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Time-average and time-dependent parts of core flow
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Abstract

We infer fluid motions below the core–mantle boundary by inverting geomagnetic secular variation data over a 150 years, assuming
helical-geostrophic flow. We obtain snapshot images of core flow at 5-year intervals, which we combine to give time-average and
time-dependent parts of the motion over this time interval. The most prominent time-average flow structure is a large anti-cyclonic
vortex in the southern hemisphere beneath the Atlantic and Indian Oceans. The time-average zonal core flow outside the inner core
tangent cylinder is significantly westward in the southern hemisphere but nearly zero in the northern hemisphere. Westward polar
vortices occur inside the tangent cylinder in both hemispheres, particularly in the north. In terms of mantle versus core origins, mantle
driving appears to be responsible for the mid-latitude asymmetry in the zonal core flow, whereas core driving appears to be responsible
for the flow at high latitudes. We also compare changes in the core’s angular momentum calculated from our time-dependent core flow
with changes in the mantle’s angular momentum derived from decade-scale length-of-day variations and find adequate agreement.
A fit of our time-dependent core flow to a torsional oscillations model yields dominant periods of 110 and 53 years.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Core flow; Geomagnetic secular variation; Thermal wind; Mantle tomography; Geodynamo; Length-of-day variations; Torsional oscil-

lations

1. Introduction

The Earth’s magnetic field is generated by fluid flow
in the Earth’s metallic liquid outer core. This process, the
geodynamo, has been studied using various approaches,
including inversions of the geomagnetic secular vari-
ation, self-consistent numerical dynamos, lab experi-
ments, paleomagnetic observations and core thermal his-
tory. In this paper we use the historical geomagnetic sec-
ular variation to image the core flow over a 150 years.
We separate the time-average and time-dependent parts
of the core flow derived this way. We compare the time-
average flow with models of core flow driven by lateral
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density gradients originating in the core and in the man-
tle. Then we compare the time-dependent part of the flow
with observed length-of-day variations, and fit these fluc-
tuations to a model of torsional oscillations in the outer
core.

The outline of the paper is as follows. In Section 2,
we describe our method of finding core flow just be-
low the core–mantle boundary from geomagnetic sec-
ular variation data. In Section 3, we present the results
of our inversions using historical secular variation data.
In Section 4, we apply a thermal wind interpretation to
the time-average core flow using mantle tomography and
numerical dynamos. In Section 5, we use observations
of length-of-day variations to test the time-dependent
part of our solutions, and we fit a torsional oscillations
model to this time-dependency. Our main findings are
summarized in Section 6.

0031-9201/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.pepi.2005.10.006
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2. Core flow inversion

The geomagnetic secular variation has been used to
map fluid motion in the outer core, providing images of
the geodynamo just below its outer surface. Early anal-
ysis of the secular variation inferred that the main core
flow is uniform 0.2◦/year westward zonal drift (Bullard
et al., 1950). More recent analysis of secular variation
using the magnetic induction equation in the perfect con-
ducting, frozen flux limit (Roberts and Scott, 1965) have
shown that this simple model is inadequate. It is now
known that the zonal core flow varies with latitude and
is time-dependent. In addition, core flow includes signifi-
cant north–south toroidal and poloidal components (Gire
et al., 1986; Voorhies, 1986; Jault et al., 1988; Bloxham,
1989; Gire and LeMouël, 1990; Bloxham and Jackson,
1991; Jackson and Bloxham, 1991; Jackson et al., 1993;
Jackson, 1997; Pais and Hulot, 2000; Hulot et al., 2002;
Amit and Olson, 2004).

Separate interpretations have been applied to the
time-average and the time-dependent parts of the flow.
The time-average part of the core flow has been pro-
posed to be a result of mantle heterogeneity (thermal,
compositional or topographic) affecting core dynamics
(Glatzmaier et al., 1999; Olson and Christensen, 2002;
Christensen and Olson, 2003). The time-dependent part
has been linked to angular momentum exchange be-
tween the core and the mantle and length-of-day vari-
ations (Jault et al., 1988; Jackson et al., 1993). The time-
dependent core flow has been modeled as torsional os-
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frozen flux hypothesis is assumed valid because the mag-
netic diffusion time-scale, τλ = L2/λ ∼ 30, 000 year, is
much longer than the advection time-scale, τu = L/U ∼
60 year, where L, U and λ are the typical length-scale,
velocity and magnetic diffusivity for the Earth’s core.

The radial component of the frozen flux magnetic in-
duction equation just below the core–mantle boundary
is
∂Br

∂t
+ �uh · ∇Br + Br∇h · �uh = 0 (1)

where Br is the radial component of the magnetic field,
t the time and �uh is the fluid velocity tangent to the
spherical core–mantle boundary. Maps of Br and its time
derivative ∂Br/∂t at the core–mantle boundary allow for
inversion of the tangential fluid velocity �uh using (1).

The tangential velocity can be decomposed into a
toroidal (non-divergent) component expressed in terms
of a streamfunction � and a poloidal (divergent) compo-
nent expressed in terms of a scalar potential � as follows:

�uh = �utor + �upol = ∇ × �r̂ + ∇h� (2)

where r̂ is a unit radial vector and ∇h = ∇ − r̂∂/∂r in a
spherical coordinate system (r, θ, φ). Substitution of (2)
into (1) gives
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h� = 0
illations in the outer core (Zatman and Bloxham, 1997;
loxham et al., 2002).

We wish to stress the conceptual difference between
ime-average core flow as derived in this paper and pre-
ious steady core flow models. We invert for the core
ow at each separate epoch, and then calculate the time-
verage of the resulting flows. This procedure differs
rom often-used inversion methods which incorporate
teady flow (Gubbins, 1982; Voorhies, 1986; Bloxham,
992) or a steady flow in an azimuthally drifting ref-
rence frame (Voorhies and Backus, 1985; Holme and

haler, 2001) as a-priori constraints.

.1. Inversion method

Fluid motion just below the core–mantle boundary
an be inferred from geomagnetic secular variation by
ssuming the magnetic field acts like a tracer in the fluid.
ike previous studies of core flow, we assume frozen
agnetic flux, in which the diffusion of magnetic field

s neglected in comparison with the advection of mag-
etic field by the flow (Roberts and Scott, 1965). The
(3)

where ∇2
h = ∇2 − 1

r2
∂
∂r

(
r2 ∂

∂r

)
and R is the core radius.

Amit and Olson (2004) proposed an expression for
the tangential divergence of velocity that incorporates
the previously used tangential geostrophy assumption
(LeMouël, 1984; Gire and LeMouël, 1990; Jackson,
1997; Hulot et al., 2002) and a helical flow assumption,

∇h · �uh = ∓kζ + c
tan θ

R
uθ (4)

The first term on the right hand side of (4) is helical
flow. It assumes that the tangential divergence is corre-
lated with the radial vorticity ζ, the minus sign for the
northern hemisphere and the plus sign for the southern
hemisphere. For c = 1 the second term on the right hand
side of (4) is tangential geostrophy. Substitution of (2)
into (4) yields

∇2
h� = ∓k∇2

h� + c
tan θ

R2

(
1

sin θ

∂�

∂φ
+ ∂�

∂θ

)
(5)

The non-dimensional parameter k is unknown in the
core. Simple analytical models of rotational flows and
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results from numerical dynamos suggest that 0.5 > k >

0.05 (Amit and Olson, 2004).
We solve (3) and (5) simultaneously in an iterative

way to obtain the potentials � and � over the core–
mantle boundary. We use a second order, central finite
difference method on a regular 5◦ × 5◦ spherical grid
with radius R. We examine core flows for several values
of the parameter k, with (c = 1) and without (c = 0)
tangential geostrophy.

In cases that include tangential geostrophy, Eq. (5)
is singular at the equator, and special treatment is re-
quired there. The tangential geostrophy assumption is
problematic at the equator because it yields infinite up-
welling for finite meridional velocity there. Our equa-
torial treatment is an attempt to deal locally with this
problem. First, we calculate the θ-derivatives of � at
the equator by assuming that the equator is a stream-
line, and the θ-derivatives of � at the equator by as-
suming that the equator is a mirror for �. Second, we
replace the tan θ term in (5) by the function f (θ) =
−2 sin(2(θ − π/2)) exp(−(θ − π/2)2) which is a good
approximation for mid and high latitudes, but is finite
and continuous at the equator. With this equatorial treat-
ment, (5) becomes

∇2
h� = ∓k∇2

h� + c
f (θ)

R2

(
1

sin θ

∂�

∂φ
+ ∂�

∂θ

)
(6)

These approximations result in a globally balanced
upwelling distribution, as opposed to concentrated up-
welling features at the equatorial region found in many

in the past, such as pure toroidal flow (Whaler, 1980),
steady flow (Voorhies, 1986) and tangential geostro-
phy (LeMouël, 1984). Those assumptions reduce but
do not remove non-uniqueness from the inverse prob-
lem. This non-uniqueness is of great concern; there is
some “invisible” component to the flow which does not
generate secular variation of its own (Backus, 1968;
Backus and LeMouël, 1986). In tangential geostrophy
the non-uniqueness is confined to ambiguous patches,
and is therefore more restricted than in pure toroidal
flow (Chulliat and Hulot, 2000), but still the problem
remains. Core flow models which assumed steady flow
are advantageous for their simplicity and were found
compatible with the gross secular variation, but could
not resolve adequately the fine scale or abrupt secular
variation (Bloxham, 1992; Holme and Whaler, 2001).
Finally, different numerical techniques and regulariza-
tion conditions may affect the resulted core flows as well.
Cautious interpretation of the results is necessary in view
of these uncertainties. Even so, the remaining uncertain-
ties raise the question whether the inverted core flows
give an accurate picture of the actual core flow, in terms
of pattern and magnitude. The present study is subject
to all of the above limitations, except one. In our method
non-uniqueness is removed from the inverse problem by
adding helical flow (Amit and Olson, 2004).

3. Core flows between 1840 and 1990

We solve (3) and (5) for the core flow using the time-

previous core flow solutions. This treatment corresponds
to a non-geostrophic belt near the equator which is plau-
sible because the Coriolis force vanishes there. Previous
studies have postulated the existence of such a belt and
discussed its possible width and geometry (Backus and
LeMouël, 1986; Chulliat and Hulot, 2000; Pais et al.,
2004).

2.2. Limitations of core flow inversions

Core flow inversions from geomagnetic secular vari-
ation data suffer from several limitations, leading to un-
certainties in inferred core flows. First, the secular vari-
ation data is truncated at spherical harmonic degree 12–
14 to remove the effect of crustal magnetization. This
truncation might remove a significant core signal, and
its influence on the inverted flows is unknown. Sec-
ond, most studies assume frozen flux, so the unmod-
eled effects of magnetic diffusion are sources of errors
in inverted flows. Third, the physical assumption for
the tangential divergence of the core flow is rather ad
hoc. A variety of physical assumptions have been used
dependent model of Jackson et al. (2000) for the ra-
dial component of the magnetic field on the core–mantle
boundary Br(θ, φ, t) truncated at spherical harmonic de-
gree 14. This field model was constructed by fitting the
magnetic observatory annual means and Magsat satellite
data using spherical harmonics for spatial representation
and cubic B-splines for the temporal representation. We
concentrate on the time interval 1840–1990, in which full
magnetic field data including intensity is available. We
obtain core flow snapshots at 5-year intervals between
1840 and 1990. Fig. 1 shows examples of the geomag-
netic data used in this study.

Fig. 2 shows core flows for epochs 1840, 1890, 1940
and 1990. Several flow structures are persistent in these
snapshots. First, a large anti-cyclonic vortex at mid and
high latitudes of the southern hemisphere is centered be-
neath the southern Atlantic Ocean. This structure cov-
ers most of the southern hemisphere, extending between
150W and 120E and from near 30S to the South Pole.
Second, an intense jet is located beneath mid-latitudes
of the Indian and Atlantic Oceans in the southern hemi-
sphere, and forms the northern limb of the vortex. During
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Fig. 1. Radial magnetic field and secular variation on the core–mantle boundary at 1840, 1890, 1940 and 1990 from core field model of Jackson et
al. (2000). Grey scale represents absolute values, solid lines are positive, dotted lines are negative.

most epochs its peak intensity is found beneath southern
Africa (Fig. 2). Third, an anti-cyclonic vortex is cen-
tered beneath the east coast of North America (Fig. 2).
In 1890 and 1990 this vortex is anti-cyclonic (Fig. 2b
and d), whereas in 1840 cyclonic (Fig. 2a). A cyclonic
vortex beneath Euro-Asia drifts from beneath India in

1840 and 1890 (Fig. 2a and b) to beneath the Middle
East in 1940 and 1990 (Fig. 2c and d). The positions,
shapes and intensities of these vortices vary with time.

Table 1 summarizes the magnitudes of the core flows
in the snapshot images. Rms core velocities range be-
tween 8 and 15 km/year, with peak velocities rang-
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Fig. 2. Core flow below the core–mantle boundary for the years 1840 (a), 1890 (b), 1940 (c) and 1990 (d). Contours are streamlines of the toroidal
flow; grey scale represents absolute upwelling value with + and − signs indicating upwelling and downwelling, respectively.

ing between 37 and 154 km/year. For typical length-
scale of L = 1000 km and magnetic diffusivity of λ =
1 m2/s, these rms velocities correspond to a magnetic
Reynolds number range of Rm = 250–480. Toroidal
motions dominate over poloidal motions. For example,
the ratio of rms zonal azimuthal transport (due to toroidal
motions only) to rms zonal meridional transport (due to
poloidal motions only) varies between 2.5 and 7 over the
study period.

Some of the core flow structures in Fig. 2 have
been seen in previous studies. The westward jet below
southern Africa is present in several previous core flow
maps (Bloxham, 1989; Gire and LeMouël, 1990). The
large southern hemisphere vortex was found by Jackson
et al. (1993). Some important differences between our
core flows and previous studies are worth noting. First,
our core flows contain a significant amount of field-
aligned motion, i.e. motion parallel to Br-contours. This
flow component does not generate secular variation by
toroidal advection, but it is coupled to upwelling and
downwelling which disperse and concentrate the mag-
netic field, respectively. The rms ratio between the field-
aligned component of the flow to the component of
the flow perpendicular to Br-contours is ∼ 1.4. Field-
aligned flow was previously suggested from numerical
dynamos and magnetic field observations. Olson et al.
(1999) found that vortices coincide with intense mag-
netic flux bundles in 3D self-consistent numerical dy-

namos, i.e. the flow there is field-aligned. Jackson (2003)
noticed the existence of matching pairs of intense mag-
netic flux with opposite signs on different sides of the
equator in magnetic field models obtained from Magsat
(1980) and Oersted (2000) satellites. He postulated that
those pairs are evidence for columnar flow. According to
this interpretation, that flow at the regions of those flux
bundles is parallel to Br-contours. Second, the relation-
ship between toroidal and poloidal motions is different in
our solutions compared to previous solutions. In places
where tangential geostrophy dominates, upwelling coin-
cides with equatorward motion and downwelling coin-
cides with poleward motion. However, in places where
helical flow dominates, upwelling coincides with anti-
cyclonic motion and downwelling coincides with cy-
clonic motion.

4. Time-average core flow

Fig. 3a shows the time-average core flow map for the
period 1840–1990 constructed by averaging the poten-
tials � and � over the 31 epochs. The main features
in the time-average core flow include the same struc-
tures noted in the snapshots: a large anti-cyclonic vortex
centered near [30E,70S] in the southern hemisphere, an
anti-cyclonic vortex below North America centered near
[70W,45N], and a westward jet below the mid-latitudes
of the southern hemisphere with peak intensity below
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Table 1
Core flow statistics

Epoch �uh 〈uφ〉 〈uθ〉 ∇h · �uh

max rms max rms max rms range rms

1840 37.15 8.52 10.80 4.09 1.89 0.80 −0.13, 0.15 0.060
1845 39.50 8.00 9.62 3.59 1.80 0.73 −0.12, 0.15 0.056
1850 55.15 8.99 10.21 4.01 2.07 0.71 −0.12, 0.18 0.061
1855 60.77 9.07 9.52 3.69 1.96 0.70 −0.10, 0.18 0.059
1860 66.94 9.35 9.76 3.37 1.79 0.80 −0.07, 0.18 0.055
1865 83.73 10.12 9.97 3.95 1.72 0.92 −0.06, 0.19 0.056
1870 92.03 10.29 9.85 3.99 1.67 0.95 −0.05, 0.19 0.056
1875 84.90 10.18 9.40 3.71 1.67 0.97 −0.07, 0.18 0.057
1880 80.27 10.18 8.65 3.18 1.69 0.92 −0.09, 0.18 0.061
1885 76.58 10.31 7.86 2.67 1.60 0.90 −0.10, 0.17 0.066
1890 74.40 10.63 8.00 2.25 1.73 0.90 −0.12, 0.19 0.074
1895 78.57 11.46 8.95 2.42 2.05 0.97 −0.12, 0.21 0.083
1900 84.04 11.82 9.40 2.51 2.15 0.96 −0.14, 0.26 0.086
1905 106.80 12.58 9.40 2.89 2.49 0.94 −0.16, 0.25 0.095
1910 125.79 13.61 10.68 3.35 2.82 1.01 −0.16, 0.27 0.098
1915 132.14 14.80 13.00 4.46 3.30 1.11 −0.19, 0.31 0.104
1920 134.11 13.63 13.83 4.66 3.73 1.29 −0.21, 0.32 0.113
1925 118.67 14.09 14.26 5.08 3.93 1.43 −0.23, 0.33 0.118
1930 153.98 13.76 13.80 5.56 4.01 1.53 −0.23, 0.32 0.120
1935 144.39 13.39 12.58 6.48 3.77 1.57 −0.21, 0.28 0.116
1940 120.55 11.90 10.87 6.18 3.04 1.37 −0.17, 0.22 0.096
1945 122.56 11.25 9.66 5.93 2.58 1.30 −0.15, 0.17 0.088
1950 104.43 10.93 8.80 4.93 2.02 1.10 −0.12, 0.13 0.071
1955 86.58 10.26 8.92 4.50 1.54 0.89 −0.08, 0.09 0.054
1960 78.07 10.32 9.33 4.49 1.51 0.87 −0.07, 0.10 0.049
1965 99.84 10.18 9.43 5.07 1.45 0.81 −0.08, 0.12 0.050
1970 109.64 10.19 9.35 5.61 1.55 0.80 −0.09, 0.14 0.066
1975 87.19 10.78 9.20 4.55 2.00 0.95 −0.15, 0.17 0.083
1980 68.35 10.57 9.67 4.53 2.09 0.97 −0.17, 0.17 0.087
1985 82.56 10.64 9.49 3.90 2.32 1.07 −0.18, 0.18 0.095
1990 110.18 11.06 9.01 3.20 2.92 1.26 −0.23, 0.18 0.108

S.D. 17.57 2.01 1.84 0.77 0.43 0.19 0.03,0.04 0.015
Time-average 46.97 8.21 9.84 2.66 2.24 0.92 −0.1, 0.19 0.059

〈〉 Denotes zonal average, rms is areal-average of absolute velocities; standard deviation is with respect to the mean of the epoch values; time-average
velocities are from the average of the potentials � and � at all epochs. Maximum zonal values are outside the tangent cylinder; maximum zonal
azimuthal velocity is westward, maximum zonal meridional velocity is northward; positive divergence is upwelling and negative divergence is
downwelling. All velocities are km/year; divergence is 1/century.

southern Africa. Note that the Atlantic hemisphere is
more active overall than the Pacific hemisphere. The rms
and maximum absolute velocities of the time-average
core flow are smaller than the velocities at individual
snapshots (Table 1), indicating that the time-average core
flow has larger-scale and lower kinetic energy than indi-
vidual snapshots.

Fig. 3b shows the time-average zonal angular velocity
profile for the time interval 1840–1990. Fig. 4 shows the
zonal azimuthal velocity 〈uφ〉 (a), meridional velocity
〈uθ〉 (b) and tangential divergence 〈∇h · �uh〉 (c) for the
same time (where 〈〉 denotes zonal averaging) and the
non-dipolar zonal magnetic flux intensity of the time-
average magnetic field between 1840 and 1990 (d). The

net divergence in the time-average flow as well as in
the individual snapshot flows is practically zero within
the discretization error. As seen in Fig. 3b, the zonal
time-average angular velocity is noticeably asymmet-
ric with respect to the equator. At some latitudes it ex-
ceeds the traditional 0.2◦/year westward drift estimate,
particularly in the southern hemisphere, although its rms
value is only 0.07◦/year. In the northern hemisphere the
time-average zonal core flow is nearly zero. The largest
zonal angular velocities in Fig. 3b are in westward po-
lar vortices. The northern polar vortex reaches an an-
gular velocity of 0.55◦/year, more than 10 times than
the maximal zonal angular velocity at low and mid-
latitudes of the northern hemisphere. The southern po-



126 H. Amit, P. Olson / Physics of the Earth and Planetary Interiors 155 (2006) 120–139

Fig. 3. Time-average core flow for 1840–1990 (a), and time-average
zonal angular velocity for the same time period (b). Contours in (a)
are streamlines of the toroidal flow; grey scale represents absolute
upwelling value with + and − signs indicating upwelling and down-
welling, respectively.

lar vortex reaches only 0.3◦/year, but it still contains
larger angular velocities than elsewhere in the south-
ern hemisphere. We note that equatorially asymmetric
zonal flow outside the tangent cylinder and large sym-
metric westward polar vortices were found previously by
Pais and Hulot (2000) in their time-average zonal core
flow.

Zonal azimuthal velocities 〈uφ〉 are correlated/anti-
correlated with zonal meridional velocities 〈uθ〉 in
the southern/northern hemispheres, respectively, as ex-
pected for helical flow (Fig. 4a and b). Note that in the
northern hemisphere inside the tangent cylinder west-
ward zonal flow correlates with northward zonal flow,
and outside the tangent cylinder weak eastward zonal
flow correlates with weak southward zonal flow. Con-
versely, in the southern hemisphere westward zonal flow
correlates with southward zonal flow. To illustrate this
point, consider a clockwise vortex in the northern hemi-
sphere. According to the helical flow assumption, this
vortex will correlate with upwelling. The northern part
of the vortex includes northward poloidal flow (negative
〈uθ〉) and eastward (positive 〈uφ〉) toroidal flow. Zonal
meridional velocities 〈uθ〉 inside the tangent cylinder are
equatorward (Fig. 4b), as expected from upwelling (pos-

itive 〈∇h · �uh〉 in Fig. 4c) below westward polar vortices
(Figs. 3b and 4a) in helical flow.

The time-average zonal divergence 〈∇h · �uh〉 (Fig. 4c)
is anti-correlated with time-average zonal intensity of
the non-dipolar normal magnetic flux (Fig. 4d). More
specifically, the equatorial intense normal polarity flux
patches discussed by Jackson (2003) in Fig. 4d corre-
late with convergence (negative 〈∇h · �uh〉) at the equa-
tor (Figs. 3a and 4c), and the southern Atlantic mag-
netic field anomaly correlates with mid-latitude diver-
gence (positive 〈∇h · �uh〉) in the southern hemisphere.
These correlations are consistent with frozen flux be-
havior, where magnetic field is concentrated by down-
welling and dispersed by upwelling, and suggest that the
meridional circulation perturbs the time-average mag-
netic field from an axisymmetric dipole pattern.

4.1. Thermal wind in the core

Many authors have proposed that lower mantle het-
erogeneity may control some of the fluid motion in the
outer core (Gubbins and Richards, 1986; Bloxham and
Jackson, 1990; Zhang and Gubbins, 1992; Glatzmaier et
al., 1999; Olson and Christensen, 2002; Christensen and
Olson, 2003). One specific proposal is that large-scale
core flow, especially the zonal azimuthal part of core
flow, is a thermal wind driven by lateral density gra-
dients induced by thermal coupling to the lower mantle
(Bloxham and Jackson, 1990; Zhang and Gubbins, 1992;

Christensen and Olson, 2003). To test this hypothesis, we
analyze the thermal wind equation in spherical coordi-
nates for a thick rotating fluid shell using our core flow
and models of mantle- and core-produced density hetero-
geneity. For simplicity, we ignore the magnetic Lorentz
force.

The vorticity equation for an incompressible, steady,
inviscid, rotating, non-magnetic fluid is given by Ped-
losky (1987),

(2 �
 · ∇)�u = ∇ρ × ∇p

ρ2 (7)

where �
 is the rotation vector, �u the fluid velocity, ρ

the density and p is the pressure. Assuming hydrostatic
pressure,

∇p = −ρgr̂ (8)

where g is the gravitational acceleration, (7) becomes

(2 �
 · ∇)�u = g

ρ
(∇ρ × r̂) (9)
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Fig. 4. Time-average zonal azimuthal velocity (a), meridional velocity (b) and divergence (c) of the core flow and non-dipolar magnetic field intensity
(d), all for 1840–1990.

The azimuthal component of (9) just below the core–
mantle boundary (r = R) is

∂uφ

∂θ
− R cot θ

∂uφ

∂r
= g0

2
ρ0

1

sin θ

∂ρ

∂θ
(10)

where ρ0 and g0 are the density and gravitational accel-
eration at the core–mantle boundary, respectively.

In a thin spherical shell the first term on the left hand
side of (10) is negligible with respect to the second
term, yielding the form of the thermal wind equation
commonly used for the atmosphere and the ocean (e.g.
Holton, 1992; Andrews, 2000). In this approximation
the meridional density gradient balances radial velocity
shear. In the outer core, however, we expect that tangen-
tial and radial length-scales are comparable, and both
terms on the left hand side of (10) should be considered.
The meridional shear ∂uφ/∂θ can be calculated from our
inverted core flow, but we need an independent way to
estimate the radial shear ∂uφ/∂r in the core.

Inversions of the horizontal component of the mag-
netic induction equation using measurements of changes
in the horizontal component of the magnetic field on the
core–mantle boundary suggest that the vertical shear in

the tangential velocity at the top of the core is propor-
tional to the tangential velocity there (Lloyd and Gub-
bins, 1990; Jackson and Bloxham, 1991). This argument
is equivalent to assuming that the surface core flow cor-
relates with deep core flow. Jackson and Bloxham (1991)
have proposed that the length-scale of the vertical shear
is one half the radius of the core, i.e.

∂�uh

∂r
	 2

�uh

R
(11)

Adopting this assumption, (10) becomes

∂

∂θ

(
uφ

sin2 θ
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2
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sin3 θ

∂ρ

∂θ
(12)

It is important to keep in mind that inferrences based
on the inversions of the horizontal magnetic induction
equation are questionable, because the horizontal com-
ponents of the magnetic field across the core–mantle
boundary are discontinuous (Jault and LeMouël, 1991a).
A more robust model for the radial shear of the flow
awaits further theoretical improvements.
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4.2. Thermal coupling with the mantle

Possible mechanisms for core–mantle coupling in-
clude thermal, compositional and topographic (Hide,
1967; Gubbins and Richards, 1986; Bloxham and Gub-
bins, 1987; Loper and Lay, 1995; Schubert et al., 2001).
Simple thermal core–mantle coupling assumes that the
temperature anomalies at the lower mantle are anti-
correlated with the density anomalies at the top of the
core (Bloxham and Gubbins, 1987; Bloxham and Jack-
son, 1990). A second assumption that is often made is
that temperature anomalies are anti-correlated to seismic
shear velocity anomalies in the lower mantle (Forte and
Mitrovica, 2001).

To model thermal coupling with the mantle, we as-
sume density anomalies at the top of the core are propor-
tional to seismic shear velocity anomalies in the lower
mantle as follows:

1

ρ

∂ρ

∂θ

∣∣∣∣
core

= C

vs

∂vs

∂θ

∣∣∣∣
mantle

(13)

Eq. (13) involves several assumptions. First, we as-
sume thermal core–mantle coupling (C > 0), i.e. a posi-
tive mantle seismic velocity anomaly produces a positive
core density anomaly. Second, the relationship between
seismic shear velocity to temperature in the lower man-
tle is currently under debate. For example, a recent study
which separated mantle seismic velocity heterogeneity
into thermal and chemical contributions argues that most
of the buoyancy in the lower mantle is dominated by

Fig. 5. Lower mantle tomography models of LR (a) and MJLB (b), av-
eraged from 2500 km depth to the core–mantle boundary. Grey scale
represents absolute values, solid lines are positive seismic shear ve-
locity anomalies, dotted lines are negative anomalies. Corresponding
zonal averages are shown in (c).

typical wavelength is larger in the MJLB model, and the
magnitude is larger at the LR model. We use these mod-
els to calculate ∂vs/∂θ and its zonal average. Eq. (13) is
then used to connect ∂ρ/∂θ at the top of the core with
∂vs/∂θ at the bottom of the mantle. Using ∂ρ/∂θ at the
top of the core derived this way, we then solve (12) for
the core azimuthal flow uφ driven by the mantle.

4.3. Time-average core flow from numerical
dynamos

In addition to a mantle origin, the time-average flow
shown in Fig. 3 may also have an origin in the core’s own
dynamics. Convection in the core results in large-scale
lateral density gradients, a consequence of the spheri-
cal shell geometry and the constraints of Earth’s rotation
chemical variations, and the temperature heterogeneity
is very different from the seismic velocity heterogeneity
there (Trampert et al., 2004).

Fig. 5a and b show maps of the lower mantle seismic
tomography of Li and Romanowicz (1996), Masters et
al. (1996), hereafter referred to as LR and MJLB, re-
spectively. Both Fig. 5a and b were obtained by depth-
averaging seismic shear velocity anomalies in the lower
mantle from a depth of 2500 km to the core–mantle
boundary. We used here depth-averaging to remove un-
certain model-dependent features and to consider only
the main robust seismological features. The large-scale
features common to both models include: (1) mid-
latitudes of the northern hemisphere are dominated by
positive anomalies, whereas low and mid-latitudes of the
southern hemisphere are dominated by negative anoma-
lies; (2) large negative anomalies below Africa and the
Pacific and (3) large positive anomalies below North
America, central Asia and Antarctica. The two tomogra-
phy models differ in some smaller-scale features, which
are not important here. Fig. 5c shows the zonal profiles
of the seismic shear velocity anomalies. Note that the
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(Olson et al., 1999). A recent study of numerical dy-
namos with homogeneous core–mantle boundary con-
ditions shows that thermal convection results in a large-
scale thermal wind flow, with a predictable pattern and
an amplitude that depends only on the buoyancy flux and
the rotation rate (Aubert, 2005). Aubert (2005) verified
that a scaling law for the amplitude of this zonal flow pre-
viously proposed by Aurnou et al. (2003) remains valid
in the presence of a magnetic field.

We use a 3D, self-consistent numerical dynamo which
solves simultaneously the full magnetohydrodynamics
equations in a rotating, convecting sphere (Olson et
al., 1999). We used the following parameter values:
Ra = 4E5, Ek = 7E − 4, Pr = 1 and Pm = 5, where
Ra is the Rayleigh number,Ek the Ekman number,Pr the
Prandtl number and Pm is the magnetic Prandtl number.
We assume rigid boundaries with fixed temperatures. To
obtain the steady zonal angular velocity profile, we av-
eraged the solution over three magnetic diffusion times.
This time interval is considerably longer than the 150
years used to obtain the geomagnetic time-average core
flow; however, averaging dynamo flows over compara-
ble short times is arbitrary, since the time-dependency
is large. We therefore chose to compare proper long-
term steady dynamo flow, with the geomagnetic flow
from the available data. Fig. 6 shows the zonal core
flow obtained from the numerical dynamo. The depth
that represents the top of the core where the magnetic
field is advected is not clear, especially in numerical dy-
namos where viscous effects are too large and the Ek-
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4.4. Interpretation of time-average core flow:
mantle versus core origins

Fig. 7 compares the zonal parts of core, tomographic
and dynamo flows, respectively. The error bars in the dy-
namo flow represent variation in time. The tomographic
flows were scaled to best fit the core flow in Fig. 7
by adjusting the value of C in (13) to 3.3 × 10−6 and
4.0 × 10−6 for LR and MJLB, respectively, i.e. the am-
plitude of the lateral density heterogeneity at the top of
the core is about five to six orders of magnitude smaller
than the amplitude of the lateral seismic shear velocity
heterogeneity at the lowermost mantle. The amplitude of
the numerical dynamo non-dimensional zonal flow Uφ is
related to the buoyancy flux using the following scaling
law:

Uφ = Ra∗0.5
q =

[(
Ri

R

)
B


3D2

]0.5

(14)

where Ra∗
q is the heat flux based Rayleigh number, Ri the

inner core radius, D = R − Ri the shell thickness and B
is the buoyancy flux (Aubert, 2005). Our scaling of Uφ

corresponds to a buoyancy flux of ∼ 3 × 10−12 m2/s3

which is within the range of estimated values for this
parameter at the outer core (Aurnou et al., 2003).

Fig. 7 shows that the dynamo flow can account for
most of the zonal core flow at high latitudes. Specifi-
cally, the westward polar vortices seen in the core flow
are present in the dynamo flow. In addition, the east-
ward flow at high latitudes outside the tangent cylinder
an boundary layer is much thicker than in the core. We
herefore consider here dynamo flows depth-averaged
ver 150 km below the outer boundary. Numerical dy-
amos over a wide range of parameters produce similar
ime-average zonal flow pattern, although there are sig-
ificant variations in the zonal flow pattern in individual
napshots.

Fig. 6 shows a snapshot and the time-average zonal
emperature and azimuthal velocity profiles from the nu-

erical dynamo. The basic convection structure con-
ists of two polar plumes and several equatorial plumes.
he equatorial plumes wobble around the equator with

ime, and at any instant the temperature profile deviates
rom equatorial symmetry (Fig. 6a). However, the time-
verage positions of equatorial plumes are very close to
he equator, and therefore the time-average temperature
rofile is nearly symmetric with respect to the equator
Fig. 6c). The time-average azimuthal velocity field is
ostly a thermal wind flow driven by lateral gradients

n the time-average temperature field. The most intense
onal flow is within the inner core tangent cylinder, par-
icularly the westward polar vortex (Fig. 6b and d).
in the dynamo flow is in agreement with eastward mo-
tion at similar latitudes in the core flow. However, core
dynamics does not readily explain the asymmetry in the
core flow. The dynamo flow is practically zero within
50◦ of the equator, whereas the core flow has substantial
westward amplitude, particularly at mid-latitudes in the
southern hemisphere. Mantle-driven flow offers an ex-
planation for this asymmetry. The southern hemisphere
has a larger westward drift than the northern hemisphere
in both tomographic flows. The LR tomographic flow
has similar wavelength and phase as the core flow, and in
particular, reproduces the westward jet at 40S. Discrep-
ancies between the tomographic and core flows appear
mostly in the equatorial region and in mid-latitudes of
the northern hemisphere.

We find that the tomographic flows can adequately ex-
plain the asymmetry in the zonal core flow only if the ra-
tio of core density anomalies to D′′ seismic shear velocity
anomalies is about (3.3–4) × 10−6. Geodynamic model-
ing of the geoid estimate the ratio of D′′ density anoma-
lies to D′′ seismic shear velocity anomalies at 0.1–0.3
(Karato and Karki, 2001). Because the amplitude of the
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Fig. 6. Zonal temperature (a) and azimuthal velocity (b) from a snapshot, and time-average zonal temperature (c) and azimuthal velocity (d), from a
numerical dynamo with Ra = 4E5, Ek = 7E − 4, Pr = 1 and Pm = 5. In (b) and (d) solid lines are positive zonal azimuthal velocities (eastward)
and dotted lines are negative velocities (westward). Maximum non-dimensional velocities are 2.84Re in (b) and 2.43Re in (d), where Re is the
Reynolds number.

LR and MJLB tomographic D′′ seismic shear velocity
anomalies models are (0.88–2)%, the magnitude of the
D′′ density anomalies is (0.88–6) × 10−3 and the mag-
nitude of the core density anomalies is (3.3–8) × 10−8,
i.e. the density anomalies at the top of the core are about
five orders of magnitude smaller than in the lowermost
mantle.

Fig. 8 shows results of a test of the mantle-driven
thermal wind over the entire core–mantle boundary. Fig.
8a shows the meridional derivative of the seismic ve-
locities from the LR tomography model. Fig. 8b shows
the predicted meridional derivative of seismic velocities

from substituting the azimuthal core flow into the ther-
mal wind balance (12). The tomographic model has a
significant thermal wind in the Pacific hemisphere (Fig.
8a) where the historical secular variation and the core
flow are generally quiet (see Figs. 1–3a). The opposite
relation is found in the Atlantic hemisphere. As a result,
the global correlation is poor (Fig. 8c). Possible expla-
nations for the poor global correlation include non-zonal
core flow is transient, i.e. the 150 years interval used in
this study is marginally inadequate; core–mantle cou-
pling is not just thermal, as we assumed (see Trampert et
al., 2004); or thermal wind is an over-simplified model
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Fig. 7. Zonal angular velocities from time-average core flow (solid + x), dynamo flow (solid + error bars), LR tomographic flow (dotted), and MJLB
tomographic flow (dashed). Error bars in dynamo flow represent variation in time.

for core flow. It is also possible that over this time inter-
val the global core flow contains transients, but its zonal
flow is essentially steady. For example, several studies
assumed steady core flow in an azimuthally drifting ref-
erence frame (Voorhies and Backus, 1985; Davis and
Whaler, 1996; Holme and Whaler, 2001). In the mantle
reference frame, the azimuthal component of such a flow
is transient, but its zonal component is steady.

Our results have some similarities as well as some
differences with other thermal wind interpretations of
mantle-driven core flow. Bloxham and Jackson (1990)
used the thermal wind equation to diagnose mantle den-
sity anomalies consistent with a model of core flow. Their
results reproduce the thermal anomaly in the mantle be-
low the southern Indian Ocean associated with the circu-
latory core flow there. At that region, our time-average
core flow contains the same feature (Fig. 3a), and our
mantle-driven thermal wind correlation is good (Fig. 8a
and b). However, globally our core flow and the core
flow of Bloxham and Jackson (1990) do not explain well
the seismic data by thermal wind. Comparisons can also

be made between our results and thermal wind models
from numerical dynamos with heterogeneous boundary
conditions. Zhang and Gubbins (1992) investigated the
effect of thermal wind driven by mantle heterogeneity in
a kinematic dynamo model. They found that core flow
structure is shifted in longitude with respect to mantle
density anomalies, so that core upwellings occur where
the mantle density anomalies change sign. We find this
type of correlation in a few places, for example, the two
intense upwelling structures below the southern Indian
and Atlantic Oceans (Figs. 3a and 5a). Olson and Chris-
tensen (2002) applied the MJLB lower mantle tomog-
raphy model as a boundary condition in numerical dy-
namos with thermal core–mantle coupling. Their time-
average flow contains a southern hemisphere vortex sim-
ilar to ours, but the circulation in their dynamo model
below North America is the reverse of ours. The dis-
crepancy below North America could be because our
core flow is transient there, or the tomographic dynamo
of Olson and Christensen (2002) has the wrong core–
mantle coupling in that location.
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Fig. 8. Meridional derivatives of seismic shear velocities derived from
lower mantle tomography model of LR (a), time-average azimuthal
core velocities and thermal wind (b) and their correlation (c). Grey scale
in (a) and (b) represents absolute values, solid lines are positive seismic
shear velocity gradients, dotted lines are negative velocity gradients.

In summary, several important features of our time-
average zonal core flow are in agreement with ther-
mal wind driven by lower mantle lateral heterogeneities,
while other structures appear to have their origin in
the core’s own dynamics. Likely mantle-driven fea-
tures include hemispherical asymmetry in the west-
ward drift, westward polar vortices and a westward jet
in the southern hemisphere at the latitude predicted
by thermal coupling with the mantle. The equatorial
asymmetry of the core flow at mid-latitudes appears
to have a mantle origin, because the expected core-
driven zonal flow is both very weak and highly sym-
metric there. The westward polar vortices and east-
ward flow near latitudes 60N and 60S may have a core
origin. Figs. 7 and 8 show that mantle driven flows

may explain only the global north/south asymmetry in
the zonal core flow; Globally, the azimuthal core flow
is not well-correlated with mantle tomographic ther-
mal wind. Possible explanations of this poor correla-
tion include the short record used for averaging the
core flow, non-thermal wind core flow components,
and our over-simplified core–mantle coupling model.
However, our results are consistent with the interpre-
tation that the zonal part of the 150 year average core
flow approximates steady state flow at the top of the
core.

5. Time-dependent core flow

Time-dependent core flow implies changes in the an-
gular momentum of the core, which can be compared
with observations of length-of-day variations. Fig. 9
shows the zonal angular velocity profiles from our core
flow snapshots at 5-year intervals between 1840 and
1990. The center of the envelope of curves represents
the time-average zonal flow, and the width of the enve-
lope is a measure of its time-dependence. Statistics of the
time-dependent flow are given in Table 1. Several points
are worth emphasizing here. First, the ratio of standard
deviation to mean of the rms velocities of snapshots,
which represents the ratio of time-dependent to time-
average parts of our core flow, is 18.2%. Second, time-
dependence is generally larger in the northern hemi-
sphere; indeed the drift reverses its direction in some
years. The westward drift at mid-latitudes of the southern

hemisphere is more persistent in time and its peak angu-
lar velocity varies between 0.17 and 0.30◦/year. Third,
the polar vortices are evident in most profiles. A strong
westward polar vortex with a maximum of 1.1◦/year is
evident in the northern polar cap, and a less intense polar
vortex (maximum of 0.6◦/year) is evident in the south.
Resolution problems in the relatively small polar cap area
may be the reason for the apparent time-dependency in
the polar vortices.

Residual zonal flows were obtained by subtracting the
time-average flow (Fig. 3b) from the zonal flow snap-
shots (Fig. 9). The parts of the residual flow symmetric
with respect to the equator were then calculated. These
equatorially-symmetric residual zonal flows represent
the part of the core flow contributing to changes in the
core’s angular momentum. The ratio of symmetric to
anti-symmetric parts of the residual zonal flows is shown
in Fig. 10. The most symmetric zonal flow occurred at
1960, and the symmetry decreases at earlier flow snap-
shots. This is in agreement with previous studies, which
found that core flows are more symmetric after 1960 than
before (Jault et al., 1988; Jackson et al., 1993).
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Fig. 9. Core flow angular velocity profiles for 1840–1990 at 5-year
intervals.

5.1. Length-of-day variations theory

Observations of length-of-day variations can be re-
lated to changes in the core’s angular momentum, as-
suming conservation of angular momentum in the core–
mantle system. The Earth changes its rotation rate on
several time-scales, from seasonal fluctuations originat-
ing in the atmosphere (Eubanks et al., 1985) to geo-

Fig. 10. Ratio of symmetric to anti-symmetric zonal residual angular
v

logical time-scale fluctuations originating in the man-
tle (Munk and Macdonald, 1960). Well-known contribu-
tions to length-of-day variations include lunar tidal dis-
sipation (+2.3 ± 0.05 ms cy−1) and postglacial rebound
in polar regions (−0.6 ± 0.1 ms cy−1) which combine
to a 1.7 ± 0.15 ms cy−1 secular increase in the length-
of-day over the last 2700 years (Stephenson and Morri-
son, 1995). Only the decadal variations are usually at-
tributed to time-dependent differential rotation in Earth’s
liquid outer core (Jault et al., 1988; Jackson et al., 1993;
Jackson, 1997; Pais and Hulot, 2000; Hide et al., 2000;
Holme and Whaler, 2001).

Calculation of changes in the core’s angular momen-
tum from knowledge of core flow just below the core–
mantle boundary requires projection of that flow into the
volume of the outer core. Bullard and Gellman (1954)
suggested that zonal core flow is geostrophic and con-
sists of cylinders in solid body rotation about the Earth’s
axis of rotation. Taylor (1963) showed that for an in-
viscid fluid, steady motions of this type are possible
when the couple exerted by Lorentz forces on those con-
centric cylinders vanishes (a condition known as Tay-
lor’s constraint). This cylindrical projection was used by
Jault et al. (1988) to compare observed versus calculated
length-of-day variations. The exact coupling mechanism
between the core and the mantle is disputed. Jault and
LeMouël (1989) calculated angular momentum transfer
between the core and the mantle assuming topographic
torques linked with rigid body flow along such cylin-
ders. Later, Jault and LeMouël (1991b) argued that, if
elocities for 1840–1990 at 5-year intervals.
the amplitude of core–mantle boundary topography is as
large as suggested by seismologists, then topographic
torque is too large to account for length-of-day vari-
ations. They proposed an electromagnetic torque as a
coupling mechanism. Regardless of the coupling mech-
anism to the mantle, most studies agree that the angular
momentum-containing slow motion within the core is
along concentric cylinders about the Earth’s axis of ro-
tation (Jault et al., 1988; Jackson et al., 1993; Jackson,
1997; Pais and Hulot, 2000).

Changes in length-of-day δT caused by core motions
can be expressed as

δT (t) = T 2
0 (Ic + Im)

2π
δJz(t) (15)

where Ic = 0.85 × 1037 kg m2 and Im = 7.2 ×
1037 kg m2 are the moments of inertia of the core and
the mantle, respectively, T0 = 24 h, and

δJz(t)= 2π

∫ R

Ri

∫ π

0
ρ(r)δωφ(r, θ, t)r4 sin3 θ dθ dr (16)
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is the time-residual angular momentum component in
the direction of the rotation axis associated with the core
motions relative to the mantle (Jackson et al., 1993). In
(16) Ri is the radius of the inner core boundary, R the
radius of the core–mantle boundary, ρ the core density
and δωφ is the zonal angular velocity residual, the devi-
ation of the profiles ωφ(R, θ, t) shown in Fig. 9 from the
time-average profile shown in Fig. 3b.

To compute δJz(t), the time-average zonal core flow
is subtracted from ωφ(R, θ, t), and the even (symmetric
with respect to the equator) angular velocity time resid-
ual δωφ(R, θ, t) is found. To project along concentric
cylinders in a spherical coordinate system, the following
expression is used:

δωφ(r, θ, t) = δωφ(R, θ∗, t) (17)

where θ∗ = sin−1( r
R

sin θ) is the co-latitude where an ax-
ial cylinder passing through the point (r, θ) intersects the
core–mantle boundary. Although previous studies have
ignored the depth-dependent density in the outer core
(e.g. Jault et al., 1988; Jackson et al., 1993; Jackson,
1997; Pais and Hulot, 2000), we use the radial density
profile model of Dziewonski and Anderson (1981) to
evaluate the radial density profile in (16). Note that the
inner core is not included in (16). The inner core has a
small volume fraction and even smaller moment of in-
ertia with respect to the whole core (Stacey, 1992), and
therefore its contribution to the angular momentum of
the entire core is negligible.

day variations for the period 1840–1990. A linear trend
of 1.7 ms cy−1 has been subtracted from the observa-
tions to remove the secular increase in Earth’s rota-
tion rate due to the long-term causes listed above. Al-
though our calculated length-of-day variations have a
larger amplitude then observed, there is a reasonable
agreement in terms of general trend and peak-to-peak-
correlation.

Some previous studies have obtained better fits be-
tween calculated and observed length-of-day variations
than ours, especially the amplitude of the variation
(Jackson et al., 1993; Jackson, 1997). However, those
fits were obtained by linking the core flow at dif-
ferent epochs. Jackson (1997) linked different epochs
by minimizing the temporal variations of the flow,
and Holme (1998) linked different epochs by mini-
mizing the length-of-day variations misfit. In addition,
some previous studies improved their fit by using time-
dependent spectral tapering to account for the increas-
ing uncertainty in older data (Jackson, 1997; Pais and
Hulot, 2000). We do not constrain our snapshot flows
these ways. Instead we invert for the core flow at
each epoch independently, so our snapshot flows are
uncoupled.

The length-of-day variations offers a way to con-
strain our model parameters, especially the parameter
k, which governs the relative contributions of helical
and tangential geostrophic flows. Fig. 11 shows cal-
culated length-of-day variation curves for several dif-
ferent choices of model parameters. Three simulations

linear tr
5.2. Comparison with observed length-of-day
variations

Fig. 11 shows the δT calculated from our surface
core flow and (15)–(17) versus the observed length-of-

Fig. 11. Observed vs. calculated length-of-day variations. A
used the combined helical-geostrophic assumption with
different values of the parameter k, and one simula-
tion used the helical flow assumption without tangen-
tial geostrophy. All curves are similar in terms of the
peak-to-peak correlation. The helical-geostrophic curves

end of 1.7 ms cy−1 has been removed from the observations.



H. Amit, P. Olson / Physics of the Earth and Planetary Interiors 155 (2006) 120–139 135

fit adequately the period 1935–1990. For larger val-
ues of k, the minimum at 1920 is better-recovered; For
smaller values of k, the maximum at 1900 is better-
recovered. The intermediate value of k = 0.15 seems to
be the preferred compromise. The pure helical flow case
(c = 0) has larger amplitudes and the fit is less good
than with the helical-geostrophic curves. The analysis
of the time-average flow in the previous section there-
fore corresponds to the helical-geostrophic case with
k = 0.15.

The length-of-day variations predicted by our core
flow models is very comparable to the length-of-
day variations predicted by previous core flow mod-
els (Pais and Hulot, 2000); In particular, the phase
shift before 1920, with the prediction being ear-
lier than the observation. Pais and Hulot (2000)
showed that this phase shift may be due to un-
certainties in the geomagnetic field model prior to
1920.

5.3. Torsional oscillations model for
time-dependent core flow

The correlation between the observed and calculated
length-of-day variations does not answer the question of
what mechanism is responsible for the time-dependent
motions in the core, but many authors have argued
that the mechanism is torsional oscillations. Braginsky
(1970) provided a theoretical basis for torsional oscil-
lations within the outer core, and estimated that these
oscillations have a period of about 60 years. Jault et al.
(1996) argued that core–mantle angular momentum ex-
change is a by-product of angular momentum exchange
among different cylinders inside the outer core, through
torsional oscillations. Zatman and Bloxham (1997) fitted
the even residual zonal surface flow for the time interval
1900–1990 to a torsional oscillations model and found
two damped waves with periods of 76.2 and 52.7 years.
Bloxham et al. (2002) assumed steady acceleration to
Fig. 12. Core flow (a), two-wave model (b) and misfit betwee
n core flow and two-wave model (c) for 1890–1990.
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fit the time interval 1957–2001 and found three damped
waves with periods of 45, 20 and 13 years. They also
argued that torsional oscillations are the mechanism re-
sponsible for the observed geomagnetic jerks, which are
abrupt changes in the secular acceleration of the geo-
magnetic field.

Following Zatman and Bloxham (1997) and Bloxham
et al. (2002), we fit a torsional oscillations model to the
time-dependent part of our zonal core flow. We use a
two-wave model for the equatorially-symmetric time-
dependent zonal velocity

δuφ(θ, t) = A1(θ) cos

(
2π

T1
t + γ1(θ)

)

+ A2(θ) cos

(
2π

T2
t + γ2(θ)

)
(18)

where A, T and γ are the amplitudes, periods and phases
of the two waves.

Table 2
Oscillations model statistics

Time interval T1 T2 Success of fit (%)

1840–1990 97.0 57.7 44
1890–1990 110.8 53.5 76

Dominant periods of the two waves in years and the success of fit for
1840–1990 and 1890–1990.

For the entire studied period, 1840–1990, we did
not find an adequate fit for the equatorially-symmetric
time-dependent zonal velocity, possibly due to the low
quality of the geomagnetic data at earlier times. Also,
we attempted a fit using a sum of damped waves, but
we found that adding the damping does not improve
the fit. This may suggest that the decay time is sig-
nificantly longer than the studied time interval of a
century, or that the excitation mechanism is continuus
and cancels the damping. The periods and successes
of fits for 1840–1990 and 1890–1990 are shown in
Table 2.

Fig. 13. Torsional oscillations model w
ave parameters for 1890–1990.
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Fig. 12a and b show δuφ from our core flow model
and from the least-squares fit to (18) for 1890–1990, re-
spectively. The best-fit periods are T1 = 110.8 years and
T2 = 53.5 years. Our high frequency wave has a period
nearly identical to the one found by Zatman and Bloxham
(1997), and very close to the 60 years period estimated
by Braginsky (1970). However, our low frequency wave
has a significantly larger period than the low frequency
wave period of Zatman and Bloxham (1997). In contrast,
the periods found by Bloxham et al. (2002) are substan-
tially smaller. Note that the largest amplitudes occur at
low latitudes. The misfit is shown in Fig. 12c. The ratio
of the misfit (Fig. 12c) rms to the core flow (Fig. 12a)
rms is 0.24.

Fig. 13 shows the latitude-dependent wave ampli-
tudes and phases. The latitudinal dependence of the am-
plitudes is similar to the result of Zatman and Bloxham
(1997). Both waves have local amplitude maxima at the
equator, but wave 1 also has a local maximum near lati-
tude 60. In contrast to Zatman and Bloxham (1997), our
high frequency wave is more significant. These waves
are not simple standing or propagating waves, since their
phases are latitude-dependent. In summary, we find that
the symmetric zonal part of the time-dependent core flow
can be successfully fitted using a sum of two harmonic
functions with constant periods, and this may be ev-
idence to torsional oscillations at the Earth’s core on
decadal time-scales.

6. Summary
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North America, are present in previous models as well
(Bloxham, 1989; Jackson et al., 1993; Holme, 1998;
Chulliat and Hulot, 2000; Hulot et al., 2002). Our zonal
flow is very similar to the zonal flow of Pais and Hulot
(2000) found by assuming homogeneous uncertainties
in the geomagnetic secular variation model, including
(1) the asymmetry in the time-average zonal flow and
(2) the precited length-of-day variations. The similarities
with previous core flow models suggest that our inver-
sion method using the helical-geostrophic assumption
with a relatively small value of k is comparable to as-
suming tangential geostrophy in spectral methods, with
the helical flow assumption having a similar effect as the
large-scale assumption in spectral methods.
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