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ABSTRACT

I studied the atmospheric jet streams of Jupiter and Saturn through numerical simu-

lations. Jupiter and Saturn have approximately 30 and 15 jet streams, respectively,

alternatively blowing eastward and westward at the cloud level. My studies are

motivated by recent space probe observations of the giant planets, which are re-

vealing vertical structures and time dependent behaviors of the atmospheric jets.

Such new findings are important keys to understanding how the jets are driven and

maintained.

My first project tested the hypothesis that a large convective storm on Sat-

urn observed in 1990 decelerated the equatorial jet. The equatorial jet’s speed is

reported to be ∼275 ms−1 today, half of the speed measured by the Voyagers in

1980-81. It has been hypothesized that the large storm is responsible for caus-

ing the observed slowdown. Our result shows that the storm’s effect is insufficient

to cause a slowdown of the observed magnitude. The second project investigated

the formation of Jovian jet streams, namely, whether Jupiter-like atmospheric jets

emerge from self-organization of small initial vortices. Thunderstorms are observed

on Jupiter and have been proposed to be the sources of small-scale vorticity. Our

result shows that self-organization of initial small vortices leads to east-west jets

under various Jupiter-like conditions. Third, I tested the stability of shallow at-

mospheric jets under Jovian conditions. Deep atmospheric jets have been shown to

be stable on Jupiter; however, the possibility that those jets are shallow, with the

point of zero-motion at perhaps ∼100-bar level, is not well explored and deserves a

thorough examination.
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CHAPTER 1

Atmospheric Jet Streams on Jupiter and Saturn – Overview

Telescopic observations of Jupiter reveal alternating light and dark latitudinal bands

on the visible surface. Under good observing conditions, these structures are visible

even through a small backyard telescope. On Jupiter, the dark bands are called the

belts and the light bands are called the zones. Saturn has a similar banded structure.

Although Saturn’s bands are largely masked by the upper atmospheric haze, when

observed in infrared wavelengths to probe beneath the haze, a clear banded structure

similar to that of Jupiter becomes clearly visible. Images of Jupiter and Saturn taken

by the Cassini spacecraft are shown in Figure 1.1, illustrating the banded structure.

Jupiter and Saturn’s banded structures are associated with atmospheric jet

streams, or the zonal jets. Voyager observations of Jupiter and Saturn revealed

the presence of atmospheric jet streams at the cloud levels of those planets. Fig. 1.2

shows the east-west wind component u as a function of latitude, or the zonal wind

profiles, for Jupiter (Limaye, 1986) and Saturn (Sánchez-Lavega et al., 2000), mea-

sured in 1979 and 1980-81, respectively, by the Voyager space probes. Both Jupiter

and Saturn have a particularly broad and fast eastward equatorial jet, which is

surrounded by narrower, slower jets at the higher latitudes alternating between

eastward and westward. The peak latitudes of the zonal wind profile roughly corre-

spond to the boundaries between belts and zones, such that, in the northern hemi-

sphere, the zonal wind has right-handed vorticity (seen from above) in the belts and

left-handed vorticity in the zones. The local vertical component of the planetary

vorticity, the vorticity for the solid-body rotation of the planet, is right-handed in

the northern hemisphere and left-handed in the southern hemisphere. When the

wind vorticity has the same sign (right or left handed) as the planetary vorticity,

the vorticity of the wind is called cyclonic while the opposite-sign vorticity is called

anticyclonic; consequently, the belts are cyclonic and the zones are anticyclonic on
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Figure 1.1: From top left, in clockwise: Jupiter in visible light, Saturn in vis-
ible light, and Saturn in infrared. The visible images are taking using Cassini
Imaging Subsystem camera, and the infrared image is taken by the Visible and In-
frared Mapping Spectrometer camera, also onboard Cassini. (Public domain images,
NASA/JPL/University of Arizona)

Jupiter and Saturn.

There are many fundamental questions yet to be answered about the zonal jets

on Jupiter and Saturn.

First, the vertical structure of the zonal jets is largely unknown. The wind

measurements on the gas giant planets are done by tracking cloud motions in image

sequences, either manually or using automated algorithms. The gas giant planets do

not have a hard surface; thus, we measure the wind speeds with respect to the rota-

tion rate of the planetary magnetic field, which presumably represents the rotation

of the deep planetary interior. The altitudes of the tracked clouds are constrained by

radiative transfer analyses, which model the radiation absorbed by the atmosphere



20

Figure 1.2: East-west component of the zonal mean wind as a function of latitude
for Jupiter (left, from Ingersoll et al. (2004)) and Saturn (right, from Sánchez-
Lavega et al. (2000)). The shaded (light) regions in the left panel denote cyclonic
(anticyclonic) shear zones. The two planets have similar zonal jet structures.

above the cloud tops, to determine the mass per area of the atmospheric gas that

overlies the clouds, while the compositions of the gas is constrained through other

methods. Using hydrostatic approximation and the ideal gas law, the atmospheric

mass per area is easily converted to the pressure exerted by the overlying gas at the

cloud level, thus pressure is used as a convenient vertical coordinate in describing gas

giant planet atmospheres. Using pressure as a vertical coordinate is possible because

a planetary atmosphere is approximately hydrostatic almost everywhere except for

very small isolated areas such as in the convective cores of thunderstorms.

It is possible to detect vertical shear of the zonal wind by tracking clouds at

multiple altitudes from observations using multiple wavelengths, as done by Li et al.

(2006); however, obtaining the wind speed as a function of depth is a challenging

task, and very little is known about the wind speeds below the thick cloud layer. To
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date, the Galileo entry probe doppler wind experiment represents the only in situ

measurement that returned deep winds, shown in Figure 1.3 (Atkinson et al., 1998).

Observationally, it may be possible to constrain the deep winds by measuring the

shape of the gravitational field of the planet. If the zonal jets extend a substantial

fraction of the planetary radius, they perturb the shape of the gravitational field of

the planet (Hubbard, 1999). This deviation in the shape of the gravitational field is

detectable by a polar orbiter, and it is one of the objectives of the upcoming Juno

mission to be launched in 2010.

Figure 1.3: Galileo entry probe measurement of eastward wind component as a
function of depth (from Showman and Ingersoll (1998))

Second, the steadiness of the zonal jets is a major puzzle in the field. The winds

in the zonal jets have very small dependence on longitude, which results in remark-

able rotational symmetry of the wind profile around the planetary rotation axis.

The jets are extremely steady in time as well. Figure 1.4 compares the zonal wind

profile measured by the Voyagers in 1979 in red, and the Cassini measurements

in 2000 in black, which show that the speeds and latitudes of the jet peaks are

nearly steady (small changes that did occur are summarized in Vasavada and Show-

man (2005)). The spatial and temporal wind stabilities are surprising given that
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“Jupiter’s winds strongly violate every shear stability theorem found in current dy-

namic meteorology textbooks” (Dowling, 1995b). Various shear stability theorems

in the field are summarized in Dowling (1995a). The existing shear stability criteria

put constraints on the gradient of the wind shear with latitude, or the second deriv-

ative of the wind, i.e., the curvature of the zonal wind profile with latitude. At the

fundamental level, we, as a field, do not have an understanding on why the shear

stability criteria place constraints on the gradient of the wind shear. As Lindzen

(1988) describes, the situation is in a contrast to the convective instability, or the

Rayleigh convection problem, in which the fluid becomes unstable when a denser

fluid sits atop a less dense fluid. In the Rayleigh problem, convection acts to reduce

the potential energy in the system. The process of convection is highly non-linear

and the flow solution is extremely hard to obtain; nevertheless, the mechanism to

reduce the potential energy in the system is clear. However, in the shear instability

problem, it is unclear how instability reduces the energy in the system, and we do

not yet have a complete stability theorem that describes the zonal jets on Jupiter

and Saturn.

The third issue is the fast eastward equatorial jets of Jupiter and Saturn. The

fact that the equatorial atmospheres of those planets possess more angular momen-

tum per mass than the rest of the planet remains unexplained — this is the problem

of the equatorial superrotation. Jupiter and Saturn contrast with the other two

gas giant planets in our solar system, Uranus and Neptune, which have westward

equatorial jets. We also know that two terrestrial bodies, Venus and Titan also

have superrotating atmospheres, while Earth’s equatorial troposphere subrotates,

or, the wind direction opposes the planetary rotation (nevertheless the motion of

the atmosphere is slow relative to the rotation and, in the inertial frame, the at-

mosphere does not rotate in the opposite direction from the rest of the planet), so the

problem of superrotation is not limited to the gas giant planets. Since diffusion of

momentum cannot produce a local minimum or maximum of momentum per mass,

a momentum transport mechanism that can cause an up-gradient momentum flux

must exist to maintain a superrotating equator. Numerical modeling of Venus and
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Figure 1.4: Comparison between Voyager (red) and Cassini (black) wind profiles
from 1979 and 2000, respectively. From Porco et al. (2003).

Titan (Del Genio et al., 1993) and Jupiter (Yamazaki et al., 2005) have suggested

momentum flux mechanisms under idealized conditions; however, whether the real

planets behave as in their scenarios is yet to be tested.

Fourth, what drives the zonal jets and how they are shaped also remain a major

unsolved problem. There are two endpoint scenarios to explaining the zonal jets

on Jupiter. One hypothesizes that the jets at the visible surface are manifestations

of deep convective motions. Both Jupiter and Saturn release more heat than they

receive from the sun (Hanel et al., 1981; Conrath and Pirraglia, 1983). Gas giant

planets release internal heat as observable infrared radiation. The rate at which

heat is released at the surface suggests that internal thermal convection is responsi-

ble for the heat transport to the surface since diffusion is too inefficient to cause the

observed infrared heat flux. The planets radiate heat away to space as their interiors

cool down. Numerical simulations of the deep internal convection have produced a

prograde equatorial jet and narrower higher latitude jets (e.g., Heimpel and Aurnou
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(2007)), although numerical models must assume unrealistically high heat flux to

accelerate the spin-up process, and its implications are unclear. Also, deep convec-

tion models do not reproduce vortices, which are important characteristics of the

gas-giant planets’ atmospheres. The other endpoint scenario is that the turbulence

driven by the small-scale forcing near the cloud level self-organize to form zonal jets.

The forcing may be provided by thunderstorms or instabilities driven by solar or

internal heating. A detailed discussion on this topic will be presented in Chapter 4.

Also, when discussing deep or shallow winds on the giant planets, it is crucial to

distinguish between the deep or shallow forcing on the winds or deep or shallow

structures of the winds (Vasavada and Showman, 2005). Showman et al. (2006) and

Lian and Showman (2006) revealed that shallow forcing can drive deep winds on

the Jovian planets; therefore, finding deep winds is not equivalent of proving that

the forcing is deep.

My thesis projects are motivated by recent observations that reveal time-

dependent behaviors and vertical structures in the atmospheres of Jupiter and Sat-

urn. The rest of the dissertation is structured as follows. In Chapter 2, I describe

some essential concepts in geophysical fluid dynamics I used in my thesis projects.

The first project is presented in Chapter 3, where I test the hypothesis that a recently

reported dramatic equatorial jet slowdown on Saturn is caused by an enormous con-

vective outburst observed in 1990. In the second project, presented in Chapter 4,

I investigate whether zonal jets can emerge from a 3D stratified atmospheric flow

initialized with numerous small vortices. Convective storms are one mechanism that

can produce small vortices. Chapter 5 presents an unpublished preliminary result on

the investigation of the stability of shallow Jovian jets. The final chapter discusses

future extensions of my projects.
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CHAPTER 2

Essential Concepts

This chapter explains and derives a few essential concepts that are used in the fol-

lowing chapters. The goal of this chapter is to provide a qualitative understanding

of basic aspects of planetary atmospheric dynamics relevent to my projects, and

not to present a rigorous derivations of theorems. For a rigorous presentation of

the subject, readers are referred to textbooks covering atmospheric dynamics such

as Holton (1992), Gill (1982), and Dutton (1986). Andrews et al. (1987) provides

a more in-depth treatment on the subject, and Pedlosky (1987) covers the mate-

rial with detailed mathematical descriptions of the problems in geophysical fluid

dynamics.

2.1 Geostrophic Balance

We start our discussion with the Navier-Stokes equation, the fundamental equation

governing fluid motions

d~u

dt
= ~ut + (~u · ∇)~u = −∇p

ρ
− 2Ω× ~u−∇Φ + ~F , (2.1)

where ~u is the flow field vector, p is the pressure, ρ is the density, ~Ω is the angular

velocity for the rotating reference frame, Φ is the gravitational potential, and ~F

is forcing, either an external forcing other than gravity or internal force such as

friction. For the rest of the chapter, we assume ~F = 0. Note that the centrifugal

term is absorbed in the gravity term because it merely shifts the direction of the

apparent gravity force in this reference frame.

On a fast rotating planetary surface, the local horizontal components (i.e., the

components perpendicular to gravity), of the first two terms in the right hand side of

the equation dominate the dynamics. The first term represents the pressure gradient
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force, and the second is the Coriolis term. This force balance is called geostrophic

balance, and the situation is called geostrophy. The validity of geostrophy can be

measured using a nondimensional number called the Rossby number, defined as

Ro ≡ U

fL
(2.2)

where U is the characteristic flow speed, f is the local vertical component of ~Ω and

L is the characteristic length scale. Geostrophy is strong when Ro ¿ 1. Geostrophy

is a good approximation for stable planetary vortices. For example, Jupiter’s Great

Red Spot has U ∼102 ms−1, f ∼ 10−4 s−1 and L ∼ 107 m, thus Ro ∼ 0.1. We use

this approximation to construct the vortices in our initial conditions in Chapter 4.

2.2 Deformation Radius

When fluid motions are affected by fast planetary rotation, there is a characteristic

length scale for the gravitational relaxation of unbalanced motion. This is calculated

by taking the ratio between the gravity wave speed and the Coriolis parameter f . For

example, in a shallow incompressible fluid layer, the gravity wave speed is cg =
√

gh

where g is the surface gravity and h is the fluid thickness. Consequently, the length

scale for the gravitational relaxation is

LD =

√
gh

f
, (2.3)

which is called the Rossby deformation radius. The form of deformation radius is

modified near the equator, as shown in Chapter 3 and in a 3D stratified flow, as in

Chapter 4.

2.3 Thermal Wind

A horizontal gradient in temperature implies that the vertical spacing of the isobars

varies horizontally. This makes the slope of isobars dependent on altitude, and the

pressure-gradient force varies accordingly in the vertical. Geostrophically balancing
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such a system requires the wind to have vertical shear. The result is the thermal

wind equations

∂u

∂p
= f−1 ∂

∂y

{
RT

p

}

∂v

∂p
= −f−1 ∂

∂x

{
RT

p

}
.

(2.4)

Note that, the hydrostatic approximation allowed us to use pressure p as the vertical

coordinate since p becomes a monotonically decreasing quantity with increasing

altitude. In (2.4), u and v are the eastward and northward wind components,

respectively. x and y are eastward and northward horizontal length coordinates

along the spherical surface, respectively, and R is the specific gas constant.

The thermal wind relations are extremely useful for interpreting the observa-

tions of the Jovian planets, where obtaining the vertical wind structure is a major

challenge. For example, when an infrared measurement finds an increasing temper-

ature distribution with increasing latitude (i.e., ∂T/∂y > 0), we know that the the

eastward wind speed increases with depth, ∂u/∂p > 0. From such measurements,

we know that many of the zonal jets’ speeds decrease with increasing altitudes on

both Jupiter and Saturn (Pirraglia et al., 1981).

2.4 Manipulation of the Equation of Motion – Vorticity Equation

For the following sequence of exercises, we write the equation of motion in terms of

vorticity, the curl of the flow field.

We start from Navier-Stokes equation (2.1). Using the vector identity

∇( ~A · ~B) = ~B × (∇× ~A) ~A× (∇× ~B) + ( ~B · ∇) ~A + ( ~A · ∇) ~B

we can write the second term on the middle part of (2.1) as

(~u · ∇)~u =
∇(~u)2

2
− ~u× ~ω (2.5)

where ~ω = ∇ × ~u is the relative vorticity, the vorticity measured in the rotating

reference frame.
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Using (2.5), we can rewrite the Navier-Stokes equation (2.1) as

~ut + (2~Ω + ~ω)× ~u = −∇p

ρ
−∇

(
Φ +

(~u)2

2

)
(2.6)

For the rest of this chapter, subscripts x, y and t indicate partial differentiations by

the respective variable, unless otherwise noted. Taking the curl of (2.6) gives us the

vorticity equation

~ωt +∇×
(
(2~Ω + ~ω)× ~u

)
=
∇ρ×∇p

ρ2
(2.7)

Note that 2~Ω is the vorticity of solid body rotation, planetary vorticity. As noted

before, ~ω is the relative vorticity, so their sum is the absolute vorticity, the vorticity

measured in the inertial reference frame.

2.5 Potential Vorticity

When the fluid motion satisfies (2.7), a conserved quantity

q =
~ωa

ρ
∇λ (2.8)

can be defined, when λ is any conserved quantity, and either λ is a function only

of p and ρ, or the flow satisfies ∇ρ ×∇p = 0. This quantity is called the potential

vorticity (PV). Its conservation theorem is proved in Pedlosky (1987). For example,

in a shallow incompressible fluid layer of thickness h (i.e., a shallow-water model),

PV becomes

q =
ωa

h
(2.9)

where ωa is the vertical component of ~ωa. Since PV is a conserved dynamical quan-

tity, its redistribution can place constraints on the fluid motion, and our analyses

in Chapter 3 takes advantage of this conservation law.

2.6 Barotropic Equation of Motion and its Linearization

So far, everything has been kept exact, so now we start introducing some useful

approximations.
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First, we require the density ρ to be an explicit function only of pressure p.

This is called the barotropic condition. When such is the case, the isobaric and

isopycnal (i.e. constant density) surfaces in the system are parallel everywhere, and

consequently,

∇ρ×∇p = 0. (2.10)

If, on the other hand, the system does not satisfy the relation (2.10), the condition

is called baroclinic. Then, we require the flow to be two dimensional such that

~u = ux̂ + vŷ, (2.11)

(x̂ and ŷ are eastward and northward unit vectors, respectively) and the local vertical

component of the relative vorticity becomes (in Cartesian coordinates)

ζ = vx − uy (2.12)

Using the above approximations, the vorticity equation (2.7) becomes

ζt + (∇× ((2~Ω + ~ω)× ~u))z = 0 (2.13)

which reduces to

(∂t + ~u · ∇H)(f + ζ) = 0 (2.14)

where ∇H ≡ x̂∂x + ŷ∂y is the horizontal gradient operator. For the rest of the

dissertation, we call ζ the vorticity without ambiguity.

Now, we linearize (2.14) with

u(x, y, t) = ū(y) + u′(x, y, t),

v(x, y, t) = v′(x, y, t)
(2.15)

where ū is the time-independent background flow and the primed quantities are

the small time-dependent perturbation about the background. We choose the back-

ground flow to be in the east-west direction because that is the dominating com-

ponent of winds in the planetary atmospheres. Using (2.15), the vorticity can be
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written as

ζ = vx − uy = v′x − (ūy − u′y)

= −ūy + v′x − u′y

= ζ̄ + ζ ′

(2.16)

By definition of the stream function

u′ = −ψy

v′ = ψx,
(2.17)

we can write the perturbation vorticity as

ζ ′ = ∇H
2ψ (2.18)

which makes the vorticity

ζ = −ūy +∇H
2ψ. (2.19)

Plugging in the vorticity (2.19) into the vorticity equation (2.14) and eliminating

the nonlinear terms yield the linearized vorticity equation

∂t(∇H
2ψ) + ū∇H

2ψx + ψx(β − ūyy) = 0, (2.20)

where β is defined by the Taylor expansion of the Coriolis parameter around the

latitude of interest y = y0

f(y) = f |y0 + βy

β ≡ fy|y0 .
(2.21)

This is called the β-plane approximation, which is used repeatedly in my work.

2.7 Rossby Wave

Now, we seek a wave solution to the linearized vorticity equation (2.20). We take

an ansatz

ψ = Aei(kxx+kyy−ωt) (2.22)
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where A is a constant amplitude, i ≡ √−1, kx and ky are constant x and y wavenum-

bers, respectively, and ω is the angular frequency of oscillation.

Assuming no background wind ū = 0, plugging (2.22) into (2.20) gives us the

dispersion relation

ω = − βkx

k2
x + k2

y

, (2.23)

which is also the condition that our ansatz is a valid solution. These types of wave

modes are called the Rossby waves, and the solution was first found by Rossby

(1939).

2.8 Rhines Length

In Chapter 4, I present nonlinear numerical simulations that demonstrate that zonal

jets emerge from random initial turbulence. Detailed history on the subject is

presented in the later chapter, but the idea is based on Rhines’ discovery that,

when β is large enough, isotropic turbulence can anisotropically self-organize such

that the resulting zonal structures has a dominant north-south wavenumber

kβ =

√
β

U
. (2.24)

Maltrud and Vallis (1993) and Rhines (1994) show that the Rossby wave disper-

sion relation 2.23 can be written

ω = −βk cos α

k2
= −β cos α

|k| (2.25)

where horizontal Rossby-wave wavenumber is k =
√

k2
x + k2

y, and α is the angle

between the Rossby-wave propagation direction and x̂, which makes kx = k cos α.

When ω is set equal to the characteristic turbulence frequency UkT , where kT is the

characteristic turbulence wavenumber, we obtain the Rhines wavenumber

kβ =

√
β

U
| cos α|, (2.26)

which is the theoretical basis for the self-organization of small-scale turbulence into

jets. Today, the associated width of the jet Lβ ≈ k−1
β is called the Rhines length.
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CHAPTER 3

Effects of a Large Convective Storm on Saturn’s Equatorial Jet

The material in this chapter has been published as Sayanagi and Showman (2007).

Here, I first summarize the main primary foci of the project, then present the paper

in entirety.

In this project, we test the effects of a large convective storm on the dynamics

in the upper troposphere and lower stratosphere in the equatorial region of Saturn

through full-3D nonlinear atmospheric fluid dynamics simulations. The primary

effect we investigate here is the massive apparent slowdown of Saturn’s equatorial

jet from about 450 ms−1 during the Voyager fly-bys in 1980-81 to about 300 ms−1

in Earth-based observations between 1994-2004 (Sánchez-Lavega et al. (2003) and

Sánchez-Lavega et al. (2004)). Figure 3.1 compares the Voyager measurements

(gray) to the recent measurements (other data points). Sánchez-Lavega et al. (2004)

interpreted this to be a true slowdown; however, uncertainties in the cloud heights

combined with Cassini CIRS observations of vertical wind shear raise questions

about whether the difference represents a real slowdown or simply changes in the

altitudes of the observed clouds. A major event that could have influenced the

dynamics in the equatorial zone occurred in 1990 when a huge convective storm,

called the Great White Spot (GWS), erupted in the equatorial region of Saturn

(Sánchez-Lavega, 1994). This project examines the effects of a GWS-like storm

on the dynamics of Saturn’s atmosphere and whether it is capable of causing the

observed slowdown.

We propose several mechanisms for a large storm to alter the winds including the

following and present simple order-of-magnitude analyses. First, we expect convec-

tive storms to generate atmospheric waves. On Earth, observations (Dewan et al.,

1998) and modeling (Horinouchi et al., 2002) have shown that the waves excited

by tropospheric convective storms can affect the dynamics in the stratosphere. At-
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Figure 3.1: Comparison of zonal wind profiles measured by the Voyagers (gray)
in 1980-81 and recent Earth-based measurements between 1994-2004 (other data
points). The figure reveals a massive apparent slowdown of the equatorial jet. (From
Sánchez-Lavega et al. (2004))

mospheric waves vertically propagating from the troposphere to the stratosphere

transport momentum and significantly affect the zonal wind in the equatorial region

on Earth (Baldwin et al., 2001). Thus, on Saturn, we reason that atmospheric waves

radiated by a GWS storm may transport momentum away from the cloud-level jet

and cause a slowdown like that observed. Second, a disturbance such as a GWS

makes the atmospheric flow more turbulent. The first order effect of turbulence is

to homogenize conserved quantities in the flow. The potential vorticity (PV) is a

conserved dynamical quantity, homogenization of which tends to make the zonal

wind at the equator a local minimum. We suspect that this effect may play a part

in redistributing the kinetic energy and slowing down the equatorial jet on Saturn.

We demonstrate that the vertical momentum transport and turbulent mixing can

potentially have substantial effect on the upper-level winds. We also show that the

horizontal homogenization can be suppressed in an eastward jet.
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Our simulations first test the effect of the storm in a quiescent atmosphere ini-

tialized with no wind in the simulation domain. Under such a condition, we show

that a realistic storm can cause westward acceleration of the equatorial stratosphere.

This result is equivalent to obtaining a slowdown since we define eastward as pos-

itive. Our simulations also reveal that small-scale storms in quick pulses radiate

waves more efficiently compared to a larger, slower storm that transport equal mass

vertically, and cause a greater deceleration of the equatorial stratosphere.

We then test the effect of a background eastward equatorial jet by initializing

simulations with Saturn-like equatorial jet with horizontal and vertical shears. These

simulations show that the slowdown magnitude is much less than needed to explain

the observed apparent slowdown. The suppression of the slowdown in an eastward

jet is predicted in our order of magnitude calculation; however, considering that the

storms in our Voyager initial wind simulations inject substantially more mass than

in the zero initial wind cases, the suppression of this effect is surprisingly strong.

We believe that at least part of the suppression is also due to the absorption of

the vertically propagating waves by the vertical wind shear, as illustrated in the

following paper.

Although we did not obtain a slowdown as strong as the apparent wind speed

change, our results are consistent with the recent radiative transfer calculations,

which show that the equatorial clouds are located higher today than during the Voy-

ager flybys (Pérez-Hoyos and Sánchez-Lavega, 2006). Observations of the horizontal

temperature gradient imply that the jet speed decreases with increasing altitude,

thus higher clouds would move slower (Flasar et al., 2005); however, Pérez-Hoyos

and Sánchez-Lavega (2006) also suggest that the higher clouds alone cannot explain

the observed slowdown. Our results explain the apparent slowdown when they are

combined with the recent cloud altitude estimates by Pérez-Hoyos and Sánchez-

Lavega (2006), thus the slowdown reported by Sánchez-Lavega et al. (2003) are

likely caused by a combination of higher clouds and a real slowdown.

Our simulations also demonstrate that atmospheric waves can affect cloud mo-

tions, and potentially affect the cloud-tracking wind speed measurements. Such
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effects have been suspected in the past studies, but our study demonstrates for the

first time that the waves can affect the apparent motions of the clouds, at least when

the clouds appear as a wavy boundary between a dark belt and a light zone.

3.1 Introduction

Hubble Space Telescope (HST) observations of Saturn between 1994-2004 (Sánchez-

Lavega et al., 2003, 2004) revealed that the equatorial jet at the cloud level blows

at ∼275 ms−1, about half the speed measured by Voyager in 1980-81. The finding

came as a surprise for several reasons. First, the slowdown, if real, implies a huge

decrease in the jet’s angular momentum. Second, the primary energy source of

atmospheric circulation, the 2-Wm−2 internal heat release (Conrath and Pirraglia,

1983), is much smaller than the solar radiation driving Earth’s circulation. Third,

since the Voyager flybys in 1979, Jupiter’s zonal jets have undergone no speed

change comparable in magnitude to the apparent slowdown of Saturn’s equatorial

jet (smaller changes to the Jovian jets are summarized in Vasavada and Showman

(2005)). Jupiter and Saturn have very similar zonal jet structures; they both have a

broad prograde equatorial jet and other eastward and westward zonal jets associated

with the colored banding on the visible surface. Also, on both planets, the jets at

higher latitudes tend to be slower than the ones closer to the equator, with a few

exceptions. If the observed slower wind represents a significant slowdown of Saturn’s

equatorial jet, this may hint at at an atmospheric forcing unique to the planet.

There are two endpoint scenarios to explain the observed slower wind. First, the

equatorial jet may have undergone a true temporal change in speed, as Sánchez-

Lavega et al. (2003) interpreted. Second, the clouds may reside at higher altitudes

today than during the Voyager flybys. Infrared measurements show that Saturn’s

zonal jet speeds decrease with altitude (Conrath and Pirraglia, 1983; Flasar et al.,

2005). Because the winds are measured by tracking discrete cloud features, higher

clouds move slower, and this scenario does not necessarily require a true slowdown

to explain the observed slower winds. Intermediate scenarios, where the apparent
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slowdown results partly from a true slowdown and partly from an increase in cloud

height, are also possible.

Sánchez-Lavega et al. (2000) suggested that a large convective storm called a

Great White Spot (GWS), which last erupted in 1990 and disturbed the entire

equatorial zone of Saturn, acted in slowing the jet. However, observationally drawing

a connection between the GWS and the apparent wind slowdown is difficult due to

the sporadic pre-1990 wind measurements. Sánchez-Lavega et al. (2000) analyzed

the Voyager images to determine the zonal wind profile, which placed the maximum

equatorial speed at ∼470 ms−1. The first wind measurement after the Voyager

flybys with sufficient number of wind tracers to retrieve Saturn’s equatorial jet

profile was done by Barnet et al. (1992) using the HST on November 17-18th, 1990,

approximately 1.5 months after the onset of the 1990 storm. Barnet et al. obtained

two profiles with equatorial speeds of ∼400 ms−1 at the 547 nm continuum and

300-360 ms−1 at the 890 nm methane absorption band. Measurements in a methane

absorption band and a continuum band sense the top boundaries of the tropospheric

haze and the deep cloud deck, respectively (Tomasko et al., 1984). Acarreta and

Sánchez-Lavega (1999) estimated that the tropospheric haze top and the cloud deck

were at ∼60 mbar and 300-400 mbar, respectively, in November 1990. However,

the time required for the zonal wind to respond to such a storm is not known, and

whether the Barnet et al. wind speed measurements were already affected by the

storm remains unclear. Records of the slower equatorial winds start in 1994 and

consistently show features in the equatorial region moving at ∼275 ms−1 (Sánchez-

Lavega et al., 1996, 1999, 2003, 2004), 100-200 ms−1 slower than the Voyager wind

at their corresponding latitudes.

Using radiative transfer calculations, Pérez-Hoyos and Sánchez-Lavega (2006) es-

timated that the cloud tracers in the Voyager images were located at 360±140 mbar

at 5◦N. The features tracked in the HST images in 1994 and 2003-04 are both es-

timated to be at ∼50 mbar (Sánchez-Lavega et al., 1996, 2004). Thus, we are

comparing two different wind speeds at different times and altitudes in the compari-

son between the Voyager wind in 1980-81 and the HST measurements in 1994-2004.
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The tracked features in Barnet et al. (1992)’s 890 nm observations and the HST

data (multi-wavelengths including 890 nm) in Sánchez-Lavega et al. (2004) are both

estimated to be at ∼50 mbar, and comparing their speeds suggests a 50-100 ms−1

slowdown at this altitude.

Recent Cassini observations of Saturn do not resolve this situation. Flasar et al.

(2005) determined the vertical wind shear from the CIRS measurements using ther-

mal wind arguments. They then extrapolated the Voyager wind, assumed to be at

500 mbar, to the stratosphere to find that the wind speed reaches ∼275ms−1 only

above 10 mbar level, which seems too high for discrete cloud features to exist. At

∼50 mbar, their data imply ∼300 ms−1, somewhat faster than the recent HST mea-

surements; the speed discrepancy would be larger if Flasar et al. had assumed that

Voyager wind resided at 360 mbar as found by Pérez-Hoyos and Sánchez-Lavega

(2006). This hints that a true speed change somewhere in the atmosphere is needed

to be consistent with both the slow wind and the wind shear. The ISS cloud tracking

by Porco et al. (2005) shows that speeds measured in the 727 nm methane band are

virtually the same as the HST speeds measured by Sánchez-Lavega et al. (2004),

but the ISS measurements in the 750 nm continuum show that the equatorial jet

peaks at ∼400 ms−1. Baines et al. (2005a) presented VIMS images that show shad-

ows of clouds in the thermal background moving at close to the Voyager speed at

8◦S. These cloud tracers are presumably located deeper than any previous features

used to estimate winds, but their exact altitudes remain undetermined (Baines et al.

(2005b) estimate the altitude to be ∼2 bar).

Little modeling of a GWS-like storm has been carried out to date. Hueso and

Sánchez-Lavega (2004) performed three-dimensional anelastic simulations of Sat-

urnian cumulus convection; however, the scale of the storms they simulated was

much smaller than that of a GWS, and the domain of simulation in their study was

much smaller than the planet. How a storm of the scale of a GWS would affect the

global environment has not been investigated.

Here, we perform full-3D nonlinear numerical simulations to test the idea that

the GWS of 1990 caused a true slowdown of Saturn’s equatorial jet.
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The rest of this paper is structured as follows. In Section 3.2, we present order

of magnitude estimates of how large-scale effects of the storm would influence the

equatorial wind. The mechanisms we consider are momentum transport by waves

and turbulent mixing, both of which may be triggered by a GWS-like episodic event.

Our numerical model setup is presented in Section 3.3. The numerical experiments

and their results are in Section 3.4. Section 3.5 analyzes the effect of waves on the

apparent cloud motions. We will discuss the implications of our results in the final

section.

3.2 Possible Slowdown Mechanisms

3.2.1 Slow Deep Winds

If the equatorial jet speed decreases rapidly with depth below the ∼1-bar level, then

the GWS could cause mixing between high-speed air aloft and low-speed air at depth,

inducing a net deceleration at the cloud level. We expect that moist convection

initiates near the ∼10 bar water condensation level, so this scenario requires the jet

to approach zero by depths of ∼10 bars. However, if the equatorial jet reduces to

zero at ∼10 bar from the ∼400 ms−1 wind revealed by Baines et al. (2005b) at the

2-bar level, the thermal wind equation (e.g. Holton (1992)) requires that there must

be at least 20 K latitudinal temperature variation over the equatorial jet width.

Observations show only ∼5 K latitudinal temperature variation in the troposphere

(Conrath and Pirraglia, 1983; Flasar et al., 2005; Orton and Yanamandra-Fisher,

2005). Ingersoll et al. (1984) summarize various estimates of Saturn’s zonal flow

depth and argue that the level of no motion (if any) is at least several hundred

bars deep. Furthermore, even if the deep winds are weak, convective mass transport

must dilute the momentum enough to halve the cloud level speed, which is highly

implausible.
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3.2.2 Vertical Momentum Redistribution

Another possibility is that the GWS disturbance vertically redistributed the mo-

mentum via waves. Such waves are known to vertically transport momentum to

alter the equatorial zonal wind in the stratosphere on Earth (Baldwin et al., 2001)

and on Jupiter (Friedson, 1999; Li and Read, 2000).

Consider a case in which the disturbance causes a speedup of ∆ulower at a lower

atmospheric level across a pressure thickness ∆plower, and to conserve the angu-

lar momentum, a slowdown of ∆uupper occurs in an upper level across a pressure

thickness ∆pupper. We can write

∆uupper

∆ulower

≈ ∆plower

∆pupper

. (3.1)

Thus, a ∼10 ms−1 speedup in ∆plower ≈1 bar would lead to a ∼100 ms−1 slowdown

above p ≈100 mbar. It illustrates that a slight change in the deep wind can have

a significant effect on the wind aloft although this argument does not constrain the

direction of the speed change.

3.2.3 Potential Vorticity Homogenization

Turbulent homogenization triggered by a storm may also play an important role.

Homogenization of a conserved dynamical quantity such as potential vorticity (PV)

puts a constraint on the resulting wind profile. Below, we show that homogenization

of PV in the equatorial region must be accompanied by a westward acceleration of

equatorial wind.

Here, we estimate the effect of PV homogenization on a prograde equatorial jet

using a simple shallow-water calculation. We start by taking an initial zonal wind

profile

ui(y) = u0 − ky2 (3.2)

where u0 is the peak wind speed at the equator, k is a positive constant, and y is

northward distance on the sphere. We assume that both the initial and the PV-

homogenized wind profiles have no meridional component and are in geostrophic
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balance. Geostrophy is usually a poor approximation near the equator; however, it

is adequate here in showing the general tendency of the wind speed change because

the assumed final state is zonally symmetric. For such a zonally symmetric state, the

curvature terms in the shallow water equations are two orders of magnitude smaller

than the Coriolis term over the range of y and u we consider, so it is sufficient to

proceed with geostrophic approximation. We solve the meridional component of

the shallow-water momentum equations in steady state (see, for example, Pedlosky

(1987) equation 3.3.15b)

−g
dhi(y)

dy
− fui(y) = 0 (3.3)

to obtain the initial shallow-water thickness as a function of y,

hi(y) =
Ω

ag

(
k

2
y4 − u0y

2

)
+ h0, (3.4)

where f ≡ 2Ω sin (y/a) is the Coriolis parameter, Ω is the planetary rotation angular

velocity, and h0 is the integration constant.

Taking the shallow-water definition of potential vorticity (q ≡ (ζ + f)h−1 where

ζ = −∂u/∂y is the vertical component of the relative vorticity with zero meridional

wind), we find that the spatial average of PV between latitudes ±y0 is zero.

Consequently, when PV is completely homogenized, we can solve for the resulting

zonal wind profile uh(y). The solution, with the equatorial β-plane approximation

f ≈ 2Ω(y/a), is

uh(y) =
Ω

a
y2 + u1

hh(y) = − Ω

ga

(
Ω

2a
y4 + u1y

2

)
+ h1,

(3.5)

where u1 and h1 are integration constants. This solution illustrates that complete

homogenization of PV forces the wind speed at the equator to be a local minimum.

It is interesting to note that similar results have been derived by Hide and James

(1983) for flows in thick spherical shells relevant for molecular layer-penetrating deep

flows in Jupiter and Saturn.

Similarly, consider a scenario in which a partial homogenization of PV resulted in

a wind profile up(y) = u2 =constant. This is motivated by the “truncated” appear-
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ance of the equatorial jet profile in Sánchez-Lavega et al. (2003). Geostrophically

balancing up(y) requires, again with the equatorial β-plane approximation,

hp(y) = − Ω

ga
u2y

2 + h2, (3.6)

where h2 is an integration constant.

Figure 3.2: (a) Zonal wind ū versus latitude calculated in a simple shallow-water
calculation. The profiles demonstrate the effect of PV homogenization on the wind.
(b) Corresponding PV profiles. The three profiles in each of the panels are the initial
profile (thin solid line), profile with complete PV homogenization (dotted line) and
partial homogenization (thick solid line). In the calculation, PV is homogenized
between 10◦ north and south latitudes. PV homogenization decelerates a prograde
jet at the equator.

We constrain the constants u1, u2, h1 and h2 using conservation of mass and

angular momentum about the planetary rotation axis. The results are plotted

in Fig. 3.2a, where values a =60268 km, Ω =1.638×10−4 s−1, u0 =450 ms−1,

k =0.452×10−12 m−1s−1, g =8.96 ms−2, and h0 = 105 m are used for the calcu-

lation. The value of k is chosen to make u = 0 at latitudes ±30◦. h0 represents

Saturn’s equatorial atmosphere with the equatorial Rossby deformation radius (for

its definition, see, e.g., Gill (1982) Eq. 11.5.4) LD = (a(2Ω)−1
√

gh0)
1/2 ∼104 km.
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PV is homogenized between 10◦ north and south latitudes in these calculations. The

associated PV profiles are shown in Fig. 3.2b, illustrating that a wind profile con-

stant in latitude such as up(y) = u2 can result from a slight homogenization of PV,

though the wind speed change in this case is minor. These calculations illustrate

that PV homogenization tends to decelerate the wind at the equator and accelerate

the surrounding regions.

3.2.4 Prograde Equatorial Jet Inhibits Wave Breaking

We now show that a prograde equatorial jet inhibits Rossby waves from breaking.

Here, we consider a jet that satisfies

d

dy
(ζ + f) > 0. (3.7)

A prograde equatorial jet largely satisfies such a condition, though small-scale vi-

olations are not rare. Following McIntyre and Palmer (1983)’s criterion, we define

breaking Rossby-type waves as overturning in the absolute vorticity gradient (and

hence the PV gradient) in latitude. We let ζ ≡ ζ̄ +ζ ′ where ζ̄ is the relative vorticity

of the background flow and ζ ′ is the wave contribution to the vorticity. For waves

to break, we must approximately have∣∣∣∣
dζ ′

dy

∣∣∣∣ > β +
dζ̄

dy
(3.8)

where β ≡ 2Ω/a.

In absence of the background flow, we easily see that the wave-induced latitudinal

relative vorticity gradient dζ ′/dy needs to overcome only β to cause wave breaking.

On the other hand, waves in a prograde equatorial jet must overcome the background

vorticity gradient dζ̄/dy in addition to β. (Except for the possibility of a narrow strip

at the equator, Saturn’s equatorial jet has cyclonic relative vorticity, meaning that

dζ̄/dy and β both have the same sign – positive.) For example, with the equatorial

jet we considered earlier, waves can only induce breaking if the amplitude |dζ ′/dy|
is at least ∼20 percent larger than that necessary to induce breaking when ū = 0.

A flow becomes highly turbulent when waves break. Thus, inhibition of breaking

waves also prevents turbulent homogenization.



43

3.3 Model Setup

To test whether a GWS-like convective storm can slow down the equatorial jet on

Saturn, we use the Explicit Planetary Isentropic Coordinate (EPIC) atmosphere

model developed by Dowling et al. (1998) to run our numerical experiments. The

model solves the primitive equations in oblate spherical coordinates using θ, the

potential temperature, as the vertical coordinate.

For all of our simulations, the initial temperature profiles are initialized such

that the levels above 200 mbar are isothermal at 100 K and those below have a con-

stant Brunt-Väisälä frequency of 0.005 s−1. This thermal structure crudely mimics

that of a Jovian planet as done by Showman and Dowling (2000). In some of the

simulations, the temperature profiles are relaxed to this initial structure using New-

tonian cooling with the radiative time constant profile for Saturn by Conrath et al.

(1990). Because of the long radiative-time constants, however, this relaxation has a

negligible effect in our relatively short (<200 day) simulations. The planet’s equa-

torial radius, polar radius, rotation rate, surface gravity, and specific gas constant

adopted in our simulations are 60330 km, 54180 km, 1.638×10−4 s−1, 8.96 ms−2 and

3900 J K−1kg−1, respectively. The simulations use the ideal gas equation of state.

The domain size of the simulations we present here is 120◦ in longitude, 80◦ in

latitude centered on the storm latitude, and 10 bar - 0.18 mbar in the vertical. The

longitudinal×latitudinal×vertical resolution for our nominal cases is 128×90×48.

A few simulations with higher horizontal resolutions are also performed to test

for model convergence and study the effects of small scale eddies. In the vertical,

the model is initialized with layers evenly spaced in log-pressure at the southern

domain boundary. For simulations with vertical wind shear, the initial layer spacing

becomes weakly dependent on latitude following the thermal wind equation. The

layer spacing roughly corresponds to a vertical resolution of 5 km around 50 mbar

and 10 km around the 500-mbar levels. The top 16 layers are set up as the “sponge”

to reduce wave reflection at the model top. The lowest layer is a non-evolving

abyssal layer representing the adiabatic interior. Consequently, the highest active
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(i.e. non-sponge) layer is at an isentropic layer corresponding to ∼9 mbar (with

lowest sponge layer being at ∼7 mbar) and the lowest time-evolving layer is at

∼9 bar. The timestep is 50 seconds for the nominal resolution simulations.

The nominal-case simulations use the sponge layers that relax u to the initial

profile and v to zero. In order to assess the effect of the sponge layers to the top active

layers in our model, we performed the following sensitivity tests. First, we placed

the sponge higher in the atmosphere so that the lowest sponge layer is at 1 mbar.

Second, we used modified sponge layers which relax zonal wind u to its zonal mean

so that the sponge does not act as a momentum source/sink. Although placing the

sponge higher allows the wind to change at greater magnitudes at higher altitudes,

wind responses below the 20-mbar level are very similar in analogous simulations

using the alternative sponge settings and the nominal sponge. Also, as will be

discussed in Section 3.4.2, the sponge settings have much less influence on the wind

responses when a simulation has an initial wind with a realistic vertical shear.

Hyperviscosity (horizontal hyperdiffusion) coefficient ν4 =4.131×1018 m4s−1 is

used for our nominal resolution simulations. The value represents a minimal value

necessary to stabilize a simulation with our strong forcing. Fourth-order hyperdif-

fusion’s characteristic smoothing timescale ∆t for a length scale ∆x can be written

∆t ≈ ν−1
4 (∆x)4. With the aforementioned ν4 value, a wave with wavelength ∆x ≈

6000 km (6 grid points) is damped in timescale ∆t ≈ 3× 108 seconds ≈3600 days,

which is an order of magnitude longer than our simulations. Thus, waves with wave-

lengths exceeding ∼6000 km are relatively unaffected by the hyperviscosity. This

is also sufficient to ensure that the overall strength and behavior of the equatorial

jet is not affected. Note that, in EPIC, hyperviscosity acts only on horizontal wind

shear; the model contains no explicit diffusion in the vertical. Numerical inaccu-

racies in the conservation laws, including the so-called “numerical diffusion,” can

potentially become pronounced when material advects across grid surfaces. Because

EPIC uses potential temperature as the vertical coordinate, adiabatic motions are

completely confined in each layer. Diabatic motion, i.e. mass exchange between

isentropic layers, occurs only due to radiation, which is irrelevant to our project,
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thus numerical artifacts on the vertical transport in our simulations are minimal.

This is a key advantage of EPIC over other general circulation models (GCMs) that

use pressure as the vertical coordinate. We have also compared simulation results

with varying vertical resolutions, and are confident that 48 layers is sufficient to

ensure that storms’ large-scale effects on zonal winds are independent of the vertical

resolution.

To test the convergence of our results, simulations with higher horizontal reso-

lution and lower hyperviscosity were performed. Although these simulations result

in wind changes with spatial patterns slightly different from our nominal cases, the

magnitudes of the equatorial jet speed changes are all similar. This indicates that

our simulations adopted sufficiently high resolution and low hyperviscosity to pro-

duce qualitative results independent of these parameters. Also, the 120◦ periodic

boundary condition in the longitude effectively means that our simulations have an

equivalent of three identical storms on the whole sphere. The goal of our study is to

test the effects of the strongest possible thunderstorm-like forcing on the equatorial

jet. As will be shown later, our extremely strong forcing is not able to induce a

strong equatorial jet slowdown. This strengthens our conclusion that the GWS of

1990 alone cannot cause the observed slowdown.

Because EPIC solves the hydrostatic primitive equations, it is not able to sim-

ulate non-hydrostatic phenomena such as cumulus convection. Consequently, we

parameterize the large-scale effects of cumulus mass flux on the pressure field in our

model to investigate the dynamical effects of a GWS-like large storm. Hueso and

Sánchez-Lavega (2004) indicated that large storms on Saturn are driven by conden-

sation of water. We envision that the air parcel heated by the condensation then

ascends as it mixes with the surrounding air until it reaches its neutral-buoyancy

level. The mass detrained by the ascending plume at this level increases the local

layer thickness h = −g−1(∂p/∂θ). This mass source deflects the underlying isen-

tropic layers toward the higher-pressure interior. Adding mass to the model in this

manner alters the temperature and geopotential fields on isobaric surfaces, and the

induced pressure gradient accelerates the wind. Subsequent geostrophic adjustment
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of these pressure anomalies triggers turbulent mixing and wave radiation.

We prescribe the triggering and time evolution of a storm in our simulations; the

storm’s time evolution is predetermined, and the system’s response to a storm does

not affect the storm’s time evolution. Our mass-injection scheme explicitly resolves

the large-scale thunderstorm mass-detrainment but assumes that the convective

towers in which the mass is transported have scales much smaller than the grid

scale and are hence unresolved. Our simulations parameterize only the effects of the

storm mass transport (the result of latent heat release), and they do not include

the condensation itself nor the transport of the condensates. This setup allows us

to study the large-scale effects of cumulus convection without tuning the system’s

response to the storms.

Garćıa-Melendo et al. (2005) recently tested the effects of a convective distur-

bance on a jet to study the deceleration of Jupiter’s fastest jet at 24◦N. They added a

“heat impulse” in their initial condition to represent the result of a cumulus convec-

tion. Our convective parameterization scheme differs from theirs in two ways. First,

our scheme introduces the forcing gradually over a realistic convection timescale so

that we do not artificially shock the system. Second, our scheme adds mass (and the

thermal energy contained in that mass) to the system as done in most of the schemes

used for Earth’s GCMs (e.g. Arakawa and Schubert (1974)). In contrast, Garćıa-

Melendo et al. (2005) added only heat, without including the convection-induced

mass transport.

Applying this idea, we have modified EPIC to include a mass source in the model

to represent the result of cumulus convection. On Saturn, the water cloud base is

estimated to be at ∼10 bar (Weidenschilling and Lewis, 1973), so we assume that

the moist air undergoing condensation originates from below our model domain, and

we simply add mass to the layers reached by the plumes without consideration of

the mass sink where an ascending plume originates. Our modification adds a source

term to the right hand side of Eq. (10) in Dowling et al. (1998):

(
∂h

∂t

)

storm

=
Ns∑
n=1

αTn(t)An(λ, φ)Z(θ) (3.9)
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where α is a non-dimensional amplitude factor that tunes the mass injection rate, the

subscript n denotes the nth storm cell, Ns is the number of cells constituting a GWS

storm, t is time, and (λ, φ, θ) are the (longitude, latitude, potential temperature)

coordinates of the model.

Tn(t) controls the time evolution of the mass injection rate, and An(λ, φ) and

Z(θ) set the horizontal and vertical structures of a cell, respectively. These functions

are defined as:

Tn(t) =
1

τs

√
π

exp

(
−(t− tn)2

τ 2
s

)
; (3.10)

and

An(λ, φ) = exp

(
−r2

n(λ, φ)

r2
s

)
. (3.11)

tn is the mass injection peak time for the nth storm cell. τs is the characteristic life

time of a cell, which is the same for all cells in a simulation. In our simulations, the

mass injection is initiated (terminated) 3τs before (after) tn for each cell. rn(λ, φ) is

the arc-distance from (λn(t), φn), the center of the nth storm, in degrees:

rn(λ, φ) =

180◦

π
arccos (cos φ cos λ cos φn cos λn + cos φ sin λ cos φn sin λn + sin φ sin φn).

(3.12)

Only the longitude λn(t), and not the latitude φn, is time dependent because

we assume that storm cells advect with the abyssal flow, which has no latitudinal

component. rs is the characteristic arc-radius of a storm cell in degrees. All storm

cells have the same rs in a simulation. Equation (3.12) does not correctly calculate

the arc-distance when the longitudinal boundary periodicity is not 360◦; however, an

appropriate treatment is done in the simulations so that the calculation is performed

correctly for all longitudinal domain sizes.

Z(θ) represents the result of vertical convective mass flux. Physically, it depends

on how a convective plume mixes with the ambient air as it ascends and detrains

mass at different isentropic levels. Its unit, m−1s2PaK−1, is equivalent to kgm−2K−1,

thus this function times α represents the total amount of mass detrained by a cu-

mulus cell per area per potential temperature level. Also, note that Z(θ) has the
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Figure 3.3: Parameterized vertical convective mass injection profiles, Z(θ), as a
function of potential temperature θ (our model’s vertical coordinate). Correspond-
ing initial pressure levels are shown on the right axis. The solid line is the nominal
Z(θ) profile used for all simulations listed in Table 1. An alternative profile that
places most of the mass centered around the 500-mbar level is shown in dashed line.

same dimension as the layer thickness h, thus another way to paraphrase its nature

is that the function represents the change in the local layer thickness a storm cell

would cause in absence of dynamics (in reality, diffusion and advection will transport

some of the injected mass away from the mass injection site and the resulting layer

thickness change will be smaller). In our simulations, we treat this Z(θ) as a free

parameter since it has never been measured on Saturn, and choose parameter values

that maximize the storm’s dynamical effects on the equatorial jet. Figure 3.3 shows

the Z(θ) profiles used in simulations we present in this paper. The nominal profile,

in the solid line, places the majority of mass injection close to the expected conden-

sation altitude near ∼10 bars. We chose to present simulations using this particular

Z(θ) function primarily because our study’s goal is to test the extreme upper limit

of the effects a cumulus event may have on the equatorial jet, and detraining most

of the mass lower in the atmosphere allows the largest amplitude mass forcing (i.e.

amount of total mass injected) in our simulations without drastically altering the

background thermal structure.
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This formulation makes the total mass injected by a storm proportional to Nsαrs
2

(this proportionality does not hold when comparing storms with different Z(θ) pro-

files). Note that it is independent of τs because T (t) is a normalized gaussian in

time. A storm with Nsαrs
2 = 1.0 degree2 injects ∼ 4.6 × 1018 kg of mass when

the nominal Z(θ) profile is applied, and ∼ 2.3 × 1018 kg when the alternative pro-

file is used. As a result, with the amplitude factor α = 1.0, a storm cell with the

nominal (alternative) Z(θ) profile raises the pressure on the lowest layer at its cen-

ter by almost 120 bar (60 bar) in absence of dynamics, i.e., without diffusion or

advection. This is an extreme upper limit, and in Section 3.4, we present simula-

tions with α values ranging from 1/64 to 0.5, and Nsαrs
2 values ranging from 4.0

to 32.0 degree2. Based on the initial horizontal expansion rate of the GWS spot,

Sánchez-Lavega (1994) estimates an average vertical wind velocity w ≈0.1 ms−1 in

the spot over a horizontal length scale of 20,000 km. Assuming this vertical velocity

at the 100-mbar level with temperature of 100 K, and using ideal gas law with the

gas constant R=3900 Jkg−1K−1, we estimate the average vertical mass flux in the

spot to be ∼ 2.6× 10−3 kgm−2s−1. In a circular area with 20,000 km diameter over

a time period of a month, this gives an estimate for the total vertical mass transport

of ∼ 2× 1018 kg by the GWS spot, and all storms in our simulations inject at least

an order of magnitude more mass than this estimate.

Note that our storm parameterization scheme injects mass moving at the velocity

of the local wind field where it is added; thus, we do not take account of convec-

tive momentum transport that may occur in a GWS-like large storm. However, we

have no reason to believe this effect is significant as we described in Section 3.2.1.

Also, 3D anelastic simulations by Hueso and Sánchez-Lavega (2004) showed that, at

low latitudes on Saturn, westward Coriolis acceleration acting on ascending vertical

motions in a cumulus cell may be significant. However, they used rigid, free-slip

conditions for their lateral boundaries, and their simulation domain was not signifi-

cantly larger than the area covered by the convective plume. It is therefore difficult

to apply their result to the large-scale environment. We do not include this effect

primarily because the main focus of our study is the effect of atmospheric waves, but
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we also believe that the westward Coriolis acceleration of an ascending plume cannot

significantly affect the zonally averaged zonal wind. Plumes ascending at a vertical

wind speed w experience westward Coriolis force per volume −ρwΩ where ρ is the

mass density. Assuming that the plumes cover a fractional area σ ¿ 1, the average

westward force per volume over the planet is −σρwΩ. Through mass continuity,

the net vertical mass flux must be zero and an upwelling must be accompanied by

subsidence elsewhere, with a mean descending speed −σw/(1− σ) ≈ −σw, and the

average Coriolis force per volume it experiences becomes +σρwΩ. We thus suspect

that the westward acceleration caused by ascending air and eastward acceleration

caused by descending air largely cancel out, leading to no net acceleration of the

layer by this mechanism. Nevertheless, this remains an open issue that must be

resolved by 3D convection simulations that properly treat the interactions between

the storm plumes and the large-scale environment.

Garćıa-Melendo et al. (2005) also suggest that the fluid dynamic stability of an

atmospheric zonal jet against perturbations may depend on the vertical thermal

structure, and we do not explore this possibility here. Garćıa-Melendo et al. tested

a scenario in which a disturbance, observed in 1990 in the fastest prograde jet of

Jupiter, triggered instabilities that resulted in a slowdown of the jet. As noted by

Garćıa-Melendo et al., this Jovian disturbance resulted in multiple vortices, which

is a characteristic behavior of fluid-dynamic flow instabilities. However, there is no

reason to believe that the 1990 Saturnian disturbance triggered by the GWS was the

same type of phenomenon. For example, no vortices were observed in the mature

stage of the disturbance as noted by Sánchez-Lavega (1994). HST observations by

Westphal et al. (1992) show cloud features that can be interpreted as breaking wave

modes such as a Kelvin-Helmholtz instability; however, their spatial scales were

much smaller than the extent of the jet, and there is no evidence that the equatorial

jet became unstable. Also, if Saturn’s equatorial jet is unstable, the extremely

strong forcing in our simulations would have revealed so.

The EPIC model by Dowling et al. (1998) uses third-order Adams-Bashforth

timestepping scheme; however, its original implementation contained an erroneous



51

multiplication of the mass source by a factor of 23/12 upon updating the values of

h in the continuity equation (Eq.18 in Dowling et al. (1998)). This error has been

fixed as done by Showman (2007).

3.4 Numerical Experiments

In this section, we present the results of our numerical experiments. We performed

simulations with two different initial wind profiles, and compare their results to il-

lustrate a GWS-like intense storm’s effects on the zonal wind. First, in Section 3.4.1,

we show results of simulations with no initial wind. Second, in Section 3.4.2, we

present simulations initialized with a realistic equatorial jet decaying with altitude.

In the realistic initial wind cases, nonlinear interactions between the storm-triggered

disturbances and the background flow have important effects on the outcome, and

we find it useful to compare their results against the zero initial wind counterparts

in analyzing the effects of the storm-induced disturbance on the zonal winds.

In our simulations, we vary the following storm parameters to explore the storm’s

effects. Changing the storm’s latitude alters the wind response. We vary the storm

center between the equator and 10◦N. rs and τs control the characteristic scale of a

disturbance, e.g., smaller rs and τs tend to excite short-wavelength, high-frequency

waves such as gravity waves, while greater values more effectively generate planetary-

scale waves including Rossby and Kelvin modes. We choose the total duration and

horizontal size for the simulated storms motivated by the observed GWS 1990 distur-

bance, which had an initial characteristic horizontal size of ∼20,000 km followed by

a rapid east-west expansion over a ∼3 week period (Sánchez-Lavega, 1994). Larger

α values generate higher-amplitude waves. We tune α to maximize the amplitude

of the storm-excited waves, thus maximizing the momentum flux. Ns is varied to

test the effects of a multi-celled storm on the winds. A Ns = 1 storm represents

a smooth convective mass flux in both time and space, while the large Ns cases

represent more realistic storms with multiple convective cells. Because each storm

cell acts as an independent wave source, a large Ns storm results in a substantially
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more wave radiation than a smaller-Ns storm. The increased eddy activities trig-

gered by a large-Ns storm also help homogenize the PV. Reports of multiple bright

nuclei in the GWS 1990 (Beebe et al., 1992; Sánchez-Lavega et al., 1991) hint that

the GWS “spot” was a large anvil cloud under which multiple convective cells were

active as is the case for thunderstorms on Earth. As noted in Section 3.3, we choose

the values of α and Ns to test the extreme upper limit of storm forcing. When

comparing different simulations, we keep the total mass added by the storms, which

is proportional to Nsαrs
2, to be approximately constant. See Table 3.1 for the list

of runs presented in this paper and their parameters.

Table 3.1: List of Simulations – Saturn storm project

3.4.1 Zero Initial Wind Cases

Effects on the Zonal Wind

Figures 3.4a-d show typical zonal wind patterns produced by storms in zero initial

wind cases. The figures display the zonally averaged u calculated on isobaric surfaces

and projected on the latitude-pressure (YP) plane. Figures 3.4a-c display the wind
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Figure 3.4: Zonal wind responses to storms in the zero initial wind simulations.
Panels (a)-(d) show the zonally averaged zonal wind ū on day 170 of the simulations
Z0N1, Z5N1, Z10N1 and Z10N80, respectively. On all panels, the grayscale repre-
sents ū, which scales from −80 ms−1 (black) to 10 ms−1 (white), and 0.0 ms−1 is
neutral-gray. The contour lines are spaced evenly within each panel, but the spacing
varies between the panels. The spatial pattern of the wind responses is similar in all
zero initial wind cases although their magnitudes depend on the storm parameters.
The westward accelerations in the equatorial stratosphere are substantially stronger
for the multi-Ns storms than for the single-cell storms.
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produced by a Ns = 1 storm centered on the equator (Z0N1 on Table 1), 5◦N

(Z5N1) and 10◦N (Z10N1), respectively. Figure 3.4d shows the wind generated by

a Ns = 80 storm centered on 10◦N (Z10N80). All results shown in Fig. 3.4 are

on the day 170 of the respective simulations. We compare the day 170 of each

simulation because storm-triggered transient disturbances have mostly decayed by

then. As the figures show, the magnitude of the wind changes vary depending

on the storm parameters while their spatial patterns are very similar. Above the

100-mbar level, the prevailing wind response in the zero-initial wind simulations

is the substantial westward acceleration of the equatorial stratosphere. This wind

behavior indicates that the momentum transport mechanism at work here is not a

simple diffusion, which cannot produce local extrema of momentum (furthermore,

EPIC has no vertical diffusion). A non-local momentum transport mechanism such

as atmospheric waves must be responsible for transporting the westward momentum

to the stratosphere to cause this wind behavior.

Figure 3.5a compares, at the 10-mbar level, wind responses of the cases Z0N1

(dotted line), Z5N1 (dashed), Z10N1 (dot-dashed), and Z10N80 (solid). We find

that an Ns = 1 storm causes a stronger westward acceleration of the equatorial

stratosphere when the storm is further away from the equator. This westward ac-

celeration can be viewed as a “slowdown” in the sense that we define eastward as

positive. Storms with larger Ns (and with correspondingly smaller rs and τs values)

than the Ns = 1 cases result in stronger stratospheric wind responses. However,

the resulting wind did not vary significantly for Ns & 80 cases, and the strongest

equatorial “slowdown” we obtained is ∼80 ms−1 at the 10-mbar level as shown in

Fig. 3.5a. In our zero initial wind simulations, the storms cause significant westward

acceleration at the highest active (i.e. non-sponge) layer. Our nominal case simu-

lations place the highest active layer at ∼9 mbar, and at this altitude, the Z10N1

storm causes a ∼30 ms−1 westward acceleration. When the sponge is placed at a

higher altitude such that the highest active layer is at the 1-mbar level, a storm

identical to Z10N1 causes a ∼70 ms−1 westward acceleration at the top active layer;

nevertheless, the wind responses at the 20-mbar level (∼10 ms−1 westward in both
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Figure 3.5: The ū profiles for the zero initial wind simulations at (a) 10-mbar level
and (b) 2-bar level. Both panels show the ū profiles on the day 170 of simulations
Z0N1 (dotted), Z5N1 (dashed), Z10N1 (dot-dashed) and Z10N80 (solid).

cases) and below are similar in the nominal and alternative sponge settings. We em-

phasize that this dependence on the sponge settings occurs only in the zero initial

wind simulations at the highest model levels, and the wind behaviors are much less

dependent on the sponge layers in the realistic wind simulations presented in Sec-

tion 3.4.2. Our zero initial wind results conclusively show that the storm-triggered

disturbances induce upward flux of westward momentum, and multi-cell storms trig-

ger greater momentum flux than the single-cell counterparts for a given storm total

mass.

The wind responses at low altitudes are illustrated in Fig. 3.5b, which compares

the 2-bar level winds generated by the same storms as shown in Fig. 3.5a. To the

north of the storm center, the wind accelerates eastward. Between the storm center
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Figure 3.6: Panels (a)-(c) show pressure (grayscale) and wind fields (arrows) on
an isentrope near the 400 mbar surface for the simulation Z10N1 on days 10, 30
and 50, respectively. A lighter color in the grayscale denotes higher pressure. The
vector arrows’ lengths are proportional to the wind speed. On day 10, pressure
variation on the isentrope is 0.06 mbar, and the fastest wind is 0.03 ms−1. On day
30, the pressure variation is ∼7 mbar and the fastest wind is 2.73 ms−1. On day 50,
the pressure variation is ∼20 mbar and the fastest wind is 9.0 ms−1. The storm’s
mass injection creates pressure gradients on isentropic surfaces, and subsequent
geostrophic adjustment generates winds and waves.
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and the equator, the wind accelerates westward and the acceleration turns eastward

to the south of the equator. When the storm is centered on the equator, no westward

acceleration of the wind occurs below 100 mbar. These responses are consistent with

the conditions necessary to balance a pressure bulge created by the storm. These

wind changes become stronger when more mass is injected by the storm. The low-

level wind responses do not have a strong dependence on parameters other than the

storm center latitude and the total mass injected by the storm.

The initial development of the storm also illustrates the wind’s response to the

storm. Figures 3.6a-c show the pressure in grayscale and wind vectors in arrows on

an isentropic layer corresponding to the ∼400-mbar level, on days 10, 30, and 50,

respectively, of the Z10N1 storm. High pressure on an isentrope is equivalent to high

temperature on the corresponding isobar. The figures illustrate that the geostrophic

adjustment to the storm’s mass injection initially creates an anticyclonic circulation

around the storm center (60◦ longitude). The strong β effect prevents formation of a

vortex, however, and wave radiation spreads the injected energy over the full range of

longitudes. By day 50, perturbations in zonal wind exceed those in meridional wind.

The net eastward flow at latitudes ∼18-30◦N and 8-20◦S, and the net westward flow

at 0-10◦N (which can be seen on Fig. 3.4c) are evident in Fig. 3.6c.

Waves Excited by the Storms

The storms in our simulations excite atmospheric waves. Figure 3.10 shows the

contours of u on equatorial longitude-pressure (XP) cross-section. The wave shown

here is a snapshot of the case Z10N1 on day 50 of the simulation; similar waves are

present in all zero initial wind cases. The Ns = 1 storms predominantly couple to

long-wavelength waves as shown in Fig. 3.10. At the 1-bar level where ū ≈0 ms−1,

this wave-like structure propagates westward at 46 ms−1 with respect to the model

coordinates rotating at the System III rate, Ω =1.638×10−4 s−1. The wave’s phase

speed far exceeds the wind speed everywhere in the simulation, implying that the

westward propagation must result from wave dynamics rather than passive advection

of a static structure. The structure and behavior of this wave is characteristic of
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Figure 3.7: Equatorial cross-section of u on day 50 of the simulation Z10N1. The
figure shows waves propagating westward at 46 ms−1 measured at the 1-bar level.
The waves’ vertical structure and propagation direction are highly characteristic of
Rossby-type waves. u varies from −4.5 ms−1 to 5.7 ms−1 on this panel.

Rossby-like modes (e.g. see Fig. 4.21 of Andrews et al. (1987) for the westward

propagating Rossby-gravity wave structure). The fact that Rossby-type waves cause

upward flux of westward momentum (e.g. see section 8.3.2 of Andrews et al. (1987))

is consistent with the westward acceleration of the equatorial stratosphere in our

simulations.

Storms with fast τs, small rs and large Ns excite a much wider spectrum of

waves. In such simulations, the wave amplitudes become large enough at high

altitudes that the waves break. Figure 3.8 shows contour plots of PV on an isentropic

layer corresponding to the ∼10-mbar level on days 10, 60 and 80 of the simulation

Z10N80. Here, we define “wave breaking” following McIntyre and Palmer (1983)’s

criterion. Breaking waves manifest as overturning of PV contours in latitude at

several longitudes. As a result of wave breaking, PV becomes a nonmonotonic

function of latitude and then homogenizes as shown on day 80, where the typical

contour spacing in the region of wave breaking becomes much wider than on day 10.

The latitudes where the waves break roughly correspond to the location of the

westward acceleration, and this most likely contributed to the much faster westward

wind here than in the Ns = 1 cases in addition to the high-frequency wave modes

absent in the Ns = 1 cases. Such breaking waves play very little role in the Ns = 1
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Figure 3.8: PV distribution on an isentropic surface corresponding to the 10-mbar
level on days 10, 60, and 80 of the simulation Z10N80. The unit of the contour
values is 10−4 K Pa−1 m−1 s. The contour spacing is the same for all four panels.
The figures show that waves cause overturning of the PV gradient and break to
homogenize PV.
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cases and result in minimal PV homogenization. Although not shown, a small rs,

fast τs storm cell also generated substantial gravity waves.

3.4.2 Voyager Initial Wind Cases

Now we present simulations with a more realistic initial wind profile. Our initial

wind follows the Voyager wind profile (Sánchez-Lavega et al., 2000) below the 1-bar

level and gradually becomes slower with altitude in a manner crudely mimicking

the vertical shear revealed by Flasar et al. (2005). Unlike in the zero initial wind

cases, the storm cells are advected eastward at ∼400-460 ms−1 by the abyssal flow

at the cells’ respective latitudes in these simulations. In our Voyager initial wind

simulations, minor but non-negligible hyperviscous smoothing occurs. Thus, we

measure our storm’s effects by comparing the storm-affected winds against that of

a simulation without a storm, which contains only the hyperviscous effects. The

zonal average u unaffected by a storm but smoothed by hyperviscosity for 170 days

is shown in Fig. 3.9, projected on the YP-plane. Hereafter, we will denote the zonal

wind unaffected by a storm as ū0. It should be emphasized that, in a simulation

without a storm, hyperviscousity leads to no change larger than 10 ms−1 in the

equatorial jet’s peak speed at any altitude and the wind speed changes mostly occur

at the flanks of the jet. Although the particular simulation shown in Fig. 3.9 has a

domain identical to the 10◦N storm simulations, all jet speed change measurements

are made against a stormless simulation with the same simulation domain. For

the large Ns-storm simulations with Voyager initial winds, we focus on the 10◦N-

centered storms as we found that they had greater effects on the stratospheric winds

than the lower latitude-centered ones. This choice is also motivated by the obser-

vation of the 1990 GWS event, which initially had a bright nucleus at ∼12◦N on

September 25, and the spot subsequently expanded and shifted its center to ∼5◦N

by October 5 (Sánchez-Lavega et al., 1991). In each multi-cell-storm simulation,

the Ns storm cells are triggered randomly in an 8◦ radius circle centered on 10◦N as

in the zero initial wind case. However, the cells do not move together as a cluster

in the Ns > 1 simulations presented in this section because each cell advects away
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from the initial location after it is activated. The cells are activated one at a time

evenly spaced in time over the storm durations listed in Table 1.

Figure 3.9: (a) Zonal wind unaffected by a storm but under influence of our nominal-
value hyperviscosity for 170 days, denoted ū0 in the text. The wind speed changes
in the Voyager initial wind cases are measured with respect to this profile.

Effects on the Zonal Wind

Figure 3.10 shows the responses of the zonal winds to the Ns = 1 storms centered

on the equator (V0N1 in Table 1), 5◦N (V5N1) and 10◦N (V10N1) on day 170

of the respective simulations. Figures 3.10a-c show ū affected by the storm, and

Figs. 3.10d-f display the zonal wind speed change triggered by the storm (i.e., ū−ū0),

respectively, projected on the YP plane. Figures 3.10d-f reveal that, unlike in the

zero initial wind cases, none of the Ns = 1 storms here cause a significant slowdown

of the equatorial jet at any pressure level even though these simulations’ storms

injected more mass by a factor of eight than the zero initial wind Ns = 1 cases

shown in Fig. 3.4. Below the 100-mbar level, the spatial patterns of wind speed

changes in response to the storms here are very similar to those in the zero initial

wind counterparts. The storm slightly widens the equatorial jet in all three cases,

compared to the stormless result shown in Fig. 3.9. Note also that the storms V5N1

and V10N1 shifted the peak of the jet southward, away from the storm center.

Similar shifts of the peak latitude occurs in the 10◦N-centered large Ns simulations
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Figure 3.10: Panels (a)-(c) show the zonal wind affected by the storms V0N1, V5N1,
and V10N1, respectively; the grayscales represent ū, and scale from −20 ms−1

(black) to 450 ms−1 (white). Panels (d)-(f) show changes in the zonal wind caused
by the storms, ū− ū0 for the same simulations as in Panels (a)-(c). The grayscales
indicate −60 ms−1 (black) to +60 ms−1, with the neutral gray representing 0 ms−1.
All three cases slightly widen the equatorial jet at the low altitudes. The cases V5N1
and V10N1 also shift the equatorial jet’s peak latitude southward.
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presented later. In these simulations, the storm accelerates the wind westward

(eastward) to the north (south) of the equator; consequently, the wind change shifts

the equatorial jet’s peak southward, but this jet shift does not represent a shift of

the air mass. Hints of a similar equatorial jet shift are found in Barnet et al. (1992)’s

HST wind speed measurements on November 17-18, 1990, approximately 50 days

after the onset of the GWS, in which the equatorial jet’s peak latitude is shifted

southward of the Voyager -observed profile. Figure 8 of Sánchez-Lavega et al. (2000)

compares the Barnet et al. profile against the Voyager wind. The HST measurement

at 546 nm has its jet peaked at ∼3◦S whereas the Voyager profile peaks at ∼5◦N. If

the observed difference in the jet peak latitude was caused by the GWS 1990, it may

signify a substantial mass transport to the cloud level by the cumulus convection as

modeled here.

Figure 3.11 shows results of the 10◦N-centered large Ns storm simulations,

V10N80, V10N1280 and V10N320, in the same format as in Fig. 3.10. Figure 3.11

shows that the spatial patterns of the wind changes are qualitatively similar to

those of the zero initial wind cases shown in Fig. 3.4, characterized by the westward

acceleration of the equatorial stratosphere and the eastward accelerations of the

low-level winds in the latitudes surrounding the storm. However, the stratospheric

wind slowdowns occur over a wider range of altitudes and they are much weaker in

the Voyager initial wind simulations than the stratospheric westward accelerations

in the zero-wind counterparts. Figures 3.11a and 10d show ū and ū − ū0, respec-

tively, of the simulation V10N80. Figure 3.11d shows that the storm decelerated the

equatorial jet by ∼30 ms−1 in the stratosphere centered around the 15 mbar level,

and the slowdown is much weaker at the lower altitudes. Below the 100-mbar level,

the spatial pattern of the wind change is very similar to the Ns = 1 cases shown

in Fig. 3.10. This qualitative wind behavior does not change when a storm has

substantially more cells with smaller size rs. Figures 3.11b and 10e show the result

of V10N1280, a Ns = 1280 storm simulation, which injects an equal amount of mass

as V10N80. The 1280 storm cells in V10N1280 is triggered over 42 days, longer

than in the V10N80 storm by a factor of two, to reduce the chance of overlapping
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Figure 3.11: Same as in Fig. 3.10, but for the large Ns simulations V10N80,
V10N1280, and V10N320. All large Ns simulations caused significant equatorial
jet slowdowns in the stratosphere, but the slowdown magnitudes are not enough to
explain the wind speed difference between the Voyager data (Sánchez-Lavega et al.,
2000) and the recent HST observation (Sánchez-Lavega et al., 2003, 2004).
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multiple storm cells. Overlapping cells tend to act as one larger cell and thus effec-

tively weaken the dynamical forcing. The simulation V10N1280 is performed at an

increased resolution to resolve the smaller storm cells and the fine-scale disturbances

they trigger. While its spatial pattern of the wind change in the stratosphere differ

slightly, most likely due to the reduced hyperviscosity in the simulation, the mag-

nitudes of the wind speed changes at most altitudes agree with those in V10N80.

A longer-duration storm that injects more mass does not significantly change the

outcome. Figures 3.11c and 10f show the result of a storm with 320 cells (V10N320)

triggered over 63 days. The storm injects 60 percent more mass than the aforemen-

tioned large Ns storms. The storm results in a slightly stronger slowdown around

the 10-mbar level, and the increased mass injection results in larger speed changes

at the flanks of the jet at lower altitudes; however, no significant change in the peak

speed of the equatorial jet occurs below the 50-mbar level. Although Figs. 3.11d-f

show substantial westward wind accelerations of up to 50 ms−1 at lower altitudes

(p > 1 bar), they do not cause a 50 ms−1 change in the peak speed of the actual jet.

Instead, the pattern of westward accelerations at the storm latitude with eastward

acceleration on either flank, coupled with the latitudinal offset of these accelerations

from the jet peak, has the net effect of shifting the latitude of the jet’s peak zonal

wind while causing only a minimal change in the peak speed. These ideas will be

further illustrated in Fig. 3.12.

None of our simulations produced a strong equatorial jet slowdown at any al-

titude like that described by Sánchez-Lavega et al. (2003, 2004). Rather than a

large-scale slowdown of the equatorial jet, the storm’s effect is characterized by the

eastward accelerations at the mass injection altitudes in the latitudes surrounding

the storm, and the weak equatorial jet slowdown in the stratosphere. Figure 3.12

illustrates the storm’s effect on the zonal wind profile, using the V10N320 result,

which exhibited the largest wind speed changes among the Voyager initial wind

simulations. The figure shows V10N320’s results in the dark lines, and those of the

no-storm simulation in gray, at 2 bar (solid line), 50 mbar (dashed) and 10 mbar

(dot-dashed) altitudes, all on day 170 of the respective simulations. At the 2-bar
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Figure 3.12: Comparisons of the zonal wind ū affected by the storm, V10N320, and
the unaffected wind ū0. The figure shows the V10N320 results in the dark lines, and
those of the no-storm simulation in gray, at 2 bar (solid line), 50 mbar (dashed) and
10 mbar (dot-dashed) altitudes, all on day 170 of the respective simulations. The
case V10N320 exhibited the largest magnitude equatorial jet slowdown.

level, the equatorial jet speed change is negligible; however, the peak latitude shifts

southward as discussed earlier. The slowdown is minor at the 50-mbar level, and a

∼40 ms−1 slowdown occurs at the 10-mbar level. A careful inspection of the solid

curves in Fig. 3.12 shows that, although the peak jet speed at the 2-bar level re-

mains almost exactly constant at 430 ms−1, the actual zonal wind at a particular

latitude changes by up to 50 ms−1 as the jet shifts southward. This explains how

the difference ū− ū0 can reach 50 ms−1 (Figs. 3.11d-f) while not affecting the peak

jet speeds in the deep troposphere at p > 1 bar. We also tested cases with an

alternative Z(θ) profile, the dashed curve in Fig. 3.3, which places most of its mass

around the 500-mbar level. We confirmed that such a storm results in a same qual-

itative wind behavior as the nominal Z(θ) profile cases; an alternative Z(θ) storm

shifts the equatorial jet’s peak latitude in a similar manner at the mass-injection

altitudes, and decelerates the equatorial jet in the stratosphere. However, the al-

ternative Z(θ) profile storms did not produce any equatorial jet slowdown stronger

than the nominal Z(θ) cases.
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Waves Excited by the Storms

The weaker stratospheric wind speed changes in the Voyager initial wind simulations

than in the zero initial wind cases are the effect of the vertical and horizontal wind

shear in the initial condition. Those shears significantly affect the propagation

of waves generated by the storm. An episodic disturbance such as the GWS of

1990 most likely generated atmospheric waves, and the wind speed measurements

following the GWS 1990 by Barnet et al. (1992) show wave-like wind speed variations

in longitude, although it is possible that some of the wind-speed measurements are

affected by waves as will be discussed in Section 3.5. Below, we illustrate the effects

of the background wind shears on the storm-excited wave propagations.

Figures 3.13a-c show the equatorial XP cross-sections of u on day 70 of the

simulations V0N1, V5N1 and V10N1, respectively. Figures 3.13d-f show the same

cross-sections of the deviation of u from its zonal mean calculated on isobaric sur-

faces, u− ū, of the same simulations, respectively. These figures show that the phase

fronts of the waves are sloped positively (i.e. the constant-phase surfaces rise with

increasing longitude) for the V5N1 case and negatively for V0N1 and V10N1. The

negatively sloped phase fronts in V0N1 and V10N1 translate eastward at ∼370 ms−1

(measured at the 1-bar level) with respect to the model coordinates (System III).

The zonal mean wind is ū ≈410 ms−1 at that altitude; thus, the phase front prop-

agates westward at ∼40 ms−1 with respect to the wind at the 1-bar level. As in

the zero initial wind cases, this behavior is highly characteristic of Rossby-type

wave modes. The positively sloped phase fronts in V5N1 propagate eastward at

∼530 ms−1 with respect to System III, which is ∼100 ms−1 eastward with respect

to the ū ≈430 ms−1 wind, all measured at 1 bar. This behavior is highly char-

acteristic of the Kelvin wave as described in Andrews et al. (1987), Section 4.7.1.

The Rossby-type modes in our 0◦N and 10◦N storm simulations are inhibited from

propagating above ∼100 mbar level near where the wind speed reaches 370 ms−1,

the phase speed of the waves. In a flow with a vertical shear, vertically propagating

waves are damped at the critical level where the background wind speed approaches
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Figure 3.13: Panels (a)-(c) show the equatorial cross-section of u for the cases V0N1,
V5N1 and V10N1, respectively, on day 70 of the simulations. Panels (d)-(f) show
equatorial cross-sections of u − ū, the zonal wind u minus its zonal mean ū, of the
same cases. They illuminate the wave characters of the disturbance generated by
the storms. The waves in V0N1 and V10N1 below ∼100 mbar propagate eastward
at ∼370 ms−1 at 1 bar with respect to the model coordinates but 40 ms−1 westward
relative to the zonal mean wind speed ū at that altitude. This behavior is highly
characteristic of Rossby-type waves. The waves are inhibited from propagating
above the level where wind reaches the wave propagation speed. The wave in V5N1
propagates eastward at ∼530 ms−1 at 1 bar and its behavior is highly characteristic
of the Kelvin wave. The case V0N1 also show hints of a Kelvin mode above the
100-mbar level.
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the wave propagation speed (Andrews et al. (1987), Section 5.7), and this is pre-

cisely what we see in our simulations for the Rossby-type modes (see Figs. 3.13d

and 3.13f). The Kelvin waves in the 5◦N case are free to propagate upward because

the waves never encounter a critical level.

The westward-propagating waves transport momentum to the critical layers

where they are absorbed. We tested alternative sponge settings as discussed in

Section 3.3, and confirmed that, below the 10-mbar level, the Voyager initial wind

simulation results are not significantly affected by the sponge; this suggests that

most of the waves relevant to the results are absorbed before reaching the sponge

layers. The atmosphere is denser at lower altitudes, thus it requires a greater impulse

to cause a wind speed change of the same magnitude than at a higher altitude. This

interpretation is consistent with our results, in which weaker equatorial wind speed

changes occur over a wider range of altitude in the Voyager initial wind simulations

(shown in Fig. 3.11) than in the zero initial wind cases (Fig. 3.4). We also tested

a case (not shown) with the equatorial jet decaying at a lower altitude to place the

critical level at a lower altitude. The simulation had a storm identical to the one

in V10N80. In this alternative vertical shear simulation, the storm-triggered wind-

speed changes occurred at a lower altitude with a smaller magnitude, as expected.

This suggests that, although the magnitude of wind speed changes are dependent

on the background vertical wind shear, a storm in an equatorial jet decaying at a

lower altitude than the nominal simulations causes a smaller wind speed change at

a lower altitude, and such a scenario does not explain the large equatorial jet speed

change revealed by Sánchez-Lavega et al. (2003, 2004). A jet that decays at a higher

altitude will most likely result in a greater slowdown at a higher altitude; however,

we did not test such scenarios since trackable cloud features are unlikely to exist at

such high altitudes.

As in the zero initial wind Ns = 80 case, waves break to homogenize PV at

high altitudes in the Ns = 80 Voyager initial wind simulation. Figures 3.14a-c show

PV contours on isentropic layers corresponding to the 50-mbar level on days 10,

20 and 30. In this simulation, waves break at levels above ∼60 mbar, homogenize
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(d) HST image on Nov. 17, 1990

Figure 3.14: Panels (a)-(c) show PV distribution on an isentropic surface corre-
sponding to the 50-mbar level in the simulation V10N80 on days 10, 20, and 30,
respectively. The unit of the contour values is 10−5 K Pa−1 m−1 s. The contour
lines are drawn for the same PV values for all three panels. The waves excited by
the storm on day 10 are seen breaking on day 20 and homogenize PV (i.e. widen
the contour line spacings) in the equatorial region on day 30 between around ±5◦

latitudes. Panel (d) shows a map-projected HST image of Saturn at 439 nm on
November 17, 1990, ∼50 day after the onset of the GWS 1990 from Westphal et al.
(1992). The image shows planetographic latitudes between 7◦S and 30◦N and a lon-
gitudinal domain ∼120◦ wide. The image shows breaking wave-like cloud patterns
between ∼10-20◦N latitudes.
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PV, and cause an acceleration which contributes to the equatorial jet slowdown

at those altitudes. Note that the extent of wave breaking and the degree of PV

homogenization are both much smaller compared to the zero initial wind case in

Fig. 3.8, even though the V10N80 storm injected 4 times more mass than Z10N80.

Also, no wave breaking occurs in the Ns = 1 Voyager initial wind cases, while hints

of breaking waves are found in the Ns = 1 zero initial wind simulations (though they

play negligible role in PV homogenization). This apparent suppression of Rossby

wave breaking in the Voyager initial wind cases most likely occurs because the wave

breaking, if any, must happen below the critical level of ∼50 mbar, where as in the

zero-initial wind cases it can occur as high as the top of the model near 7 mbar.

The greater density at deeper levels means that breaking can only occur for much

greater wave energy in the Voyager wind cases than in the zero-wind cases. This is

consistent with the fact that, in Z10N80, no waves break below the 40-mbar level

even though the breaking at the 10-mbar level cause significant overturning of PV

contours. The inhibition of wave breaking in the presence of a prograde equatorial

jet, shown in Section 3.2.4, may also play some role in allowing waves to break more

easily in absence of the strong prograde equatorial jet.

Our simulation’s PV distribution at the 50-mbar level exhibit spatial patterns

qualitatively similar to the wave-like cloud features found in the November 1990 HST

observation by Westphal et al. (1992) (Fig. 3.14d). The observed clouds exhibit

a pattern characteristic of breaking waves, although it is clear that the observed

waves are not the same type as those in our simulations (Westphal et al’s features

are observed around ∼ 10◦-20◦N latitudes while the waves in our simulations are

equatorially trapped waves). We discuss the effects of wave dynamics on the cloud

morphology in the next section.

3.5 Wave Effects on Apparent Cloud Motions

In this section, we discuss the effects of waves on the apparent motion of cloud pat-

terns. Contamination of cloud-tracking wind measurements by waves has been spec-
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ulated observationally (e.g. Beebe et al. (1996), and Garćıa-Melendo and Sánchez-

Lavega (2001)). Although a few works have been published on the effect of waves

on cloud motions (e.g., Stratman et al. (2001), and Showman and Dowling (2000)),

but no numerical simulations have been done in the past to show their effects on

cloud-tracking zonal wind measurements. We find that the waves such as ones shown

in Fig. 3.14 have a significant impact on the time evolution of cloud morphologies.

Here, we have no intention of drawing any connection between our findings in this

section and the apparent equatorial jet slowdown revealed by Sánchez-Lavega et al.

(2003).

For this study, we marked the mass injected by the storm with passive tracers

and analyzed their motions. The simulation we present below is almost identical

to V10N80, except that the storm cells all advect at the 10◦N abyssal wind speed

and stay as a cluster so that the storm mass and tracers are added to the system

from a small coherent source to mimic the release of cloud particles from a single

cumulus storm system. The tracers are purely passive, and no effects analogous to

evaporation or condensation are included in our simulations.

Figures 3.15a-c show the tracer concentration in grayscale and deviation of wind

velocity from its zonal mean (i.e. u− ū) in arrows on an isentropic layer correspond-

ing to the 50-mbar level on days 30, 31 and 32 of the simulation. Light colors indicate

higher concentrations of tracers and thus the storm-injected mass. Newtonian cool-

ing is turned off for this simulation and the mass injections by the storm cells end on

day ∼23, so there is no mass source/sink during the period shown in these figures.

By day 30, the wind shears have spread the storm tracers to all longitudes around

10◦N latitude. The wave-like features in the tracer concentration is produced by

wave dynamics as the tracer patterns match that of the wind deviations.

The wave-like patterns visible in the tracer concentration (Fig. 3.15) coherently

move eastward at ∼ 20◦ day−1 in longitude, or ∼240 ms−1, as shown in Fig. 3.15a-c.

However, the zonal average u at this altitude and latitude, ∼300 ms−1, is substan-

tially faster than the cloud pattern’s translation rate, which does not even fall within

the root-mean-square scatter of winds as shown in Fig. 3.15d. This result, a cloud
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Figure 3.15: Effects of wave dynamics on the apparent cloud motion. Panels (a)-(c)
show the concentrations of the storm-injected mass in grayscale and the deviation
of the wind vectors from its zonal mean (i.e. u − ū) on an isentrope at the 50-
mbar level on days 30-32 of the simulation V10N80t. Lighter colors indicate higher
concentrations of the storm mass, and longer arrows represent greater deviation of
the wind vectors from the zonal mean. Panel (d) shows the zonal mean u profile
(solid) and the zonal root-mean-square scatter of u (dotted). The wave-like patterns
in panels (a)-(c), which crests are marked as A, B, and C, translate eastward at
∼ 20◦ day−1 in longitude, or ∼240 ms−1, a speed much slower than the zonal mean
u at the latitude, shown in panel (d).
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feature can move at a speed substantially different from the wind speed, has ob-

servational implications. For example, it is possible that apparent motions of the

wave-like features noted by Westphal et al. (1992) were poor representations of the

local wind speeds. Barnet et al. (1992) employed the cross correlation method on the

HST image mosaics to retrieve the zonal wind profiles. The correlation method does

not discriminate wave-like features from other discreet features, and it is possible

that their zonal wind measurements are contaminated by waves.

From the above, we expect that the the motion of wave-like cloud features poorly

reflects the behaviors of the local winds, at least when the cloud features manifest as

the oscillation of the boundary between two cloud bands (as in Fig. 14) rather than as

discrete features. This also applies when low image resolution affords tracking of only

large-scale cloud features as previously discussed by Beebe et al. (1996). Vertical

motions induced by wave dynamics can further affect cloud morphologies through

condensation and evaporation of cloud particles (e.g., Showman and Ingersoll (1998),

and Friedson (2005)), which are not included in our present analysis.

3.6 Discussion

Our simulations tested the hypothesis that the GWS of 1990 slowed the equato-

rial jet on Saturn. Our order of magnitude analyses in Section 3.2 predicted the

following. First, vertical momentum redistribution can cause a large change in the

stratospheric zonal mean wind with a minimum impact to the deep wind. Second,

PV conservation requires a prograde equatorial jet to decelerate as a result of storm-

triggered turbulent homogenization. Third, wave breaking, which induces turbulent

homogenization, is inhibited in the presence of a prograde equatorial jet. We ran

full-3D numerical simulations to test whether the storm triggered these highly non-

linear effects.

The storms in all our simulations generated atmospheric waves. The zero initial

wind simulations demonstrated that Rossby-type waves caused an upward flux of

westward momentum. The westward acceleration of the stratosphere is balanced
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by a moderate eastward acceleration below 100 mbar. Breaking waves homogenized

PV, albeit weakly, in all simulations that experienced significant equatorial jet speed

changes. The altitudes of the westward acceleration in the equatorial stratosphere

(∼10-50 mbar) roughly corresponded to the altitudes of wave breaking. This shows

that the breaking waves transferred momentum and affected the wind speed. The

comparison between zero and Voyager initial wind Ns = 1 cases demonstrated that

a prograde equatorial jet decaying with height inhibits PV homogenization. In those

Voyager initial wind Ns = 1 simulations, no waves broke, PV did not homogenize

and the equatorial jet speed did not change at any altitude even though the storms

injected substantially more mass than in the storms in the zero initial wind Ns = 1

cases. We also showed that the large Ns storms generated larger amplitude waves

than the Ns = 1 counterparts, for a given total storm mass. Breaking waves in these

simulations were more prevalent, helped homogenize PV and triggered much greater

slowdowns (i.e., westward acceleration) of the equatorial wind in the stratosphere

in both zero and Voyager initial wind simulations. We believe that a multi-celled

storm is a more realistic representation of the storm because multiple bright nuclei

were observed in the GWS 1990 (Sánchez-Lavega, 1994).

Our simulations reproduced some features found by the HST observations in No-

vember 1990, approximately 50 days after the onset of the 1990 GWS. The breaking

waves in the large Ns Voyager wind simulations exhibit many qualitative similar-

ities to the wave-like features found by Westphal et al. (1992) (Fig. 3.14d). Also,

our simulations shifted the equatorial jet’s peak latitude southward, away from the

storm. Barnet et al. (1992)’s wind profiles hint at a similar southward shift of the

jet. Our simulation outputs also suggest that the large longitudinal wind variations

observed by Barnet et al. were caused by the storm-triggered disturbances. We

also showed that wave dynamics influence the apparent cloud motion even when

evaporation and condensation effects are not included.

However, the wind speed changes in our simulations are nowhere near enough

to explain the difference between the ∼470 ms−1 Voyager equatorial wind in 1980

and the recent measurements of ∼275 ms−1. The large Ns Voyager initial wind
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simulations caused ∼15 ms−1 slowdowns at the 50-mbar level; this is not enough to

explain the 50-100 ms−1 difference between the wind measurements by Barnet et al.

(1992) at 890 nm and the measurements by Sánchez-Lavega et al. (2003, 2004)

(multi-wavelengths including 890 nm), both estimated to be at ∼50 mbar. Our

result does not explain the ∼50 ms−1 difference between the Flasar et al. (2005)’s

wind extrapolation at ∼50 mbar and the recent HST measurements either. Our

storm mass injection rates are probably an extreme upper limit, and we expect that

less massive storms would cause even smaller decelerations of the jet than described

here.

Nevertheless, our results show that, if a cumulus storm lifts a substantial amount

of mass from the condensation level to an upper level, the storm should shift the

equatorial jet peak and also widen the jet at the mass-detrainment level. Cassini

VIMS instrument may be able to observe a range of altitudes that may have been

influenced by the GWS; however, no analogous observational data exists from the

Voyager fly-bys, and we suspect that any change at depth will be difficult to charac-

terize only with Cassini data. Perhaps we should aim at comparing the deep winds

in this decade and after the next GWS outburst expected to occur around 2020

based on the event’s quasi-periodicity (Sánchez-Lavega and Battaner, 1987).

Our results do not rule out the possibility that the short-wavelength waves not

included in our model caused a further slowdown. On Earth, gravity waves are

believed to play a significant role in shaping the stratospheric zonal wind (Fritts

and Alexander, 2003). Gravity waves can have very short vertical wavelengths,

and if small-scale waves transport enough momentum, we cannot fully rule out

the possibility that their additional contributions are enough to cause a ∼50 ms−1

slowdown at the 50-mbar level. However, as we have mentioned, we tuned our

parameters at the extreme upper limit to test the storm’s effects on the dynamics,

and we investigated GWSs ranging from a single large storm cell with a diameter

of 16◦ and lifetime of ∼21 days to a storm composed of 1280 small cells each 2◦ in

diameter and one day long. Despite the fact that the multi-cell storms produce more

small-scale waves, none of our simulations over this wide range of parameters came



77

close to producing the required 50-100 ms−1 slowdown. Therefore, we suspect that

it will be difficult to cause a stronger equatorial jet slowdown with wave momentum

flux alone. It is doubtful that taking account of a wider spectrum of waves will halve

the ∼470 ms−1 Voyager wind at any altitude.

Our results strongly suggest that a true temporal equatorial jet slowdown caused

by the GWS 1990 alone cannot explain the speed difference between the ∼470 ms−1

Voyager wind and the ∼275 ms−1 wind observed by Sánchez-Lavega et al. (2003,

2004). Our results, together with the cloud tracer altitude estimates by Pérez-Hoyos

and Sánchez-Lavega (2006), indicate that a combination of higher clouds and a true

slowdown resulted in making the equatorial jet appear slower today than in 1980.
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CHAPTER 4

The Emergence of Multiple Robust Zonal Jets from Freely Evolving.

Three-Dimensional Stratified Geostrophic Turbulence with Applications to Jupiter

This work presented in this chapter is being submitted to the Journal of the At-

mospheric Sciences concurrently with finishing my dissertation.

This project has been motivated by past shallow-flow simulation studies’ inabil-

ity to completely reproduce Jupiter’s zonal jet system. The successes and failures

of those earlier works are summarized in the introduction of the following paper.

Almost all of those earlier works use one- or two-layer models to study how initial

small-scale turbulence self-organizes. None of them have successfully reproduced

Jupiter-like zonal jets and associated vortices. This study represents an extension

over those past studies and use a numerical model that have 10 or more vertical

layers to fully resolve the 3D effects in producing zonal jets.

The basic derivation of the Rhines length Lβ is already presented in Chapter 2,

and the introduction of the following paper picks up the subject from there. Here,

we briefly describe the various models used in the earlier studies. The 2D non-

divergent models solve the barotropic vorticity equation, 2.14. The Shallow-Water

model is a thin layer of incompressible fluid with a free top surface, thus the model

incorporates horizontal divergence. The quasigeostrophic model is a simplification of

the Shallow-Water model, which excludes non-geostrophic motions such as gravity

waves. The models mentioned so far are all single layer models. Most 3D large-scale

atmospheric dynamics models today solve the primitive equations, which is a hy-

drostatic approximation to the Navier-Stokes equation. Primitive equation models

are also used in many of today’s operational weather forecasting models.

Our results show that self-organization of 3D stratified flow is much more effective

in forming zonal jets than earlier single and two-layer model results. Our results

show that robust zonal jets can emerge when initial small-scale random turbulence
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self-organizes. We test the resulting flow’s sensitivities to the flow’s deformation

radius LD and the Rhines length Lβ =
√

U/β. Our tests reveal that whether

the outcome of the inverse cascade becomes dominated by jets or vortices depends

on the relative size relation between LD and Lβ. We find that, when varying Lβ

while holding LD constant, the resulting flow transitions from being jet-dominated

to vortex-dominated as Lβ is increased. Also, when LD is changed while LD is

fixed, our tests reveal that the flow becomes more vortical as LD is decreased. Our

results show for the first time that the zonal jet formation through the Rhines

effect is suppressed under small LD in 3D stratified flows, which is consistent with

the earlier results from quasigeostrophic and shallow-water model studies. Our

simulations also demonstrate that the barotropic mode does not necessarily become

the dominant flow component as the outcome of the inverse cascade in stratified

geostrophic turbulence. The zonal jets that emerge in our simulations follow a

height-to-width ratio of f/N , the Coriolis parameter divided by the Brunt-Väisälä

frequency. The f/N vertical-to-horizontal scale ratio for stable vortices in stratified

geostrophic flows has been known for some time, but our results demonstrate that

this scaling applies to zonal jets also.

4.1 Introduction

Spacecraft observations of Jupiter reveal ∼30 zonal jets at the cloud level in the

low- to mid-latitudes. In the equatorial region, a fast, broad eastward jet dominates

the flow flanked by westward jets to the north and south. Vortices are absent in the

equatorial region roughly between ±20◦ latitudes. Outside of the equatorial region,

numerous zonal jets exist up to about ±60◦ latitudes. Many of the jets contain sta-

ble vortices that drift in the east-west direction at speeds slightly different from the

background zonal flow. Most of the stable vortices in this region are anticyclones,

championed by the Great Red Spot centered at ∼22◦S, which may have been ob-

served as early as in 1665 and has been observed with modern telescopes since the

late 1800s (Rogers, 1995). The jets equatorward of 60◦ latitude, including the equa-
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torial region, are extremely steady in space and time even though they violate the

barotropic stability criterion. The spatial steadiness is signified by the observation

that the longitudinal wind speed dependence within a jet is much smaller than the

variations of the zonal mean zonal wind in latitude (Limaye, 1986). Comparing the

zonal mean wind profiles from the Voyager measurements in 1979 and the Cassini

measurements in 2000 illustrates the steadiness of the zonal jets in time, in which

only minor changes in the locations and the speeds of those jets are found (Porco

et al., 2003). Accordingly, in this paper, we call a flow structure a zonal jet when

the following three spatial characteristics are satisfied: (1) the zonal flow extends

throughout the zonal domain without reversing direction; (2) the zonal flow com-

ponent substantially exceeds the meridional wind everywhere; and (3) the variation

of the zonal wind in the zonal direction is much smaller than its zonal mean.

Poleward of ∼60◦ latitude, both the visible appearances and the dynamical char-

acteristics change dramatically from the lower latitudes. While the low- to mid-

latitudes are characterized by alternating dark and bright bands whose boundaries

correspond to the peaks of the zonal jets, the high latitude regions lack a clear

banding and are instead marked by countless small vortices. Cassini observations

of the northern high latitudes of Jupiter reveal a wind flow dominated by numerous

vortices ranging in size from the limit of image resolution to thousands of kilometers

(Porco et al., 2003). The motions of the vortices seem to be largely restricted to the

east-west directions and move along latitudinal circles. Vortex mergers upon close

encounters are common. The signs (cyclonic or anticyclonic) of the high latitude

vortices are largely unknown since the cloud motions within these small vortices are

difficult to resolve. As such, at the high latitudes, the cloud-tracking zonal wind

measurements by Porco et al. (2003) most likely represent the zonal average vortex

drift rates rather than zonal jets. A successful Jovian atmospheric dynamics model

must explain the above three dynamical wind regimes; the vortex-free equatorial

region with a fast, broad eastward jet, the middle latitudes where stable vortices

are embedded in the numerous robust zonal jets that violate the barotropic stability

criterion, and the vortex-dominated flow in the high latitudes.
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The tendency for small-scale random turbulence on a rotating spherical surface

to self-organize into zonally elongated structures lays the foundation of a promis-

ing hypothesis for Jovian zonal jet formation. This topic, turbulence on a rotating

spherical surface, including geostrophic turbulence, has been extensively reviewed

by Rhines (1979), Rhines (1994), Vasavada and Showman (2005) and Galperin et al.

(2006). In 2D fluid flow, it is well-known that the kinetic energy tends to be trans-

ferred from small-scale features to larger scales and accumulates at the largest scale

in the flow domain (Batchelor, 1953); this process is called the inverse cascade (as

opposed to the ordinary cascade in 3D flows, in which the kinetic energy is trans-

ferred from large-scale structures to small filamentary vortices where the energy is

dissipated by viscosity). Vortex growth in size through vortex mergers is a manifes-

tation of the inverse cascade. For a 2D flow on a rotating spherical surface, Rhines

(1975) showed that the gradient of the local planetary vorticity has an important

effect on the inverse cascade. The planetary vorticity at latitude φ = (y0 + y)/a

(y0 is the northward distance from the equator, y is the northward displacement

from y0, and a is the planetary radius) is the Coriolis parameter f ≡ 2Ω sin φ. The

gradient of f is customarily noted β ≡ df/dy = (2Ω/a) cos φ. Under sufficiently

large β, Rhines showed that the inverse cascade results in structures elongated in

the zonal directions with the north-south characteristic width

Lβ = (U/β)1/2. (4.1)

Today, this effect is called the Rhines effect or the β-effect, and Lβ is known as

the Rhines length. On Jupiter, the sources of small-scale vorticity may be the

observed moist convective storms (Gierasch et al., 2000; Ingersoll et al., 2000) or

baroclinic instabilities (Williams, 1979). Laboratory and numerical investigations

have employed two approaches in studying the self-organization of small vortices into

larger structures. The first approach is to initialize the flow with small balanced

vortices and let the flow evolve freely, and the second is to force the flow with sources

of small-scale vorticity.

The simplest tests of this hypothesis have employed the 2D non-divergent flow
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model, and these studies showed that the resulting flow does not resemble that

of Jupiter. Numerical freely evolving turbulence models produce flows dominated

by strong circumpolar jets (Yoden and Yamada, 1993; Yoden et al., 1999; Cho

and Polvani, 1996) with weak low latitude flows. Forced 2D non-divergent models

produce zonal mean wind profiles that alternate between eastward and westward

as a function of latitude (Chekhlov et al., 1996; Nozawa and Yoden, 1997; Huang

and Robinson, 1998; Huang et al., 2001; Danilov and Gurarie, 2004; Danilov and

Gryanik, 2004; Sukoriansky et al., 2007). Some authors discuss the relevance of

the 2D non-divergent model results to realistic 3D planetary zonal jets by showing

that, through analytical arguments, the energy transfer from the barotropic mode

to baroclinic modes is restricted while the baroclinic modes can transfer energy

to the barotropic mode, and as a result, the barotropic flow mode prevails even

in a baroclinically forced flow (Rhines, 1979; Salmon, 1998; Galperin et al., 2006).

Various two-layer model studies have demonstrated that the barotropic mode does

dominate in such a simplified system (e.g. Rhines (1979), Williams (1979), Panetta

(1993), and Kitamura and Matsuda (2004)), and linear analyses by Showman et al.

(2006) illustrate that shallow forcing can drive deep barotropic zonal jets when the

static stability is small. Also, Read et al. (2007)’s laboratory experiment of flows in

a rotating tank show that most of the kinetic energy is contained in the barotropic

component. These studies are consistent with the dominance of the barotropic mode

in 3D geostrophic flow as a result of baroclinic forcing; however, direct numerical

simulations or laboratory experiments have yet to conclusively demonstrate the

emergence of barotropic zonal jets from full 3D stratified nonlinear flow.

The next level of complexity is the inclusion of horizontal divergence. Using

the one-layer quasigeostrophic model, Okuno and Masuda (2003) and Smith (2004)

showed that the Rhines effect can be suppressed when the divergence makes the

Rossby deformation radius finite. For single-layer fluid flow, the Rossby deformation

radius is LD =
√

gh/f , where g and h are the surface gravity and depth of flow,

respectively. The 2D non-divergent model has LD → ∞. When the deformation

radius is finite, Okuno and Masuda (2003) showed that the Rhines length takes the
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form

L′β ≈ (L−2
β − L−2

D )−1/2. (4.2)

When LD ¿ Lβ, Eq. (4.2) shows that L′β becomes imaginary, and Okuno and Ma-

suda (2003) and Smith (2004) show that the Rhines effect is suppressed under such

conditions. Theiss (2004) suggests that the critical latitude on Jupiter, the bound-

ary between the jet-dominated latitudes and the vortex-dominated polar region, is

marked by LD ≈ Lβ.

Nonlinear simulations using the shallow-water (SW) model demonstrate that the

suppression of the Rhines effect under small LD also occurs when the ageostrophic

effects are fully included. Simulations of freely-evolving (Cho and Polvani, 1996;

Iacono et al., 1999) and forced (Showman, 2007; Scott and Polvani, 2007) turbulence

showed that SW flows can produce multiple zonal jets in low latitudes accompanied

by vortex-dominated regions in the high latitudes. Note that LD decreases with

latitude. In these simulations, a clear critical latitude divides the jets and the

vortex-dominated regions. They also report the dominance of anticyclonic vortices

over cyclones, another key Jovian flow feature. However, their equatorial jet becomes

westward, the opposite of Jupiter, and they do not reproduce a flow regime in which

small vortices are embedded in stable zonal jets. The successes of the SW studies

over the 2D non-divergent cases illuminate that the horizontal flow divergence is

crucial in reproducing two of the key Jovian flow features, namely, the vortex-free

low latitudes and the vortex-dominated polar regions. However, the failures of 2D

non-divergent and SW models to reproduce other Jovian characteristics, including

stable vortices embedded in zonal jets, suggest the importance of 3D effects.

Studies of cloud-level Jovian jet formation in 3D use multi-layer primitive equa-

tion models. Williams (2003) applied horizontal equator-to-pole differential heating

to a multi-layered primitive equation model. Such a forcing triggers baroclinic in-

stabilities, which serve as sources of small-scale vorticity, and he showed that the

system undergoes the inverse cascade and forms multiple zonal jets. The horizontal

flow field of his results suggests increasing longitudinal fluctuation of flow for higher

latitudes, although his simulation domain reach only up to 70◦ latitude and he did
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not obtain a completely vortex-dominated regime like that of the Jovian polar re-

gions. Also, his thermal forcing relaxes the temperatures to a profile that decreases

monotonically with increasing latitude. As a result, the static stability becomes de-

pendent on latitude and introduces complication in the interpretation of his result,

since, in 3D, the Rhines length may depend on the static stability, as will be dis-

cussed later. In addition, the heating in his study reaches substantially deeper than

the altitudes relevant for solar or latent heating effects, and the deep jets he obtains

seem to be a direct artifact of the vertical heating profile. Since the thickness of

his jets is set by the thickness of his forcing, it is difficult to examine whether there

exists a natural vertical length scale for the flow. To date, Kitamura and Matsuda

(2004) is the only published study of freely evolving stratified turbulence that ad-

dresses zonal jet formation from fine-scale random turbulence through the inverse

cascade. They find that their resulting flows become circumpolar jet dominated

as in 2D non-divergent studies, although mid-latitude jets are also clearly present.

However, their model has only two vertical levels, and the resulting jets’ vertical

structures are poorly resolved.

Here, we present a full-3D primitive equation model investigation of freely evolv-

ing stratified turbulence under rotation to show that robust zonal jets can emerge

from initial fine-scale turbulence. The rest of our paper is structured as follows. In

Section 2, we present the setup of our numerical experiments. Section 3 presents

our results, which show that robust zonal jets can emerge from initial random tur-

bulence. Concluding remarks are in the final section.

4.2 Model Setup

4.2.1 Numerical Model

We use the Explicit Planetary Isentropic Coordinate (EPIC) atmosphere model by

Dowling et al. (1998) to perform our numerical experiments. The model solves the

hydrostatic primitive equations with the potential temperature θ as the vertical

coordinate. As our main focus here is to study the processes that may lead to
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the formation of Jupiter’s zonal jets, many of our baseline parameters represent

their respective values for Jupiter, including the surface gravity and the ranges

of variations for the Coriolis parameter and its gradient. We also initialize the

background vertical thermal structure by setting the 200-mbar level temperature to

be 110 K to obtain a scale height similar to the Jovian condition. At the same time,

we also reduce the number of free parameters by simplifying the model atmosphere.

First, our simulations in this study are run in the β-plane approximation, which

is a linear approximation of the Coriolis parameter

f(y) = βy + f0 (4.3)

where f0 is the baseline Coriolis parameter. Performing simulations in the β-plane

geometry with a constant characteristic wind speed eliminates the variation in Lβ

within a simulation domain, and when we also keep the background static stability

constant, this setup enables us to test whether resulting zonal jets follow the Rhines

scaling by varying f0 only.

Second, the model atmosphere is stratified such that it has a constant back-

ground Brunt-Väisälä frequency N throughout the model domain. We forego the

stratosphere where the static stability is substantially higher than in the troposphere

because, in 3D, the deformation radius of the flow depends on the stratification, thus

large variations in N within a simulation domain introduces complications in inter-

preting our results.

Third, our simulations do not contain any explicit forcing (except for the nu-

merical stability terms noted later). EPIC has the capability to use the Newtonian

approximation of radiation as a mechanism for energy loss from the system; how-

ever, we treat our study as a pure initial value problem and do not take radiation

into account even though our &500-day long simulations are comparable to or longer

than the radiative time scales at some altitudes on Jupiter.

Finally, we incorporate the ideal gas equation of state with a 100% hydrogen at-

mosphere. In the cold hydrogen atmospheres of the Jovian planets, ortho-para state

transition of hydrogen molecules invalidates the conservation of potential vorticity
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(Gierasch et al., 2004); however we do not take account of the ortho-para transition

and potential vorticity is a conserved quantity in our simulations.

Most of our simulations have a horizontal domain size of 30000×30000 km with

the north-south×east-west grid-resolution of 128×128. The north-south lateral

boundaries have the free-slip (i.e., stress-free) condition and the east-west bound-

aries are periodic. We ensure that the domain size is substantially larger than the

resulting widths of the jets and radii of the vortices. The horizontal resolution for

our nominal resolution case, 234 km, is selected to be substantially smaller than the

deformation radius believed to be relevant for Jupiter, 1000-3000 km (Ingersoll et al.,

2004). Sensitivities of our results to the horizontal resolution and the domain size

are tested by performing three simulations presented at the end of Section 3, which

find no meaningful sensitivity of our results to the model domain and resolution.

The vertical domain height and resolution for each simulation are listed in Ta-

ble 4.1. The vertical resolutions are chosen such that the vortices of the smallest

radius that can be accommodated in our model can be resolved in the vertical, fol-

lowing Dritschel and de La Torre Juarez (1996)’s results. They found that vortices

with height-to-radius ratio larger than 3f/N are unstable, and we set the vertical

and horizontal resolutions, ∆z and ∆x, respectively, so that ∆z/∆x < 3f/N . The

vertical domain height is set to be as tall as computationally feasible while maintain-

ing sufficient vertical resolution as explained above. The bottom-most model layer is

a non-evolving abyssal layer representing the deep convective interior of a gas-giant

planet. All wind components are zero in the abyssal layer in our simulations.

To ensure numerical stability, we add “sponge” layers at the top and 6th or-

der hyperviscosity throughout the domain. The sponge layers prevent waves from

unphysically reflecting at the model top. We configure the sponge such that the

lowest sponge layer is placed at the ∼700 mbar level and their effects are minimal

for layers below the 1-bar level. Our nominal cases use a sponge that relaxes the

zonal wind component u to its zonal mean and the north-south component v to

zero. We re-ran a few of our simulations with an alternative sponge setting in which

both wind components were relaxed to zero, and found that the widths and speeds
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of the resulting zonal jets in the active (i.e., non-sponge) layers were not signifi-

cantly affected by the sponge settings. We select hyperviscosity coefficient values of

ν6 = 1.0× 1027–2.5× 1027 m6s−1. These values represent the minimum necessary to

stabilize the simulations, and their dissipation timescale ∆t ≈ ν−1
6 (∆x)6 is longer

than 108 s ∼ 1000 Earth days for the length-scale of ∆x ∼ 1000 km, thus ensuring

that the hyperviscosity effect timescale is longer than the simulation durations at

the scale of the deformation radius.

Table 4.1: List of Simulations – Jet formation project
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4.2.2 Initial Conditions

Our initial conditions are generated by randomly placing numerous (between 500 and

750, depending on the simulation) small geostrophic vortices in the active simulation

domain. We first construct a windless atmosphere with a constant static stability N

for the entire simulation domain. We then introduce circular pressure perturbations

and geostrophically balance them to create vortices. The pressure is perturbed such

that the wind speed follows a Gaussian function of log p in the vertical, with the

characteristic vertical scale (i.e., “standard deviation” of the Gaussian) of Hvortex,

thus the characteristic thickness of a vortex becomes 2Hvortex. Each vortex is circular

in the horizontal with a radius of 1000 km. The thickness Hvortex and characteristic

wind speed Uvortex of the vortices are determined so that unphysical isentropic layer

crossings do not occur when a vortex is stacked on top of another of an equal Uvortex

but with the opposite sign. The vertical wind shear caused by two vertically aligned

vortices produces substantial horizontal temperature gradient through the thermal

wind relation; however, the situation is unphysical when it causes layer crossing.

In our initial conditions, we use Uvortex ≈1 ms−1, and Hvortex approximately 1.5

and 0.5 scale heights for the low and high static stability cases (N = 0.001 and

0.005 s−1), respectively. The values represent the maximum Uvortex and minimum

Hvortex without crossing layers. We minimize Hvortex to study the vertical structure

that emerge from the initial vortical wind field, in which small vortices are randomly

placed in the vertical as well as the horizontal. The initial vortex heights do not

violate Dritschel and de La Torre Juarez (1996)’s tall-vortex stability criterion. The

active (i.e., non-sponge) simulation domain heights are approximately 6.0 and 2.7

scale heights for the low and high static stability cases, respectively, thus two vortices

can be stacked up vertically in the simulation domain in both cases. The vortices

span several layers in the vertical and thus are adequately resolved.

In our simulations, we ensure that the Rossby number for the vortices remains

Ro = Uvortex/fLvortex < 0.1, so that the geostrophy does not break down. For every

simulation presented in this paper, the sign of vortices is determined randomly such
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Figure 4.1: Typical initial condition for the simulations, shown at the 1-bar level. (a)
shows the initial ū (solid) plus or minus the root-mean-square wind, uRMS (dotted),
calculated along latitude circles. (b) shows the initial relative vorticity field. The
grayscales range from black representing ζ ≤ −3.0 × 10−6 s−1 to white depicting
ζ ≥ 3.0 × 10−6 s−1 in all figures depicting ζ including this one. The contour line
marks zero vorticity. (c) depicts the initial wind vectors. The length of each arrow is
proportional to the wind magnitude, with the longest arrow representing 5.6 ms−1.

that approximately half of the vortices are anticyclonic and half are cyclonic. Fig-

ure 4.1 illustrates a typical initial condition. Panel (a) shows the zonal mean zonal

wind ū (solid) and its zonal root-mean-square (RMS) scatter (dotted) calculated

along latitude circles. The zonal RMS scatter lines denote ū± uRMS where

uRMS ≡
(
u2 − ū2

)1/2

(4.4)

(the overbar denotes averaging over x). Panel (b) depicts the relative vorticity ζ

and (c) shows the wind vectors. The vortices are placed randomly in the horizontal

domain as well as the vertical, and the initial condition contains no zonal structure.

We let this initial condition evolve freely in our simulations.

4.3 Numerical Experiments

We present our numerical experiments in this section. We design our tests based

on the earlier quasigeostrophic (Okuno and Masuda (2003) and Smith (2004)) and

shallow-water (Cho and Polvani (1996) and Showman (2007)) studies, who indicate

that, under finite deformation radius LD, the inverse cascade follows Eq. (4.2). In
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3D, the deformation radius of the flow takes the form

LD ≈ NH

f
, (4.5)

where H is the characteristic vertical length scale of the flow (Eq. 7.5.5 in Gill

(1982)). In principle, the vertical scale is based on the dominant vertical normal

mode of the flow, but observationally characterizing the vertical flow scale for Jupiter

is difficult.

In this study, we follow the following procedure. First, we find a simulation

that produce robust zonal jets, and use it as a baseline for parameter variations.

Second, we vary simulation parameters to test whether the resulting flows behave

as expected from Eqs. (4.2) and (4.5). All the simulations presented in this paper

and their parameters are listed in Table 4.1.

4.3.1 Emergence of Zonal Jets

Figure 4.2: Results of the nominal case β30f30-H on the isentropic layer at the
∼1-bar level on day 500 of the simulation. Panels are as in Fig. 1. The grayscale
levels in (a) and (b) are the same as in Figures 1a and 1b, respectively. In (c), the
longest arrow represents 1.9 ms−1.

Figure 4.2 presents the case that developed the most robust zonal jets among

all our simulations. The figure depicts the flow on an isentrope at the ∼1-bar level

of the simulation β30f30-H (see Table 1). The simulation adopts static stability

N =0.005 s−1 throughout the simulation domain, which is similar to the value
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Figure 4.3: Meridional projections of the wind in the nominal case β30f30-H. (a)
shows ū on day 500 of the simulation. Black and while represent ū ≤ −1.0 ms−1 and
ū ≥ 1.0 ms −1, respectively – the same grayscale levels are used for all meridional
projections of ū in the subsequent figures. The contour line spacing is 0.5 ms −1. (b)
depicts Zu on day 500, and (c) shows Zu on day 1000. Black and white represent
Zu = 0.0 and Zu ≥ 10.0, respectively, in (b) and (c), and the contour lines are
drawn every 5.0, while the lines are not drawn for Zu > 25.0 to enhance readability
— some localized spots reach Zu > 100 on day 1000. Same grayscale levels are used
for all figures depicting Zu. The zonal mean wind ū exhibit little change between
days 500 and 1000, but visualizing the zonality highlights that the robustness of the
zonal jets continues to grow.
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expected for the cloud condensation levels on Jupiter (Sugiyama et al., 2006a). The

β-plane parameters β and f0 are equivalent to the Jovian 30◦N values. The figure

shows the flow on day 500, or ∼1200 Jupiter rotations of free-evolution after the

initial small-scale turbulence shown in Fig. 4.1. Figure 4.1a shows the zonal mean

zonal wind ū in the solid line and the zonal RMS scatter of zonal wind ū± uRMS in

the dotted lines, as a function of the north-south coordinate y. The figure reveals

robust zonal jets: 4 eastward and 5 westward, each of them ∼2500 km wide. Even

though the initial condition contains no coherent vertical structure, the emerged jets

are coherent in the vertical. Figure 4.3a shows ū projected on the meridional plane.

Note that the EPIC model does not contain explicit diffusion in the vertical, thus

these vertically coherent structures are due to the flow’s self-organizing nature, and

not vertical diffusion of momentum (note also that, in absence of heating, numerical

inaccuracies in the conservation properties, so-called “numerical diffusion,” in the

vertical are minimal in isentropic coordinate models such as EPIC). In this particular

simulation, the height of each jet is constrained by the depth of the simulation

domain; nevertheless, the figure illustrates that vertically coherent structure can

emerge from randomly placed small vortices. Figure 4.4a shows the time evolution

of ū(y) at the ∼1-bar level. It shows that the zonal-mean flow quickly takes shape

of the final result, by day ∼200, and the the extrema of ū do not exhibit merging,

branching, or migrating behaviors that have been shown for jets in past studies (e.g.

Panetta (1993); Huang and Robinson (1998)).

These jets are extremely robust. To measure the robustness of the jets, we define

the zonality of u as Zu ≡ |ū/uRMS|, which is a function of space (the north-south

coordinate y and the pressure p) and time. Figure 4.3b displays the Zu of the

simulation β30f30-H on day 500 projected on the meridional plane. The figure

shows that, by day 500, some jets have achieved zonality as large as Zu ∼10. The

importance of considering the zonality of the flow is demonstrated by the time

evolution of the flow. The time evolution of ū and Zu are displayed in Fig. 4.4a

and Fig. 4.4b, respectively, of the simulation β30f30-H at the ∼1-bar level, the

same simulation at the same altitude as in Fig. 4.2. Figure 4.4a shows that the jets
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Figure 4.4: Time evolution of the nominal case β30f30-H on the isentrope at ∼1 bar.
(a) shows the evolution of ū which shows little change after day 200. The grayscales
range from −1.0 ms−1 (black) to 1.0 ms−1 (white), with a contour line drawn every
1.0 ms−1. (b) presents Zu. Black and white represent Zu = 0.0 and Zu ≥ 10.0,
respectively. Contour lines are drawn every 10.0, while the lines for Zu > 20 are
omitted for readability even though some localized spots reach Zu > 80. It reveals
that the zonality of the jets continues to grow throughout the >1000 day simulation
duration even after ū appears to stabilize. (c) shows the zonality of the relative
vorticity Zζ . Black is Zζ = 0.0 and white is Zζ ≥ 5, and contour lines are drawn
every 5.0 up to Zu = 10.0. It shows that Zζ also attains very high values. High
Zζ signifies the domination of the zonal flow over the meridional wind component,
another important attribute of a robust zonal jet.
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appear to form relatively quickly by day 200 and undergo little subsequent change;

however, the zonality of the flow shown in Fig 4.4b indicates that the jets continue

to evolve throughout the >1000-day simulation duration. Meridional projection of

Zu for the same simulation on day 1000 is shown in Fig. 4.3c, which shows that the

high-zonality jets extend throughout the vertical model domain by this time.

Another important attribute of a robust zonal jet is the dominance of the zonal

wind u over the meridional component v. The resulting flow of β30f30-H attains

this characteristic as illustrated in Fig. 4.2c, in which the wind vectors largely point

in east-west rather than north-south and vortices are absent. Consequently, the

relative vorticity ζ field exhibits a clear banded structure, as depicted in Fig. 4.2b.

Figure 4.4c shows the time evolution of Zζ , the zonality of relative vorticity; the

figure clearly illustrates that the wind shear becomes dominated by the meridional

variations of u rather than the zonal variations in v. When the flow has little

dependence on x, the relative vorticity approaches

ζ ≈ −∂u

∂y
, (4.6)

thus high zonality of ζ means dominance of u over v, and demonstrates the robust-

ness of the final banded structure. The time scale for the development of Zζ is,

not surprisingly, similar to that of Zu shown in Fig. 4.4b, and illustrates that the

zonalization process continues throughout the ∼1000-day long simulation duration.

Although the simulation develops extremely robust, stable zonal jets, the jets do

not violate the barotropic stability criterion

−∂ζ̄

∂y
< β. (4.7)

Figure 4.5a shows the negative zonally averaged gradient of the relative vorticity on

an isentropic layer at ∼1-bar level for β30f30-H and its zonal RMS scatter. The

figure also shows β for the simulation (dashed), and illustrates that −∂ζ/∂y is a

factor of 2 too small to violate the criterion. This result agrees with 2D turbulence

investigations which also produce jets satisfying the criterion (e.g., Williams (1978),

Maltrud and Vallis (1993), Cho and Polvani (1996), Nozawa and Yoden (1997), and

Huang and Robinson (1998)).
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Figure 4.5: β30f30-H’s vorticities on day 500 on the ∼1-bar isentropic layer. (a)
shows the north-south gradient of the relative vorticity ∂ζ/∂y (solid), and its zonal
RMS scatter (dotted). β = 4.26 × 10−12 m−1s−1 is marked by the thick dashed
line, the value used for the simulation. It shows that the resulting flow does not
violate the barotropic stability criterion. (b) shows the PV (solid) and its zonal
RMS scatter (dotted) as a function of latitude. (c) depicts PV on the isentrope.
The unit of PV in (b) and (c) is 10−7 K Pa−1m−1s. The zonal mean PV in (b)
violates the Charney-Stern stability criterion around y =5000 km. (c) reveals that
the violation is a transient feature, and the zonal jet as a whole does not violate the
criterion.
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As a result of the jet formation, the zonal mean potential vorticity (PV) profile

becomes homogenized around the centers of the westward jets, and develops a step-

like structure. Figure 4.5b shows zonal mean and zonal RMS scatter of PV as a

function of y. Interestingly, the north-south gradient of zonal mean PV changes sign

at y ∼5000 km in the plot, which is a slight violation of the Charney-Stern stability

criterion. The criterion states that a flow is stable when the gradient of PV does

not change sign (Charney and Stern, 1962). It should be noted that, strictly, the

criterion is relevant for the gradient of PV itself, not its zonal mean. Visualizing PV

on the ∼1-bar isentropic surface reveals that the criterion violations are localized

transient features, and no jet as a whole violates the criterion (Fig. 4.5c). Never-

theless, it is interesting to note that, in Fig. 4.5b, the zonal RMS scatter of PV has

a peak at the latitude of Charney-Stern criterion violation, hinting that instability

modes may be more active in this region than elsewhere.

4.3.2 Sensitivity to β

Treating the run β30f30-H as a baseline result, we now vary its β-plane parameters

to test the behaviors of the resulting flows. Equation (4.2) shows that L′β becomes

imaginary when Lβ & LD, and under such conditions, SW studies suggest that the

inverse cascade leads to a vortex-dominated flow (Showman, 2007; Scott and Polvani,

2007). Thus, we first test the sensitivity of the flows to Lβ by varying β only. If the

resulting flow follows a similar dynamics as in the shallow water experiments, we

expect the resulting flow to become more vortex dominated with decreasing β. This

test is equivalent to varying the planetary radius without changing the planetary

rotation rate, except that our β-plane experiments exclude the curvature effects

of a real planet. The simulations β15f30-H, β30f30-H, β60f30-H and β80f30-H

have values of β representative of Jovian 15◦N, 30◦N, 60◦N and 80◦N, respectively,

without changing the background Coriolis parameter f0. Note that β decreases with

latitude, thus Lβ increases with increasing latitude. For a full list of parameters, see

Table 4.1.

Our simulation results show that the flow becomes more vortex-dominated as
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Figure 4.6: The left, middle and right panels show the same quantities in the same
format as in Figure 2, for the β-sensitivity test simulations β15f30-H, β30f30-H,
β60f30-H, and β80f30-H, all on day 500 of the respective simulations. The relative
vorticity’s grayscales represent the same values as in Figure 1b. The longest arrows
in panels (i), (j), (k) and (l) represent 1.5 ms−1, 1.9 ms−1, 1.7 ms−1 and 2.2 ms−1,
respectively. The figure reveals a general trend that the zonal structures are lost as
Lβ is increased by decreasing β.
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Figure 4.7: The left and right panels show the same quantities in the same format
as in Figures 3a and 3b, respectively, for the β-sensitivity test simulations as in
Figure 6, on day 500 of the simulations. The grayscale values and contour line
spacings are the same as in Figure 3 for the respective quantities. They illustrate
that the zonal structures weaken as Lβ is increased by decreasing β.
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Lβ is increased through varying β, which is consistent with previous SW results.

Figure 4.6 illustrates this result, showing the flows at the ∼1-bar level on day 500

of the β sensitivity test simulations. Figures 4.6a-d, 4.6e-h and 4.6i-l show the ū,

relative vorticity, and wind vectors for the four simulations, respectively. The overall

trend revealed by our simulations is that the zonal structures become weaker with

decreasing β. Although the zonal flow profile ū displayed in Figs. 4.6a-d may give

an impression that all three simulations produced zonal jets, comparing the rela-

tive vorticity and wind vectors of these simulations at ∼1-bar level reveals that the

simulations with smaller β produces more vortex-dominated flows. Case β15f30-H

leads to very few vortices (Figs. 4.6aei); while the northern third of the domain at

this altitude may not appear highly zonal, high-zonality features do exist around the

4-bar level. The simulation β30f30-H (Figs. 4.6bfj) is the nominal case discussed

in Section 3.1. Zonal features are weak in β60f30-H (Figs. 4.6cgk) except for the

strong eastward and westward jets at y ≈2500 km and y ≈5000 km, respectively.

For β80f30-H, plotting ū (Fig. 4.6d) gives an impression that the experiment led

to multiple zonal jets; however, the relative vorticity and wind vectors (Fig. 4.6hl)

reveal that, while still exhibiting banded structure, the zonal flows exhibit substan-

tial meandering and contain many vortices. Although the flow is vortex-dominated

in β80f30-H, cyclonic (anticyclonic) vortices align in a cyclonic (anticyclonic) zone

and help maintain the banded structure.

The meridional cross-sections of the flows also clearly show that reducing β leads

to less jet-dominated flows. Although the ū of all four cases shown in Figs. 4.7a-

d may resemble zonal jets, their zonalities Zu (Figs. 4.7e-h) clearly indicate the

general trend in the loss of zonal features with decreasing β in the simulations,

which is consistent with Eq. (4.2). The heights of the zonal structures seem to grow

with decreasing β in this test; however, we do not currently have an explanation for

this dependence on β.
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Figure 4.8: The left, middle and right panels show the same quantities in the same
format as in Figure 2, for the f -sensitivity test simulations β30f15-H, β30f30-H,
β30f60-H, and β30f80-H, all on day 500 of the respective simulations. The relative
vorticity’s grayscales represent the same values as in “ Figure 4.1. The longest
arrows in panels (i), (j), (k) and (l) represent 1.7 ms−1, 1.9 ms−1, 1.8 ms−1 and
1.4 ms−1, respectively. The figure illustrates that the flow becomes more vortical as
LD is decreased by increasing f .
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Figure 4.9: The left and right panels show the same quantities in the same format
as in Figures 4.3a and 4.3b, respectively, for the f -sensitivity test simulations as in
Figure 4.8, on day 500 of the simulations. The grayscale values and contour line
spacings are the same as in Figure 4.3 for the respective quantities. The robustness
of the zonal features declines as LD is decreased by increasing f .
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4.3.3 Sensitivity to the Coriolis Parameter f0

We now test the flow’s sensitivity to f0. Our intention is to vary only the deformation

radius LD without affecting Lβ. As in the sensitivity test for β, this test is motivated

by Eq. (4.2); if this scaling holds for 3D stratified flows, we expect a general tendency

for the flow to become more vortex dominated when Lβ & LD, i.e., with increasing

f0. We fix the value of β equal to that of the run β30f30-H, and vary only f0 in this

test. The simulations β30f15-H, β30f30-H, β30f60-H and β30f80-H have values of

f0 representative of Jovian 15◦N, 30◦N, 60◦N and 80◦N, while fixing β at the Jovian

30◦N value.

The result of this test reveals that zonal features weaken as LD is decreased by

increasing f0. Figure 4.8 shows the resulting flows on an isentropic layer at ∼1 bar

on day 500 of the f0 sensitivity test simulations. They show that the vortical activi-

ties increase as f0 is increased. The banded structure of β30f15-H (Figs. 4.8aei) may

appear relatively weak, but not all jets are revealed at this isentropic level, and the

simulation in fact develops multiple robust zonal jets as will be shown in the merid-

ional cross section. The nominal case β30f30-H is shown in Figs. 4.8bfj for com-

parison. Although the cases β30f60-H (Figs. 4.8cgk) and β30f80-H (Figs. 4.8dhl)

contain more vortices, the flows are largely zonal outside of the small number of

vortices probably because their relatively large β values maintain the Rhines effect.

The loss of the zonal features with a decrease in LD is clearly illustrated in the

meridional cross sections of the flow shown in Fig. 4.9. Figures 4.9a-d show ū and

Figs. 4.9e-h show the zonality of u, Zu, for the same simulations as in Fig. 4.8, all on

day 500 of the simulations. Comparing the resulting flows reveals that simulations

with larger f0 produced flows with less robust zonal structures. By day 500, β30f15-

H (Figs. 4.9ae) and β30f30-H (Figs. 4.9bf) produced multiple jets that reach Zu >

10. In comparison, β30f60-H (Figs. 4.9cg) resulted in three jets that barely reach

Zu > 5, and β30f80-H (Figs. 4.9dh) contains only very weak zonal structures. This

test clearly shows that reducing LD suppresses the Rhines effect and prevents robust

zonal jets from forming, and confirms that the dependence on the deformation radius
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holds in 3D flows as well as in one-layer quasigeostrophic (Okuno and Masuda, 2003;

Smith, 2004; Theiss, 2004) and SW (Cho and Polvani, 1996; Showman, 2007; Scott

and Polvani, 2007) systems.

4.3.4 Variations in both β and f0 – Sensitivity to “Latitude”

Now, we present simulations with the β-plane parameters that represent 15◦N

(β15f15-H), 60◦N (β60f60-H) and 80◦N (β80f80-H) latitudes on Jupiter, and com-

pare their results to the nominal 30◦N case β30f30-H. In these simulations, both

β and f0 are varied from the nominal case. Increasing the simulation’s latitudinal

parameters has an effect of lowering β and raising f0; as already described, these

parameter variations tend to make the flow more vortex-dominated.

We confirm that parameters representing higher latitudes result in more vortex-

dominated flows, which is in agreement with the aforementioned sensitivity tests

to β and f0. The simulations’ results on day 500 at the ∼1-bar level are shown in

Fig. 4.10. β15f15-H (Fig. 4.10aei) illustrates that, at the ∼1-bar level, the zonal

band structure in relative vorticity is not pronounced, and the zonal RMS scatter

is relatively large compared to meridional ū variation; however, the wind vectors

point largely in east-west directions and vortices are absent due to the strong β

effect. Also, as in the previous low-f0 case, the resulting jets’ heights are much

shorter than the simulation domain height, and not all jets are manifested at the

∼1-bar level. Figures. 4.10bfj show the nominal case β30f30-H for comparison.

The resulting flow of β60f60-H contains stable vortices embedded in the zonal jets

(Fig. 4.10cgk). For example, the cyclonic vortex shown at the x = −10000 km,

y = −2000 km coordinate embedded in a cyclonic band forms on about day 200 of

the simulation and persists at least until day 1000 as it slowly drifts westward. The

embedded vortices make the zonal-RMS envelopes relatively wide compared to the

variation in ū, but the wind vectors indicate that, outside of the vortices, the winds

are mostly zonal. Figure 4.10dhl show the result of β80f80-H, whose ū may give an

impression of zonal jets with its zigzagging appearance, but its zonal RMS scatter

width is comparable to the zonal mean value, which indicates a vortex-dominated
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Figure 4.10: The left, middle and right panels show the same quantities in the
same format as in Figure 2, for the latitude-sensitivity test simulations β15f15-H,
β30f30-H, β60f60-H, and β80f80-H, all on day 500 of the respective simulations.
The relative vorticity’s grayscales represent the same values as in Figure 1b. The
longest arrows in panels (i), (j), (k) and (l) represent 0.8 ms−1, 1.9 ms−1, 1.8 ms−1

and 1.6 ms−1, respectively. The figure illustrates that the flow becomes more vortex-
dominated as the β-plane parameter values are varied to represent higher latitudes.
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Figure 4.11: The left and right panels show the same quantities in the same format
as in Figures 3a and 3b, respectively, for the latitude-sensitivity test simulations as
in Figure 10, on day 500 of the simulations. The grayscale values and contour line
spacings are the same as in Figure 3 for the respective quantities. The zonal features
weaken as Lβ is increased while LD is decreased simultaneously by decreasing β and
increasing f , respectively.
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flow. Its relative vorticity and wind vectors reveal that the flow is vortex-dominated,

although some zonal alignment exists. Comparing the 80◦N case (Figures 4.10dhl)

to the robust zonal jets produced by the nominal case β30f30-H (Figure 4.10bfj)

further illuminates the difference between the strongly jet-dominated flow and a

vortex-dominated counterpart.

The vertical structures of the flows confirm that parameters representing higher

latitudes lead to flows that are less zonal. Figure 4.11 shows the meridional cross

sections on day 500 of the latitude test simulations. The meridional projections

of ū (Figs 4.11a-d) and Zu (Figs. 4.11e-h) clearly demonstrate that higher-latitude

flows contain much weaker zonal structures. The 15◦N case (f15f15-H) does not

develop strong zonal mean flows, but nevertheless does contain small but notable

high-zonality features. This result is not surprising given the sensitivities to β and

f0 discussed in Sections 4.3.2 and 4.3.3, but we present these results nevertheless

because we used these simulations as a baseline for varying the static stability N ,

presented next.

4.3.5 Sensitivity to Static Stability N

Now we present our result’s sensitivity to Brunt-Väisälä frequency N . The moti-

vation of this test is similar to the sensitivity test of f0: we attempt to vary only

the deformation radius LD without affecting Lβ. For this test, we reduce the static

stability to N =0.001 s−1 in the four simulations in the “latitude test” and compare

their results. Our simulations confirm our expectations and show that lowered N ,

thus reduced LD, makes the flow more vortical than in the N =0.005 s−1 simula-

tions presented in Section 4.3.4. Figure 4.12 illustrates this result, which presents

the low static stability cases with the β-plane parameters representing the Jovian

15◦N (β15f15-L), 30◦N (β30f30-L), 60◦N (β60f60-L) and 80◦N (β80f80-L) lat-

itudes. The figure depicts the flows at the ∼1-bar level and on day 500 of the

respective simulations, and it should be directly compared to Fig. 4.10.

The comparison between the high and low static stability simulations reveals that

the suppression of the Rhines effect is more pronounced in the low static stability
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Figure 4.12: The left, middle and right panels show the same quantities in the same
format as in Figure 2, for the N -sensitivity test simulations β15f15-L, β30f30-L,
β60f60-L, and β80f80-L, all on day 500 of the respective simulations. The relative
vorticity’s grayscales represent the same values as in Figure 1b. The longest arrows
in panels (i), (j), (k) and (l) represent 13.4 ms−1, 7.3 ms−1, 1.8 ms−1 and 1.9 ms−1,
respectively. Comparing Figure 10, showing the latitude test simulations, with
this figure at the respective latitudes reveals that reducing N increases the vortical
activities.
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simulations. In comparing the pairs of “-H” and “-L” simulations representing the

same latitude, the high static stability simulations lead to more zonal flows except

for the 15◦N cases, in which the low static stability case β15f15-L (Fig. 4.12aei)

developed more robust zonal jets than β15f15-H (Fig. 4.10aei). The low static

stability 30◦N case (β30f30-L, Figs. 4.12bfj) has vortices embedded between zonal

flows; although the zonal features are not very robust (Zu < 5), this flow remains in

this regime at least until day 1000 of the simulation. In comparison, the high-static-

stability counterpart β30f30-H lacks vortices and has jets that are much more zonal.

The 60◦ low-static stability case is vortex-dominated with only very weak zonal align-

ment (Fig. 4.12cgk), in contrast to the high-static-stability version, which has much

stronger zonal structure. The 80◦N N =0.001 s−1 case (β80f80-L, Figs. 4.12dhl)

produces a completely vortex-dominated flow with no notable zonal structure, and

the flow resembles that of isotropic turbulence unlike any of the high static stability

cases. The N = 0.005 s−1 80N◦ case also became vortex-dominated; however, some

zonal alignment is still present in the high-static-stability case.

These results extend to 3D the recent finding (Okuno and Masuda, 2003; Smith,

2004; Theiss, 2004; Showman, 2007; Scott and Polvani, 2007) that small deformation

radius can suppress the Rhines effect and thus inhibit jet formation even when the

β-effect is strong.

The low static stability simulations demonstrate that the simulations with higher

latitudinal parameters, thus smaller LD, produce more vortex-dominated flows,

which is consistent with all aforementioned results. The meridional cross sections

of the flow are presented in Figure 4.13 to illustrate this result. Robust zonal fea-

tures are found only in β15f15-L, and other simulations do not develop strong zonal

structures. Also, the speeds of the resulting jets in the N =0.001 s−1 cases became

much faster than in the N =0.005 s−1 cases. We believe that this is caused by the

difference in the sponge layer settings, which made the sponges in the high static

stability cases more absorptive, and consequently dissipated more eddy kinetic en-

ergy (note that, however, the sponges do conserve the zonal momentum as described

in Section 4.2).
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Figure 4.13: The left and right panels show the same quantities in the same format
as in Figures 3a and 3b, respectively, for the N -sensitivity test simulations as in
Figure 12, on day 500 of the simulations. The grayscale values and contour line
spacings are the same as in Figure 3 for the respective quantities.
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4.3.6 Vertical Jet Structure

In Section 4.3.3 and 4.3.4, we showed that simulations β30f15-H and β15f15-H

produced jets that are substantially shorter in the vertical than the simulation do-

main height. This observation motivated us to test the vertical structures of the

resulting jets using deeper simulation domains without changing other simulation

parameters. Simulations β30f15-D, β30f30-D, β30f60-D and β30f80-D have pa-

rameters identical to β30f15-H, β30f30-H, β30f60-H and β30f80-H, respectively,

except that their simulation domains extend deeper, placing the abyssal layer at the

100-bar level. This test also examines the sensitivity of our results to the domain

depths. In terms of jet versus vortex domination in the resulting flows, all four cases

produced outcomes consistent with the corresponding shallow simulations. The sim-

ulation β30f80-D will not be further discussed because it produced a largely vortex

dominated flow as expected, and the heights of the few weak jets that do emerge

seem to be constrained by the simulation domain.

These deep simulations developed many jets whose heights are much shorter

than the simulation domain. Although our numerical model does not include a

true barotropic mode, the fact that the jets’ heights do not become constrained by

the simulation domain suggests that the inverse cascade in 3D does not necessarily

result in a flow which is dominated by the barotropic mode. The deep simulations

reveal that jets that form under larger f have greater heights, and simulations with

small f produced jets that are substantially shorter in height than the simulation

domain. Figure 4.14 show the meridional cross sections of resulting flow on day 500

of the simulations β30f15-D, β30f30-D and β30f60-D. Figures 4.14a-c show ū and

Figures 4.14d-f depict Zu. They reveal that the jets that form in simulations β30f15-

D and β30f30-D have heights smaller than the simulation domain.

We analyze the relationship between the jet heights HJet and widths LJet, and

show the result in Figure 4.15. The figure shows a clear trend for HJet/LJet to grow

with f/N . The figure depicts the 17 (7 eastward and 10 westward) jets that achieve

Zu > 5 and ū > |0.5| ms−1 in the three deep-domain simulations. The widths
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Figure 4.14: The left and right panels show the same quantities in the same format
as in Figures 4.3a and 4.3b, respectively, for the deep-domain simulations β30f15-
D, β30f30-D and β30f60-D, all on day 500 of the respective simulations. The
grayscale values and contour line spacings are the same as in Figure 4.3 for the
respective quantities. The figure reveals that the heights of the zonal jets become
taller as f is increased.
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Figure 4.15: The relationship of the height-to-width ratio of the zonal jets that
emerged in the deep-domain simulations presented in Figure 4.14 to f/N . The
diamonds (asterisks) are the eastward (westward) zonal jets that satisfy both |ū| >
0.5 ms−1 and Zu > 5.0. The figure reveals that the jets’ height-to-width ratio
∆HJet/∆LJet closely follows f/N .

correspond to the width of the region where the jet speed exceeds ū > |0.5| ms−1.

The heights are measured by integrating the temperature-dependent scale height

(H ≡ RT/g, where R is the hydrogen gas constant, T is the temperature) in the

vertical across the region of ū > |0.5| ms−1; when this region reaches the 1-bar level,

we treat the 1-bar level as the top. Figure 4.15 shows the HJet/LJet = f/N line

as a reference, and illustrates that our HJet/LJet data points follow f/N within a

factor of ∼2. The eastward (westward) jets are marked by diamonds (asterisks)

in the figure; the results indicate no notable difference in the behaviors between

the eastward and westward jets. The scatter of HJet/LJet becomes larger at high

f/N probably because the heights of some jets in β30f60-D are constrained by

the simulation domain. This result compares interestingly with that of the height-

to-radius ratio Hvortex/Lvortex of stable quasigeostrophic vortices, which also scales

with f/N (Dritschel and de La Torre Juarez, 1996; Dritschel et al., 1999; Reinaud

et al., 2003; Dritschel et al., 2005). Experiments of stratified turbulence in a ro-

tating tank by Praud et al. (2006) show similar results. Numerical simulations of
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stratified geostrophic turbulence by Waite and Bartello (2006) show that the ratio

of characteristic vertical and horizontal flow scales also follow f/N (they do not

obtain zonal jets). Our result suggests that the f/N height-to-width ratio holds for

both vortices and jets in 3D geostrophic flows. This is consistent with the theory

that quasigeostrophic flows are invariant when the vertical scale is normalized by

f/N (Haynes, 2005).

We also note that, when vortices are embedded between zonal jets, the vortex

heights are shorter than those of the jets. The radii of these vortices are smaller

than the width of the jets. We do not measure the height-to-radius ratio for the

vortices because a cyclonic (anticyclonic) vortex is usually embedded in a cyclonic

(anticyclonic) shear zone, and unambiguously defining the height and radius of a

vortex is difficult. Nevertheless, it is possible that the vortices and jets independently

follow the f/N vertical-to-horizontal scaling ratio. Earlier one- and two-layer model

studies of the inverse cascade, which seem to have difficulties in producing vortices

embedded between zonal jets, do not take account of multiple baroclinic modes,

and jets and vortices are forced to have the same vertical scale. As suggested by

Showman (2007), our study hints that including multiple baroclinic modes may be

important in reproducing both jets and vortices like those of Jupiter.

4.3.7 Cyclone-Anticyclone Symmetry

SW studies of freely-evolving flows initialized with small-scale balanced turbulence

show that the inverse cascade preferentially produces anticyclonic vortices when

the flow is strongly geostrophic and has a large horizontal divergence such that

F 2/Ro > 0.13 (Cho and Polvani, 1996; Iacono et al., 1999), where the Froude and

Rossby numbers are defined F = U/
√

gh and Ro = U/fLΩ, respectively, and LΩ

is the horizontal characteristic length scale for the planetary rotation effect. The

skewness of vorticity Sk = 〈ζ3〉 / 〈ζ2〉3/2
is a measure of vorticity asymmetry (here,

brackets 〈 〉 indicate an averaging over the horizontal domain). When Sk is positive,

cyclonic vortices are more prevalent, and when negative, anticyclones dominate. We

calculate Sk, and find that all of our simulations produce an asymmetry satisfying
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|Sk| < 0.5, while the simulations by Cho and Polvani (1996) and Iacono et al. (1999)

seem to readily reach Sk < −1.0. In our simulations, the Sk behavior does not

exhibit a clear dependence on any simulation parameter, and our simulations often

develop Sk values that fluctuate temporally between small positive and negative

values.

The most like explanation for the lack of a strong vorticity asymmetry in our

simulations is that the horizontal flow divergence in our simulations is extremely

weak. Applying the shallow-water definitions of F and Ro, we write

F 2

Ro
=

ufL

gh
. (4.8)

Assuming geostrophic balance fu ≈ g∆h/L, we obtain an expression

F 2

Ro
≈ ∆h

h
. (4.9)

We now estimate ∆h/h for our simulations using the isentropic coordinate layer

thickness h ≡ −(1/g)∂p/∂θ. Using the global RMS value of h for ∆h and the global

mean of h for h, we calculate that our simulations have ∆h/h < 10−1, which in-

dicates low divergence. Also, in 3D, the horizontal Froude number can be defined

as Fh = U/NLg as done by Waite and Bartello (2006), where Lg is a horizontal

characteristic length scale for gravitational relaxation. If we assume, for simplic-

ity, Lg = LΩ = LD to be ∼5000 km, the characteristic horizontal length scale of

flow (either jet width or horizontal vortex scale), we calculate that all of our sim-

ulations have Fh2/Ro = 10−1 or smaller. SW studies by Cho and Polvani (1996)

and Iacono et al. (1999) show that the vorticity distribution becomes symmetric for

low-divergence flows satisfying F 2/Ro < 0.13, and our results are consistent with

their results, although our simulations do not test whether highly divergent flows

develop vorticity asymmetry.

4.3.8 Sensitivity to the simulation domain, resolution, and the sponge layer

To test the dependence of our results to the simulation domain and the model

resolution, we performed three tests based on our nominal case, β30f30-H. First,
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we double the horizontal resolution without changing the simulation domain size.

For the second and third tests, the simulation domain is doubled in the north-south

and east-west direction, respectively, without changing the horizontal grid-spacing.

Consequently, the high-resolution test has quadruple and the two domain-size tests

have double the grid points of the original β30f30-H simulation. All three tests

produce robust zonal jets with almost exactly the same width as in β30f30-H, thus

confirming that our results do not depend on the model domain and resolution.

We also examine the effect of the top model boundary condition. To prevent

waves from unrealistically reflecting at the model’s top domain boundary, all sim-

ulations presented so far use sponge layers that relax u to its zonal mean and v

to zero. This has the advantage of conserving the model’s zonal momentum. On

the other hand, since the flows are forced to become almost purely zonal in the

sponge layers, one may argue that the zonal jets we obtain in our simulations are

artifacts of the sponge layers, and not as a result of the Rhines effect. To rule out

this possibility, we change the sponge layers of the nominal case β30f30-H so that

both u and v are relaxed to zero. This alternative-sponge case develops jets of the

same widths centered at the same latitudes; thus, we are confident that the zonal

jets in our results are not an artifact of the relax-to-zonal-mean sponge. We also

reran β80f80-H with the alternate (relax-to-zero) sponge, and find similar results

to the β80f80-H case with the nominal sponge. As these two simulations share the

identical initial conditions, we are able to pinpoint the corresponding vortices’ drifts

and mergers in the two simulations at least up to day 500. Based on these tests,

we are confident that the sponge settings do not substantially affect the flow (jets

versus vortices) that emerge from the initial conditions.

4.4 Discussion

We have tested whether the inverse cascade in 3D stratified geostrophic flow under

the influence of β can produce zonal jets from initial small-scale turbulence without

forcing. Our results show that extremely robust zonal jets can emerge from such
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initial conditions. The zonal jets produced in our simulations are very uniform in

the zonal direction. After 500 Earth days of free evolution, some of the jets attain

zonal mean zonal flow at least 10 times stronger than the zonal RMS scatter of the

zonal flow. The zonal jets are very steady in time as well, and the peaks of the

jets exhibit no meandering or merging after they stabilize around day 200 of the

simulations. The jets’ zonal variability continues to decrease (i.e., the jets become

more robust) for at least 1000 days. None of the jets in our simulations become

unstable or weaken after they form.

We then test the flow’s sensitivities to the deformation radius LD and the 2D

non-divergent Rhines Length Lβ by varying the β-plane parameters (f0 and β) and

the static stability N , one at a time. We find that, when Lβ is varied while LD

is fixed, the result of the inverse cascade becomes more vortex-dominated as Lβ

is increased by decreasing β. Also, when changing LD by varying f0 or N while

holding Lβ fixed, the flow becomes more vortical as LD is decreased by increasing f0

or decreasing N . This shows that jet formation through the Rhines effect becomes

suppressed when LD is small relative to Lβ, although it is difficult to deduce the

exact size relation that is required to suppress the Rhines effect from our study.

The suppression of the Rhines effect under small LD is in agreement with the earlier

quasigeostrophic (Okuno and Masuda (2003), Smith (2004), Theiss (2004)) and SW

(Cho and Polvani (1996), Showman (2007) and Scott and Polvani (2007)) studies;

to our knowledge, our result is the first demonstration of this effect for 3D stratified

geostrophic turbulence.

Through presenting various outcomes of the inverse cascade in our sensitivity

tests, we illustrate that, when analyzing a zonal jet, it is crucial to take account of

the zonal flow’s variation in the zonal direction. We show that, even when jets do

not form as a result of the inverse cascade, vortices of the same sign zonally align

around the same north-south coordinate (or “latitude”), and visualizing only the

zonal mean zonal wind ū can give a false impression of zonal jets in such cases.

A vortex-dominated flow can produce a ū profile that alternates between eastward

and westward as a function of y, and presenting ū by itself is not sufficient when



117

presenting zonal jets. Some measure of the robustness of zonal structure is necessary,

and we employ the zonality of u defined by Zu ≡ |ū/uRMS|, where uRMS is the zonal

RMS scatter of u. The robust jets in our simulations readily achieve Zu > 10. Our

method is not unique in measuring the strength of a zonal structure; for example,

Showman (2007) uses uzonal RMS/uglobal RMS, where uzonal RMS and uglobal RMS are zonal

and global RMS scatters of u, respectively — in this approach, the flow is more zonal

when uzonal RMS/uglobal RMS is smaller. Regardless of the method, taking account of

the robustness of a zonal feature is crucial in judging whether it is a zonal jet or

otherwise.

Our results also show that the result of the inverse cascade in a 3D stratified

flow does not necessarily lead to a flow dominated by the barotropic mode. Our

simulations demonstrate that the height-to-width ratio of the zonal jets closely follow

f/N when the jets’ heights are not restricted by the simulation domain. This result

is analogous to the f/N height-to-radius ratio of stable geostrophic vortices by

Dritschel and de La Torre Juarez (1996), Dritschel et al. (1999), Reinaud et al.

(2003), Dritschel et al. (2005), and Praud et al. (2006). We show for the first time

that the scaling applies also for jets in stratified geostrophic flows. Some analytical

studies suggest that the barotropic mode prevails as a result of the inverse cascade

even when the sources of small-scale vorticity is baroclinic (Rhines, 1979; Salmon,

1998; Galperin et al., 2006); however, our result suggests that this is not necessarily

the case, at least for freely evolving turbulence. Whether this scaling holds for forced

3D stratified geostrophic turbulence remains an open question.

Our results do not test whether the widths of the resulting jets follow the modified

Rhines length L′β in Eq. (4.2). We find that robust zonal jets form in a relatively

narrow range of β, thus, to test the modified Rhines scaling, one would need to test

the sensitivity to U . Since all of our initial conditions contain the same characteristic

turbulence velocity U ∼1 ms−1, it is difficult to deduce the jet width’s sensitivity to

U from our results. Quantifying the energy spectrum of the resulting flow is also a

future topic of investigation.

Our study shows that the inverse cascade in 3D stratified geostrophic turbulence
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can produce all three of the Jovian wind regimes under certain combinations of

parameter values based on the Jovian conditions. Our simulations produced vortex-

free low latitudes (although we did not test whether the equatorial jet becomes

eastward or westward), robust zonal jets that contain stable vortices at middle

latitudes, and vortex-dominated high latitudes. The advantage of a many-layer 3D

model like ours over a one- or two-layer inverse-cascade model is that a many-layer

model incorporates multiple baroclinic vertical modes. When vortices are embedded

between zonal jets in our results, they are smaller in both height and radius than the

height and width of the jets; the jets and vortices may be manifestations of different

vertical modes. Our study suggests that including multiple baroclinic modes may

be important in reproducing a Jupiter-like flow with both zonal jets and vortices.

Whether the jet dynamics will hold the same when the wind speed is increased to

that of Jupiter is still an open question. Nevertheless, our study demonstrates that

extremely robust zonal jets can form through the inverse cascade in 3D stratified

geostrophic flow, and our results are consistent with the hypothesis that Jupiter’s

zonal jets form through the inverse cascade driven by the small-scale forcing at the

cloud level.
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CHAPTER 5

Can Shallow Jovian Atmospheric Jets be Stable?

In this chapter, we present preliminary results of unpublished work. The goal of this

project is to constrain the deep atmospheric flow and thermal structures of Jupiter

by studying the shear instabilities of the winds. The spatial variations of the zonal

winds and temperatures deep in the giant planet atmospheres are major unknowns

as highlighted in the 2003 NRC planetary decadal survey. We aim to place con-

straints on the deep winds and temperatures by examining the conditions that can

sustain the observed stable cloud-level winds. We also address what maintains the

stable atmospheric jets on the giant planets, which remains one of the fundamental

unanswered questions in planetary atmospheres.

In this chapter, we first summarize previous theoretical analyses of the observed

winds on Jupiter. Second, we describe the specific research question we are in-

vestigating, and highlight the key science issues to be addressed. The subsequent

sections illustrate the method of investigation and present some preliminary results.

The last section identifies possible future paths for this project.

5.1 Background

Spacecraft observations of Jupiter revealed multiple atmospheric jets alternately

blowing eastward and westward at the cloud level. Subsequent observations have

shown that those zonal jets are remarkably stable both in time and space. Spa-

tially, the wind patterns are highly symmetric about the planetary rotation axis,

exhibit relatively small longitudinal variation, and their zonal component is much

stronger than the meridional component with the exception of the large long-lived

vortices such as the Great Red Spot (Limaye et al., 1982). Temporally, the jets

have undergone no change in their speeds and locations comparable to their mag-
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nitudes and widths, respectively, for ∼ 20 years since detailed observations began

(Garćıa-Melendo and Sánchez-Lavega (2001), Porco et al. (2003)). Temperature

measurements above the clouds suggest that the jets become slower with height at

those altitudes (Gierasch et al. (1986), Flasar et al. (2004)). Much less is known

about the winds and temperatures below the clouds. The only direct measurement

to date, the Galileo probe experiment, showed that the wind speed increases with

depth from the 1-5 bar-level and then stays almost constant until at least 22 bar

(Atkinson et al., 1998); however, this condition may be representative only of the

probe entry site (Showman and Ingersoll (1998), Showman and Dowling (2000)).

The large-scale structure of the zonal jets and temperature below the clouds remain

undetermined in Jupiter’s atmosphere.

Theoretical studies can constrain the deep structures that allow the cloud-level

winds to be stable. Because the observed sharp zonal jets are accompanied by steep

latitudinal wind shear, they are unstable unless supported by an appropriate un-

derlying wind and thermal structure. A well-known example is the jets’ violation of

Kuo (1949)’s barotropic stability criterion (Ingersoll and Pollard, 1982). If we as-

sume that the observed zonal wind is a function only of latitude, constant in height

around the cloud level and non-divergent, the criterion states that, for the jets to

be stable, the gradient of the relative vorticity must be smaller than the gradient of

the planetary vorticity, i.e., −∂ū/∂y < β, where β is the north-south gradient of the

planetary vorticity f . The fact that Jupiter’s cloud level flow violates this criterion

makes the assumed vertical structure less favorable. Another example is Charney

and Stern (1962)’s criterion, which indicates that a jet is stable when the potential

vorticity is a monotonic function of latitude. Numerically and experimentally test-

ing for baroclinic instabilities can also constrain the vertical shear of a stable jet.

Thus, theoretical shear instability considerations can test whether a given wind and

thermal structure can sustain the stable cloud-level wind.

There are two paths of inquiry in studying the stability of the Jovian zonal

jets. The first seeks a more powerful shear stability theorem. Because both the

barotropic and Charney-Stern criteria are necessary but not sufficient conditions,
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violating one does not guarantee that the flow is unstable. At the conceptual level,

we currently do not have a physical explanation for what exactly makes a shear flow

stable or unstable. As Lindzen (1988) points out, we do not even understand why the

aforementioned shear stability criteria constrain the gradient of the shear, ∂2u/∂y2,

rather than the shear itself, and this remains a fundamental question in physics.

Arnol’d’s second stability criterion (Arnol’d (1966), also see Dowling (1995a)) is a

promising candidate of a more general stability criterion to which Jupiter’s zonal jets

seem to be neutrally stable (Stamp and Dowling, 1993); however, its applicability

to the Jovian atmosphere remains uncertain.

The second line of inquiry examines various shear flows to test whether a particu-

lar flow configuration, including its thermal structure, is stable against instabilities;

this is the path we pursue in our project. Past studies have revealed two end-point

scenarios of deep wind structures that allow stable jets on the visible surface. The

first shows that the jets are stable if they penetrate through the molecular hydro-

gen layer (Ingersoll and Pollard, 1982). Many other studies, though they may not

directly address the shear instabilities, point toward this “deep jet” scenario (e.g.

Heimpel et al. (2005)). Gierasch (2004) introduced a notable alternative to this

“deep” picture. Through linear stability analysis, he showed that shallow jets, with

Jupiter-like speeds and widths at the top, can be stable under certain conditions.

However, his analysis contained several untested assumptions, and whether the flow

configurations he presented are actually stable in a more realistic setting remains an

open question. The stability of shallow zonal jets on Jupiter is relatively unexplored,

and this possibility deserves a thorough consideration.

5.2 Research Question: Can Shallow Jovian Atmospheric Jets be Stable?

We test Gierasch (2004)’s shallow jet hypothesis with a full-3D nonlinear at-

mospheric fluid dynamics model. His linear analysis using the β-plane approxi-

mation tested the stability of a cosine jet decaying with depth over several scale

heights. He applied rigid boundary conditions at the top, bottom, north and south
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boundaries, and assumed that the atmosphere has a small thermal stratification but

a significant horizontal temperature gradient (necessary for producing the vertical

wind shear through the thermal wind relation). In that setting, he showed that

unstable modes are suppressed in the cosine jet with an otherwise unstable vertical

shear when the jet is eastward. He found that the unstable modes in a westward jet

grow almost as fast as in a flow with the identical vertical shear but no horizontal

shear.

We first test Gierasch’s assumptions and replace them with more realistic ones

when appropriate. The rigid boundary conditions he applied at the top and bottom

are unrealistic for the Jovian condition. Gierasch proposes that the rigid bottom

may represent a hypothetical stable layer; nonetheless, for the bottomless Jovian

atmosphere, a more realistic bottom boundary should represent the adiabatic deep

interior. When desired, a stable layer can be placed above the adiabatic boundary

condition but assuming a rigid or stable layer as the boundary condition is unre-

alistic. We investigate whether the artificial boundary conditions in his analysis

significantly affected the instabilities. Gierasch also assumed that the horizontal

temperature gradient can persist while the vertical stratification is very small. A

full 3D fluid dynamics model can test this assumption. Our simulations will test

under what condition, if at all, this assumption holds.

5.3 Method

We again use the Explicit Planetary Isentropic Coordinate (EPIC) atmosphere

model (Dowling et al., 1998) to test Gierasch (2004)’s shallow jet hypothesis. One

advantage of using EPIC over an Earth-based atmosphere model is that, because

EPIC uses the potential temperature as the vertical coordinate, it can represent the

adiabatic bottom boundary condition much more naturally compared to terrestrial

models that commonly use pressure as the vertical coordinate. Also, geostroph-

ically balancing the initial condition is particularly important in this study as it

becomes extremely difficult to distinguish the natural growth of an unstable mode
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from the initial geostrophic adjustment when the initial flow is not well-balanced.

EPIC provides tools to create balanced initial winds.

We test Gierasch’s hypothesis with the following configuration. We use the β-

plane geometry at various latitudes for our tests. We set up the weakly stratified

layer where the jet decays with depth between 1 bar and ∼100 bar. Gierasch tested

jets decaying over two orders of magnitude in pressure, and that motivates us to

place the jet in this pressure range. We replace the rigid boundaries at the top and

bottom in Gierasch’s model with a stable layer. The stable layer above the 100-

mbar level represents the stratosphere. Adiabatic boundary condition is applied at

the bottom of the model domain to represent the convective interior. The top of

the stratosphere layer has the “sponge” boundary condition to prevent waves from

artificially reflecting at the model top.

Under those conditions, we test various horizontal and vertical shears to deter-

mine their effects on flow stability. Figure 5.1 shows the initial zonal winds for our

four shallow-jet preliminary simulations; eastward and westward cosine jets (the

zonal wind profiles have the cosine form at a given pressure level), and two horizon-

tally uniform jets. In all four cases, the peak wind magnitude decays from 100 ms−1

at the 1-bar level to zero at roughly 200-bar. We constructed these winds such that

all but the eastward cosine jet case is unstable according to Gierasch (2004)’s analy-

sis, except that our simulations adopt a finite static stability of N = 0.005 s−1.

Also, the cosine-jet cases violate the barotropic stability criterion by one order

of magnitude. For these simulations, we choose the β plane parameter values

f0 =3.2×10−4s−1 and β =2.0×10−12, roughly representative of the Jovian 65◦N.

The initial conditions contain 1% random perturbations to the background pressure

field as a seed of instability — our intention is that the instability mode should

grow only if the flow is unstable. Each jet (and the simulation domain) is 7000 km

wide in the north-south. The east-west simulation domain is 30000 km long with

the periodic boundary condition.
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Figure 5.1: Initial zonal wind profiles for four preliminary simulations projected on
the meridional plane. The grayscales in each panel represent different wind speeds
as labeled by the contour lines.

5.4 Preliminary Results

We let the initial condition shown in Fig. 5.1 evolve freely without forcing, and

test whether the initial jets become unstable over 200 Earth days. The results on

day 200 are shown in Figures 5.2 through 5.6. They show that none of the jets

became strongly unstable, but instability modes are clearly present.

We first compare the eastward and westward cosine jet (ECJ and WCJ, respec-

tively) cases, shown in Figures 5.2 and 5.3, respectively. ECJ and WCJ develop very

similar instability modes, as shown in panels (b) and (d) of the respective figures.

However, the amplitude of the instability modes are substantially larger in the WCJ

case, as evident in all panels. WCJ’s RMS scatter is greater than that of ECJ as

shown in panels (a) and (d), and the oscillation magnitude in the perturbation to

u, or u − ū, is much larger for WCJ as shown in panels (b). The oscillation mag-
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nitude becomes large enough for WCJ that the zonal wind distribution develops

an undulating pattern, as shown in Figure 5.4. The amplitude of the oscillation in

WCJ continues to grow throughout the course of the simulation, so this instability

may eventually grow large enough to break up the jet; however, we have not yet

tested this possibility. The instability amplitude in ECJ grows as well, but at a

much slower rate than in WCJ.

Figure 5.2: Wind flow of the eastward cosine jet simulation after 200 days of free
evolution. (a) shows ū (solid) and its zonal RMS width (dotted) at the 1-bar level.
(b) shows u− ū at the 1-bar level. (c) shows change in ū (i.e., ū on day 200 minus
initial ū) on the meridional plane. (d) depicts the zonal RMS of u on the meridional
plane.

Now, we compare the two horizontally uniform jets after 200 days of free evolu-

tion. Again, the spatial patterns of the instability modes are similar in the westward

uniform jet (WUJ) and the eastward uniform jet (EUJ) cases, and we find that the

instability amplitude becomes larger in the westward case. Figure 5.5 shows the

result of EUJ and Fig. 5.6 shows the outcome of WUJ. The zonal wind profiles at
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Figure 5.3: Same as in Fig. 5.2 but for the westward cosine jet case.

the 1-bar level in both cases reveal that major slowing of the wind at the free-slip

boundaries at the north and south of the simulation domain. At the moment, we do

not have an explanation for this result and we cannot rule out the possibility that

our relatively narrow north-south domain introduces a strong influence on the flow

when the wind speed is fast along the lateral walls. Nevertheless, it is interesting

that the instability modes seem to grow faster in the westward wind case than in

the eastward counterpart. The instability modes continue to grow in these simula-

tions throughout the course of the 200-day simulations, and we have not tested the

long-term behaviors of the flows.

5.5 Future Plan of Attack

Obviously, all the results we have so far are preliminary and a much wider range

of parameters must be tested and the flow must be integrated for much longer



127

Figure 5.4: u of the westward cosine jet case on day 200 at the 1-bar level. The
instability causes the jet to undulate.

to thoroughly test Gierasch’s scenarios. After testing Gierasch’s theoretical model

and isolating the artificial effects produced by the setup, we plan to investigate the

physical processes involved in stabilizing or destabilizing a shallow zonal jet in a

Jovian atmosphere. Our main focus will be the effects of horizontal shear on the

instabilities. The suppression of instability by the horizontal shear in Gierasch’s

study is similar to earlier studies for Earth. James and Gray (1986) first found

that horizontal (i.e. barotropic) shear can suppress baroclinic instability even in a

flow that violates the Charney-Stern criterion, and named the effect the “barotropic

governor.” Subsequent investigations by James (1987) and Dong and James (1997)

performed linear and nonlinear studies to systematically examine the strength of

baroclinic instability suppression by various degrees of horizontal shear. However,

their studies applied a rigid bottom boundary condition and tested only a mid-

latitude jet stream, both appropriate for the Earth context. Our investigation tests

the effect of the barotropic governor under the Jovian conditions.

We also intend to address the nonlinear effects not included in Gierasch’s linear

analysis. The exponential growths of unstable modes predicted by the linear stud-

ies are valid while their amplitudes are much smaller than the background state.

However, we expect nonlinear processes to play substantial roles in stabilizing or

destabilizing the winds after the modes are significantly amplified. The primary
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Figure 5.5: Same as in Fig. 5.2 but for the eastward uniform jet case.

nonlinear effects that may be important in Gierasch’s shallow jet configuration in-

clude the wave-wave and wave-mean flow interactions.

Wave-wave interaction can transfer energy and momentum in spectral space

from one instability mode to another (Fritts and Alexander, 2003). If the interac-

tion concentrates energy at one particular instability mode, it may destabilize an

otherwise stable shear flow; or, if the interaction takes energy away from the most

unstable mode and redistributes it in the spectral space, a linearly unstable flow

may be stabilized. Also, interferences between fast-propagating short wavelength

baroclinic modes and slower longer modes can cause local reversals in the potential

vorticity gradient. This effect is analogous to the wave breaking (Pierrehumbert

and Swanson, 1995). Breaking waves can make the flow highly turbulent, homoge-

nize the potential vorticity, and alter the background flow as shown for Saturn by

Sayanagi and Showman (2007). Alternatively, if unstable modes break before their

amplitudes become large enough to make the flow unstable, breaking waves may
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Figure 5.6: Same as in Fig. 5.2 but for the westward uniform jet case.

act in suppressing the instability. Various effects of wave-wave interaction and their

sensitivity to the background atmospheric condition must be characterized in order

to determine the role of instability processes in a shallow Jovian jet.

Wave-mean flow interaction acts to exchange energy and momentum between

wave modes and the background winds. For example, Sayanagi and Showman (2007)

found that vertical shear in a jet can significantly affect the vertical propagation of

waves. Nakamura (1993) demonstrated that instability modes, counter-intuitively,

stabilize a horizontally sheared flow. His nonlinear simulations found that the baro-

clinic modes transport momentum in the up-gradient direction, thus stabilizing the

flow against momentum diffusion. James and Gray (1986) found that the barotropic

governor effect is stronger when the surface friction is smaller. The up-gradient mo-

mentum flux due to instability may play a significant role in a surface-less Jovian

atmosphere.

Our fully nonlinear simulations are capable of resolving these highly nonlinear
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effects, and we believe we have a promising first step of investigation so far. We

hope to have publishable results in the near future.
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CHAPTER 6

Closing Remarks

My dissertation work has largely focused on the zonal jet dynamics on the gas giant

planets. In this chapter, I lay out how I intend to extend my current line of work

and also broaden the repertoires of methodologies I can employ in tackling new

problems. Numerous physical effects play various roles in shaping the atmospheres

we observe, and in studying them through numerical modeling, one can take two

very different approaches. The first is to include as many physical effects as feasible

in a model to realistically reproduce an atmosphere; however, this approach tends to

muddle the contributions from various effects that lead to an outcome. The second

is to include only the physics of particular interest in a model to fully resolve the

roles of each effect, and to study their interactions under controlled conditions. My

preferred approach is the latter, and in my thesis work, I have employed a model

with very few non-fluid dynamic effects to isolate the roles of individual mechanisms

in forming features discovered through observations of Jupiter and Saturn.

As an extension of my work on the effects of large convective storm on Saturn’s

equatorial jet (Sayanagi and Showman, 2007), the first part of my dissertation, I

intend to use a similar setup in analyzing the correlations between horizontal mo-

mentum flux due to waves or instabilities and the horizontal shear of the jets. The

waves and instabilities can be triggered, for example, by small convective storms.

Using the Voyager measurements of Jupiter, Ingersoll et al. (1981) first showed the

correlation, and suggested that Jupiter’s zonal jets are maintained by this eddy

momentum flux. However, this evidence is rather circumstantial, and the contro-

versy over the data’s implications (Sromovsky et al., 1982) is not fully resolved even

though Salyk et al. (2006) have provided a further support for this idea. I believe

a set of simple simulations that trigger eddy momentum flux in a cosine jet on a

β-plane will shed light on the subject. The method I used to mimic a large storm
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in Sayanagi and Showman (2007) is fully applicable to this problem, and I intend

to tackle this problem as soon as I finish my dissertation.

I am also interested in performing direct simulations of moist convection. I am in

communication with Koichiro Sugiyama at Hokkaido University and Kensuke Naka-

jima at Kyushu University to collaborate using their 2D moist convection model

- the two dimensions are the vertical and the horizontal (Sugiyama et al., 2006b).

Numerical modeling of large convective storms in the giant planets poses a seri-

ous computational challenge because such episodic events have substantial global

effects yet fully resolving each cumulus tower requires a very fine resolution. One

outstanding question in this area is how the background atmosphere achieves equi-

librium with the heat transported by moist convection, and only limited studies

have been conducted in this area. For example, Hueso and Sánchez-Lavega (2004)

performed full-3D simulations of Saturnian moist convection; however, their simu-

lation domain was not significantly larger than the area covered by the convective

plume, and they had to terminate their simulations before the plume interacted

unrealistically with the rigid lateral boundaries in their simulations. Consequently,

it is impossible to estimate total mass entraining and detraining from the storm as

functions of altitude from their simulations, and it is therefore difficult to apply their

results to the large-scale environment. I believe 2D simulations of moist convection

that cover a significant horizontal domain is a promising approach to understanding

global effects of moist convection.

The second part of my dissertation addresses the question of whether a turbu-

lent inverse cascade in a stably stratified atmosphere leads to zonal jets. We have

shown for the first time that zonal jets form much more easily in 3D stratified at-

mospheres (Sayanagi and Showman, 2006) than in shallow-water models such as

Showman (2007) and Cho and Polvani (1996). We showed for the first time for

3D stratified geostrophic turbulence that the result of the inverse cascade tends

to produce vortex-dominated flow for Jovian high-latitude conditions whereas low-

and mid-latitude parameters lead to jet-dominated flows. Recent spacecraft mea-

surements revealed high-latitude jets on Jupiter (Porco et al., 2003) and Saturn
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(Vasavada et al. (2006); Sánchez-Lavega et al. (2006)); however, they noted that

there were numerous vortices in the polar regions of those planets, and in my view,

whether these automated cloud-feature tracking measurements represent the vortex

drift rates or actual jet speeds remains an open question. The approach I employed

in studying the inverse cascade can also be used to analyze the relation between

vortex drift rates and zonal jet speeds, and how they interact. Also of interest is

the Polar Hexagon on Saturn. A preliminary study has shown that polygonal wave-

like structures can result when vortices are initially placed in certain arrangements

(Santori, 1997). A method similar to my inverse cascade study can be applied to

further investigating the conditions under which Polar-Hexagon-like features form

and their stability including the effects of nearby vortices.

The last part of my dissertation deals with the stability of zonal jets in the

Jovian atmospheres. The fact that Jupiter and Saturn’s extremely stable zonal jets

violate the barotropic stability criterion remains a big puzzle in the atmospheric

sciences. Theoretical, numerical, and experimental studies have tested various jet

configurations to show that zonal jets that vertically extend a significant fraction

of the planetary radius are stable (e.g., Ingersoll and Pollard (1982), Heimpel et al.

(2005), Manneville and Olson (1996)). However, this does not rule out the possibility

that shallow jets are also stable, and Gierasch (2004)’s linear stability analysis shows

that shallow jets may indeed be stable under certain conditions. Gierasch’s study

motivated us to test his scenarios through nonlinear numerical simulations, and this

test is currently under way. As an extension, we also intend to test the stability of

zonal jets with various heights in a style similar to Dritschel and de La Torre Juarez

(1996) in which they tested the stability of vortex-columns with various heights

in a stably stratified medium. A similar setup can also be applied to studying

the merger properties of multiple zonal jets. Another line of inquiry in studying

the stability of Jovian jets is the search for stability theorems more applicable to

the Jovian conditions. Because the barotropic stability criterion is a necessary but

not sufficient condition, its violation does not guarantee an unstable jet. Arnol’d’s

second stability criterion (Dowling, 1995a) is a promising candidate of a more general
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stability criterion to which Jupiter’s zonal jets seem to be neutrally stable (Stamp

and Dowling, 1993); however, its applicability to the Jovian atmosphere remains

uncertain, and I am interested in conducting a detailed study in this area.
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