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“The tolal cntenscty
F. the declination /7 and the inclination { completely define the magnetic ficld
" PR ' ! pletely g
ING COLLEGE ON GEOMACNETISM AND AFRONOMY " at any point, although other componcnts are often used. The horizontal and
( vertical components of F are denoted by I and Z. 1 may b further resobved
2 - 27 March 1937 ) into two components X and ¥, X being the component along the grperaphical
meridian and ¥ (he orthogonal component. Figure 5.1 iliustrates these dilferent
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Hddingh;r;z:;ies magnetic clements. They are simply related to one another by the foflowing
Cambridge CH3 OEZ equations,
United K
{ngdom I = Fceosl, Z = Fsinl, tan [ = Z{H (51)
i X=HcoaD, Y=HsnD, tanll=7¥X (5.2
e a2t e X4 Y14 28 {5-3)

The variation of the magnetic ekl over the cantv's sarfce is Diest illustrited
by isomagnetic charts, ie. maps on which lines ave drawn through points at
which a given magnctic element has the same valwe. Contours of equal intensity
i any of the clements X, ¥, Z, Hor Fare cilled isexlynamics, b
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ansidcr therefore the fickd of 4 unilormly magnetised sphere whose magnetiz
axis rans noith soarth. and let P be any exteenal point distant # from the centre
Oand #the angle NOP_ ic. #is the netie co-katitide (see figare 1.7 If mis
the magnetic moment of a geocentric dipole directed adong the axis, the
polential at P s

mcos
ax (i

The inward radial component of force corresponding to the magnetic

.

Magne i axis

Figure 1.7
component Z js given by

P ¥ pgm cos ¢

Hoy-= S ‘ {1.5}

and the component at right angles to OF in the direction of decreasing 0,

corresponding 1o the magnetic component 1, by

fﬂ_l/_ jl',nrlr.il'rrlrﬂ

H= _'"un‘ﬂ- TR (1.6
where gy is the permeabitity of free space.
The inclination 1 is then given by
tan I =Z/il =2 coL @ [{ ]
and the magnitude of the 1o1al force | by
= 4 ez S .
F={H 42 —4"},41 +1 cos® '3, (%)

Thus intensity measurements ire  function of latitude.

I
1.8 Spherical hurmunic analysiv of the Earth's magaetic fiehd

Assimung that there is a0 magnelic maters) near the ground, the by
magnetic field can be derived from a polential function ¥ which satisfics
Lupdace’s equation and can thus be represented as a series of sphierical
harmonics

" - L] Al
¥="% ¥ Pricos U){[r:’(‘:) + —.-:';(':) Ja: cos mb

Housim=0

[ (r). (“).”:I ' }
+| 571 - ]+ =87 B2 sin mgh 3, 11.9)
r r

Wrettten in this form the coeflicients A7 and BT have the dimensions of
mugnetic ficld, ¢ and 57 are numbers lying between 0and |, and represent the
fractions of the harmonic terms Pricos () cos mgp and PT(cos §) sin meh in the
expansion of ¥ which, on the surluce of the sphere (v ~ a), are due to malier
outsidy the sphere. There is ao term with =00 which would correspond 1o a
mapnetic monepole within the Farth, [Uis also assumed that there are no
elee ric currents flowing across the susfuce of the Earth- if there were they
would set up ¢ non-potential fickd and thus contribuie & part of the Earth's
magnctic fickd which could not be represented by cquation (1.9).

The potential ¥ cannot be measured diectly ; what can be determined are
the three components of force X = (e ACH O (horizontal, northwird).
Y = [— pay/r sin OOV thonizontsl, castward) and Z = e ("V/r) (vertical,
downward)at the Earth’s surface, r = g, Z (al r = gy may be expanded as a senies
of spherical harmonics

V4 -—-,u,,:‘ry= i i Prcos X7 cos nup + i sin md) 1110}

LLER LA

and the coellicicnts a7, fi7 determined from (he observed values of Z.
By dilferentialing equation (1.9) with respect to rand then wriling r=a, we
huve

h] L -
4 =.u.,!';?= ; );DP'.'lcos OM[rep = tn + 161 ~c]AT cos g

+{nsT = (n+ D — sPH BT sin mep). inin

The cocflicients of cach separate harmonic term for cach m and s must be equal
in the two capansions of Z given by equations (1103 and (¢t 1) Hence

af =[ney —tn + 101~ D)4
#2= (o83 —(n+ 11 = 5T BT,

Aga.n from un anabysis of the observed values of X and ¥, the coefficients in the
following 1wo expansions derived from egnation (1.9) may be oblained

Yo = —py OV
= Lrsinttig /.,

! ¥ ¥ PlicosthimALr sin mé ~mBT cos mg) 11.13)

= e
Slﬂ".. Ta=1

Hy?
Xres (r ¢":),_,

i

Loe .
=5 5 O Pricos AT cos mgp + B sin m) (1.14)
w:madl du
_mmuge of the cocMicients AT, BP, a and 7, equations

{1 12bdetermined o and 37, Gauss found from data avaikeble at that lime that
eF =37 =0,ic. the source of the Lurth’s magnetic Geld is entircly internal. The
ccelficients of the field of internal origin are

o5 =t —¢MAT Iy =(1 578y (1.15)

acd are known as Gauss cocflicients, If the external Geld is negligible,
cquations (1.15) reduce to g = AT, and h7 = 4" Vel il wilisunti-ae




Lecture 2

Origin of the Earth's magnetic field

A review of theories that have been shown to fail has been given by

- B.J. Stevenson, Icarus 22, 403, 1974.

References for the geodvramo

E.C. Bullard & H. Gellman, Phil. Trans. Roy. Soc.
London A 247, 213, 1954

D. Gubbins, Phil. Trans. Roy. Soc. London A 274,
493, 1973

5. Kumar & P.H. Roberts, Phil. Trans. Ruoy. Scc. London
A 314, 235, 1975

H.K. MoFFatt, J, Fluid Mech, 44, 70%, 1970
D. Gubbins, Rev. Geoprys. Space Phys. 12, 137, 1974

P.H, Roberts, Phil. Trans. Roy. Soc. London A
272, 663, 1972

F.H. Busse, Geophys. J. Roy. Astr. Soc. 42, 437, 1975
I.A. Eltayeb & S. Kumar, Proc. Roy. Soc. London A
353, 145, 1977
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The dynamo problem involves the solution of 3 highly complicaled sysiem
of coupled partial Jifferential eyuations -cleclrodynumic, hydrodynamic and
lhcrmu«l_ynamic. Flsasser (1954) showed by 4 dimeasional anielysis that in
geophysical and astrophysical problems the displicement current and all
p‘urcly electrostatic effects are negligible, as are all relativistic effects of order
tugher than Ufe where U is the Muid velocity. Thus the cleciromagncetic field
equations are the usual Maswell cquations

Vx E= — 08/t (1.19)
ViB=p,j {1.20)
v B=0 (.2

where Band £.1rc the magnetic and clectric fields respectively and fthe clectric
cursent density. The electromotive forces which give rise to § are duc both to
electric charges and 1o motional induction so thal the total cuerent jiis given by

j=alE+Ux B (h22)

Assuming the electrical conductivity o Lo be constant, taking the cusl of

equation (1.20}, and using equations (L.22) and {§.19), E o mi
leading to the tquation (19 £ can be clminated.

8
Vx[Vxﬂ):yna(ﬁ‘p,—-}-VxIUx m) {1.23)

Since Vx(VxB=VIV B)-9'B= ~V28, on using equation (t.21), we
linally obiain

Bt =V x(Ux B+ v VB 1).24)
where

Vo= 1/10 11.25)

1s the magnelic diffusivity. Equations {1.21) and (1.24; give the relationships
b_:lwcgn 8 and U which have to be satisfied from clectromagnetic con-
siderations. The term V x (U= By in equation (1.24) is the source {erm, and
represents the physical process by which magretic induction is ‘crc‘umd‘
through the Now of fhuid ucross lines of force. The term v V18 represents 1he
tendency for the ficld 1o decay through chmic dissipation by the electric
currenls suppoiting the ficl). The dwinne: botwasn o we torm, mea

Comscder ofewdd Caser ¥ Cnotiom (1.4
Meteveedd o vest (UL = o)
A deviel  Aas mg»df.-,éé elyeFviel verriten e (J’hh:)
M?hl"l"c ﬁeépuu-(aﬁ' YR Er ’?,,.,

To_lhe clectromagnetic equations must be added the hydrodynamicat
equaiion of fluid motion in the Larihs core (1he Navier- Stokes equation)
together with the equation of continuity, which, for an incompressible fujd
{the speed of flow is much less than (he speed of sound in the Earth’ 3
reduces 1o eor)

vV U=n {1.29)

The Navier Stokes cquation is

l"U
w(‘,’— HHU-V)U + 22 x U—vV"U)- ! VB x B= —Vp+pVW
Hy

(1.30)
:;r‘hurc Uis the velocity rulu!ivc 10 a4 system rotaling with angular velocity ), p
: e prf.ssurc. Wihe gravilational potenttal (in which is ahsorbed the centrfugal
orceland g and v the density und kinemaic viseosity, respectively. Equations

-I!.l’*i.i‘::.nd “f}?l contain only the veciors Uand Band are the basic equations

a2
i Mean lield electrodynamics

»fost dynamo modets vse large-scale, highly ordered Muid motions. e
motions in which the charactenstic length of the velucity fichd is not much Jess
dhun the radivs of the Earth. Lo the carly 19508 severanl atiempis were made w
produce models in which turbulent (. raindom and small-scale) vebwitics
rught act as dynamos. The modern theory, which has been called nwan ficld
dectrodynamics, has been developed independemly by MolTant (1975 in
Britain and by K rause, Ridler agd Steenbeck n Geraany, An accoutt of the
German work bas been given in o recend Book by K rawse and $tadier (19810,
In mean fickd dynamo models the velooity £ and magactic ficld 8 are cuch
rrpresented as the sum of 3 stanstical average and a Muctuatiog past. We thus
vride
U=Uytu uy=0 1.3
B=B,+4 (by=0. 11.32)

The average ficlds ¥, and B, arc assumed 10 vary on a length scade L, whike the
Muciuating ficlds & and b (with sero statistical average) are assumed 10 wary on
a length scale J (14 L) This separates the velocity and magnetic ficlds into
mean, slowly varying and Quctuating pars. The induction equation may then
te divided into its mean and flucivaling parls

OBYM =V x(Uyx B +V xe+v V28, (1.33)
=V (U x B+ V x{wx B3+ V¥ x G+ v,V 11.34)

where ’
=(uxbd) and G=axb--{uxb) 11.35)

wcan be regarded us an £xtra mean electric force arising from the inlcr;!ction of
3¢ turbulent motion and magnelic ficld. if the velocity field 15 1sotropic, it can
te: shown that
e=aby~ [V x B, {1.36)
where 2 and fi depend on the Jocal structure of the velocny ficld.
The induction equation (1,33} satislicd by the mean ficld &
OByt =V x {aBy+ Uy x By) + (v + IV By (.an

“Phe lerm a By, represents an electric ficld parailel to 8, T quantiiyei-temnn

privocphpaioinkiiliuiuipapmaginll. Parker {1955} first drew gliention 1o
the possibility that ¢ = a8y, and Steenbeck and Krause (1966) chnistened this
the a cffect. A key concept in (he theory is the helicity defined as w (V x w)
Parker {1955, 1970) showed 1hat convective Nuid molions having non-scro
hisity could distort lines of magnetic force in such a way as Lo produce @
regueneration mechanism. Amwen. it gl Taolindiypmbiini Hhaed yerty

There are lwo possible sypes of dynamo using the « c:l‘[r:x:l——u‘1 dynamos and
cew dynamos. In an 2 dynumo the a eflect generates poloidal ﬁgld fr_nm
Oroidal field and gencrates toroidal ficld from poloidal field. The 1orodal ficld
Fas lines of force that lic on spherical surfaces and has nnlcnmpnnr:m cxtcrq;x!
© the core. The poloidal ficld has a radial component in general, and Jins
continuously with the externai, observed ficld. The 2 effect con also be used in
comunction with a large-seale shear flow he cl'lucl.l to prodoge an a
cynamo. Parker (1955, 1971, 1979) is primagily responsible for the dcwlop'
met of dynamo models of this type, in which an a effect from cyclonic
wibulence genertes poloidal ficld from toroidal ficld. and  dilferential
wotation creates toroidal field from poluidal ficld thereby completing the cycle.

A diflerential rotation by itsell cannot produce a poloidal fielst from a tor-
o dal fieid, only a toroidal rom a poloidal one. However, il there is an a effect
as well as a sirong differential rotation, the latier may dominate in producing
a torowdat from a poloidal lield. For a dynamo of the 22 type, the poloidal and
toreidal fields ure of the same order ol magnitude, whereas in the case of an
wa-type dynamo, the 1oroidal field is much stronger than the poloidal one.

7
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Energy sutrces of the farth's wagnelic fisld

1. Structure of the Ca-th

Information frum se.smology, Velocity-deplh curves and free oscillation

data —% density, p-essure, dq & eiastic parometers,

&‘-J-j'/"
Velocity of P waves Vp H

Velocity of 5 waves Vs H \/E-F

'é,- is the bulk modulus {or adisbatic incompressibility)

defined as _/ A __{ 2(
Ae ¢ (5/—‘ 5

/u is the modulus of vigidity, f density and /i Frzssure,

A, 24 A R, o]
h-h 1’.-";1/::-‘;”(?6’/:

2. Ihermal evolut:.on of the Earth

Heat sources of embryoc Ear-h
Need to know the adiabatic and liquidus gradients in thes “luid
outer core.

3. Constitution of the core

Shock wave data.

Outer core, € &£ 4" « those of F2 under equivalznt conditions (by ~-10%)
Inner core, e £ *; ~ thase cf fe

Light element in out=r core - Si, §, 17

Possibilily of K (& -ence LUK) in outer ccre,

4. Energetics of the tarth's Core

Possible drivirg forze For the geodynamo

(i) Precession

(i) fThermal convzction
(iii} Core ilrmatim
(iv) Seismic aclisily



Under (i1i1) consider latent heat released by formation of solid

1mner core

Under (iii) consider "compositionally-driven" convection - he
gravitational energy released by the separation of mstter Topics covered will include
in the core to form the solid inner core. i
1. Fietd reversals or self-reversal
References 2. The morphology of geomagnetic reversals
J.A. Jacobs, in Physics of the Carth's Interior, 1980 LXXVIl1l Corso Field intensity and direction during a polarity transition

Soc. ltaliana di fisica, Bologna, Italy.
J.A, Jacobs, The Earth's Core, Acad. Press, 1975

Mean frequency of reversals
(2nd edition in press). 3. Gecwmagnetic excursions (aborted reversals?)
The Laschamp, Lake Mungo & Mono Lake excursions
The Gothenburg "flip"
4. Mocels for reversals
The disc dynamo
Mocels of Cox, Parker, Hoffman, Olson
Statistical Analyses
Secular variation, reversals and polarity bias
5. Magnetostratigraphy
The polarity time scale
6. Rewersals and other geophysical phenomena
Magnetic reversals and changes in climate
Magnetic reversals and ice ages

, Fawnal
Magnetic reversals and fewmd extinctions

References

J.A., Jacobs, Reversals of the Earth's Magnetic Field Adam Hilger

Ltd, Bristol 1984

g- 4. Jecolbe, FHeveviale of € EarMs Hgredic Lostu,
R. . Reop Arbv. Lo 27 328, /558

A0
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lecture 5. Secular var ation & changes in the lengthe of the day

5.1 Core motjons

The induction equetion is
. A
8- 7x(([:3) +X, Vs {5.1)

In the frozen flux approximation {i.e. treating the core as & perfect

conductor), we igrore diffusicn & equation (5.1) becomes

£§= er (42 L 60
: (B Tok-B(Vu)- (U T8+ u(T8

Take the radial component at the MCB where &2 ©
then since . 4= b , we have

8- -8, (V-4 -(u g,/],gr (5.2)

where

Vye V- (3.7

from a knowledge of sur<ace magnetic data, find 8, £ S

at the MCB and hence solve equation (5.2) for A£¢.

There have heen several attemgls to infer quantitative estimstes of core
motions from geomagnetic data. There are two main probiems. First,
extrapolation of the geomagnetic field from the Earth's sur-ace to the
MCB is an unstable process. Second, even {f the magnetic F .eld and its
secular change at the MCA were perfectly resolved, the veloeity field
could not be deduced uniq.uely.

Backus showed that a necessary condition for the frozen fluz assumpt ion
to hold is that

4 .
jj' 87- dS'-'O (5.3)

where Sj is a patch cf the MCB bounded by a null flux curve {contour on
which 8,_:0 }. There appear to be about Five null flux curves on the
MCB at present.

13



From equation (%,2), where V" 3,.:0 {i.e, at Jocal maxima,

minima and saddle points of the radial field),

\7”. U = —_l_?g- (5.4)
8r
sz -4 measures convergence or divergence of flow at a point,
and, for an incompressible Flow, this indicates upwelling or downwelling
of fluid. This is impartant for the thermodynamics of the core - ng

upwelling indicating that the core is stably stratified near Lhe MCB.

Bloxham & Gubbins {Geaphys. J. Roy. Astr. Soc. B4, 139, 1986) tested
the frozen flux hypothesis and found evidence For flux diffusion.

8loxham & Gubbins (Nature 317, 777, 1985) obtained models of the magnetic
fietd at the MCB at selected epochs from 1715 to 1980. Westward drift
uccurs only in certain well defined regions of the core - in the northern

Pacific Ucean there is a slow eastward drift.

H

5.2 Yariations ip the length of the day (l,0.d,)

Earth's angular velocity 1. not constant

Changes 1{in rate of spin]!Z/ i.e, changes in l.o.d. and also

cthanges in the direction of J2 i,e, the Earth wobbles,

Number of peaks in the frequenc&g spectrum of the Earth's rate

of spin, .

Three distinct components have been regrganized.

Steady increase in the L.o.d. (v 2 x 1073 f ¢ century) - tidal

friction

Seasonal fluctuations « - 101;) - oceanic currents and

atmospheric winds,

Less rvegular variations ( A~ 5 x 10 '34 ) having timesﬁg of

the order of years (The "decade” fluctuations).

It has heen suggested that these decade fluctuations are caused

by the transfer of angular momentum between the solid mantle and

Liquid ccre.

Need some form of core-mantle coupling - possible mechanisms are

inertial, electromagnetic, and topographic. Maximum torque

requirec to act across the #M¢B to "mt for the decade

fluctuation in the L.o.d. is ~v 1018Nm, corresponding to an

average tangential stress of 2 x 10”3 #m™2 on the Mca. The

various possible mechanisms for core-mantle coupling have been
reviewed by Rochester (Phit, Trans. Roy. Soc. London A 313, 95,

1984),

Le Mauel et al. (Nature 290, 763, 1981) found that Ll.o.d.



variations lagged geomagnetic variations by 10 - 13 years, Such
a correlation is opposite to that proposed by sth2- workers (eg,
Runcorn, Phil. Trans. Roy. Soc. London A 328, 261, 1982 and
Backus, Geophys. J, Roy, Astr. Soc. 74, 713, 1983 where changes
in the westward drift follow L.o.d. changes,Cour-illot et al.
(Nature 297, 386, 1982) suggested that decade f actuations in
climate and Ll.o.d. are both correlated with changes in the

Earth's magnetic field.







