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Introduction
• Gas giant planets often cited as archetypal 

examples of PV staircases
• Zonally banded clouds
• Alternating parallel zonal jet streams

• Very different from Earth
• Huge size: radius a = 71,400 km [Jupiter] 

a = 60,330 km [Saturn]
• Composition: mainly H2 + He 

[fluid throughout except for ”small” solid core]
• Neutral convection/weather layer of depth 

D ~ 3000 km (~0.04a) [Jupiter]
D ~ 9000 km (~0.15a) [Saturn]

• Fast rotation:
tr = 9.93 hours [Jupiter]
tr = 10.57 hours [Saturn]
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Introduction
• Gas giant planets often cited as archetypal 

examples of PV staircases
• Zonally banded clouds
• Alternating parallel zonal jet streams

• Very different from Earth
• Huge size: radius a = 71,400 km [Jupiter] 

a = 60,330 km [Saturn]
• Composition: mainly H2 + He 

[fluid throughout except for ”small” solid core]
• Key lengthscale parameters: 

Rhines LR ~
!
"

#/%
~ Jet scale; 

Anisotropy Lb~
&
"!

#/'
; LR/Lb ~ 6; 

Rossby deformation (1st bc) LD1  ~
()

%* +,- .
~ 103 km; 

LR/LD1 ≥ 10; LD1 ~ Lforcing
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QUESTIONS:
• How good is a staircase as an 

interpretation of their PV 
structure?
• Staircase or “hyper-staircase” as 

asymptotic stable state?
• How is this layered structure in 

latitude generated and 
maintained?
• Inhomogeneous mixing [Phillips, 

McIntyre etc.]
• Roles of Rossby waves, barotropic 

and/or baroclinic instabilities, 
deep convection…..?

OR ?
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Jupiter: zonal flows 
as as PV staircase

• Idealise PV distribution as a 
perfect staircase (monotonic 
with latitude 𝜑 [Marcus 1993 ARAA; 
Marcus & Lee 1998 Phys. Fluids]

• Leads to very sharp eastward 
jets and broad, weaker 
westward flows
• Are the real observed eastward 

jets this sharp….?
• How valid is the perfect staircase 

as asymptotic state for real 
planets?
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Jupiter: observed staircases in absolute vorticity
• Zonal mean zonal wind "𝑢 measured from 

cloud tracking
• Thick line = Voyager 1 & 2 [1979]: 0.25o

resolution in latitude 𝜑
• Thin line = Cassini ISS [2000]: 0.1o resolution in 𝜑

• Absolute vorticity computed as
𝜁! = 2Ω sin𝜑 −

1
𝑎 cos𝜑

𝜕
𝜕𝜑

/𝑢 cos𝜑

• Sharp eastward jets exhibit jumps in za
• Westward jets broader with weak (~negative)

gradients in za
• …..Hyper-staircase?

• Can it be a stable equilibrium…? OR
• Perhaps it’s just a transient effect [observations 

are snapshots!]? OR
• Maybe unresolved vertical/thermal structure 

”straightens” backward-facing profile in potential 
vorticity…? 

Jupiter mean zonal wind
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Smoothing a hyperstaircase: vertical structure?
• How might the vertical or thermal 

structure of the atmosphere allow 
a PV staircase look like a hyper-
staircase in local absolute vorticity?
• E.g. solve for modified static 

stability

• Where 𝜁/012 is monotonic 
rearrangement of observed 𝜁/134
[Scott & Dunkerton 2017 GRL]

• Consistent with observations…?
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Measuring PV on 
Jupiter and Saturn
• Ertel PV defined by

• Approximated at large Ri to

• Derive qE from measured 
temperature retrievals and thermal 
winds (using cloud-tracking) [Read 
et al. 2006 QJRMS]
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Measuring PV on 
Jupiter and Saturn
• Ertel PV defined by

• Approximated at large Ri to

• Derive qE from measured 
temperature retrievals and thermal 
winds (using cloud-tracking & ∂T/∂y) 
[Read et al. 2006 QJRMS]

q = 226 K

q = 186 K

• Backward-facing overshoots in 𝑞&(𝜑) are 
still observed, despite measured 
variations in ∂q’/∂p
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Oxford/MIT-gpm (JASON - Young et al. 2019 Icarus)
• Global atmospheric circulation model for Jupiter troposphere/stratosphere [~20bar –10mb]
• Based on MITgcm dynamical core

• 0.7o x 0.7o to 0.3o x 0.3o x 33 vertical levels
• Weak “MHD” drag at 

bottom
• 2-band “semi-gray” 

radiation scheme
• Interior heat flux (uniform 

w. latitude) = 5.7 W m-2

• Passive condensible clouds 
• Moist convection 

parameterization 
• Zuchowski et al. (2009 Icarus)
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[Run on UK STFC DiRAC supercomputer]
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Figure 11: Instantaneous horizontal sections through the tracer con-
densate fields at the end of run B1. From top to bottom: NH3(s) at
0.4 bar, NH4SH(s) at 1.0 bar, and H2O(s) at 2.5 bar. There was no
liquid water condensate. Projection is the same as Fig. 4.

There is a small amount of NH4SH(s) in the polar895

stratosphere (Fig. 10b). There is a lot less of this than896

NH3(s) because at the temperatures in the stratosphere897

the NH4SH(s) formation reaction strongly favours NH3(g)898

and H2S(g) over NH4SH(s), so in the competition between899

NH3(s) and NH4SH(s) the equilibrium is strongly in favour900

of NH3(s). We have not seen this occur in the H2O cloud901

in any of our runs, possibly because the water cloud base902

is lower than the other two species.903

The runs with di↵erent variations on the base cloud904

scheme are presented in Figs 13–15 and 12. These vari-905

ations generally have a second-order e↵ect on the distri-906

bution of condensates. Figure 13 shows the runs varying907

the initial conditions (B2-B5), Fig. 14 shows the run with908

10 µm particles (B6), and Fig. 15 shows the runs varying909

the NH4SH reaction timescale (B7-B8).910

Varying the initial tracer condition has a noticeable ef-911

fect on the equilibrium state (Figs 13 and 12b), although912

advection of the tracers by the flow does remove a lot of913

these initial di↵erences. There are three initial configura-914

tions for NH3 and H2S , and five for H2O. Restricting the915

initial condition to tracer below a specific pressure level916

does not change the final distributions very much, as most917

of the initial tracer is in the deep atmosphere anyway, and918

the tracers are advected throughout the atmosphere well919

enough for the lack of initial tracer above the predicted920

cloud base to be overcome. The overall concentrations are921

slightly lower (Fig. 12b, dashed line) as there is just not922

as much tracer in the atmosphere.923

In the observed case, the NH3(s) cloud deck is some 10924

times thicker than the nominal case, at all latitudes (al-925

though it does not extend to the top of the model as in B1),926

and the NH4SH(s) cloud is much thinner. This is due to927

the increased initial NH3(g):H2S(g) ratio in the observed928

case over the 1⇥ solar case at the pressures where NH3(s)929

is expected to condense (Fig. 2). In the 1⇥ solar case the930

initial ratio of mass mixing ratios is 2.2:1, but in the ob-931

served case in the upper troposphere the ratio is almost932

400:1. Hence the equilibrium between the NH3(s) phase933

change and the NH4SH(s) formation reaction is strongly934

in favour of NH3(s) formation, and so this dominates when935

the observed profile is used. The zonal mean appearance936

of the water condensate profile is largely the same in all937

cases except 2⇥ solar — most of the condensate is near the938

equator, with some at higher latitudes. As the amount of939

water decreases the total amount of condensate decreases940

proportionally (see dot-dashed blue line in Fig. 12b rela-941

tive to the solid line), but the fraction at high latitudes942

also decreases. When 2⇥ solar water abundance is used943

there is a sink of water condensates (both solid and liquid944

in this case) at the water cloud base around 50 �S. We945

think this is probably a numerical artifact, as it is also the946

only case in which there is any liquid water condensation.947

In all our test runs of this scheme we found that liquid wa-948

ter very seldom condensed (very occasionally at the model949

level below the solid water cloud). However, it was very950

intermittent in space and occasionally caused the water ice951
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h222 zonal-time mean Ertel PV and zonal velocity

θ = 974K
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θ = 569K
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θ = 225K
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θ = 189K
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Jupiter simulated: staircases in PV?
• Compute zonal mean qE from 

model fields at full spatial 
resolution using

• Take long time average [1000 
days] to filter out transient 
variability
• Over-shooting hyper-staircases 

persist!
• But How….?
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Counter-propagating Rossby waves & Arnol’d II 
stability
• Stability argument based on pseudo-energy ℋ: 

stability implied if ℋ is negative-definite.
• Leads to sufficient condition for stability (Arnol’d 1966 –

known as “Arnol’d II”)

− !"
!#

= − !"/!%
!#/!%

= &'(
56
57

≥ 𝐿!)

• where a is a constant

• At marginal stability, ≥→= and a defines unique 
reference frame where the gravest edge waves 
(largest Ld) can just phase-lock….
• Barotropic adjustment as self-organized equilibrium 

state on Jupiter and Saturn….? 
• [Dowling 1993 J. Atmos. Sci.; Dowling 2020 Plan. Sci. J.]
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Application: measuring Saturn’s interior 
rotation using hydrodynamic stability!
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Saturn Jupiter

• Correlate !𝑢 vs 𝑑!𝑞/𝑑𝑦 in latitude bands to determine Ld,
a(f) and corresponding Ω(f)

• Result: a unique Ω for each planet (to within statistical 
errors)!  [Read et al. 2009 Nature]

Voyager

01/02/2021 KITP Program: Layering 13



Saturn’s interior rotation rate - a mystery?
• Saturn’s magnetic field dominated by a 

dipole aligned with its rotation axis 
(±<0.007o)!
• Periodicity only in very low radio frequency 

emissions – locked to the interior…..?
• First measured by Voyager fly-by in 1982
• Monitored by Cassini orbiter from 2004-

2017 and found to vary in time!!
• Cf rotation period estimated from gravity 

field and oblateness (Anderson & Schubert 
2007)?

• Hydrodynamic marginal stability value 
(Read et al. 2009 Nature)
• agrees with Anderson & Schubert (2007)

• Recent confirmation from Cassini “ring 
seismology” (Mankovitch et al. 2019)

From Ye et al. (2018) GRL01/02/2021 KITP Program: Layering 14
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Conclusions
• Jupiter (and Saturn) exhibit staircase-like structure in 

both absolute and potential vorticity, aligned with zonal 
jets near cloud-tops [except at high latitudes?]
• Staircases typically have overshoots with latitude –> 

hyper-staircases, which are apparently persistent
• Zonal jets vary only weakly over timescales ~decades-

centuries….
• Hyper-staircase structure is consistent with near-neutral 

barotropic stability -> self-organized criticality?
• Mechanisms for maintaining (hyper-)staircase?

• Weak Rossby wave breaking – cf “scouring”?
• Baroclinic instability [forcing?]
• Deep convection?
• ……?
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