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Abstract
Results of thermal convection experiments in a rotating fluid with a geometry similar to the Earth’s core tangent
cylinder are presented. We find four different states. In order of increasing Rayleigh number, these are: (1) subcritical
(no convection), (2) helical plumes around the tangent cylinder, (3) helical plumes throughout the tangent cylinder,
and (4) fully three-dimensional convection. The convection generates a retrograde (westward) azimuthal thermal wind
flow below the outer spherical boundary, with maximum velocity on the tangent cylinder. The velocity of the thermal
wind scales with convective buoyancy flux B = Kgq/bCp and Coriolis parameter f = 26 as Uv2(B/f)1=2 . Tangent
cylinder convection can explain the origin of polar vortices beneath the core^mantle boundary inferred from
geomagnetic secular variation, if a large fraction of the buoyancy produced by inner core solidification remains within
the tangent cylinder, and also if the inner core growth rate is high. According to our experiments, the tangent cylinder
can act as a reservoir for products of inner core growth, although the effect is probably far too small to detect from
surface observations.
7 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
Flow in the outer core is constrained by the
Earth’s rotation. According to the Taylor^Proudman theorem, the vorticity in a rotating £uid
tends to align with the rotation axis and the motion becomes nearly two-dimensional (2D; i.e.
quasigeostrophic). The solid inner core has a ma-
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jor in£uence on this style of £ow, because the
nearly 2D vortices are inhibited from crossing
the inner core tangent cylinder, an imaginary cylinder parallel to the spin axis and circumscribing
the equator of the inner core. As shown in Fig. 1,
the combination of the rotational constraint and
the inner core acts to divide the outer core into
three regions: outside the tangent cylinder and the
northern and southern regions within the tangent
cylinder, respectively.
Theoretical and experimental studies of rotating
convection in spherical shells show strong tangent
cylinder e¡ects [1^3], as do most numerical dynamo models [4]. In rotating spherical shell convection, the £uid motions inside the tangent cylinder
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Fig. 1. Schematic of the Earth’s core tangent cylinder region,
including polar vortex associated with an azimuthal thermal
wind.

usually include both small-scale and large-scale
parts. The small-scale convective motion consists
of rotationally aligned vortices with helical
streamlines [5], which we call helical plumes. In
addition, there are often larger-scale £ows within
the tangent cylinder, as illustrated schematically
in Fig. 1. Typically the large-scale £ow consists
of a meridional component, with rising motion
close to the pole and descending motion close to
the tangent cylinder, plus an azimuthal baroclinic
£ow, which we refer to as thermal wind.
The thermal wind is prograde (eastward) above
the inner core boundary and retrograde (westward) below the core^mantle boundary. In some
dynamo models, thermal wind and meridional
£ow inside the tangent cylinder play important
roles in magnetic ¢eld generation. The thermal
wind shears the poloidal magnetic ¢eld, producing
strong toroidal ¢elds in the tangent cylinder region [6]. The convergence in the meridional £ow
near the inner core boundary concentrates the
poloidal ¢eld, while the divergent £ow below the
core^mantle boundary advects the poloidal ¢eld
toward lower latitudes, producing a polar minimum in the ¢eld intensity there [7]. Christensen
et al. [8] have pointed out the similarity between

the polar structure in numerical dynamo models
and the present-day geomagnetic ¢eld on the
core^mantle boundary. Anomalous rotation of
the solid inner core is also related to the £ows
within the tangent cylinder. Numerical simulations in which the inner core freely rotates often
show eastward £ow above the inner core boundary, which tends to drag the inner core into eastward super-rotation [9,10].
Indirect evidence for azimuthal £ow within the
tangent cylinder comes from the secular changes
in the propagation of seismic waves through the
inner core. Secular changes in seismic wave travel
times [11^13] and scattering [14] have been interpreted to indicate eastward inner core rotation
relative to the mantle at 0.1^1‡ yr31 . However,
other studies ¢nd little or no secular change in
the inner core seismic properties [15^18], so
anomalous inner core rotation remains controversial.
Geomagnetic evidence for the tangent cylinder
comes from the secular variation of the core ¢eld
at high latitudes. The pattern of geomagnetic secular variation on the core^mantle boundary between 1980 Magsat and 2000 Oersted satellite
missions indicates a westward polar vortex in
each hemisphere, with peak angular velocities of
about 1.5‡ yr31 and average angular velocity in
the tangent cylinder of about 0.5‡ yr31 [19]. Previous studies identi¢ed a somewhat weaker polar
vortex from the geomagnetic secular variation
over the past 150 years [20,21].
In this paper we examine the convective motions in the tangent cylinder region, using experiments on convection above a heated cylinder in a
rotating £uid with a hemispherical outer boundary. We determine the planform of motion at convective onset, and the speed and stability of the
thermal wind produced by the convection. We
propose a conceptual model for tangent cylinder
convection in Section 2, including scaling laws for
the motion. The controlling dimensionless parameters for tangent cylinder convection are introduced in Section 3. The experimental apparatus
and methods are described in Section 4, and our
results are presented in Section 5. In Sections 6
and 7 we discuss the implications of our experiments for the core.
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2. Scaling laws for convection in the tangent
cylinder
Here we propose a conceptual model for convection in the tangent cylinder of the core, based
on analogy with convective chimneys in the
oceans. In both the outer core and the oceans,
the convection is driven by non-uniform buoyancy £ux at a boundary, the £uid motions are
turbulent, and the £ow is subject to a combination of rotational and topographical constraints.
The depths of the convecting regions are obviously very di¡erent in these two cases, but the
typical aspect (width-to-depth) ratio of an ocean
chimney is roughly comparable to the tangent
cylinder in the core. There are other important
di¡erences, such as Lorentz forces and compressibility in the core, but we do not consider those
e¡ects here.
The following picture of ocean convection has
been obtained from ¢eld, numerical, and experimental studies. Ocean convection is a transient
phenomenon and occurs when locally cooled surface water becomes negatively buoyant, producing
plumes that descend into the deep ocean [22]. As
illustrated in Fig. 2, ocean convection typically
occurs inside a cylindrical region called a chimney, which has the same lateral dimensions as the
unstable surface water. Within the chimney,
small-scale convective plumes develop from instabilities in the surface boundary layer and penetrate into the stably strati¢ed deeper water. The
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plumes tend to be three-dimensional (3D) and
turbulent when their transit time is less than a
day. In cases where their transit time is greater
than a day, the plumes are modi¢ed by Earth’s
rotation, forming quasi-columnar helical plumes,
as illustrated in Fig. 2a. Helical plumes in the
ocean have sinking motion along their centers,
cyclonic vorticity near the surface where the horizontal velocity is convergent, and anticyclonic
vorticity at the bottom where the horizontal velocity is divergent [23,24]. The particle trajectories
in the plumes are helical, with the sign of the
helicity reversing where the vorticity changes
sign. As the buoyant £uid from the helical plumes
¢lls the chimney region, a larger-scale lateral density gradient is established between the chimney
and its surrounding environment. This density
gradient generates a larger-scale baroclinic £ow.
Without rotation, the baroclinic £ow would consist of a laterally spreading gravity current. With
rotation, lateral spreading is inhibited and the £uid is de£ected by the Coriolis force, producing a
large-scale, azimuthal thermal wind. As in helical
plumes, the vorticity of the thermal wind is anticyclonic where the horizontal velocity is divergent, and cyclonic where the horizontal velocity
is convergent [24].
In ocean convection the thermal wind is cyclonic near the surface because the sinking of negatively buoyant surface water produces horizontal
convergence there. The situation is di¡erent in the
core, because the inner core is likely the main

Fig. 2. Numerical simulations of ocean chimney convection from [31]. (a) Isotherm surfaces of small-scale helical vortices with
central downwellings shortly after the onset of convection. (b) Isotherm surface showing pattern of baroclinic instability.
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source of buoyancy driving the convection [25,26].
In the outer core the horizontal velocity is expected to be convergent near the inner core
boundary and divergent near the core^mantle
boundary. Accordingly, the thermal wind in the
tangent cylinder is expected to be cyclonic (i.e.
prograde, or eastward) near the inner core boundary and anticyclonic (i.e. retrograde, or westward)
near the core^mantle boundary.
Under certain conditions the thermal wind is
unstable. Instability of the thermal wind occurs
through baroclinic waves, which develop when
the buoyancy di¡erence inside versus outside the
chimney becomes su⁄ciently large. The instability
begins as wave-like perturbations in the thermal
wind along the outer edge of the chimney. As
these waves grow they develop into baroclinic eddies (see Fig. 2b). The eddies tend to have a characteristic size, usually referred to as the Rossby
deformation radius RD [24]. In a rotating £uid
layer with parallel top and bottom boundaries,
the baroclinic eddies eventually separate from
the large-scale thermal wind, and mix the chimney
£uid into the external environment [27]. With
boundary topography, however, the eddies tend
to be topographically con¢ned, and mixing between the chimney and its environment is less.
For example, experiments by Whitehead [28]
and Jacobs and Ivey [29] on rotating convection
in the presence of a conical boundary showed that
the baroclinic eddies tend to become trapped by
the boundary topography, and instead of propagating outwards, drift in the thermal wind along
the edge of the chimney.
The following similarity model has been used to
characterize fully developed chimney convection
[30^32]. The model assumes that the chimney
buoyancy, the thermal wind, and the scales of
the helical plumes and the baroclinic eddies depend only on the buoyancy £ux averaged over
the surface of the chimney B (with units m2
s33 ), the chimney depth H and radius R, and
the planetary rotation rate 6 (or alternatively
the Coriolis parameter f = 26). The model is intended for the asymptotic limit in which the convection is independent of the transport and thermodynamic properties of the £uid. This limit
corresponds to low Ekman number and high Ray-

leigh number (as de¢ned in the next section) and
is considered to be the appropriate limit for convection in the outer core. In addition, this model
assumes equilibrium conditions, in which the
buoyancy £ux into the chimney is balanced by
the lateral loss of buoyancy through baroclinic
instability. Such an equilibrium is a reasonable
assumption for the slowly evolving core.
Dimensional analysis indicates that, under these
conditions, the local buoyancy of the £uid in the
chimney gP should scale as:
g0 ¼

Nb
gVðBf Þ1=2
b

ð1Þ

Here g is gravitational acceleration and Nb/b is
the fractional density di¡erence between the £uid
inside and outside the chimney. Dimensional
analysis also indicates that the size of fully developed baroclinic instabilities should scale approximately with the Rossby deformation radius,
which is given by:
RD V

ðg0 HÞ1=2
f

ð2Þ

Eliminating buoyancy from Eqs. 1 and 2 yields:

RD V

BH 2
f3

1=4
ð3Þ

In ocean convection, the helical plumes tend to
be smaller in scale than the baroclinic eddies, and
obey a di¡erent scaling law [22].
The azimuthal velocity in the thermal wind can
be estimated using the thermal wind relationship
[24]:
f

Du Dg0
¼
Dz
Ds

ð4Þ

where u is the azimuthal velocity, z is the coordinate parallel to the rotation axis (antiparallel to
gravity), and s is the coordinate normal to the
rotation axis. Denoting the characteristic thermal
wind velocity by U, the vertical length scale by H,
and the horizontal length scale by R, Eqs. 1 and 4
combine to give the following scaling law for the
thermal wind:
 
H B 1=2
UV
R F

EPSL 6671 19-6-03 Cyaan Magenta Geel Zwart

ð5Þ

J. Aurnou et al. / Earth and Planetary Science Letters 212 (2003) 119^134

In the Earth’s core tangent cylinder and in our
experiments, the £uid depth and radius are related
by Hv2R, in which case Eq. 5 reduces to:
UV2

 1=2
B
f

ð6Þ

3. Controlling parameters in rotating convection
The similarity model in the previous section is
not a complete model for rotating convection, because it assumes that the buoyancy, the scale of
the convection, and the thermal wind are all independent of the transport and thermodynamic
properties of the £uid. The full theory of rotating
convection includes the £uid transport and thermodynamic properties, and involves at least four
dimensionless control parameters. For thermal
convection, these are the Rayleigh number Ra,
the Ekman number Ek, the Prandtl number Pr,
and a geometrical parameter, in this case the radius ratio of the spherical shell R. Ranges of these
four parameters in our experiments and their
nominal values in the core are given in Table 1.
We characterize our experiments using a buoyancy £ux Rayleigh number, de¢ned as:

where U
and X is
buoyant
and the
£ux is:
B¼

the average heat £ux at the base of the tangent
cylinder (in W m32 ), b is the £uid density, and Cp
is the speci¢c heat. It is usually assumed that the
buoyancy of the outer core £uid is both thermal
and compositional in origin, and is mainly a product of inner core growth [33,34]. Accordingly, the
buoyancy £ux at the inner core boundary can be
expressed in terms of the rate of solidi¢cation of
the inner core, as we show in Section 6.
The Ekman number is the ratio of viscous to
Coriolis forces:
Ek ¼

ð7Þ

is the di¡usivity of buoyant constituent
the kinematic viscosity of the £uid. The
constituent in our experiments is heat
di¡usivity is thermal, so the buoyancy

K gq
b Cp

ð8Þ

where K is the thermal expansion coe⁄cient, q is
Table 1
Non-dimensional parameter values in our experiments and
estimated values for the Earth’s core
Parameter

Experiments

Core

Ek
Ra
Pr
R

9U1034 ^1035
3U106 ^3U1010
7
0.33

6 10312
s 1020
V1032
0.35

X
fH 2

ð9Þ

written here in terms of the Coriolis parameter f.
The Prandtl number is the ratio of kinematic viscosity to thermal di¡usivity of the £uid:
X
Pr ¼ :
U

ð10Þ

Our experiments use water with Prv7, whereas
Prv0.01 in the Earth’s iron-rich outer core.
Lastly, the spherical shell geometry of the tangent
cylinder region of the outer core is described by
the ratio of the inner core radius R to the outer
core radius Ro :
R¼

BH 4
Ra ¼ 2
U X
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R
Ro

ð11Þ

4. Experimental apparatus and technique
Fig. 3 shows two schematic views of our experiment. A 35 cm diameter cylindrical tank is centered on the spin axis of an 82 cm diameter rotating table (the rotating table is described in [36]). A
30.4 cm diameter Plexiglas hemispherical cap, representing the core^mantle boundary, is centered
inside the tank. The inner core boundary is modeled using a 10 cm diameter cylinder, also centered on the spin axis, and inserted through the
base of the tank. The height of the insert cylinder
above the base of the tank can be varied from
£ush (no basal topography) to 3.6 cm elevation
(basal topography comparable to the inner core
boundary). The top of the insert cylinder consists
of a 6.4 mm thick heated copper disk, fastened by
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Fig. 3. Schematic illustrations of the experimental apparatus
in (a) side view and (b) plan view.

eight stainless steel screws seen in Fig. 3b. The
cylindrical radius of the copper disk and the
spherical radius of the Plexiglas hemisphere cap
are in the ratio 1:3, so that their relative dimensions are comparable to R, the ratio of inner core
boundary to core^mantle boundary radii.
An electrical resistance heater is attached to the
underside of the copper disk, and connected via a
set of electrical slip rings to a power supply in the
stationary frame. Insulation is placed around the
heater assembly to ensure that a constant rate of
heating is applied to the working £uid. In particular, the resistance heater is insulated from below
and the copper disk is encased in a rubber seal
designed to suppress lateral heat transfer to the
£uid.
We have used a cylindrical geometry for the
insert for dynamical reasons. The cylindrical side
wall of the insert o¡ers a topographic barrier to

rotationally aligned, nearly 2D £ow. This is comparable to the barrier o¡ered by the spherical inner core to similar £ows in the outer core. We
tested a hemispherical insert, but found that it
creates spurious baroclinic motions in the £uid,
due to the misalignment between the isobars and
isotherms near the heat source.
The experimental method is as follows. First,
the cylindrical tank is ¢lled with degassed water
above the level of the hemisphere cap. The water
above the cap acts to thermally insulate the £uid
within the hemisphere. In experiments making use
of £ake visualization techniques, we inject the
£akes into the £uid within the hemisphere prior
to starting the rotation. The table is then rotated
at a ¢xed angular velocity 6 for 30^60 min, in
order for the £uid to reach solid body rotation.
In experiments where the £ow is visualized using
£uorescein dye, we activate a dye injection pump
located in the rotating frame after spin-up is complete. After solid body rotation is reached, the
power is applied to the heater, resulting in a ¢xed
total heat £ux (and a nearly uniform buoyancy
£ux) into the overlying £uid. The resulting convective £ows are recorded by a digital video camera mounted in the rotating frame, and by photographic images from both the stationary and
rotating frames.
Note that the heat loss from the hemisphere is
negligible, since the cap is e¡ectively an insulator.
Accordingly, the £uid within the hemisphere
heats-up in the course of an experiment, and
steady-state temperature conditions are not
reached. This situation is analogous to the chemical evolution of the outer core in response to
solidi¢cation of the inner core. The thermally insulating outer boundary in our experiment corresponds to zero mass £ux at the core^mantle
boundary, and the thermal buoyancy £ux at the
heater in our experiment corresponds to chemical
buoyancy £ux at the inner core boundary. In the
core, the inner core growth rate and the chemical
buoyancy £ux into the outer core are ultimately
controlled by the heat loss at the core^mantle
boundary, whereas in our experiments the two
boundary conditions are independent. However,
in our experiments the time scale of the convection is short compared to the time scale of ther-
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mal evolution of the £uid as a whole, just as convection in the core is rapid compared to the rate
of chemical evolution. Because of this di¡erence
in time scales, the system approaches an equilibrium, after an initial transient, in which the temperature anomaly in the chimney and the velocity
of the thermal wind become essentially independent of time.

5. Results
5.1. Experiments without boundary topography
We made several initial experiments in a layer
with a uniform depth of 4 cm, in order to delineate the in£uence of rotation without the inner
core topography. We replaced the outer hemisphere with a £at cap in these experiments, and
we positioned the heated surface of the insert cylinder £ush with the base of the tank. This geometry allows us to compare our results with previous plane-layer studies. We examined planelayer cases with and without rotation.
Fig. 4a shows the £ow pattern in a plane-layer
experiment without rotation. A single turbulent
plume forms over the heater. The plume diverges
on approach to the top boundary and spreads
beyond the heater radius, while a return £ow develops throughout the rest of the £uid. Fig. 4b,c
shows two images from experiments in this same
geometry with rotation added. Fig. 4b shows the
planform shortly after onset of convection. A
nearly uniform distribution of smaller-scale helical plumes ¢lls the chimney region. Fig. 4c shows
the planform after the chimney region has become
baroclinically unstable. Baroclinic vortices pinch
o¡ from the chimney region and propagate outward along spiral trajectories. Note that the baroclinic vortices are larger in diameter than the
initial scale of the helical plumes. Without boundary topography, we ¢nd that baroclinic instabilities transport the buoyant £uid away from the
chimney region, and the lack of topography allows for lateral mixing in this case. This behavior
is consistent with the numerical results of Jones
and Marshall [31] for the plane-layer geometry
shown in Fig. 2, as well as the experimental re-

Fig. 4. Plan view images from plane-layer experiments. (a)
Non-rotating case (Ra = 1.13U1010 ). Rotating case (Ra =
5.17U108 ; Ek = 5.47U1035 ), (b) shortly after the onset of
convection and (c) after baroclinic instability. Black circles
represent the outer circumference of the heated disk.

sults of Maxworthy and Narimousa [32] and Jacobs and Ivey [30].
5.2. Experiments with boundary topography
We have made over 70 experiments with the
geometry shown in Fig. 3 to establish how the
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Fig. 5. Dominant style of chimney formation in tangent cylinder geometry as a function of Rayleigh and Ekman numbers. The dashed line denotes the onset of convection in an
in¢nite plane layer with no-slip boundaries [35].

simultaneous e¡ects of rotation and boundary topography a¡ect the structure of the convection
and the development of the chimney, over a
wide parameter range. Our results delineate four
main styles of chimney formation, as shown in
Fig. 5. We have classi¢ed these in terms of their
respective Ra values, because we were able to vary
Ra over nearly four orders of magnitude, whereas
we were able to vary Ek over a much more limited
range. In order of increasing Ra, they are: subcritical (conductive), rim convection, quasigeostrophic convection, and 3D convection, respectively.
We have based our classi¢cation scheme on the
dominant chimney-forming mechanism seen prior
to the onset of baroclinic instability. The chimney-forming mechanism is readily imaged by our
dye technique in the early stage of an experiment,
because the dye is introduced while the £uid is in
solid body rotation, and the ¢rst deviations from
solid body rotation are the convective motions.
Later on, the baroclinic instabilities interfere
with visualizing the convection, although a close
study of the videos indicates the two forms of
motion co-exist throughout the duration of the
experiment.
Images of 3D convection are shown in Fig. 6.
The side view image in Fig. 6 shows the vertical
structure of small-scale, 3D plumes that form at
high heating rates (RaV1010 ). In the ¢rst phase,

the small-scale convection ¢lls the chimney region
inside the tangent cylinder. In the next stage, a
retrograde azimuthal thermal wind £ow develops
inside the tangent cylinder below the hemispherical cap. The thermal wind velocity increases with
time as the chimney ¢lls with heated £uid and
becomes more buoyant. In the ¢nal stage, the
thermal wind undergoes baroclinic instability, £uid is exchanged across the tangent cylinder by
baroclinic eddies, and the system approaches a
statistical equilibrium (see Fig. 7c,d). In 3D convection, buoyancy forces are relatively large compared with Coriolis e¡ects, so lateral mixing
across the tangent cylinder is only slightly inhibited. The e¡ect of rotation is too weak to prevent
the baroclinic eddies from easily separating from
the chimney and mixing with the £uid exterior to
the tangent cylinder.
In experiments at lower Rayleigh numbers, near
Rav109 for example, smaller-scale quasigeostrophic convection occurs as helical plumes, rotationally aligned vortices with rising motion at
their centers. The helical plumes have anticyclonic
vorticity near the upper boundary where the £ow
is divergent and cyclonic vorticity near the heater
where the £ow is convergent. The particle trajectories in the plumes are helical, and the sign of the
helicity changes where the vorticity reverses. Fig.
7 shows plan-view images of quasigeostrophic
£ow. The £ow at the onset of convection is
well-organized and evolves through a sequence
of stages similar to the 3D regime. An upwelling
cylindrical sheet ¢rst forms along the tangent cylinder as shown in Fig. 7a. Smaller diameter, concentric sheet-like upwellings then form above the
heater. Soon after formation, these sheets become
unstable to the wave-like disturbances shown in
Fig. 7b. These waves are themselves unstable, and
the sheet structures evolve into small-scale helical
plumes that ascend vertically, ¢lling the chimney
region. The mature phase of this regime occurs
after the chimney region ¢lls with buoyant £uid.
Six RD -scale baroclinic eddies dominate the £ow,
as seen in Fig. 7c. The baroclinic eddies attempt
to spread across the tangent cylinder in Fig. 7d
but are mostly destroyed in the shear layer at
the tangent cylinder.
Figs. 8 and 9 show convection at lower Ra and
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Fig. 6. Side view dye images of the 3D convection regime (Ra = 1.10U1010 ; Ek = 4.11U1035 ). Images a, b, c, and d were taken
48, 64, 80 and 96 s after the onset of heating, respectively. (a) Small-scale 3D plumes, (b) plumes starting to be a¡ected by rotation, (c) helical plumes, (d) fully developed tangent cylinder structure just before the onset of baroclinic instability. The dye was
distributed over the planar top surface of the cylindrical insert prior to the onset of heating. The white arc marks the outer hemisphere boundary.

Ek, where the e¡ect of rotation is stronger compared to the previous cases. Fig. 8 shows the helical plumes in side view. As can be seen in Fig. 9,
£uid exchange between the chimney and its surroundings is weak, because the helical plumes are
con¢ned by the topographic step at the tangent
cylinder.
At lower heating rates, around Rav5U108 , helical plumes develop only along the tangent cylinder, due to edge e¡ects of the heater. At this
Rayleigh number the £uid inside the tangent cylinder is stable to convective motions. We refer to
this style of £ow as rim instability. When baroclinic instability occurs in this case, the eddies ¢rst
migrate inwards, distributing heat over the interior of the tangent cylinder. Following the initial

inward migration, weaker baroclinic motions
transport some buoyant £uid to the tangent cylinder exterior. At still lower heating, around
Ra 6 5U107 , the £uid inside and outside the tangent cylinder is stable against convective motions,
although a very weak thermal wind develops in
response to di¡usive thermal gradients in the £uid
above the heater. This thermal wind tends to suppress convection, so the Rayleigh number for the
onset of convection in this experiment is slightly
higher than the critical Rayleigh number in an
in¢nite plane layer at the same rotation rate.
Fig. 10 shows temperature records from an experiment at Ra = 5.7U109 and Ek = 2.8U1035 ,
which resulted in a quasigeostrophic £ow. These
were recorded by thermistors located just below
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Fig. 7. Fluorescein dye images of helical plumes in plan view (experiment 42; Ra = 9.01U109 ; Ek = 9.65U1035 ). Images a^d were
taken at between 1 and 8 min after the onset of heating. (a) Onset of convection, (b) helical plumes, (c) baroclinic instability,
(d) fully developed baroclinic £ow. Arrows indicate the direction of rotation.

the outer hemisphere boundary, at various latitudes along the same line of longitude. Thermistor
7 was located 1 cm of arc inside the tangent cylinder. Thermistor 8 was located on the tangent
cylinder. Thermistors 9 and 10 were located 1
and 2 cm of arc outside of the tangent cylinder,
respectively. The upward thermal spikes record
upwelling helical plumes impinging on the outer
boundary from below. The ¢rst plumes to reach
the outer boundary ascend along the tangent cylinder, and are registered by spikes on thermistors
7, 8 and 9. The oscillatory signals are due to the

passage of westward drifting helical plumes and
baroclinic eddies. The oscillatory signal on thermistor 9 records the warm tangent cylinder £uid
that geostrophically adjusts over a lateral distance
of roughly one RD . Thermistor 10, located outside
the tangent cylinder, registers the ¢rst arrival of
heated £uid approximately 7 min (over 110 rotations of the table) after the ¢rst arrivals are recorded on the three thermistors within the tangent
cylinder. This time delay indicates the heated £uid
within the chimney is strongly inhibited from
crossing the tangent cylinder.
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Fig. 8. Side view image showing helical plume structure
shortly after the onset of convection (Ra = 4.44U109 ;
Ek = 4.26U1035 ). The white arc marks the outer hemisphere
boundary.
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cient and the power-law exponent in Eq. 12 are
consistent with Eq. 6, the predictions of the similarity model, to within experimental error. We
observed that U initially increases with time and
then plateaus towards a quasi-steady value over
the course of each individual experiment. This
behavior is expected, because the buoyancy of
the chimney initially increases with time as its
temperature rises relative to the surrounding £uid.
At much later times, warmed £uid is exchanged
with the surrounding environment and the temperature di¡erence across the tangent cylinder becomes nearly constant. This secular heating e¡ect
can be seen by comparing thermistor 7 and 10
records in Fig. 10. Thus, some of the scatter in
Fig. 11 can be accounted for by the secular velocity increase during an experiment and by measurement error in tracing short-lived dye ¢laments in
the digital video recordings. Azimuthal velocity
measurements were limited to the region immediately below the outer hemispherical cap, but below the Ekman boundary layer. Although quantitative velocity measurements at greater depths
were not made, visual observations of dye streaks
indicate that the azimuthal £ow tends towards
much weaker values with increasing depth in the
chimney, as expected for a baroclinic thermal
wind.

5.3. Thermal wind velocity and eddy size
Fig. 11 shows the average westward thermal
wind velocity U measured along the tangent cylinder just below the
outer
pﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ hemisphere cap versus
the velocity scale B=f . These velocity measurements were made using digital video recordings of
the experiments, by tracking dye ¢laments traveling along the tangent cylinder for at least 90‡ of
arc. Each point in Fig. 11 corresponds to the
average of two to four such velocity measurements taken in close succession. The solid line in
Fig. 11 represents the following best-¢t power-law
to the azimuthal velocity measurements :
U ¼ 2:05½ðB=f Þ1=2 1:040:06

ð12Þ

with a correlation coe⁄cient of 0.90. Both coe⁄-

Fig. 9. Plan view image of helical plume convection
(Ra = 1.11U109 ; Ek = 2.20U1035 ).
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Fig. 10. Temperature records with helical plume convection (Ra = 5.74U109 ; Ek = 2.84U1035 ). The thermistors are situated just
below the outer hemisphere boundary at the same longitude. Thermistors 7 and 8 are located 1 cm within and along the tangent
cylinder, respectively. Thermistors 9 and 10 are located 1 cm and 2 cm outside the tangent cylinder, respectively.

Measurements were also made of baroclinic
eddy and helical plume diameters using the digital
video recordings. We observed that eddy diameters were of the same order of magnitude as the
Rossby deformation radius, but because of two
e¡ects, we were unable to establish a scaling law
for these structures. First, similarly to the velocity
measurements, the eddy and plume diameters increased in time with the buoyancy within the tangent cylinder. Second, the separation of scales was
not large between the eddies and the plumes (see
Fig. 7). In our measurements the helical plumes
were smaller in scale than the fully developed
baroclinic eddies, in qualitative agreement with
the results of previous studies of ocean convection
[22]. However, the plume sizes were also quite
variable, and we were formally unable to distinguish the eddy population from the helical plumes
population.

which is consistent with the scaling arguments
proposed in Section 2. This relationship can be
applied to the core, since it involves only the
buoyancy £ux at the inner core boundary and
the thermal wind velocity below the core^mantle

6. A relationship between convection and thermal
wind in Earth’s core tangent cylinder
Our experiments suggest a simple relationship
between thermal wind velocity and buoyancy £ux
due to convection in the tangent cylinder (Eq. 12)

Fig. 11. Retrograde thermal wind velocity on the tangent cylinder versus the scaling velocity.
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Fig. 12. (a) Angular velocity on Earth’s core tangent cylinder versus inner core growth rate from Eq. 19; (b) approximate baroclinic convective vortex diameter (RD ) versus inner core growth rate. Equivalent inner core ages assume t1=2 growth.

boundary, both of which have been estimated previously using independent techniques. Equally important, Eq. 12 is independent of the transport
properties of the £uid (viscosity and di¡usivity),
which are notoriously uncertain in the outer core.
Even so, several assumptions must be made about
convection in the outer core that are di⁄cult to
verify. First, we assume that the convection in the
tangent cylinder of the outer core, which is likely
driven by thermal and compositional e¡ects,
obeys the same scaling law as the thermal convection in our experiments (that is, it depends only
on the buoyancy £ux, not the source of the buoyancy). Second, we neglect the e¡ects of Lorentz
forces and compressibility, which may a¡ect the
thermal wind velocity. Third, we must assume
that a certain fraction O of the buoyancy produced
at the inner core boundary remains within the
tangent cylinder region to drive the convection
there. Since this fraction is unknown, we calculate
the thermal wind for values of this parameter between zero and one.
The energetics of the core indicate that the
buoyancy £ux at the inner core boundary includes
both thermal and compositional parts [25,26]. The
most important source of thermal buoyancy is
latent heat release, and the most important source
of compositional buoyancy is chemical di¡erentiation [33]. Each of these sources of buoyancy is
proportional to the rate of inner core solidi¢cation.
The compositional buoyancy £ux at the inner
core boundary is due to the rejection of lower
density, iron-depleted liquid during the solidi¢ca-

tion of the inner core. This iron-depleted liquid is
less dense than both the solid inner core and the
liquid outer core, and hence are gravitationally
unstable at the inner core boundary. If vb now
denotes the density di¡erence between the outer
core and this liquid (measured at the inner core
boundary temperature and pressure), then the
compositional buoyancy of the liquid rejected at
the inner core boundary is given by:
g0 C ¼

vb
g
b

ð13Þ

where b and g now denote liquid density and
gravity, respectively, at the inner core boundary.
The buoyancy of this liquid due to latent heat
release at the inner core boundary is given by:
g0 L ¼

KL
g
Cp

ð14Þ

where L is the latent heat of melting (in J kg31 ),
Cp is speci¢c heat and K is thermal expansion.
The total £uid buoyancy at the inner core boundary gPi is just the sum of Eqs. 13 and 14:
g0 i ¼



vb K L
þ
g
b
Cp

ð15Þ

A simple model for the buoyancy £ux at the
inner core boundary assumes it is proportional
to the rate of inner core growth [25,26], i.e.:
Bi ¼ g 0 i

dR
dt

ð16Þ

where R now denotes the inner core radius and t
is time. The average buoyancy £ux entering the
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base of one tangent cylinder region (northern or
southern) is then:
B ¼ 2O g 0 i

dR
dt

ð17Þ

The factor 2 appears in this expression because
the surface area of one hemisphere of the inner
core boundary is twice the cross sectional area of
its respective tangent cylinder. The scaling law for
thermal wind (Eq. 12) can be written in terms of
angular velocity on the core tangent cylinder g
as:
 1=2
B
g v2c
f

ð18Þ

where the factor c = 1480 degWs/mWyr converts from
m/s to deg/yr in Eq. 18. In writing Eq. 18 we have
taken the power-law exponent in Eq. 12 to be one
and the coe⁄cient to be two, as in Eq. 6. Eqs. 17
and 18 can be combined to give the angular velocity of the thermal wind on the tangent cylinder
as a function of the inner core growth rate. The
result simpli¢es to:
 0

O g i dR 1=2
g v2c
6 dt

ð19Þ

where we have used f = 26.
Fig. 12a shows the thermal wind angular velocity g as a function of inner core growth rate for
various values of O, according to Eq. 19. The
curves were calculated using the core parameter
values given in Table 2. Fig. 12 also shows equiv-

alent inner core ages, calculated
assuming the inpﬃﬃ
ner core has grown as t. In Table 2 we give
the range of inner core growth rates estimated
from various evolution models of the core [33].
The lower end of this range corresponds to old
inner core ages (v4 Ga), while the upper end
corresponds to relatively young ages (v0.5 Ga).
In Table 2 we also give the range of westward
angular velocity in the two large-scale polar vortices inferred from geomagnetic secular variation
on the core^mantle boundary at high latitude
[19,20].
The thermal wind angular velocity in the tangent cylinder is proportional to the square root of
the inner core growth rate. For example, if we
assume O = 0.5 (which is equivalent to assuming
that one quarter of inner core buoyancy £ux enters each of the two tangent cylinder regions),
then the predicted thermal wind angular velocity
in the tangent cylinder is about 0.35‡ yr31 if dR/
dt = 0.3 mm yr31 (2 Ga inner core age), or about
0.65‡ yr31 if dR/dt = 0.9 mm yr31 (667 Ma inner
core age). These predicted velocities are comparable to (although somewhat smaller than) the average angular velocity in the core tangent cylinder
inferred from present-day geomagnetic secular
variation, as given in Table 2. From this comparison, we conclude that the inferred large-scale polar vortices in the Earth’s core are consistent with
a thermal wind driven by inner core growth, provided a substantial fraction of the buoyancy released by inner core growth remains within the

Table 2
Core properties (the abbreviation ‘ICB’ denotes the inner core boundary)
Property

Symbol

Units

Value

Reference

thermal expansion
ICB gravity
ICB density
ICB density jump (comp)
ICB latent heat
speci¢c heat
angular rotation velocity
Coriolis parameter
ICB radius
thermal di¡usivity
viscosity
IC growth rate
polar vortex angular velocity (ave)

K
g
b
vb
L
Cp
6
f = 26
R
U
X
dR/dt
g

K31
m s32
kg m33
kg m33
J kg31
J kg31 K31
s31
s31
m
m2 s31
m2 s31
mm yr31
‡ yr31

1U1035
4.4
12U103
0.5U103
5U105
660
7.292U1035
1.458U1034
1.22U106
V1035
V1037
0.15^0.8
0.3^0.6

[33]
[33]
[33]
[32]
[33,34]
[32]
[33]
[33]
[33]
[32]
[33]
[32]
[19,20]
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tangent cylinder (Ov0.5), and provided the rate of
inner core growth is relatively high.
We ¢nd that the baroclinic vortex size in our
experiments scales approximately with the Rossby
deformation radius, according to RD V(BH2 /
f 3 )1=4 . In Fig. 12b, we estimate the typical tangent
cylinder baroclinic vortex diameter to be of the
order RD and plot this quantity versus inner
core growth rate for various values of O, using
the parameter values in Table 2. For typical inner
core growth rates, the results in Fig. 12b indicate
that tangent cylinder vortices have diameters near
2 km. Lastly, we use Eqs. 17, 7, and 1 to estimate
order-of-magnitude values for the tangent cylinder buoyancy £ux, Rayleigh number and the density anomaly between the tangent cylinder £uid
versus the rest of the core, respectively. Assuming
O = 0.5 and dR/dt = 0.3 mm yr31 , Eq. 17 gives
Bv10312 m2 s33 , Eq. 7 gives Rav1031 , and
Eq. 1 gives Nbv1034 kg m33 .
It is also possible to estimate the compositional
anomaly between the tangent cylinder and the
surrounding core £uid from the results of our experiments. Suppose that the core is a mixture of
Fe and a light compound, say FeS (the particular
choice of light compound is not essential to our
argument). Let M denote the mass fraction of the
light compound (i.e. FeS) outside the tangent cylinder, while j denotes the mass fraction of light
compound inside the tangent cylinder. Then, the
compositional anomaly of the tangent cylinder is
given by:


j 3M ¼

Nb
b



13 M b Fe þ M b FeS
b Fe 3 b FeS

ð20Þ

where bFe and bFeS are the density of Fe and FeS
liquids, respectively. Linearly extrapolating density measurements made at 30 GPa and 1800 K
[37] and assuming that Mv0.10, we estimate from
Eq. 20 a compositional anomaly across the tangent cylinder of j3Mv5U1038 .
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ber these are: weak thermal wind driven by conduction (no convection), convection along the
tangent cylinder, quasigeostrophic convection,
and 3D turbulent convection. A westward azimuthal thermal wind £ow is observed below the
core^mantle boundary in all cases, although it is
strong only in the presence of convection. Our
experiments show that the azimuthal velocity of
the thermal wind scales with average buoyancy
£ux of the convection and the rotation rate, according to UV2(B/f)1=2 .
We ¢nd that the large-scale geomagnetically inferred polar vortices in the outer core can be explained as thermal winds driven by buoyancy produced at the inner core boundary if the inner core
growth rate is high and if a substantial fraction of
the buoyant £uid produced at the inner core
boundary remains within the tangent cylinder region. In addition, we infer that the diameters of
convective elements in the tangent cylinder (baroclinic vortices) are on the order of a few kilometers, and that the £ux Rayleigh number there
is of the order of 1031 . If the tangent cylinder acts
as a barrier to mixing as in our experiments, we
expect undetectably small density and compositional di¡erences to exist between the £uid inside
the tangent cylinder and the rest of the outer core.
Our experimental results for thermal wind velocity are consistent with an asymptotic scaling
law that is independent of transport properties
such as viscosity and thermal or chemical di¡usivity. This o¡ers some advantage for extrapolation to the Earth’s core, where transport properties are poorly known. Therefore, it would be of
interest to compare our results with numerical
dynamo simulations and magnetohydrodynamics
experiments using liquid metals, to determine how
these scaling laws are modi¢ed by magnetic ¢elds,
compressibility, and other e¡ects we have not
considered.
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