GEOPHYSICAL RESEARCH LETTERS, VOL. 35, 124202, doi:10.1029/2008GL036060, 2008

Click
Here
for
Full
Article

Equatorial superrotation in shallow atmospheres
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[1] Simple, shallow-water models have been successful in
reproducing two key observables in the atmospheres of the
giant planets: the formation of robust, and fully turbulent,
latitudinal jets and the decrease of the zonal wind amplitude
with latitude. However, they have to date consistently failed
in reproducing the strong prograde (superrotating)
equatorial winds that are often observed on such planets.
In this paper we show that shallow water models not only
can give rise to superrotating winds, but can do so very
robustly, provided that the physical process of large-scale
energy dissipation by radiative relaxation is taken into
account. When energy is removed by linear friction,
equatorial superrotation does not develop; when energy is
removed by radiative relaxation, superrotation develops at
apparently any deformation radius. Citation: Scott, R. K.,
and L. M. Polvani (2008), Equatorial superrotation in shallow
atmospheres, Geophys. Res. Lett., 35, 124202, doi:10.1029/
2008GL036060.

1. Introduction

[2] The pronounced latitudinally aligned bands observed
on the giant gas planets are the cloud-top signatures of strong
alternating zonal jet streams in the so-called “weather layer™,
the shallow layer of stably-stratified atmosphere overlying
the deeper convective region. Despite much attention over
several decades, the actual dynamical processes involved in
the maintenance of these jets remain controversial, to the
extent that there is still debate over whether their origins lie in
deep convection throughout the planetary interior [Busse,
1976], or rather in shallow turbulent motions within the thin
atmospheric layer itself [Williams, 1978]. Somewhere be-
tween these two paradigms lies recent three-dimensional
general circulation model studies [Schneider and Lui, 2008;
Yamazaki et al., 2005]. Quantitative predictions based on the
former paradigm have been difficult to make, in part because
very little is known about the planets’ interior [ Guillot, 1999],
and in part because of the high cost of three-dimensional
numerical integrations of convective turbulent flow. The
latter paradigm is both conceptually and computationally
simpler and is based upon well-known and fundamental
properties of rotating, stratified flows.

[3] In the shallow rotating atmosphere, latitudinally
aligned, or zonal, jets arise spontancously due to the in-
teraction of turbulent mixing with the background planetary
differential rotation [Rhines, 1975; MciIntyre, 1982]. Many
studies have documented the spontaneous emergence of
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well defined zonal jets from a turbulent flow in the presence
of a background (planetary) vorticity gradient [e.g., Rhines,
1975; Maltrud and Vallis, 1991; Yoden and Yamada, 1993;
Cho and Polvani, 1996a, 1996b]. In particular, using a shallow
water model with realistic physical parameters, Cho and
Polvani [1996a, 1996b] showed that, in the absence of
forcing, an initially random flow on the sphere spontaneously
organizes itself into a banded configuration, with the number
of bands roughly consistent with that of the four giant planets.
[4] The shallow atmosphere model has been criticized,
however, because all calculations reported so far have been
unable, using physically relevant parameters, to reproduce
the strong, prograde, or superrotating jets found at the
equators of Jupiter and Saturn. Subrotating equatorial jets
have been a persistent feature of shallow water turbulence in
both the freely-decaying case studied by Cho and Polvani
[1996D] [see also lacono et al., 1999] and, more recently, in
the forced-dissipative case, in which small-scale forcing
represents the input of energy from random convective
processes in the deeper atmosphere [Scott and Polvani,
2007; Showman, 2007]. In this paper we show that a
shallow-atmosphere model is in fact perfectly able to
produce strong and very robust equatorial superrotation,
provided a more physically realistic large-scale energy
dissipation is chosen than has typically been used to date.
[s] As we demonstrate below, the form of the large-scale
energy dissipation is a determining factor in the direction of
equatorial jets. In forced-dissipative calculations with simple
models, linear momentum damping is commonly employed
because it provides a convenient closure for the total energy in
two-dimensional flow. The atmospheres of the gas giants,
however, dissipate energy primarily through radiation to space
[e.g., Ingersoll et al., 2004; Showman, 2007]; the absence of a
solid ground underlying the atmospheres of the giant planets
obviates the usual motivation of linear momentum damping as
a model for Ekman drag. Here, we focus on the effect of
radiative or thermal damping and demonstrate that it leads to
the spontaneous emergence of equatorial superrotation, even
though the small-scale forcing is completely isotropic.

2. Methods

[6] Our model consists of the shallow water equations
for a fluid of mean depth H, on the surface of a sphere of
radius a, rotating at constant angular velocity €2, and with
gravity g. In terms of vorticity, ¢, divergence, 6 and height
h = H + I, the governing equations are:

G+ V-(uG) =F =/ (1a)
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