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A Statistical Physics Approach To Abrupt Climate Changes:
Application To Equatorial Superrotation

Abrupt transitions of the climate of the Earth are believed to

[13] While our model is highly idealized, we have never-
theless selected parameters that correspond, approximately,
to the Jovian atmosphere. Rossby numbers are similar to
Jovian values, with resulting equatorial jet speeds of ap-
proximately 200 ms!1, and LD/a ranges down to 0.025. As
far as we are aware, this is the first numerical integration
with physically relevant parameters in rotating shallow
water to produce the observed sign of the equatorial jet.
(In a two-dimensional barotropic model, that is, the shallow
water model in the limit LD/a ! 1, Dunkerton and Scott
[2008] showed that superrotating and subrotating equatorial
jets emerged with roughly equal probability in an ensemble
of numerical calculations with identical physical parameters.
Similar behavior also emerges in the shallow water equations
with linear friction for LD/a ^ 1, but has until now not been
found for LD/a " 1, the regime of relevance for the giant
planets.)
[14] The spontaneous formation of the superrotating

equatorial jet and the alternating midlatitude jets, for the
case LD/a = 0.025, is illustrated in Figure 2. Note that the
zonal jets are very robust, despite the fact that the flow is
highly turbulent, as can be seen in Figure 3, which shows
the potential vorticity q at time t = 10000 for the same
integration. Further, we have found that once the equatorial
superrotation has formed it is a robust feature. Several
integrations were carried out beginning from a preexisting
state of superrotation, but without any forcing or dissipation;
in all cases the equatorial superrotation persisted throughout
these integrations (typically for thousands of days).
[15] Despite the simplicity of our model, it is worth

remarking that it also captures another key qualitative
aspect of the circulation of the giant planets. The instanta-
neous potential vorticity field shown in Figure 3 exhibits a
mixture of zonal structures, coherent vortices and filamen-
tary turbulence, not dissimilar to the cloud-top patterns
observed on the planets (here, the potential vorticity and
cloud top fields can both be approximately considered as
quasi-conserved tracer). Despite the qualitative nature of
such a comparison, we submit that any model that purports
to capture the atmospheric circulation of the giant planets
should also be able to reproduce such features.

[16] Finally, we stress that the results presented above are
not fortuitous, isolated members of large ensembles of inte-
grations: they are entirely reproducible. In fact we have
performed dozens of integrations with various parameter
settings (varying LD, !0, tfr and trad) and have found that
equatorial superrotation emerges in every calculation in which
radiative relaxation is the dominant form of dissipation.
[17] Equatorial superrotation can be understood diagnos-

tically in terms of the mixing by turbulent eddies of the
shallow water potential vorticity q = za/h. It is consistent
with angular momentum conservation provided one recog-
nizes the role of upgradient (i.e. non-advective) potential
vorticity fluxes [McIntyre, 1982; Dunkerton and Scott,
2008]. As can be seen in Figure 3, mixing of q takes place
on either side of, but not across, the equator, resulting in a
sharp jump at the equator (visible as the white band).
Through the diagnostic relation linking the zonal mean q,
u and h, the jump at the equator will necessarily be
accompanied by a superrotating equatorial jet (seeDunkerton
and Scott [2008] for details in the barotropic case).
[18] The jump in q at the equator is associated with an

upgradient (non-advective) flux of q across the equator. In
particular, we note that the equatorial jet here is eddy-
driven, rather than forced directly by the effect of the
radiative relaxation on the zonal flow, in the sense that
the upgradient PV flux is an eddy flux of the form v0q0. This
is demonstrated in Figure 4, which shows the time averaged
potential vorticity flux v0q0. The eddy PV flux is related to
the eddy momentum flux convergence, and hence to an
acceleration of !u through the well-known Taylor identity,
another diagnostic relation, which, in the simplest case of
barotropic motion, takes the form

v0q0 ¼ ! 1

a

d

dm
u0v0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1! m2
p

" #

: ð3Þ

(Positive v0q0 coincides with the development of positive !u,
and vice versa.) Conceptually the situation is the same as

Figure 3. Instantaneous q = za/h, at t = 10000 for the
case LD/a = 0.025 (corresponding to the solid bold line in
Figure 1).

Figure 4. Time averaged v0q0. Dashed line shows !u (&4 &
10!4) at t = 10000.
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Potential vorticity in a nu-
merical simulation of a super-
rotating equatorial jet (Scott
and Polvani, 2008).

have occurred in the past, and are a crucial point in the public
debate about global warming. This project aims at putting this
question on a robust scientific basis by studying bistability and
phase transitions of the general circulation of the atmosphere. In
particular, we shall focus on the possibility of an abrupt tran-
sition towards a state of strong eastward jet velocities at the
equator, referred to as superrotation. Such a bifurcation would
drastically change the climate of the Earth at a global scale,
modifying the monsoon structure and the mid-latitude weather.
In fact, several planetary atmospheres in our solar system ex-
hibit a strongly superrotating equatorial jet (e.g. Venus, Jupiter
and Saturn). Moreover, while the paleoclimate evidence is still
too scarce for a definitive answer, several authors have hypoth-
esized that the Earth has experienced superrotation in the remote past.

The hypothesis we will test is that for some range of parameters, both a superrotating and
conventional circulation can exist, and that random fluctuations of the dynamics may trigger a
transition from one state to the other. We will study the relative probability of the two attractors
and the dynamics of transitions from one state to the other. A major challenge to address such
questions is that they involve the long-term dynamics of turbulent jets at the planetary scale.
Running current atmospheric models with many degrees of freedom over such time scales is
impossible. To help solving this issue, we propose to use the most modern tools of statistical
physics. These tools have been applied to geophysical flows and climate dynamics during the
last decade, giving impressive results; for instance to explain the structure of coherent structures
such as the Great Red spot of Jupiter [1, 2]. Recently, we have used large deviation algorithms,
based on statistical mechanics ideas, to observe rare transitions between states with a different
number of atmospheric jets, for Jupiter’s troposphere, and to study the probability of extreme
heat waves over Europe, gaining several orders of magnitude compared to direct computation [3,
4]. One part of the project is to use such algorithms to study superrotating equatorial jets. We
will combine such innovative tools with more traditional approaches. In particular, the project
will involve numerical simulations with an idealized atmospheric GCM; we shall rely on the Isca
framework, developed recently around the GFDL dynamical core. One goal of the project is to
understand the dynamical mechanisms responsible for eddy momentum flux convergence at the
equator, which will be diagnosed using classical wave-mean flow analysis as well as new statistical
mechanics ideas.
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