
Comptes Rendus 
Physique

Supplementary Information for “Eddy-driven

Zonal Jet Flows in the Laboratory”

Matériel supplémentaire pour “Jets Zonaux en

Expériences de Laboratoire”

Peter Read ∗,a, Yakov Afanasyev b, Jonathan Aurnou c and Daphné
Lemasquerier d

a Department of Physics, University of Oxford, UK
b Department of Physics and Physical Oceanography, Memorial University of 

Newfoundland, Canada
c Department of Earth, Planetary and Space Sciences, University of California, Los 

Angeles, USA

d School of Mathematics and Statistics, University of St Andrews, UK

E-mails: peter.read@physics.ox.ac.uk (P. Read), afanai@mun.ca (Y. Afanasyev), 
jona@epss.ucla.edu (J. Aurnou), d.lemasquerier@st-andrews.ac.uk (D. Lemasquerier)

∗Corresponding author.

ISSN (electronic) : 1878-1535 https://comptes-rendus.academie-sciences.fr/physique/

mailto:peter.read@physics.ox.ac.uk
mailto:afanai@mun.ca
mailto:jona@epss.ucla.edu
mailto:d.lemasquerier@st-andrews.ac.uk
https://comptes-rendus.academie-sciences.fr/physique/


2 Peter Read, Yakov Afanasyev, Jonathan Aurnou and Daphné Lemasquerier

1. Zonostrophy index estimates for gas giants and Earth’s oceans and atmosphere

We calculate the zonostrophy index for planetary fluid layers in Table 2 of the main text from

R s
β =

(
CZ

CK

)3/10 (
25U 5β

ϵ2

)1/10

, (1)

where we used (CZ /CK )3/10 ≈ 0.5 (equation (16) in the main text). Parameters used for gas giants
and Earth’s oceans and atmosphere are provided in Table 1.

Ω (rad/s) R (km) D (km) β or βT (m−1s−1) ϵ (m2s−3) U (m/s) R s
β

E

Earth Oceans 7.29×10−5 6371 1 1.6×10−11 10−9 0.1 1.2 1×10−8

Earth Atmosphere 7.29×10−5 6371 10 1.6×10−11 10−4 15 1.4 2×10−9

Jupiter 1.76×10−4 69,911 2,000 7.6×10−12 10−5 50 3.9 4×10−16

Saturn 1.66×10−4 58,232 7,000 1.1×10−11 2×10−6 40 4.9 4×10−17

Table 1. Parameters used for estimating the zonostrophy index of gas giants and Earth’s
oceans and atmosphere. ϵ values are taken from [1] (Table 13.1) for the Earth, from [2]
for Jupiter and [3] for Saturn. Velocities are taken from [1]. The β-effect is estimated at
a reference latitude of 45◦ using the shallow β-effect for Earth oceans and atmosphere
(equation (4) in the main text), and the topographic β-effect (equation (7) in the main text)
for gas giants. R is the outer radius, and D the thickness of the spherical shell.

2. Zonostrophy index estimates for icy moon subsurface oceans

We calculate the zonostrophy index for icy moon oceans from equation (1), with parameters
reported in Table 2. We again use the topographic β-effect. Because no direct measurements of
the flow in subsurface oceans is available, the typical speed U has to be estimated from ϵ.

Europa Enceladus
Ω (s−1) 2.1×10−5 5.3×10−5

ro (km) 1531−1556 202−242
D (km) 100 10−50
βT (m−1s−1) 4.4×10−11 6.8−12×10−10

Estimate 1
ϵ (×10−13 m2s−3) 5−80 ≲ 2

Rs,I
β

2.0−3.2 ≳ 2.0−4.1

Estimate 2
ϵ (×10−13 m2s−3) 14−97 0.04−2.63

Rs,II
β

11−12 5.9−8

E 5×10−12 8×10−12 −2×10−10

Table 2. Parameters used for estimating the zonostrophy index of icy moon oceans. Param-
eters for Estimate 1 (equation (3)) are taken from Jansen et al. [4]. Parameters for Estimate 2
(equation (5)) are taken from Cabanes et al [5] and Soderlund et al [6].
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2.1. Estimate 1: using a drag coefficient

Jansen et al. [4] estimate typical flow velocities assuming that most dissipation occurs in tur-
bulent boundary layers near the seafloor and ice–ocean interface. The kinetic energy of the
geostrophic flow, Eg , is then estimated as

Eg ≈ D2/3ϵ2/3

25/3C 2/3
D

(2)

(their equation 25), where D is the ocean depth, ϵ the kinetic energy dissipation rate, and CD a
drag coefficient. From this, one can get a flow speed estimate, U ≈√

2Eg . Jansen et al. [4] obtain
flow velocities of up to a few cm/s for Europa and up to one cm/s for Enceladus. Substituting the
expression for U in equation (1) leads to a first estimate for the zonostrophy index:

Rs,I
β

= 0.5

(
210β3D5

ϵC 5
D

)1/30

. (3)

The values used for ϵ and D are reported in Table 2and taken from Jansen et al. [4]. We use
their range of drag coefficients CD = 0.001−0.01. We obtain zonostrophy index ranging from the
transitional to the zonostrophic regime for both Europa and Enceladus.

2.2. Estimate 2: using Ekman friction

Alternatively to using somewhat arbitrary drag coefficients, Cabanes et al. [5] estimate flow
speeds by assuming that dissipation occurs through the Ekman boundary layer at the outer solid
boundary. Using their equation (26) at a latitude of 45◦, we obtain a different flow speed estimate,

U 2 ≈ roϵ

23/4
p
νΩ

, (4)

where ro is the outer radius of the ocean, ν the kinematic viscosity of the fluid andΩ the rotation
rate. This estimate leads to significantly larger flow speeds compared to Jansen et al. [4], from 20
to 60 cm/s for Europa, and 0.3 to 5 cm/s for Enceladus [5]. Substituting U in equation 1 gives a
second estimate for the zonostrophy index:

Rs,II
β

= 0.5

(
225/4β2r 5

oϵ

(νΩ)5/2

)1/20

. (5)

We assumed molecular value for the viscosity, i.e. ν∼ 1×10−6 m2s−1, the values used for ro , ϵ,Ω
are reported in Table 2. This second zonostrophy index estimate is largely zonostrophic for both
Europa and Enceladus. This suggests that the first estimate (represented on Figure 1 in the main
text) is a lower bound for the zonostrophic index of icy moon oceans.
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