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We numerically explore the dynamics of an incompressible fluid heated from below, bounded by free-slip
horizontal plates and periodic lateral boundary conditions, subject to rapid rotation about a distant axis that is
tilted with respect to the gravity vector. The angle ¢ between the rotation axis and the horizontal plane measures
the tilting of the rotation axis; it can be taken as a proxy for latitude if we think of a local Cartesian representation
of the convective dynamics in a rotating fluid shell. The results of the simulations indicate the existence of three
different convective regimes, depending on the value of ¢: (1) sheared, intermittent large-scale winds in the
direction perpendicular to the plane defined by the gravity and rotation vectors, when rotation is “horizontal”
(¢ = 0°); (2) a large-scale cyclonic vortex tilted along the rotation axis, when the angle between the rotation
axis and the gravity vector is relatively small (¢ between about 45° and 90°); and (3) a new intermediate regime
characterized by vertically sheared large-scale winds perpendicular to both gravity and rotation. In this regime,
the winds are organized in bands that are tilted along the rotation axis, with unit horizontal wave number in
the plane defined by gravity and rotation at values of ¢ less than about 60°. This intermediate solution, studied
for the first time in this work, is characterized by weaker vertical heat transport than the cases with large-scale
vortices. For intermediate values of ¢ (between about 45° and 60°), the banded, sheared solution coexists with
the large-scale vortex solution, with different initial conditions leading to one or the other dynamical behavior. A
discussion of the possible implications of these results for the dynamics of rapidly rotating planetary atmospheres

is provided.

DOLI: 10.1103/PhysRevE.99.053116

I. INTRODUCTION

Turbulent buoyancy-driven convection is at the core of
heat transport mechanisms in the atmospheres of planets, cool
stars, and other celestial bodies. The main physical processes
underlying turbulent convection have been widely explored
over many years (e.g., Refs. [1,2]), often using the simplified
setting of Rayleigh-Bénard convection (RBC) of a Boussinesq
fluid as the essential model to study a layer of fluid cooled
from above and/or heated from below [3]. However, in more
realistic conditions, RBC is often coupled with system rota-
tion, which can significantly alter the dynamics [4-8]. The
interest in rotating convection as a recurring process in many
natural systems, such as rapidly rotating astrophysical bodies,
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has motivated both laboratory experiments [9—12] and nu-
merical simulations [13—17]. The current observations of the
complex structure of Jupiter’s fluid motions, including jets and
large-scale winds at low to midlatitudes and intense vortices
at the poles [18], have renewed interest in the interplay of
rotation and convection.

There are various complementary approaches to the com-
putational modeling of convection in rotating bodies. One
is to employ global models, in which a full spherical (or
spherical shell) geometry is considered. At the other ex-
treme, in some sense, are local plane layer models, which
treat the dynamics in a Cartesian geometry, representative
of a layer of fluid at a particular latitude; this is similar
to the “f-plane” approach for geophysical flows [19]. There
are also models that exploit the fact that the strong Corio-
lis force tends to reduce the dependence on the coordinate
along the rotation axis, thus making the problem quasi-
two-dimensional; for example, the annulus model developed

©2019 American Physical Society
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by Busse [20,21] takes advantage of this feature. Each ap-
proach has its advantages and drawbacks, and each is of
importance in obtaining a full understanding of turbulent
convection in geophysical and astrophysical flows. Clearly,
only global models can capture dynamical behavior on scales
comparable to the body itself, for which the influence of
spherical geometry is critical. Conversely, for computational
reasons, models with a simpler geometry permit the study of
more turbulent parameter regimes, closer to those attained in
planetary bodies.

Recent high-resolution numerical studies of turbulent ro-
tating RBC in a plane layer have investigated the two lim-
iting cases in which the rotation axis is either parallel or
perpendicular to gravity—what we shall refer to as “vertical”
and “horizontal” rotation. The influence of vertical rotation,
which models the polar regions, is to cause mergers of the
turbulent convective plumes [6]; in certain parameter regimes,
such mergers lead to the generation of large-scale, long-lived,
coherent cyclonic vortices [22,23]. It is of interest to note
that in an asymptotically reduced model, valid in the limit of
the Rossby number (a measure of inertial to Coriolis forces)
tending to zero, there is no distinction between cyclonic and
anticyclonic motions; in this case, large-scale vortices of both
signs are formed [24]. The influence of vertical rotation on
the convective heat flux is intriguing; in certain regimes, heat
transport is suppressed by rotation [22], whereas in others it is
enhanced [6,24].

Background rotation about a horizontal axis breaks the
horizontal isotropy. The consequent generation of large-scale
winds (perpendicular to both rotation and gravity) can inhibit
the average vertical heat flux [7], and the resulting dynamics
resembles the flow in equatorial areas of rotating spherical
shells [25-27].

It is important to ask how the results from local polar
and equatorial models relate to those from global (spherical
or spherical shell) models. Rotating Boussinesq convection
in a spherical geometry has been extensively studied (e.g,
Refs. [25,28]) (see the monograph [29] for a full discussion
and references). The curved boundaries have an important
effect on large-scale structures; in flows with high Reynolds
numbers and low Rossby numbers they are, notably, respon-
sible for the formation of zonal flows of amplitude large
compared with the typical convective velocity (e.g., Ref. [30]).
Unlike in local polar models, the formation of vortices at
scales larger than the typical convective size has not been
observed in simulations of rotating convection in spherical
geometry. In a Cartesian domain, the size of the large-scale
vortices may be limited only by the domain size, so that
if the upscale energy transfer were allowed to continue, the
vortices would eventually feel the latitudinal variation of the
Coriolis parameter. In this case, it is conjectured [24] that
the large-scale dynamics would become organised into zonal
flows. That said, it is, however, particularly noteworthy that
coherent polar vortices—reminiscent of those appearing in
local polar models—have been observed on both Saturn and
Jupiter.

Given the very different nature of the convective flows for
the investigated cases of vertical and horizontal rotation, it is
therefore of considerable interest to investigate the nature of

plane layer convection when the rotation axis and the gravity
vector are neither parallel nor perpendicular. The problem of
the linear stability of convection in layers with tilted rotation
vectors was first addressed in Ref. [31], who determined the
nature of the convective motions at onset, with consideration
also of the role of a thermal wind; the linear problem has also
been re-examined recently in Ref. [32]. In an early pioneering
numerical study, the nonlinear evolution of convection with
tilted rotation was studied in Ref. [33], which explored how
heat transport and mean flow generation were influenced by
the tilt of the rotation vector. However, a characterization
of turbulent, three-dimensional RBC at generic latitudes and
relatively high Rayleigh number still remains largely unad-
dressed. The inherent importance of convective processes in
a wide range of intermediate latitudes in rotating astrophys-
ical and geophysical bodies further motivates the interest in
filling this gap. The current work represents one step in this
direction.

II. MODEL EQUATIONS AND NUMERICAL PROCEDURE

We use the Boussinesq approximation [4,34], with con-
stant kinematic viscosity v, thermal expansion coefficient o,
thermal diffusivity x, and gravitational acceleration g. The
simulation domain is a box with depth d, square horizontal
section of side L = 2w d, and horizontally periodic boundary
conditions in the x and y directions. As natural units to make
the equations nondimensional we choose the domain thick-
ness d, the vertical temperature difference between the bound-
ing plates A, and the thermal time 7y, = d?/x. The relative
importance of buoyancy forces and viscous drag is given by
the Rayleigh number R = (Tgiss/Tayn )2, where Tgiss = o/ Tin Tvis
defines an effective dissipative time, Tay, = +/d/(gaA) is the
dynamical time, and s = d? /v denotes the viscous time.
The competition between the two dissipative terms is mea-
sured by the Prandtl number o = 7y /7,is. In keeping with
our previous studies and the value for the atmosphere of our
planet, in this study we fix o = 0.71. The nondimensional
vertical domain is fixed as —1/2 < z < 1/2 and the horizontal
coordinates range in the interval 0 < x,y < 2m. This setup
is similar to that used in other previous RBC studies in the
absence of rotation [35,36] and for the case of horizontal
rotation [7].

The system experiences a background rotation about a
distant axis with dimensional angular speed €2/ ty,. The nondi-
mensional angular speed €2 is related to the Rossby number
defined in Ref. [6] by Ro = (v/oRa)/(2€2), and to the Ekman
number defined in Ref. [22] by Ek = ¢ /(2€2). The rotation
axis lies in the y-z plane and is tilted by an angle ¢ with respect
to the horizontal. Thus, the angle between the rotation axis and
the gravity vector is 90° — ¢.

The nondimensional Boussinesq equations governing ve-
locity u = (u, v, w), temperature 7, and pressure p are as
follows:

V.-u=0, (D
du+u-Vu+2Q%k xu=—-Vp+oRT:+0oVu, (2

8T +u-VT = VT, 3)
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where k is a unit vector along the rotation axis and Z is
the vertical unit vector, antiparallel to gravity. The initial
conditions consist of a random perturbation to the rest state.
Free slip boundary conditions are imposed on the velocity
at the top and bottom boundaries, where the temperature is
prescribed as fixed and horizontally uniform:

ou av | 0 @
— = — =W|,__11 =0,
02lepy  Wleyy TR

Tl__1 =05 T|_y=-05 5)

Equations (1)—(3) are integrated numerically using a
pseudospectral method in the horizontal directions with 2/3
dealiasing, while second-order finite differences are used in
the vertical. A third-order fractional step method is adopted
in time [37]. We use a resolution of 256> grid points in the
horizontal and 192 vertical levels, spaced more densely close
to the top and bottom plates in order to better resolve the
boundary layers. Numerical parallelization is performed by a
vertical partitioning in slices, using the MPI paradigm.

In our simulations we set 2 = 10* in nondimensional
units and set the Rayleigh number at R = 107. We vary
the orientation of the rotation axis by changing ¢ in the
range 0° < ¢ < 90°. Specifically, we explore the values ¢ =
0°, 15°, 30°, 45°, 60°, 90°. This is roughly equivalent to ex-
ploring different latitudes from the equator (¢ = 0°) to the
pole (¢ = 90°). In this analogy, by fixing Rayleigh and Ekman
numbers and varying latitude, the kinetic energy and hence the
Rossby number can change from case to case, thus varying the
degree of supercriticality (see, e.g., Ref. [4]). Our choice of
system parameters (R, o, €2, fluid depth) leads to a Rossby
deformation radius consistent with a fast rotation, i.e., a
Rossby deformation radius smaller than the fluid depth; this
is the regime on which this work focuses. Cases with a slower
rotation and/or a shallower fluid layer such that the Rossby
deformation radius is much larger than the fluid depth are
clearly not covered in this work.

III. RESULTS AND DISCUSSION

The first evidence of the role played by tilted rotation in
altering the convective dynamics is provided by the temporal
evolution of the Nusselt number, Nu(z) = 1 + (wT’), where
(...) is a volume average over the entire domain and 7' =
T — T is the fluctuation of T with respect to the horizontal
average (denoted by the overbar). The Nusselt number is
an integral quantity of the flow serving as an indicator of
vertical heat transport: For diffusive transport, Nu = 1, while
turbulent convective transport leads to Nu > 1.

Changing the angle ¢ results in different temporal evolu-
tions of the Nusselt number, as shown in Fig. 1, where three
regimes can be identified after the initial transient: (1) Inter-
mittent behavior at ¢ = 0°, with an average value of Nu = 7.4
computed from r = 0.7 to t = 1. For ¢ = 0°, the lower heat
flux is associated with the onset of a wind with zero horizontal
wave number, followed by intermittent behavior of the heat
transport, as found in previous works [7,38] and referred to as
“windy convection.” (2) A lower-Nu regime, significantly less
intermittent, for ¢ = 15° and, at late times, for ¢ = 30°, with

time

FIG. 1. Time series of the Nusselt number for all simulations.
Each line identifies a value of ¢, indicated in the legend (in degrees).

time average Nu =~ 7.4-7.5. For these values of ¢ the heat
transport is no longer strongly intermittent. (3) A higher-Nu
regime for ¢ > 45° (Nu >~ 10 & 0.1). For these values of ¢,
the average values of the Nusselt number converge to a similar
quantity, regardless of the axis tilt in this range.

For ¢ = 30°, the average value of the Nusselt number for
this simulation starts in the high-Nu regime, but then at about
t = 0.45 it shows a decrease, becoming closer to the value
observed for ¢ = 15° with Nu = 7.5. The meaning of this
transition is explored further below. Here we simply note
that at large times, the simulation with ¢ = 30° leads to a
behavior similar to that observed for ¢ = 15°. For all values
of ¢, the highest vertical heat transport achieved with rotation
(Nu =~ 10) is significantly less than that achieved without
rotation with this setup (Nu =~ 26, as reported in Ref. [7]).

To investigate the processes by which convective heat
transport varies as ¢ is changed, we employ two-dimensional
sections of the temperature and velocity fields. Instantaneous
horizontal and vertical sections of the temperature fields are
displayed in Fig. 2, computed at the later nondimensional time
t = 0.75, when both the ¢ = 15° and ¢ = 30° cases display a
lower and stationary average value of Nu. From left to right,
the first column shows horizontal sections at mid-depth, while
the second and third columns show vertical sections in the x-z
plane at y = 7 and in the y-z plane at x = m, respectively.
Because the domain is horizontally periodic, the x and y
locations of the vertical sections can be arbitrarily chosen. The
orientation of the rotation axis is represented by the solid line
in the y-z plane. The same sections are also shown for the
u velocity component (along the x direction) in Fig. 3, and
for the v velocity component (in the y direction) in Fig. 4.
The velocity fields are time averaged over 0.025 thermal times
centered on ¢t = (.75.

At ¢ = 0° we find a strong, vertically sheared wind in the
x direction, homogeneous (i.e., with wave number zero and
no modulation) in both the x and y directions at each height
z, in keeping with the windy convection regime previously
described in Ref. [7]. This shear can be clearly seen in the
vertical sections of the y-z and x-z planes of the x component
of the velocity field u, shown in Fig. 3, where the time average
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FIG. 2. Horizontal and vertical sections of the temperature field computed at + = 0.75 for different values of ¢, increasing upward.
Horizontal sections (leftmost column) are taken at mid-depth, vertical sections in the x-z and y-z planes are computed at y = 7 and at x = 7,
respectively. The rotation axis lies in the y-z plane (rightmost column) and its orientation is shown by the solid line. Rising hot plumes are
shown in yellow (light gray), and falling cold plumes are shown in dark purple (dark gray).

covers a quiescent portion of the Nusselt intermittency for
¢ = 0°. The figure shows strong positive and negative values
of u located close to the upper and lower boundaries, respec-
tively. The wind in the transverse y direction is extremely
weak, as shown in Fig. 4, indicating an approximately two-
dimensional flow similar to that studied in Ref. [38]. However,
this pattern no longer persists as the latitude increases to
¢ > 15°. Here, one can still see a strong vertical shear, but the
flow is no longer homogeneous in the y direction. As shown
in Fig. 3, the u velocity field arranges itself in organized struc-
tures with alternating sign of the horizontal velocity along
y. Specifically, the convective fluid now displays two bands
with opposite sign at each height (i.e., with unit wave number
along the y direction). Up to ¢ = 30°, the transverse wind v
remains weak, as shown in Fig. 4. At higher values of the
angle, ¢ > 45°, we find the appearance of a different regime,
characterized by a stronger transverse wind v, organized in
bands along the y direction, with amplitude comparable to the
u component, as shown by the x-y and x-z sections in Fig. 4
(left and central columns, respectively). This new regime is
associated with the formation of a cyclonic vortical structure,
whose axis is approximately aligned with the rotation axis
(compare also with the following Fig. 5). For all orientations
of the rotation axis ¢ > 0°, the y-z sections in Fig. 3 suggest
the existence of a wave-number-one pattern in the y direction,

which exhibits a change of orientation parallel to that of
the rotation axis. A possible interpretation, albeit somewhat
speculative, may be given as to why the wave-number-zero
wind in the y direction disappears when ¢ > 0°: In this
case, the alignment of the plumes with the rotation axis, now
inclined with respect to the horizontal, forces the plumes to hit
the top and bottom boundaries, thus impeding the generation
of a truly wave-number-zero wind as observed when ¢ = 0°.
We conclude that the intermittent windy convection regime
observed in Ref. [7] can exist only for an almost-horizontal
rotation axis (i.e., close to the equator in our spherical shell
analogy). Horizontal temperature sections at ¢ = 15° and
¢ = 30° (left column of Fig. 2) show that vertical plumes are
distributed along an organized spatial pattern, with rising hot
plumes and falling cold plumes gathered in a regular forma-
tion along y, with an approximately homogeneous distribution
along x. The corresponding vertical sections of temperature in
the y-z plane suggest that the convective plumes at ¢ > 15°
exhibit a change of orientation parallel to that of the rotation
axis, as clearly visible in the rightmost column of Fig. 2. At
low values of ¢, plumes are slanted, straightening toward the
vertical as the angle increases. The tilt of the thermal plumes
in the x-z plane (second column of Fig. 2) depends on the
particular value of y at which the slice is taken (here, y = ),
varying at different values of y and with time.
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FIG. 3. Horizontal and vertical sections of the u velocity component, averaged over 0.025 thermal times centered on ¢ = 0.75. Horizontal
sections (leftmost column) are taken at mid-depth, and vertical sections in the x-z and y-z planes are computed at y = 7 and at x = 7,
respectively. The rotation axis lies in the y-z plane (rightmost column) and is shown as a solid line.

Figure 5 shows the vorticity component along the rotation
axis (i.e., k-V x u), time-averaged over 0.025 thermal times
centered on r = 0.75. Three qualitatively different patterns
are visible in these fields: (1) a horizontal wave-number-zero
field consistent with large-scale windy convection at ¢ = 0°;
(2) a wave-number-one configuration in the y direction for
¢ = 15° and ¢ = 30°; and (3) a large-scale coherent cyclonic
vortex at higher values of ¢, which becomes vertical for
¢ = 90°. The panels in the rightmost column show how the
vorticity field aligns with the rotation axis. In the banded
regime at lower angles ¢, the entire vorticity field is aligned
with the rotation axis. Once a large-scale cyclonic vortex
forms at larger values of ¢, its vorticity also aligns with the
rotation axis, as shown by the sections in the y-z plane in
Fig. 5.

We quantitatively assess the alignment of the vorticity field
with the rotation axis by computing their relative orientation.
The vorticity is time averaged over 0.2 thermal times centered
on ¢t = 0.75, and its components along the horizontal and
vertical axes are extracted to estimate the angle formed by
the vorticity in the y-z, x-z, and x-y planes. Table I reports
the angles computed for all the latitudes considered. In the
low ¢ cases, where the wave-number-one solution is reached
in the y-z plane, a prevailing orientation can be identified
for all points in the domain. For ¢ = 90°, the prevailing
direction is due to cyclonic and anticyclonic vorticity. In such

cases, the prevailing direction is estimated by computing the
mode of the distribution of the angles in each plane. Only for
the vortex-dominated cases at ¢ = 45° and 60°, due to the
broad distribution of angles, can we compute the dominant
orientation as the mean orientation of the cyclonic vorticity.
The first column reports the values of the rotation axis ori-
entation residing in the y-z plane, while the second column
contains the measured prevailing vorticity orientation in the
same plane. The third and fourth columns show its value in the
x-z and x-y planes, respectively. The values computed confirm
a good alignment between the vorticity field and the rotation
axis.

The sheared velocity bands observed in Fig. 3 for ¢ < 30°,
tilted along the rotation vector in the y-z plane, are consistent
with a strong cyclonic vorticity field aligned with the direction
of the rotation axis. At low values of ¢, the appearance of
a wave-number-one organization of the velocity bands in the
y direction allows the vorticity vector to be aligned with the
rotation vector even in the absence of a significant transverse
v field: For a vorticity vector with a significant vertical com-
ponent, and in the case of a small transverse velocity v, only a
strong variation of u along y allows such solution. For larger
values of ¢, on the other hand, the emergence of a transverse
component of the velocity field v allows organization of the
flow into a large-scale cyclonic vortex with vorticity tilted
along the rotation axis (see also Fig. 5).
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FIG. 4. Horizontal and vertical sections of the v velocity component, averaged over 0.025 thermal times centered on ¢ = 0.75. Horizontal
sections (leftmost column) are taken at mid-depth, and vertical sections in the x-z and y-z planes are computed at y = 7 and at x = 7,
respectively. The rotation axis lies in the y-z plane (rightmost column) and is shown as a solid line.

As mentioned above, at ¢ = 30° we observed a transition
from a higher-Nu to a lower-Nu regime around ¢ = 0.45.
Figure 6 shows horizontal and vertical sections of the tem-
perature and velocity components along x taken at r = 0.3,
before the transition, for both the ¢ = 15° and ¢ = 30° cases.
The upper panels show the temperature and the lower panels
the velocity fields. For both values of ¢, we observe a tilted
arrangement of the thermal plumes in the y-z plane. At this
time, the velocity field at ¢ = 15° is already organized into
a strongly sheared wave-number-one pattern in the y-z plane,
while such a configuration is only weakly formed for ¢ = 30°,
compared to the corresponding section at + = 0.75 in Fig. 3.
The transverse velocities v for ¢ = 30° at this early time are
still comparable in amplitude to the u velocities, while, as
shown in Fig. 4, they weaken significantly after the transition
to the lower-Nusselt-number flow regime. This makes the
early-time ¢ = 30° flow more similar to the regime with
large-scale vortices observed for ¢ > 45° at r = 0.75 and, in
fact, it shares a similar value of the Nusselt number.

We complete this picture by reporting, in Fig. 7, a compari-
son between the vertical profiles of u(x, y, z) averaged in the x
direction, (u),(y, z), at four equally spaced y locations, where
(...)x indicates an average over the x direction. The figure
shows the cases for ¢ = 15° [Figs. 7(a) and 7(c)] and ¢ = 30°
[Figs. 7(b) and 7(d)], before (upper row) and after (lower row)
the ¢ = 30° transition. Profiles are time averaged over 0.025
thermal times centered on r = 0.3 and t = 0.75, respectively.

Before the transition, the ¢ = 30° case is characterized by a
much weaker vertical shear at all sections [Fig. 7(b)], with
the velocity field not intense enough to sensibly deviate the
thermal plumes in the x-z plane (compare with Fig. 6). At
the same time, a strongly sheared u profile is instead found
at ¢ = 15°, as shown in Fig. 7(a). The profile shape depends
on the selected value of y but its amplitude does not change
with y.

As we know from Fig. 1, at this time the strongly sheared
flow at ¢ = 15° is characterized by a lower value of Nu
than the weakly sheared ¢ = 30° case. At t = 0.75, after
the transition, the vertical profiles of ¢ = 30° also exhibit
a strongly sheared configuration [Fig. 1(d)], in accordance
with the formation of the pattern discussed and reported in
Figs. 2, 3, and 4. The lower value of Nu observed at this
time for ¢ = 30° is consistent with the stronger deviation
that temperature plumes now experience in the x-z plane. The
pathway of convective plumes to the opposite boundaries is
hindered as the velocity field is organized into strong bands,
resulting in a weaker heat transport by convection.

The transition of the ¢ = 30° solution is suggestive of
the possible coexistence of multiple solutions for the same
parameter set. To address this issue, we explored whether
a strongly sheared solution organized in bands (instead of
large-scale vortices) could exist also at ¢ > 45°. To this end,
we performed simulations for which the strongly sheared
and banded solution for ¢ = 30° at r = 0.9 was used as the
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FIG. 5. Horizontal and vertical sections of the vorticity component along the rotation axis, averaged over 0.025 thermal times centered on
t = 0.75. Horizontal sections (leftmost column) are taken at mid-depth, vertical sections in the x-z and y-z planes are computed at y = 7 and at
x = m, respectively, for ¢ < 30°. For ¢ > 45° the sections are taken through the large-scale cyclonic vortex that has formed. The solid lines in
the horizontal sections show the positions of the two vertical sections. The rotation axis lies in the y-z plane (rightmost column) and is shown

as a solid line.

initial condition for two cases at ¢ = 45° and ¢ = 60°. From
this restart, the simulations were continued for a further time
interval At = 0.35. Horizontal and vertical sections for this
second solution for ¢ = 45° and ¢ = 60°, after Ar = 0.15
integration time, are displayed in Fig. 8, in which temperature,
horizontal velocity components, and the vorticity component
along the rotation axis are shown. In both cases we find
that the initial high-amplitude shear persists at these higher
angles with a low transverse velocity v. Vorticity aligns with
the orientation of the rotation axis, as shown in Table II,
where the prevailing angle of vorticity in the y-z plane was
computed using the same procedure as for Table I. This
confirms that at these intermediate values of ¢, (at least) two
different solutions coexist. Consistently with the higher shear
in these configurations, we find that for these solutions the
Nusselt number settles at the lower average values Nu = 8.3
(¢ = 45°) and Nu = 9.4 (¢ = 60°) (both averaged for At =
0.3, skipping the first 0.05 time units). These values are lower
than those attained by the solution with large-scale vortices
and reported earlier in Fig. 1 (Nu ~ 10.0 and Nu ~ 9.9,
respectively). Note that these values are larger than the values
of Nu achieved at ¢ < 30°, but this is consistent with the
fact that since the angles formed by the velocity bands are
higher, the shear experienced by the rising thermal plumes is

lower. Such a result also shows the existence of a bistable state
for these values of ¢, additionally suggesting that an external
perturbation or a particularly large turbulent fluctuation could
allow the system to slide between the two equilibria.

Finally, we also verified that if a banded solution from
¢ > 0°is used as initial condition for arun at ¢ = 0°, the band

TABLE I. The orientation ¢ of the rotation axis in the y-z plane
is reported in the leftmost column. The second column contains the
mode of the vorticity orientation in the same plane, and the third and
fourth columns show its value in the x-y and x-z planes, respectively.
The quantities w,, w,, and w, denote the components of the vorticity
in the x, y, and z directions, respectively. In the cases of ¢ = 45° and
¢ = 60°, the orientation of the large-scale vortex is computed as the
mean orientation of the cyclonic vorticity.

¢ arctan(w, /wy) arctan(w;/wy) arctan(w,/w;)
0° 0.00 —-041° —89.94°
15° 14.94 —2.18° —3.09°
30° 30.03 —1.11° 0.27°
45° (vortex) 44.17 12.12° —2.66°
60° (vortex) 54.31 9.75° —4.55°
90° (vortex) + 89.7 —4.35° 0.01°
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FIG. 6. Horizontal and vertical sections of the temperature and velocity components along the x direction at ¢ = 15° and ¢ = 30° at
t = 0.3. From top to bottom: temperature sections for ¢ = 30° and ¢ = 15°; u velocity sections at ¢ = 30° and ¢ = 15°; v velocity sections
at ¢ = 30° and ¢ = 15°. Velocity sections are time averaged over 0.025 thermal times and centered on ¢ = 0.3. Horizontal sections are taken
at mid-depth, and vertical sections in the x-z and y-z planes are computed at y = 7 and at x = 7, respectively. The rotation axis lies in the y-z

plane (rightmost column) and is shown as a solid line.
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FIG. 7. Vertical profiles of the u velocity component averaged
along the x direction and time averaged over 0.025 thermal times
centered on t+ = 0.3 [(a) and (b)] and ¢+ = 0.75 [(c) and (d)] for
¢ = 15° [left column, panels (a) and (c)] and ¢ = 30° [right column,
panels (b) and (d)]. Profiles are computed at four y locations: y =
w/2,y=m,y=3m/2,y = 2. Profiles at ¢ = 15° exhibit the same
shape at = 0.3 (a) and ¢t = 0.75 (c) since no intermediate transition
occurs at this angle, unlike for the ¢ = 30° case, in which the lower
value of the Nusselt number att = 0.75 is associated with the change
in the profiles (d).

structure in the y direction disappears and the intermittent
windy convection solution is recovered.

IV. CONCLUSIONS AND PERSPECTIVES

In this work we have explored how rapidly rotating con-
vection is affected by the orientation of the rotation axis for
a model geometry and setup already employed in previous
works [7,35,36]. We reproduced the windy intermittent con-
vection observed in Ref. [7] for a system with background
rotation perpendicular to the gravity direction (the case ¢ =
0°), as well as the generation of large-scale vortices observed
in Refs. [6,22], when the rotation and gravity vectors are
parallel (¢ = 90°). The relationship between thermal and
dynamical times involved in this problem is governed by a
factor /o Ra, making the simulations long enough to cover at
least the main features of the convective dynamics.

In general, we found that the convective plumes tend to
align with the direction of the rotation axis in the plane where
the axis resides (the y-z plane in our case). When ¢ = 0°, this
tendency conflicts with the need for transporting heat along
the vertical, and an intermittent, large-scale wind is generated,
with weak variations in the horizontal. When ¢ > 0°, this
intermittent behavior is found to disappear.

We also verified the observation that the vorticity vector
tends to align with the rotation axis. When ¢ = 0°, this
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FIG. 8. Horizontal and vertical sections for the simulations at ¢ = 45° and ¢p = 60° restarted from the solution at ¢ = 30° at¢ = 0.9, taken
after At = 0.25. The panels show temperature (upper two rows, denoted as T'), velocity component along the x direction (middle two rows,
denoted as ) and vorticity component along the rotation axis (bottom two rows, denoted as &,). The velocity component along the y direction
is very weak and their sections are thus omitted. The velocity and vorticity fields are time averaged over 0.025 thermal times. The solid line
in the rightmost column indicates the direction of the rotation axis. Horizontal sections (leftmost column) are taken at mid-depth, and vertical
sections in the x-z and y-z planes are computed at y = 7 and at x = 7, respectively

is satisfied already by a horizontal velocity field in the x
direction, homogeneous in both horizontal directions and
without significant transverse velocity v. The intermittent
windy convection configuration, with zero wave number in
both horizontal directions, disappears as soon as ¢ > 0°. In
this case the vorticity vector acquires a vertical component,
something that can be achieved only through a variation of the
velocity u in the y direction or the appearance of a comparable
v velocity varying in x.

Consequently, at low but finite values of ¢, the sys-
tem dynamics leads to the formation of a u field orga-
nized in positive and negative bands in the y direction, with
unit wave number, still without a significant transverse v

TABLE II. Vorticity components for the restarted solutions. The
angle ¢ is reported in the leftmost column. The second column
contains the mode of the vorticity orientation in the y-z plane, and
the third and fourth columns show the vorticity orientation in the x-y
and x-z planes, respectively.

¢ arctan(w,/wy) arctan(wy /wy) arctan(w, /w,)
45° 44.83 —0.20° 1.71°
60° 59.85 —0.02° 2.46°

velocity. Through appropriately initialized experiments, we
have verified that this solution also exists up to ¢ = 60°. For
intermediate values of ¢, this solution coexists with a different
regime, in which a robust transverse velocity v, varying along
x, appears. This solution is associated with the formation of
large-scale vortical structures, as reported in Ref. [22] for the
case with vertical rotation axis. Furthermore, these large-scale
vortices are found to be tilted along the rotation vector.

In the strongly sheared flow regime, the global vertical heat
flux enhancement by means of convection, as measured by
the Nusselt number, is shown to be significantly weakened.
Thermal plumes are deviated by the shear before reaching
the opposite boundary, disrupting heat transport pathways, as
discussed in Ref. [7]. In the regime where large-scale long-
lived vortices appear, vertical transport is higher but is still
affected by rotation and is significantly reduced compared to
the nonrotating case, as discussed in Ref. [6].

At the moment, we cannot say whether increasing the hori-
zontal extent of the domain will lead to larger and larger struc-
tures, keeping a wave-number-one structure, or if solutions
with a different wave number in the y direction appear. This
issue will be explored in future works, together with a wider
exploration of parameter space (Rayleigh number, Prandtl
number, rotation velocity) and a more complete examination
of the range of existence of the different solutions.
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We conclude by noting that the configuration adopted
here, albeit extremely simplified, can be conceptually use-
ful in understanding convective motions in rapidly rotating
planetary flows. In particular, the results reported bear in-
triguing relationships to the recent observations of Jupiter,
which show strong jets at low-to-mid latitudes (low ¢) and
well-defined intense vortices at high latitudes (large ¢) [18].
Interestingly, at moderate latitudes our results suggest the
possible coexistence of jets and tilted-vortex solutions. Fur-
ther work is clearly needed to unravel completely the possi-
ble similarities between the simplified configuration adopted
here and the complex dynamics of turbulent convection in
spherical shells.
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