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SUMMARY

Associated with non-steady fluid motions in the liquid metallic core of the Earth with
typical relative speeds of afraction of a millimetre per second are fluctuations in dynamic
pressure of about 103Nm-2, Acting on the nonspherical core-mantle boundary (CMB),
these pressure fluctuations give rise to a fluctuating net topographic torque
Li(t) ¢ = 1,2,3)—-where r denotes time---on the over lying solid mantle. Geophysicists
now accept the proposal by onc of us (Rl 1) that 7,(r) makes a significant and possibly
dominant contribution to the total torque I;(t) on the mantle produced directly or
indirectly by core motions. Other contributions arc the “gravitational” torque associated
with fluctuating density gradients in the core, the “clectromagnetic” torque associated
with Lorentz forcesin the weakly electrical] y-conducting lower mantle, and the “viscous’
torque associated with shearing motions in the boundary layer just below the CMB. The
axial component 1;;(:) of I;(t) contributes to the observed fluctuations in the length of
the day (1.OD, an inverse measure of the angular speed of rotation of the solid Earth
(mantle, crust and cryosphere)) and the equatorial coniponents (1,, ), 1;(N)= L (¢) to the
observed polar motion, as determined from measurements of changes in the Earth's
rotation axis relative to its figure axis. In earlier phases of a continuing programme of

research based on a method for determining L;(t) from geophysical data (proposed
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independently about ten years ago by Hide and 1.c Moug]), it was shown that longitude-
dependentirregular CMB topography no higher than about 0.5 km could give rise to
values of L3(r) sufficient to account for the observed inagnitude of 1.OD fluctuations on
decadal time scales. Here, we report an investigation of the cquatorial components
(L, 1)) = Lty of 141 taking into account just onc topographic feature of the
CMB—albcit possibly the most pronounced-- namely the axisymmetric (c&uatorial bulge
with an equatorial radius exceeding the polar radius by 9.55: 0.1 km (the mean radius of
the core being 3485 + 2 km, 0.547 times that of the whole Earth). A measure of the local
horizontal gradient of the fluctuating pressure. field ncar the CMB can be obtained from
the local Eulerian flow velocity in the “free stream” below the CMB by supposing that
ncarly everywhere in the outer reaches of the core- -the “polosphere” (Hide 1995) -- -
geostrophic balance obtains between that pressure gradient and Coriolis forces. The
polospheric velocity fields used were those determined by Jackson (1989) from
geomagnetic secular variations (GSV) data on the basis of the gcostrophic approximation
combined with the assumption that on the time scales of the GSV the core behaves like a
perfect electrical conductor and the mantle as a perfect insulator. in general agrecment
with independent calculations by Hulot, Lc 1 Iuy and Lc Mouél (to be published) and
others wc found that in magnitude L(t) for epochs from 1840 to 1990 typically exceeds
IL3(1)! by a factor of about ten, roughly equal to the ratio of the height of the equatorial
bulge to that strongly implied for irregular topography by determinations of L3(f) (see
Hide et al. 1993). But L(f) till apparently falls she] t in magnitude by a factor of up to
about five in its ability to account for the amplitude of the observed time series of polar
motion on decadal time scales (11PM), and it is poorly correlated with that time series. So
wc conclude that unless uncertainties in the determination of the DPM time series from
observations-which wc aso discuss—have been seriously underestimated, the action of
normal pressure forces associated with core motions on the equatorial bulge of the core-

mantle boundary makes a significant but not dominant contribution to the excitation of
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decadal polar motion. Other geophysical processes such as the movement of groundwater

and changes in sca level must also be involved.

Key words: topographic core-mantle coupling, decadal polar motion

INTRODUC110N
Electric currents generated in the Earth’s liquid metallic core arc responsible for the main
geomagnetic field and its secular changes (see e.g. Merrill and McElhinny 1983; Jacobs
1987-1991 ). The currents arc produced by dynamo action involving irregular MHD flow
in the core. Concomitant dynamical stresses acting on the overlying mantle have been
invoked by geophysicists as the main source of excitation of the so-called “decadal”
fluctuations in the speed of rotation of the “solid Earth” (mantle, crust and cryosphere). It
is possible that core motions make detectable contribution to polar motion (i. e, the
movement of the rotation axis of the solid Earth relative to the figure axis) on these time
scales. Studies of rotational manifestations of core motions have imnportant implications,
for they bear directly on the improvement of models of the strut.tum, composition and
dynamics of the Earth’s deep interior, which have to reconcile a wide variety of
geophysical observations (for references scc loper and Lay 1995).

Consider a set of body-fixed axes Xi (r' =1, 2, 3) aligned with the principal axes of
the solid Earth and rotating about the centre of mass of the whole Earth with angular

velocity

&; = &) = (Dy, B, B3) = Q (1), Az, 1+ ia), (N
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where ¢ denotes time and €2 the mean speed of rotation of the solid 1 {arth in recent times
(0.7292 115 x 104 radians per second) (see €.g. Munk and MacDonald 1960; 1.ambeck
1980; Rochester 1984; Moritz and Mueller 1987; Wahr 1988). Over time scales that arc
short compared with those characteristic of geological processes, the rotation of the Earth
departs only slightly from steady rotation about the polar axis of figure, so that /r\z],"Alz, i3
arc al very much lcss than unity and Ir.?m << 2 where 7}7\115(11?1,/611. Periodic variations
in @ on time scales Icss than a few years arc forced by periodic lunar and solar tidal
torques and related changes in the moment of inertia of the solid Farth. Irregular sub-
decadal variations are evidently produced largely by atmospheric and oceanic torques due
to tangential stresses in boundary layers and normal (pressure) stresses acting on surface
topography. These fluctuating stresses are associated with seasonal, intraseasonaland
interannual fluctuations in the total angular momentum of the at mosphere (for references
sce Hide 1986; Hide and Dickey 1991; Eubanks 1993; Rosen 1993). When these rapid

variations have been removed from the observational data, the smoothed time series
(1) = Q2 (my (1), ma(1), 1 4+ m3(1)) (2)
that remains (see Figures 1 and 2) represents the contributions of decadal variations to

451(1)- Errors and uncertainties in these determinations of () and m2(t) arc discussed in

Appendix A.

Figure 1 and 2 near here

It is convenient at this stage to introduce the vector 1) (1), defined as the
hypothetical torque acting on the solid Earth that would account for observed Earth-
rotation fluctuations on decadal time scales in the absence of other processes, such as

changes in the inertia tensor of the solid Earth associated with the stresses responsible for
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Lf (nand also with the movement of groundwater, melting of ice, ctc. Using standard

methods (sce e.g. Munk and Macdonald 1960; l.ambeck 1980) it is1cadil y shown that to
sufficient accuracy here (cf. 1 lide 1989):

L) =10, L] = (¢ — A ) my (1), -my (1)) 3)

where C"™ — A" = 2.63 x 1035 kgm?*, C*"” and A being the principal moments of inertia
of the solid Earth (about polar and equatorial axes through the Earth’s centre of mass
respectively). C* is 0.895 times the polar moment of inertia of the whole Earth,
including the metallic core. Time series of I;(t) and I;(t) are given in Figure 2 below.
In this paper wc investigate, as part of a continuing progt anmc of research on
Earth rotation fluctuations, the extent to which the observed DPM can be accounted for
by the fluctuating topographic torque L(r) = [1,(t), Lz(’)] associated with normal pressure
forecasting on the equatorial bulge of the CMB. Our findings (scc below) arc in generd
agreement with those of an independent and paralel study by lulot,Le Huy and Le
Mougél (1995, to be published), extending earlier woik by Hinderer ef al. (1987), which
was kindly brought to our attention by its authors at a late stage of our investigation.
According to Dr. G. Hulot (private communication), they arc also in agreement with the
findings of another independent study, by l.efftz and Legros, reported in Hulot et al.
(1995), in which effects of irregular latitude-dependent topography as well as
electromagnetic coupling and induced changes in the inertia tensor of the imperfectly -

rigid mantle arc also investigated.

THE TOPOGRAPHIC TORQUE EXERTED BY THE CORE ON THE MANTLE
The fluctuating torque Li*(?) exerted by the core on the overlying mantle is produced by:
(a) tangentia stresses at the CMB associated with shearing motions in the thin (probably

Icssthan 1 m) viscous boundary layer just below the CMB, (b) normal dynamic pressure
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forces acting on the cquatorial bulge and other (possibly) smaller and more irrcgular
departures from sphericity of the shape of the CMB, (c) Lorentz forces clue to the flow of
clectric currents in the weakly-conducting lower mantle gencrated by the clectromotive
forces associated with the gcodynamo processes in the core, and (d) gravitational forces
associated with horizontal density variations in the core and mantle and especially with
CMB topography (Jault and Lc Mouél 1993; Eubanks 1993). Dynamical arguments show
that the pressure coupling associated with quite modest CMB topography could
predominate over other effects (Hide 1969). While the contribution made by viscous
stresses is negligible if, as is likely, the effective coefficient of kinematic viscosity of the
core is significantly Iess than about 10°m?2s-!, electromagnetic coupling might suffice if
the (unknown) electrical conductivity of the lower mantle were sufficiently high.
Gravitational coupling may turn out to be significant as well (sec Jault and 1.c Mouél
1993; Hulot et al. 1995).

The axial component 13(z) of the topographic torque and its manifestation in
decadal LOD variations have been considered in previous studies (e.g. Jault and Le
Mouél 1990; | Jide ef al. 1993). Here we discuss the. equatorial components 1.](t) and /(1)
and their contribution to the decadal polar motion 1 (t) and 772(1), a problem which, as
noted above, has also been studied independently by Hinderer et a. (1987) and Hulot et
al. (1995), with findings in general agreement with those of the present study. If p;isthe
dynamic pressure associated with core motions u =" u; = (g, v, w;) in the free stream just
below the viscous boundary layer at the CMB ( u being the Eulerian flow velocity
relative to a reference frame fixed to the solid Earth) and the CMB is the locus of points
where the distance from the Earth’s centre of massisr = c + h (6, ¢) (c being the mean
radius of the CMB and (6, ¢) the co-latitude and longitude of a general point ), then

2n
Li() =-c? _[0 jo (r X ps Vsh); sin0d0 d¢ (4)
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iflhl<<cand | Viil<<llereV,=c¢ {0319 9, ¢ coscc 09 /9¢), where 0 and ¢ arc unit
vectors in the direction of increasing 0 and ¢ respectively, and r is the vector distance
from the Tiarth’s centre of mass. Because r X Vi (hpy ) is a toroidal vector, with no radia
components, its integral over the whole CMB isequal to zero. This leads to a more useful

expression for 1(?) in the present context (see below), namely

2nn

L= CJI(r X hV,p,); sin O d0d¢ (5a)
00

with components

2n

Pe 4

Li=- c26[ '([ h [sin 0 sin ¢)(705 + cos Ocos ¢>(7;;J dode, (5b)
2nn . 8]
Ly = (:26[ '(‘; h [sin 0 cos ¢fgg --cos Osin ¢»8;;]a'0dq‘) , (SC)
2n . ()p
Ly = c2f h lrsin 0***5] dod¢ . (s(h)
0 9

Given h(6,¢) and determinations of p,(0,¢,7) on the CMB, L (#) could be

calculated directly using either Eq. (4) or Eq. (5). However, as in the case of the Earth’s
core and in other situations where p;isnot known from direct measurements but other
information is available, such as u,(0, ¢, 1), it is till possible to estimate L,(#) by using the
equations of fluid dynamics to relate the horizontal pressure gradient to “observable”
guantities, Owing to the Earth’s rotation, Coriolis for ces exert a strong influence on core
flow (Elsasser 1939; Frenkel 1945; Inglis 1955). They should be in close “geostrophic”
balance with horizontal pressure gradients nearly everywhere within those regions of the

core where Lorentz forces, which produce the strongest “agcostrophic” effects (Hide
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1956), arc comparatively weak, and in “magnctostrophic” balance in any regions where
Lorentz forces arc comparable in magnitude with Coriolis forces. Now the magnetic field
in the core can be decomposed into “toroidal” and “polo oidal” parts (Flsasser 1947; cf. Liq.
(12) below), where the former has no radia component and may exceed the latter in
magnitude by as much as a factor of about ten and give rise to magnetospheric flow
throughout most of the liquid core—the “torosphere” (see Hide 1995)-—but not in the
outer reaches of the core--- -the “polosphere”- -where by definition the toroidal magnetic
field is no stronger than the poloidal field (see l.e Mougl1984; Hide 1995). With an error
of no more than about 10-"2, polospheric flow can be assumed geostrophic nearly

cverywhere, satisfying the equation
2ps£2 cos0 [-wy, V,] = - ¢ Hdps/d0, cosec 0 dp/IP). (6)
Here (vg, wy), the (0, ¢) components of ug, are typically much greater in magnitude than

us, the r-component of u;. It follows from Egs. (5) and (6) that on the time scales of

interest here, over which 1 may change significantly but h dots not,

2n
L1 (D), Lo()] = 2p, Q2 c3 | 1}/1(9, O)1(60,0.0),12(0,4,0] sin0cos@dO dg (7a)
00
where
V1.2 = [vs cos0 cosg - wy sing, v cosO sing + wg cosg) (7b)

(Hide 1989, 1995; Jault and L.e Mouél1989; Voorhics 1991).
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The basic theoretical relationships needed here are give.n by Egs. (3-7). The
integral on the right-hand side of Eq. (7a) involves the CMB topography #(6, ¢). The ¢-
independent mean cquatorial bulge 70(0) (say) of the CMB corresponds to a 9.5+ 0.1 km
difference between the equatorial and polar 1 adii of the CMB (sec Denis and Ibrahim
1981; Gwinn et al. 1986; Herring er al. 1991; cf. Moritz and Mueller 1987). If this is
substantially larger than the typical vertical amplitude of irregular topographic features of
the CMB (and there is evidence that this might be so from the study of decadal variations
in the length of day, involving the evaluation of Lz(7),scc Jault and L.e Mouél (1990);
Hide et al. (1993)), then to a good first approximation we can replace k(6, ¢) in Eq. (7) by
ho(6) (see Egs. (17) and (18) below). The other quantity needed in the evaluation of L;(f)
iseither the field of dynamical pressure p,(6, ¢,1) (sec Egs. (4) and (5) and Appendix B
below) or the field of horizontal flow (v(6, ¢, 1), ws(0, ¢, 1)), which is related to p;
through Eq. (6). Geomagnetic secular variation data have been used by various workers
to infer (vs, ws) by a method that invokes geostrophic balance in combination with the
equations of electrodynamics appropriate to the case when the mantle can be treated as a
perfect electrical insulator of uniform magnetic pern ieability and the core as a perfect

conductor, as wc shall now discuss.

VELOCITY AND PRESSURE FIELDS IN THE CORE

Denote by B(r, 6, ¢, 1) the value of the main geomagnetic field at a general point (r, 0, ¢)
at time 1, and by B = 9B/t the geomagnetic secular variation (GSV). Determinations of B
made at and near the Earth’'s surface at various epochs can be used to infer ug, the
Eulerian flow velocity just below the CMB (for refcrences scc Bloxham and Jackson
199 1; Hulot et al. 1992). In turn, estimates of the associated horizontal pressure gradient
¢l (dps/d0, cosec 0 dpg/dP) there can be deduced by using Eq. (6). The first of the three
reasonable kcy assumptions that underlie the mcthod used is that the electrica

conductivity of the mantle and magnetic permeability gradients there arc negligibly
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small, so that B can be written as the gradient of a potential V satisfying l.aplace’s
cquation V2V = O, Thisfacilitates the downwar d extrapolation of the observed field at and
near the Earth’s surface in order to obtain B and B at the CMB (sce e.g. Jacobs 1987—
199 1). The second assumption concerns the time scales of the GSV and the electrical
conductivity of the core. Dynamo theory requires high but not perfect electrical
conductivity, for it is impossible to change the magnetic flux linkage of a perfect
conductor (Bondi and Gold 1950), in accordance with Alfvén’s “frozen flux” theorem.
But when dealing with fluctuations in B on time scales very much less than that of the
ohmic decay of magnetic fields in the core (which is several thousand years for global-

scale features), Al fvén’s “frozen flux” theorem, in our notation

OB/t =V x(uxB), (8)

should provide a good leading approximation, implying that the lines of magnetic force
emerging from the core arc advected by the horizontal flow (v, wy) just below the CMB
(Roberts and Scott 1965; Backus 1968). Accordingly if B=(B,, Bg, By) then B, at the
CMB satisfies

OB, v, 0B,  w, OB, BP‘-‘-]
o ¢ 00 csin@dp  lorl..

The last equation alone does not permit the. unique determination of u g from
knowledge of B andB at the CMB, so a third physically plausible assumption is nccdcd.
Effective uniqueness can be secured by making use of the assumption expressed by Eq.

(6) above, namely that to first approximation, polospheric flow isin geostrophic balance

(hills 1979; I.e Mou¢l 1984; Le Mouél et al. 1985; Backus and Lc Mouél 1986; Gire and

10
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1. Mouél1990; sce also Bloxham and Jackson 1991; Hulot er al. 992).This gives the

additional cquation

cose[f)—’f-J fSn0, (I0)
orl,.. ¢

which is obtained by eliminating p, from Eq. (6) and using the mass continuity equation
Veu=0 (1)
for flow in an effectively incompressible fluid.

Various groups of geomagnetic workers have lu-educed maps of (vs, wy) based on
this (and other) assumptions and investigated the errors and uncertaintics encountered in
practice (Bloxham and Jackson 1991; Huloter a. 1992). Ficlds of B, and B, at r=c
deduced by Jackson (1989) for epochs going back to the year 1840 AD provided the basic
B and B input data for the present study. These were used to produce hypothetical
“gecostrophic” flow fields u; constructed using spherical harmonic expansions (scec Eqs.
(1 6--20) below) up to degrec and order 14, which account for more than 90% of the

observed GSV (Jackson 1989).

TORQUE ON THE EQUATORIAL BULGE
For an cffectively incompressible fluid the Eulerian flow ficld uis solenoidal, in virtue of
Eq. (11), and can thercfore be decomposed into a toroidal part (with no radial component)

and apoloidal part as follows:
u=tp+up=Vx(T)+ VXV X(PF) (12)

where 7 is a unit vector in the direction of increasi ng r (cf. Eq. (4)). If (u, v, w) arc the (r,

0, ¢) components of u, then

11
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~1{ 1 9 or’ 1ot
L JEE SN LS IR ST § 138
! 2 {sinO 20 (sm a0 ] sin2 0 ¢’ } (133

vyt AT, 105 (13b)
rsm08¢ T

woolo L S (13c)
ro 00 rsin O d¢

where S* =0dP*or. If u=u; = (uy, vs, wy) in the free st1 earn just below the CM 13 where,
for the purpose of this part of the calculation (but see 1lidc 1995, Y. (4.5)), u, can be set

egual to zero and r equal to c, the mean radius of the (:MB (cf. Eq. (4)), and T* = T and

S* =Sonr = ¢, then wc have

Ve=_. G (14a)
wy=—- - : (14b)

By the geostrophic relationship Eq. (6)

()1 Js _ (}aT cosf ()5
T = 2 Q 0 s —\ZpP3¥2) |-. LCOS  .—=—- T =-===--2 15a
0 (2pL2ccost)ws = (2pL) [-. Cos 00 -gm() 2 1 (153
’ s
(;‘I;-;- =- (2p£2c cosOsinf) vy = (2 ﬁQ)[- cos 6 % -- cosO sin()aF] : (15b)

from which it follows that 7 and S satisfy:

12
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ar ‘ J28 cos 0 J2S
sin 0-_ = (cos20-- sin20) & 1co8 0sin 0 - o0 (15¢)
o 0

J? sn 0 I

The scalar quantities 7(6, ¢, 1) and S(O, ¢, t) and the topography £(6, ¢) can be

expressed as spherical harmonic expansions:

o n

q= r12=:Ozn:1: O nom cos MG + Q nm sin MP) P (cost) (16)
where
(@ nsm sGrm ) = (TnSn ’[,,,Sm) whenq 7, 17
(qnm 9 )= (S pm 1 S o ) when =35, (18)
(q n,cm » q n,sm )=(h n,cm , h n,sm ) when g=h. (19)

| Iere P, ,, (cosB) arc the associated 1.cgendre polynoinials of degree n and order m with

the Schmidt semi-normalization

[P, (c0SO)P,., (cos0)sin 6 dB =2(2 8,38, /(2n+ 1) (20)
where §,,-= 1when n=n"and§,,- = Owhennn" (See Appendix B for adiscussion

of the spherical harmonic expansi on of the pressure field p; in terms of the coefficients of

the expansions of 7"and S.)

In the case when the equatorial bulge is the solc topographic feature of the CMB

to be considered, we have h(8, ¢) = ho(6) where

13
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ho(0)=h35 P o(cos 0)=h 5(; -.12—(3 cos?— 1)] (21)
)2

This gives 345,/ 2 for the difference between the equatorial and polar radii (9.5 + 0.1

km, scc above), so that

By =—(6.310.1)x10*m. (22)

The general expressions for (L, 1;) obtained when Eq. (7) are combined with
Egs. (12-16) arc quite complicated and will not be written down here (but see Appendix
B). When (0, ¢) = h0(0) given by Eq. (21 ), the expressions simplify to the following:

. (7243
(Ll,I,z):»—21:;)'.(2(:211g)()t~-3—s-~(92,1f.s2,l's )+ 25 (s hsi ) @3)

The polar motion due the action of geostrophic pressure forces acting on the equatorial

bulge in the CMB in the case when the mantle is perfectly rigid could be derived by

combining this equation with the equation obtained by setting (1y,/-2) = (L; , L") in Kqg.
(3). Alternatively, we can compare the time series of (L, (1), 1, (1)) as given by Eq. (23)

with those of (L} (1), I; (t)) implied by the observed polar motion through Eq. (3).

The results arc shown in Figures 2 and 3, where in evaluating n:;(f)and m2(f) we have

taken:

— Figure 3 near here

p=099x10%kg m3, Q= 7.29x 105 rad s,

¢ =348 X 106111, ¢tm~ gtm =2.63 X 1035 kg m?

14
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(sce e.g. Stacey  992; Eubanks 1993), so that

v}
27p 2c2h 20 = --3.48 X 1017 kg 5! anct Q7 (™ - A‘;’l’ =8.12 X 1028 kg 1252

arc the numerical values of these factors in Eqs. (23) and (3) respectively.

DISCUSSION AND CONCLUDING REMARKS

The axial component L3(#) of the net torque 7. (¢) on the mantle duc to the action
on topographic features h(0, ¢) of the CMB of normal (pressure) stresses associated with
core motions could, as shown in previous work, make a significant and possibly dominant
contribution to observed decadal LOD fluctuations, even with longitudinal variationsin h
that arc no bigger than 1 km in vertical amplitude and possibly even dlightly less (Hide
1969; Jault and Lc Moue] 1990; Hide er al. 1993). The equatorial bulge of about 10 km is
likely to be the main topographic feature involved in producing the equatorial component
L(t) of L,(#), and it is not surprising therefore, as the calculations presented in this paper
show (sce Figure 2 and Hidc et a., 1993), that IL(f)! typically exceeds lL3(9)| by alarge
factor. | Iowever, it is clear from Figure 2 that 1.(z) is about 5 times smaller in magnitude
than the equatorial torque L (1) inferred from the observed polar motion, Further analysis
reveals that the series are uncorrelated as well.

In our study, the equatorial bulge is taken (for simplicity) to be the sole
topographic CMB feature, and the resulting expression for the equatorial torgue involves
only the second and fourth degree spherical harmonic coefficients of the velocity field
(see Eq. 23). The second degree harmonic clearly dominates (Figure 3) with little
cancellation between these terms, so it is unlikely that uncertainties in the velocity fields
used could account for the discrepancy. Our general findings concerning the inadequacy
of topographic coupling in the excitation of decadal polar motions agree qualitatively

with those of the abovementioned work by Hulot et al. (1995), where effects duc to

15
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irrecgular latitude-dependent topography, gravitational torques associated with the
nonspherical shape of the CMB, and changes in the inertia tensor of the solid Earth
produced by fluctuating horizontal pressure variations in the upper rc.aches of the core are
also taken into account. The fluctuating electromagnetic torque on the mantle associated
with core motions (see above) could, of course, bc stronger than the topographic torque,
but only under extreme assumptions concerning the (unknown) distribution and
magnitude of the electrical conductivity of the lower mantle and of the toroidal part of the
geomagnetic field just below the core mantle boundary.

It is an old suggestion that the movement of air and water at and near the Earth’s
surface on relevant time scales are involved in the excitation of DPM (see Wilson 1993),
but quantitative studies are hard to make. The spectral characteristics of water movement
arc similar to that of DPM, red, and increasing sharply at decadal periods, whereas the air
mass excitation spectrum is flat or white (Kuchne and Wilson 1991). DPM observat ions
imply an excitation showing linear polarization along the direction that would result from
a uniform rise or fall of sea level, implying forcing is due, at least in part, to the re-
distribution of water mass (Wilson 1993). It will benecessary in future work, as better
data become available, to re-investigate all possible excitation mechanisms, for it seems
that the decadal polar motion is most likely caused by a variety of geophysical processes
with the topographic torque induced by the equatorial bulge producing a significant but

not a dominant contribution.

APPENDIX A: OBSERVATIONS OF POI.AR MOTION

Studies of decadal variations in polar motion (sec Figure 1) rely heavily upon daily
observations of the latitude of each of the. five stations of the International Latitude
Service (11.S) obtained by the technique of optical astrometry (see e.g. Yumi and
Y okoyama 1980). Determinations of polar motion (m(2), M2(1)) (sce Eq. (2)) from

monthly averages of these observations span the 80 years period 1899— 1979. Analyses of

16
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this 11.S polar motion time series show clear cvidence of variability on decadal time
scales (e.g. Wilson and Vicente 1980; Dickman 1981). But the reality of this variability
has been called into question out of concern about contaminating effects of possible
systematic errors occurring at individual stations (see e.g. Eubanks 1993). In particular,
Zhao and Dong (1988) noticed that when observations from the Ukiah 11.S station arc not
used, the recovered DPM variations, although still present with about the same amplitude,
arc not as regular as when the polar motion is determined from all available observations.
From this, they concluded that the apparent regularity of the decadal polar motion
variations (i.e., the so-called 30-year Markowitz wobble) is an artifact of systematic
errors in the Ukiah observations. We emphasize here that the study of Zhao and Dong
(1988), athough widely cited as concluding that the 1>5PM variations are not real, in fact
only questions the regularity of the observed variations, not their presence.

Gross (1982, 1990), recognizing the corrupting influence of systematic errors,
developed a technique in which polar motion is recovered from the ILS variation of
latitude observations by simultaneously solving for station-dependent systematic errors,
leaving the polar mot ion parameters free of such effects. The dccadal variations evident
in the polar motion series he obtained by this technique arc nearly identical to that
exhibited in the 11.S series, leading him to conclude that these variations arc real and not
an artifact of systematic errorsin the observations,

$pacc-geodetic determinations of polar motion began with the launch of the
Lagcos | satellite in May, 1976, and now span nearly 20 years. The POLLE93 polar motion
series anal yzed here is a Kalman filter-based combination of the 11.S polar motion serics
(spanning 1899-1 979), the BIH (Bureau International dc 1'1 leure) optical astrometric
series (spanning 1962—1 982), and space-geodetic polar motion measurements made by
the techniques of SI.R (satellite laser ranging) (spanning 1976-1 993), VL.BI (very long
baseline interferometry) (spanning 1979--1993), and the GPS (global positioning system)
(spanning 1991-1 993). Since 1982, the polar motion values in PO] .E93 are therefore
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based solely upon modern space-geodetic. measurcments. AS seen in Figures 1 and 2,
there is clear evidence of dccadal-scale variability in the 1'01 193 polar motion series
since 1982. Furthermore, the post-1 983 variability is consistent with similar-scale
variability evident in this series during earlier epochs, thereby giving credence to this
earlier variability.

The POLE93 seriesis used here since it is the most complete polar motion series
currently available. The above discussion and previously cited studies indicate that the
influence of systematic errors on the decadal variability evident in this series may affect

the shape of the variations, but not the amplitude.

APPENDIX B: SPHERICAL HARMONIC EXPANSION OF PRESSURE FIELD

In virtue of the equivalence of Eq. (4) and Eq. (5), which lead to ¥q. (7) for L,(7) in terms
of h(0, ¢y and u, (0, ¢, 1), it is possible to determine L,(t) without going through the stage
of evaluating p (0, ¢, 1) directly (see Hide 1989). But for the sake of completencss and
other reasons it is useful to relate, through Eq. (6), the coefficients in the spherical

harmonic expansions for #,(0, $,?) (see Eq. (14), (17) and (18)) to those of the following

expression for p (6,¢,1):

p(6,0,1)= 2 E(pf,,m(t) cosme@ + p,s,'m(l)sin m(p)l’mm (cos0), B1)
n=0m=0

where the P, ,,(cos O) arc defined by Schmidt normalization given by Eq. (20). The

S C

coefficients p 5 and p . can be expressed in terms of the spherical harmonic

coefficients of #5(0,9,1) as follows (see Eq. (17) and (18), cf. Girt and L.e Mouél, 1990):

pn?m :—2ﬁ Q [,C(w) s 4 ClO s 4 s

nm “n-2,m n,m Y n,m n,m ° n+2,m]

B2)
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/n m 2p QI([E H)] Ssn~2,m me “lslm (1(1?. 'rcium J (BB)

when 111>0, and
P& = MQPQ [n : nC].O * 2],,‘+’§ nCH,o_l’ (B4)
the cocfficients s &, s°¢ = ¢ % | being equal to zero when

n<m and m> 0,incquations (B2) and (33)

c© = (= Dn-2)[(n-m)(n+m)(n- 1")]?2)]&]]__13} A-m)] 12,

nm™ m(2n--1"— (BS)
(). n+ 1) [+ 1- m)(n+l+m) , Q?f’?l)(’?,’,“n} , 6
o m(2n4 1) (2n+3) (2n--1) (B6)
and

@) (n42)(+3)[(n+ 1= m)(n+ Hm)(n42- m)(n+2+1m)]!/2 5
nm m(2n43)(2n+5) B7)

interms of the coefficients of pressure field, the torque acting on the main bulge at

the CMB can be expressed as follows:

431 ,
U/h’fﬁ**;“‘r Iy o(=p51,051) (B8)
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(sce Hinderer et al. 1990). It is readily demonstrated using 1iq. (132) and (B3) that Eq.
(B8)is consistent with the expression for the torque in terms of the velocity field given
by Eqg. (23). Taking h20 as - 2ca,/3, where o denotes the cllipticity at CMB, our Eq. (38)

isidentical to the formula (22b) of Hulot et al. (1995).
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LEGENDS ¥OR DIAGRAMS

Figure 1. Timescries (solid lines) of the observed fluctuations in the Earth’s rotation
vector & = QU1 (1), My(r), 1+ Ma()] (see Eq. (1) and Appendix A). The top panel shows
the x-component of polar motion, Al(t), defined to be positive toward the Greenwich
meridian, the middle panel shows the y-component of polar motion, #:2(1), defined to be
positive toward 90° E longitude, and the bottom pane] shows changes in the length-of-
day ﬁ(t) which is related to mi3(7) by ﬁ(z) = —A, M3(f) where A, is the nominal length-of-
day of 86400s. The dashed lines show the decadal variations obtained by applying a low

pass filter (cutoff period = 10 years) to the observed series (see aso Figure 2).
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Figure 2. Timescrics of the components (1;(1),1,;(0,1;(1)) of the equivalent torques
implied by decadal components of ¢ (1), M2(0, 1 + #(1) of (hy (1), M2(D), 1 -t (1)) for
a perfectly-rigid mantle (see Eqs. (2) and (3) and Hide (1989)). Also given (clashed lines)
arc the estimated time series of the contribution made. to (1 (t), my(£)) by the equatorial
torque (L, (1), 1,(1)) (scc Eq. (23) due to the action on the equatorial bulge of the CMB of
normal pressure forces associated with core motions in the case of a perfectly-rigid

mangle (sec Figure 3). A low pass filter with a cutoff period of 10 years has been applied

to all time series.

Figure 3.Timeseries of the components L () and Z2(f) of the topographic torque
produced by the action on the equatorial bulge of the CMB of normal pressure forces
associated with core motions in the case of a perfectly rigid mantle (see Eq. (23)). Of the
terms in the full spherical harmonic expansion of the pressure ficld (see Appendix B),
only those corresponding to terms of degree n =2 andn = 4 in the poloidal part of the
associated velocity field make non-zero contributions to (I1 (1), L2(1)), namely (1.4(1;n =
2), 12(tin = 2) and (Ly(1; n = 4), L2(t; n = 4), indicated in the. diagram by clashed and
dotted lines respectively. A low pass filter with a cutoff period of 10 years has been

applied to all time series.

(End of the main text plus legends, diagramsii.e., Figures 1, 2 and 3, given on next three

pages.)
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