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SUMMARY

Jupiter and Saturn emit nearly twice the thermal energy they receive from the Sun. Although
insolation decreases toward the poles, the large-scale outward heat flux is nearly uniform,
with smaller-scale latitudinal undulations that correlate with the zonal jet streams. Here we
present numerical models of rapidly rotating, turbulent 3-D convection in geometrically thin,
uniformly forced layers of Boussinesq fluid that approximate the deep convection zones of
Jupiter and Saturn. In previous studies we have demonstrated that such models generate zonal
flows comparable to those observed on the gas giants. By analysing the simulated patterns
of convective heat transfer, we show here that deep convection in the gas giants can explain
the anomalously uniform large-scale thermal emissions as well as the jet-scale variations.
In particular, we find that convective heat transfer by quasi-geostrophic thermal plumes in
relatively thin spherical shell geometry generates an outward heat flow pattern with a broad
equatorial minimum and peaks at the poles. The results suggest an alternative to the hypothesis
that insolation controls the large-scale patterns of heat flux and zonal flow on the gas giants.
Instead, we propose that the large-scale thermal and zonal flow fields originate deep within the
planets’ molecular envelopes.
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1 INTRODUCTION

The thermal emission of a planet represents an admixture of inte-
rior heat and reradiated solar energy. Since the net outward heat flow
exceeds solar deposition on both Jupiter and Saturn, a significant
flux of heat must be escaping from the interior. Prior to the Pio-
neer missions, which measured Jupiter’s thermal emission over 30
yr ago (Ingersoll et al. 1975; Ingersoll 1976), it was thought that the
heat flux from the interiors of the giant planets would be spatially
uniform. Making this assumption, Stone (1973) showed that solar
energy deposition would result in an equator to pole temperature
decrease of ~10-30 K in the gas giant atmospheres. However, Pi-
oneer 10 and 11 infrared observations showed that no significant
latitudinal temperature gradients exist on Jupiter (Ingersoll et al.
1975). Subsequent space missions and ground based observations
have confirmed that the total outward heat flow from the gas giants
is roughly uniform in latitude, with smaller-scale undulations that
resemble the structure of the jet-streams (Fig. 1a) (e.g. Hanel et al.
1981, 1983; Pirraglia 1984; Baines et al. 2007).

Because insolation is maximum near the equator and diminishes
to nearly zero at the poles, some dynamical process, in the planetary
interior or near the surface, must be responsible for the anomalous
uniformity of the net emission. Previous explanations of the uni-
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formly emitted heat flux have focussed on how solar heating may
redistribute outward heat flow from the planetary interior, either
through mixing in the outermost cloud layers (Conrath & Gierasch
1984; Pirraglia 1984; Williams 1985), or by giving rise to thermal
gradients at depths that counterbalance the latitudinal insolation
gradient (Ingersoll 1976; Ingersoll & Porco 1978).

Based on numerical modelling results (Heimpel et al. 2005;
Heimpel & Aurnou 2007), we propose a novel explanation: that
deep convection in the molecular envelopes of the gas giants, with-
out solar forcing or tropospheric mixing effects, can generate heat
flow that is strongest at the poles and weakest at the equator. As a re-
sult, the model’s surface heat flow pattern, superimposed with that of
solar energy deposition, is consistent with a roughly uniform net out-
ward heat flow from Jupiter and Saturn. Such a pattern of convective
heat transfer has not been found in earlier models of rapidly rotating
spherical shell convection in which relatively weak zonal flows are
generated (e.g. Gilman 1975, 1977; Christensen et al. 1999; Busse
& Simitev 2006). In our rapidly rotating, turbulent convection mod-
els, a pattern of strong, alternating zonal jets arise. The zonal jet
widths in our numerical models, and on Jupiter and Saturn, follow
a Rhines’ scaling theory (Heimpel & Aurnou 2007). Therefore, our
results imply that deep convection can explain both the large-scale
zonal flow and heat flux patterns observed on the gas giants.
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Figure 1. (a)Jovian thermal emission profiles normalized by the mean value
of emitted thermal energy (Q,) = 13.95 Wm™2 (adapted from Pirraglia
1984). Solid lines connect the data points that are demarcated by the filled
circles; the dashed lines are extrapolations that fit the high latitude data
from the Pioneer observations (Ingersoll et al. 1975). Red lines: net outward
thermal emission. Blue lines: deposited solar energy. Black lines: difference
between emitted and deposited solar energy. (b) x = 0.85 and (¢) x =
0.90 model results. The solid black line shows the normalized, 10-rotation
average of the outward thermal emission from the outer boundary of the x
=0.85 (x = 0.90) deep convection simulation at # = 0.30217 (+ = 0.13913)
viscous diffusion times. The solid blue line is the normalized quadratic fit to
the model’s emission. The dashed black line shows the emitted—deposited
difference profile from (a).

The rest of the manuscript is organized as follows. In Section 2,
we describe the numerical model used in this study. The detailed
results of the calculation are discussed in Section 3. In Section 4,
we discuss heat transfer mechanisms in our models and then apply
our results to the gas giants, showing that the patterns of convective
heat transfer can explain the uniformity of the thermal emission
from Jupiter and Saturn.

2 NUMERICAL MODEL

We investigate convective heat transfer that develops in numeri-
cal models of 3-D, turbulent thermal convection in a rapidly rotat-
ing Boussinesq fluid by simultaneously solving, respectively, the
Navier—Stokes equation, the energy equation and the continuity
equation:
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Here u is the velocity vector, 7 is the temperature and p is
the non-hydrostatic pressure. The system of equations is non-
dimensionalized using the spherical shell thickness D = r, — r;
for length scale, the viscous diffusion time # = D?/v for timescale,
v/ D for velocity scale, pQ*D? for pressure scale and AT for tem-
perature scale. The inner and outer shell boundaries are »; and r,
respectively; v is the working fluid’s kinematic viscosity; the shell’s
constant angular rotation velocity is €2; and A7 is the imposed
temperature difference across the shell.

The calculations are performed with isothermal, free-slip bound-
ary conditions and the gravitational acceleration varies linearly with
radius. Each run is initialized in solid body rotation with angular
rotation velocity Qz, and the convection develops from a small,
random temperature perturbation. The non-dimensional control pa-
rameters are the following:

ATD?
Rayleigh number, Ra = G _ 5.56 x 10%;
KV
Ekman number, £ = Y =30x 10‘6;
Q,D?
Prandtl number, Pr = v =0.10;
K
and radius ratios, x = i = 0.85 and 0.90,
rO

where « is the thermal expansivity, g, is gravitational acceleration
on the outer boundary and « is the thermal diffusivity. The Rayleigh
number describes the ratio of buoyancy and diffusional effects; the
Ekman number is the ratio of viscous and Coriolis forces; the Prandtl
number is the ratio of thermal and viscous diffusion timescales; and
the radius ratio describes the spherical shell geometry.

The models’ spherical shell radius ratios, ¥ = 0.85 and 0.90,
shown schematically in Fig. 2(a), are thinner than in other recent
rotating convection simulations of Jupiter and Saturn (Christensen
2002; Aurnou & Heimpel 2004). These radius ratio values corre-
spond to bottom boundary depths that are significantly shallower
than theoretical estimates of the transition depth to fully metallic
hydrogen on the gas giants. Increasing electrical conductivity with
depth in the molecular envelope will likely lead to dynamically sig-
nificant Lorentz forces that will electromagnetically brake strong
zonal flows at depths significantly shallower than the metallic hy-
drogen transition depth (Guillot ef al. 2004). Thus, these radius ra-
tio values approximate the estimated ranges for the depth of strong
zonal flows on Jupiter and Saturn (Guillot 2005).

The Ekman number was chosen to be as low as is presently com-
putationally feasible. Using the asymptotic scaling laws of Aubert
et al. (2001) and Christensen (2002), the Rayleigh number was se-
lected to obtain a zonal flow such that the peak non-dimensional
velocity (the Rossby number, Ro) is comparable to those of the gas
giants. Thus, while our simulations’ Ra and E values are orders of
magnitude from planetary values, the simulation seeks to approxi-
mate the large-scale fluid dynamics on the giant planets. With these
choices of Ra and E it is not possible for our models to simulta-
neously match the absolute value of the thermal emissions from
the gas giants. However, because our simulations are likely in the
asymptotic regime (e.g. Aurnou 2007), we argue that the interaction
between the convectively driven zonal flows and the convective heat
transfer produces patterns of heat flow that are qualitatively similar
to those observed on the gas giants.

These calculations are identical to the x = 0.85 and 0.90 cases
whose zonal flow dynamics were studied by Heimpel & Aurnou
(2007). The analyses presented in this paper are made with output
from near the ends of the two integrations, at # = 0.30217 viscous
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(c

Figure 2. (a) Model schematic (x = 0.90): Rotating Boussinesq convection is driven by temperature differential A7 between isothermal, free-slip boundaries
r; and r,. The shell rotates at angular velocity €2. The tangent cylinder, the imaginary axial cylinder that circumscribes the inner shell boundary, intersects the
outer shell boundary at 6 7c = +cos™! x = +25.8° latitude. The equatorial region is defined to be the fluid volume external to the tangent cylinder. Model
results (x = 0.90): Meridional slice views of the azimuthally averaged (b) angular velocity and (c) temperature fields at # = 0.13886 viscous diffusion times.

diffusion timescales for the y = 0.85 case and at 7 = 0.13913 for the
x = 0.90 case. In these calculations the spectral transform method,
developed in the study of Glatzmaier (1984), is employed to solve si-
multaneously the Boussinesq Navier—Stokes and energy equations,
using the MagIC formulation of Wicht (2002) and further outlined
in Christensen & Wicht (2007). The governing equations are solved
on 65 levels in the radial direction using a Chebychev polynomial
representation. To efficiently time-step the solutions, the equations
are solved on an azimuthally truncated spherical section with eight-
fold symmetry and periodic boundary conditions on the bounding
meridional planes (i.e. Al-Shamali ez al. 2004). Within this trun-
cated section, we use 512 points in latitude and 128 points in the
eight-fold azimuthally truncated section (1024 azimuthal points in
a full sphere) for the x = 0.85 model and 768 points in latitude
and 192 points in the truncated azimuthal section (1536 azimuthal
points in a full sphere) for the x = 0.90 model. For these grids,
the maximum spherical harmonic degree, /,,.x, is 336 and 512 for
the x = 0.85 and the x = 0.90 models, respectively. The flow field
at latitudes greater than ~80° is not well resolved in our models,
possibly because the bounding meridional planes converge at the
poles. Therefore, the modelling results will be disregarded between
80° and 90° latitude.

Even with the relatively large grids described above, we cannot
resolve the full flow fields at the extreme parameter values employed.
Thus, our simulations include viscous and thermal hyperdiffusivities
that damp the solutions at the highest wavenumbers (Heimpel &
Aurnou 2007). The hyperdiffusion parametrization is the following:

3 C+1)—lby 7
dl) = d, {1 +A[7Um+l)_lhd} } 0
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where d(/) is the diffusivity that varies as a function of spherical
harmonic degree /, d, is the non-hyperdiffusive amplitude of the
diffusivity, A is the amplitude of the hyperdiftusion, /,, is the spher-
ical harmonic degree at which the hyperdiffusion starts to act, and
B is the hyperdiffusion exponent. In these calculations, we set A =
1000, /4y, =5 and B = 2.

The key assumptions employed in our simulations are outlined
herein, although we refer the reader to Heimpel ez al. (2005) and
Heimpel & Aurnou (2007) for further details of the model and nu-
merical technique. We do not model tropospheric dynamics nor
the effects of latitudinally varying solar energy deposition. Thus,
the models’ outer boundaries should be considered to lie below the
maximum depth of solar energy deposition, corresponding to depths
no shallower than about the 10 bar pressure level on the gas giants.
‘We model convection only within the region where large-scale zonal
flows are predicted to occur and we neglect the deeper electrically
conductive regions where convection may be vigorous but zonal
flows are likely to be weak (Guillot ez al. 2004).

We employ isothermal boundaries (i) because they are numeri-
cally straightforward to implement and (ii) because Busse & Simitev
(2006) have shown that convective heat transfer is not strongly af-
fected by the choice of thermal boundary conditions in geodynamo
simulations with free slip mechanical boundaries and Earth-like core
geometry (x = 0.4). In addition, we use free-slip mechanical bound-
ary conditions on both spherical shell boundaries, which allow us
to model jovian-style alternating jets with the least computational
expense (Danilov & Gurarie 2002; Aurnou & Heimpel 2004).

The working fluid in our model is Boussinesq, which means that
it is incompressible except for the buoyancy effects of tempera-
ture perturbations (Tritton 1987). While the fluid in the interiors of
the gas giants is compressible (Evonuk & Glatzmaier 2004; Guillot
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Table 1. Nusselt number values, Nu = total/conductive heat transfer, on the
models’ outer boundaries. The minimum values occur near the equator. The
maximum values occur around the poles.

Model Mean Nu Min Nu Max Nu
x =0.85 3.7 2.0 6.0
x =0.90 3.6 2.5 6.5

et al. 2004), the Boussinesq approximation allows us to model tur-
bulent convective flow (rms Reynolds number Re ~ 2 x 10*) un-
der quasi-geostrophic conditions (rms Rossby number Ro ~ 0.01).
These high Re, low Ro conditions are likely characteristic of the adia-
batically mixed molecular envelopes of the giant planets (Ingersoll &
Pollard 1982; Liao et al. 2005). Thus, with Boussinesq fluid, we can
simulate the first-order convective mixing processes that occur in
the planetary interiors and, thereby, approximate their large-scale
dynamics.

3 MODEL RESULTS

Fig. 1 shows the normalized outward heat flux from (a) Jupiter and
our (b) x = 0.85 and (c¢) x = 0.90 models. The red line in Fig. 1(a)
shows Jupiter’s outward heat flux, which is approximately constant
as a function of latitude (Pirraglia 1984). The blue lines, which peak
at the equator and approach zero at the poles, denote the deposited
solar energy. The black lines show the difference between the emitted
energy and the solar deposition. This differential heat flux peaks at
the poles and reaches a minimum in the equatorial region.

The solid black lines in Figs 1(b) and (c) show the normalized
heat flux emanating, respectively, from the outer boundary of our
x = 0.85 and 0.90 convection models. The solid blue lines in
Figs 1(b) and (c) show the models’ large-scale, outer boundary heat
flux smoothed using a least-squares quadratic fit. The dashed black
lines in Figs 1(b) and (c) show the differential heat flux pattern in-
ferred for Jupiter in Fig. 1(a). Here we have normalized the model
heat flux curves such that the quadratic fits and the differential heat
flux are equal in value at the equator. The models’ outward heat
fluxes reach their minimum values at low latitudes and increase
to their peak values at higher latitudes, approximating the inferred
planetary heat flow patterns for the gas giants.

Table 1 show the values of the outer boundary Nusselt number, Nu.
The Nusselt number is the total outward heat flow normalized by the
conductive heat flow that would arise in the absence of convection.
Thus, by definition, Nu = 1 in cases in which no convection occurs.
In our models, the mean Nusselt number value is just less than 4. The
peak values are close to 6 and occur near the poles; the minimum
values, which occur around the equator, are near to 2.

Fig. 2 shows (a) the schematic structure of our x = 0.90 numeri-
cal model; meridional slices of its azimuthally averaged (b) angular
velocity and (c) temperature fields. The azimuthally averaged an-
gular velocity field in Fig. 2(b) shows that, due to the effects of
rapid rotation, the turbulent flow organizes itself into large-scale,
nested axial cylinders. The alternating east-west surface flows are
the expression of these deep, quasi-geostrophic, cylindrical flows.
A powerful prograde (eastward) jet dominates the shell’s equatorial
region, which is defined as the fluid lying outside the tangent cylin-
der shown in Fig. 2(a). At higher latitudes, alternating, smaller-scale
zonal jets form. The jet widths follow topographic Rhines scaling
for quasi-geostrophic turbulence in a spherical shell (Heimpel &
Aurnou 2007).

Fig. 2(c) shows the azimuthally averaged temperature field. From
this averaged thermal pattern, we infer that warm fluid convects more
efficiently across the fluid layer at high latitudes in comparison to
lower latitudes. This occurs because thermal plumes in the equatorial
region buoyantly rise in cylindrical radius from the bottom boundary
roughly half way across the fluid layer, but do not easily cross the
outer half of the fluid layer. At higher latitudes inside the tangent
cylinder, thermal plumes extend axially across the entire fluid layer.
This difference between the polar and equatorial temperature fields
explains the increased heat flux at higher latitudes in our models.

Close-ups and schematics from the x = 0.85 model are shown
in Fig. 3. Heat transfer is inhibited in the equatorial region of the
shell and generally grows stronger with increasing latitude. In the
equatorial region (Figs 3a and b), local gravity is perpendicular to
the planet’s rotation axis. Thus, buoyant convective plumes travel in
the §-direction, outward from the rotation axis. As they do so, the
plumes non-linearly interact with the zonal flow field, which causes
them to deflect in the azimuthal ¢-direction and lowers the §-velocity
at which they buoyantly rise across the fluid layer. This interaction
dynamically inhibits the plumes’ ability to cross the fluid layer and
lowers the efficiency of convective heat transfer in the equatorial
region of the shell. In the polar regions of the shell, in contrast,
thermal plumes travel primarily in the axial zZ-direction (Figs 3c
and d). Since axial motions are not affected by the zZ-independent
zonal flows, polar plumes more efficiently convect heat across the
shell.

Fig. 4 shows radial profiles of the azimuthally averaged tempera-
ture fields for the y = 0.85 (top row) and x = 0.90 models (bottom
row). The solid (long-dashed) lines correspond to profiles from each
model’s northern (southern) hemisphere. The short-dashed lines
show the temperature profile for purely conductive heat transfer
(Kono & Roberts 2001):

Te)=T, + [rr—r (l - i)] AT, 5)

where T, and (7, + AT) are the temperatures imposed, respec-
tively, on r, and ;. The £70° latitude temperature profiles show
that thermal boundary layers exist at both »; and r, and that the
interior fluid is nearly isothermal. In the equatorial region, shown in
the two rightmost panels, a thermal boundary layer forms only near
r; inthe x = 0.90 case and the temperature profile does not greatly
depart from the conductive state in the outer half of the shell. Thus,
these profiles confirm that the convective heat transfer is well de-
veloped in the polar regions of the shell and becomes progressively
weaker with decreasing latitude.

Fig. 5 shows the azimuthally averaged northern hemisphere tem-
perature and angular velocity fields from (a) the y = 0.85 model and
(b) the x = 0.90 model. The northern temperature field comprises
the top half of each meridional slice. The northern hemisphere an-
gular velocity field has been mirrored across the equator into the
lower half of the slice. The vertical lines demarcate jet boundaries.
Solid (dashed) lines mark the poleward (equatorward) boundaries of
prograde jets. At low and mid-latitudes, convective heat transfer is
inhibited across jet boundaries. In addition, warm (cold) fluid tends
to build up on the equatorward (poleward) side of each mid-latitude
jet, irrespective of jet direction. These intrajet temperature patterns
cause the mid-latitude heat flux undulations in Figs 1(b) and (c). At
higher latitudes, convective heat transfer occurs on axially aligned
plume structures, which are approximately evenly distributed within
each particular jet structure.

© 2008 The Authors, GJI, 173, 793-801
Journal compilation © 2008 RAS



Deep convective heat transfer 797

n

f'o
N - ]
® b3
® ) @ 2
Gkl o + A .Jf Tz
N o|||| ¢ 1 s
b) +_retrograde d) E E
d: i | | T r;

Figure 3. (a) Equatorial slice (the rotation axis points out of the page) of instantaneous isotherms showing strong azimuthal deflection of equatorial thermal
plumes in the x = 0.85 case. The black long-dashed lines mark the boundary between the retrograde and prograde zonal jets. (b) Plan view schematic of a
deflected thermal plumes in the equatorial region. The solid black line labelled u 4(s) is the azimuthally averaged azimuthal velocity profile from the x = 0.85
case. The short-dashed vertical line marks the location of the jet boundary at s = 0.897 r,. Note that the thermal plumes do not cross the boundary between
the jets. (c) Close-up view of Fig. 2(c) showing a meridional slice of isotherms in the polar region of the x = 0.90 case. The lower spherical surface shows the
temperature field just above r;. In this image the rotation axis points upwards along the plane of the page. Red (blue) contours denote warm (cold) fluid. (d)

Meridional slice schematic of a thermal plume in the polar regime.
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Figure 4. Azimuthally averaged temperature profiles plotted versus spherical radius, 7, at five different latitude values. Solid (long-dashed) lines denote northern
(southern) hemisphere profiles. Short-dashed lines denote the conductive temperature profile, given in (5). Top row: x = 0.85 case at # = 0.30217. Bottom row:

x =0.90 case at t = 0.13913.

4 DISCUSSION

4.1 Heat transfer dynamics

In studies of the solar convection zone, Gilman (1975, 1977) car-
ried out some of the first detailed simulations of 3-D convection
in a geometrically thin shell (x = 0.80). His earlier study investi-
gated the linear regime for £ > 2 x 1073 and Pr = 1. The latter

© 2008 The Authors, GJI, 173, 793-801
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study investigated non-linear convection for £ > 2 x 1073, Pr =
1 and Ra < 4 x 10*. In these simulations, the outer boundary heat
flow has peak values at the equator and at the poles (also see Busse
& Cuong 1977; Busse & Simitev 2006). The equatorial heat flux
is driven by motion on columnar convection rolls that are aligned
with the rotation axis (e.g. Roberts 1968; Dormy et al. 2004). The
polar heat flux is carried by convection cells similar in structure to
plane layer convection (Sreenivasan & Jones 2006). As the strength
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a) x=0.85 model

b) %=0.90 model

Figure 5. Meridional cuts of the northern hemisphere azimuthally averaged temperature (upper hemisphere) and angular velocity fields (lower hemisphere).
(a) x = 0.85 case at + = 0.30169 and (b) x = 0.90 case at + = 0.13886. Solid (dashed) vertical lines mark the poleward (equatorward) prograde jet

boundaries.

of rotation is increased, the equatorial heat flux remains strong at
the inner boundary but weakens slightly at the outer boundary. This
occurs because the convection columns become narrower in radial
extent with increasing rotation rate. Because the columns form just
outside the tangent cylinder, they still transport heat efficiently away
from the inner boundary equator, but they no longer advect that heat
directly to the outer boundary due to their limited lateral extent. At
higher rotation rates, Gilman (1975) also finds that a significant flux
of heat is transported in latitude towards the equator. This equator-
ward heat flux arises in more rapidly rotating cases in which the
convection cells become columnar. The axially aligned columnar
rolls transfer heat predominantly perpendicular to the rotation axis.
Thus, warm fluid—transported cylindrically away from the inner
boundary by the rolls—is carried equatorward; and cold fluid—
transported cylindrically away from the outer boundary—is carried
poleward.

The large-scale pattern of heat transfer in our present simulations
differs from the patterns found in the moderate rotation rate, mod-
erately supercritical, thin-shell cases of Gilman (1975, 1977). The
large-scale pattern in our models arises mainly due to non-linear
effects of strong quasi-geostrophic zonal flows on the heat transfer
dynamics. Primarily, the zonal flows inhibit cylindrically radial mo-
tions of the thermal plumes. This preferentially limits heat transfer
in the equatorial region of the shell, without affecting heat transfer
at higher latitudes in our models.

In studies of rotating convection in spherical shell geometries,
the effects of zonal flows on equatorial heat flow can be under-
stood by comparing cases with stress-free and non-slip mechani-
cal boundary conditions (e.g. Christensen et al. 1999; Aurnou &
Olson 2001). In moderately supercritical cases with stress-free
boundaries, stronger zonal flows develop and cylindrically ra-
dial motion of thermal plumes is inhibited. In constrast, zonal
flows are weak in comparable cases with non-slip boundaries and
thermal plumes travel in cylindrical radius across the shell, trans-
porting warm fluid efficiently to the outer boundary in the shell’s
equatorial region. Similarly, strong magnetic fields can act to limit
the formation of strong zonal flows in simulations of the geody-
namo (e.g. fig. 10 in Kono & Roberts 2002). In such cases, it is
found, again, that equatorial heat transfer is facilitated.

In rapidly rotating shells, axially aligned, columnar plumes tend
to conserve potential vorticity (Aubert et al. 2003; Baldwin et al.
2007). The fluid’s local value of potential vorticity (PV) varies
due to two main components in a spherical shell of Boussinesq
fluid: (i) local perturbations due to axial vorticity of fluid elements
and (ii) spatial variations of background PV due to the axial col-
umn height variations in the spherical shell (e.g. Hide 1966; Heim-
pel & Aurnou 2007). Potential vorticity conservation causes con-
vection columns in the equatorial region to become tilted in the
prograde azimuthal direction as they travel outward in cylindri-
cal radius. The prograde tilt of these columnar plumes generates

© 2008 The Authors, GJI, 173, 793-801
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Figure 6. (a) Cassini/VIMS near IR image of Saturn contains latitudinal bands and intraband structures, such as the mid-latitude “string of pearls” pattern
(adapted from http://wwwvims.Ipl.arizona.edu). Rendered x = 0.90 modelling results: (b) Temperature field snapshot on the » = 0.991r, radial surface at
t = 0.13080. (c) Temperature field averaged over ten rotations ending at # = 0.12970. Views in (b) and (c) are from 5° above the equatorial plane. Reds (blues)

represents warm (cold) fluid. Each panel has its own colour scale.

non-linear Reynolds stresses that drive large-scale axially invariant
zonal flows (Zhang 1992; Liao et al. 2007). Thus, kinetic energy
of turbulent cylindrically radial motions, u, is converted into ki-
netic energy of zonal motions. This conversion effectively decreases
the cylindrical convective heat flux, (u}7”), which is the dominant
component of convective heat transfer in the shell’s equatorial re-
gion. In addition to this, sharp PV gradients are associated with
strongly non-linear zonal jets (Marcus & Lee 1998). Such PV gra-
dients act as local fluid barriers that further suppress cylindrically
radial fluid motions (Baldwin ez al. 2007). Thus, quasi-geostrophic
zonal flows strongly modify the equatorial pattern of convective heat
transfer.

At higher latitudes, the dominant component of convective heat
transfer is axial, (u. 7). The high latitude heat transfer occurs via
3-D helical plumes (Aurnou ef al. 2003; Sreenivasan & Jones 2006;
Aubert et al. 2008). These polar plumes are not strongly affected by
the axially invariant zonal flows and, thus, the mechanisms inhibiting
equatorial heat transfer only weakly affect the heat transfer at high
latitudes.

In our numerical models’ the heat flow pattern associated with
each individual mid-latitude jet features an equatorward local maxi-
mum and a poleward local minimum. This pattern develops because
the mid-latitude quasi-geostrophic convection rolls within each jet
preferentially transfer thermal anomalies perpendicular to the rota-
tion axis—in cylindrical radius §, similar to the mid-latitude heat
transfer mechanism described in Gilman (1977). In regions where
the boundaries are significantly inclined away from horizontal, this
process drives warm fluid towards the equator and cold fluid to-
wards higher latitudes. Because mixing tends to be inhibited across
jet structures, warm (cold) fluid builds up on the equatorward (pole-
ward) side of each mid-latitude jet. This same effect is not as strong
at higher latitudes, where the boundaries approximate horizontal
planes.

4.2 Planetary applications

The heat flux patterns in our models agree qualitatively with
the inferred differential heat flow pattern on Jupiter (Fig. 1) and
Saturn (Ingersoll et al. 2004). The models both have a large-scale
increase in heat flux from equator to pole as well as smaller-
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scale heat flux undulations that correlate with the structure of the
smaller-scale mid-latitude jets. As shown in Fig. 6, the undulations
in the mid-latitude thermal field in our model shares qualitatively
similarities to banded near infrared images of Jupiter and Saturn
(Ortiz et al. 1998; Orton & Yanamandra-Fisher 2005; Simon-Miller
et al. 2006). In addition, deep convective plume tops in our mod-
els produce a mid-latitude temperature pattern that has structural
similarities to the ‘string of pearls’ infrared features observed on
Saturn by Cassini/VIMS measurements (Momary et al. 2006). In-
frared images of Jupiter show a change from sheared structures at
low latitudes to localized structures at higher latitudes (e.g. Baines
et al. 2007). A similar change—from strongly sheared, low latitude
structures to more localized, higher latitude axial plumes—occurs
rather abruptly in the vicinity of the tangent cylinder in our models,
as seen in Fig. 6(b).

These similarities suggest an alternative interpretation of the near
infrared maps of the gas giants. The standard interpretation is that
structures in these images result from cloud opacity variations acting
on a uniform internal radiation field (i.e. Ortiz et al. 1998; Baines
et al. 2005). In our models, it is found that the interior heat transfer
pattern is not uniform, but instead has variations that are qualita-
tively similar in structure to the near infrared observations. Thus,
we hypothesize that local regions of strong convective heat transfer
are associated with cloud structures, similar to regions of convective
upwelling in Earth’s troposphere. This interpretation is qualitatively
supported by the studies of Gierasch et al. (2000) and Sanchez
Lavega et al. (2008), in which they argue, respectively, that deep
convective plumes can account for a significant portion of Jupiter’s
interior heat flow and that deep plumes are important drivers of
jovian zonal flows.

Because our models do not include a tropospheric layer, care must
be taken in comparing our results with tropospheric observations of
the gas giants. The outer boundary in our models should be thought
of as lying well below the region where solar forcing effects occur,
at pressures no less than roughly 10 bar. Taking this into account,
our results are qualitatively consistent with the velocity data from
the Galileo probe for pressures greater than approximately 5 bar.
It should also be noted that thermal wind balance differs from that
in a shallow tropospheric fluid layer (e.g. Vasavada & Showman
2005). In our models thermal wind balance corresponds to that of a
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deep layer of fluid in which the thermal wind velocity, U 7w, varies
along the direction of the global rotation vector, z, Z)UTW /0z. This
is fundamentally different from thermal wind balance in a shallow
troposphere. In a shallow fluid layer, thermal winds vary in the
local radial direction 7 in proportion to the local radial component
of the rotation vector, dUry /dr. Thus, the z-dependent thermal
wind shears near the outer boundary of our models should not be
directly compared to 7-dependent thermal winds that exist in the
tropospheres of the gas giants.

Our modelling results suggest that deep convection on the gas
giants is capable of producing an outward heat flux pattern that is
minimal at the equator and maximal at the poles. When the heat
flow pattern from our models is superposed with solar deposition,
a quasi-uniform thermal emission pattern results. These convection
models provide a self-consistent mechanism to explain the thermal
emission on the gas giants. Furthermore, according to our models,
the near uniformity of the thermal emission from the gas giants oc-
curs because the ratio of solar deposition to internal emission is near
unity. Thus, the uniformity depends on the planets’ specific orbital
properties. In contrast, if either tropospheric mixing smooths insola-
tion and the interior heat flow is uniform (Stone 1973) or insolation
controls the pattern of interior heat flow (Ingersoll & Porco 1978),
then the thermal emission should remain uniform irrespective of
the ratio of solar deposition to internal emission (i.e. irrespective
of the planet’s orbital properties). This fundamental difference may
allow observers to test the validity of these hypotheses. For instance,
since our models suggest that deep convective heat transfer is not
strongly affected by solar energy deposition, the outward heat flow
pattern due to deep convection should not change significantly over
a given planet’s orbital period. Thus, our models predict that ob-
served secular variations in a planet’s net outward heat flow will
be dominated by seasonal changes in solar energy deposition (i.e.
Nixon et al. 2007). This hypothesis is testable with high resolution
thermal observations of the gas giants. Decisive, higher resolution
measurements of Saturn can presently be made by the Cassini CIRS
and VIMS instruments (e.g. Baines et al. 2005; Simon-Miller et al.
2006; Fletcher et al. 2007). Furthermore, NASA’s proposed low
altitude, polar orbiter, Juno, should be capable of discriminating
whether the proposed coupling between outward heat flow and deep
zonal flow occurs on Jupiter.
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