric and ionospheric regions@1#. In this framework,
due to the inherent impossibility to make direct observatio
of the Earth’s fluid core motions, the study of the geoma
netic field variations on longer time scales must be con
ered to be very helpful.

The equation that joins the main geomagnetic field evo
tion, in term of magnetic inductionB, to the fluid core mo-
tions, is the magnetic induction equation@1#

]B

]t
5“3~v3B!1h¹2B, ~1!

wherev is the fluid core velocity vector andh5(sm)21 is
the magnetic diffusivity~wherem54p31027 H m21 is the
magnetic permeability, ands563105 S m21 is the esti-
mated fluid core electrical conductivity, assumed to be c
stant!. Here, since the characteristic diffusion time scaletd is
about 33104 yr @2#, theh¹2B term can be neglected at lea
over time scales that are short compared totd . Consequently
Eq. ~1! reduces to@3#

]B

]t
5“3~v3B!. ~2!

The validity of this hypothesis, which is called thefrozen-
flux hypothesis, depends on the length and time scales of
disturbances causing the secular variation, and it is gene
accepted to be valid for time scalesT in the range 5 – 10
,T,100 yr @4#.

Assuming that the geomagnetic field can be written as
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B~ t !5B01b~ t !, ~3!

where B0 is the space-time stationary part of the geoma
netic field, andb(t) is the fluctuating part, Eq.~2! becomes

]b

]t
5“3~v3B0!1“3~v3b!'“3~v3B0!, ~4!

where the second term has been neglected supposing
ubu!uB0u. Therefore, the geomagnetic secular variation
time scales of tens of years reflects the fluid velocity j
below the very thin boundary layer at the top of the Eart
core.

To relate the spectral features of the velocity field to tho
of the geomagnetic field, let us express Eq.~4! in terms of
Fourier components, i.e.,

2 ivbk,v5 ik3~vk,v3B0!. ~5!

Consequently,

EB~k!5S k

v D 2

B0
2En~k!, ~6!

wherek is the wave number,v52p f with f frequency, and
EB(k) andEn(k) are the power spectral densities~PSD! for
magnetic and velocity fluctuations, respectively.

Here, analyzing data from a set of geomagnetic obse
tories, we investigate the spectral fluctuations to obtain
formation on the properties of turbulent motions inside t
Earth’s metallic core and on the features of internal magn
field.

The geomagnetic field data used are the annual mean
the magnetic field north, east, and vertical components~X, Y,
andZ, respectively! collected at 18 geomagnetic observat
ries~Table I! over the last 94 years. In detail, data come fro
both the National Geophysical Data Center~Boulder, Colo-
rado!, and from Ref.@5#. When necessary, data were co
rected for observatory relocation by shifting their absolu
level appropriately@6#, and gaps were linearly interpolate
only when the number of missing points is equal to 1, o
erwise the time series were rejected.
d-
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TABLE I. Code name and geographical location of the observatories considered in this work. No
the selected observatories are mainly localized in the northern hemisphere. Only two of them are
located in the southern hemisphere.

Code Name
Geographical latitude

~°N!
Geographical longitude

~°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
COI 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 26.167 106.633
CNB Canberra 235.316 149.366
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To remove the effect of measurement noise at short t
scales we have filtered the data in the time domain usin
binomial smoothing algorithm, which is equivalent to a lo
pass filter characterized by a cutoff frequencyf * '0.2 yr21

(t* 55 yr). Moreover, since the time series show long-te
trends, we used a raised cosine~Hanning! window to evalu-
ate the average spectral features. Figure 1 shows the ave

FIG. 1. The average trace of the PSD of the main geomagn
field, computed on the basis of all the geomagnetic observato
considered in Table I. The solid black line refers to a nonlin
power-law best fit in the rangef ,0.2 yr21. Resulting spectral ex-
ponent isa52@3.860.1#. The vertical dotted line is an indicatio
of the filter frequency cutoff. The inset shows the results for
case of Alibag~ABG! time series considering a longer data set
about '150 yr. Again the solid black line refers to a nonline
power-law best fit in the rangef ,0.2 yr21.
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PSD in terms of the trace of the magnetic field compon
correlation matrix defined as

Tr@dBi
2~ f !#5 (

i 5$X,Y,Z%
dBi

2~ f !, ~7!

wheredBi
2( f ) is the power spectrum of thei th component.

The average Tr@dBi
2( f )# was evaluated after normalizing th

result of each observatory at the lowest significant freque
f * 50.03 yr21. The frequency range belowf * was not con-
sidered since it is affected by the windowing procedure. T
main feature of the PSD is its power-law behavior in t
low-frequency rangef <0.2 yr21 with a spectral exponenta
close to2 11

3 . We note that this power-law behavior exten
over more than a decade as clearly shown in the inset.
temporal and spatial variations of the geomagnetic field w
the subject of several works@7–9#, and our result can be
inserted into the schematic power spectrum of the geom
netic field by Courtillot and Le Moue¨l @10# covering more
than 12 orders of magnitude. Our result agrees with a pr
ous work by Filloux@11#, where a spectrum'1/f 4 on time
scales longer than 10 yr have been found. In the followi
our aim will be to discuss analytically the origin of the o
served spectral slope in connection with a nontraditional
bulent dynamics of fluid motions in the Earth’s fluid core.

Invoking Taylor’s hypothesis~i.e., assuming that a linea
relationship exists between wave numberk and frequencyf,
k} f !, the velocity field spectral features in terms of spect
exponent should resemble those of the magnetic field,

En~k!}EB~k!}k211/3. ~8!
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This spectral slope (a52 11
3 ) is steeper than that expecte

for Kolmogorov fluid and/or Kraichnan magnetohydrod
namics ~MHD! turbulence ~a52 5

3 and a52 3
2 , respec-

tively!, as well as, the helical turbulence case (a522 to
2 7

3 .! This suggests that small-scale fluctuations are stron
inhibited and that long-range order, as well as, coher
structures should be present in the fluid core velocity patt
As a matter of fact, a steep energy spectrum would imp
the formation of small-scale coherent vortices, as it gener
occurs in the case of traditional Kolmogorov turbulenc
This observational result supports the Braginsky and Mey
theoretical point of view@12# of a nontraditional turbulence
where the development of small-scale structures is stron
inhibited by a buoyancy instability, locally supercriticall
However, two other possible mechanisms could be resp
sible for the observed spectrum.

One explanation of the2 11
3 spectrum could involve the

effect of an intense core magnetic field. An intense magn
field can, indeed, cause a rearrangement of the topolog
structures in turbulent flows, modifying the velocity fie
spectral features. Some experiments@13# have shown that
under the effect of an increasing external magnetic field
velocity spectral exponenta changes from the Kolmogoro
2 5

3 exponent toa522 to 2 7
3 ~helical turbulence! at weak

magnetic fields, and toa→2 11
3 to 24 at intense magnetic

fields. Moreover, in the latter case turbulence becomes an
tropic and strongly intermittent. In this framework, a rel
tionship seems to exist between these different dynam
regimes of turbulent motions and the parameteru
5103 Ha/Re, where Ha5BLAs/rn is the Hartman numbe
and Re5UL/n is the Reynolds number~here,B is the inten-
sity of the magnetic field,L is a characteristic dimension, an
s, U, r, and n are the conductivity, characteristic velocit
density, and kinematic viscosity of the fluid, respective!
@13#. In detail, some MHD experiments reveal that whenu
.13, the spectral slope of the velocity field fluctuations l
in the range'2 11

3 to '24.
In the framework of the Earth’s fluid core motions usin

the presently available and best numerical estimates ofB, s,
U, r, andn ~i.e., B'1022 T @2#, s'63105 S m21 @1#, U
'531024 m s21 @1#, r'104 kg m23 @1#, and n'1026

m2 s21 @2#! in the outer layer of the Earth’s core, we obta
for the parameteru a value of the order of'102. Such a
n
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number suggests that the observed spectral slope is co
tent with a strongly intermittent dynamical turbulence in t
outer layer of the fluid core due to the existence of an inte
magnetic field.

A different framework for the origin of thek211/3 spec-
trum could be the formation of coherent vortical structures
the external layers of the Earth’s fluid core as a conseque
of the emergence of a characteristic spatial scale. It has b
recently shown@14# that, in the case of Hasegawa-Mim
two-dimensional~2D! drift wave turbulence, the effect o
‘‘vortex shielding’’ due to the presence of a characteris
length scale leads to a nontraditional turbulent inertial ran
As a matter of fact, the emergence of long-range order,
pearing in a steeper spectrum (k211/3) than the Navier-Stokes
2D turbulence spectrum (k25/3), is the result of a coales
cence process~i.e., vortex crystallization!. Moreover, the
Hasegawa-Mima equation has the same functional form
the Charney equation describing quasigeostrophic dynam
in geophysical fluid dynamics. Therefore, we may retain a
that a similar phenomenon could be the origin of the o
servedk211/3 spectrum.

In summary, our findings on scaling features of the ge
magnetic field time spectrum, characterized by a spectral
ponent '2 11

3 , seem to support the theoretical view of
nontraditional Kolmogorov turbulence in the outer layers
the Earth’s fluid core@12#. However, we want to underline
that the origin of such non-Kolmogorov turbulence could
due to the presence of an intense magnetic field in the Ea
core or due to a vortex coalescence process that inhibits
smaller scale fluctuations generating self-organized cohe
and intermittent structures@13#. Experimental evidence o
intermittency in the dynamics of the geomagnetic field, su
porting this view, have been found in a previous study by
@15# and by Vörös and Gianibelli@16#.

Finally, we remark that in the case of turbulence in inten
magnetic field our findings may support the view of a stro
magnetic field dynamo and set some constraints on the in
nal magnetic field and viscosity.
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