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Abstract

Accurate, untform and global vector magnetie [field data obtained by MAGSAT
provided a high resolutton model of the earth’s magnetic field It became possible to
sepatate the core and cruslal parts in spherical harmome representation Such a separation
also permutted a rclhiable protection of the field and its secular variation at the core
mantie boundary (CMB) The rewwdts show that quadrupole and higher order multipoles
ongiate from cwients at the CMB  [he dipole term 15 about 80% from currents wvoly
ing a part or whole of the coic and the remawung 20% from the surfoace currents
The vertical componend (B;) and ks secular varaiion at CMB wore used Lo estimate the
field velocity under the assumption of flozen field core (1I'C) approximation Purely
toroidal flow does not fit the obsarved daia as satisfactorily as the combined poilodal
and torowdel flows Polodal motion reprcsents upwelling and downwelling hence ver tical
motwons  This wdicate that cither the top of the core is nol stably stratified or that
stich stratification 15 wsufficient to stop vertical motion at depth fhe fluid flow has
a bulle westward diift with superposcd jels and vortices The ratio of westward velocily
ond the radial dervaitve of veriieal velocity supports grawvitchionally and/or thermally
powered dynamo Ihe ITC approximation itself 1s found Lo be wiolated over patches ai
the CMB [eaturcs lLike sun spots e scen under southern Africa and South Amctrica
Postulates for occurrence of such spots are discussed and it 15 ergued thal 11 may now be
desirable to study solar and geo dynamo jointly

1 Introduction

IL wa Sir Jowph | armor who suygosted in 1919 that Lhe magnetic field of Lha
aun might bhe sustained by a mechaniam analogous Lo thal of sclf regeneralive dynamo
However, no one has yol succeeded in bwlding a luid dynamo In laboratary and henee our
hest chance Lo sludy s fundame ntal physical phenomena 1emain  Lhrough observations
mada on the closest wvatlable dynamo  Lhe goodynamo  This dynamo operales n Lhe
hguid ouler core of the carth and mamfests itself aver Lhe carlh' surface through tho
main magnatic ficld that we absorve Sludies of this process through theorstical approaches
are no less easy bcecause of the mon hinear and probably chaotic nature of the preblem
MAGSAT (magnetic ficld salellite} by making vector measurements of the earth s magne
tic field from a low altilude has provided a global data of umform quahty to study
the geodynamo This data set has been uscd Lo develop a good model of the main field
and the knowledge gained ha subscquently been uged to analyse n a betier way Lhe
past observatory and urvey data The new ond [nteresiing informalion on Lhe gcodynamo
that these sluchies brought out forms the subject matter of this articlg Before Laking
that, 1t will be relevant to point out ihe basic differences of solar  and geodynamo
Firstly wheteas Lhe latter 18 deeply buried inside a non conducting contamner the
mantle, for the former this 18 not the cese Secondly the balance of forces seem to
be quite differont 1n the two ceses, so the sun and earth probe different part of the
parameler space of the fimd dynamos [or example, the magnetic Reynold's number
which 18 about 300 for the earth's core has perhaps a value of 10% for the sun However,
basic similarity 18 there belween the Lwo, slnce both obey the same magnetohydrodynamec
equalions

137



138 B.P Singh

Structurally, the article first describes the MAGSAT mission and the representation
of the main field Then we gqive a brief outline of the geodynamo Subsequently, the
derivation of the fluid velocity at the core mantle boundary (CMB) 1 summarised We
shall also discuss the new information on the geodynamo that has emerged from the
patterns observed 1n the fluid flow The article will conclude by showing that the geo
dynamo 1s still a complex problem and the MAGSAT has provided some boundary conditions
to numerically handle the preblem Processes hike sunspot  eem te occur on CMB
The frozen flux approximation that make flmd dynamos a workable problem, appears
to fal in the case of geodynamo These are result. of special significance for olm
and planetary studies

2. The MAGSAT Mission

One way of studying the geodynamo 1s through the field it produce an or nesr
earth's surface called the main field For an adequate repre entation of thc mun field
1t 18 necessary that 1t be measured over the whole glabe Satellltes have made tremendous
impact In this regard no regon of earth | 1naccessible to them The data collected by
them 15 of uniform quality and free from secular drift as they cover the entire earth’
surface it a short bime Such measurements have another advanlage 1n the sense that
hort wavelength crustal featurss get automatically wuppressed Thus, 1n the absence
of crustal contrihution, with such a data set a better model could be developed for
the mamn field

Earlier to MAGSAT, satellite data were collected with POGO and COSMODS series
of satellitrs These did considerably improve the representation of man field but himita
tions were encountercd because the mesesurements were scaler in nature In tlus context,
MAGSAT has been a great umprovement by making measurements of both Lthe magmiude
and direction of the field As the primary aim of the russion wa to provide data for
crustal stuches, the altitude was kept low This led to a short life time of the mis 1on
October 30, 1979 to June 11, 1980 Even then, It did provide adequnate data to deduce a
reliable model of the main field On the other hand, for e.timating the rate of change of
the model paramepters (i e the sscular change) the tlme span was not enough [For the
tatter, needs remained to combine MAGSAT data with earlier measuremenLls This naturally
has limited the accuracy of the secular variation estimates

The characteristics of MAGSAT mission are described 0 Langel et al (1982} Tho
satellite altitude varted between 350 and 560 km with en wnchination of 96 B® The altituds
was chosen to provide a ceompromise between better resolution of cru tal foatures
and sufficient coverage of the globe The objective of vector field accuracy to 001%,
required the orientation of the wensors be known to 15 arc ssconds Further, the altitude
of the satellite must also be accurately krnown The small Astronomical Satcllite SAS 3
met these requirements It 18 a small spacecraft capable of being launched by an tnexpen
sive scout racket Precise determination of the orbit 18 possible wilh the Doppler tracking
system and attitude with two star cametas to an acturacy of 10 arc seconds Bul the
system had a 2 kgm of essential magnetic ghielding and thus the maghetic sonsms
had to be put 6 meters away The boom made for the purpose turned out to be mechani
cally unstable within 5 arc seconds A systerm called altitude Lransfer system (ATS) was
then added to provide the orientation of the sensors through an optical techrique With
these arrangements the orientation of the sensors were determined correctly Lo 10 to 20
arc seconds and position of the satellite to better than 60 meters radial and 300 melers
horizontal The final error budget for the measured values (Langel et al, 1982) came tn

Error Source Scalar (nT) Vector (nT)
Instrument 15 + 0
Position and time errors 10 10
Digntisation noise 0s 05
Attitude error (20' @ 50000 nT) 48
Space craft fields 05 05
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Other speclal features of MAGSAT were a sun synchronous dawn dusk orbit
to reduce ionospheric contribution and cotls far controlling the attitude of the salellite
In terms of achieving the scientific objectives the mission has been highly successful lta
data has given a good representation of the main field The secular variation estimates
had also improved The coefficients of the internalional geomagnetic reference field
(IGRF) can reproduce the field at the earth surface to an sccuracy of 20 nT  a great
improvement over earlier model One could model the magnetic field within an error
hmt of 0 05 per cent

3 Main INeld Representation

Models developed to tepresent lbe main field are based on the assumption that
the region 1g source free Under these conditions the magnelic potential V satisfies Laplace
equation

ViV = 0, 1

and the magnetic induction B of the field 1 given by
B= wv (2)

In spherical coordinale system under the condilton that the source of the field 18 inside
the earth, the oxpras 1on for V written as

o n

V=1al 1@ nit { g™ cos mx + h'" sin mA} P (cos 8) (3)

n=1 m=0 T o] N n

where a = 6371 km 18 the radiua of the earth and L Is Lhe radial distance of the point of
observation P(cos 8) 1 the Schimidt quasi not malized function & and A are the co latitude
and longitude of the point of observalion ¢'and hif's are called the Gauss coefficients
The set of these coefficients 15 the maodel parameter and once this is given the field
can be celeulated for any given r, 8, A In practice, the series (Cq 3) must be terminated
and cifferent representations vary n their choice (n.,,} of the maximum value of
the degree n One would expecl the coefflcients gffand mﬁ(to remain independent of nma
aa the base 1s orthogonal MHowever, this is seldom true, because of the summation thal
replaces intigeration tn actuql caleulation Such an spproximation makes gilland hifdepend
o Npex  Thus Lhe model parameters are Nmax 97 8 and hfj' 's

The main field of the earth being veriable wilh Lime makes the Gauss coefficients
time dependent  The variation 1s ralher large to Lhe extent that coefficlents change
significantly even over a pertod of one year Such a situation requires constant revislon of
the coefficients As Lhen rate of change ls highly non hinear, modcole are continuously
updated at gaps of five years We now have published and accepted models starting from
year 1965 Each of lhese has a wvahdity period of 5 years and 19 called international
geomagnetic reference field (IGRF) for the epoch Models available thus are IGRIM 1963 0,
IGRI" 19700, ICRF 19750 and IGRF 1980 0 The year wilh Lhe mode! iefers to Llhe
beginning epoch of the models Models contain values of gff*, hil, gnm, hA™ and somelime
also g™, hy™ It 18 en ured Lhat continuily of field values 16 matntained at the end of
the ICRF and beginning of the next one

The Gauss coefficlents and Lheir time derivatives are estimated in such a way
that the model values fil the measured fields in the sense of least squares The model
values of the Tield are eslimated through the equations

X = 3dV/ar (&)
. lav
Y = r 08 ;
SRR S )4
and 7 = r sin @ 3A
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The total field B 15 determuned from
1
B = (X2+ Y%+ 292, (5)

Each of X Y Z or B are functions of ' and hff' and one can use them to get an estimate
of the Gauss caefficients Before starting to calculate the coefficients, a choice has to
be made on maximum degres {nmayx) of terms to be retained 1n equation 3 One would like
to take a large npay to improve the fit The choice hould take into account the resolving
power of data vis a vis spectral features of core and the crust We must be awre that
the number of coefficients in the series, increa es exponentially with npmaye g, the e are
respectively 80, 120 and 195 for nmpmgx = B, 10 and 13 Furlher, when the dala to be fitted
1s nat for a particular epoch, rather 1 spread over a time span time, dependence of
gd" and hJ™ has to be incorporated in formulation Even if we consider only g™ and gym
terms, the number of parameters to be estimated gets doubled The scale length of
features accounted by npgy 8lso limits its choice The horizontal wavelength of degree n
on earth s surface being flma/(2n+1)], the smallest wavelength included 1n the expansion
will be 4000 km with npnax = 10 and 3000 km when nmax = 14 We know that 1somagnetic
charts contain features of size 1000 Km or even less, terms with n > 14 are then nceded
to properly represent the observed field Before that 1t must be ascertained what origina
tes In the core and what 1n the crust In this context, the quabty of MAGSAT datn
has provided useful informatians We will show later that core is considered to contribute
mainly to n <12 terms, the crust to n>16 terms and both contribute in the band 13<n<15
This will be apparent from the nature of the spatial power spectrum (Meyer et al,
1983)

The spatial power spectrum can be expressed as the sum of sguares of the (2n+1}
coefficients, 1 e

n
W) = (n+1) & g e (T ()
m=0

Physically W(n) defines the energy dengity of the constituent field averaged over the
whole earth, except for the factor (3 po) {Lowes 1966) Ils varation as a funclion of n,
shown at the top of Fig 1, represents the changes of mean energy denaity The figure la
taken from Meyer et al (1983) and 15 based on Gauss coefficients estimated by JC Caln
of US Geological Survey The model used MAGSAT data selected for quiet periods
with npax = 29 The variation of W(n) splits into two quasi linear sections with change in
slope taking place around n= 15 The right portion from n= 16 onwards resemblos
g white noise and seems to originate from crustal spurces The left portion decrsases
linearly with n upto n= 12 and must surely be atirbuted Lo deeper sourcis, 1 e the core
dynamo Because, for a randam source in the crust In <|Bp|?> would be approximately
independent of n, we attribute terms n >16 to have crustal origin We may thus conclude
that at the surface of the earth the cofe contributes mainly for 1 <n <12, cruast mainly
for n > 16 and both for 13<n<15 The dipole term (n= 1) clearly stands above the
general trend of the figure We shall see later that it has a different source mechanism

Equation (3) permits a posaibility of analytically continuing the field downwards
inside the earth, if we assume the mantle to be source free This assumption s not
unjustified in view of the fact that the .nantle 18 both a poor conductor and has a permen
bility close to that of vacuum Continuation downwards beyond mantle will be incorrect
since equation (3) will not epply 1n core (the core 18 not source free) In the situation
that exists inside earth, 1f we keep platting In <|Bn|? > agawnst n for different depth
levels, a stage will be reached where this parameter will become independent of 'n' The
depth will mean the loeation of the boundary of the source causing the fisld In the
lower portion of Fig1 we see that such a sltuation occurs at a radius of 3471 km
The plotted values were obtained on multiplying each of the W(n) by a factor

3471
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The equation 18 equivalent to calculating In <|Bgy|? > at a radial distance of 3471 km This
estimate compares favourably with seismic radws of the core 3485 km In fact, 1n
the plot there 1s a shght but perceptible decrease of reduced W(n) with n from n= 2 to 12
which corresponds to an effective source layer depth of 162 km beneath the reference
level The steep increase for n >15 15 more of formal character arising from the situation
that the source causing the fleld 15 located outside in the crust The line in the lower
left cornsr of the upper diagram shows the theoretical slope of a white spectrum at the
surface of the earth s core 1e 2 In(6371/3471) = 05275 Thus slope 18 very close to the
slope of the n= 2 to 12 hne

A similar analysis has also been made by Meyer et al {1983) for energy density
of the secular variatian, 1 e, for the time derivative of the spectral function W(n)

n
Wi = 2n+1) X [921 gr: +hnm hnm] {7
m=0

In this case too In <W,> akes the shape of a white spectrum at a radial distance of
3471 km (F1g 2} The regression line indicates an effective source depth of 66 km beneath
the sirface of the core An important point to note 1s that the dipole term now does
not deviate so significantly from the regression line We may conclude that though the
cipole term involves currents 1n the deeper layers or whole of the core, its secular
variation 1s predorminantly from the part originating in relatively thin layer of the core
The latter component appears to constitute 15 20% of the observed dipole fiold

The encircled dots i1n Fig 2 denote positive rate of change (1 e increase In field
enerlgy) and crosses indicate negative rate of change o1 decreasse of energy at the CMB,
The energy seems to be well balanced Secular variation simply reoprescnts a change
in the structure of the field end redistribution of energy This does not contradict
the decrease In field strength that we are presently obsarving on the sarlh' surface By
the time the changes reach the surface, different degree (n) terms atlenuate differenlly
Over the earth, the observed contribution 18 mostly from lower degree Lerms and Lhe
decrease that we see 18 dominantly due to the decreasing dipole field

The enalysis of MACSAT date, in summery, showed Lhat the geomagnetic field
has a relatively staeble dipele part originating probably in the deoper core or in the
core 88 8 whole The secular variation originates from changes in a thin surface layer
of the core Secular variation thus becomes a useful parameter to estimate the fluid
flow at CMB.

4. Geodynamo

Paleamagnstic studies show that the earth 8 magnetic field has existed since 2x10°
years In this period, the direction has undergone many reversals, but the magnitude has
never differed significantly from the present value The source of the field 1a now under
stood to be the electrie current in the ligud core But, 1n a bounded and stationary system,
an electric current will decay with a time constant propertional to of%(c 18 the eleclrical
conductivity and & characteristic length of the field) for the earth's liquid core, this
number turns out to be ~10° years Under this situation, the magnetic field cannat
be a relic of the past and a mechanlsm has to be found that regenerates the current in
the core and consequently the magnetic field produced by 1t We belleve that the decay is
stopped by the motions of the interactign that takes place bsiween the liguld core
and the magneti field present there Such an interaction generates electic current
that regenerates the magnetic field and the cycle goes on The process works like a
dynamo and we call the system geodynamo The major problem is to find a mechanism
that reinforces the original magnetic field so that we can have a self excited dynamo
The existence of such a dynamo depends primarily upon the relative strength of motional
induction and ohmic dissipation terms in the magnetic induction equation {(lacob 1975
Merrill and MeElhinny 1983)
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The first term on the rlghth}hand side 18 called the Ohmic dissipation term and the second
motional induction term If v = 0, the V2D term will cause the field to d=cay The equa
tion 1n this case reduces to vector diffusion « quatien and the fleld will leak through the
material The decay 1s prevented by the second term Vx (¥ x 8) which represents inter
action between the velocity and the magnetic field The ratio of the second to first
term gives an estimate of the rate of buld up to decay

R = v x (v x B) vl « 4oLV
m - (JTo) VR ~ Tyg = ATO

For the earth's liquid cofre, we ean Lake L = 10% em, V = 10 'emfsec and o 10 © emuy,
which gives Rmpy =100 The constant Ry, 18 called magnetic Reynold s number and must be
greater than unmity for the dynamo to be self sustaining This condition is rarely satisfied
in the laboratory, but in cosmic masses 1L 18 easlly alisfied because of large L

An understanding of the working of the geodynamo s still Incomplete We know
that the magnetic Reynold's number 1a large enough for the dynamo to work, bul we
must explain how the dipolar field 18 generated back by the core The earth's fleld
outside the core 18 mainly dipolar The Liquid molion 1nside containg some differentlal
rotation which winds up the dipole field into a toroidal field This parl of mechantsm 1s
simple and well understood By suitable fluid motion the entering field can be amplified
to an infimte Imit But for the dynamo Lo work, the dipole field must be produced
back from the toroidal field [t 18 this stage of cyele that s difficull to account for
Parker (19..) suggested that cyelonit. or Lwialing motiong are crealed within the convee
tion cells through the actlon of corelios foree, similar to the circular motions i the
atmospheric weathcr  ystem  The resultlng convecling lifling and rotallonal twisting in
the cells are considercd Lo turn Lhe toroldal lines of force wito a loop of flux This

loop ncludes a new poloidal field regenerating back the dipole field and completing
the cycle

The key element making the geodynamo work 1s the Lorentz force, the v x B term
or also alled the molional 1nduction term This Leam generates, from mechanical energy,
electric currents needed to prevent the decay of magnette field Tho greatest limitation
in nvolving the kincmatics of the geodynamo hes been the paucily of information on
this term Its constiluenls are nob known for the core MACSAT in this regard has
made a significant headway by providing thoir estimates sl the core mamtle boundary
(CMB) We can now expect Lhat the new informalions will gulde the Jevelopment of
theoretical stucies related to geodynamo The procedures adopted to estimate v and B
at CMB are discussed 1n Lhe next seclion

5 B and v at the CMB

It has been mentioned earlier that the secular variation of the magnetic field
18 mostly associaled wilh currents at. CMB The verlalion comes from the advection of
lines of force arising from fluid flow at CMB The magnetic Reynold s number for

the liquid core being 100 or more, we can neglect the diffusion term (1/4m0)¥2B In
equation (8) and write

%? - Tx@x B (9
If 8 and Bﬁ/afare known, the equation can be salved for v A global consistent solutlon

15 not easy to obtain, however, approximate results have been arrived by Introduecing
certain approximations
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We are considering & picture of the earth where a spherical nvisiced and perfectly
conducting liquid core 1s surrounded by a rigid electrically insulating mantle of vacuum
magnetic permeability This simplifies the problem in two days First under Lhi condition
we can neglect the diffusion term of equatien (B) and work with equation (9) This
1s equivalent to a frozen flux approximation wh=re the main field 1s rooted in the core
and the secular variation arises from the fluid flow at the top of the core Secondly,
the conditions slso permit us to take a source free mantle and continue field downdards
to CMB using equation (3) Our formulation 1s thus based on two approximations source
free mantle (SFM) and frozen flux core (FFC) We must first test thew validity The
appropriateness of SFM 1s well founded The electromagnetic decay Lime of the mantle
has been estimated to be less than four years, a time span which is rather small compared
~ith characteristic scale of secular variations We may take that the effect of current
induced 1n mantle on relationship between the field at surface and CMB 18 1n ignifteant
Magnetisation sources are unlikely because the mantle temperature 18 above Culle rso
therm On the other hand, the concept of FFC 1s not well established Some believe 1t to
be true while there are others who think that over some palches on CMB MFC faills We
ghall first discuss the results ohtained under the FFC approximation and then indicate the
finding that prove the failure of this approximation

Flmd flow under SFM FIC approximation has Leen calculated by Voorhies (1986)
The presentation follows his psper He solves for v Lhrough equation (9) taking the
radial component (B} of the field B, was selected because it 1s the only component of B
that 15 guaranteed to be continuous acros CMB Horizontal component may jump across
the diffusive CMB Further, uncertainty arises from unkown contribution of the toroidal
component of the care field The r  component of equation (9) can be writlen as (Roberts
and Scott 196%)

aB
R 1.3 _1.__ 3Bb
at Vr[rsme BB(BB Bn 0) + rsin @ ]
1B I 17"
Br [ rsinag BB(VB sin @) rsng Bcbj *
Bg 9 9 Yo 3 _ Vo 9
[+ 98 *rene ﬂ]\"r [+ 56 * Tano T¢]Br D

We note that the equation
div B = 0

ensures that 8, does not change tnh crossing the CMB Similarly because of incompressi
biity of the fluid, v, should remain unchanged across the CMB  Since 2t the outer
edge of this boundary the fluid 18 in contact with the rigid mantle vp= 0 at the CMB
from this 1t follows that

m&vr = ?_El' = 0
L} - %d T
After making these substitutions in equation (10), we get for the boundary layer
K S T TR T 17 R/ I S Mo
at rtTsng 898 YBEN"Y *Yemno 3¢ (v 98 'ren® 99 v

Equation (11} contains only the horlzontal components of the velocity and their horizontal
derivatives To handle this equation, the velocity at CMB (say r= b) 15 expressed in
terms of effective stream function T (b) and effective velocity potential U (b)

v () = VSTx? + V.U (12)
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The Tirst term on the right hand side 1s divergence free and is called the rotalional part
of the velocity field, the econd toerm which 1s eurl free s called the iriotational part of
the field r representg unit vector in direction of r and Vg represents surface gradient In
actual caleulition T (b) and U (b) are expanded 1n a spherical harmonic form as

N

n
Tb 8 ¢) = il L [a:‘ cos mp b ain md] P cas 8),
n=1 m=0 n n
NU n m m m
Ub,od) = 2 I [Cn cosmg ko sinmp P (cos @) (13)
n-1 m=10 n n

NT AND Ny are truncalion level of Lthe expansigns The computalional work comprises
dctermination of afm b, ¢ and dfI! sueh that v(b) catculated with them best fits the

observed 3 B;/0L) 1n ense of least squares The choice of Nt and N 1s made by examin
ing the stability of Lthe solutions

The physical conditlon  for validity of equation {11} are (1) that v = 0 at the
top of the core and (u} Lhal magnelic flux diffusion In the core be neghgible over
a period of few docades and over lenglh scales of megameters [Mor Lhe asecond condition
to be fulfilod the corc should have high conduclivity and the goeamagnelie field considerod
should have laige lateral wavelenglhs  Backus (1968) has shown Lhal rhe solutions of
equation {(t1) we not umique  To a gven solution 30 say, an arbitrary purcly toroidal flow
can be addud without affecting B, A purely tovoidal flow, which 19 everywhers tangenteal,
does not c1u ¢ By Lo changt  An allernalive way of looking at thi ambiguily 18 that at
most point on CMB cquation (11) 18 but one equation ls too unkno xng vo and vy and Lo
reach 1 umque solulion some additional informatlon 18 required Voorhics and Backus (198%)
suggoesl Lhat thi himitalion can be circumvenled by supposing Lhe floxw al CMB Lo be
steady over Lime scales of a decoade o twg They show thal under sach an assumption
Lthe Lloroidal ambigmty ran bo tosolved v(b) can be delermined uniquely In essence,
uniguensesy thosolulion is iptroduccd by consmdering simullaneously a sel of equalions in
velocily field cach perloiming Lo o diffetent Lime The solution, of cout e, 18 the one
thal satishes all of them o the sense of Ieast squares

Be fore describing then resuits, 1t 18 relevant to firsl test the valtdity of Lhe SITM
and I C pproximations Voorhios (1986) ergues for the effectiveness of FI'C on Lhiee
consideralion  The radial digbance of CMB estimaled through frozen flux concepl s very
close to the valuc determined from seismic methods No significant change 1n Lhe absolute
flux linking Lhe core has been fourd over Lhe lasl 50 years 1T we considor terms uplo
degree cighl in cquation (3} and over the last 20 years If terms uplo degiee ten are
vonsidered  Thindly, 1the magnelie flux linking each patch bounded by null flux conlours
on CMB lare fairly conslant for several of the recent geomagnetic freld models The
lasl poinl 18 being questioned and we shall Lake 1t agaln In a later section SICM approxi
mation seema Juslified because the mantle conduclivily does not aseem to affect secular
variations of period grealor than four years or 80

Solutions for v(b) wore oblatned by changing the degres Np (1 e npay of equalion 3}
and by varying Nt and Nij Rosults were civided into two groupst one for steady purely
toredal flows for which N )= 0 and another for combined toraidal polowdal  flows
te for which bolh N and Ny are non zero Main fleld data uged for the period 1960 80
1e we assume v(b) to remain stondy for this period of 20 yesrs [low pattern of
the combined poloidal  Loroidal solution s given in Fig 3 A bulk wostward drifl of about
0 107°/yr 1elative to the base of Lthe mantle is noticed This 18 equivalent Lo a speed of
6 51 km/yr at the geographic equator The weslward drift is complicated by superimposed
jets and gyres plus fluid upwelhing and downwelling The mean kinette energy per unil
volume at the top of the core 1s

it
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Fig.3 A teady combiped flow at the tep of the earth's hiquid
core calculated with Ny = Ny=8 The reference veclor 18

87 125 km/year (From Voorhies 1986)
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Mg.4.  Steady downwelling at the top of the earths liquid core
calculated with Nt = Ny = 8 Lgbels are inumts of 10 * yrs * and
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for Pp = 29 x 10%gm/m? If this value 1. typical of the flaw throughout the enlire outer
core, the total KE of Lhe core motions comes to 2 5 x 1017Juules or about 2 hours worth
of geothcermal flux acro s the earth's surface

Another important finding of Voorhits has been Lhat none of the purely toroidal
flows give a good fit to the secular variation data Fit improves when both toroidal and
polowdal flow are constdered A poloidal part indicales surface divergonce or convergence
of the flmd motion Under Lhe assumption that Lthe fluid 18 incompressible, surfaice diver
gence (or convergence) oimplies upwelling (o1 downwelling) hence vertical mobton at depth
The downwelling or urfacc convergence dvp/8r derived with Ny = Ny = 8 are shown n
Fig 4 The contour tnletval 15 2 x 10 ¥ yr ' and the extrema are labelled mn umts of 10 '
yr ' Maximum upwelling 1 found near 45°S 30°E with magnitude 792 x 10 *yr ! and
maximum downwclling near LON 110°C with magnitude 146 x 10 2yr b There are
about five cenltres of trong upwelling, three centres for trong downwelling and large

region of downwelling under the ccnlral Pacific and Africe It seem upwelling 15 more
concentrated (plume  hke) than 1 downwelling

Root mean square (rms) value of upwelling 1s (733 + 093)x 10 yr Yor (232
029) x 10 *® 5cc ' The ratio of rms velocity to rms value of gradienl of Lhe vertical
velocity provide an apparent scalc hsight of vertical molions This ratio comes out
as 2340 ¢ 500 km which neludes Lhe 2260 kmo Lthickness of Lhe outer core This raosult
supports a gravilationally and/or Lthermally powered dynarmo

Presenee of upwelling near Lhe CMB how  that eilher the top of the core s not
Lably stratified or Lhat wuch stratification 1s insufficient to prevent vertical molion at
depth Reprcacntative value of the flow gpeod at CMB 13 17 km/yr, or upwelling 7 3 x 10 i
yr 1 wnd of mean we tward drift 4 9 km/yr The typieal value of surficial rigid body rola
tion rate 1s 0119 yr ! Tlhis proceeds 1n a westward sense aboul an axis inchned to
an angle of about 22° Lo Lhe axi1s of geodetic coordinale syatem

6 The Frozen Flux Approxtmation

The fluid veloeily at Lhe CMB Lhal we discussed tn Lhe last seclion was determined
under the frozen Flux hypolhesis The caleulation neglected magnetic diffusion over time
scales of few decades and length scales of few thousand kilometors Bloxham and Gubbing
{1985y mention Lhat this may nol be a valld supposition since the early atternpts of Lesting
the hypathe 1 paid msufficient attention to the problem of nan uniqueoness They argue
thit the proce ¢ of caleulaling Lhe field at CMB by downward continuing equation ()
Liuncating the serie at n= 8 or 10 18 totally arbitrary While at or near the carth's
qurface Lhe core contribulion decreases with n and becomes insignificant for n > 16, at
CMDB the situation 1s different We havo seen in Mg 2 that all terms contribute equally to
W(n) at CMB and may bo terms with n > 12 are imporlent there which the earlier melhods
have nol been ablo Lo 1esolve Bloxham ind Gubbina have tried to remotc this hmitstion
by eat:matlnr? gip and hi' through the techmque of slochaestic inversion Some prior Infar
mation on gn‘ and hi';” 18 Iintroduced so that Lhe estimates are biased lLowards Lhe core
contributions  The procedure 1a detalled 1n Gubbins and Bloxham (1985) and 1s based
on Bayesian formalism The Bayesian interpretation of probability takes a malhematical
expression for our beliof in some particulmr proposition against the restrictive frequency
distribution of sampling lheory Through Baye's theorem, a posterior distribution of
the valups of the Gauss coefficients (gnm, h,';") ls prepared taking into accounl our bulief
of their pernussible range

In practical spplication, we must realize that the fit to the data will be best
without restriclive assumptions Prlor informalions in general reduce the quality of
fit, still Lthey are sometimes necessary for they drag the solution to the real "physical
world' A parameter (A) called amping factor 1s introduced to control the bias Large
values of A place more emphasis on prior information and smeller values of A place more
emphasis upon fil to the data A trade off betwesn mlsfit and norm i1s made by varying A
QGubbins and Bloxham supposed that variance tn the radial field at CMB is independent of
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Fig.5 Contour plots of the radial field (B.) at the cor mantle
boundary for 17150 (a); 1777 5 (b), 1942 5 (), 1905 5 (d); 1969 5 (e)
and 19800 (f) The contour interval 15 100 uT  Solid contours
correspond to field into the core and braken ones to field oul of

the core Zero radial field contours are darkened (From Bloxham
and Gubbins 1985)
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the degree of the pherical harmonic fterm  This follows from the physical situation that
the magnetic field originates 1n the core The constraint 13 a |ggitimate supposition
for any dependenee on the degree (n) would imply a departure from spherical symmetry,
which 18 not to be expected Also in Fi1g 2 we find that W(n) 1s independent of n at CMB

They find that core does contribule to terms grester than degree 12 Above
n= 14 the prior information takes over and only harmomes greater than 20 are effectively
zero Consequently, 1n their re vlts, Bloxham and Gubbins (1985) see features of shorter
wavelength Contour plols of the radial field at CMB for epochs 1715 0, 1777 5, 1B4Z 5,
1905 4, 1969 5 and 1980 5 are given in F1g » The features are more complex than hitherto
a sumed The flux integral over the northern hemisphere indicates a fall 1n magmtude,
matnly duc Lo the decay of the dipole term The dip equator under the Indigh region

appear Lo have migraled southwards In recent years Westward drift cccurs only over
certain well defined regions of Lhe core

Dackus {1968) mentions that under the frozen flux hypolhesis the radial flux
through patches of CMB bounded by conlour of zero radial field musl be conserved It
becomed 1immediately obvious from Fig 5 that the hypothesis 18 not true over the CMB A
apid Intensification of patch unde Southern Africa 1s an obvious vielalion of the FI'C
concept  According to Bloxham (1986) the silualion ssems to arise from the intraction
of luid upwelling and Loroidal finld The upwelling convects the Lormdal field towards the
CMB as illustinted 1n Tig 6 Such a process reosults 1n two adjacent regrons of intense flux
with 1adial fields of oppoite sign as seen undor South Afiica A similar pair 18 also
observed near South America The two differ 1n the ense that while Lthe Southern African

loop 1 presently expanding as a result of upflow, the South American loop 19 contracting
as a result of downflow

Theose two are unique regions in the sense Lhat a special phonomenon is seen
there We must examine what makes these two reglons Lo unigue that underneath them
we have both intense verlical malion and a sirong toroidal field There 1s similarity here
with solar physics as the phenomenon appears to show fealures aof sunspol aclivity

7 Conclusion

So far, the solar and geomagnoetic field studles have remained as tatally Independent
disciplines  This has been so because of the different physical conditions over sun and the
earth The geodynamo 1s deeply buried inside a non conducting mantle which 1s nol the
case for the sun The solar magnetic fleld should be compared with the magnetic fleld
that we sec on the CMB Now that the latter 12 being mapped, the two disciplines could
complement each other There will remamn some obvious limitation which will be difficult
to eliminale Most obvious amongst Lhese ls the conditlon thal unlike sun the plasma can
nol. flow radially outwards at CMB due to Lhe presence of the mantle Now that magnetic
and velecily fields are avallable, ono should attempt Lo see whether the analogue of short
period fluctuations thal occur in solar plasme are present in the earth's lLiquid core
Perhaps, the boundary condition may not pormit the same Cven If shorl period changes
have been occurring st CMB, they won t be recorded at the earth's surface for the mantle
acts as a low pass filter and permits signale of perlods greater than 4 years only Lo
reach the earth's surface

The reflnements 1n the model of the geomagnetic field that followed MAGSAT data
and the eventual estimation of fluid velocity (v) and the magnetic fleld (8) st CMB pro
vides informtion for direct comparison of the solar and geomagnetic flelds One interesl
ing finding 18 equivalent of “Sun spot" under Southern Africa The process occurring
there seems to be identical to what causes spots on the sun The physical parameters like
magnetic Reynold's number, etc and the dimenswon of the two plasmas belng different,
comparison of observations will need caution; but this difference can also be a good
diagnostic tool An interesling area of research Immediately could be to follow n delail
the development and decay of two "CMB-spots" future satellite missions will definitely
Improve the geomagnetic field madels and will be providing data base to see the spatio
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Figs6. Top Schematic illustration of
expulsion of toroidal field from

} core to the mantle by an upwelling
\ motion of the fliid 1n the core
Bottemn Contour plots of the radial

fleld (By) at CMB for the epoch 1969 5

Solid contours carrespond to ficld into
{ the core and broken ones Lo field out

e R of the core (From Bloxham 1986)

temporal developments of the two spots We then will have a real opporlunity to integrate
solar and geo dynamo The validity of frozen flux hypothesis needs to bu further checked
with the oncoming missions If proved untrue, the fluid velocity glven 1n Mgs 3 and &
will become questionable We will then need a new thinking on the solution of magnetic
inductlon equation Here solar physics can give clues Another major finding has been
physical evidence aof pressnce of strong toroidal field in the core We have also learnt
that the geodynamao 1s either gravitationally or thermally powered A time has now
come to study the solar and gec dynamo jointly for that may bring out a betler under
standing of one of the fundamental processes of nature the "co mic dynamo"
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