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Abstract
A hierarchy of idealized models is used to investigate the roles of Hadley cell
forcing and latent heat release from carbon dioxide condensation in determining
the annular potential vorticity structure of the Martian winter polar vortex. The
angular momentum conserving the Hadley cell model of Lindzen and Hou with
summer hemisphere heating maximum of appropriate strength and latitude pro-
duces a strong westerly jet near 60◦N, which is similar in strength to the winter
polar night jet on Mars. Although the corresponding potential vorticity profile
in the angular momentum conserving and thermal wind regions has no annu-
lar structure resembling the Martian one, there is an implied 𝛿-function at the
discontinuity in zonal wind. This 𝛿-function is smoothed out by explicit diffu-
sion in full axisymmetric model integrations forming a partial annular structure,
though a local maximum in potential vorticity at the pole persists and is further
enhanced when cooling representing the polar night is included. A distinct polar
minimum and clear annular potential vorticity structure are obtained, however,
when an additional representation of polar latent heating is also included. Full
eddy-permitting shallow-water model integrations confirm the basic structure
obtained by the axisymmetric model and suggest a nominal value of viscos-
ity appropriate as a representation of the effects of eddy mixing. Instability of
the polar annulus leads to vacillation-type behaviour involving eddy growth
and annulus disruption, followed by re-formation under the influence of radia-
tive relaxation. The degree of transience and mean eddy activity both show an
increase with stronger latent heating and the resulting deeper polar potential
vorticity minimum, showing that mixing in polar regions may be dependent
on details of polar carbon dioxide condensation. Vacillation time-scales are
also shown to vary with radiative time-scales, but through a modification of
instability growth rate rather than as a result of direct radiative restoration.
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1 INTRODUCTION

The Martian polar atmosphere in winter is characterized
by a strong cyclonic zonal mean circulation, the detailed
structure of which has been inferred from the temperature
retrievals of the Mars Global Surveyor (Banfield et al., 2004;
McConnochie, 2007), as well as model studies (Barnes and
Haberle, 1996; Waugh et al., 2016) and reanalysis products
(Montabone et al., 2006; Greybush et al., 2012; Montabone
et al., 2014). The polar winds broadly resemble those of
the Earth's winter stratospheric polar vortex but with some
important differences, in particular regarding the potential
vorticity distribution and the forcing mechanisms respon-
sible for creating the circulation (see, e.g., Mitchell et al.,
2015 for a comparative overview). Specifically, the Mar-
tian polar vortex is observed to have an annular struc-
ture in potential vorticity, which has been proposed to
be related to latent heat release from the condensation of
carbon dioxide in the extreme cold temperatures of the
polar night (Toigo et al., 2017). Since such a structure is
expected to be unstable to horizontal wave perturbations,
the observations raise the question of how it is sustained
on time-scales of the seasonal cycle.

In contrast to that of the Earth, the Martian atmo-
sphere does not have a distinct stratosphere; accordingly
the Martian polar vortex may be considered as an essen-
tially tropospheric feature. It is driven in part by the out-
flow from a broad Hadley cell extending from the Southern
(summer) Hemisphere as far as 60 or 70◦N and the asso-
ciated angular momentum transport within this cell (e.g.,
Leovy, 2001). As such, it may be more correctly likened
to the Earth's subtropical jet (Waugh et al., 2016). Because
the Martian surface has no oceans and a relatively thin
atmosphere, the effective solar heating of the atmosphere
is more strongly controlled by the planetary obliquity
than on Earth. Consequently, there is greater hemispheric
asymmetry in the location of maximum heating during
the seasonal cycle and greater asymmetry between win-
ter and summer Hadley cell branches. Additionally, large
zonal mean topography and, to a lesser extent, orbital
eccentricity both contribute to higher effective summer
heating in the Southern Hemisphere and consequently a
stronger and broader Northern Hemisphere winter Hadley
cell branch than its Southern Hemisphere winter counter-
part (Richardson and Wilson, 2002; Zalucha et al., 2010).
For this reason, the Martian polar vortex is significantly
stronger and more defined in the Northern Hemisphere
winter.

Details of the structure of the Martian polar vortex
are tied to the nature of the angular momentum within
the Hadley cell. Angular momentum is transported up
to the edge of the cell but not significantly beyond it,
where the zonal flow is closer to a state of thermal

wind balance with the radiative equilibrium temperature.
Depending on the details of the radiative equilibrium
over the pole, the potential vorticity resulting from the
Hadley cell could in certain circumstances be maximized
near the vortex edge, accounting for the observed annu-
lar structure, which has a minimum in potential vorticity
over the pole and a maximum around 70◦N (Mitchell
et al., 2015; Waugh et al., 2016). However, the connection
between the Hadley cell and the polar vortex structure
has not been studied in detail. As will be seen further
below, details of the potential vorticity distribution over
the pole depend on the relative strengths of Hadley cell
angular momentum transport and polar diabatic forcing.
Diabatic forcing on Mars is not limited to cooling dur-
ing the winter night, where temperatures are low enough
that latent heat release from carbon dioxide condensation
may play a significant role in the seasonal mean tempera-
ture budget. In particular, a recent modelling study found
that when parametrization of carbon dioxide condensa-
tion was removed, the polar vortex remained monopolar
and did not develop any annular structure (Toigo et al.,
2017).

It is well known from theory and numerous modelling
studies that annular distributions of potential vorticity can
in general be shear unstable (e.g. Waugh and Dritschel,
1991; Dritschel and Polvani, 1992). In the context of the
Martian vortex, Seviour et al. (2017) demonstrated in a
spherical shallow-water model that in the absence of any
external forcing, an annular structure broadly represen-
tative of the observed potential vorticity rapidly collapses
into a monopolar structure. Seviour et al. (2017) exam-
ined both the linear and nonlinear nature of this barotropic
instability. Typical vortex geometries were found to be lin-
early unstable to zonal wavenumbers in the range 3–6,
with maximum growth rates on time-scales in the range
of 1–3 sols. Consequently, in nonlinear calculations the
annular structure was found to persist when the vortex
was sustained by a relaxational forcing to the initial annu-
lar structure on comparable time-scales, which is broadly
representative of the radiative relaxational time-scale on
Mars (Eckermann et al., 2011). Seviour et al. (2017) found
that when relaxation time-scales were much longer than
the time-scale for instability the late-time vortex became
more monopolar, whereas when relaxation time-scales
were shorter the late-time vortex remained more strongly
annular. When instability and relaxational time-scales
are comparable, the nonlinear eddy motions that exist
in the statistically stationary state represent a balance
between zonal forcing and eddy growth due to instabil-
ity. Observations indicate zonal asymmetries that may
indeed represent coherent potential vorticity structures
resulting from the instability of a continuously forced
annulus.
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In this article, we consider the extent to which the
simple Hadley cell models of Held and Hou (1980) and
Lindzen and Hou (1988), which have a long history of
application in the atmospheric circulation of the Earth,
may provide insight into how the balance of dynamical
forcings controls the structure of the Martian polar vor-
tex. Such axisymmetric models have also been applied to
the study of Martian great dust storms (Schneider, 1983).
In addition to examining the purely axisymmetric for-
mation mechanisms, we also consider how the annular
potential vorticity distribution persists in the presence
of shear instability and how the saturation of nonlin-
ear eddy motions arising from the instability depends on
the relative strengths of Hadley cell transport and dia-
batic forcing. In the non-axisymmetric calculations, this
article extends the work of Seviour et al. (2017) primar-
ily in that the forcing is a now closer representation
of the angular momentum transport on Mars. Specifi-
cally, the polar annulus is forced not through a direct
relaxation to a prescribed annular structure, but rather
through a relaxation to an unrealizable equilibrium state
that implies the development of a latitudinally broad
Hadley cell.

The article is structured as follows. In section 2, we
review the angular momentum conserving (AMC) mod-
els of steady axisymmetric flow and consider the structure
of the solutions in the parameter regime relevant for the
Martian winter solstice. We also introduce simple rep-
resentations of diabatic cooling and heating within the
thermal equilibrium of the polar region. In section 3, we
examine the extent to which the AMC model solutions
are realized in an axisymmetric shallow-water model with
relaxation to a similar thermal equilibrium profile, and
examine how the inviscid solution is approached with
decreasing viscosity. We also briefly consider how this
model, for a given viscosity appropriate to nonlinear eddy
mixing, may be used to quickly infer the zonal mean cir-
culation under different conditions, varying the planetary
obliquity and solar forcing. In section 4, we consider the
competition between dynamical instability and forcing by
examining a full eddy-resolving shallow-water model. The
dependence of the eddy structure of the annulus on dif-
ferent forcing parameters is also considered. Section 5
concludes.

2 THE LH88 AMC MODEL

Held and Hou (1980) and Lindzen and Hou (1988) (here-
after LH88) examined the steady-state axisymmetric cir-
culation generated by solar heating that maximized in the
Earth's tropics. The symmetric case in which the heat-
ing maximum is located exactly on the equator (Held and

Hou, 1980) can be considered as representing the equinox
conditions, while the off-equator case (LH88) pertains to
solsticial or seasonally evolving conditions and is the rele-
vant model for the present study. In these models, the heat-
ing is represented by a relaxation to a radiative-convective
equilibrium temperature 𝜃e. The models are based on the
result that the zonal flow in thermal wind balance with
such heating would have a surface wind maximum that
exceeds the planetary rotation, which is unrealizable in
the absence of additional forcings (Hide, 1969). Thus the
radiative equilibrium state cannot be attained in a latitu-
dinal band surrounding the heating maximum, and the
difference between the actual temperature 𝜃 and 𝜃e implies
the existence of a transverse circulation in the merid-
ional plane. The existence of the transverse circulation in
turn means that the absolute angular momentum must be
constant within such a region.

The model is made explicit by consideration of the
zonal momentum equation, which for steady axisymmet-
ric flow simplifies to

v dm
d𝜇

= 0, (1)

where m = a cos𝜙(aΩ cos𝜙 + u) is the absolute angular
momentum, u and v are zonal and meridional compo-
nents of velocity, 𝜙 is latitude, 𝜇 = sin𝜙, Ω is the planetary
rotation, and a is the planetary radius. Equation 1 can
be satisfied by the vanishing of either factor. Thus, inside
the angular momentum conserving (AMC) region near the
heating maximum, v ≠ 0 but the flow has constant angu-
lar momentum, dm∕d𝜇 = 0, or equivalently zero absolute
vorticity; the associated zonal flow is in thermal balance
with some 𝜃 ≠ 𝜃e. Outside the AMC region, v = 0 and the
zonal wind is in thermal balance with 𝜃e.

LH88 used a hemispherically asymmetric equilibrium
heating with a latitudinal profile of the form

𝜃e∕𝜃0 = 1+Δ
(1

3
− (sin𝜙 − sin𝜙0)2

)
, (2)

where here 𝜃e represents an average in the vertical over the
depth H of the troposphere. The heating has a maximum
at latitude 𝜙0 and a horizontal temperature difference Δ.
In their model formulation, the flow is assumed to be
AMC between latitudes𝜙s and𝜙w, the summer and winter
hemisphere termini, and in thermal wind balance pole-
ward of these latitudes. The location of maximum ascent,
𝜙1, differs from the location of maximum heating, 𝜙0,
such that the summer cell is significantly weaker than the
winter cell. Indeed, one of the main conclusions of LH88
was that even weakly asymmetric forcing results in large
asymmetry between the summer and winter cells, to the
extent that the annual averaged transport of seasonally
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varying heating must greatly exceed the transport due to
the annually averaged heating.

For a specified asymmetry 𝜙0 and heating strength
Δ, the latitudes 𝜙1, 𝜙s and 𝜙w are determined uniquely
by matching conditions between the AMC and thermal
wind regions, obtained from conservation of energy and
continuity of temperature at 𝜙s and 𝜙w. The matching con-
ditions were given in LH88's eqs. 8–11 and lead to a system
of three nonlinear equations in the unknowns 𝜙1, 𝜙s and
𝜙w. For completeness and for ease of future use, we provide
the equations in the Appendix. The main point, however,
is that the solutions are controlled by just two parameters:
the asymmetry𝜙0 and the combination R = BΔ, where B =
gH∕a2Ω2 is a planetary Burger number. Thus the effects of
the heating strength Δ and the physical planetary param-
eters affect the solution only in the combination R = BΔ,
rendering it unnecessary to consider these parameters in
isolation. Here we use planetary parameters as given in
Seviour et al. (2017), so that LD =

√
gH∕2Ω = 1800 km

with a = 3390 km, giving B = 1.12.
The AMC model is readily extended beyond the Earth

regime to one that is more relevant to the Martian atmo-
sphere simply by considering larger values of 𝜙0 and/or Δ,
which can be increased until the northern edge of the AMC
region coincides approximately with the observed extent
of the Hadley cell on Mars. Figure 1 shows the latitudes
𝜙1, 𝜙s and 𝜙w as a function of 𝜙0 and for several values of
Δ = RB. The symbol 𝜙0 = 6◦ on the curve with the small-
estΔ indicates the case considered in LH88's fig. 9c. For the
Martian atmosphere, a winter terminus at approximately
60◦N is appropriate and is indicated by a dashed horizontal
line. The response at any point on this line can be obtained
with an appropriate combination of𝜙0 andΔ; three combi-
nations are indicated that will be used for further analysis:
(𝜙0,Δ) = (12◦, 0.3), (16◦, 0.2) and (20◦, 0.15). As would be
expected, the more symmetric the forcing (the smaller 𝜙0)
the larger the Δ required to attain the same maximum
latitude of the winter cell.

Profiles of 𝜃∕𝜃0, vertically averaged zonal wind u and
absolute vorticity 𝜁a for three combinations of 𝜙0 and R
with 𝜙w = 60◦ (indicated by the symbols in Figure 1) are
shown in Figure 2. The change in the imposed tempera-
ture difference Δ can be seen in the profiles of 𝜃 and, to a
lesser extent, in those of u and 𝜁a. Essentially, the param-
eters controlling the summer and winter extents and the
location of maximum extent all vary more or less similarly
with 𝜙0; fixing 𝜙w thus results in similar, but not exactly
the same, 𝜙s and 𝜙1 and a broadly similar parabolic form
(in sine latitude) for u. The differences will be explored
more in the eddy-resolving model below.

In all three cases, the absolute vorticity is exactly zero
within the AMC region (bounded by the thin vertical
lines) and equal to a profile in thermal wind balance
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F I G U R E 1 Transition latitudes for the angular momentum
conserving (AMC) solutions of Lindzen and Hou (1988) (LH88).
The values Δ = 0.1, 0.15, 0.2, 0.3 are shown with increasing line
thicknesses. Stars indicate the cases presented below; the diamond
indicates that of LH88's fig. 9c

with 𝜃e outside. At first sight, there is no suggestion of a
non-monotonic annular distribution as found in the Mar-
tian reanalysis. In fact, the profiles shown all have a clear
polar maximum of absolute vorticity, a consequence of
the thermal wind balance with the equilibrium state 𝜃e.
However, the absolute vorticity profiles shown in Figure 1
hide one fundamental aspect, namely that, regardless of
the details of the polar 𝜃e, the LH88 solution has a dis-
continuity in the wind profile at 𝜙w, a shear line with an
implied 𝛿-function of vorticity. In a viscous model, or in a
model with resolved eddy mixing, such a shear line would
be smoothed out over a finite latitude, with the 𝛿-function
broadening but retaining a local maximum. Thus the pro-
files shown do suggest that some form of annular potential
vorticity distribution might arise purely as a result of the
Hadley cell outflow, but to predict the detailed horizontal
structure requires a model in which the transition between
AMC and equilibrium regions is correctly represented.
This will be addressed in the following two sections.

Before turning to the full dynamical equations, how-
ever, we note that the details of the polar vorticity depend
only on the 𝜃e poleward of 𝜙w. Also, provided 𝜃e(𝜙w) itself
is unchanged, the AMC winds are unaffected by changes
to 𝜃e poleward of 𝜙w, since they are determined purely
by matching conditions involving 𝜃 at the transition lati-
tudes. Therefore, by modifying 𝜃e poleward of 𝜙w the polar
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(a) ϕ0 = 12,   ∆ = 0.3 (b) ϕ0 = 16,   ∆ = 0.2 (c) ϕ0 = 20,   ∆ = 0.15

θ/θ 0 θ/θ 0 θ/θ 0

u/a u/a u/aΩ Ω Ω

ζa ζa ζa

F I G U R E 2 Profiles of 𝜃∕𝜃0, u and 𝜁a for solutions of LH88 with 𝜙w = 60◦. Vertical dotted lines indicate 𝜙w and 𝜙s. The thin dotted
curves in the top panels indicate 𝜃e∕𝜃0. The dotted (dashed) curves between 60◦ and 90◦ represent the equilibrium solutions with additional
polar cooling (heating)

vorticity profile can be changed directly, without altering
the AMC circulation and vorticity structure south of 𝜙w.

To illustrate, we consider how the solution changes
when 𝜃e is modified to 𝜃e + 𝜃′e, where

𝜃′e(𝜙c,Q) = Q𝜃0 cos2
(
𝜋

2
𝜙 − 𝜋∕2
𝜙c − 𝜋∕2

)
. (3)

Here, Q < 0 corresponds to an additional cooling and
Q > 0 to a heating. With 𝜙c = 𝜙w the modification is
restricted poleward of 𝜙w. The response to the cases Q =
±0.1 are shown by dotted and dashed lines in Figure 1.
Cooling the pole (lowering 𝜃e) causes the polar maxi-
mum in absolute vorticity to increase, along with the
zonal velocity, in accordance with thermal wind balance.
Conversely, warming causes a decrease in the vorticity
over the pole and an increase towards 𝜙w, resulting in
a clear non-monotonic profile and polar minimum, even

neglecting the contribution from the shear line. The case
Q < 0 may be thought of as a crude representation of
radiative cooling in the polar night, and the case Q > 0
a representation of latent heat release from carbon diox-
ide condensation. The two effects and their interaction
with the Hadley cell may therefore be considered through
the response to a single forcing term in the temperature
equation.

3 FULL AXISYMMETRIC
SOLUTIONS

3.1 Convergence to the AMC solutions

Following LH88, we next compare the AMC solutions with
steady solutions obtained following the time evolution
of a full axisymmetric model. Whereas LH88 solve the
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axisymmetric primitive equations, here we take advan-
tage of the relatively simple vertical structure of the solu-
tions and instead compare them with an axisymmetric
shallow-water model. In this formulation, introduced by
Held and Phillips (1990), the meridional component of
the shallow-water velocity represents the depth-averaged
meridional velocity of the Hadley cell. Thermal forcing is
represented by a relaxation of the height field to a func-
tion heq which is exactly equivalent to the depth average
𝜃e∕𝜃0 of Equation 2, with the mass loss associated with
this source term corresponding to a notional vertical veloc-
ity out of the layer. Our reasons for comparing the solu-
tions with a single-layer representation rather than the
full primitive equations are partly due to numerical effi-
ciency, since in the full eddy-resolving calculations of the
next section a relatively high resolution is required to cap-
ture the eddy dynamics of the annulus instability, and
partly because it is desirable to use the simplest model
that captures the relevant dynamical processes, in this case
the lateral transport of angular momentum and the sub-
sequent instability associated with the horizontal shear.
The single-layer representation necessarily neglects details
such as the return flow in the boundary layer and allows
us to examine the horizontal dynamics without the added
complications of baroclinic instability.

Figure 3a shows the steady-state profiles of the
shallow-water zonal velocity u and the potential vortic-
ity q = 𝜁a∕h obtained from time integration of the full
(axisymmetric) model with relaxation to heq, where heq∕H
is set to the right-hand side of Equation 2, and where H is
henceforth the mean layer depth. The forcing parameters
𝜙0 and Δ and the Burger number B are the same as those
used in Figure 2b. A viscosity is required in the momen-
tum equations to regularize the 𝛿-function in 𝜁a associated
with the discontinuity in u of the AMC solution at 𝜙w,
with various values of the viscous coefficient 𝜈 shown. The
discontinuity is captured with increasing sharpness with
decreasing 𝜈, and the solutions overall appear to be con-
verging steadily to the AMC solution. As in LH88, the
location of maximum wind lies a few degrees equator-
ward of 𝜙w, though it appears to be converging to 𝜙w. In
the AMC region, the zonal velocity is parabolic (in sin𝜙)
and the potential vorticity converges to almost zero. Near
the poles both fields attain thermal wind balance with
the equilibrium heq. It is interesting to note that conver-
gence to the AMC solutions appears to be more robust in
the shallow-water model than in the primitive equations
considered by LH88, another factor that favours their use
here. In particular, the potential vorticity did not appear
to approach zero in LH88 and the model became tran-
sient below a critical viscosity, a phenomenon argued by
Schneider (1984) to be due to non-realizability of the AMC
solutions.

Convergence to the AMC solutions gives confidence
in the accuracy of the AMC model, but the limit 𝜈 → 0,
with its discontinuity in the zonal wind, is not particularly
realistic. In a full eddy-resolving model, shear instabil-
ity would be expected to mix the potential vorticity and
smooth the discontinuity. Viscosity can therefore be con-
sidered as a simple representation of horizontal eddy mix-
ing, at least to the extent that eddies mix the potential vor-
ticity downgradient. Comparison with the eddy-resolving
calculations presented in section 4 suggests that a value
𝜈 = 10, indicated in bold, may be an appropriate choice.
With this value of 𝜈, potential vorticity has a local maxi-
mum near 60◦, which is about 50% in excess of the polar
value, while there is an additional weak local maximum
at the pole itself. There is the suggestion of an annular
structure but no clear minimum over the pole.

3.2 Effect of polar heating

While the LH88 heq (or 𝜃e) profile provides a simple rep-
resentation of the seasonal asymmetry in tropical heat-
ing, it only partially represents the strong cooling of the
winter polar night. The effect of changing the profile in
the polar regions to include explicitly the effect of polar
cooling is a straightforward consequence of thermal wind
balance north of 𝜙w. Here we add an additional cool-
ing taking the form of Equation 3 with 𝜙c = 45◦ and Q =
−0.1, which is similar to but slightly broader than the dot-
ted line of Figure 2b. The resulting u and q profiles are
shown in Figure 3b. There is a slight increase in both the
zonal velocity and the potential vorticity over the pole,
including a slight increase in the maximum jet speed, in
thermal wind balance with the modified heq, but there is
very little change to the AMC circulation, even though
the extra cooling here does extend partially into the AMC
region.

Next we add an additional perturbation to heq taking
the form of Equation 3 with 𝜙c = 60◦ and Q = 0.1 as a
crude representation of the separate effect of latent heat-
ing from carbon dioxide condensation, which produces the
profiles shown in Figure 3c. As with the LH88 profiles,
there is a hollowing out of the vortex core, giving a more
robust and distributed annular profile with a clear polar
minimum, and with the degree of non-monotonicity con-
trolled directly by the magnitude of the heating anomaly:
strong heating can reduce the polar potential vorticity
towards zero or even to negative values. Some amount of
additional heating beyond the original LH88 profile was
in all cases necessary to change the local polar maxima
in potential vorticity in Figure 3a,b to a local minimum.
Again the profiles south of 𝜙w are comparatively unaf-
fected by the additional heating.
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(a) (b) (c)

F I G U R E 3 Full (axisymmetric) model solutions with parameters as in Figure 2b and diminishing viscosity, 𝜈* = 𝜈N(N + 1)Ω∕2𝜋a2,
N = 170, for different choices of heq: (a) the LH88 profile; (b) the LH88 profile with enhanced polar cooling (𝜙c = 45, Q = −0.1); (c) the LH88
profile with enhanced polar cooling (𝜙c = 45, Q = −0.1) and latent heating (𝜙c = 60, Q = 0.1). The right-hand ordinates in the top panels
indicate m⋅s−1

An important point to note is that here both the addi-
tional polar cooling (Q = −0.1) and the polar heating (Q =
0.1) have the same magnitudes and cancel exactly at the
pole. The differences in the thermal wind arise because
we have chosen the profile of the cooling to be broader
(𝜙c = 45◦) than that of the heating (𝜙c = 60◦). The com-
bined perturbation has dheq∕d𝜙 > 0 near the Pole, corre-
sponding to a reduced zonal wind and potential vorticity.
We acknowledge that our representation of latent heating
is grossly oversimplified, but the more compact distribu-
tion of latent heating is partially motivated by its depen-
dence on extreme temperature values, compared with the
broader cooling arising from the smooth latitudinal varia-
tion of insolation (Toigo et al., 2017).

3.3 Parameter dependence

Before proceeding to examine the effect of eddies on the
vortex structure, it is interesting to consider briefly what
can be deduced from the axisymmetric model in parameter

ranges beyond those relevant for Mars. As noted above,
the LH88 solutions are determined completely by two
parameters: the asymmetry 𝜙0 and the combination R =
BΔ, where B = gH∕a2Ω2 is a planetary Burger number.
Planetary parameters such as rotation and stratification
therefore affect the solution only by modifying the effective
heating amplitude R. The dependence of the solution on
planetary parameters is essentially the same as that noted
recently by Guendelman and Kaspi (2018) in terms of a
thermal Rossby number proportional to R.

As seen in Figure 3, the axisymmetric solutions depend
strongly on viscosity. To be useful, therefore, an estimate
must be made of appropriate eddy viscosity values, and as
noted above, comparison with the eddy-resolving calcula-
tions presented in the next section suggests a value 𝜈 = 10.
Using this value, the axisymmetric model provides a crude
but quick estimate of the possible atmospheric regimes
that may arise under different planetary parameters. Fix-
ing the heating and varying 𝜙0, for example, produces the
profiles shown in Figure 4a, which gives an indication of
the range of Hadley cell and polar vortex strengths that
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(a) Δ = 0.15 (b) ϕ0 = 20◦

ϕ0 = 0◦

ϕ0 = 52◦

Δ = 0.03

Δ = 0.42u/aΩ u/aΩ

qH/Ω qH/Ω

F I G U R E 4 Full
(axisymmetric) model solutions with
LH88 heating and 𝜈 = 10. (a) Fixed
Δ = 0.15, 𝜙0 ranging from 0◦ to 52◦ in
steps of 4◦. (b) Fixed 𝜙0 = 20◦, Δ
ranging from 0.03 to 0.42 in steps of
0.03

might have existed on Mars during periods when the plan-
etary obliquity was substantially different from its current
value.

Alternatively, for fixed obliquity, the range of possible
circulations that might be obtained with different heating
strengths is shown in Figure 4b. In these calculations, B is
fixed at the same (Martian) value used above, but the same
plot would be obtained by fixing Δ and varying B such that
R = BΔ varies over the corresponding range. This makes
explicit how the Hadley cell extent is expected to vary
with, say, planetary rotation, all other parameters being
equal: a lower rotation rate implying larger B, hence larger
R and a stronger Hadley cell and a more poleward polar
vortex. Similarly, at a fixed rotation, stronger stratification
would again imply a stronger Hadley cell. As pointed out
by Guendelman and Kaspi (2018), of the physical param-
eters that appear in B, it is the rotation rate that shows
the largest variation in relative values, at least among Solar
System planets.

Of course, some caution is required in interpreting
such crude estimates; for instance, the assumed value of
eddy viscosity used here is based on the eddy-resolving
simulations below and it may not be the most appropriate

choice for other regimes, since eddy length scales will
also depend on B (Walker and Scheider, 2006). Nonethe-
less, the above results are consistent with studies in which
full general circulation models have been used to estimate
the dependence of the Hadley cell structure on differ-
ent planetary parameters. For example, the recent study
of Guendelman and Kaspi (2019) found that the Hadley
cell width increased with increasing obliquity (increas-
ing 𝜙0) and decreasing rotation rate (increasing B), as in
Figure 4.

4 COMPARISON WITH AN
EDDY-RESOLVING MODEL

4.1 Model details

We next consider the extent to which the axisymmet-
ric annular structure obtained above persists in a full,
eddy-resolving shallow-water model, where the growth of
eddies from shear instability is represented. The model
equations and physical constants are exactly as described
in Seviour et al. (2017) (eqs. 1a–c therein) but with no
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(a) LH88 (b) + polar night (c) + polar night  +  latent heat

u/aΩ u/aΩ u/aΩ

qH/Ω qH/Ω qH/Ω

F I G U R E 5 Full eddy-resolving model zonal mean fields with parameters as in Figure 3. Lines are separated by 10 sol intervals
between t = 1, 500 and t = 2, 000. Units for u: aΩ (left axis), m⋅s−1 (right axis). Units for q: 2Ω. Equilibrium heq: (a) LH88 profile; (b) LH88
profile with enhanced polar cooling (𝜙c = 45, Q = −0.1); (c) LH88 profile with enhanced polar cooling (𝜙c = 45, Q = −0.1) and latent heating
(𝜙c = 60, Q = 0.1)

topography, hb ≡ 0, and solved by the same pseudospectral
method with triangular truncation at the total wavenum-
ber 170 (T170). We consider the “inviscid limit” in the
sense that the viscosity is set to zero, although the model
uses a fourth-order hyperdiffusion for numerical stability;
however, at all but the smallest scales the hyperdiffusion is
much less dissipative than the second-order viscosity used
above. The equilibrium height heq is as used in section
3, namely the LH88 profile with various combinations
of additional polar cooling and heating. The relaxation
time-scale 𝜏rad is set to 1 sol in most of the experiments,
again following Seviour et al. (2017) and as suggested by
Eckermann et al. (2011), with the dependence on this
parameter examined in section 4.4 below. A natural exten-
sion not considered here would be to allow the polar
heating to depend interactively on the height field, mim-
icking the dependence of carbon dioxide condensation
on temperature, in a manner similar to that considered
recently by Rostami et al. (2018).

4.2 Influence of polar heating

Figure 5 shows the zonal mean zonal velocity and potential
vorticity profiles for the same combinations of heating as
used in the axisymmetric calculations shown in Figure 3.
Eddies are not explicitly forced in these calculations, but
develop from the shear instability associated with the
polar potential vorticity distribution. Consequently, the
flow does not reach a steady state but it does reach a statis-
tical equilibrium on time-scales of a few hundred sols. The
profiles in Figure 5 are plotted at 10 sol intervals over the
time period t = 1,500 to t = 2,000 sols, which gives an idea
of the average profile over that period as well as the degree
of transience due to the eddy evolution.

Comparing with Figure 5, it is seen that the zonal mean
evolution states of the full shallow-water model are quite
similar to the axisymmetric solutions with the value 𝜈 =
10. In particular, in all cases there is a distinct potential vor-
ticity maximum near 60◦N and associated jet maximum,
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(a) Q = 0.0 (b) Q = 0.05 (c) Q = 0.1 (d) Q = 0.15

F I G U R E 6 Potential vorticity at t = 2, 000 sols for simulations with latent heating values Q = 0, 0.05, 0.1, 0.15 (a–d). Cases (a) and (c)
correspond to the simulations shown respectively in Figure 5b,c [Colour figure can be viewed at wileyonlinelibrary.com]

resulting from angular momentum transport from lower
latitudes in an AMC circulation. Again, the potential vor-
ticity is almost exactly zero over most of the AMC region.
Poleward of 60◦N, the flow is determined by the details of
the additional polar cooling or heating. Only with addi-
tional heating over the pole is a distinct polar potential vor-
ticity minimum obtained. In all cases, the relatively small
spread of individual lines indicates that the zonal mean
flow is persistent in time, despite the instability associated
with the non-monotonic potential vorticity. The biggest
variations are found in the case with latent heating, where
a few individual profiles indicate infrequent but substan-
tial disruptions to the annulus. These are considered in
more detail in what follows.

Snapshots of the potential vorticity at t = 2,000 sols
from four integrations with different values of heating Q =
0, 0.05, 0.1, 0.15 in Equation 3 are shown in Figure 6a–d,
illustrating the effect of increasing latent heating on both
the annular structure and the eddy field. The case Q = 0
corresponds to Figure 5a, while Q = 0.1 corresponds to
Figure 5c. The influence of latent heat is visible in the
core, with a deepening potential vorticity minimum for
increasing Q.

At first sight, the pattern of eddy activity visible in
Figure 6 is somewhat surprising, with the case Q = 0.1
exhibiting the most zonally symmetric annulus of the four,
despite having a greater degree of potential vorticity gra-
dient reversal poleward of the jet than the cases Q = 0
and Q = 0.05, corresponding to a more unstable vortex. It
turns out that the anomaly is due to the transient nature
of the evolution. This can be illustrated by considering the
integrated eddy enstrophy, defined as

Z = 1
4𝜋 ∫ q′2dA, (4)

where q′ = q − q is the departure from the zonal mean
potential vorticity. The eddy enstrophy, Z, is shown in
Figure 7 for the cases Q = 0, Q = 0.1 and Q = 0.15 (the

case Q = 0.05 is similar to Q = 0) over the time period
t = 1,500 to t = 2,000 sols. First, there is a small but def-
inite increase in the mean enstrophy with increasing Q
(time-averaged values of Z are 0.64, 0.69, 0.72 and 0.89,
respectively), indicating an overall increase in the eddy
activity as the polar potential vorticity minimum deepens,
in line with expectations from basic stability consider-
ations. Moreover, there is a substantial increase in the
variance of eddy enstrophy, indicating greater transience
in the flow at larger Q. In all cases, the time evolution takes
the form of quasi-regular vacillations with a characteristic
period of about 20–40 sols that decreases with increasing
Q, while the amplitude increases. The strong annularity
of the vortex in the case Q = 0.1 shown in Figure 6c is
thus associated with the minimum in Z at t = 2,000 in
Figure 7b. Similarly, the relatively wavy vortex in the case
Q = 0 (Figure 6a) corresponds to a local maximum in Z at
t = 2,000 (Figure 7a).

The evolution of the vortex during the course of a typ-
ical vacillation cycle is shown in Figure 8. The plot shows
polar potential vorticity at 2 and 4 sol intervals between t =
1,890 and t = 1,904, while the corresponding eddy enstro-
phy can be seen in Figure 7b. At the beginning of this
period the polar annulus is well formed and almost com-
pletely zonally symmetric, with some weak filamentary
structure near the innermost edge remaining from mixing
during the previous cycle. Over the next 4 sols a strong
wavenumber 3 disturbance grows on the inner edge, and
subsequently strengthens to the extent that it causes con-
siderable mixing over a region that gradually encroaches
deeper into the annulus core (t = 1,900). Towards the end
of the period shown, most of the eddy enstrophy has been
dissipated by strong mixing within the annulus and poten-
tial vorticity gradients in the interior are reduced over-
all. The transience found here is reminiscent of, but on
shorter time-scales than, vacillation cycles identified in
simplified models of the Earth's winter stratospheric polar
vortex (e.g., Scott, 2016), where the vortex is monopolar
and shear stable, and the disturbances are forced through

http://wileyonlinelibrary.com
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(a) Q = 0.0 (b) Q = 0.1 (c) Q = 0.15

F I G U R E 7 Evolution of eddy enstrophy for the cases Q = 0, 0.1, 0.15 (a–c)

planetary wave excitation from the troposphere below. A
closer analogy may be found in the rotating annulus exper-
iments of, for example, Young (2014). The cycle shown in
Figure 7 is typical of the annulus evolution between peaks
in the eddy enstrophy.

A more extreme example is shown in Figure 9 for the
case Q = 0.15 over similarly spaced time intervals between
t = 1,922 and t = 1,936. Again, a wavenumber 3 distur-
bance grows initially on the inner edge, but in this case it
grows to sufficiently large amplitudes that the entire annu-
lus is distorted and eventually breaks up completely. Over
the next few sols, air is mixed vigorously over the entire
polar cap, weakening the maximum potential vorticity val-
ues. The annular structure is only gradually recovered
from about t = 1, 940 (not shown).

An examination of potential vorticity maps from both
the Mars Analysis Correction Data Assimilation (MACDA
v1.0) (Montabone et al., 2014) and the Ensemble Mars
Atmosphere Reanalysis System (EMARS) (Greybush et al.,
2012) reveals a certain amount of variability in the Mar-
tian polar annulus not dissimilar to that presented here
(see, e.g., Waugh et al., 2016, their fig. 12). A detailed com-
parison is complicated in part by the presence of strong
topographic variations on Mars, which provide a wave
forcing to the annulus that is absent in the model inte-
grations. Transience in the observed wavenumber 3 can
be found, as in Figure 8, but the evolution likely involves
interactions between unstable eddy growth and the fixed
topographic forcing. The lower resolution of the reanaly-
sis also makes it harder to follow the Lagrangian evolution
of air masses and the details of the potential vorticity mix-
ing. As the reanalysis improves, we anticipate that a more
careful study of transience will be useful, possibly involv-
ing a decomposition into distinct zonal wavenumbers to
separate transience due to unstable growth from that due
to topographic interactions.

For completeness, we note that all of the four cases
considered in Figure 6 exhibit one or two strong compact
anticyclones at lower latitudes, around 30◦N, in the region
of near-zero potential vorticity in the AMC region. At first
these were thought to be numerical artefacts, possibly aris-
ing from overshoots associated with the hyperdiffusion.
Further integrations have been carried out at various res-
olutions and with different forms of small-scale diffusion,
including ordinary viscosity. In all cases, similar anticy-
clones were obtained and these appear to be properly
resolved dynamical features. They develop at early times
in the model evolution, at the onset of the first instabil-
ity of the shear zone at the edge of the AMC region, and
appear to arise from the interaction of the wave break-
ing with the strong relaxation on the height field. Once
formed, they persist largely independently of the flow at
high latitudes. Because they are comparatively small-scale
features, their influence on the polar dynamics is presum-
ably weak; their scale in relation to the main polar vortex
can be inferred from the small dip in zonal mean profiles in
Figure 5. While interesting, and possibly important for the
dynamics at lower latitudes, they fall outside of the scope
of the present work and will not be investigated further
here.

4.3 Influence of the Hadley cell

As discussed in section 2, different combinations of heat-
ing asymmetry and heating magnitude can combine to
produce the same edge 𝜙w of the AMC region. The
AMC solutions for the three particular choices (𝜙0 =
12,Δ = 0.3), (𝜙0 = 16,Δ = 0.3) and (𝜙0 = 20,Δ = 0.15)
were shown in Figure 2. We ran the full eddy-resolving
model with the same parameters, with enhanced polar
cooling as above, with and without additional polar latent
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(a) t = 1,890 (b) t = 1,892 (c) t = 1,894

(d) t = 1,896 (e) t = 1,900 (f) t = 1,904

F I G U R E 8 Potential vorticity
for the case Q = 0.1 at times between
t = 1,890 and t = 1, 904 (a–f) [Colour
figure can be viewed at
wileyonlinelibrary.com]

(a) t = 1,922 (b) t = 1,924 (c) t = 1,926

(d) t = 1,928 (e) t = 1,932 (f) t = 1,936

F I G U R E 9 Potential vorticity
for the case Q = 0.15 at times
between t = 1,922 and t = 1,936 (a–f)
[Colour figure can be viewed at
wileyonlinelibrary.com]

heating. The zonal mean zonal velocity and potential vor-
ticity profiles are shown in Figure 10, where the profiles
have been averaged in time from t = 700 to t = 1,000 for
clarity.

The dependence of the AMC flow on 𝜙0 is similar to
the solutions shown in Figure 2, with slightly higher zonal
velocity values across the tropics for 𝜙0 = 12, decreasing
with 𝜙0, regardless of the details of the polar heating. The
zonal velocity at the vortex edge shows a similar depen-
dence, as does the peak potential vorticity. The differences
are relatively small compared with the two-fold change in
the pole-to-equator equilibrium height difference across
this range of Δ.

To measure the extent to which the peak potential
vorticity values at 𝜙w influence the stability of the vor-
tex, we again consider the eddy enstrophy as defined by
Equation 4. For the three cases with polar heating shown
in Figure 10b, we show in Figure 11 the integrated eddy
enstrophy as a function of time. The case 𝜙0 = 16 has been
repeated for easy reference. Eddy enstrophy is largest for
the case 𝜙0 = 12, consistent with the higher peak potential
vorticity of the annulus in that case, and decreases with
increasing 𝜙0: time-mean values over the period shown
are 0.102, 0.072 and 0.058, respectively. Aside from the
decrease in mean values, the variance and characteris-
tic time-scales of the variability are broadly similar across

http://wileyonlinelibrary.com
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(a) Q = 0.0 (b) Q = 0.1 (c) Q = 0.1, ϕ0 = 16
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F I G U R E 10 (a,b) Time-averaged (1,500–2,000 sol) zonal mean zonal velocity and potential vorticity profiles for cases with Hadley cell
forcing 𝜙0 = 12S, Δ = 0.3 (dotted lines); 𝜙0 = 16S, Δ = 0.2 (solid lines) and 𝜙0 = 20S, Δ = 0.15 (dashed lines): (a) with no latent heating and
(b) with latent heating (Q = 0.1). Panel (c) shows the corresponding quantities for the case 𝜙0 = 16S, Δ = 0.2 with latent heating, and for
values of 𝜏rad = 0.5 (dotted line) and 𝜏rad = 2 (dashed line), with the case 𝜏rad = 1 (solid line) shown again for comparison

the three cases. Clear vacillation cycles occur in all cases,
exhibiting somewhat less regularity with increasing 𝜙0, at
least over the time interval shown.

4.4 Influence of the radiative time-scale

Finally we consider briefly the effect of 𝜏rad on the eddy
evolution of the annulus. On Mars, the radiative time-scale
is short and tightly controls the thermal wind solution
poleward of 𝜙w. However, the Hadley cell itself is estab-
lished on much longer time-scales, typically of the order
of 500 sols for the cases discussed above. While we expect
the radiative time-scale to affect the polar dynamics in a
manner similar to that discussed in Seviour et al. (2017),
such as weaker annular stability at larger 𝜏rad, it is pos-
sible that differences may arise due to the way in which
the Hadley cell forces the potential vorticity structure on
longer time-scales. We therefore consider two further sim-
ulations in which the value of 𝜏rad = 1 sol used in the

previous section was increased or decreased by a factor of
two, keeping all other parameters fixed.1

The zonal mean zonal velocity and potential vorticity
profiles for the range of 𝜏rad are shown in Figure 10c. Both
cases, 𝜏rad = 0.5 (dotted line) and 𝜏rad = 2 (dashed line),
are almost identical to the case 𝜏rad = 1 (solid line) previ-
ously examined, except very close to the pole, where there
are small variations in the minimum potential vorticity
attained. Care has been taken in all cases to ensure that
the averaging period lies well after the flow has reached a
statistically stationary state.

The eddy enstrophy for each simulation is shown in
Figure 12, where again the case 𝜏rad = 1 has been repeated
for easy reference. Fluctuations in the eddy enstrophy

1Because the representation of latent heating in our model is through a
modification of 𝜃e, changing 𝜏rad changes the absolute heating associated
with this modification. To keep the absolute latent heating fixed would
require 𝜃′e to vary inversely with 𝜏rad, changing the equilibrium state and
resulting in a large dependence of the polar state on the 𝜏rad. Here we
are only interested in the effect of 𝜏rad, keeping 𝜃e fixed.
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F I G U R E 11 Eddy enstrophy evolution for the three cases shown in Figure 10b

again take the form of quasi-regular vacillation cycles, with
the characteristic period decreasing with 𝜏rad from about
50 sols at 𝜏rad = 2 to about 20 sols at 𝜏rad = 0.5. In all cases
the characteristic period is very short compared with the
time-scale for equilibration, but very long compared with
the radiative time-scale.

Perhaps surprisingly, the mean eddy enstrophy
increases with decreasing 𝜏rad. It might be expected that
the stronger relaxation over the pole would keep the
potential vorticity more tightly constrained in a zon-
ally symmetric annular form. However, it should be
remembered that the annular structure here is generated
indirectly through the Hadley cell forcing, rather than
by direct radiative forcing (again, the main difference
between the current formulation and that of Seviour et al.
(2017)). Aside from the increase in the mean, the ampli-
tudes of the cycles (peak-to-peak change) are not strongly
dependent on 𝜏rad.

Other differences in the character of the vacillations
can be seen upon closer comparison of the 𝜏rad = 2 and
𝜏rad = 0.5 cases. The longer period at 𝜏rad = 2, for example,
appears to be associated with a slower increase in eddy
enstrophy towards the peak, with the suggestion of a saw-
tooth shape in the interval t = 1,600–1,800. In these cases
the recovery to annular form occurs relatively quickly.
Thus it appears that the variation in the period with 𝜏rad
is more than a simple linear response to the relaxation
time-scale. To illustrate the difference, four snapshots of
the polar potential vorticity from each of the cases 𝜏rad = 2
and 𝜏rad = 0.5 are shown in Figure 13. For 𝜏rad = 2 (pan-
els a–d; note that the panels are at 12 sol intervals), there
is a relatively slow increase in wave amplitude from the
minimum near t = 1, 712 to the maximum near t = 1, 748,
and a correspondingly gradual increase in the potential
vorticity mixing in the annulus. In contrast, for 𝜏rad = 0.5
(panels e–h; note that the panels are now at 2 sol intervals),

the distortion of the annulus occurs much more rapidly,
with strong mixing taking place just 6 sols after the min-
imum. The more rapid development of the instability in
the latter case cannot be attributed to a direct effect of
the shorter radiative time-scale, but must arise indirectly
through the influence of the zonal mean annular struc-
ture on unstable growth rates. It should be noted, however,
that such behaviour is by no means universal; all three
time series exhibit significant irregularities, and examples
of rapid eddy growth also exist at 𝜏rad = 2 (e.g., t = 1,900).

5 CONCLUSIONS

We have shown that the annular potential vorticity struc-
ture of the Martian polar vortex arises naturally from the
combination of two basic forcing mechanisms: an angu-
lar momentum conserving (AMC) Hadley cell driven by
off-equatorial heating, and enhanced heating over the win-
ter pole representing the latent heat release from carbon
dioxide condensation. The simplified AMC Hadley cell
model of Lindzen and Hou (LH88) is capable of captur-
ing the Martian circulation even though the winter branch
of the Hadley cell extends much further north than on
Earth. The model allows the dependence of the polar
potential vorticity distribution on each aspect of the forc-
ing to be examined in a clear and unambiguous way. In
particular, the location of the zonal wind maximum is con-
trolled mainly by the asymmetry and forcing strength of
the Hadley cell, while the details of the flow poleward of
the jet are controlled mainly by details of the equilibrium
temperature field in that region through thermal wind
balance.

While the potential vorticity structure of the LH88
model shows no explicit annular structure, the infi-
nite shear at the transition latitude implies a 𝛿-function
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F I G U R E 12 Eddy enstrophy evolution for the three cases shown in Figure 10c: (a) 𝜏rad = 2, (b) 𝜏rad = 1 and (c) 𝜏rad = 0.5. In all cases
𝜙0 = 16 and Q = 0.1

(a) t = 1,712 (b) t = 1,724 (c) t = 1,736 (d) t = 1,748

τrad = 2

(e) t = 1,982 (f) t = 1,984 (g) t = 1,986 (h) t = 1,988

τrad = 0.5

F I G U R E 13 Potential vorticity from simulations with 𝜏rad = 2 (a–d), corresponding to Figure 12a, and 𝜏rad = 0.5 (e–h), corresponding
to Figure 12c, at selected representative times [Colour figure can be viewed at wileyonlinelibrary.com]

in vorticity that could lead to a local maximum when
smoothed by viscosity or eddy mixing in a full model. How-
ever, when the latter effects are included, although a poten-
tial vorticity maximum is produced near 60◦N, there is also
a weaker but well-defined local maximum over the pole.
This local polar maximum is stronger when a representa-
tion of the enhanced cooling of the polar night is included.
To obtain a distinct polar minimum, on the other hand,
some additional heating is required, with the depth of
the minimum increasing with increasing heating strength.
The result is consistent with the general circulation model

(GCM) experiment of Toigo et al. (2017), which found that
a monopolar vortex developed when the parametrization
of latent heating from carbon dioxide condensation was
switched off, although in our model some degree of annu-
lar structure does arise from the Hadley cell alone. The
Hadley cell itself imposes a robust constraint on the loca-
tion of the maximum of the potential vorticity through the
determination of the latitude 𝜙w.

In a full, non-axisymmetric shallow-water model with
resolved eddies, the basic dependence on Hadley cell and
additional polar heating was confirmed. In this model,

http://wileyonlinelibrary.com
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with a radiative relaxation time-scale of 1 sol, a station-
ary state was established on time-scales of a few hun-
dred sols, suggesting that the final states are attainable
on time-scales of the Martian seasonal cycle. Despite the
transience associated with the nonlinear eddy evolution
arising from shear instability of the annulus, the basic
annular structure persists in the time mean. Typically,
eddy amplitudes were found to grow over time-scales of
a few sols, saturate and then cause transient mixing of
the annular structure. When the eddies are strained to
small scales and dissipated, the annulus is able to re-form
under the action of the direct radiative forcing to the ther-
mal wind in the polar regions, giving rise to vacillation
cycles on time-scales of a few tens of sols. The amplitude
of these cycles increases as the additional polar heating is
increased, to the point where the vacillations can result in
complete mixing of the annulus across the polar region.
Although the vacillation time-scale increases with radia-
tive time-scale, the dependence does not appear to be
linked to a direct change in the restoration time-scale of
the annulus under radiative forcing, but rather to changes
in the growth rate of the eddy activity.

Aside from elucidating the mechanisms that control
the annular structure, as discussed in section 3.3, the
axisymmetric model provides a quick way of exploring
possible circulation patterns that may exist on other plan-
ets. In particular, the AMC model formulation depends
explicitly on only two parameters: the latitude of the
off-equatorial heating maximum and the effective heat-
ing strength. The latter is a combination of the actual
pole-to-equator equilibrium temperature difference mul-
tiplied by a planetary Burger number that measures the
relative importance of rotation and stratification. Thus,
low rotation or high stratification is associated with higher
effective heating strength and a wider Hadley cell. While
more detailed aspects of the dynamics will depend on indi-
vidual physical parameters, the above suggests that when
conducting parameter sweep experiments of possible cir-
culation regimes in exo-planetary atmospheres, the effects
of solar luminosity, planetary mass, rotation, etc., should
initially be considered in combination.
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APPENDIX

The latitudes 𝜙w, 𝜙s and 𝜙1 in the LH88 model are
uniquely determined from the latitude of maximum

heating, 𝜙0, by imposing a set of matching conditions
(LH88, their eqs. 8–11). These lead to a system of three
equations in the unknowns 𝜙w, 𝜙s and 𝜙1, which we
provide here for ease of reproducibility. In terms of a
sine-latitude coordinate y = sin𝜙, and writing y0 = sin𝜙0,
etc., the matching conditions yield the system

(ys
2 − y2

1)
2

1 − ys2 −
(yw

2 − y2
1)

2

1 − yw2

− 2R[(ys − y0)2 − (yw − y0)2] = 0,(
(ys

2 − y2
1)

2

1 − ys2 − 2R(ys − y0)2

)
(ys − y1)

− I[ys] + I[y1] +
2
3

R[(ys − y0)3 − (y1 − y0)3] = 0,(
(yw

2 − y2
1)

2

1 − yw2 − 2R(yw − y0)2

)
(yw − y1)

− I[yw] + I[y1] +
2
3

R[(yw − y0)3 − (y1 − y0)3] = 0,

where

I[y] = −1
3

y3 − y + 2y2
1y + 1

2
(1 − y2

1)
2 log

1 + y
1 − y

.

The system can be solved by a suitable iterative scheme
(e.g., Broyden, 1965). Notice that the solution y1, ys, yw
depends only on the latitude of maximum heating y0 and
the combination of the heating strength and the planetary
Burger number R = BΔ.


