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ABSTRACT

The giant planets exhibit banded zonal jet streams that have maintained their

structures over decades. There are long-standing questions: how deep the wind

structures extend? What mechanisms generate and maintain the observed winds?

Why are the wind structures so stable? To answer these questions, we performed

three-dimensional numerical simulations of the atmospheric flow using the primitive

equations.

First, we use a simple Newtonian cooling scheme as a crude approach to gener-

ate atmospheric latitudinal temperature differences that could be caused by latent

heating or radiation. Our Jupiter-like simulations show that shallow thermal forcing

confined to pressures near the cloud tops can produce deep zonal winds from the

tropopause all the way down to the bottom of the simulated atmosphere (a few

hundred bars). These deep winds can attain speeds comparable to the zonal jet

speeds within the shallow, forced layer; they are pumped by Coriolis acceleration

acting on a deep meridional circulation driven by the shallow-layer eddies.

Next, we explicitly include the transport of water vapor and allow condensation

and latent heating to occur whenever the water vapor is supersaturated. Our simu-

lations show that large-scale moist convection associated with condensation of water

vapor can produce multiple zonal jets similar to those on the gas giants (Jupiter

and Saturn) and ice giants (Uranus and Neptune). For plausible water abundances

(3-5 times solar on Jupiter/Saturn and 30 times solar on Uranus/Neptune), our

simulations produce about 20 zonal jets for Jupiter and Saturn and 3 zonal jets

on Uranus and Neptune. Moreover, these Jupiter/Saturn cases produce equatorial

superrotation whereas the Uranus/Neptune cases produce equatorial subrotation,

consistent with the observed equatorial jet direction on these planets. Sensitiv-

ity tests show that the water abundance is the controlling factor; modest water
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abundances favor equatorial superrotation, whereas large water abundances favor

equatorial subrotation. This provides a possible mechanism for the existence of

equatorial superrotation on Jupiter and Saturn and the lack of superrotation on

Uranus and Neptune.
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CHAPTER 1

INTRODUCTION TO THE GIANT PLANETS IN OUR SOLAR SYSTEM

1.1 Overview of the giant planets

The four giant planets, Jupiter, Saturn, Uranus and Neptune, are the largest and

most massive planets in our solar system (Fig 1.1). Unlike the terrestrial planets,

Figure 1.1: The four giant planets. Top row from left to right: Jupiter and Saturn
from Cassini images. Bottom row from left to right: Uranus and Neptune from
Voyager 2 images.

Mercury, Venus, Earth and Mars, these distant planets are composed primarily of

light materials and do not have solid surfaces. The giant planets are also classified

into two types based on their mass, radius and composition. Jupiter and Saturn,

the “gas giants”, are primarily composed of hydrogen and helium; Uranus and Nep-

tune, the “ice giants”, are primarily composed of fluid H2O, CH4, NH3 and their

high-pressure, high-temperature forms. These planets rotate faster than the Earth.
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Jupiter, Saturn, Uranus and Neptune have rotation periods of 9.9, 10.5, 17.2 and

16.1 hours, respectively. The fast rotations make Jupiter and Saturn very oblate

with equatorial diameters significantly exceeding their polar diameters. The solar

fluxes absorbed by the giant planets are far less than that absorbed by the Earth.

Jupiter, Saturn and Neptune, unlike the Earth, radiate significantly more energy

than absorbed from solar radiation, suggesting that these planets have large in-

ternal heat sources. Uranus, though similar to Neptune in bulk properties, emits

almost the same flux as it absorbs. This indicates that Uranus has internal heat flux

not exceeding 0.042 ± 0.047Wm−2. Overall, the atmospheres of the giant planets

are primitive, primarily composed of hydrogen and helium with trace species such

as water (H2O), ammonia (NH3) and methane (CH4).

1.2 Atmospheric dynamics

Ground based telescopes, space telescopes such as Hubble and Spitzer and space-

crafts such as Pioneer, Voyager, Galileo, Cassini and New Horizons have made ex-

tensive observations of the cloud features on the giant planets. These clouds have a

banded appearance. Cloud tracking analysis shows that the winds on these planets

reach speeds ranging from 100 ms−1 up to 400 ms−1, much faster than the typical

wind speed ( order of 10 ms−1 ) on the Earth. Unlike the seasonal variation of winds

on the Earth, the large-scale circulations on Jupiter, Saturn and possibly on Uranus

and Neptune are very stable. Moreover, the equator-to-pole temperature variation

in the atmosphere is only a few Kelvin. This is attributed to the fast winds and

long radiative time constants, allowing mixing to homogenize the thermal energy.

1.2.1 Jupiter and Saturn

The atmospheric circulations at the cloud top on Jupiter and Saturn share some

similarities: 20-30 multiple east-west (zonal) jets, a fast and broad eastward equato-

rial jet (equatorial superrotation) and weaker jets towards the poles (Fig 1.2). On

Jupiter, these jets are very stable and have maintained their strength and shape for
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Figure 1.2: Observed zonal winds on Jupiter (left) and Saturn (right). The zonal
wind profile for Jupiter is adopted from Vasavada and Showman (2005). The zonal
wind profile for Saturn is adopted from Sánchez-Lavega et al. (2004). On the left,
white strips represent anticyclonic vorticity (zones) and grey strips represent cyclonic
vorticity (belts). On the right, solid curve is from Voyager measurements taken in
1980-1981 and symbols are from ground-based and HST measurements taken in
1994-2004.

decades; on Saturn, the high-latitude jets are likewise stable, but the equatorial jet

seems to have experienced a significant slowdown over the past decade (Fig 1.2).

On Jupiter, cloud patterns manifest as alternating dark bands (belts) and light

bands (zones). The zonal jets are correlated with the belts and zones. The peaks

of eastward and westward zonal jets locate at the poleward and equatorward flanks

of zones, respectively, and the equatorward and poleward flanks of belts, respec-

tively. On Saturn, however, the banded cloud structure is covered by thick haze

in the upper troposphere and shows up only weakly in visible images, although it

is better seen under infrared wavelengths. Despite the similarities of atmospheric

circulations between the two planets, the winds on Saturn are generally stronger

at all latitudes. The equatorial superrotation on Saturn reaches 400 ms−1, while

on Jupiter it only reaches about 100 ms−1. Other noticeable dynamic features on
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Jupiter are large vortices such as the Great Red Spot (GRS) and white ovals. The

long-lived GRS, appearing red in color, resides near 20◦ south latitude (in the South

Equatorial Belt). The spot rotates counterclockwise and spans about 40,000 km

in the east-west direction and 14,000 km in the north-south direction. Throughout

the 1930s to the late 1990s, there were three major white ovals (large vortices with

white cloud cover) in the southern hemisphere, though they merged and now only

one remains. The mechanisms that form and maintain the GRS and white ovals are

still not well understood.

Numerous thunderstorms associated with moist convection, similar to those on

the Earth, have been observed on Jupiter. On Earth, moist convection redistributes

water vapor vertically. It involves many processes such as condensation, precipita-

tion, evaporation and cloud formation, which change the radiative energy budget

and strongly affect the vertical structure and dynamics of the atmosphere. Moist

convection has been suggested as an energy source that drives the jet streams on

Jupiter (Barcilon and Gierasch, 1970; Ingersoll et al., 2000). The most commonly

accepted idea is that, in a shallow weather layer (within a few scale heights of the

visible cloud deck), eddies generated by moist convection pump energy into the main

jet streams.

1.2.2 Uranus and Neptune

Uranus and Neptune have very different wind structures compared to those on

Jupiter and Saturn. They have only three zonal jets: one broad westward jet at the

equator (equatorial subrotation) and two eastward jets at midlatitudes (Fig 1.3).

The subrotation on Neptune is much faster than that on Uranus. It has speed of

400 ms−1, while on Uranus it blows around 100 ms−1. Both Uranus and Neptune

are covered by stratospheric methane haze, which makes the banded cloud struc-

tures less obvious than those on Jupiter. Uranus, despite its obliquity of nearly

98◦ and the fact that its poles receive more sunlight than the equator, has banded

winds. Neptune also has large transient anticyclonic spots similar to the GRS on

Jupiter (Sromovsky et al., 2002), called the Great Dark Spots (GDS). Hubble Space
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Figure 1.3: Observed zonal winds on Uranus (left) and Neptune (right). The zonal
wind profile for Uranus is adopted from Hammel et al. (2005). The zonal wind
profile for Neptune is adopted from Sromovsky et al. (2001).

Telescope in 2006 also observed a dark spot on Uranus. As with the GRS, the

mechanisms that generate these dark spots are still unclear.

Both Uranus and Neptune show cloud streaks, which are bright and elongated in

the east-west direction. These visible clouds are primarily composed of methane ice

and dynamically active near mid-latitudes in the upper troposphere. Because these

planets are cooler than Jupiter and Saturn, water clouds may appear in deep regions

where the pressure is greater than 10 bars (Lunine, 1993). Water moist convection

presumably plays an important role in the dynamics from 10 bars to several hundred

bars and affects the dynamics in both upper and lower atmosphere.

1.2.3 Zonal jets

There are several key issues in understanding the atmospheric dynamics on the gi-

ant planets. First, what is the vertical structure of wind and temperature on these

planets? The giant planets are distant worlds where in-situ measurements are dif-

ficult. The radio occultation results on the giant planets determined representative
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pressure-temperature profiles down to 1 bar but did not put any constraints on

wind profiles. The Galileo probe in 1995 entered Jupiter’s atmosphere at 7◦ N lati-

tude and measured the wind and temperature as deep as 21 bars (Atkinson et al.,

1997). Figure 1.4 shows that the wind speed increases with depth to 5 bars where

Figure 1.4: Vertical profile of zonal (east-west) wind measured by Galileo entry
probe on Jupiter. The dashed line is the zonal wind measured by the Galileo Probe
Doppler Wind Experiment. The thin solid lines show the envelope of error bars.
The figure is adopted from Atkinson et al. (1997)

it reaches about 170ms−1, and then remains almost constant down to 21 bars. This

implies that strong winds may exist in deep atmosphere. However, the probe en-

tered a 5µm hot spot where the atmosphere is relatively dry and descending motion

dominates. The winds and temperature at this special location may not represent

global structures. Furthermore, the wind and temperature below 20 bars are still

unknown. Some studies based on Voyager and Cassini observations (Conrath and
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Pirraglia, 1983; Simon-Miller et al., 2006) mapped the global structures of tempera-

ture at pressures less than 1 bar on Jupiter and Saturn from infrared data. However,

these temperature and inferred wind profiles are limited to the upper troposphere

and stratosphere. The inability to directly measure the deep wind and temperature

profiles has led to many theoretical models and calculations based on available ob-

servations. Jupiter radiates about twice as much heat as it absorbs from the Sun,

which suggests the interior of Jupiter is highly convective. Some models (Hubbard,

1970; Graboske et al., 1973), by studying the cooling history of Jupiter and the

radiation budget, have more or less showed that the interior of Jupiter is adiabatic

(constant entropy with altitude). Other models, such as calculation of the density

based on gravity data from Pioneer 10 and 11 flybys (Anderson et al., 1974a,b)

and calculation of composition in Jupiter’s atmosphere (Gulkis and Poynter, 1972)

further suggested the atmosphere on Jupiter is nearly adiabatic, in agreement with

Hubbard (1970) and Graboske et al. (1973). Base on these models, Jupiter probably

has an adiabatic region down to at least 106 bars (Ingersoll, 1976).

There are two popular models for the wind structures: deep winds and shallow

winds. Deep wind models suggest that the observed zonal jets are barotropic (wind

is independent of direction along a coordinate parallel to the rotation axis) and

extend all the way down to molecular hydrogen envelope (depth of ∼ 104 km and

pressure of 106 bars); shallow wind models, on the other hand, suggest the zonal jets

are confined to a shallow layer within several scale heights of cloud level. To date,

these two kinds of models are still heavily debated (see Vasavada and Showman

(2005) for a detailed review).

Second, how do the zonal jets form and what drives these jets? This has been

a long-standing question that leads to many hypotheses. There are two distinct

classes of models: deep forcing models and shallow forcing models. In deep forcing

models, the zonal jets on the giant planets are driven by the deep convection that

results from the internal heat flux. Busse (1976) proposed that the formation of

zonal jets could be explained by the Taylor-Proudman theorem, which states that

fluid flow in a rotating system does not have variation of velocity in direction parallel



26

to the rotation axis. In his argument, the internal heat flux drives Taylor columns

that are parallel to rotation axis of the planet and differentially rotate (i.e., rotation

rate varies with latitude). The east-west winds are driven by the clockwise and

counterclockwise rotation of the Taylor columns that pump eddy momentum into

the main flow. More recent studies (Heimpel et al., 2005; Heimpel and Aurnou,

2007; Aurnou et al., 2007) show that the deep convection can drive differential

rotation (i.e. deep winds) that resembles the zonal jets on the giant planets. The

results from these studies, though able to reproduce the jet patterns on the giant

planets, generally require much larger internal heat flux than observed. Moreover,

these studies have convection columns penetrating through the molecular hydrogen

envelope, where magnetic drag may be large enough to slow down the strong zonal

winds (Liu et al., 2008).

In shallow forcing models, the zonal jets are driven by turbulence in the weather

layer. These models are inspired by the numerous storms and other types of ed-

dies observed on Jupiter. Besides the convective thunderstorms, the eddies can

be generated by baroclinic instabilities (instabilities caused by lateral temperature

contrast) and breakdown of waves. In three-dimensional flows, eddies experience

vortex stretching and break down to smaller scales that dissipate the energy. How-

ever, in two-dimensional flows, vortex stretching is inhibited. Small-scale eddies

merge and transport energy to large-scale flows. This process is called an inverse

cascade. Many two-dimensional studies (Scott and Polvani, 2007; Showman, 2007),

have shown that an inverse cascade of turbulence can drive zonal jets on Jupiter.

However, most of these models produce westward equatorial flow, in contrary to

eastward equatorial flow as observed on Jupiter and Saturn. Scott and Polvani

(2008) were able to produce equatorial superrotation in their shallow water model

but the representation of convection by vorticity at the equator is problematic. Some

three-dimensional global circulation models (Williams, 2003a,b,c, 2006) were able to

produce equatorial superrotation but require ad-hoc forcing near equator (i.e. large

latitudinal temperature contrast at equator). It has often been assumed that shal-

low forcing can only produce shallow jets while deep jets can only result from deep
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forcing. Moreover, none of the current models (including shallow and deep forcing

models) can provide a single mechanism that produces multiple jet structures with

correct directions of equatorial flow on all four giant planets.

In my thesis, I will present three-dimensional numerical studies showing that

shallow forcing indeed can produce deep jets that can theoretically extend to an

arbitrary depth on the giant planets (Chapter 2). I also performed numerical simu-

lations that study the effect of large-scale moist convection on jet formation. Chap-

ter 3 shows that latent heat released by condensation of water vapor can generate

baroclinic eddies that naturally drive the multiple zonal jets and produce equato-

rial superrotation on Jupiter and Saturn and equatorial subrotation on Uranus and

Neptune.
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CHAPTER 2

DEEP JETS ON GAS GIANT PLANETS

(This chapter was published as Y. Lian and A. P. Showman 2008, “Deep jets on

gas-giant planets”, Icarus, 194, pp. 597-615.)

2.1 Abstract

Three-dimensional numerical simulations of the atmospheric flow on giant planets

using the primitive equations show that shallow thermal forcing confined to pres-

sures near the cloud tops can produce deep zonal winds from the tropopause all

the way down to the bottom of the atmosphere. These deep winds can attain

speeds comparable to the zonal jet speeds within the shallow, forced layer; they

are pumped by Coriolis acceleration acting on a deep meridional circulation driven

by the shallow-layer eddies. In the forced layer, the flow reaches an approximate

steady state where east-west eddy accelerations balance Coriolis accelerations act-

ing on the meridional flow. Under Jupiter-like conditions, our simulations produce

25 to 30 zonal jets, similar to the number of jets observed on Jupiter and Saturn.

The simulated jet widths correspond to the Rhines scale; this suggests that, de-

spite the three-dimensional nature of the dynamics, the baroclinic eddies energize

a quasi-two-dimensional inverse cascade modified by the β effect (where β is the

gradient of the Coriolis parameter). In agreement with Jupiter, the jets can violate

the barotropic and Charney-Stern stability criteria, achieving curvatures ∂2u/∂y2

of the zonal wind u with northward distance y up to 2β. The simulations exhibit a

tendency toward neutral stability with respect to Arnol’d’s second stability theorem

in the upper troposphere, as has been suggested for Jupiter, although deviations

from neutrality exist. When the temperature varies strongly with latitude near the

equator, our simulations can also reproduce the stable equatorial superrotation with

wind speeds greater than 100 ms−1. Diagnostics show that barotropic eddies at low
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latitudes drive the equatorial superrotation. The simulations also broadly explain

the distribution of jet-pumping eddies observed on Jupiter and Saturn. While ide-

alized, these simulations therefore capture many aspects of the cloud-level flows on

Jupiter and Saturn.

2.2 Introduction

Tracking of clouds in Voyager, Galileo, and Cassini spacecraft images shows that

Jupiter and Saturn exhibit numerous zonal (east-west) jet streams with speeds that

reach 180 ms−1 on Jupiter and about 400 ms−1 on Saturn. On Jupiter, the zonal

jets are located on the boundaries between dark belts and bright zones, with the

westward jets on the poleward edges of belts and the eastward jets on the poleward

edges of zones (Limaye, 1986). The Galileo probe entered Jupiter’s atmosphere at a

latitude of 7.4◦N in 1995 and measured winds that increased from 0.4–5 bars and be-

came constant from 5–22 bars (Atkinson et al., 1997). Despite these measurements,

the deep wind structure on Jupiter and Saturn — and the mechanisms that drive

the winds — remain unknown. Two popular jet structure models have been pro-

posed: the shallow model, in which jets are confined to a thin region near cloud level,

and the deep model, in which the jets penetrate the molecular hydrogen envelope

(∼ 104 km depth). Two popular jet driving mechanisms have also been proposed:

shallow forcing, which includes injection of turbulence, absorption of solar radia-

tion and latent heat release in the cloud layer, or deep forcing, in which convection

within the deep interior drives the jets (see Vasavada and Showman (2005) for a

review). Analysis of Voyager and Cassini images (Beebe et al., 1980; Ingersoll et al.,

1981; Salyk et al., 2006; Del Genio et al., 2007) provide evidence for pumping of

the jets by eddies at cloud level, although this does not rule out the possibility that

deep forcing contributes as well. However, the vast majority of studies assume that

shallow forcing would produce only shallow jets and that deep jets can result only

from deep forcing (Vasavada and Showman, 2005). In contrast to this view, recent

investigations with idealized linear models show that shallow forcing can drive deep
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winds that extend far below the forcing level (Showman et al., 2006). However,

such studies neglect potentially important nonlinear interactions and parameterize,

rather than explicitly resolve, the eddy-induced jet pumping in the forced layer.

In addition to the numerous mid-latitude zonal jets, the circulations on Jupiter

and Saturn contain a strongly superrotating (eastward) jet at the equator. This fea-

ture is notable because zonally symmetric circulations produce westward equatorial

flow. Upgradient momentum transport by waves or eddies is necessary to produce

this feature. Many studies have shown that convection in spherical shells can eas-

ily produce equatorial superrotation (Christensen, 2001, 2002; Aurnou and Olson,

2001; Heimpel et al., 2005; Heimpel and Aurnou, 2007). On the other hand, two-

dimensional shallow turbulence models usually produce westward equatorial flow,

although eastward equatorial flow can occur in a small fraction of cases (Nozawa

and Yoden, 1997; Huang and Robinson, 1998). Likewise, one-layer shallow-water

turbulence on a sphere produces westward equatorial flow under Jovian conditions

of small deformation radius (Iacono et al., 1999; Cho and Polvani, 1996b; Showman,

2007). Interestingly, however, three-dimensional models of shallow atmospheres have

shown that, under some conditions, eastward equatorial flow can occur (Williams,

2002, 2003c,b,a, 2006; Yamazaki et al., 2005). However, the detailed conditions un-

der which a Jupiter-like superrotating jet — including cusps at ±7◦ latitude with

a local minimum in the eastward flow speed at the equator — remain to be deter-

mined.

Here we investigate with a full, nonlinear primitive-equation model whether shal-

low forcing can produce multiple, Jupiter-like jets at the cloud layer and, in par-

ticular, whether deep winds can result from such shallow forcing on Jupiter and

Saturn. We show that they can, and we provide detailed diagnostics to isolate the

mechanism. We also examine the detailed properties of the jets and the statistics of

the jet-driving eddies and compare both to observations. Possible sources of shallow

turbulence include thunderstorms (Ingersoll et al., 2000; Gierasch et al., 2000) and

baroclinic instabilities associated with latitudinal temperature contrasts (Williams,

1978, 1979). Here we focus on the latter.
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Section 1.2 describes the numerical model. Section 1.3 presents our results —

the development of numerous cloud-layer jets, deep jets from shallow forcing, and in

some cases an equatorial superrotation — along with detailed diagnostics. Section

1.4 concludes this chapter.

2.3 Model

2.3.1 Equations, methods, and parameters

Latitudinal variations in solar-energy absorption or latent heating associated with

condensation of water vapor could produce latitudinal temperature contrasts within

the cloud layer (indeed, observational and modeling studies have suggested that the

zonal winds vary with height in the cloud layer, which requires latitudinal temper-

ature contrasts via the thermal-wind equation). In turn, such temperature con-

trasts can drive turbulence via baroclinic instability, and under some conditions

such turbulence can drive zonal jets (Williams, 2003b, 1979; Panetta, 1993). Here,

we parameterize the complex latent-heating and solar-energy absorption processes

by applying a simple latitude- and height-dependent heating that is confined above

a pressure pT of ∼ 2–10 bars. To isolate the physical mechanisms, our model in-

cludes only shallow forcing; deep forcing mechanisms (such as convection cells that

penetrate the molecular envelope) are excluded.

We use a global circulation model, the MITgcm, to solve the three-dimensional,

hydrostatic primitive equations in pressure coordinates (see Appendix A) on a

sphere. The equations are given by (Marshall, 2004)

Dv

Dt
+ fk̂ × v + ∇pΦ = 0 (2.1)

∂Φ

∂p
= −

1

ρ
(2.2)

∇p · v +
∂ω

∂p
= 0 (2.3)

Dθ

Dt
= Qθ (2.4)
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where v is the horizontal wind vector, comprised of zonal wind u and meridional

wind v, ω = Dp/Dt is vertical wind in pressure coordinates, Φ is geopotential, k̂

is the unit vector in the vertical direction (positive upward), ρ is density, ∇p is the

horizontal gradient operator at a given pressure level, D/Dt is the total derivative

operator given by D/Dt = ∂/∂t + v · ∇p + ω∂/∂p, and θ = T (p0/p)
κ is potential

temperature. Here T is temperature and κ ≡ R/cp, which is a specified constant,

is the ratio of the universal gas constant to the specific heat at constant pressure.

The reference pressure p0 is taken as 1 bar (note, however, that the dynamics are

independent of the choice of p0). Qθ is rate of heating (expressed in K sec−1) due to

diabatic processes such as radiation or latent heating associated with the condensa-

tion of water vapor. f = 2Ω sinφ is the Coriolis parameter, where φ is latitude and

Ω is the rotation rate of the planet. The dependent variables v, ω, Φ, ρ, and θ, are

functions of longitude λ, latitude φ, pressure p, and time t.

In our numerical model, the upper boundary is zero pressure and the lower

boundary is impermeable, and both boundaries are free-slip in the horizontal direc-

tion. The mean pressure at the bottom is a free parameter that we vary from 25 to

1000 bars. The equations contain no large-scale momentum sources or sinks (e.g.,

drag). We represent the forcing with Newtonian cooling/heating

Dθ

Dt
= Qθ = −

θ − θeq
τ

(2.5)

where θeq is the equilibrium potential temperature and τ is a relaxation time. We

define θeq as

θeq(φ, p) = θref(p) + δθ(φ, p) (2.6)

where δθ parameterizes the latitudinal difference in equilibrium potential tempera-

ture associated with differences in solar-energy absorption or latent heat release of

water vapor. The reference potential temperature profile θref , which is guided by

radio-occultation and Galileo-probe results (Lindal et al., 1981; Seiff et al., 1998),

corresponds to a temperature that is isothermal in the stratosphere and transits

smoothly (over a pressure range of 0.4–1.5 bars) to neutrally stable (constant θref)
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in the interior (Fig. 2.1), as expected for a giant planet. The initial condition
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Figure 2.1: Schematic vertical reference potential temperature profile (a) and tem-
perature profile (b). Solid lines show profiles for Jupiter cases and dashed lines
shows profiles for the parameter variations with a smaller radius corresponding to
that of Uranus.

contains no winds and has a temperature structure equal to θref with the addition

of a weak (∼ 10−4 K) thermal perturbation to break the longitudinal symmetry.

Three modes of δθ are tested in our simulations (Fig. 2.2). Mode A produces

a smooth equator-to-pole temperature variation with a hot equator and cold poles:

δθ = ∆θ cos2 φ. Mode B produces alternating hot-and-cold latitude bands, as ex-

pected for Jupiter and Saturn: δθ = ∆θ cos2(8φ) when −78.75◦ < φ < 78.75◦ and

otherwise δθ = 0. Mode C produces smooth equator-to-pole temperature variations

with a cold equator and hot poles: δθ = ∆θ(1 − cos2 φ). ∆θ is constant, with

values ranging from 2.6–8K at p ≤ pT and zero at p > pT. Our mode B cases use

∆θ = 2.6K while our mode A and C cases use ∆θ = 8K. At 1 bar, these values

imply latitudinal temperature contrasts of 5K for mode B and 8K for modes A and
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Figure 2.2: Horizontal heating schemes: (a) is mode A, (b) is mode B and (c) is
mode C.

C; these contrasts are chosen to be roughly consistent with the modest latitudinal

temperature differences observed on the giant planets (Simon-Miller et al., 2006).

On Jupiter and Saturn, sunlight penetrates to a few bars pressure (Sromovsky

et al., 1996, 1998; Pérez-Hoyos and Sánchez-Lavega, 2006), and for three-times solar

water abundance, water condenses at ∼ 8 bars on Jupiter and ∼ 15 bars on Saturn.

These mechanisms could therefore produce latitudinal temperature contrasts ex-

tending to at least 5–10 bars. To bracket this range, we vary the pressure at the

base of the forced layer, pT , between 2.5–20 bars.

Our adopted relaxation time (40 Earth days in the nominal simulations) is much

shorter than the typical values for giant planets (∼one Earth year for Jupiter) but

allows us to perform simulations in reasonable time while preserving the quasi-

isentropic behavior of atmospheric motions over typical dynamical timescales of

1–10 days. We reran some simulations with τ in the forced layer ranging from 29

to 215 Earth days and found very similar end states, although the spin-up times

scale with τ . In most simulations, we also applied a weak thermal damping in the
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neutrally stable interior (p > pT) with a timescale of 400 Earth days to help maintain

numerical stability. The simulations include no explicit viscosity, but a fourth-order

Shapiro filter (Shapiro, 1970) (analogous to eighth-order hyperviscosity) and zonal

polar filter are added to maintain numerical stability.

We run the simulations on the whole sphere using a longitude-latitude grid.

For our Jupiter cases, the horizontal resolution is 512 × 256 gridpoints (0.703125◦)

and NL = 22–30 vertical layers. The bottom NL − 1 layers have interfaces that

are evenly spaced in log pressure between 0.033 bars and the basal pressure; the

top layer extends from 0 to 0.033 bars. These simulations use a planetary radius

a = 71492km, rotation rate Ω = 1.7585×10−4s−1, specific heat cp = 13000JK−1kg−1,

κ = 0.29 and gravity g = 22.88ms−1, all appropriate to Jupiter. Our high horizontal

resolution is necessary to resolve the internal deformation radius, which is crucial

because baroclinic instabilities inject energy into the flow predominantly at this

scale (a few thousand km). We found that simulations with Jupiter parameters

and a lower horizontal resolution of 256× 128 exhibited much weaker eddy activity

because they inadequately resolved the deformation radius; such a low resolution

is therefore insufficient for resolving baroclinic instabilities on Jupiter, and these

simulations are not shown here. Nevertheless, because simulations at 512 × 256

with > 20 layers are computationally demanding, we performed some parameter

variations using a smaller planetary radius while attempting to maintain wind speeds

and static stabilities similar to that in our Jupiter cases. The idea is that, for a

given mean wind speed and static stability, the key length scales — the Rhines

scale, Rossby deformation radius, and jet width — have values in these parameter

studies comparable to those in our Jupiter cases. Because the radius is smaller, this

means the deformation radius and jet width are a larger fraction of the planetary

radius than is the case on Jupiter. Using a smaller planetary radius therefore allows

us to numerically resolve the jets and deformation radius while using fewer total

gridpoints, hence allowing faster runtimes. These simulations used a horizontal

resolution of 256 × 128 gridpoints (1.40625◦) and NL = 22–30 vertical layers, again

evenly spaced in log pressure; we used parameters a = 25559km, Ω = 1.0124 ×
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10−4s−1, and g = 7.77ms−1.

2.3.2 Diagnostics

Before presenting our results, it is useful to describe the formalism we use to diagnose

our simulations. For any quantity A, we can define A = [A] +A∗ where [A] denotes

the zonal mean and A∗ denotes the deviation from the zonal mean. Likewise, we can

define A = A+A′, where A denotes the time average and A′ denotes the deviation

from the time average. Inserting these definitions into the zonal momentum equation

and averaging in longitude and time, we obtain (Karoly et al., 1998)

∂[u]

∂t
= −

∂

∂y
([u′v′] + [u∗v∗]) −

∂

∂p
([u′ω′] + [u∗ω∗]) − [v]

∂[u]

∂y
− [ω]

∂[u]

∂p
+ f [v] (2.7)

In this equation, [u′v′] and [u′ω′] are the latitudinal and vertical fluxes of eastward

momentum, respectively, associated with traveling eddies, and [u∗v∗] and [u∗ω∗] are

the latitudinal and vertical fluxes of eastward momentum, respectively, associated

with stationary eddies. On the terrestrial planets, stationary eddies (i.e., spatial

variations in the dynamical fields that do not change in time) are primarily asso-

ciated with topography or continent-ocean contrasts, which are not expected to be

important on the giant planets. In the absence of topography, baroclinic instabilities

primarily manifest as traveling eddies. Here, we group them together and generally

plot the total eddy-induced acceleration, for example, −∂([u′v′] + [u∗v∗])/∂y.

Equation 2.7 states that accelerations of the time- and zonal-mean zonal wind

result from latitudinal convergence of the latitudinal eddy-momentum flux, vertical

convergence of the vertical eddy-momentum flux, latitudinal and vertical advection,

and Coriolis acceleration on the mean-meridional wind. In geostrophic balance, the

latitudinal convergence of latitudinal eddy-momentum flux generally dominates over

the vertical convergence of vertical eddy-momentum flux, and for our simulations

the advection terms are generally small too. Therefore, the most important terms

in Eq. 2.7 are the first and last terms. We will illustrate the magnitude of these

terms for several of our simulations.
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2.4 Results

2.4.1 Overview of basic flow regime

Our simulations show that the shallow thermal forcing generates multiple mid-

latitude jets in the forced layer, with a mean simulated jet width (and total number

of jets) in approximate agreement with Jupiter.
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Figure 2.3: Zonal mean zonal winds for simulations with mode A at 24 Earth days
(a), 278 Earth days (b), 347 Earth days and 1157 Earth days (d). The forcing is
confined above the dotted line, but deep jets develop that extend to the bottom of
the domain. The fluid below the dotted line contains ten times as much mass as that
above the line. The equatorial flow remains zero or weakly westward (depending on
pressure), unlike Jupiter.

This is illustrated in Figs. 2.3 and 2.4, which show the zonally averaged zonal

wind at four times for Jupiter simulations with mode A and B, respectively. At first,

the thermal forcing quickly produces latitudinal temperature variations at pressures

less than 10 bars, and the resulting pressure gradients drive a transient, zonally

symmetric meridional flow in the forced layer. The east-west Coriolis acceleration
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Figure 2.4: Zonal mean zonal winds for simulations with mode B at 12 Earth days
(a), 104 Earth days (b), 926 Earth days and 6481 Earth days (d). The forcing is
confined above the dotted line, but deep jets develop that extend to the bottom
of the domain. The fluid below the dotted line contains ten times as much mass
as that above the line. This simulation also develops an equatorial superrotation
whose profile at the ∼ 1-bar level is similar to that on Jupiter.

on this meridional circulation drives weak, wide zonal flows in the forced layer by

∼ 30 days as the fluid achieves thermal-wind balance with the imposed temperature

contrasts in the forced layer. As shown in Figs. 2.3a and 2.4a, these zonal flows

have a horizontal length scale comparable to that of the thermal forcing (∼ 80◦

and 20◦latitude in modes A and B, respectively). However, this flow is dynamically

unstable, and these wide flows break up into numerous narrow east-west jets by

∼ 500 days (Figs. 2.3b-c and 2.4b-c). By 1000 days, the simulations in Fig. 2.3 and

2.4 each contain ∼ 26 jets at the 1-bar level. We emphasize that the resulting

latitudinal jet width is controlled by the inherent dynamics of the system; the jets

are much narrower than the latitudinal length scale of the thermal forcing. The

number of jets in these simulations is similar to that on Jupiter.
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Intriguingly, these shallow jets gradually develop deep barotropic components

that extend to the bottom of the model at 100 bars and reach speeds comparable to

the top-level jets by ∼ 1000 days (Figs. 2.3d and 2.4d). These deep jets are driven

entirely by the shallow forcing which in our simulations is confined to the top 3–10 %

of the fluid mass. This demonstrates, in agreement with Showman et al. (2006), that

deep jets can result from shallow forcing.

In our Jupiter simulations, the total number of jets and the development of deep

jets are relatively insensitive to the details of the thermal forcing; simulations with

modes A and B produce similar behavior. However, the behavior of the equatorial

jet depends strongly on the form of the thermal forcing. Despite having a Jupiter-

like number of jets, our mode-A simulation exhibits equatorial flow that is westward

at most pressures (Fig. 2.3); this simulation therefore fails to explain the equatorial

flow on Jupiter. On the other hand, our mode-B simulation produces a superrotating

equatorial jet with local maxima at latitudes of ∼ 7◦ and pressures of ∼ 0.4 bars,

near the maximum in the eddy-induced forcing.
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Figure 2.5: (a) Time evolution of zonal mean zonal winds for Mode B at 0.9 bars.
The winds are 50 ms−1 apart. The maximum wind speed at this pressure level is
120 ms−1 (±6◦); (b) Time evolution of zonal mean zonal winds for Mode B at 50
bars. The winds are 30 ms−1 apart. The maximum wind speed at this pressure level
is 65 ms−1 (±20◦).
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Figures 2.5 (a) and (b) show the time evolution of the shallow (0.9-bar) and deep

(50-bar) zonal-mean zonal wind for our Jupiter simulation with mode B. Because

the deep winds are barotropic in this simulation, Fig. 2.5 (b) represents the winds

at any pressure below ∼ 10 bars. In the forced layer, the jets at times earlier than

∼ 200 days have a width comparable to the wavelength of the imposed thermal

forcing (∼ 20◦ latitude in this case). Figure 2.5 (b) shows that the deep winds

remain extremely weak during this period, which results from the fact that the

eddy forcing and meridional circulation are also weak at early times. Baroclinic

instabilities become active by ∼ 200 days, however. As shown in Fig. 2.5 (a), this

causes a narrowing of the jet spacing in the forced layer by ∼ 500 days (the number

of jets increases from 15 to ∼ 25 as eddies become active). Panel (b) shows that

the pumping of deep jets begins in earnest only after the eddies become active at

∼ 200 days.

Our basic results — the formation of multiple zonal jets that develop deep

barotropic components extending far below the forcing region — occur also in our

simulations with a smaller planetary radius. This is illustrated in Fig. 2.6, which

shows the outcome at 4630 days of three simulations where the pressure at the bot-

tom of the forced layer is pT = 2.5, 10, and 20 bars in (a), (b), and (c), respectively.

The bottom pressure in each case is ten times pT , which implies that the ratio of

forced-layer mass to total mass is the same for all three simulations. All three sim-

ulations exhibit deep winds whose speeds approach that of the shallow jets. This

result, together with the behavior shown in Figs. 2.3–2.5, illustrates that develop-

ment of deep winds from shallow forcing is a robust phenomenon that occurs over

a wide range of forcing parameters. Interestingly, the trend from (a) to (c) pro-

vides clues about the mechanism. The deep jets are strongest in (c) and weakest

in (a), and the eddy activity is also strongest in (c) and weakest in (a) [a result of

the thicker baroclinically unstable zone in (c) than (a)]. This correlation hints that

shallow-layer eddy activity plays an important role in pumping the deep jets. To

investigate the issue further, we now turn to detailed diagnostics.
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Figure 2.6: Zonally averaged zonal winds for mode-A parameter variations with
a smaller planetary radius a = 25559km, rotation rate Ω = 1.0124 × 10−4 sec−1,
gravity g = 7.77msec−2, and horizontal resolution of 256 × 128. (a) pT = 2.5 bars,
(b) pT = 10 bars, (c) pT = 20 bars. In all three cases, the bottom pressure is ten
times pT . The simulation time for all three cases is 4630 Earth days. Dotted line
denotes zero speed; contour interval is 5msec−1 in (a) and 20msec−1 in (b) and (c).
In all three cases, multiple jets appear in the shallow layer and deep winds develop
from the shallow forcing.
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2.4.2 How do deep jets arise from shallow forcing?

In our simulations, the dynamics are predominantly driven by turbulence injected

into the flow by baroclinic instabilities. The effect of this turbulence is shown
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Figure 2.7: Zonal mean latitudinal convergence of eddy momentum flux (a), Coriolis
acceleration (b), zonal mean horizontal eddy heat flux (c) and zonal mean vertical
eddy heat flux (d) at 463 days for mode B. Only the southern hemisphere is shown
here. The unit for convergence of eddy momentum flux and Coriolis acceleration is
10−6ms−2. The unit for horizontal eddy heat flux is ms−1K. The unit for vertical
eddy heat flux is 10−2Pa s−1K. The averaging time interval is 231 days.

in Fig. 2.7, which depicts the acceleration of the mean zonal wind caused by the

horizontal eddy-momentum convergence − ∂
∂y

([u′v′] + [u∗v∗]), the horizontal eddy

heat flux, and the vertical eddy heat flux for our mode B Jupiter simulations. Key

points are as follows. First, the eddies (and their accelerations) are confined pri-

marily to the thermally forced layer between 1–10 bars. This vertical confinement

makes sense: at great pressures (> 10 bars), the horizontal thermal contrasts are

zero, so no baroclinic eddies are generated. At small pressures (< 0.2 bars), the large

stratospheric static stability ensures that isentropes have shallow slopes despite the

existence of horizontal temperature contrasts, so the stratosphere is baroclinically
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stable and again no eddies are generated at most latitudes. Only the 0.3–10 bar

layer is baroclinically unstable and generates eddies. Second, the eddy-induced jet

accelerations have latitudinal length scales much smaller than that of the thermal

forcing that caused the baroclinic instabilities. Baroclinic instabilities inject energy

primarily at the first internal deformation radius, which is expected to be a few

thousand km on Jupiter; in agreement, we find that the eddies generated by the in-

stabilities have typical horizontal length scales of ∼ 5000km. This small eddy length

scale is a prerequisite for obtaining closely spaced jets; indeed, the mean latitudinal

jet spacing is 5000–10,000km in Figs. 2.3–2.4. Third, the eddy accelerations have

magnitudes of ∼ 10−5msec−2, which implies that, acting alone, eddies would cause

jets with Jupiter-like speeds to grow over fast time scales of 10–50 Earth days. The

fact that the actual jets accelerate on much longer time scales implies that some

other process counteracts these eddy accelerations.

The eddy accelerations induce a meridional circulation that has a major effect

on the flow. We find that, in the forced layer, the time-averaged meridional flow

is equatorward at eastward jets and poleward at westward jets, and the east-west

Coriolis acceleration on this meridional flow resists the jet acceleration caused by

eddies. Figure 2.8 compares the magnitudes of these two accelerations at 0.37

bars. The solid curves show the eddy acceleration − ∂
∂y

([u′v′]+ [u∗v∗]) and the dash-

dot curves show the Coriolis acceleration f [v] for three cases. Interestingly, there is

a strong anticorrelation between the two. They sum to nearly zero away from the

equator, leading to a net acceleration that is much smaller than either acceleration

acting alone. Thus, the forced layer reaches a quasi-steady state where the mean

jet speed evolves slowly (on ∼ 1000 day time scales) despite the fact that either

acceleration acting in isolation would induce order-unity changes in the jet speed

over time scales of ∼ 30 days. This explains the fact that the jets in the forced

layer evolve slowly (Figs. 2.3–2.4) despite the large magnitude of the individual

accelerations (Fig. 2.7).

Showman et al. (2006) showed that the meridional circulation provides a mech-

anism whereby shallow forcing can drive deep jets. They performed a linear in-



44

2 4 6 8 10
−80

−60

−40

−20

0

20

40

60

80

LA
T

IT
U

D
E

 [D
E

G
]

−0.5 0 0.5

−50 0 50 100
−80

−60

−40

−20

0

20

40

60

80

LA
T

IT
U

D
E

 [D
E

G
]

−5 0 5

−50 0 50 100
−80

−60

−40

−20

0

20

40

60

80

LA
T

IT
U

D
E

 [D
E

G
]

[u][ms−1 ]
−2 0 2

Acceleration [10−5 ms−2 ]

(a) (b)

(c) (d)

(e) (f)

Figure 2.8: Left column (a, c, and e) shows zonal-mean zonal wind for three cases.
Right column (b, d and f) show eddy-induced accelerations − ∂

∂y
([u′v′]+[u∗v∗]) (solid

curve) and Coriolis accelerations on the mean-meridional wind f [v] (dashed curve)
at 0.37 bars for those sames cases. Top row (a and b) shows Mode A at 926 days;
middle row (c and d) shows mode B at 926 days; bottom row (e and f) shows
mode B at 4630 days. The averaging time interval is 231 Earth days. The figure
demonstrates a correlation between [u] and eddy acceleration, and an anticorrelation
between eddy acceleration and Coriolis acceleration.
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vestigation with an imposed parameterization of eddy accelerations in the weather

layer, and they solved for the meridional circulation and the resulting zonal flow

throughout the domain. In their model, as in our Fig. 2.8, the eddy forcing at the

top of the system drives a meridional circulation in the forced layer, and Showman

et al. (2006) found that the return flow of this meridional circulation always extends

to the bottom of the domain when the deep atmosphere is close to neutrally stable.

The east-west Coriolis acceleration on this deep meridional circulation then drives

nearly barotropic jets that can extend far below the depth of the forcing.

We find that this mechanism also explains the deep jets in our numerical simu-

lations. Figure 2.9 shows contours of the streamfunction associated with the mean

meridional circulation for our Jupiter mode-B case. Here, the streamfunction

is defined as [v] = −∂ψ/∂p and [ω] = ∂ψ/∂y. The meridional flow generated by

the forcing in the shallow layer causes horizontal convergence in anticyclonic regions

(equatorward sides of eastward jets) and divergence in cyclonic regions (poleward

sides of eastward jets). Mass conservation requires the existence of a meridional

return flow at other pressures. The small static stability in the interior implies that

vertical motion can easily occur, so the meridional cells readily penetrate downward.

On the other hand, the large stratospheric static stability prevents significant pen-

etration of the meridional circulation into the stratosphere. As a result, the tops

of the meridional overturning cells occur at ∼ 0.2–0.5 bars, near the the top of the

forced region, and the cells extend to the bottom of the domain. The number of

deep jets equals the number of meridional overturning cells.

Figure 2.10 demonstrates that the Coriolis acceleration on these deep meridional

flows pumps the deep jets. The figure illustrates Jupiter mode A (top row) and

two time frames for Jupiter mode B (middle and bottom rows). In each case, there

is a correlation at most latitudes between the Coriolis acceleration f [v] and the

zonal-wind profile [u]. The acceleration is weak, ∼ 10−7msec−2, implying that jets

with speeds of ∼ 10msec−1 would be pumped over 1000 days, consistent with the

results in Figs. 2.3–2.5. This weak acceleration results from the fact that the typical

meridional wind in the deep layer is small, ∼ 3 × 10−4msec−1, when averaged over
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Figure 2.9: Overturning streamfunction for mode-B Jupiter simulation at 58 days
(a) and 4630 days (b). Only the southern hemisphere is shown since the merid-
ional stream function is nearly symmetric about the equator. Solid lines imply the
overturning is clockwise and dash lines mean the overturning is counter-clockwise.
Forcing occurs only at p < 10 bars, but the overturning cells extend to the bottom
of the domain. The number of meridional circulation cells is doubled in (b).
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Figure 2.10: Left column (a, c, and e) shows zonal-mean zonal wind at 50 bars
(in the deep barotropic region) for three cases. Right column (b, d and f)shows
the Coriolis accelerations on the mean-meridional wind f [v] at 50 bars for those
same cases. Top row (a and b) shows mode A at 926 days; middle row (c and d)
shows mode B at 926 days; bottom row (e and f) shows mode B at 4630 days. The
averaging time interval is 231 Earth days. At most latitudes, peaks in the jets occur
near the same latitudes as peaks in the Coriolis acceleration, indicating that the
Coriolis acceleration pumps the deep jets.
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hundreds of days, in comparison to peak speeds of ∼ 0.01msec−1 in the forced layer.

To further understand the conditions that lead to deep winds, we next examine

the relationship between forced-layer eddies and the rate at which the deep jets are

accelerated. We first construct an appropriate metric for the effect of the forced-

layer eddies. A characteristic value of the eddy-induced acceleration in the forced

layer is the mass-weighted root-mean-square value of −∂([u′v′]+[u∗v∗])/∂y averaged

over the forced layer:

aeddy =





∫ 90◦

−90◦

∫ pT

0

{

∂

∂y
([u∗v∗] + [u′v′])

}2
dp

g
cosφ dφ

{

∫ pT

0

dp

g
cosφ dφ

}

−1




1/2

(2.8)

If the scenario in Showman et al. (2006) is correct, then we can relate aeddy to the

expected rate of deep jet acceleration. As shown above (Fig. 2.8), the east-west eddy

and Coriolis accelerations approximately balance in the forced layer, which can be

written to order-of-magnitude as fvshallow ∼ aeddy, where vshallow is a characteristic

meridional velocity in the forced layer. The continuity equation, Eq. 2.3, implies that

vdeep ∼ vshallow∆pshallow/∆pdeep, where vdeep is a characteristic meridional velocity in

the deep (unforced) layer and ∆pshallow and ∆pdeep are the pressure thicknesses of

the forced and unforced layers, respectively. If the Coriolis acceleration on vdeep

drives the deep jets, we therefore expect that over a time interval Υ the deep jets

would attain a characteristic speed udeep ∼ fvdeepΥ ∼ fvshallowΥ∆pshallow/∆pdeep ∼

aeddyΥ∆pshallow/∆pdeep. Therefore, an appropriate metric to compare against udeep

is aeddy∆pshallow/∆pdeep.

Figure 2.11 plots this quantity, averaged over the first 926 days, against the root-

mean-square deep wind at 926 days for many simulations. The figure demonstrates

that the two quantities are correlated: simulations with strong eddy activity expe-

rience fast pumping of the deep jets; conversely, when eddy activity is weak, deep

jets do not develop. Nevertheless, the above scaling suggests a linear relationship

between the deep winds and aeddy∆pshallow/∆pdeep, so the fact that the points do not

fall on a straight line is odd. Several factors could cause such deviations. For ex-

ample, although the shallow eddies generally act to accelerate the jets, instabilities
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Figure 2.11: Relation between the strength of eddy momentum flux in forced re-
gion and wind speed below forced region at 926 days. The horizontal axis gives
aeddy∆pshallow/∆pdeep averaged over the first 926 days and the vertical axis gives
the root-mean-square deep wind speed at 926 days. “TC” refers to simulations
performed with a small planetary radius (see Section 2.1).

could occasionally occur that instead remove energy from the jets; this would lead

to a slower deep jet speed for a given aeddy. Variation in this phenomenon between

simulations could potentially produce scatter around an expected linear correlation.

Despite these complications, the figure provides strong support that the mechanism

proposed by Showman et al. (2006) occurs in our simulations.

The flow’s time evolution also broadly supports the above picture of deep-jet

pumping. Figure 2.12 plots the root-mean-square latitudinal eddy flux of eastward

momentum, latitudinal eddy heat flux, streamfunction of the mean-meridional flow,

and deep winds versus time for our Jupiter mode B simulation. The top two panels,

which provide different measures of eddy activity, show similar qualitative behavior:

from an initial state with no eddies, a spike in eddy activity occurs at ∼ 100–

200 days followed by a gradual decline to an approximately steady, nonzero value.

The reason for the spike and subsequent decline is unclear; one possibility is that

the flow becomes more baroclinically stable (leading to weaker eddy activity) as the

deep barotropic jets develop, a phenomenon that is well-known in the Earth context



50

0

2

4

6

8

[u
∗
v
∗
]
+

[u
′
v
′
][
m

2
s−

2
]

0

0.4

0.8

1.2

[v
∗
θ
∗

]
+

[v
′
θ
′
][
m

s−
1

K
]

0 1000 2000 3000 4000 5000
0

10

20

30

TIME [EARTH DAY]

[u
d
ee

p
] r

m
s
[m

s−
1

]

0

4

8

12

[ψ
] r

m
s
[1

0
1
2
[k

g
s−

1
]

(a)

(b)

(c)

(d)

Figure 2.12: Time evolution of (a) eddy momentum flux, (b) eddy heat flux, (c)
streamfuction and (d) zonal mean zonal wind below pT.

(James, 1987). The streamfunction also shows an early spike, a rapid decline, and

subsequent attainment of an approximately steady, nonzero value. Interestingly,

the spike in the streamfunction occurs at ∼ 50–100 days of simulated time, which is

earlier than the spike in eddy activity. This early spike in streamfunction probably

results from the initial transient development of a meridional circulation in response

to the applied, zonally symmetric thermal forcing (as can be seen in Fig. 2.9a); the

transient ends when the fluid achieves approximate thermal-wind balance with the

imposed temperature distribution. The nonzero streamfunction at times later than

∼ 200 days results from the mean-meridional circulation caused by the shallow-layer

eddies. The final panel indicates that the deep jets accelerate rapidly over the first

∼ 200 days and that the growth rate declines at later times. This behavior is broadly
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consistent with the expectation that strong eddy activity and streamfunction lead

to rapid pumping of the deep jets.

To summarize, our simulations show that production of deep jets from shallow

forcing requires continual generation of eddy activity in the forced layer, which in

our study results from baroclinic instability. When the thermal forcing produces

shallow jets that are baroclinically unstable, the resulting forced-layer eddies drive

a mean-meridional circulation that extends to the bottom of the domain, and the

east-west Coriolis acceleration on this circulation generates deep jets. On the other

hand, when the thermal forcing produces shallow jets that are stable, no eddies

form, so the mean-meridional circulation remains weak and no deep jets form.

We ran some simulations with bottom boundary pressures between 25 and 1000

bars to determine the influence of bottom pressure on the formation of deep jets. We

found that the meridional circulations (if any) caused by the top-level forcing always

penetrated to the bottom of the domain, regardless of the bottom pressure. This

nonlocalization of a dynamical response to forcing — with great vertical penetration

when the static stability is small — is a well-known result in stratospheric dynamics

(Holton et al., 1995; Haynes, 2005). This theory predicts that the circulation’s

vertical thickness tends to be ∼ fL/N , where L is the horizontal dimension of the

circulation (e.g., the jet width), f is the Coriolis parameter, and N is the Brunt-

Vaisala frequency. In our case, the fact that the interior is neutrally stable (N → 0)

leads to a barotropic structure where deep jets, if any, are independent of height in

the interior. As a result, when deep jets develop, their behavior is independent of

the depth of the bottom boundary except for the fact that, the deeper the bottom

pressure, the longer the time scale for the deep jets to spin up. This result is

consistent with linear studies (Showman et al., 2006).

Figure 2.13 shows the ratio of the deep wind speed to shallow wind speed for a

variety of simulations. In this figure, the deep wind is defined as the mass-weighted

mean speed integrated over pressures exceeding pT , whereas the shallow wind is

defined as the mass-weighted mean speed integrated over pressures less than pT .

Initially, the shallow winds develop more rapidly than the deep winds (e.g., Figs. 2.3
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Figure 2.13: The ratio of the global mean wind speed in the deep region to that in
forced region. “TC” refers to simulations performed with a small planetary radius
(see Section 2.1).

and 2.4), so the deep-to-shallow wind ratio is small. However, as the barotropic

component of the flow increases, the ratio increases, reaching 0.5–1 for a wide variety

of simulations. This implies that the deep winds are ∼ 50–100% the strength of the

shallow winds in these simulations. The decrease in the deep-to-shallow ratio in the

mode A Jupiter case from ∼ 1700–2700 days results from an increase in the shallow

equatorial jet speed during this time, not from a decrease in the deep jet speeds.

Williams (2002, 2003c) performed simulations that, like ours, were forced by

baroclinic instabilities in a shallow weather layer overlying a deep abyssal layer;

however, in contrast to our results, his simulations did not develop deep barotropic

jets. There are several possible explanations. Williams states “near the lower sur-

face, a weak linear drag with a timescale τD helps equilibrate some flows.” He sets

τD = 300 days. The same value of τD is used for the Newtonian relaxation in

his forced layer, which represents only the top ∼ 2% of his domain. One there-

fore expects that the meridional circulations induced by shallow eddies pump the

deep jets over a timescale of ∼ τD ∆pdeep/∆pshallow ∼ 104 days, where for his simu-
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lations ∆pdeep/∆pshallow ∼ 50. Because this deep-jet-pumping time greatly exceeds

the timescale of the imposed drag in the deep layer, the steady-state barotropic jet

speed in the abyssal layer of his simulations must be extremely weak (see Showman

et al. (2006)). Note that even if the drag extends only partway through the abyssal

layer, the barotropic nature of the deep jets forces the entire abyssal-layer zonal wind

to be nearly zero. The 104-day timescale for pumping deep jets in his simulations

also implies that, even if deep jets could form (e.g., if the drag were turned off), these

deep winds would only manifest in long-term simulations integrating > 104 days.

2.4.3 Horizontal aspects of jet dynamics: jet spacing, curvature, and potential

vorticity

We next turn to a consideration of the meridional jet spacing. Two-dimensional

turbulence theory predicts that jets forced by small-scale turbulence have widths

close to the Rhines scale, π(2U/β)1/2, where U is the characteristic jet speed and

β = df/dy is the meridional gradient of planetary vorticity (Rhines, 1975; Williams,

1978; Nozawa and Yoden, 1997; Huang and Robinson, 1998; Vasavada and Showman,

2005). Simple theories predict that even in a three-dimensional fluid, baroclinic

turbulence can energize a barotropic mode that still follows approximately two-

dimensional dynamics (Salmon, 1998). Although our simulations are fully three-

dimensional, it is therefore of interest to compare our jet widths with the Rhines

scale. To do so, we choose a deep region well below pT , where jets are nearly

barotropic, to calculate the jet speeds and widths from our simulations.

Figure 2.14 shows that the measured jet widths in our simulations are simi-

lar, within a factor of ∼ 2, to the Rhines scale calculated from the jet speeds.

Interestingly, our Jupiter mode-A simulation produces jets that are ∼ 1.5–3 times

wider than the Rhines scale, whereas the Jupiter mode-B simulation produces jets

with widths very similar to the Rhines scale. Most published two-dimensional tur-

bulence investigations also produce jets somewhat wider than predicted by Rhines

scaling (or equivalently, the latitudinal curvature of the jets ∂2u/∂y2 has a magni-

tude substantially less than β) (Marcus et al., 2000; Huang and Robinson, 1998;
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Nozawa and Yoden, 1997; Williams, 1978). We also find that our eastward jets

are generally narrower than our westward jets, also in agreement with many two-

dimensional investigations. Fig. 2.14 supports the conclusion that our jet widths

are controlled by the Rhines scale.

We now compare our simulated jet profiles to simple stability criteria for zonal

jets. A long-term puzzle is that Jupiter’s cloud-level winds violate the barotropic

stability criterion (Ingersoll et al., 1981), which states that, in a two-dimensional

fluid, jets are stable provided that

∂2[u]

∂y2
< β (2.9)

A more general criterion is the Charney-Stern criterion, which states that jets are

stable provided that their potential vorticity profile is monotonic in latitude (Dowl-

ing, 1995a). Read et al. (2006) recently evaluated the potential vorticity versus lat-

itude on Jupiter by combining cloud-top zonal-wind profiles with estimates of the
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static stability from thermal infrared measurements, and they showed that Jupiter

also violates the Charney-Stern stability criterion. These violations are puzzling

because almost all two-dimensional turbulence calculations produce jets that sat-

isfy these criteria (Nozawa and Yoden, 1997; Huang and Robinson, 1998; Williams,

1978). Ingersoll and Pollard (1982) proposed that, if the jets form Taylor columns

that penetrate the molecular envelope on cylinders parallel to the rotation axis, the

spherical geometry modifies the criterion so that jets are stable if the curvature is

less than ∼ 3β. This is a viable hypothesis, but it remains unclear whether the

jets penetrate the envelope as coherent Taylor columns. Gierasch (2004) proposed

an alternate 3D model that may allow shallow jets to remain stable while having

curvatures ∂2[u]/∂y2 that exceed β at the cloud level. However, he made several

assumptions (e.g., geostrophy) that may influence the results; furthermore, his re-

sults showed that only eastward jets were stabilized; westward jets with curvatures

exceeding β remained unstable. To summarize, the fact that ∂2[u]/∂y2 exceeds β at

several latitudes may have implications for whether Jupiter’s jets penetrate deeply,

but these implications remain unclear.

On the other hand, Dowling (1993) and Read et al. (2006) provided evidence that

Jupiter’s upper troposphere is close to neutral stability with respect to Arnol’d’s sec-

ond stability theorem. This theorem relates the mean zonal wind [u] to the merid-

ional gradient of potential vorticity (Dowling, 1995a; Stamp and Dowling, 1993).

Essentially, the cloud-level flow (at ∼ 0.5 bars) is stabilized because it is underlain

by fast zonal jets at a few bars pressure, and inferences suggest that those jets also

have curvatures exceeding β (Dowling, 1995b). Although these are exciting dis-

coveries, work performed to date has focused on demonstrating the stability of the

cloud-level jets under the assumption that the inferred deeper jets are stable; the

question of how those deeper jets can remain stable with sharp curvatures remains

unaddressed. Effectively, the uncertainty has simply been moved one layer deeper

into the atmosphere. Thus, while the importance of Arnol’d’s second stability the-

orem for the upper troposphere cannot be overemphasized, we would still appear to

lack a satisfying explanation for why Jupiter’s jets have such sharp curvatures.
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We are thus interested in two issues: (i) whether our simulations produce jets

with curvatures exceeding β, and (ii) whether our simulations approach neutrality

with respect to Arnol’d’s second stability theorem.

To address the first issue, we compare in Fig. 2.15 the profiles of zonal wind,

∂2[u]/∂y2 and potential vorticity versus latitude for Jupiter and our simulations.

The top row shows the Jupiter observations, and the middle and bottom rows show

results from our Jupiter mode-B and mode-A simulations, respectively. The winds

are shown at a pressure of 0.66 bars and potential vorticity is at 0.12 bars. In

the panels containing ∂2[u]/∂y2, we include β (dashed curve) for comparison. The

potential vorticity qG is the quasigeostrophic version calculated following Read et al.

(2006):

qG = f + ζ − f
∂

∂p

[

p∆T (λ, φ, p)

s(p)Ta(p)

]

, (2.10)

where ζ is relative vorticity calculated on isobars, Ta(p) = 〈T (λ, φ, p)〉 is the hor-

izontal mean temperature calculated on isobars, ∆T (λ, φ, p) = T (λ, φ, p) − Ta(p)

is deviation of temperature from its horizontal mean, and s(p) is a stability factor

defined as

s(p) = −
∂〈ln(θ)〉

∂ln p
. (2.11)

where 〈θ〉 is the horizontal mean potential temperature calculated on isobars.

Interestingly, our Jupiter mode-A case satisfies the barotropic and Charney-Stern

stability criteria (consistent with two-dimensional turbulence calculations), but our

Jupiter mode-B case violates both criteria at many latitudes, in agreement with

Jupiter (Fig. 2.15). In the mode-B case, the wind curvature ∂2[u]/∂y2 exceeds 2β at

some latitudes. The potential vorticity profile shows that the potential vorticity is

non-monotonic at many latitudes, again similar to Jupiter. The jets produce eddies

at many latitudes where they violate the criteria; however, the time-averaged jets

are still stable which suggests a stable configuration between the eddies and the

zonal jets. The strongly non-monotonic potential vorticity distribution seems to

result partly from the non-monotonic profile of temperature versus latitude in the

mode-B case. (The non-monotonic temperature produces a non-monotonic ∂θ/∂p
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winds ∂2[u]/∂y2 with northward distance y (middle column) at ∼ 0.6 bars, and
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simulation at 4630 Earth days. Bottom row (g, h, and i) shows our mode-A Jupiter
simulation at 1389 Earth days.
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and hence readily produces a non-monotonic potential vorticity via Eq. 2.10.)

The results described above demonstrate that stable, three-dimensional jets can

produce curvatures exceeding β even when the jets do not penetrate the molecular

envelope (and hence thus do not feel the full spherical geometry as postulated by

Ingersoll and Pollard (1982)). These results hence provide an alternative to the

scenario of Ingersoll and Pollard (1982) for explaining the violations of the criteria

on Jupiter.

As already mentioned, evidence suggests that Jupiter’s cloud-level winds are

close to neutrally stable with respect to Arnol’d’s second stability criterion (Dowling,

1993; Read et al., 2006; Dowling, 1995a,b). The neutral stability criterion can be

expressed as a relationship between zonal wind and potential vorticity gradient

(Stamp and Dowling, 1993; Dowling, 1995a,b):

[u] =
∂[qG]

∂y
L2

d (2.12)

where Ld is the deformation radius. Fig. 2.16 displays [u] versus ∂[qG]/∂y at

0.12 bars for mode-A (top) and mode-B (bottom) cases. Our simulations develop

a positive correlation between these two quantities, consistent with expectations

of neutrality to Arnol’d’s second theorem. Under the assumption of neutrality,

Eq. 2.12 implies that the deformation radius can be estimated from the slope of the

correlation. We performed a least-squares linear fit to the points in each panel, which

yields estimates of the deformation radius of 1523 ± 150km and 2626 ± 870km for

mode-A and mode-B simulations, respectively. These values are broadly consistent

with the deformation radius estimated for our simulations from the relation Ld ∼

NH/f , where N is Brunt-Vaisala frequency, H is scale height, and f is Coriolis

parameter. Thus, our simulations exhibit a tendency toward neutral stability with

respect to Arnol’d’s second theorem. Nevertheless, the points in Fig. 2.16 exhibit

considerable scatter; this probably results in part from the fact that Ld varies with

latitude, but it also suggests that deviations from neutrality occur at some latitudes.

Note that the Jupiter observations also exhibit considerable scatter (see Fig. 12 in

Read et al. (2006)).
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2.4.4 Equatorial superrotation

As described in Section 3.1, our Jupiter mode-B case develops an equatorial su-

perrotation analogous to that occurring on Jupiter and Saturn (Figs. 2.4, 2.5, and

2.15d). Additional simulations with a smaller planetary radius and forcing analogous

to mode B (but with fewer sinusoids across the planet) also develop an equatorial

superrotation. In contrast, our simulations with mode-A or mode-C forcing have

near-zero or subrotating (westward) equatorial flow. The key feature that triggers

the superrotation is the steep latitudinal temperature gradient near the equator

caused by the mode-B-like forcing, which is absent in the mode-A and mode-C

cases.

Several previous studies have investigated superrotation in the Earth and Jupiter

contexts (Saravanan, 1993; Suarez and Duffy, 1992; Yamazaki et al., 2005; Williams,

2003a,c,b, 2006). Of these, Williams (2003a,c,b, 2006) used a forcing most similar

to ours, namely, a zonally symmetric heating that induces latitudinal temperature

contrasts. Like ours, his simulations developed superrotation only when the latitu-

dinal temperature gradient near the equator is strong. In these papers, Williams

suggested that the strong latitudinal temperature contrasts near the equator lead

to low-latitude eastward jets, and when these jets are sufficiently close to the equa-

tor, they become barotropically unstable, which drives eddy energy and momentum

equatorward and causes the equatorial superrotation. Here, we diagnose our mode-B

Jupiter simulation to determine whether this mechanism also explains the superro-

tation in our case.

Figure 2.17 presents the equatorial configuration of our mode-B Jupiter simula-

tion at 231 days (left column) and 2310 days (right column). From top to bottom,

the six rows show the zonal-mean zonal wind [u], the latitudinal eddy flux of east-

ward momentum [u′v′] + [u∗v∗], the latitudinal eddy heat flux [v′θ′] + [v∗θ
∗

], the

acceleration of the zonal wind caused by latitudinal eddy-momentum convergence

∂
∂y

([u′v′]+ [u∗v∗)], the acceleration of the zonal wind caused by Coriolis acceleration

on the mean-meridional flow f [v], and the acceleration of the zonal wind caused by
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meridional advection [v] ∂[u]/∂y, respectively (see Eq. 2.7 for the role of these terms

in the Eulerian-mean momentum equation).

As shown in Fig. 2.17 (top row), the equatorial wind consists primarily of two

jet cores peaking at latitudes of ∼ 7◦ and a pressure of 0.5 bars. These maxima

experience a modest acceleration from ∼ 90msec−1 at day 231 to ∼ 120msec−1 by

day 2310. However, the wind at the equator itself undergoes a more significant

acceleration from 10msec−1 to 80msec−1 (which is also evident in Fig. 2.5a), leading

to a wind profile by 3000 days that is extremely similar to that of Jupiter. At

early times, the latitudinal jet profile [u](φ) has a “horned” structure where the

wind maxima occur off the equator at all pressures. By ∼ 2000 days, however, this

horned structure holds only at pressures of ∼ 0.1–3 bars; at greater pressures of

3–10 bars, the maximum jet speed occurs on the equator.

In the simulation, the shallow heating source occurs between latitudes of ±10◦

and peaks at the equator (see Fig. 2.2). At first, this heating induces a zonally

symmetric meridional circulation, and the Coriolis acceleration on this flow drives

the two off-equatorial jets at 7◦ latitude as the fluid achieves thermal wind balance.

During this phase, which is best viewed in Fig. 2.5a, the equatorial jet speed remains

zero. By day ∼ 200, however, the flow becomes unstable, and the resulting eddies

strongly modify the jet profile. Fig. 2.17c and i show that these eddies are strongly

baroclinic at pressures less than 0.2 bars. At early times, they transport thermal

energy poleward across the jet cores; at later times, this poleward heat transport

becomes weaker and is accompanied by an equatorward transport at pressures of

0.1–0.2 bar. As shown in Fig. 2.17b and h, the momentum transport associated with

these baroclinic eddies is initially strongest on the poleward flanks of the jet cores,

where they transport zonal momentum equatorward into the jets. At low pressure

(< 0.2 bars), these baroclinic eddies also transport eddy momentum away from the

equator throughout the simulation, which drives a westward equatorial subrotation

with wind speeds reaching −80msec−1at pressures < 0.1 bars as shown in Fig. 2.17g.

The Coriolis and advective accelerations counteract each other on the equatorward

sides of the jet cores but both accelerate the winds on the poleward sides of the jet
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cores.

At pressures of 0.2–10 bars, however, the equatorial eddies have nearly zero

heat flux, which suggests that the eddies in this pressure range are predominantly

barotropic. Although their eddy momentum transport is complicated (Fig. 2.17b

and h), the direction of transport is largely equatorward between latitudes of ±3◦

and pressures of 0.2–10 bars. The resulting accelerations of the zonal wind in

Fig. 2.17d and j show that these barotropic eddies induce an equatorial superro-

tation at most latitudes and pressures within this range; these eddy accelerations

dominate over the Coriolis and advective accelerations (Fig. 2.17e, f, k, and l) which

leave the convergence of eddy momentum alone to drive the wind at the equator.

This eddy-momentum convergence fills in the local minimum wind between the two

jet maxima at 7◦ latitude (Fig. 2.5a), leads to the local maximum in [u](φ) on the

equator at pressures of 3–10 bars, and supports equatorward migration of the jet

cores. Interestingly, Fig. 2.17j shows that the acceleration produced by convergence

of eddy momentum at the equator has reduced 50% in about 2000 days. Combined

with the fact that the equatorial jet becomes nearly steady after ∼ 3000 days, this

suggests that the jet may be near an equilibrated state.

Taken together, the above considerations suggest that barotropic instabilities

drive the equatorial superrotation in the region between 0.2 bars and 10bars. This

entire process is very similar to that proposed by Williams (2006, 2003c,b,a).

In contrast, simulations with thermal forcing mode A and mode C have equatorial

subrotation in the forced region. These simulations exhibit vigorous eddy activity

in the midlatitudes but very weak eddy activity near the equator, consistent with

their lack of equatorial superrotation.

2.4.5 Statistics of eddies

Observational cloud-tracking analyses provide evidence that small eddies pump the

jets at the cloud level on Jupiter and Saturn (Salyk et al., 2006; Del Genio et al.,

2007), but the source of those eddies remains unclear. They could result from

baroclinic instabilities, thunderstorms, or other convective processes. Detailed eddy
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statistics provide a useful diagnostic that, when compared with models, may help

to discriminate between these possibilities. We here present some measures of eddy

statistics and compare them to available observations.

Our simulations produce patterns of eddy activity similar to those of cloud track-

ing results on Jupiter and Saturn. Figure 2.18 shows the distribution of eddy-
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Figure 2.18: Frequency distribution of u∗v∗ for mode-B Jupiter simulation at 4630
Earth days, where u∗ and v∗ are deviations of zonal and meridional wind, respec-
tively, from their zonal means. (a) is on the south flank of the eastward jet peaked
at 41◦S. (b) is on the north flank of the same eastward jet. Both are shown at 0.9
bars.

momentum-flux u∗v∗ values at a particular latitude on the south (Fig. 2.18a) and

north (Fig. 2.18b) flank of an eastward jet in the northern hemisphere of our Jupiter

mode-B simulation. The distributions peak at u∗v∗ = 0, indicating that, most com-

monly, the eddies are weak and do not transport momentum into the jet. However,

the distribution is also broad; at any given latitude, most of the eddies have u∗v∗

values between −50m2sec−2 and 50m2sec−2, although some have values as large as

∼ 100m2sec−2. This indicates that, at a given latitude, there exist many eddies that

pump momentum up-gradient into the jets and many others that pump momentum

down-gradient out of the jets. Figure 2.18 also shows, however, that the distribution

is skewed such that, south of an eastward jet, the number of eddies with positive

u∗v∗ outweighs the number with negative u∗v∗; north of an eastward jet, the number
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of eddies with negative u∗v∗ outweighs those with positive u∗v∗. This means that, on

average, the eddies pump momentum up-gradient into the jets. This is true on both

sides of the jet. Our simulated distributions broadly agree with the distribution

of u∗v∗ values observed on Jupiter and Saturn. In Fig. 2.19, we reproduce observed

eddy statistics from jet flanks on Jupiter and Saturn from Salyk et al. (2006) and

Del Genio et al. (2007). As in our simulations, the observed distributions at a given

latitude on both planets peak near zero, have broad wings with positive and negative

u∗v∗ values, and have a skewed shape such that the average eddy pumps momentum

up-gradient into the jet. The primary difference between the planets is the width of

the distribution: on Jupiter, the observed eddy u∗v∗ values range from −100m2sec−2

to 100m2sec−2 whereas on Saturn they range from −10m2sec−2 to 10m2sec−2. Ed-

dies therefore appear to be weaker on Saturn. Our simulations (Fig. 2.18) produce

distributions with widths qualitatively similar to that on Jupiter but wider than

that on Saturn. On the other hand, the distributions in our simulations appear to

be less sharply peaked at u∗v∗ = 0 than the observations of either planet.

The correlation between latitudinal wind shear ∂[u]/∂y and eddy momentum

flux [u∗v∗ + u′v′], which evaluates the conversion rate from eddy kinetic energy to

zonal mean kinetic energy, is also consistent with observations.

Figure 2.20 shows that eddy momentum flux and wind shear have positive cor-

relation at most latitudes, which indicates that eddies are pumping energy into the

zonal mean flow. This should be compared to Del Genio et al. (2007), Figs. 7–8.

On balance, the agreement between the observed and simulated eddy statistics

supports the hypothesis that baroclinic instabilities contribute to jet pumping on

Jupiter and Saturn. An advantage of the baroclinic-instability mechanism over

thunderstorms is that baroclinic instabilities can pump momentum up-gradient on

both the cyclonic and anticyclonic flanks of a jet. In contrast, as pointed out by

Del Genio et al. (2007), thunderstorms might be expected to pump momentum up-

gradient primarily on the cyclonic flanks, since most thunderstorms occur in cyclonic

regions (Del Genio et al., 2007). Nevertheless, detailed modeling studies that explore

alternate sources of turbulence are needed before any possible source can be ruled
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Figure 2.19: Frequency distributions of u∗v∗ from cloud-tracking observations of
Jupiter (a and b, from Salyk et al. (2006)) and Saturn (c and d, from Del Genio et al.
(2007). Here, u∗ and v∗ are deviations of zonal and meridional wind, respectively,
from their zonal means. (a) is on the south flank of the eastward jet peaked at
17.9◦S. (b) is on the north flank of the eastward jet peaked at −5.1◦S. (c) is on the
north flank of the westward jet at −48.5◦ and (d) is on the south flank of the same
jet.
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Figure 2.20: Correlation between latitudinal wind shear ∂[u]/∂y and northward flux
of eastward momentum for Jupiter mode-B at 0.9 bars and 4630 Earth days. In (a),
the winds and eddy fluxes have been time-averaged for 231 days. In (b), the winds
and eddy fluxes are instantaneous (zonally averaged) snapshots. The triangles and
pluses show values equatorward and poleward, respectively, of 8.8◦ latitude. The
tendency for ∂[u]/∂y and the eddy-momentum flux to have the same sign indicates
that eddies pump momentum up-gradient into the jets.
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out.

2.5 Conclusion

We presented numerical models with a simple Newtonian heating to simulate the

zonal jets and their vertical extent on Jupiter. Our simulations show that shallow

forcing can produce barotropic deep winds that extend from the level of thermal

forcing all the way down the bottom of the simulated domain. On Jupiter and

Saturn, this base might represent an internal statically stable layer or potentially

the base of the molecular envelope. In agreement with Showman et al. (2006), our

simulations therefore support the idea that the zonal jets may penetrate deeply on

Jupiter and Saturn even if the forcing is shallow. Development of such deep jets

occurs approximately over a timescale τ∆pdeep/∆pshallow (Showman et al., 2006),

where τ is the timescale to pump the shallow jets and ∆pdeep and ∆pshallow are the

pressure thicknesses of the shallow (forced) layer and the deeper abyssal layer. This

timescale is ∼ 1000 Earth days in our simulations but could be longer if the layer

containing the deep jets extends deeper than in our simulations (as is probable).

In our simulations, the shallow thermal forcing produces eddies that drive the

shallow zonal jets, and this induces an ageostrophic meridional circulation whose

Coriolis acceleration closely counteracts the eddy accelerations in the forced layer.

Such a balance leads to jets that evolve slowly and could explain the steadiness of

the observed jets on Jupiter and Saturn despite the fast rate of observed jet pumping

(Del Genio et al., 2007; Salyk et al., 2006). Our simulations show that, because of

the low static stability in the interior, these meridional circulations extend deeply,

and it is the Coriolis acceleration on these deep-meridional circulations that pump

the deep jets. In our simulations, there are thus two mechanisms of jet pumping —

eddy-convergence in the shallow layer and Coriolis acceleration in the deep layer.

Our Jupiter simulations develop 25–30 zonal jets, which closely agrees with the

number of jets observed on Jupiter. Despite the inherently three-dimensional na-

ture of our simulated flows, the meridional jet spacing in the barotropic region is
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controlled by the Rhines scale π(2U/β)1/2. This suggests, in agreement with simple

theories, that the three-dimensional eddies energize a barotropic mode that obeys

quasi-two-dimensional dynamics.

Interestingly, we find that some of our simulations violate the barotropic and

Charney-Stern stability criteria. These violations preferentially occur when we uti-

lize mode-B forcing, which creates alternating hot-and-cold latitude bands in the

forced layer. This agreement provides a possible explanation for the violation of

these criteria on Jupiter. Our simulations also exhibit a tendency toward neutral

stability with respect to Arnol’d’s second stability theorem, as has been suggested

for Jupiter; nevertheless, deviations from neutrality do occur in our simulations.

We also find that some of our simulations develop a Jupiter-like superrotation,

while others do not. Our mode B Jupiter simulation, while adopting a prescribed

thermal forcing, shows encouraging agreement with the Voyager and Cassini cloud

tracking results. This simulation reproduces the dynamic features of winds on

Jupiter such as the multiple cloud-level zonal jets, equatorial superrotation, com-

parable wind speeds and behaviors of eddy activities. On the other hand, our

simulations do not reproduce the decay of the zonal jets with altitude in the upper

troposphere inferred from thermal observations; future work is needed to address

this issue.

Our thermal forcing, which relaxes the temperature in a shallow upper layer

toward an assumed latitudinally varying equilibrium temperature, is intended as

a crude parameterization of latitudinally varying solar-energy absorption or latent

heat released by condensation of water vapor. This has the advantage of simplicity

and, more importantly, allows a systematic exploration of how the dynamics depends

on the thermal structure. Our simulations show that the development of deep winds

is not sensitive to the latitudinal temperature gradient, nor is the jet spacing as long

as the winds have Jupiter-like speeds. On the other hand, our forcing scheme has

the disadvantage that the length scales and vertical structure of the latitudinal

temperature contrast are externally imposed rather than self-consistently evolving

with (and being determined by) the circulation. More advanced models that directly
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include radiative transfer and the advection, condensation, and latent-heating of

water vapor will allow such coupling and will build on the work presented here. In

particular, it will be interesting to see whether the interaction of radiation and moist

convection can naturally produce alternating hot and cold bands as assumed in our

mode B forcing.

Although our simulations show that weather-layer dynamics can influence the

deep interior, the primitive equations adopted here do not account for convective

motions in the interior. Several studies of convection in rotating spherical shells

have shown that the convection can lead to Reynolds stresses that produce zonal

jets (Heimpel et al., 2005; Heimpel and Aurnou, 2007; Aurnou and Olson, 2001;

Christensen, 2001, 2002). We expect the true dynamics to involve a complex inter-

play between the interior convection and the weather-layer mechanisms identified

here. A new generation of coupled interior-atmosphere circulation models will be

needed address this interaction.
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CHAPTER 3

GENERATION OF ZONAL JETS BY MOIST CONVECTION ON THE GIANT

PLANETS

(This chapter was submitted to Icarus by Lian and Showman in October, 2008. )

3.1 Abstract

Three-dimensional numerical simulations show that large-scale moist convection as-

sociated with condensation of water vapor can produce multiple zonal jets similar

to those on the gas giants (Jupiter and Saturn) and ice giants (Uranus and Nep-

tune). For plausible water abundances (3–5 times solar on Jupiter/Saturn and 30

times solar on Uranus/Neptune), our simulations produce ∼ 20 zonal jets for Jupiter

and Saturn and 3 zonal jets on Uranus and Neptune, similar to the number of jets

observed on these planets. Moreover, these Jupiter cases produce equatorial superro-

tation whereas the Uranus/Neptune cases produce equatorial subrotation, consistent

with the observed equatorial jet direction on these planets. Sensitivity tests show

that water abundance is the controlling factor; modest water abundances favor equa-

torial superrotation, whereas large water abundances favor equatorial subrotation.

This provides a possible mechanism for the existence of equatorial superrotation on

Jupiter and Saturn and the lack of superrotation on Uranus and Neptune. Neverthe-

less, Saturn poses a possible difficulty, as our simulations were unable to explain the

unusually high speed (∼ 400 m s−1) of that planet’s superrotating jet. The zonal jets

in our simulations exhibit modest violations of the barotropic and Charney-Stern

stability criteria. Our Jupiter and Saturn simulations also exhibit moist convective

events that share an encouraging resemblance to observed moist-convective events

on these planets. Overall, our simulations, while simplified, support the idea that

latent heating plays an important role in generating the jets on the giant planets.



72

3.2 Introduction

The question of what causes the prominent east-west (zonal) jet streams and banded

cloud patterns on Jupiter, Saturn, Uranus, and Neptune remains a major unsolved

problem in planetary science. On Jupiter and Saturn, there exist ∼ 20–30 jets,

including a broad, fast superrotating (eastward) equatorial jet. In contrast, Uranus

and Neptune exhibit only ∼ 3 jets each, with high-latitude eastward jets and a sub-

rotating (westward) equatorial jet. All four planets also exhibit a variety of com-

pact vortices, waves, turbulent filamentary regions, short-lived convective events,

and other local features. Recent observational studies demonstrate that small ed-

dies pump momentum up-gradient into the zonal jets on Jupiter and Saturn (Salyk

et al., 2006; Del Genio et al., 2007), which strongly suggests that cloud-layer pro-

cesses are important in jet formation, although this does not exclude a possible

role for the deep interior too. Scenarios to explain these diverse observations range

from the “shallow-forcing” scenario, in which jet generation occurs via injection of

turbulence, absorption of solar radiation and latent heat release in the cloud layer,

to the “deep-forcing” scenario, in which the jet formation results from convection

occurring throughout the molecular envelope (for reviews see Ingersoll et al., 2004;

Vasavada and Showman, 2005). Over the past several decades, a variety of idealized

models have been developed that successfully produce banded zonal flows reminis-

cent of those on the giant planets (Williams, 1978; Cho and Polvani, 1996a; Huang

and Robinson, 1998; Heimpel and Aurnou, 2007; Lian and Showman, 2008).

Despite these successes, the equatorial jet direction and magnitude have proved

to be formidable puzzles that are difficult to explain. Most published models predict

the same equatorial jet direction for all four giant planets and thereby fail to pro-

vide a coherent explanation that encompasses both the gas giants (Jupiter/Saturn)

and the ice giants (Uranus/Neptune). Under relevant conditions, one-layer shallow-

water-type models generally produce westward equatorial flow for all four planets

(Cho and Polvani, 1996b; Iacono et al., 1999; Showman, 2007; Scott and Polvani,

2007), consistent with Uranus and Neptune but not Jupiter and Saturn. In contrast,
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the deep convection models generally produce equatorial superrotation (Aurnou and

Olson, 2001; Christensen, 2001; Heimpel et al., 2005; Heimpel and Aurnou, 2007;

Glatzmaier et al., 2008), consistent with Jupiter and Saturn but inconsistent with

Uranus and Neptune. Some recent three-dimensional (3D) shallow-atmosphere mod-

els can produce equatorial superrotation under specific conditions (Williams, 2006,

2002, 2003a,b,c; Yamazaki et al., 2005; Lian and Showman, 2008), but this has gen-

erally required the addition of ad hoc forcing, and even if such forcing were plausible,

it is unclear why it would occur on Jupiter/Saturn but not Uranus/Neptune. In the

context of deep convection models, Aurnou et al. (2007) proposed that Uranus and

Neptune are in a regime where geostrophy breaks down in the interior, leading to

turbulent mixing of angular momentum and a westward equatorial jet. However,

this mechanism occurs only at heat fluxes greatly exceeding than those observed on

Uranus and Neptune (Aurnou et al., 2007). Moreover, given that the heat fluxes

on Jupiter and Saturn exceed those on Uranus and Neptune, one might expect

the mechanism to apply more readily to the former pair than the latter pair; if

so, one should see equatorial subrotation on Jupiter/Saturn yet superrotation on

Uranus/Neptune, backward from the observed equatorial jet directions. It is fair to

say that we presently lack a coherent explanation for the equatorial jets that encom-

passes both the gas giants (Jupiter/Saturn) and the ice giants (Uranus/Neptune).

Here, we test the hypothesis that moist convection can pump the zonal jets on

the four giant planets. This hypothesis has been repeatedly suggested over the past

40 years (Barcilon and Gierasch, 1970; Gierasch, 1976; Ingersoll et al., 2000; Gierasch

et al., 2000), but this idea has not yet been adequately tested in numerical models.

Nevertheless, abundant evidence exists for moist convection on the giant planets.

Lightning has been identified in nightside images of Jupiter from Voyager, Galileo,

Cassini, and New Horizons; these flashes typically occur within localized, opaque

clouds that grow to diameters up to ∼ 3000 km over a few days, indicating convective

activity. The lightning illuminates finite regions on the cloud deck, indicating that

the flashes occur at depths of 5–10 bars, in the expected water condensation region

(Borucki and Williams, 1986; Dyudina et al., 2002). Near such storms, clouds are
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sometimes observed whose tops are deeper than 4 bars, where the only condensate

is water (Banfield et al., 1998; Gierasch et al., 2000). On Saturn, electrostatic

discharges presumably caused by lightning have been identified, as have explosive

convective clouds that probably cause them (Porco et al., 2005; Dyudina et al., 2007).

Whistlers and electrostatic discharges indicating the presence of lightning have also

been detected on Uranus and Neptune (Zarka and Pedersen, 1986; Gurnett et al.,

1990; Kaiser et al., 1991), suggesting that moist convection occurs on these planets

too. For plausible water abundances (a few times solar or greater), latent heating

can cause local temperature increases great enough to have important meteorological

effects.

To date, numerical models of jet formation have generally not included represen-

tations of moist convection. Most two-dimensional (2D) and shallow-water models

adopt forcing that injects turbulence everywhere simultaneously and is confined to

a small range of wavenumbers (e.g. Huang and Robinson, 1998; Scott and Polvani,

2007), which does not capture the sporadic and localized nature of moist-convective

events. Likewise, existing 3D models of Jovian jet formation have been dry (no wa-

ter vapor) and force the flow by imposing latitudinal temperature differences rather

than including moist convection (e.g. Williams, 2006, 2002, 2003a,b,c; Yamazaki

et al., 2005; Lian and Showman, 2008). Notable efforts in the right direction are

the one-layer studies by Li et al. (2006) and Showman (2007), which adopted a

forcing explicitly intended to represent the effects of moist convection. Li et al.

(2006) adopted a quasigeostrophic model and introduced isolated vorticity patches

to represent moist-convective storms; Showman (2007) adopted the shallow-water

equations and introduced isolated mass pulses to represent the moist convection.

These studies show that, under planetary rotation, the small-scale turbulent flow

can inverse cascade to form large scale dynamics: zonal jets dominate at low lati-

tudes and vortices dominate at high latitudes. Nevertheless, these models do not

explicitly include water vapor, and the moist convection events are, rather than oc-

curring naturally, injected by hand with prescribed sizes, lifetimes and amplitudes.

Studies have also been carried out that investigate the effects of sophisticated cloud
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microphysics schemes on the vertical structure in 1D column models (Del Genio and

McGrattan, 1990) and 2D height/latitude models (Palotai and Dowling, 2008), but

these studies do not address whether moist convection can pump the jets.

Our previous 3-D studies with imposed latitudinal temperature variation can

produce baroclinic eddies that drive the zonal jets through inverse-cascade of turbu-

lence (Lian and Showman, 2008). Those simulations successfully reproduced some

major dynamic features on Jupiter such as banded zonal winds and equatorial su-

perrotation, they also predicted the jets on Jupiter extend very deep. However, the

nature of imposed forcing schemes can only parameterize the processes that produce

latitudinal temperature contrast.

Here we present three-dimensional (3D) global numerical simulations using the

MITgcm to investigate whether moist convection can drive the zonal jets on Jupiter,

Saturn, Uranus, and Neptune. Specifically, we investigate whether we can explain

(i) the approximate number and speed of jets, and (ii) the direction of the equatorial

jet on all four planets in the context of a single mechanism. We explicitly include

water vapor as a tracer in our numerical model. Section 2 describes the numerical

model, section 3 presents the simulation results, and section 4 concludes.

3.3 Models

3.3.1 Model setup

We use a global circulation model, the MITgcm, to solve the 3D hydrostatic primi-

tive equations in pressure coordinates on a sphere. Previous studies of jet formation

on the giant planets have adopted dry models (Lian and Showman, 2008; Williams,

2003c; Showman, 2007; Scott and Polvani, 2007; Li et al., 2006), but here we ex-

plicitly treat the transport and condensation of water vapor. Condensation occurs

whenever the relative humidity exceeds 100%, and the resultant latent heating is

explicitly added to the energy equation.

The system is governed by the horizontal momentum, hydrostatic equilibrium,

mass continuity, energy, and water-vapor equations as follows:
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Dv

Dt
+ fk̂ × v + ∇pΦ = 0 (3.1)

∂Φ

∂p
= −

1

ρ
(3.2)

∇p · v +
∂ω

∂p
= 0 (3.3)

Dθ

Dt
= Qθ +

L

cp

θ

T
(δ
q − qs
τs

) (3.4)

Dq

Dt
= −

q − qs
τs

δ +Qdeep (3.5)

where v is the horizontal wind vector (comprised of zonal wind u and meridional

wind v), ω = Dp/Dt is vertical wind in pressure coordinates, f = 2Ω sinφ is the

Coriolis parameter (where φ is latitude and Ω is the rotation rate of the planet),

Φ is geopotential, k̂ is the unit vector in the vertical direction (positive upward),

ρ is density, ∇p is the horizontal gradient operator at a given pressure level, d/dt

is the total derivative operator given by D/Dt = ∂/∂t + v · ∇p + ω∂/∂p, q is the

water-vapor mixing ratio (defined as kilograms of water vapor per kilogram of dry

H2 air), and θ = T (p0/p)
κ is potential temperature. Here T is temperature and

κ ≡ R/cp, which is a specified constant, is the ratio of the universal gas constant to

the specific heat at constant pressure. The reference pressure p0 is taken as 1 bar

(note, however, that the dynamics are independent of the choice of p0). Curvature

terms are included in v · ∇v. In all governing equations Eq. 3.1 – Eq. 3.5, the

dependent variables v, ω, Φ, ρ, θ, and q are functions of longitude λ, latitude φ,

pressure p, and time t.

The water-vapor equation (Eq. 3.5) governs the time evolution of the water-vapor

mixing ratio q. There are two source/sink terms. The first, −(q−qs)δ/τs, represents

loss through condensation. We apply an “on-off switch” δ to make the condensation

events occur only when the environment is supersaturated: when q > qs then δ = 1

and water vapor condenses; when q ≤ qs then δ = 0 and water vapor does not

condense. Here qs is the saturated water-vapor mixing ratio, given by

qs =
mH2O

mH2

es

p
, (3.6)
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es = e0exp[−
L

Rv

(
1

T
−

1

T0

)], (3.7)

where es is the saturation vapor pressure. Other constants in Eqs. 3.6–3.7 are

given as follows: e0 = 609.14 Pa is a reference saturation water-vapor pressure

at temperature T0 = 273 K, Rv = 461.0JK−1kg−1 is the specific gas constant of

water vapor, mH2O is the molecular mass of water and mH2
is the molecular mass

of hydrogen gas. The quantity τs is the condensation timescale, generally taken

as 104 sec (almost 3 hours), representative of a typical convective time. The second

term, Qdeep, represents a source of water vapor applied near the bottom of the model

(see below).

When condensation occurs, we apply the appropriate latent heating to the energy

equation (second term on right side of Eq. 3.4). The latent heat of condensation is

given by L = 2.5 × 106 J kg−1.

Palotai and Dowling (2008) point out, using simplified one- and two-dimensional

test cases, that cloud microphysics can interact with large-scale dynamics on giant

planets. While recognizing that inclusion of microphysics in 3D is an important

goal for future work, we here make the simplifying assumption that all of the con-

densate instantaneously rains out the bottom of the model. This allows us neglect

cloud microphysics and thereby sidestep the numerous complications associated with

cloud-particle growth and settling, the evaporation of falling precipitation, and other

microphysical processes that remain poorly understood — and whose effects must be

parameterized in large-scale models. Depending on the complexity of the adopted

schemes, including such processes can introduce potentially dozens of new free pa-

rameters into the model. In Earth climate models, these parameters are generally

tuned using a combination of laboratory and field data, but it is unclear to what

extent such parameter values (or even the schemes themselves) translate into the

giant planet context (for discussion see Palotai and Dowling, 2008). Given these dif-

ficulties, there is strong merit in exploring the dynamics in the limiting case without

microphysics, as presented here.

To provide a crude representation of evaporating precipitation and water vapor
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mixed upward from the deeper atmosphere (below the bottom of our domain), we

apply a source term of water vapor, Qdeep, to the bottom of the model. This term

takes the form Qdeep = (qdeep−q)/τreplenish and is applied only at pressures exceeding

a critical pressure pc, which is chosen to be deeper than the deepest possible con-

densation pressure for the water-vapor abundance and thermal structure expected

in a given simulation. Here, qdeep is a specified planetary water vapor abundance

(e.g., 1, 3, 10, or 30 times solar) and τreplenish is a relaxation time. Our goal is to

force the deep water abundance (at p > pc) to be very close to qdeep. The relaxation

time, τreplenish, is thus not a free parameter and is chosen to be very short (typically

5 hours). This source term allows the model to reach a statistical steady state in

which the mean total water vapor content of the atmosphere is nearly constant over

time — despite the loss of water via condensation.

In the energy equation (Eq. 3.4), Qθ is the rate of heating (expressed in K sec−1)

due to radiation. We adopt a simple Newtonian relaxation scheme:

Qθ = −
θ − θref
τrad

(3.8)

The equilibrium θref profiles, shown in Fig. 3.1, are based on pressure-temperature

profiles following the radio-occultation and Galileo-probe results (Lindal et al., 1981,

1985, 1987; Lindal, 1992; Seiff et al., 1998). Each contains a deep neutrally stable

troposphere, an isothermal stratosphere and a smooth transition layer between the

two regions (Fig. 3.1). The adopted relaxation timescales are 400 Earth days for

Jupiter-type simulations and 200 Earth days for Neptune-type simulations. These

timescales are shorter than expected radiative timescales in the deep tropospheres of

giant planets but allow us to perform simulations in reasonable time while preserving

the quasi-isentropic behavior of the atmospheric motions over typical dynamical

timescales of 1–10 days. Tests performed with differing values of τrad suggest that

the qualitative nature of the dynamics are not affected by the choice of τrad.

Importantly, we chose to make θref independent of latitude for this study. This

contrasts with previous studies (e.g., Lian and Showman, 2008; Williams, 2002,

2003b), where the equilibrium temperature θref is a function of latitude. Our choice
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Figure 3.1: Reference temperature-pressure profile for giant planets.

here is motivated by the fact that when θref depends on latitude, the forcing imposes

a zonally banded structure on the flow, and it is thus unclear to what extent any

zonal jet formation result from such banded forcing rather than from the β effect

(where β is the gradient of Coriolis parameter with northward distance). By making

θref independent of latitude, we can ensure that any banded flow structures result

from β, not from anisotropic forcing. Moreover, when θref depends on latitude,

then not only the moist convection but the radiation cause latitudinal temperature

differences and thus injects available potential energy (APE) into the flow. The

energy source driving the flow would thus be ambiguous. Here, we specifically aim

to test whether moist convection can drive Jovian-type jets, and by maintaining θref

constant with latitude, we ensure that the only mechanism for generating lateral

temperature contrasts (hence APE) is moist convection.

The inclusion of water vapor can change the mean molecular mass. The MITgcm

uses the virtual potential temperature anomaly to represent the mass effect of water

vapor. The following approximation is adopted from Fleagle and Businger (1980):

θ∗ = θ(qRq + 1) − θref (3.9)

where θ∗ is the virtual potential temperature anomaly, Rq = (1 − ǫ)/ǫ and ǫ =

mH2O/mH2
. On Jupiter, the molecular mass of water is about 9 times that of dry air

(composed mainly of hydrogen); thus, the virtual potential temperature of moist air
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is always less than the potential temperature of dry air at the same temperature and

pressure. The virtual potential temperature anomaly θ∗ reflects the density change

by adding a correction to hydrostatic geopotential through conservation of energy.

The upper boundary in our simulations is zero pressure. The lower boundary is

an impermeable surface. Both boundaries are free-slip in horizontal velocity. The

mean bottom pressure of simulated domain is a free parameter which varies from

100 to 500 bars depending on the simulation. We adopt the ideal gas equation

of state. The simulations include no explicit viscosity, but a fourth-order Shapiro

filter (Shapiro, 1970) (analogous to eighth-order hyperviscosity) is added to maintain

numerical stability.

Initially there are no winds in our simulations. The abundance of water vapor

is set to be subsaturated (95% of saturation) in the region where p < pc and qdeep

at p > pc. We introduce random initial temperature perturbations at pressures

less than pc to break the horizontal symmetry and initiate motions. The initial

perturbations for Jupiter simulations are ∆θ = 5K and confined to p < 7 bars. The

initial perturbations for Saturn simulations are ∆θ = 5K and confined to p < 15

bars. The initial perturbations for Uranus/Neptune simulations are ∆θ = 10K and

confined to p < 10 bars. Tests for our Uranus/Neptune cases exploring different

properties (e.g., locations) of the initial perturbations show that the qualitative final

dynamical state is not sensitive to the details of the perturbations. The main purpose

of the perturbations is to induce sufficient motion to generate supersaturation in

localized regions; once this occurs, the circulation becomes self-generating.

Although the water abundances on Jupiter, Saturn, Uranus, and Neptune are

unknown, Galileo probe data indicate that Jupiter’s C, N, S, Ar, Kr, and Xe abun-

dances are all between 2–4 times solar. Spectroscopic information suggests that

methane is 7 times solar on Saturn (Flasar et al., 2005) and 30–40 times solar on

Uranus and Neptune (Fegley et al., 1991; Baines et al., 1995). These values suggest

that the water abundance is modest at Jupiter, intermediate at Saturn, and large

at Uranus and Neptune. Predicted condensation pressures are ∼ 8 bars for Jupiter,

∼ 20 bars for Saturn, and 200–300 bars on Uranus and Neptune, depending on the
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Planet a(km) Ω(s−1) cp(JK−1kg−1) κ g(ms−2) Rq Res NL pb(bars)
Jupiter 71492 1.7585 × 10−4 13000 0.29 22.88 -0.8778 C128 35 100
Saturn 60268 1.6570 × 10−4 13000 0.29 8.96 -0.8778 C128 35 100
Neptune 24746 1.0389 × 10−4 13000 0.305 11.7 -0.8778 C64 38 500

Table 3.1: Note: a is radius of planet, Ω is rotation rate, cp is heat capacity, κ = R
cp

,

g is gravity, Rq = 1−ǫ
ǫ

, where ǫ is the ratio of molecular mass between H2O and
H2, Res is the horizontal resolution, NL is the number of layers, and pb is the mean
bottom pressure of the simulated domain.

water abundance.

We explore a range of deep water-vapor abundances from 1–10 times solar on

Jupiter and Saturn and from 1–30 times solar on Uranus and Neptune. Combined

with the simulated temperature structure (see Fig. 3.1), these abundances determine

the range of pressures over which condensation will occur in any given simulation.

We then set pc, the pressure at the top of our deep water vapor source Qdeep, to

be deeper than the base of the condensation region. We use pc = 7 bars with 3

times solar water abundance and pc = 10 bars with 10 times solar water abundance

for Jupiter simulations. For Saturn, we used pc = 17.3 bars for 5 times solar and

19.2 bars for 10 times solar water abundance. On Neptune, we use pc = 120 bars with

1 times solar water abundance, pc = 220 bars with 10 times solar water abundance

and pc = 330 bars with 30 times solar water abundance. Here 1 times solar water

abundance is 0.01 kilogram of water vapor per kilogram of dry air. Among all

these simulations, Jupiter-type simulation with 3 times solar water abundance and

Neptune-type simulation with 30 times solar water abundance are the nominal cases.

We run simulations using the cube-sphere grid. Planetary parameters are cho-

sen based on Jupiter, Saturn, and Neptune, the latter of which represents the

Uranus/Neptune pair. The parameters we implement for the simulations are listed

in Table 3.1, where C128 stands for 128× 128 on each cubed-sphere face and C128

is equivalent to 512× 256 in longitude-latitude grid; C64 stands for 64× 64 on each

cubed-sphere face and C64 is equivalent to 256× 128 in longitude-latitude grid; NL

is number of layers in vertical direction.
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3.3.2 Diagnostics

Before presenting our results, we describe the formalism we use to diagnose our

simulations following Karoly et al. (1998). For any quantity A, we can define A =

[A] + A∗ where [A] denotes the zonal mean and A∗ denotes the deviation from the

zonal mean. Likewise, we can define A = A+A′, where A denotes the time average

and A′ denotes the deviation from the time average. Inserting these definitions into

the zonal momentum equation and averaging in longitude and time, we obtain

∂[u]

∂t
= −

∂

∂y
([u′v′] + [u∗v∗]) −

∂

∂p
([u′ω′] + [u∗ω∗])

−[v]
∂[u]

∂y
− [ω]

∂[u]

∂p
+ f [v] (3.10)

In Eq. 3.10, [u′v′] and [u′ω′], are the latitudinal and vertical fluxes of eastward

momentum, respectively, associated with traveling eddies; [u∗v∗] and [u∗v∗], are the

latitudinal and vertical fluxes of eastward momentum, respectively, associated with

stationary eddies. This equation states that latitudinal convergence of horizontal

eddy momentum flux, vertical convergence of vertical eddy momentum flux, hori-

zontal and vertical advection and Coriolis acceleration drive the zonal winds.

3.4 Results

3.4.1 Basic flow regime

Our Jupiter simulation with 3 times the solar water abundance and Uranus/Neptune

simulation with 30 times the solar water abundance produce zonal winds similar to

those observed on Jupiter/Saturn and Neptune/Uranus. The similarities, in general,

are multiple banded zonal jets with equatorial superrotation on Jupiter/Saturn and

high-latitude eastward jets with broad equatorial subrotation on Neptune/Uranus.

These are shown in Fig. 3.2. Initially, temperature perturbations produce horizon-

tal pressure gradients that drive horizontal flows from the centers of warm regions

to surrounding, relatively cool atmosphere. Conservation of mass requires verti-

cal flows to maintain the continuity in fluid layers. These vertical flows bring up
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Figure 3.2: Snapshots of zonal winds for Jupiter simulation (top row) with 3 times
the solar water abundance at 0.9-bar level, Saturn simulation (center row) with
5 times the solar water abundance at 1-bar level and Uranus/Neptune simulation
(bottom row) with 30 times the solar water abundance at the 0.8-bar level. The
simulation time for Jupiter and Uranus/Neptune is 1200 Earth days. The simulation
time for Saturn is 1600 Earth days. The left column gives an oblique view and the
right column gives a view looking down over the north pole. Our Jupiter and Saturn
cases develop ∼ 20 jets with equatorial superrotation while the Uranus/Neptune case
develops 3 jets with equatorial subrotation.
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the moist air from the deep atmosphere to the upper, relatively dry troposphere.

Water vapor condenses once its abundance exceeds the saturated specific humidity.

Consequently, latent heat released by condensation of water vapor produces numer-

ous anticyclonic eddies (produced by Coriolis acceleration on horizontally divergent

flows) and cyclonic eddies (produced by Coriolis acceleration on horizontally conver-

gent flows). Once the circulation is initiated, it becomes self-sustaining: horizontal

temperature gradients induced by moist convection drive a circulation that contin-

ues to dredge up water vapor to the condensation region, allowing latent heating

and maintaining the temperature differences. The eddies produced in this way by

the moist convection undergo vortex stretching and inverse cascade to large scale

zonal flows under planetary rotation. The resulting zonal flow at the 1-bar level

contains about 20 zonal jets for Jupiter/Saturn-type simulations and ∼ 3 zonal jets

for Uranus/Neptune-type simulations (Fig. 3.2).

Figures 3.3 and 3.4 show the time evolution of zonal winds at the 0.9-bar level for

our Jupiter simulation with 3 times the solar water abundance and Uranus/Neptune

simulation with 30 times the solar water abundance. Initial perturbations produce

strong eddies with maximum wind speeds of 250ms−1 for Jupiter and 150ms−1 for

Neptune in less than 3 Earth days. These eddies are dynamically unstable. They

undergo merging, shedding and migrating, eventually transferring their energy to

larger scales and interacting with the β effect to produce zonal jets.

First we examine the Jupiter simulations. By 55 Earth days, the winds show

significant zonality, and after ∼ 1100 days the jet pattern becomes relatively stable

with ∼ 20 jets. The equatorial jet builds up rapidly, reaching zonal-mean zonal

wind speeds of 80 m sec−1 and local speeds exceeding 100 m sec−1. Initially, the jet

spans only a range of longitudes (e.g., Fig. 3.3, second panel). Low-latitude eddies

triggered by moist convection and its associated latent heating continuously pump

energy into the equatorial flow, which eventually makes the equatorial superrotation

encircle the whole globe by 116 Earth days. The longitudinal variation of this

equatorial superrotation becomes small after ∼ 1000 Earth days. The jet spans

latitudes 10◦ south to 10◦ north with average wind speed of 80ms−1.
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Figure 3.3: Snapshots of zonal winds at 0.9 bars for our Jupiter simulation with 3
times the solar water abundance. The four rows, from top down, give the state at 3,
55, 1157 and 2315 Earth days. The left column shows the zonal wind over the full
globe in a rectangular projection. The middle column gives the zonal wind profile
at longitude −176.8◦ (black line) and 0◦ (red line). The right column is zonal-mean
zonal wind.
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Figure 3.4: Snapshots of zonal winds at 0.8 bars for our Uranus/Neptune simulation
with 30 times the solar water abundance. The four rows, from top down, give the
state at 3, 55, 1157 and 2315 Earth days. The left column shows the zonal wind over
the full globe in a rectangular projection. The middle column gives the zonal wind
profile at longitude −176.8◦. The right column gives the zonal-mean zonal wind.
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In our Jupiter simulations, numerous alternating east-west jets also develop at

higher latitudes with speeds of ∼ 5–10 m sec−1. These high-latitude zonal jets extend

almost to the pole (Fig. 3.2). Interestingly, however, the high-latitude jets are not

purely zonal but develop meanders with latitudinal positions that vary in longitude,

as can be seen in Figs. 3.2 and 3.5. This meandering presumably occurs be-

Figure 3.5: A zoom-in showing the wind structure in a portion of the domain for
our Jupiter case with 3 times solar water. Gray scale gives zonal winds and arrows
show full wind velocity at 0.9 bars. This figure is at 2315 Earth days. The wind field
shown here is in longitude-latitude section from −180◦ to 0◦ longitude and from 30◦

N to 90◦N latitude.

cause the β effects weakens at high latitudes. As a result of these meanders, a zonal

average smooths through these jets, so the zonal-mean zonal wind profile shows min-

imal structure poleward of ∼ 30◦ latitude (Fig. 3.3, rightmost panels); nevertheless,

the high-latitude jet structure remains evident in profiles without zonal averaging

(Fig. 3.3, middle and left columns). The structures of these mid-to-high latitude

jets vary slowly with time and propagate westward at typically 4m sec−1, which is

close to the Rossby wave speed estimated by

cRossby = u−
β

k2
, (3.11)

where u is the characteristic zonal jet speed, β = df/dy is the meridional gradient

of planetary vorticity and k is the Rossby wavenumber.

Our Uranus/Neptune simulation with 30 times the solar water abundance, how-

ever, behaves quite differently in terms of zonal wind structures and eddy activity
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(Fig. 3.4). In the final state, the winds exhibit smaller zonal variability and the eddy

activity appears weak compared to the Jupiter-type simulation. By ∼ 1000 days,

the profile stabilizes with three jets: a broad westward equatorial flow extending

from latitudes 40◦ south to 40◦ north and reaching speeds of almost −100 m sec−1,

and two high-latitude eastward jets reaching peak speeds of almost 250 m sec−1 at

latitudes of 70–80◦ north and south. Eddy activity, though still vigorous, is hardly

visible after several hundred Earth days.

Our simulations provide a possible explanation for the equatorial superrotation

on Jupiter/Saturn yet the equatorial subrotation on Uranus/Neptune as well as the

approximate number of jets observed on all four planets. We emphasize that our sim-

ulated jet profiles — including the equatorial jet direction — are fully self-generating

and emerge spontaneously, without the application of ad hoc forcing schemes. The

only physical differences between the two simulations in Fig. 3.2 is the values of

the planetary parameters (radius, rotation rate, gravity) and deep water abundance

qdeep; the forcing schemes are otherwise identical for the two cases. In contrast,

previous shallow-atmosphere studies produced superrotation only with artificially

imposed forcing that triggered either equatorial Kelvin waves or sharp latitudinal

temperature contrasts near the equator (Williams, 2003c; Yamazaki et al., 2005;

Lian and Showman, 2008). Ours is the first study to naturally produce superro-

tation in a Jupiter regime yet subrotation in a Uranus/Neptune regime within the

context of a single model.

We emphasize that the jet widths that emerge in our simulations are self-

selecting; neither the scales of zonal jets nor the scales of baroclinic eddies are

controlled by the initial perturbations. The number of zonal jets are inherently set

by the dynamics of the system at the Rhines scale, π(2U/β)1/2, where U is the char-

acteristic jet speed. Our Jupiter-type simulation with 3 times solar water abundance

has jet widths ranging from several thousand kilometers at mid-to-high latitudes to

about 15, 000 kilometers at the equator. Our Uranus/Neptune simulation with 30

times solar water abundance has measured jet widths of around 25,000 kilometers.

These jet widths are similar (within a factor of ∼ 2) to Rhines scale calculated from
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the jet speeds.

To investigate the influence of water abundance on the circulation, and to shed

light on what causes the differences between our Jupiter and Uranus/Neptune cases

(Fig. 3.2), we ran a series of simulations exploring a range of deep water-vapor abun-

dances. This is carried out simply by varying the value of the deep water abundance,

qdeep, adopted in our water-vapor source term Qdeep. Figures 3.6 show the results

Figure 3.6: Zonal-mean zonal winds for Jupiter simulations with 3 times solar water
abundance (left) and 10 times solar water abundance (right) at 1157 Earth days.
The structures were time averaged for 231 Earth days. The solid and dashed lines
depict eastward and westward winds, respectively, and the dotted lines represent
zero speed. These lines only indicate the direction of the zonal winds. Note the de-
velopment of equatorial superrotation in the 3-times-solar-water case and equatorial
subrotation in the 10-times-solar-water case.

for Jupiter cases with 3 and 10 times solar water while Fig. 3.7 shows the results for

Uranus/Neptune cases with 1, 3, 10, and 30 times solar water. Interestingly, we

find in both cases that equatorial superrotation preferably forms at low water-vapor

abundance while subrotation forms at high water-vapor abundance. For Jupiter,

3-times-solar water yields superrotation while 10-times-solar water produces subro-

tation. For Uranus/Neptune, solar water (panel a) produces a narrow superrotating

jet centered at pressures of ∼ 100–400 mbar; at 3-times-solar water (panel b), a

local maximum in zonal wind still exists at that location, but its peak speeds are

slightly subrotating. The ten-times-solar case (panel c) bucks the trend, developing
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Figure 3.7: Zonal-mean zonal winds for Uranus/Neptune simulations with various
abundances of water vapor at 2200 Earth days. The structures were time averaged
for 231 Earth days. The solid and dashed lines depict eastward and westward
winds, respectively, and the dotted lines represent zero speed. (a) 1 times the solar
water abundance , line spacing is 5ms−1, (b) 3 times the solar water abundance, line
spacing is 30ms−1, (c) 10 times the solar water abundance, line spacing is 30ms−1 and
(d) 30 times the solar water abundance, line spacing is 50ms−1. Note that equatorial
superrotation develops at low water abundances, but equatorial subrotation develops
at 30 times solar water abundance.
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superrotation in the lower stratosphere (pressures < 100 mbar). By 30 times solar,

however, the structure becomes more barotropic and the equatorial jet direction is

subrotating throughout. What causes this trend? Increasing the water abundance

increases the magnitude of latent heating and therefore increases the mean static

stability of the atmosphere. Moreover, condensation occurs at greater depths when

the water vapor abundance is larger, implying a larger total vertical length scale

for the tropospheric circulation. Both effects increase the internal Rossby radius of

deformation, which plays a fundamental role in controlling the eddy dynamics. We

speculate that this effect sufficiently alters the eddy dynamics to shift the dynamics

from one regime to another as the water abundance is increased. However, future

work is needed to shed light on the specific mechanisms.

Another trend that occurs in our simulations is that the mean jet speeds and

jet widths increase as the deep water-vapor abundance is increased. As a result,

simulations with less water tend to have more jets than simulations with greater

water. This trend is most evident in our Uranus/Neptune cases in Fig. 3.7: the

peak jet speed increases from ∼ 50 m sec−1 to 250 m sec−1 as water is increased from

solar to 30 times solar, while the number of jets drops from seven to three over

this same sequence. The increase in jet speed can be understood in the context

of thermal-wind balance; because greater water abundances lead to greater latent

heating, simulations with large water abundances tend to create larger latitudinal

temperature differences in the troposphere. Moreover, those latitudinal temperature

differences can extend over greater vertical distances because the condensation level

moves deeper when the water abundance increases. Both effects increase the height-

integrated vertical shear of the zonal wind, allowing faster jets when the water

abundance is greater. Given this trend in wind speed, Rhines scaling then implies a

smaller number of wider jets in simulations with greater water abundance. However,

the case with 10-times-solar-water does not fit the trend well. It has 7 zonal jets, the

same as our solar case, and its wind speeds are similar to that of our 3-times-solar

case.

We also performed Saturn simulations with 5 and 10 times solar water abun-
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dance. Both cases developed multiple banded zonal jets qualitatively resembling

our Jupiter simulations. However, in the Saturn cases, the mid-latitude jets are

slightly stronger and more zonally aligned than in our Jupiter cases. Consistent with

the trends shown in Figs. 3.6–3.7, the 5-times-solar Saturn case developed equato-

rial superrotation, with zonal-mean speeds reaching ∼ 150 m s−1 eastward, while

the 10-times-solar case developed equatorial subrotation with speeds of −100 m s−1

westward. While our ability to produce superrotation in a Saturn case with 5-times-

solar water is encouraging, Saturn’s water abundance is unknown and could easily

be as high as 10 times solar; moreover, even our superrotating case produced a

superrotating jet much weaker and narrower than the observed jet (which extends

from 30◦N to 30◦S latitude and reaches peak speeds of ∼ 400 m s−1). This dis-

agreement could mean that Saturn’s equatorial jet does not fit into the framework

discussed here, and that the observed jet results instead from a different mechanism.

On the other hand, the details of the eddy/mean-flow interactions that produce the

equatorial jet could be affected by the tropospheric vertical structure, which in turn

could depend on inclusion of cloud microphysics (e.g., evaporating precipitation),

radiative transfer, and other improvements. Definitely assessing whether Saturn’s

equatorial jet can result from moist convection will thus require next-generation

models that include these improvements.

Figure 3.8 shows the temperature structure in our nominal Jupiter simulation at

pressures of 0.1, 0.2, 0.9, and 5 bars from top to bottom, respectively. The top two

panels are in the lower stratosphere and upper troposphere; the third panel is near

the top of the region with strong eddy accelerations, and the bottom panel is just

above the water condensation level. Interestingly, in the deep regions where latent

heating occurs (bottom two panels), the latitudinal temperature contrasts primarily

occur within ∼ 20◦ of the equator. In the simulations of Williams (2003c) and Lian

and Showman (2008), equatorial superrotation developed only in the presence of

large latitudinal temperature contrasts near the equator; this led to a barotropic

instability that pumped energy and momentum into the superrotating jet. In their

simulations, these near-equatorial temperature gradients resulted from an ad hoc
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Figure 3.8: Global temperature maps for Jupiter simulation with 3 times the solar
water abundance at 2315 Earth days. The pressure levels are, from top down,
0.1-bar level, 0.2-bar level, 0.9-bar level and 5-bar level.
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Newtonian heating profile. Here, however, these sharp near-equatorial tempera-

ture gradients develop naturally from the interaction of the moist convection with

the large-scale flow. Despite this difference, the similarity of the resulting near-

equatorial temperature profiles suggest that the superrotating jet-pumping mecha-

nism identified by Williams (2003c) and Lian and Showman (2008) could be relevant

here. In the upper troposphere and lower stratosphere, our Jupiter simulation de-

velops a banded temperature pattern, with latitudinal temperature differences of

∼ 10 K, that bears some similarities to that observed on Jupiter and Saturn. Inter-

estingly, the simulated equatorial zone is cold in the upper troposphere, consistent

with observations of Jupiter and Saturn; this temperature structure is associated

with the decay of the equatorial jet with altitude (see Fig. 3.6) via thermal-wind

balance. Several active moist-convection events are visible in both hemispheres;

Section 3.2 presents a detailed discussion of these features.

3.4.2 Distribution of water vapor and moist convection events

Our Jupiter simulations develop active moist-convection events (storms), which play

a key role in driving the flow. These events share similarities with storms observed

on Jupiter and Saturn, so here we describe them in detail. Figures 3.9–

3.10 depict time sequences that zoom into the region around one such event; the

sequences start at the upper left and move first downward and then right in 2.8-

Earth-day intervals. A storm is triggered when the large-scale circulation produces

sufficient uplift of environmental air to induce supersaturation in a local region.

The ensuing condensation and latent heating generates a warm air column, and the

resulting pressure differences drive horizontal convergence at the base of the storm,

horizontal divergence at the top of the storm, and ascending motion within the storm

that allows the storm to self-maintain for periods of up to tens of days. Figure 3.9,

which depicts the water-vapor mixing ratio, shows the active storms as bright red

regions with much greater water abundance than the surroundings. Figure 3.11

demonstrates that these regions of high humidity are warmer than the surroundings,

which is the direct result of latent heating in the rising air. Plots of vertical velocity
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Figure 3.9: A zoom-in showing evolution of water-vapor mixing ratio at the 5-bar
level in a portion of the domain centered around a moist-convection event for our
Jupiter simulation with 3 times the solar water abundance. Left column (from top
down) starts from 1185 Earth days and ends at 1199 Earth days. Middle column
(from top down) starts from 1201.8 Earth days and ends at 1215.8 Earth days.
Right column (from top down) starts from 1218.6 Earth days and ends at 1232.6
Earth days. The time interval between two adjacent time frames in a column is 2.8
Earth days.
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Figure 3.10: Same as Fig. 3.9 but shows potential temperature at the 0.9-bar level.
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Figure 3.11: Same as Fig. 3.9 but shows potential temperature at the 5-bar level.
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Figure 3.12: Same as Fig. 3.9 but shows relative vorticity at the 5-bar level. Blue
is cyclonic and red is anticyclonic.

(not shown) show that these warm, moist regions are ascending. Figure 3.12

depicts the relative vorticity; a careful comparison with Figs. 3.9–3.11 shows that,

at the base of the storms near 5 bars, the hot, moist ascending regions generally

exhibit cyclonic relative vorticity, which results from the Coriolis acceleration on

the air converging horizontally into the base of the storm at that pressure. The

small size of the simulated storms is determined by the internal Rossby radius of

deformation, which is a few thousand km.

Interestingly, the cyclonic regions at the base of the updrafts (blue in Fig. 3.12)
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typically co-exist with one or more localized anticyclonic regions (red in Fig. 3.12),

which are locations where air descends, horizontally diverges, and thus spins up

anticyclonically. The existence of descending regions in proximity to the ascending

storm centers results from mass continuity; as air rises in an active storm center,

continuity demands descent in the surrounding environment. A similar phenomenon

occurs around storms on Earth; theoretical solutions show that such descent is typ-

ically confined to regions within a deformation radius of the ascending storm center

(Emanuel, 1994, pp. 329-333). This explains the close proximity of the ascending

and descending regions in our simulations. This also provides an explanation for the

fact that Jovian thunderstorms are often observed next to localized regions that are

clear down to the 4-bar level or deeper (Banfield et al., 1998; Gierasch et al., 2000).

The behavior near the tops of the simulated storms differs significantly from that

near their bases. This is illustrated in Fig. 3.10, which shows the temperature at 0.9

bars for the same storm event depicted in Figs. 3.9–3.12. Hot regions in Fig. 3.11

generally correlate with hot regions in Fig. 3.10, which results from the fact that

the hot, moist air at 5 bars generally continues rising until reaching altitudes at

and above the 1-bar level. However, the localized hot regions at 0.9 bars are much

larger than at 5 bars (also visible in Fig. 3.13, which shows a vertical cross section

through several active events). This results from the horizontal divergence that

occurs near the storm top, which spreads the hot regions out into “anvils” whose

horizontal extent significantly exceeds that at the base of the storm. Conversely, the

horizontal convergence at the storm base keeps the hot regions horizontally confined

at that pressure. The horizontal divergence near the storm top also implies that the

storms generate regions of anticyclonic vorticity as seen at 1 bar (not shown). This is

consistent with observations of Jovian thunderstorms, which generally also develop

anticyclonic vorticity at the ammonia cloud level (Gierasch et al., 2000).

The simulated storms exhibit a complex evolution. The storms often appear

in clusters with several simultaneously active centers (Figs. 3.9–3.10); this may

occur partly because the large-scale environment in that region is primed for storm

generation, but it also suggests that the storms self-interact in a way that can trigger
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Figure 3.13: A vertical cross section through several active moist convection events.
Shows potential temperature in a portion of the domain for our Jupiter simulation
with 3 times the solar water abundance. This is a longitude-pressure plane at 13.5◦S
latitude. The simulation time is 1190.6 Earth days. The moist convection events are
the red/yellow regions centered at longitudes ∼ 138◦, 143◦, and 162◦ where latent
heating has warmed the air relative to the background environment. The red strip
at the top of the image shows the statically stable upper troposphere and lower
stratosphere where potential temperature starts rising rapidly with altitude.

new storms. As shown in Figure 3.10, active storm centers sometimes shed warm-

core vortices that have lifetimes up to tens of days and propagate downstream away

from the active storm region. A comparison of the temperature fields at 5 and 0.9

bars (Figs. 3.11 and 3.10) also demonstrates a time delay between the two levels:

fresh condensation regions that first appear warm at 5 bars often do not become

visible at 0.9 bars until several days later, indicative of the time needed for the air to

ascend between the two levels. Likewise, Fig. 3.11 exhibits several examples where

features appear to “die out” at 5 bars, but a comparison with Fig.3.10 shows that,

in several cases, the features have not decayed but instead have simply ascended

to the ∼ 1-bar level. Indeed, several of the warm-core vortices visible in Fig. 3.10

have essentially no signature at 5 bars, indicating that these vortices are no longer

convectively active.

Importantly, the properties of our simulated storms — including their size, am-
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plitude, lifetime, and morphology — are self-consistently generated by the dynamics

and are therefore predictions of our model. This contrasts with previous studies at-

tempting to model the effect of moist convection on the large-scale flow (Li et al.,

2006; Showman, 2007), which introduced mass pulses by hand to represent storms,

and which imposed the size, shape, amplitude, and lifetime of the storms as free

parameters.

Our simulated storms show an encouraging resemblance to real moist-convection

events on Jupiter and Saturn. On Jupiter, individual storms often last for up to

several days and expand to diameters up to ∼ 1000–3000 km (Gierasch et al., 2000;

Porco et al., 2003; Sánchez-Lavega et al., 2008), although rare events sometimes

reach sizes of 10, 000 km or more (Hueso et al., 2002). On Saturn, storms lasting tens

of days have been observed by Voyager and Cassini (Sromovsky et al., 1983; Porco

et al., 2005; Dyudina et al., 2007); individual active storm centers reach ∼ 2000 km

diameters within an active storm complex up to ∼ 6000 km across. Although our

simulated storms exhibit qualitative behavioral similarities to observed storms, the

simulated storms are somewhat too large; active centers are a few thousand km

across but form clusters typically reaching diameters of 10,000–20,000 km or more

(Figs. 3.9–3.10). Our simulated storm lifetimes (tens of days) are longer than those of

observed jovian storms but comparable to the saturnian storm observed by Cassini.

As already described, the rapid expansion and generation of anticyclonic vorticity

near the storm tops and the close proximity of ascending active storm centers to

subsiding regions are consistent with observations of jovian storms. The creation of

(generally short-lived) vortices by moist convection in our simulations has not been

clearly observed on Jupiter but has tentatively been captured in Cassini images

on Saturn (Porco et al., 2005; Dyudina et al., 2007). A similar phenomenon was

obtained in the simulations of Showman (2007).

It is worth emphasizing that our simulations adopt local hydrostatic balance and

thus cannot capture the strong vertical accelerations associated with convectively

unstable motions. Because lightning requires fast vertical motions to enable growth

of particles and charge separation (e.g. Yair et al., 1995), the existence of light-
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ning in jovian and saturnian storms suggests that these storms develop convectively

overturning motions. Investigating such processes requires a non-hydrostatic model

(e.g. Yair et al., 1995; Hueso and Sánchez-Lavega, 2001). Nevertheless, the large

horizontal dimensions of observed jovian/saturnian storms, and the qualitative sim-

ilarity of our results to the observed storms, suggests that the basic structure and

evolution of the observed storms are quasi-hydrostatic.

3.4.3 What drives the jets in weather layer

Our Jupiter, Saturn, and Uranus/Neptune simulations show that the zonal jets are

predominantly driven by eddy and Coriolis acceleration. We use the total accel-

eration of the terms on the right side of Eq. 3.10 to characterize the main driv-

ing forces on the zonal flow, focusing here on the mid- and low-latitude regions.

Figure 3.14 shows the zonal-mean zonal wind (top row), horizontal eddy-momentum

flux [u′v′] + [u∗u∗] (second row), the vertical eddy-momentum flux [u′ω′] + [u∗ω∗]

(third row), and Coriolis acceleration f [v] (bottom row). Three cases are shown —

our 3-times-solar water Jupiter case (left column), 5-times-solar Saturn case (middle

row), and 30-times-solar Uranus/Neptune case (right column). The Jupiter and Sat-

urn cases exhibits equatorial superrotation while the Uranus/Neptune case exhibits

equatorial subrotation.

Figure 3.14 shows that the horizontal eddy terms, vertical eddy terms, and Cori-

olis accelerations all play important roles in the maintenance of the zonal winds. In

particular, for our Jupiter and Saturn cases, there are strong equatorward fluxes of

eastward momentum at pressures of ∼ 0.2–1 bar and latitudes of ∼ 10◦S to 10◦N.

These imply an eastward acceleration that helps to maintain the superrotating equa-

torial jet. They additionally cause a westward acceleration at latitudes of ∼ 10◦N

and S, where a divergence in horizontal flux occurs. In contrast, our Uranus/Neptune

case exhibits strong poleward fluxes of eastward momentum at pressures < 1 bar and

latitudes equatorward of ∼ 40◦. These fluxes induce westward equatorial acceler-

ation, which maintains the strong westward equatorial flows at low pressure. A

weaker version of the same phenomenon occurs in the Jupiter and Saturn cases,
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Figure 3.14: Eddy fluxes and accelerations for Jupiter simulation with 3 times solar
water (left column), Saturn simulation with 5 times solar water (middle column),
and Uranus/Neptune simulation with 30 times solar water (right column). Top
row: zonal-mean zonal winds. Second row: horizontal flux of eastward momentum,
[u′v′] + [u∗v∗]. Positive means northward flux and negative means southward flux.
Third row: vertical flux of eastward momentum [u′ω′] + [u∗ω∗]. Positive means
downward flux and negative means upward flux. Bottom row: Coriolis acceleration
on the mean-meridional circulation, f [v]. All quantities are averaged over 231 Earth
days ending at day 578, 1600, and 578 Earth days, respectively, for the Jupiter,
Saturn, and Uranus/Neptune cases.
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which helps explain the westward equatorial stratospheric flow near the top of the

model (pressures < 0.1 bar) in those cases. Nevertheless, the Uranus/Neptune case

also shows a localized region (from 2–8 bars and latitudes ∼ 15◦S to 15◦N) where

eastward momentum fluxes (albeit weakly) toward the equator, leading to an east-

ward equatorial acceleration. This relates to the fact that the westward jet, once

formed, weakens slightly between ∼ 100 and 1000 days (compare second and third

rows of Fig. 3.4). Interestingly, all three cases also show an overall downward eddy

flux of eastward momentum in the equatorial regions underlying the region of hor-

izontal eddy fluxes. In the Jupiter/Saturn cases, this term causes an acceleration

counteracting that associated with horizontal eddy-flux convergence and helps to

explain why the eastward jets penetrate to pressures > 10 bars despite the fact that

the horizontal eddy fluxes are confined primarily to pressures < 1 bar. The Coriolis

accelerations (bottom row) show localized regions of eastward acceleration centered

just off the equator in all three cases (at pressures 0.2–1 bar for Jupiter/Saturn and

∼ 2–8 bars for Uranus/Neptune) resulting from the effects of a meridional circula-

tion cell near the equator. In all three cases, this acts to counteract a westward

acceleration associated with horizontal eddy flux convergence at the same location.

An estimate of magnitudes shows that all these acceleration terms are important.

For example, focusing on Jupiter and Saturn, the Coriolis acceleration reaches peak

values up to a few ×10−5 m s−2 (Fig. 3.14, bottom row). The acceleration caused

by horizontal eddy flux convergence is minus the gradient of [u′v′] + [u∗u∗], which

is approximately the difference in this quantity over a relevant length scale. Fig-

ure 3.14, second row, shows that the peak difference in [u′v′]+ [u∗u∗] is ∼ 200 m2 s−2

and occurs over a latitudinal length scale of ∼ 8000 km, implying an acceleration

of ∼ 3 × 10−5 m s−2. Likewise from Figure 3.14, third row, the peak difference in

[u′ω′] + [u∗ω∗] is ∼ 1 Pa m s−2, which occurs over a pressure interval of ∼ 105 Pa,

implying an acceleration of ∼ 10−5 m s−2.

For all these cases, there are partial cancellations between the individual terms

that generally leads to a net acceleration smaller than the magnitude of the dom-

inant individual terms. More than ∼ 5–10◦ away from the equator, there is an
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anticorrelation between the Coriolis acceleration and acceleration due to horizontal

eddy convergence, leading to a significant cancellation between these terms. Ac-

celerations due to vertical eddy convergence play only a small role in these regions

because the ratio of accelerations due to vertical and horizontal eddy convergences

tends to scale as the Rossby number, which is small away from the equator. How-

ever, near the equator the Coriolis acceleration is weak, and within ∼ 3–5◦ latitude

of the equator, the dominant cancellation is between the horizontal and vertical

eddy terms for Jupiter, Saturn and Uranus/Neptune. Because of these partial can-

cellations, the net acceleration is relatively small once the jets have spun up, leading

to only gradual change in the zonal-jet speeds over time.

3.4.4 Comparison between simulations and observations

Now we compare our simulated jet profiles to the observed jet profiles and their

stability. Jupiter and Saturn’s cloud-level winds violate the 2D barotropic stability

criterion (Ingersoll et al., 1981)
∂2[u]

∂y2
< β. (3.12)

The observed winds also violate the Charney-Stern criterion which states that jets

are stable if their potential vorticity profile is monotonic in latitude (Dowling,

1995a). Figure 3.15 shows the comparison between observed and simulated

jet profiles for Jupiter. The top row shows observations. The middle row shows

simulated winds at 163◦ longitude. The bottom row shows zonal-mean simulated

zonal winds. The wind profile shown is at ∼ 0.6 bars and potential vorticity shown

is at ∼ 0.12 bars. We calculate quasi-geostrophic potential vorticity qG following

Read et al. (2006):

qG = f + ζ − f
∂

∂p

[

p∆T (λ, φ, p)

s(p)Ta(p)

]

, (3.13)

where ζ is relative vorticity calculated on isobars, Ta(p) = 〈T (λ, φ, p)〉 is the hor-

izontal mean temperature calculated on isobars, ∆T (λ, φ, p) = T (λ, φ, p) − Ta(p)

is deviation of temperature from its horizontal mean, and s(p) is a stability factor
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Figure 3.15: Zonal-mean zonal winds (left column), curvature of zonal-mean-zonal
winds ∂2[u]/∂y2 with northward distance y (middle column) at ∼ 0.6 bars, and
zonal-mean quasigeostrophic potential vorticity (right column) at ∼ 0.12 bars. In
the middle column, β is included as a dashed curve for comparison. Top row (a,
b, and c) shows Voyager 2 measurements; winds are from Limaye (1986) and PV is
from Read et al. (2006). Middle row (d, e, and f) shows the zonal winds properties at
163◦ east in our Jupiter-type simulation with 3 times solar water abundance at 2200
Earth days. Bottom row (g, h, and i) shows the zonal mean zonal winds properties
in our Jupiter simulation at 2200 Earth days.
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defined as

s(p) = −
∂〈ln(θ)〉

∂ln p
. (3.14)

where 〈θ〉 is the horizontal mean potential temperature calculated on isobars.

Our Jupiter simulation with 3 times solar water abundance shows that the zonal

winds are slightly weaker and the equatorial superrotation is narrower than observed.

The zonal winds in some longitudinal cross sections violate the 2D (barotropic)

and Charney-Stern stability criteria. Figure 3.15(e) shows that the wind curvature

∂2[u]/∂y2 in a longitudinal slice (163◦ east) exceeds 3β at some latitudes. At the

same time, the latitudinal gradient of quasigeostrophic potential vorticity changes

sign at many places, as shown in Fig. 3.15(f). The zonal-mean zonal wind, how-

ever, has a much weaker violation of the 2D barotropic stability criterion. It only

exceeds β at ±20◦ in latitude. The nonmonotonic potential vorticity distribution in

our simulation may result partly from nonmonotonic profile of temperature versus

latitude (Fig. 3.8) since the stability factor s(p) is defined as −∂〈ln(θ)〉/∂ln p.
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Figure 3.16: Saturn zonal-mean zonal winds (left), curvature of observed zonal-
mean-zonal winds ∂2[u]/∂y2 with northward distance y (middle) and curvature
∂2[u]/∂y2 of our Saturn simulations (right). In all panels, solid curve is Saturn
observations from Voyager, dashed curve is Saturn simulation with 5 times solar
water, and dotted curve is Saturn simulation with 10 times solar water. In the mid-
dle and right panels, β is included as a dot-dashed curve for comparison. Simulation
results are shown at 1 bar and observations are also roughly at 1 bar.
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Figure 3.16 compares observations and simulations for Saturn. Zonal-mean zonal

wind profiles are shown on the left, with Voyager observations (solid), our Saturn

5-times-solar-water simulation (dashed), and our Saturn 10-times-solar-water sim-

ulation (dotted). The middle and right panels show ∂2[u]/∂y2 for the observations

and our simulations, respectively. As can be seen, our simulations produce winds

with speeds smaller than observed, especially in the equatorial jet. Interestingly, our

Saturn simulation with 5-times-solar water, which produces equatorial superrotation

of 150 m s−1, violates the barotropic stability criterion at some latitudes. In con-

trast, our Saturn simulation with 10-times-solar water, which produces equatorial

subrotation, satisfies the barotropic stability criterion at all latitudes.
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Figure 3.17: Zonal-mean zonal winds (left column) and curvature of zonal-mean-
zonal winds ∂2[u]/∂y2 with northward distance y (right column) at ∼ 1 bar. In
the right column, β is included as a dot-dashed curve for comparison. The solid
line shows Voyager 2 measurements of Neptune winds; winds are from Sromovsky
et al. (1993). The dashed line shows the zonal winds properties in our Neptune-type
simulation with 30 times solar water abundance at 2200 Earth days. The dotted line
shows HST measurement of Uranus winds; winds are from Hammel et al. (2001).

We also compare jet profiles in our Uranus/Neptune simulation with 30 times

solar water abundance to observations. Figure 3.17 shows the observed winds on

Uranus and Neptune and simulated winds at ∼ 1 bar. Our simulated zonal winds



109

share similarities with the observed winds, especially the three-jet feature with a

subrotating equator and high-latitude eastward jets. Comparing to the zonal winds

on Neptune, the equatorial subrotation in our simulation achieves speed of 100 m s−1

which is weaker than the observed 400 m s−1; the polar eastward winds, though

appearing at too high a latitude, have similar strength as observed. On the other

hand, the simulated jets have similar strength as both westward and eastward jets

on Uranus. However, the westward jet on Uranus is much narrower than that in our

simulation and on Neptune. Furthermore, Uranus has eastward jets peaking in the

mid-latitudes rather than near the poles as in our simulation. Interestingly, zonal

winds in our simulation violate the 2-D barotropic stability criterion while those in

observations do not.

Even though the zonal jets in our simulations violate 2-D barotropic stability

criterion, the time-averaged jets are still stable which suggests a stable configuration

between the eddies and zonal jets. This stable configuration also exists in our

previous simulations (Lian and Showman, 2008).

3.5 Conclusion

We presented global, three-dimensional numerical models to simulate the formation

of zonal jets by large-scale moist convection on the giant planets. These models

explicitly include water vapor and its condensation and the resulting latent heating.

We find that moist convection can naturally produce banded zonal jets similar to

those observed on the giant planets. Our Jupiter and Saturn simulations develop

∼ 20 zonal jets and Uranus/Neptune simulations develop 3−7 zonal jets depending

on the water abundance. The jet spacing is controlled by Rhines scale π(2U/β)1/2.

The zonal jets in our simulations produce modest violations of the barotropic and

Charney-Stern stability criteria at some latitudes.

In our simulations, condensation of water vapor releases latent heat and produces

baroclinic eddies. These eddies interact with the large-scale flow and the β effect to

pump momentum up-gradient into the zonal jets. At the same time, a meridional
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circulation develops whose Coriolis acceleration counteracts the eddy accelerations

in the weather layer. This near-cancellation of eddy and Coriolis accelerations leads

to slow evolution of the zonal jets and maintains the steadiness of zonal jets in

the presence of continual forcing. Such a process was suggested by Showman et al.

(2006) and Del Genio et al. (2007) and occurred also in the simulations of Showman

(2007) and Lian and Showman (2008).

Our simulations also produce equatorial superrotation for Jupiter and Saturn

and subrotation for Uranus and Neptune. Although a number of previous attempts

have been made to produce superrotation on Jupiter/Saturn and subrotation on

Uranus/Neptune, previous models have generally lacked an ability to produce both

superrotation on Jupiter/Saturn and subrotation on Uranus/Neptune without in-

troducing ad hoc forcing or tuning of model parameters. Ours is the first study to

naturally produce such dual behavior, without tuning, within the context of a single

model. Although the speeds of the superrotation and subrotation are weaker than

observed, our simulations provide a possible mechanism to explain the dichotomy

in equatorial-jet direction between the gas giants (Jupiter/Saturn) and ice giants

(Uranus/Neptune) within the context of a single model. In our simulations, the

strength, scale, and direction of the equatorial flow are strongly affected by the

abundance of water vapor. Equatorial superrotation preferably forms in simula-

tions with modest water vapor abundance while equatorial subrotation forms in

simulations with high water vapor abundance. In this picture, the dichotomy in the

equatorial jet direction between the gas and ice giants would result from a difference

in water abundance — modest on Jupiter/Saturn and large on Uranus/Neptune.

Despite this encouraging result, Saturn poses a possible difficulty with this pic-

ture. Our Saturn simulations generated equatorial superrotation when the water

abundance is five times solar but equatorial subrotation when it is ten times solar.

Saturn’s actual water abundance is unknown but could easily lie anywhere within

this range. Moreover, even our five-times-solar Saturn case produced a superrota-

tion that is much weaker and narrower than observed (∼ 120 m s−1 in the simulation

versus ∼ 400 m s−1 on the real planet). However, a variety of processes excluded
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here (e.g., cloud microphysics, realistic radiative transfer, and convection in the deep

interior) could significantly affect the jet profile. Future investigations that include

these effects are needed before a definite assessment can be made.

Consistent with our earlier work, we again find that our simulations generate

deep barotropic jets despite the localization of the eddy accelerations to the weather

layer (pressures less than ∼ 7 bars in our Jupiter simulations, for example). In

some simulations, the deep jets have similar strength as the winds in weather layer.

The mechanism that forms the deep jets is similar to the mechanism we previously

identified (Lian and Showman, 2008; Showman et al., 2006). However, these deep

jets are affected by the redistribution of water vapor, which makes the diagnostics

very complicated in the present case.

Our simulations successfully produce the large-scale dynamic features on Jupiter

and Uranus/Neptune under the effect of large-scale latent heating. However, our

simulations lack long-lived vortices such as the Great Red Spot on Jupiter and

Great Dark Spot on Neptune. We also ignore the precipitation and re-evaporation

of condensates and use an idealized radiative cooling scheme. The grid resolution in

our simulations is relatively low for resolving the mesoscale moist convection events

which have typical horizontal scales of 1000 kilometers (Little et al., 1999; Porco

et al., 2003). Future models can include cloud physics, a higher resolution grid, a

more realistic radiative transfer scheme, and explore the coupling between the deep

interior and the weather-layer processes identified here.
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CHAPTER 4

CONCLUSION

We presented 3D numerical models that simulate the jet formation on the giant

planets by thermal forcings or large-scale latent heating confined to a shallow atmo-

spheric layer within several scale height of cloud level. The shallow thermal forcings

are crude parameterizations of latitudinally varying solar-energy absorption or la-

tent heat released by condensation of water vapor. The large-scale latent heating, on

the other hand, is a naturally occuring process that is caused by the moist convec-

tion. All these mechanisms can lead to banded multiple zonal jets similar to those

on the giant planets. More importantly, some of the simulations with large-scale

latent heating effects correctly predict the directions of the equatorial flow on all

giant planets–eastward on Juiter and Saturn and westward on Uranus and Neptune,

consistent with observations. Our simulations also show barotropic wind profiles in

deep atmosphere where direction measurements are unavailable.

First, we used a simple radiative heating confined to the shallow atmosphere

(from top down) to simulate the zonal jets and their vertical extent on Jupiter.

Our simulations show that shallow forcing can produce not only multiple zonal jets

(20-30 on Jupiter), but also barotropic deep winds that extend from the level of

thermal forcing all the way down the bottom of the simulated domain. We also

found that equatorial supperotation develops when a large temperature gradient

exists at the equator. The ad-hoc nature of thermal forcings defines our simulations

as controlled studies of jet formation. The magnitude and location of latitudinal

temperature contrast implemented were tuned to produce proper strength of zonal

jets and direction of the equatorial flow. The advantage of these controlled studies is

that we can understand the basic physics of jet-driving mechanisms: zonal jets in the

thermally forced region are driven by eddies while deep jets are driven by Coriolis

acceleration on meridional circulation cells; the spacing of zonal jets is controlled
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by the Rhines scale. The disavantage is that the imposed latitudinal temperature

contrasts in these simulation may not naturally form on the giant planets.

Next, we turn to the consideration of jet formation under a more natural process–

large-scale moist convection, which has been repeatedly suggested as a source of

energy that drives the winds on the giant planets. Our models explicitly include

water vapor and its condensation and the resulting latent heating. We find that

moist convection can naturally produce banded zonal jets similar to those observed

on the giant planets. Again, we found the zonal jets in the weather layer are driven

by the convergence of eddy momentum flux that results from lateral temperature

contrast produced by condensation of water vapor. Our simulations also produce

equatorial superrotation for Jupiter and Saturn and subrotation for Uranus and

Neptune. Although the speeds of the superrotation and subrotation are weaker than

observed, our simulations provide a possible mechanism to explain the dichotomy

in equatorial-jet direction between the gas giants (Jupiter/Saturn) and ice giants

(Uranus/Neptune) within the context of a single model. The question remains in

the model as to what determines the strength of the observed winds. Based on

our simulations, we speculate that large-scale latent heating alone can predict the

number of zonal jets and direction of the equatorial flow; however, the strength of

these jets will be modified by other dynamic processes not included in the present

models.

Our models based on shallow forcing mechanisms can indeed produce jet struc-

tures that are similar to those on the giant planets, though we cannot exclude other

possible mechanisms. To date, the shallow forcing models and deep forcing models

are still heavily debated though they all can produce banded jet structures on the

giant planets (see Vasavada and Showman (2005) for a review). Recent work by

Scott and Polvani (2008) used a shallow water model and sucessfully produced the

equatorial superrotation. In their model, the jets are driven by vorticity sources.

However, this process may not correctly represent the vorticity creation associated

with moist convection; the forcing is ad-hoc and not rigorously intended to be a

parameterization of convection. Showman (2007) used mass injection to represent
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the moist convection in his shallow water model and produced equatorial subrota-

tion. The major difference between the two models is the representation of moist

convection. This further suggests that the equatorial superrotation generated in

Scott and Polvani’s model is questionable.

Deep forcing models, on the other hand, generally produce equatorial superro-

tation. All the giant planets, except Uranus, exhibit large internal heat flux that

is almost twice as large as the incident solar radiation. The deep forcing models

based on this fact focus on the large-scale dynamics driven by the deep convection.

Despite the success in generating banded zonal winds and equatorial superrotation,

these models generally require internal heat flux about several orders of magnitude

larger than observed (Heimpel et al., 2005; Aurnou et al., 2007). Nonetheless, the

deep models predict the same direction of equatorial flow for all the giant planets if

they use observed values of internal heat flux. This brings up the question of wether

the observed winds are indeed generated by deep convection alone, especially on

Uranus and Neptune.

Schneider and Liu (2008) developed a 3D numerical model that produced banded

zonal jets and an equatorial superrotation on Jupiter. This is first model that com-

bines the deep convection and absorption of solar radiation in a shallow atmosphere.

However, their model is hydrostatic thus the direct simulation of deep convection is

not possible. This poses a question about how they determined the lower bound-

ary condition for a shallow atmosphere since deep convection transports the heat

from deep interior and modifies the heat flux at the lower boundary of the shallow

atmosphere. A hybrid model that can directly simulate deep convection, shallow

atmospheric dynamics and realtime response between them, though highly desired,

is very difficult to realize due to the high cost of simulation time.

Due to the uncertainties and difficulties posed in shallow-deep combined mod-

els, our future models will focus on improving the shallow forcing scenario. Our

moist-convection model is a success. However, there are some important processes

missing in our models, such as evaporation, precipitation, cloud formation and re-

alistic radiative transfer. Cloud processes are known to affect the static stability
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of the atmosphere. Condensation of water vapor releases latent heat and causes

warming of atmosphere, while evaporation of cloud liquid or ice, on the other hand,

causes cooling of the atmosphere. Moreover, exchange of air between clouds and

their environment can not only affect the large-scale circulation, but also the sta-

bility of the atmosphere. Clouds also affect the radiative energy budget, which can

modify dynamical processes including direct meridional circulations and baroclinic

instabilities. Palotai and Dowling (2008) added water and ammonia cloud micro-

physics to their EPIC general circulation model and studied the dynamics under

the influence of cloud microphysics. Their studies showed that moist convection

with cloud microphysics can change the static stability of the atmosphere, and at

the same time, large-scale dynamics can modify the formation of clouds. However,

these studies focused on one-dimensional and two-dimensional dynamics; thus the

global effect of moist convection remains unknown.

One possible option to include cloud microphysics in our current model is to

implement the Relaxed Arakawa-Schubert (RAS) parameterization of large-scale

moist convection. Relaxed Arakawa-Schubert (Moorthi and Suarez, 1992) is nu-

merically simplified version of the Arakawa-schubert (AS) scheme, which chooses

to parameterize the formation of various types of the cumulus clouds and handles

percipitation, evaporation as well as latent heating. Arakawa and Schubert (1974)

used a single entrainment parameter to define various types of cloud in terms of

the height of cloud top. The lifetime of clouds are determined by cloud type, mass

flux at the base of clouds and available convective energy within the clouds. The

AS parameterization has been widely used in general circulation models (GCMs)

to simulate large-scale rainfall, the time variation of humidity, global temperature

change and cloud-dynamics interaction. It is able to provide good match bewteen

simulations and observations on Earth (Lord, 1982; Sud and Molod, 1988), and

most state-of-the-art Earth GCMs use variants of the AS scheme. RAS chooses

to linearize the relation between the entrainment parameter and mass flux within

the clouds and uses a simple relaxation scheme to estimate the time variation of

convective available potential energy. This model reduces the complexity of the
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AS parameterization but still provides satisfactory results (Sud and Walker, 1999).

Thereby, we will choose RAS to parameterize the cloud microphysics in our future

models. We expect the new model with RAS parameterization can give a better

explanation of jet formation under large-scale moist convection.
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APPENDIX A

PRIMITIVE EQUATIONS IN PRESSURE COORDINATE

The governing equations in our simulations are the standard primitive equations in

pressure coordinate (Holton, 2004). The primitive equations, composed of contitu-

ity, momentum and thermodynamic equations, are simpified version of the Navior-

Stokes equations that govern fluid dynamics. These equations, which adopt the hy-

drostatic approximations, give very good approximation to the large-scale dynamics

in shallow atmospheres and have been widely implmented to atmospheric circulation

models. The advantage of pressure coordinate is to simplify the pressure-gradient

force and continuity equation in hydrostatic equalibrium system.

The original Navier-Stokes governing equations are, in a non-rotating reference

frame:

Dρ

Dt
+ ρ(∇ · v) = 0 (A.1)

ρ
Dv

Dt
= −∇p + ∇ · (µ∇v) + F (A.2)

cp
DT

Dt
−

1

ρ

Dp

Dt
=

1

ρ
∇ · k∇T + Q (A.3)

Where v is the wind vector, µ is the dynamic viscosity, k is the thermal conduc-

tivity, F is the external forcing and Q is the external heat source. 1
ρ

Dp
Dt

is the work

done by compression/expansion of the air. For the atmosphere of the giant planets,

we ignore the viscous effects and thermal diffusion. Now Eq. A.2 and Eq. A.3 can

be written as

ρ
Dv

Dt
= −∇p + F (A.4)
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cp
DT

Dt
−

1

ρ

Dp

Dt
= Q (A.5)

We further assume the atmosphere is in hydrostatic equalibrium, thus the vertical

momentum equation is reduced to

∂p

∂z
= −ρg (A.6)

In planetary atmosphere, the above governing equations should include the ef-

fects from planet rotation (Coriolis and centrifugal forces) and curvature of the

planet. Here a parameter f (the Coriolis parameter) is introduce to charactorize

the planet rotation. The momentum equation Eq. A.4 thus can be written as (see

Holton (2004) for detailed derivation)

Dvh

Dt
+ f k̂ × v = −

∇hp

ρ
(A.7)

where vh is the horizontal wind vector. Note that the centrifugal force has been

absorbed into the effective gravity (Holton, 2004).

Next we introduce the pressure coordinate which replaces the height coordinate

z by pressure p. When the atmosphere is in hydrostatic equalibrium, the mass of

air between isobaric surfaces is conserved. Based on this concept, one can make

great simplication of continuity equation A.1 in pressure coordinate, where the

calculation of partial time derivative of density is eleminated. For a given control

volume (δx, δy, δz) between two isobaric surfaces, conservation of mass requires

D

Dt
(ρδxδyδz) = 0 (A.8)

Hydrostatic equalibrium states δp
δz

= −ρg, thus above equation can be rewritten

as
D

Dt
(δxδyδp) = 0 (A.9)

Next we expand this equation and multiply it by 1
δxδyδp

1

δx

Dδx

Dt
+

1

δy

Dδy

Dt
+

1

δp

Dδp

Dt
= 0 (A.10)
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The total derivative of δx, δy and δp gives velocity δu, δv and δω, where ω = Dp
Dt

is the vertical velocity in pressure coordinate.

In the limit where the control volume is infinitesimally small, we have the con-

tinuity equation in form of

∇p · vh +
∂ω

∂p
= 0 (A.11)

The momentum equations can be expressed in pressure coordinate by introducing

geopotential Φ =
∫ z
0 gdz on isobars. The conversion of pressure gradient between

height coordinate to pressure coordinate thus can be shown as

−
1

ρ
(
∂p

∂x
)z = −(

∂Φ

∂x
)p (A.12)

−
1

ρ
(
∂p

∂y
)z = −(

∂Φ

∂y
)p (A.13)

and
∂Φ

∂p
= −

1

ρ
(A.14)

.

Replacing the pressure gradient terms in Eq. A.7 by Eq. A.12 and Eq. A.13, we

now have horizontal momentum equation (neglecting external forcing)

Dvh

Dt
+ fk̂ × vh + ∇pΦ = 0 (A.15)

Finally we replace temperature T by potential temperature θ that characterizes

adiabatic processes. The conversion between T and θ is T = θ( p
p◦

)κ, where κ is

the ratio of the gas constant to the specific heat capacity at constant pressure.

Substituting this into the energy equation (Eq. A.5), we have

(
p

p◦
)κDθ

Dt
+
κ

p
(
p

p◦
)κθ

Dp

Dt
−

1

ρcp

Dp

Dt
=

Q

cp
(A.16)

Notice that κ = R
cp

, θ = (p◦
p
)κT and p = ρRT (ideal gas), we finally have the energy

equation in terms of potential temperature as

Dθ

Dt
= Qθ (A.17)
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where Qθ = 1
cp

(p◦
p
)κQ.

Equations A.11, A.14, A.15 and A.17 assemble the primitive equations in

pressure coordinate that need to be sovled in our simulations.
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A. Simon-Miller, J. F. Rojas, J. M. Gómez, P. Yanamandra-Fisher, L. Fletcher,
J. Joels, J. Kemerer, J. Hora, E. Karkoschka, I. de Pater, M. H. Wong, P. S.



128

Marcus, N. Pinilla-Alonso, F. Carvalho, C. Go, D. Parker, M. Salway, M. Val-
imberti, A. Wesley, and Z. Pujic (2008). Depth of a strong jovian jet from a
planetary-scale disturbance driven by storms. Nature, 451, pp. 437–440. doi:
10.1038/nature06533.

Saravanan, R. (1993). Equatorial Superrotation and Maintenance of the General
Circulation in Two-Level Models. Journal of Atmospheric Sciences, 50, pp. 1211–
1227.

Schneider, T. and J. Liu (2008). Formation of jets and equatorial superrotation on
Jupiter. Journal of Atmospheric Sciences.

Scott, R. K. and L. M. Polvani (2007). Forced-Dissipative Shallow-Water Turbulence
on the Sphere and the Atmospheric Circulation of the Giant Planets. Journal of
Atmospheric Sciences, 64, pp. 3158–+. doi:10.1175/JAS4003.1.

Scott, R. K. and L. M. Polvani (2008). Equatorial superrotation in shallow
atmospheres. Geophysics Research Letters, 35, pp. 24202–+. doi:10.1029/
2008GL036060.

Seiff, A., D. B. Kirk, T. C. D. Knight, R. E. Young, J. D. Mihalov, L. A. Young,
F. S. Milos, G. Schubert, R. C. Blanchard, and D. Atkinson (1998). Thermal
structure of Jupiter’s atmosphere near the edge of a 5-µm hot spot in the north
equatorial belt. J. Geophys. Res, 103, pp. 22857–22890. doi:10.1029/98JE01766.

Shapiro, R. (1970). Smoothing, filtering, and boundary effects. Rev. Geophys. Space
Phys., 8, pp. 359–387.

Showman, A. P. (2007). Numerical simulations of forced shallow-water turbulence:
effects of moist convection on the large-scale circulation of Jupiter and Saturn. J.
Atmos. Sci, 64, pp. 3132–3157.

Showman, A. P., P. J. Gierasch, and Y. Lian (2006). Deep zonal winds can result
from shallow driving in a giant-planet atmosphere. Icarus, 182, pp. 513–526.
doi:10.1016/j.icarus.2006.01.019.

Simon-Miller, A. A., B. J. Conrath, P. J. Gierasch, G. S. Orton, R. K. Achterberg,
F. M. Flasar, and B. M. Fisher (2006). Jupiter’s atmospheric temperatures: From
Voyager IRIS to Cassini CIRS. Icarus, 180, pp. 98–112. doi:10.1016/j.icarus.2005.
07.019.

Sromovsky, L. A., F. A. Best, A. D. Collard, P. M. Fry, H. E. Revercomb, R. S.
Freedman, G. S. Orton, J. L. Hayden, M. G. Tomasko, and M. T. Lemmon
(1996). Solar and Thermal Radiation in Jupiter’s Atmosphere: Initial Results of
the Galileo Probe Net Flux Radiometer. Science, 272, pp. 851–854.



129

Sromovsky, L. A., A. D. Collard, P. M. Fry, G. S. Orton, M. T. Lemmon, M. G.
Tomasko, and R. S. Freedman (1998). Galileo probe measurements of thermal
and solar radiation fluxes in the Jovian atmosphere. J. Geophys. Res, 103, pp.
22929–22978. doi:10.1029/98JE01048.

Sromovsky, L. A., P. M. Fry, and K. H. Baines (2002). The Unusual Dynamics of
Northern Dark Spots on Neptune. Icarus, 156, pp. 16–36. doi:10.1006/icar.2001.
6761.

Sromovsky, L. A., P. M. Fry, T. E. Dowling, K. H. Baines, and S. S. Limaye (2001).
Coordinated 1996 HST and IRTF Imaging of Neptune and Triton. III. Neptune’s
Atmospheric Circulation and Cloud Structure. Icarus, 149, pp. 459–488. doi:
10.1006/icar.2000.6564.

Sromovsky, L. A., S. S. Limaye, and P. M. Fry (1993). Dynamics of Neptune’s
Major Cloud Features. Icarus, 105, pp. 110–141. doi:10.1006/icar.1993.1114.

Sromovsky, L. A., H. E. Revercomb, R. J. Krauss, and V. E. Suomi (1983). Voyager
2 observations of Saturn’s northern mid-latitude cloud features - Morphology,
motions, and evolution. J. Geophys. Res., 88, pp. 8650–8666.

Stamp, A. P. and T. E. Dowling (1993). Jupiter’s winds and Arnol’d’s second
stability theorem: Slowly moving waves and neutral stability. J. Geophys. Res.,
98, pp. 18847–18855.

Suarez, M. J. and D. G. Duffy (1992). Terrestrial Superrotation: A Bifurcation of
the General Circulation. Journal of Atmospheric Sciences, 49, pp. 1541–1556.

Sud, Y. and A. Molod (1988). The Roles of Dry Convection, Cloud-Radiation Feed-
back Processes and the Influence of Recent Improvements in the Parameterization
of Convection in the GLA GCM. Monthly Weather Review, 116, pp. 2366–+. doi:
10.1175/1520-0493(1988)116.

Sud, Y. C. and G. K. Walker (1999). Microphysics of Clouds with the Relaxed
Arakawa-Schubert Scheme (McRAS). Part II: Implementation and Performance
in GEOS II GCM. Journal of Atmospheric Sciences, 56, pp. 3221–3240. doi:
10.1175/1520-0469(1999)056.

Vasavada, A. R. and A. P. Showman (2005). Jovian atmospheric dynamics: an
update after Galileo and Cassini. Reports of Progress in Physics, 68, pp. 1935–
1996. doi:10.1088/0034-4885/68/8/R06.

Williams, G. P. (1978). Planetary circulations. I - Barotropic representation of
Jovian and terrestrial turbulence. Journal of Atmospheric Sciences, 35, pp. 1399–
1426.



130

Williams, G. P. (1979). Planetary circulations. II - The Jovian quasi-geostrophic
regime. Journal of Atmospheric Sciences, 36, pp. 932–968.

Williams, G. P. (2002). Jovian dynamics. Part II: The genesis and equilibration of
vortex sets. Journal of Atmospheric Sciences, 59, pp. 1356–1370.

Williams, G. P. (2003a). Barotropic instability and equatorial superrotation. Journal
of Atmospheric Sciences, 60, pp. 2136–2152.

Williams, G. P. (2003b). Jet sets. Journal of the Meteorological Society of Japan,
81, pp. 439–476.

Williams, G. P. (2003c). Jovian Dynamics. Part III. Multiple, migrating, and equa-
torial jets. Journal of Atmospheric Sciences, 60, pp. 1270–1296.

Williams, G. P. (2006). Equatorial superrotation and barotropic instability: Static
stability variants. Journal of Atmospheric Sciences, 63, pp. 1548–1557.

Yair, Y., Z. Levin, and S. Tzivion (1995). Lightning generation in a Jovian thun-
dercloud: Results from an axisymmetric numerical cloud model. Icarus, 115, pp.
421–434. doi:10.1006/icar.1995.1108.

Yamazaki, Y. H., P. L. Read, and D. R. Skeet (2005). Hadley circulations and Kelvin
wave-driven equatorial jets in the atmospheres of Jupiter and Saturn. Planetary
and Space Science, 53, pp. 508–525. doi:10.1016/j.pss.2004.03.009.

Zarka, P. and B. M. Pedersen (1986). Radio detection of Uranian lightning by
Voyager 2. Nature, 323, pp. 605–608.


