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Abstract

We explore ocean circulation on a rotating icy moon driven by temperature gradients imposed
at its upper surface due to the suppression of the freezing point of water with pressure, as might
be induced by ice thickness variations on Enceladus. Employing high-resolution simulations
powered by GPUs, we find that eddies dominate the circulation and arise from baroclinic in-
stability, analogous to Earth’s weather systems. Multiple alternating jets, resembling those of
Jupiter’s atmosphere, are sustained by these baroclinic eddies. We establish a theoretical model
of the stratification and circulation and present scaling laws for the magnitude of the meridional
heat transport. These are tested against numerical simulations. Through identification of key
non-dimensional numbers, our simplified model is applied to other icy moons. We conclude
that baroclinic instability and its associated transfer properties should be at the very heart of any

dynamical interpretation or representation of the ocean circulation on icy moons.
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Teaser

Baroclinic eddies, analogous to weather systems on Earth, are ubiquitous in the ocean of icy

moons.

Introduction

Enceladus has a global subsurface ocean (/, 2) with active physical and chemical processes
occurring within it. Observations of water jets emanating from the south pole of Enceladus
reveal the presence of several chemical compounds that come from its ocean interior, including
liquid water, sodium salts, carbon dioxide, methane, and macro-molecular organic compounds
(3—6). Evidence of ongoing hydrothermal activity on Enceladus is also emerging, indicative of
habitability (7, 8). It is therefore important to understand the ocean circulation on Enceladus
and its role in physical transport of properties such as heat and chemical tracers.

Ocean circulation on icy moons is often envisioned as a rotating body of water heated from
the bottom (9-71). However, heat and salinity fluxes from the ice at its upper boundary can
also drive ocean circulation, particularly if ice thickness variations are significant and/or the ice
shell undergoes freezing and melting (/2—-15). Enceladus, for example, is known to have an ice
shell whose thickness varies by as much as its mean depth on moving from the equator where
the ice is thick to the pole where it is thin (/6—19). The resulting temperature variations beneath
the Enceladean ice shell, due to the dependence of freezing point on pressure stemming from
the Clausius-Clayperon relation, is likely to be at least an order of magnitude greater than the
temperature contrast induced by bottom heating (/4, 20). As a result, the ocean just beneath
the ice is warm at the poles and cold at the equator, as sketched in Fig. 1. This temperature
gradient, together with the salinity gradient induced by ice freezing and melting, induce ocean

circulation (/2-15).
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In Earth’s ocean, wind-driven Ekman pumping advects the surface boundary conditions
into the interior ocean (2/). On an icy moon, wind forcing is not applicable, so the upper
boundary condition must be mixed down into the interior by diffusion. This vertical diffusion,
usually generated by breaking of tidally-induced waves and other small-scale dynamics (22—
24), communicates the upper boundary condition into the interior.

Once a meridional density gradient is established in the interior of the ocean, baroclinic ed-
dies — a hydrodynamical instability of ocean currents in thermal wind balance — may grow.
Because the ocean of Enceladus has a small Rossby number (/1, 25), gravity acting on sloping
buoyancy surfaces is balanced by the tilting over of planetary vorticity by the vertical shear of
zonal currents, as expressed in the thermal wind relationship. Unsurprisingly, as to be demon-
strated by numerical simulations here, such zonal flows are baroclinically unstable (/5), creating
a vigorous eddy field which is dynamically similar to baroclinic weather systems observed in
Earth atmosphere and ocean. These eddies turn out to be the primary agent of meridional heat
transport from the (warm) polar regions to the (cold) equatorial regions, and thus play a central
role in the energy budget of Enceladus (Fig. 1). The main focus of our study is to highlight the
role of ocean weather systems on Enceladus and their contribution to setting up the stratifica-
tion, depth of penetration and pattern of ocean currents in the equilibrium state. The framework
that we will employ has much in common with those developed to describe the Antarctic Cir-
cumpolar Current of Earth’s ocean (26, 27).

We use eddy-resolving simulations of an ocean circulation configured in an idealized setting
appropriate to Enceladus. The circulation is energized by diffusing down into its interior merid-
ional buoyancy gradients prescribed at its upper surface. The meridional buoyancy gradients
result in baroclinic instability. As a result, baroclinic eddies, which are dynamically exactly
analogous to weather systems in Earth’s atmosphere, are generated and become the dominate

agency of energy transfer. These eddies induce down-gradient heat flux in the ocean, which
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transport heat from high latitudes (warm) to low latitudes (cold). The physical transport by
these eddies can be represented with an eddy-driven meridional overturning circulation. Its
strength is controlled by the balance between vertical heat diffusion, which energizes eddies by
diffusing the meridional buoyancy gradient from the top boundary into the ocean interior, and
downward-gradient eddy heat flux, smoothing out the meridional buoyancy gradients. Based
on this idea, a theoretical model and scaling laws are used to interpret our simulations expand-
ing on the prior Lobo2021 model (/3). Our simulations show that Lobo2021’s choice of eddy
diffusivity coefficient, which was motivated by Earth’s ocean dynamics, is not appropriate to
Enceladus resulting in them overestimating the strength of overturning circulation and underes-
timating the penetration depth of the thermocline by several orders of magnitude. Implications

of our study for the oceans on other icy moons are also discussed.

Numerical experiments

Modeling framework

We consider flow in a Cartesian box configured to represent flow in a spherical shell, as set
out in Fig.2. Flow is energized through a lateral temperature gradient chosen to have a cosine
meridional profile with amplitude AT (see Fig. 2(B)) imposed at its upper boundary. This is
diffused down into the interior as a rate . The two key external parameters of our study are
AT and k. The bottom is insulating. Here, no attempt is made to represent the dynamical effect
of possible fluid-depth variations associated with the non-constant ice shell thickness.

The extent of the box in the eastward z, northward y, and vertical z directions are [0, L],
[—7R, mR],and [— H, 0] respectively. Here, L, = 102 km; R, the radius of the moon, is 252 km;
H, the depth of the ocean, is 30 km. The western (x = 0) and eastern (x = L, ) boundaries are
periodic. We set rotation rate £ = 5.3 x 107°s~! and gravity g to 0.1 m?s~!. All the above

parameters are appropriate to Enceladus (17, 18, 28, 29).
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We employ a model known as Oceananigans (30), coded in Julia and running on GPUs,
which solves the rotating, non-hydrostatic equations for a Boussinesq fluid in a cube at very
high resolution. Despite using a Cartesian framework, as described in (/ /), we can nevertheless
represent the dynamics of a deep, rotating fluid in spherical geometry using equations that cap-
ture the change with latitude of the angle between the rotation vector and gravity. Derivations
of such equations was pioneered by Grimshaw (37), who wrote down a non-traditional 5-plane
set for a fluid on a rotating planet in which the vertical component of the Coriolis parameter
was allowed to vary in the horizontal, whilst the horizontal component (set to zero on the tra-
ditional -plane) was kept constant. Dellar (32) significantly advanced Grimshaw’s work by
using Hamilton’s principle to derive a non-traditional set in which both components of Coriolis
are allowed to vary in latitude, without sacrificing conservation properties. In Supplementary
materials, we write out the equations inspired by Dellar’s work employed here.

The Coriolis parameter is chosen to mimic that in a spherical shell (green arrows in Fig. 2)
and is given by:

f=20exp (%) (cos (%) J +sin <%> k:) (1)
This form guarantees that the angle between g and f is as it is on a rotating sphere, and that f
is non-divergent ensuring conservation of potential vorticity in adiabatic, inviscid flow.

The tangent cylinder — a cylinder whose axis is parallel to the moon’s rotation vector with
sides tangent to the inner core (see purple lines in Fig. 2(A)) — separates the ocean into two
dynamically distinct regions (/0-12, 15). In our Cartesian framework, the tangent cylinder is
a curved surface (Fig. 2(C)) which is tangent to the ocean bottom at the equator, normal to the
bottom at the poles and parallel to f everywhere in between.

We adopt a highly idealized equation of state in which the buoyancy depends only on tem-
perature through a thermal expansion coefficient, o, which is assumed to be constant and posi-

tive, appropriate if the ocean is sufficiently salty (33). The buoyancy, b = —g dp/ prer, Where dp
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is the density anomaly is related to temperature, 7', by a linear equation of state,
b= ag(T — Ter), (2)

and T, is a reference temperature. We use a constant thermal expansion coefficient, o, of
1.67 x 10~*K~! in all simulations.

The appropriate value of the thermal diffusivity « is highly uncertain but will likely be
much larger than the molecular value of water because here it represents mixing by turbulent
processes. We adopt a range of values. The minimum « used is 1 x 1073 m?s~!. This has been
used in previous studies (15, 34), and inferred from a scaling for vertical diffusivity appropriate
to Earth’s ocean (35) assuming a dissipation rate in the ocean of Enceladus (23). The maxi-
mum diffusivity used here is 0.1 m?s~!. Although larger values could be considered, they are
inconsistent with energy constraints on Enceladus, as described later.

We run two groups of experiments. One uses a constant A7 = (.1 K and various «’s of
1 x103m?s 1, 3 x102%m?2s™ 5, 1 x102m?s™ 1, 3 x 10 2m?s !, and 1 x 107 m2s~ 1.
The other group uses a constant £ = 1 x 1073 m?s~! and various AT”s of 0.025 K, 0.05 K,
0.1 K, and 0.4 K. All simulations are run out until equilibrium is established and the last 10,000

rotation periods are used for diagnostic purposes.

Phenomenology of the reference solution

Turbulence, eddies and zonal flows dominate the ocean circulation in all our experiments. The
instantaneous velocity field of the reference solution, with A7 = 0.1 K and a vertical diffu-

sivity of kK = 1 x 1073 m?s™!

, 1s shown in Fig. 3 and is typical of the kind of solutions we
obtain. The zonal flow comprises very many alternating jets at all latitudes, which are aligned
with the rotation axis (Fig 3(B1, C1)). This resembles the 3D dynamics found in previous

studies (117, 15). It is dramatically different from the patterns of flow seen in 2D systems, in

which geostrophic turbulence induced by baroclinic instability or convection cannot exist and

6
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lateral heat transport primarily occurs along the boundaries (/4, 34). When the zonal dimen-
sion is resolved and we have full 3D dynamics, baroclinic turbulence plays the dominant role in
transporting heat and angular-momentum, the latter giving rise to jets as is evident in Fig. 3(B1).
This is in accord with 3D simulations forced through interaction with the ice (/5) and/or bottom
heating (9, 11, 12, 36).

The zonal jets are aligned with the planetary rotation axis, as expected by the Taylor-
Proudman theorem which pertains in the limit that the buoyancy frequency (V) is much smaller
than the rotation frequency (measured by the Coriolis parameter, f). When N/f << 1, vortex
tubes tend to aligned with the direction of the rotation axis. This is the case in our simula-
tions and will also likely be true on Enceladus provided that the buoyancy gradient induced
by the salinity gradient is not too strong (/4). In our reference simulation, N/ f is order 107!,
a consequence of the large depth of the ocean and the smallness of the imposed temperature
gradient.

Baroclinic eddies are most clearly evident in the latitude-longitude plot of the temperature
anomaly (Fig. 3(A2) and (D2)). The characteristic length of these eddies is several kilometers
and, as discussed below, well-matched with the Rossby deformation radius. Baroclinic eddies
predominate at mid-to-high latitudes (inside the tangent cylinder) whereas roll-like structures
dominate in equatorial regions (outside the tangent cylinder) as can be seen in Fig. 3(C1,C2).
These rolls are a prominent feature of the solutions presented in a previous study that simulates
ocean convection driven by bottom heating on Enceladus (/7). Because the temperature is
almost uniform outside the tangent cylinder, the heat transport due to rolls is rather weak and is

not our focus here.
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Scale of jets and eddies

The lateral scale of the jets might be expected to depend on the Rhines scale since the inverse
cascade of 2D eddy energy will be arrested by the [-effect (37). This theory has been used to

successfully explain jet widths in previous studies (7, 38). Following their method, the Rhines

2U
Ly =[5 /|sinf 3

where U is the peak zonal velocity of the jet; € is the latitude of the jet; (3 is the topographic

scale is defined as

beta parameters:

B=—20-" )

where £ is the length of the Taylor column measured parallel to the rotation axis and s is the
axial distance between the Taylor column and the rotational axis.

In Fig. S1(A), we show the instantaneous zonal-mean zonal velocity at mid-depth in the
ocean as a function of latitude. Every local maximum of u? represents the center of the corre-
sponding jet (marked by orange circles); the width of the jet is defined as the radial distance
between the locations of the neighboring local minimum of u? (marked by red dashed lines)
divided by 7. We find that jet widths match well with the Rhines scales in middle and high
latitudes in all our experiments: Fig. 4(A) shows that median values of the Rhines scales and
jet widths in each simulation lie on a straight line.

The size of the eddies might be expected to scale with the Rossby deformation radii, Lg,
or perhaps L if there is a strong inverse cascade. Linear theory would suggest that the eddies
are energized by baroclinic instability at the L scale with a wavelength of order of 27 Lz. To
investigate, the Rossby deformation radius is calculated using the mean vertical temperature

profile, T'(z), between the latitudes of 90°S and 72.5°S. We find the gravity wave speed, c;, for
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the i-th baroclinic mode, ¢;, by solving the eigenvalue problem:

d/ 1 d.\ &
E<N2(z)&¢i)_ 2’ ®)

7

where N(z) = 1/ag(dT/(dz), is the buoyancy frequency. The Rossby deformation radius is

&1

Lp=—"t—
B 20 sin g

(6)

where c; the gravity speed of the first baroclinic mode. We compute the decorrelation scale
of relative vorticity to quantify the size of the eddies. We first calculate the autocorrelation of
relative vorticity, ¢ = 0,v — Jyu, in the zonal direction and then average it in space from 90°S
to 72°S. The decorrelation scale is defined as the distance at which the autocorrelation drops to
one half. Fig. 4(B) shows a satisfying relationship between the Rossby deformation radii and
the decorrelation scale.

Finally, it should be noted that the Rhines scale and the deformation radius are also linearly
related to one another. As can be seen from inspection of Fig 3, the eddy-scale and the jet scale

are close to one-another with a typical eddy roughly filling the space between the jets.

The central role of baroclinic eddies

In the reference simulation, the zonal-mean temperature pattern features 1) uniform temperature
in equatorial regions, 2) stable stratification over the pole and 3) a pole-to-equator temperature
gradient in the interior ocean which decays with depth (see Fig. 5(A)). The minimum temper-
ature is found at the equator, where surface cold water sinks into the abyss. As a result, the
temperature is almost vertically uniform at the equator, and the stratification close to neutral.
Over the poles, in contrast, the seawater temperature is higher than elsewhere, so the stratifi-
cation is stable and vertical diffusive heat transport is found. Because the interior of the ocean

has a lower temperature compared to the surface at the poles, the diffusive heat flux is directed



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

downward, as shown by the blue arrows in Fig. 5(A). A pole-to-equator temperature gradient
in the interior ocean forms due to the imposed temperature gradient at the top boundary being
diffused downward into the interior.

The meridional temperature gradient in the ocean is in thermal wind balance and is baro-
clinically unstable, resulting in eddying motions. The Charney-Stern theorem (39) states that a
change of the sign of the Ertel PV gradient is required for instability to occur. This criterion is
satisfied, as can be seen by inspection of the potential vorticity field in our reference simulation.
Fig. 5(B): the Ertel PV gradient in the interior and close to the top boundary are of opposite
sign. The Ertel PV gradient is positive in the interior of ocean, largely due to the gradient of
planetary vorticity. In the generalized PV definition (40), a top PV sheet is introduced from a
temperature gradient at the top boundary, and the direction of the Bretherton PV gradient within
it is opposite to (the same as) the gradient of temperature at the top in the Northern (Southern)
Hemisphere, thus satisfying the Charney-Stern criterion.

One important effect of baroclinic eddies is that they flux heat down-gradient from higher
latitudes to lower latitudes. Since the weak mean overturning flow is not effective in heat trans-
fer, eddy heat transport dominates. Vertical integration of the meridional component of eddy
heat flux is shown in Fig. 5(C) and peaks at 4 kWm™!. At equilibrium, the convergence of
this heat transport must be equal to the vertical heat flux at the water-ice interface, as shown
in Fig. 5(C). Thus, over the poles, heat is transferred from the ice shell to the ocean; in mid-
latitudes, it is transferred from the ocean to the ice shell. Since cooling (heating) results in
thickening (thinning) of the ice shell, ocean heat transport tends to homogenize ice shell thick-
ness variations, as first proposed in a terrestrial setting (4/). At low latitudes, the strength of
the heat flux at the water-ice interface is relatively weak, possibly due to the weak temperature

gradient there.
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Importance of vertical diffusion of heat

Vertical mixing is essential to energize oceans forced by a surface temperature gradient (42, 43)
because it enables that gradient to be diffused down into the ocean interior. This downward dif-
fusive heat flux (blue arrows in Fig. 5(A)) balances the upward heat transport due to baroclinic
eddies (green arrows, Fig. 5(A)), as shown by the sub-panel in Fig. 5(A). While baroclinic ed-
dies arise due to the horizontal temperature gradient in the ocean interior, it is vertical diffusion
that maintains that interior gradient sustaining baroclinic activity. From an energetic point of
view, it can also be shown that it is vertical diffusion rather than the heat flux from the ice that
energizes ocean circulation (25, 42).

In our simulations, the diffusion coefficient is larger than its molecular value by several
orders of magnitude. Diffusion of heat can be a result of both molecular and turbulent/eddy dif-
fusion. Diffusion by turbulent scales in Earth’s atmosphere and ocean is the rate-limiting mixing
process. Turbulence is generated by many processes, including tidal processes exciting inertia-
gravity waves, convective instability caused by heating and cooling and/or freezing/melting,
flow over topography and baroclinic instability of the large-scale flow and its turbulent cascade.
All these processes can be expected to be at work on icy moons. Here, in our numerical sim-
ulations we attempt to resolve the baroclinic eddy scales but perhaps not its turbulent cascade.
We therefore interpret ~ to represent the net effect of mixing by all smaller scales.

The linkage between diffusion and meridional heat transport can be clearly seen by consid-
ering the budget of temperature variance, 72. If we multiply Eq. (34), the governing equation
for 7" in our simulations, by 7', take the time average and integrate over the domain, at equilib-
rium we obtain:

Ly/2 dT. —meri Ly/2 0
- / dy( oy d‘) . dy / dz (VT)? 7
_ Yy —-H

Ly/2 ~Ly/2

. . —merid. . . . .
where Ti,,, 1s the prescribed top temperature and F;lem is the time-mean vertically-integrated

11
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meridional temperature flux due to diffusive and advective processes:

X 0
P / A= (—kd,T + 0T) . ®)

H

The left-hand side of Eq. (7) is the flux of heat directed down the large-scale gradient which
is balanced by explicit diffusive processes acting on temperature gradients represented by x on
the right-hand side. This clearly demonstrates that the large-scale eddy heat flux is directed
down-gradient and is proportional to  for a given temperature distribution. Although the effect
of x on the temperature pattern must be considered (as discussed later), the above demonstrates

the important role of vertical diffusion in the temperature variance budget.

An idealized model for the temperature distribution

As can be seen from Fig.5(A), the direction of vector eddy heat transport in the meridional plane
by baroclinic eddies in the interior of our solution is directed along temperature surfaces, as
described, for example, in the Antarctic Circumpolar Current of Earth’s ocean (26). This align-
ment is a consequence of diabatic processes in the interior ocean being weak and so fluid parcels
are constrained to move along isopycnals (here 7" surface). Consequently, because the 7' sur-
faces tilt, the meridional heat transport will naturally be associated with a vertical component.
At equilibrium this vertical, upward eddy heat transport must balance the downward diffusive
heat flux (15, 34). This allows us to construct a simple model (which we call the K-+ model) to
predict the interior temperature distribution, in which K represents the eddy heat transport and
k the explicit vertical diffusion. The resulting framework has much in common with idealized
models of the stratification and overturning circulation in the Southern Ocean (26, 27) which
were applied to Enceladus in Lobo2021.
At equilibrium, the Reynolds-averaged temperature equation is, neglecting advection by the
mean:
o' T + 0,w'T = kO*T 9)

12
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where « is the vertical heat diffusivity. The horizontal component of the eddy heat flux is di-
rected down-gradient (equatorward) (Fig. 5(C)), and so, as is commonly assumed in dynamical
meteorology and oceanography, we liken the eddy heat flux to a mixing process and express it
thus:

VT = -K9,T (10)

where K is a lateral mixing coefficient of temperature associated with baroclinic eddies. Al-
though our simulations and previous studies show that K will varies spatially (12, 15), for sim-
plicity here we use a single value for K although we will allow it to vary between simulations.
We can connect the vertical component of eddy heat flux to its horizontal component by
assuming it to be a skew flux thus:
wT = sv'T" (11)
where s is the slope of the mean temperature surfaces,
9,7

= - 12
5= o7 (12)

Combining Egs. (10), (11), and (12) enables us to write Eq. (9) as
J(\I/*,T) = 5837, (13)

where J(A, B) = (0,A)(0.B) — (0,A)(0,B), where the stream-function for the residual over-
turning circulation ¥* is given by

U* = Ks. (14)

Such as expression for * has been widely used in studies of terrestrial, (44,45) and Enceladean
(13, 15) ocean circulation. This eddy-driven circulation, depicted in Fig. 1(B), draws cold water
upward, balancing heat being diffused down from the surface.

Eq. (13) was the model used in Lobo2021 to study the circulation of Enceladus for pre-

scribed values of K and . It was solved using a method of characteristics that has been used

13
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for modeling the Southern Ocean (26). Here, we take a different approach and rewrite Eq. (13)
using temperature as a vertical coordinate by noting that 1) the slope of isothermals, s, can be
expressed as 0,z in temperature coordinates and 2) .J(¥*, T) can be interpreted as the gradient
of U* in the direction along the local isopycnal and so also expressed in temperature coordi-

nates. As derived in Supplementary Materials, Eq. (13) can be written as:

2
Kﬁsz + /{(8@;;2 =0, (15)

where z is a function of y and 7. We see that the depth of isotherms are diffused horizontally by
K and vertically by x, having their origin at the top. This is simpler than Eq. (13) with a direct
physical interpretation. However, the boundary conditions are more complicated: the shape of
the domain, the collection of all possible (y,T'), is now non-rectangular because temperature
varies at the upper boundary. Although this complicates solution for the interior temperature
distribution, it allows us to readily derive scaling laws for the penetration depth of surface
temperature anomalies. Moreover, one great advantage of Eq. (15) is that it can be readily
solved numerically.

The depth of penetration, D, of ocean circulation is closely linked to the slope of tempera-
ture surfaces thus:

D~ sR (16)

where we have assumed the horizontal length scale is the radius of the moon R, as can be seen
in Fig. 2.

Since the vertical heat budget is a balance between diffusion and eddy heat flux,
k0, T ~ —sK9,T, (17)
this can be combined with Eq. (12), to yield

S|~ \/; (18)

14
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Substituting back into Eq. (16) gives a scaling for the depth of penetration D:

K
D~ /= 1
KR (19)

Eq. (18) and Eq. (19) indicate that the isopycnal slope and the depth to which surface warm
water penetrates is determined by the ratio of x to K. This can be understood as follows: vertical
diffusion at higher latitudes brings heat into the ocean, making isopycnals steeper (increasing
s), while baroclinic eddies try to flatten temperature surfaces (decreasing s). The ratio of x to K
controls the relative efficiency of these two processes, and thereby the equilibrium slopes. This
is directly analogous to the models of the Antarctic Circumpolar Current (26): there the wind
curl pumped the surface boundary conditions into the interior, rather than mixing processes, but
a balance with lateral eddy mixing, as here, determined the equilibrium slope.

Note that Eq. (18) is only applicable when D given by Eq. (16) is smaller than the ocean
depth /. When D > H, a different scaling pertains (/5). Later, we will see that this scenario
is very unlikely for Enceladus.

In the K-+ model, the strength of the ocean circulation, obtained by combining Eq. (18)
with Eq. (14) is given by:

U~ VREK (20)

This is exactly the same relationship obtained for the strength of the lower cell driven by mixing

and eddies around Antarctica in Earth’s ocean (27) .

Scaling for the eddy diffusivity A" and ocean heat transport

To enable us to use the K-~ model to predict ocean heat transport given a diapycnal mixing
rate, k, we need a scaling law for K (15), inspired by geostrophic turbulence theory (46, 47)
used mixing length theory (27) and assumed that K can be expressed as the product of a char-

acteristic eddy length [, and eddy speed v.. We have noted that our eddy length covaries with

15
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the deformation radius Lz (Eq.(6) and Fig.4). When vertical diffusion does not dominate, v,
will scale with the thermal-wind speed Uryy = agDAT/(Rf), as shown in Fig. 4(C). This

suggests that
agD?*ATN
Rf?2

where N = /agAT/D is the buoyancy frequency. The penetration depth D is given by

K ~ e =Urwlg = 1)

Eq.(19). On substituting into Eq.(21), we obtain the x,-limit scaling presented in (/5):
Kcating = Crr®T(aAT )T R TQ8/7 o)

where C'i is a constant. Fitting to our numerical simulations we find that the best fit is C'x is
0.0692.

Eq. (22) suggests that K increases with AT and «. This is expected because the baroclinic
eddies are energized from the horizontal temperature gradient. Also, the maintenance of the
horizontal temperature gradient in the ocean interior requires vertical diffusion.

Finally, combining our K-~ model (Eq. (18) and Eq. (14)) with the scaling for K (Eq. (22))

we obtain the following expressions for penetration depth and the meridional energy flux

D = Cpr?"(aATg) /T RO/TQHT (23)

Fheat — CFprwli5/7(Oég>3/7(AT)10/7R8/7Q_4/7 (24)

where C'p and CF are constants. Again, fitting to our simulations we find that Cp = 1.39
and C'r = 0.435 (Fig. 6). This formula is identical to the x,-limit scaling given by a previous

study (15).

Test of theory against numerical solutions

To test the K -~ model against numerical solutions, we need to determine whether 1) Eq. (15) (or

equivalently Eq. (13)) correctly predicts the temperature patterns in our numerical simulations,
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2) the interplay of A and x determines the penetration depth of surface temperature anomaly D
and the strength of the ocean circulation, ¥*, following Eq. (19) and Eq. (20), and 3) the eddy
diffusivity K and the meridional heat transport can be predicted using Kcaling from Eq. (22)
and Fje.y from Eq. (24), respectively.

First, as can be seen from Fig. 7, solutions of Eq. (15) well match the equilibrium state of our
numerical model. To obtain these solutions, boundary conditions are set as follows: over north-
ern and southern boundaries, (%T is set to zero, consistent with the adiabatic boundary condition
prescribed in the high resolution simulations. At the bottom, the temperature is assumed to be
the minimum temperature prescribed at the water-ice interface. This is reasonable since we
observe that the coldest prescribed temperature occupies the abyssal ocean (Fig. 5(A)). Also, to
obtain a solution of Eq. (15), we linearized it by replacing 0rz with (H/(Ts(y) —15(0))), set by
top-to-bottom temperature difference at a given latitude. This approximation prevents us from
capturing the top-amplified structure of stratification (Orz). However, despite these assump-
tions, the solution is still able to capture the broad temperature patterns found in the numerical
simulations (see Fig. 7).

Secondly, we demonstrate that Eq. (18) and Eq. (20) capture the isopycnal slope s and the
magnitude of the ocean circulation ¥* in our simulations. To diagnose s, we replace it by
D/R following Eq. (16), and define the penetration depth, D, based on the vertical profile of
the vertical temperature gradient, 9,7, at the poles. Starting from the surface, where 9,7 is
a maximum, the depth at which 0.7 drops to 1 /e (e = 2.71828...) of its maximum value is
taken as a measure of D.

To diagnose U*, we first measure the amplitude of the wavenumber-two component! of the

I'This definition is less sensitive to noise than using the maximum value.
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meridional heat transport as a function of latitude

2

Ly/2 )
Fheat = 71-}%prw (L_ / <_ sin (2y/R)FYIPend. (y)) dg) ) (25)
Yy

—Ly/2

where F2eid(y) is the vertical integral of temperature transport defined in Eq. (8). Then
4 Fheat / (CwpwAT) is used to estimate the magnitude of the residual circulation. As can be seen
from Fig.7(A,B), the ¥* and D diagnosed from numerical simulations (orange cross) matches
well with the prediction by the x-K model (black dashed line).

Thirdly, to see whether the scaling laws for penetration depth (Eq. (23)) and meridional heat
transport (Eq. (24)) captures the numerical results, we overlay the scaling predictions on Fig.8
using green markers. The predictions given by scaling laws (green markers) are well aligned
with numerical simulations (orange crosses).

Eq. (23) slightly overestimates the penetration depth D when the prediction approaches the
full ocean depth H. This is expected because as ) — H, the ocean enters the so-called D-limit
scenario described in a previous study (/5), in which vertical diffusion is strong enough to carry
the top boundary condition all the way down to the ocean bottom. Fig. 9 marks the D-limit with
gray shading and shows that none of our simulations are in this regime (some simulations may
be arguably in the transient zone between the two regimes).

We also present the isopycnal slope and the volume transport from Lobo2021 (/3) in the
same plots (Fig. 8A&B) using blue plus markers. Evidently, the K-x model, specifically
Eq. (18) and Eq. (14), also matches the results by Lobo2021. This is not surprising given the
similarity between our model and theirs. However, as can be seen from Fig. 8C, the x and K
values chosen in the Lobo2021 model are in a very different parameter regime than suggested

by our numerical solutions.
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Implications for Enceladus

The pole-to-equator ice shell thickness variation (/6—19) creates a meridional temperature dif-
ference at the top of Enceladus’ ocean, which will drive ocean circulation and meridional heat
transport. The ocean circulation forced by a buoyancy gradient at the top in the oceans of icy
moons was first studied using a box model (48) or in a zonally-symmetric configuration (/4, 34).
A zonally symmetric model accounts for an overturning circulation and qualitatively capture as-
sociated features W*. However, due to the lack of the zonal dimension, baroclinic eddies are not
present. This, consequently, leads to an underestimate of the meridional heat transport, espe-
cially when the ocean is strongly baroclinically unstable. Moreover, the dynamic features that
appear in 3D configurations are drastically different from those in zonally-symmetric config-
urations: multiple jets and associated overturning circulation cells form rather than the single
overturning circulation of the 2-d model. Such differences have been noted in previous stud-
ies (12, 15).

The pole-to-equator temperature difference on Enceladus is perhaps order 0.1-0.2 Kelvin,
which can induce a significant meridional heat transport. Substituting such a temperature differ-
ence and Enceladus parameters (g, R, and 2) into Eq. (24) (15), the meridional heat transport

on Enceladus is

3/7 10/7
o AT K 5/7
Fheat = 1L.8GW = (—> 26
heat = 1.8G (1.67>< 10—4K—1) (O.IK) 10-3m2 s~ (26)

The relation between x and AT is plotted in Fig. 9, assuming o = 1.67 x 107K~!. The blue
shaded area in Fig. 9 marks the possible parameters of Enceladus by requiring the meridional
heat transport to be <3 GW, the amount of heat that can be lost through the equatorial (30S-
30N) ice shell (17, 49). If this is exceeded, the equatorial ice shell would melt, which together
with likely poleward ice flow (49, 50), would eventually smooth out ice thickness variations

(14, 15, 34). Such a heat budget constraint can also be used to place an upper limit on the
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vertical diffusivity of between ~1073m?s~!, depending on the assumed value of the thermal
expansion coefficient o, which is a function of ocean salinity (/4).

Furthermore, a pole-to-equator temperature difference can potentially strongly modify con-
vective upward heat transport powered by possible bottom heating. Given that the meridional
temperature gradient (0.1K) is likely much greater than the simulated vertical temperature gra-
dient induced by a 40 mW/m? bottom heating (11, 51), the heating pattern at the seafloor may be
significantly altered by the time it is delivered to the ice. This mechanism is different from the
imprint of bottom heating patterns due to bottom convection (9-11, 36, 52). This may draw into
question, for example, the scenario in which a poleward-amplified heating pattern emanating
from the seafloor can sustain the poleward-thinning ice geometry on Enceladus (53) .

To put our work in context, in Fig. 8 we also present some results inferred from the Lobo2021
model (/3). Our K-~ model shows that the ratio of x to K controls the depth of the circulation
(panel B), while the product of x and K controls the strength of overturning circulation (panel
A). The major difference between our work and that of Lobo2021 is that A is estimated using
scaling laws (Eq.(22)), which is then validated using high resolution numerical experiments,
rather than, as in Lobo2021, being prescribed at terrestrial values. Our calculations suggest
that K should be order ~0.1 m?s~!, which is 3-4 orders of magnitude smaller than assumed
in (13) — Fig. 8(C). As a result Lobo2021’s overturning circulation is 2 orders of magnitude
too shallow (panel B) and 2 orders of magnitude too strong (panel A). Finally, as noted earlier,
the energy budget of the ice shell of Enceladus puts an upper bound on the strength of ocean
heat transport and thereby the residual circulation. This limit is marked by the dotted line in
Fig. 8(C). The parameter space explored by Lobo2021 would result in a heat transport orders
of magnitude greater than the 3GW limit due to the assumption of a very large K, even for the
smallest x assumed. If this were true, ice shell thickness variations would be quickly smoothed

out.
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Application to other icy moons

The idea that ice thickness variation drives an ocean circulation can be applied to other icy
moons, which may have a pole-to-equator temperature gradient beneath an ice shell of variable
thickness. Although a significant ice shell thickness variation has been discovered on Enceladus,
similar unevenness of the ice shell may not exist on Europa or Titan. The upper limit of the pole-
to-equator ice thickness variation on Europa is perhaps order 10 km (54). Due to Europa’s large
size and hence strong gravity (15, 34), the meridional heat transport in the ocean could be as
large as 2.4 GW even if the vertical diffusivity is as low as 1.6 x 107" m?s~!, the molecular
value (9). Here, we assume ¢, = 4 x 103 Jkg ' K™, p, = 1 x 103kgm ™3, a = 2x 107* K,
R = 1561km, and Q = 2.1 x 1075571 (9). The rate that the freezing point varies with pressure
is set to —7.5 x 1078K Pa~!. Furthermore, spatial variations in tidal heating on Titan can
possibly induce ice shell thickness variations, which is an explanation to the surface topography
(55). The resulting lateral ice thickness variation can be several kilometers. Since Titan has an
even larger size and an even slower rotation rate than Europa (9), ocean heat transport may be
even more efficient in removing thickness variations in the overlying ice shell.

The scaling laws (Eq. (22), Eq. (23) and Eq. (23)) and heat budget can also be written in
a dimensionless form. This can simplify determining whether the scaling law is applicable to
the regime in question. Physical parameters involved are: 1) the radius of the moon, R, 2)
the rotational rate, (), 3) the depth of the ocean, H, 4) the diffusivity, x, 5) the viscosity, v,

and 6) the buoyancy forcing, Ab. Buckingham’s II-theorem tells us that four non-dimensional
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numbers can be constructed:

H
= — 27
X= % (27)
K
B = (28)
p="2, (29)
K
. Ab
Ri=cnr (30)

Here, x is the nondimensional depth of the ocean; F; is the Ekman number to represent the
strength of diffusion relative to rotation; P, is the Prandtl number, and it is set to unity in this
study; 7 is the slantwise Rayleigh number (56). Note that the slantwise Rayleigh number does
not depend on a poorly constrained diffusivity or viscosity, in analogy with the natural Rossby
number, Ro* (11). Fig. 9 shows Ej; and R in the upper x-axis and the right y-axis respectively.
Although our scalings have been tested within the parameter space of our simulations, it is yet
to be confirmed if they are applicable beyond this space. However, based on the principles of
geostrophic turbulence theory (46, 47), we expect our scalings to hold as long as R and £}, are

sufficiently small.

Discussion

We have explored how ocean circulation can be induced on an icy moon when forced by a

temperature variation at the top which is diffused down into the interior. Our main findings are:

1. Eddies plays a dominant role in ocean dynamics and heat/tracer transport. The Eulerian-
mean meridional overturning circulation is much weaker than that associated with eddies

in terms of strength and associated heat transport.

2. Eddies are generated by a baroclinic instability of the thermal wind. The Charney-Stern

theorem, a necessary condition for baroclinic instability, is satisfied, with the meridional
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gradient of potential vorticity having different signs above and below the thermocline.

3. Heatis diffused downwards over the poles, and then fluxed equatorward and upward along
the isopycnals by baroclinic eddies. It is eventually deposited underneath the equatorial
ice shell. The balance between diffusion and eddies allows us to construct a & -x model,
from which temperature patterns can be computed given the vertical diffusivity x, and the
horizontal eddy heat transport coefficient, /. The temperature patterns match well with
our numerical simulations. The equilibrium isopycnal slope and the strength of the eddy-
driven overturning circulation can also be written as a function of x and K. A comparison

with the Lobo2021 model (/3) is made.

4. Scaling laws for K, the penetration depth, and the meridional heat transport (Eq.(22),

(23) and (24)) given by a previous study (/5) are tested against numerical simulations.

5. If a larger vertical diffusivity is assumed we find 1) a larger horizontal eddy diffusivity,
2) stronger horizontal heat transport and 3) increased penetration depth of the boundary

conditions into the interior.

6. Increased top temperature difference results in 1) a larger horizontal eddy heat transfer
coefficient, 2) a stronger horizontal heat transport, 3) a smaller penetration depth of the
temperature variation, and 4) a potentially flatter ice shell if the ice geometry is close to

equilibrium, as in (15).

In our study, only temperature forcing from the ice shell is considered and the density vari-
ation contributed by salinity gradient induced by freezing/melting is neglected. In reality, the
total buoyancy gradient between the equator and the pole depends strongly on the mean salinity
of the ocean .Sy, because it controls both thermal expansion coefficient and the salinity change

due to melting or freezing (/4). However, we can include the salinity factor by replacing a AT
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with (AT — fAS), where (3 is the haline contraction coefficient and AS is the pole-to-equator
salinity difference. The thermal expansively « can also be changed depending on the assumed
So.

Finally, our simulations do not represent the topography of the water-ice interface. The
absence of topography may also affect ocean circulation and its baroclinic instability, especially
when « is small and the penetration depth D is shallow. The effects of the top topography on

the ocean circulation needs to be investigated in future work.

Materials and Methods

Governing Equations and Boundary Conditions

The three-component velocity, w = (u, v, w), and the temperature, T, are the prognostic fields
in simulations. Because we use the Boussinesq approximation, velocity is nondivergent every-
where:

Opu + Oyv + 0w = 0 (31)

The momentum equation is
ou+u-Vu+ f xu=—-VP+ bk +vVu (32)

where f is the Coriolis parameter in vector form; P is the pressure divided by the reference
density; b is the buoyancy, which is later given by Eq. (33); k is the unit vector in the z direction;
vV?u is the viscosity term and v is the viscosity. The value of v is set to k, the diffusion
coefficient, in all simulations.

The inclusion of Coriolis effects is given careful consideration, as described in the main
body of the text to take account of the deep ocean and non-traditional Coriolis terms.

We use a highly idealized equation of state. The buoyancy, b, is a linear function of temper-
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ature, T,

b=ag (T — T) (33)

where T, the reference temperature, is 0°C; «, the thermal expansion coefficient, is 1.67 X
10~*K~1!; and g, the gravity in the ocean, is 0.1 m s~!. This idealized equation of state (Eq. 33)
neglects the contribution of the variation of salinity to the density and also assumes that the
salinity is high enough to suppress the abnormal thermal expansion.

The equation for the evolution of temperature is

T - ,I‘top (y)
T

0T +u-VT = kV?T — i (34)

where £ is the diffusivity; dy,, = exp (2/dp) and dy = 50 meters; 7 is a relaxation time; and
Tiop(y) is the prescribed top temperature pattern as a function of y. In all simulations, 7 is small
enough to relax temperature near the top of the ocean to the prescribed value.

The bottom (2 = —H), northern (y = (7/2)R), and southern (y = —(7/2)R) boundaries
are adiabatic. Although the bottom heating can be an important driver of the ocean (9-11), it
is not included because we focus on the ocean circulation forced by a top temperature gradient
in the paper. We use the no-slip boundary condition for the bottom, top, northern, and southern

boundaries.

Numerical Techniques

We use Oceananigans.jl (30), a state-of-art ocean general circulation model that runs fast on
GPU (graphics processing unit), for all numerical simulations. Powered by advanced GPUs, our
simulations use a high resolution of 300 meters in all x, y, and z directions, which is smaller
than the Rossby deformation radii in all simulations and enables resolving baroclinic eddies.
The velocity and the temperature fields are discretized using a staggered Arakawa C-grid (57).

The advection terms in Eq. (32) and Eq. (34) are calculated with a S5th-order WENO (weighted
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essentially non-oscillatory advection) scheme (58). The integration over time is performed with
a 3rd-order Runge-Kutta method designed for three-dimensional incompressible flows (59). A

non-hydrostatic solver is used.
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Figure 1: Schema of the energy budget of the ice shell and ocean circulation on an icy
moon driven from the upper boundary. In the absence of abyssal heat sources the following
processes contribute: (1) tidal heating in the ice shell, (2) heat diffusion within the ice, (3)
heat loss to space (4) ocean heat transport, and (5) water-ice heat exchange. In Panel (A),
the temperature difference between the water-ice interface and the very top of the ice induce
outward diffusion of heat which is ultimately lost to space. Ocean circulation is induced by
freezing point temperature variations at the ice-ocean interface which make the poles warm
because the ice is thin there, relative to the equator where it is thick. The ocean therefore carries
heat from the poles to the equator. The resulting heat exchange between the ice and the ocean
tends to smooth out ice shell geometry variations. In Panel (B), the ocean circulation is driven
by a prescribed top temperature variation. Black lines represent temperature surfaces, here
synonymous with isopycnals because salinity plays no role. The top temperature is higher over
the poles and lower at the equator. This pole-to-equator temperature gradient is diffused down
vertically into the ocean (process (6)), supporting zonal currents which spawn baroclinic eddies.
The eddies flux heat down the temperature gradient (process (7), Eddy Heat Transport). This
eddy transport can be equivalently viewed as an overturning circulation which sinking at the
equator and rising near the poles (marked as (8) Eddy-Driven Overturning Circulation, shown
only in the Northern Hemisphere). There is a balance between eddy transport of heat (7) (or
equivalently the overturning circulation (8)) and vertical diffusion of heat (6). Note that here we
have assumed that the buoyancy of sea water depends only on temperature and that the thermal
expansion coefficient is positive. Panel (B) figure is adopted from Fig. 1b in Lobo et al. (13).
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Figure 2: An idealized model for the ocean of an icy moon. Panel (A) is a diagram of an icy
moon, the ice shell of which is thin at the poles and thick at the equator. The non-uniform ice
shell induces a temperature gradient at the top of ocean. We use a cosine temperature profile, as
shown in Panel (B), to represent this top temperature forcing in our numerical simulations. Here,
AT is the pole-to-equator temperature difference, 7 is the top temperature. We use a cuboid
to represent the ocean; in Cartesian coordinates, the x, y, and z directions point eastwards,
northwards, and upwards, respectively. The green arrows in Panel (A) and Panel (B) show the
Coriolis parameters at different locations. The tangent cylinder is marked by the purple lines.

34



(A1) T Anomaly (mK)
0 e T
H N
X
N —20 1
(B1) U (cm s71)
0 1 I: v :I 1
H \//
X
N —20 1 ‘
(C1) V (cm s71)
0 I\ 1 1 1 1
€
X
N —20 A
\ : ‘
(D1) W (mm s~ 1)
0 1 I. 1 -I . 1
| R
£ | V ;
X 2 ]
N —20 1

Figure 3: Zonal jets and baroclinic eddies in the reference simulation. The column on the
left shows the instantaneous (A1) temperature anomaly, (B1) zonal velocity, (C1) meridional
velocity, and (D1) vertical velocity along a zonal cross section. Here, the anomaly is defined
as the instantaneous departure from the zonal-mean. The column on the right shows the same
fields on a horizontal cross-section, which is at the depth of 15 km, half-way down the water
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Figure 4: Observed eddy scale, jet scales, and eddy velocities measured against the Rossby
deformation, Rhines scales, and thermal wind. Panel (A) shows the relation between the
jet widths and the Rhines scales; Panel (B) shows the relation between the eddy scale and the
Rossby deformation; Panel (C), ' and v’ represent velocity anomalies from the time-mean
zonal-mean u and v velocities, respectively, and thermal wind is agDAT/(2RS2), where D
is the vertical penetration depth (see Section An idealized model for temperature distribution
for definitions). We use different colors to represent different simulations (see the sub-panel in
Panel (A)). The dashed line, whose slope is shown in the right lower corner, represents the best
linear fit in each panel.
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Figure 5: Plots of Temperature, Ertel’s PV and heat transport in the reference simula-
tion. Panel (A) shows the zonal, time-averaged temperature (shading), diffusive heat flux (blue
arrows), and eddy heat transport (green arrows). The purple dashed line marks the tangent
cylinder. The sub-panel shows the horizontally averaged vertical heat flux. Panel (B) shows
the instantaneous Ertel PV defined by (V7') - (f + V x u) along a zonal section. The contours
show the instantaneous temperature at an interval at 0.01 K. Panel (C) shows the vertical heat
flux at the top of the ocean (blue) and the meridional heat transport (red). The meridional heat
flux is scaled to the circumference of the moon by multiplying by a factor of 7R/L,, where R
is the radius of the icy moon and L, is the domain size in the x direction.
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Figure 6: Measures of key flow parameters in two groups of simulations compared to
predictions from scaling. The left column shows the (A1) eddy heat transport coefficient, K,
(A2) meridional heat transport and (A3) penetration depth in calculations in which the vertical
diffusivity, , is varied; the second column shows the same but when the prescribed temperature
difference is varied. Theoretical predictions are made from Eq. (22), Eq. (24), and Eq. (23).
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Figure 7: Solutions of the K-~ model compared with that from our explicit, eddy-resolving
model at equilibrium. For each of our eddying simulations, we diagnose A and then solve for
the temperature distribution for the appropriate /K value.
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Figure 8: Ocean circulation characteristics as a function of our two key parameters, x and K.
Theory predicts the strength of the eddy-driven overturning circulation as 27 Rv/xK and that
the isopycnal slope is \/x/K. Panel (A) shows the volume transport versus these predictions
in our simulations (points, similar to Fig. 4) and calculations in the Lobo2021 model (/3) (blue
crosses). Panel (B) isopycnal slopes. Panel (C) compares the parameter space of (, K) in our
simulations to those assumed in Lobo2021. The four arrows indicate how changes in x and
K affect the strength and the depth of the eddy-driven overturning circulation. Dashed lines
indicate how K depends on x and the prescribed temperature difference at the top, AT. The
values of K used in Lobo2021 are roughly 3 orders of magnitude larger than our simulations
suggest, resulting in overturning circulations that are too strong and too shallow.
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Figure 9: Dynamical parameter space for Enceladus. The blue points represent our simula-
tions; the blue blocks represents the possible position of Enceladus in this space. The minimum
value of x on Enceladus is assumed to be 1.4 x 10~ "m? s, This is the estimated molecular dif-
fusivity (9) but tidal mixing will likely produce much elevated values. The solid lines show the
parameters for the corresponding meridional heat flux predicted by Eq. (26). Since the ocean
heat transport is unlikely larger than 3 GW, the diffusivity must be smaller than ~10~3m?s™!.
E} and R}, are defined in Eq. (28) and Eq. (30), respectively.
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