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Abstract25

Several icy satellites are believed to host subsurface oceans beneath their outer ice shells.26

These oceans are promising targets in the search for extraterrestrial life, but their in-27

ternal dynamics remain largely hidden from direct observation. The overlying ice shell,28

however, is relatively accessible to remote sensing and may serve as a window into the29

ocean below. Because the subsurface ocean transports heat and momentum, it influences30

the ice shell in observable ways: heat transport drives spatially variable freezing and melt-31

ing, modifying the ice thickness variations (ITV), while momentum transport induces32

non-synchronous rotation (NSR) of the ice shell relative to the rocky interior. In this pa-33

per, we review how convection, tides, and baroclinic eddies together control heat and mo-34

mentum transport in icy moon oceans. Using Enceladus as a case study, we demonstrate35

how the observed ITV and NSR can be used to infer the ocean’s equation of state and36

the partitioning of heat production among the ice shell, ocean, and silicate core. We con-37

clude that the majority of heat production on Enceladus, of order 10 GW, is likely to38

occur within the ice shell. We also outline strategies for cross-validating these inferences39

with independent observations from upcoming missions.40

Plain Language Summary41

Oceans beneath the ice shells of icy moons such as Enceladus and Europa are among42

the most promising places to search for life beyond Earth. However, these oceans are hid-43

den beneath thick ice, making them difficult to study. Fortunately, the ice shell itself can44

offer important clues. Because fluid flow in the liquid layer can transport heat and mo-45

mentum, changes in the ocean can affect the shape and movement of the ice shell above46

it. For example, heat transport by ocean currents can change the ice thickness pattern47

by inducing freezing and melting, and momentum transport by ocean currents can cause48

the ice shell to slowly rotate relative to the moon’s rocky core. In this work, we explain49

how ocean processes – such as convection, tides, and large swirling currents called baro-50

clinic eddies – transport heat and momentum around the ocean. Using the moon Ence-51

ladus as an example, we describe how studying the ice shell can help us learn about the52

properties of the underlying ocean and how the generation of heat by tidal energy dis-53

sipation is distributed between the ocean, the ice shell, and the core. Finally, we discuss54

approaches that future missions could adopt to verify these inferences.55

1 Introduction56

Several icy satellites in the Solar System, including Enceladus, Europa, and Ganymede,57

are believed to host global subsurface oceans that are potentially habitable (K. Khurana58

et al., 1998; Zimmer et al., 2000; Thomas et al., 2016; Nimmo & Pappalardo, 2016). These59

oceans do not receive direct sunlight, ruling out photosynthesis as a mechanism to pro-60

duce the chemical energy needed to support life. Nevertheless, life may be sustained by61

long-lived chemical gradients (Peng et al., 2025; Cockell et al., 2016; Vance et al., 2018;62

Glein & Zolotov, 2020; Vance et al., 2023; Cockell et al., 2024; Fisher et al., 2024). The63

reduced chemical species produced by water-rock reactions on the ocean floor (Deamer64

& Damer, 2017; Sekine et al., 2015; McCollom & Bach, 2009) can react with oxidants65

delivered from the ice shell above (Carlson et al., 1999; Chyba, 2000; Johnson et al., 2003;66

K. P. Hand et al., 2007), providing a potential energy source for life. Ocean circulation67

is therefore essential to connect these spatially separated redox reservoirs (McGillicuddy Jr68

et al., 1998; Falkowski et al., 1998; Ducklow et al., 2001; M. Freilich et al., 2021; M. A. Freilich69

et al., 2022). Furthermore, if such subsurface oceans are inhabited, active circulation would70

also be required to transport potential biosignatures upward to the ice shell, where they71

might subsequently be detected (e.g., German et al., 2022).72

One of the most important yet poorly constrained controls on tracer transport is73

the partitioning of heat production among the ice shell, ocean, and silicate core. When74
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heat is generated predominantly in the core or ocean, the ocean tends to be convective,75

allowing efficient vertical transport of tracers from the seafloor to the ice shell. By con-76

trast, when heat is produced mainly within the ice, especially with significant spatial vari-77

ations, the resulting lateral temperature and salinity gradients at the ice-ocean interface78

may stratify the ocean, in much the same way that poleward-weakening solar heating79

stratifies Earth’s atmosphere and oceans (Schneider, 2006). Stratification suppresses ver-80

tical exchange, forcing tracers to follow longer, more convoluted pathways.81

The circulation in the subsurface ocean and the heat partitioning, however, are hid-82

den beneath ice shells tens of kilometers thick, making direct quantification extremely83

challenging. Fortunately, the ice shell itself can potentially serve as a diagnostic window84

into the hidden ocean. Because the ocean is the only liquid layer between the silicate core85

and the surface, it can redistribute heat and momentum in ways neither solid layer can.86

This redistribution leaves observable fingerprints: oceanic heat transport produces lo-87

calized freezing and melting that shape ice thickness variations (ITV) (Kang & Jansen,88

2022; Kang, 2022; Kang, Mittal, et al., 2022); oceanic momentum transport drives non-89

synchronous rotation (NSR) of the ice shell (Ashkenazy et al., 2023; Hay et al., 2023; Kang,90

2024; Hay et al., 2024). Both ITV and NSR are potentially measurable (Iess et al., 2014;91

Hemingway & Mittal, 2019; Hoppa et al., 1999; Schenk & McKinnon, 2024).92

Over the next decade, NASA’s Europa Clipper and ESA’s JUICE spacecraft will93

arrive at Jupiter’s icy moons Europa and Ganymede (Pappalardo et al., 2024; Grasset94

et al., 2013), returning unprecedented measurements of gravity, magnetic fields, ice-shell95

structure, and rotational states (Roberts et al., 2023a; Van Hoolst et al., 2024). With96

observational constraints on ITV and NSR in hand, ocean heat and momentum trans-97

ports can be estimated, which can then be inverted to constrain ocean properties and98

forcing conditions. Although such retrievals are inherently non-unique, cross-validation99

with independent observations can substantially narrow the uncertainties.100

This paper is structured as follows. In §2, we review the three key dynamical pro-101

cesses present in icy moon oceans: convection, tides, and baroclinic eddies. In §3, we dis-102

cuss the interactions between these processes, with a focus on ocean heat transport (OHT)103

and ocean momentum transport (OMT), and §4 provides an energy perspective that con-104

strains the intensity of ocean circulation on icy satellites. In §5 and §6, we demonstrate105

how observable ITV and NSR can be used to infer ocean properties and forcing condi-106

tions. Finally, in §7, we discuss means to cross-validate these inferences through inde-107

pendent observations. Readers less interested in geophysical fluid dynamics may skip the108

detailed discussions of individual dynamical processes in §2.109

This review identifies two pathways for inferring subsurface ocean conditions.110

Constraining heat partitioning between core, ocean and ice from ITV.111

Large-amplitude planetary-scale ITV requires that the majority of heat production oc-112

curs within the ice shell rather than in the ocean or core. This conclusion follows because113

spatially inhomogeneous heating in the ice directly drives local freezing and melting that114

maintains ITV, whereas inhomogeneities in oceanic or core heating are smoothed by ocean115

circulation under the thermal/salinity forcing from the ice shell.116

Diagnosing the dominant ocean dynamics from NSR direction. The di-117

rection of NSR can distinguish between a convection-dominated, well-mixed ocean and118

a stratified ocean dominated by baroclinic eddies. Convection and tides drive NSR in119

opposite directions to that driven by baroclinic eddies, providing a diagnostic of the dom-120

inant ocean regime. The potential westward NSR inferred for Enceladus from tidal-bulge121

offset (Schenk & McKinnon, 2024) is consistent with the ice-dominant heat partition-122

ing derived from the observed ITV.123
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2 The Three Drivers of Subsurface Ocean Dynamics: Convection, Tides,124

and Baroclinic Eddies125

As sketched in Fig. 1a, subsurface oceans on icy satellites are forced by three pri-126

mary mechanisms: 1) Bottom heating from radiogenic and tidal dissipation in the sil-127

icate core, 2) Tidal forcing from gravitational interactions with the host planet and ad-128

jacent moons, and 3) Surface buoyancy forcing from heat and salinity exchange with129

the ice shell. These forcings drive three corresponding dynamical responses, convection,130

tidal waves, and baroclinic eddies, each with distinct signatures for heat and momen-131

tum transport.132

In this section, we first review each forcing-response pair in isolation: convection133

driven by bottom heating (§2.1), tidal waves driven by mechanical tidal forcing (§2.2),134

and baroclinic eddies driven by surface buoyancy forcing (§2.3). Throughout, we empha-135

size how heat and momentum are transported in the ocean, providing a perspective com-136

plementary to previous reviews (Soderlund et al., 2024; Vance & Goodman, 2009; Soder-137

lund et al., 2020). We do not consider ocean dynamics driven by magnetic induction pump-138

ing (Gissinger & Petitdemange, 2019), which has been reviewed by Soderlund et al. (2024).139
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Figure 1: (a) Schematic illustration of the three types of forcings exerted on icy moon
oceans. (b) Thermal expansivity αT of water at freezing point as a function of pressure
and salinity. Shading indicates anomalous expansion.

2.1 Convection due to bottom heating140

The first forcing comes from heat released by the silicate core, generated by tidal141

dissipation and radiogenic decay (Běhounková et al., 2021). When the thermal expan-142

sivity is positive, this bottom heating drives convection: hot buoyant fluid rises, cold dense143

fluid sinks, and the resulting overturning mixes heat and tracers vertically from the seafloor144

toward the ice shell (Soderlund et al., 2014, 2020; Ashkenazy & Tziperman, 2021; Bire145

et al., 2022).146

Nondimensional numbers: Ra,E v.s. Ro∗. Traditionally, rotating convection147

is characterized by two nondimensional numbers: the Rayleigh number Ra ≡ αT g∆vTD
3/(νκ),148

which measures the degree of supercriticality, and the Ekman number E ≡ ν/(2ΩD2),149

which measures the relative importance of viscosity and rotation. Here D is ocean depth,150

αT thermal expansivity, ∆vT the vertical temperature contrast, Ω the rotation rate, and151

ν and κ are viscosity and thermal diffusivity. In simulations that do not resolve tidal wave152
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breaking, ν and κ are usually set to represent turbulent viscosity and diffusivity, which153

are orders of magnitude greater than molecular values. Using Ra to describe convection154

requires ∆vT to be known a priori. For icy-moon oceans, ∆vT is typically unknown, whereas155

the heat flux Q is better constrained because it should not exceed the conductive heat156

loss through the ice shell in an equilibrium state. Replacing ∆vT with Q leads to the157

flux Rayleigh number RaF ≡ αT gQD4/(ρCpνκ
2).158

Ro*=  in
cre

as
e

ν, κ

Song et al. 2024 (a,b)
Gastine et al. 2016

Figure 2: The parameter regimes relevant to Enceladus, Europa, and Titan are marked
in a parameter space spanned by the flux Rayleigh number RaF and the Ekman number
E, assuming a bottom heat flux on the high-end (40, 40 and 10 mW/m2 respectively).
The lower bound of viscosity and diffusivity is set to 10−6 m2/s, representing the molec-
ular value, and the upper bound is set to 10−3m2/s, representing potentially enhanced
mixing by tides. Isolines of Ro∗ are shown in gray contours. Since Ro∗ (Eq.1) is inde-
pendent of diffusivity by definition, increasing/decreasing ν and κ corresponds to a shift
toward the bottom-left/top-right corner. The shading shows the simulated Rossby number
RoH ≡ Urms/(ΩD) from the DNS simulations in Gastine et al. (2016) and in Song et al.
(2024b, 2024a), where Urms denotes rms velocity. The locations of the original data points
are marked by circles (experiments within the diffusiveless regime Ra E8/5 < 0.4) and
crosses (all others). Since the shading isolines are nearly aligned with those of Ro∗, the
diffusiveless output Ro can almost be expressed as a function of the diffusiveless predictor
Ro∗ alone and has weak sensitivity to ν,κ. The inset shows RoH scattered against Ro∗.

Because the molecular viscosity and diffusivity of water are only O(10−6m2s−1) or159

smaller, a bottom heat flux of O(10mWm−2) produces RaF ∼ O(1022) for Enceladus160

and O(1027) for Europa, implying heat transport being dominated by advection and buoy-161

ancy force being dominant over viscous force. The Ekman numbers, E ∼ O(10−11) and162

O(10−12), moreover indicate viscous forces being overwhelmed by the Coriolis force due163

to planetary rotation (Soderlund, 2019). In this high-RaF, low-E regime, viscosity and164

diffusivity affect the dynamics only at the smallest scales (especially the millimeter-scale165

boundary layers), while large-scale interior dynamics are governed by the prescribed heat166

–5–



manuscript submitted to Reviews of Geophysics

flux and rotation rate and are relatively insensitive to diffusivity and viscosity, when Q167

instead of ∆T is prescribedIn fact, a diffusiveless scaling emerges if the boundary-layer168

bottleneck is bypassed by imposing sufficiently large diffusivity, achieved when Ra·E8/5 <169

0.4 (Gastine et al., 2016). One may argue that boundary layer turbulence generated as170

tidal/librational flow rubs against the rough boundaries can efficiently mix out the millimeter-171

thin boundary layer.172

The possible insensitivity of ocean interior dynamics to viscous and diffusive pro-173

cesses motivates the introduction of nondimensional numbers that do not explicitly in-174

volve ν or κ. Assuming Prandtl number Pr ≡ ν/κ = 1, which holds if mixing is dom-175

inated by tidal wave breaking, we can eliminate ν and κ between RaF and E to obtain176

the natural Rossby number:177

Ro∗ ≡ RaF
1/2E3/2 =

(
gαTQ

8ρCpΩ3D2

)1/2

. (1)

Ro∗ was introduced in the 1990s in the Earth oceanography community and has been178

widely used since (Boubnov & Golitsyn, 1990; Jones & Marshall, 1993; Maxworthy &179

Narimousa, 1994). It quantifies the influence of rotation on the dynamics, and is related180

to the modified flux Rayleigh number Ra∗F through Ra∗F ∼ (Ro∗)2. In the diffusiveless181

regime, it has been shown to scale with the posterior Rossby number RoH ≡ U/(DΩ)182

which characterizes the number of rotation periods 2π/Ω needed for convection to pen-183

etrate the ocean depth D (Christensen & Aubert, 2006; J. M. Aurnou et al., 2020). Read-184

ers interested in the conversion among the various nondimensional numbers in the Q-185

based and ∆vT -based systems may refer to J. M. Aurnou et al. (2020).186

In Fig. 2, the relevant parameter regimes for Enceladus, Europa, and Titan are marked187

in the parameter space spanned by RaF and E, assuming a heat flux at the higher end,188

with ν and κ ranging from 10−6 m2/s, representing the molecular value, to 10−3 m2/s,189

representing possible mixing enhancement by tidal wave breaking. Isolines of Ro∗ are190

overlaid for reference. To illustrate the system’s weak dependence on ν and κ, we show191

the Rossby number RoH ≡ Urms/(ΩD) from all DNS simulations with Nu > 2 reported192

in Gastine et al. (2016) and Song et al. (2024b, 2024a). This Ro characterizes the inte-193

rior velocity intensity relative to planetary rotation Ω without invoking ν or κ as a ref-194

erence scale, as the Reynolds number does. Across all cases shown, Ro exhibits only weak195

dependence on ν and κ, both within the diffusiveless regime (Ra ·E8/5 < 0.4, denoted196

by circles) and outside it (denoted by crosses).197

Estimates of Ro∗ for a range of icy moons are summarized in Table. 1. Given that198

icy moon oceans usually have Ro∗,RoH ≪ 1 (see Table. 1), the convective dynamics199

on icy satellites should be strongly influenced by planetary rotation, at least in the in-200

terior.201

The diffusiveless scaling (Gastine et al., 2016) also provides an estimate for the in-202

terior temperature difference ∆vT , defined as the temperature contrast from the top of203

the bottom boundary layer to the bottom of the top boundary layer.204

∆vT ∼
(

QΩ2

0.15ρCp

)2/5 (
D

(αT g)3

)1/5

. (2)

This relationship is commonly used to convert the heat flux-based RaF into the temperature-205

based Ra (Soderlund et al., 2014; Soderlund, 2019; Schoenfeld et al., 2023; Kvorka & Čadek,206

2024) to set up experiments with fixed temperature boundary conditions. Table. 1 sum-207

marizes the estimates of ∆vT for a set of icy moons, which is usually less than 10 mK.208

Heat and momentum transport. Under the influence of planetary rotation, even209

if the bottom heat flux is uniformly distributed, the convective dynamics are different210

between the polar regions and the equatorial regions, demarcated by the tangent cylin-211

der (denoted in Fig. 3a). Over the poles, where the axis of rotation is generally aligned212
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Enceladus Europa Titan

a (km) 250 1560 2575
H0 (km) ∼20 ∼20 O(100)
∆H (km) 20 <2 5
D (km) 40 80 O(100)
g (m/s2) 0.113 1.3 1.35
Ω (1/s) 5.3e-5 2.1e-5 4.5e-6
αT (1/K) <1e-4 3e-4 O(1e-4)
Qb (mW/m2) <40 <40 <O(10)
Ro∗ <7e-6 <9e-5 <2e-4
∆vT (mK) ≲7 <1 <0.1
∆hT (mK) 150 <180 470
UQ (cm/s) <1 <6 <2
UT (cm/s) 27 27 17
Qc (mW/m2) 1e3 <3e4 2e6
∆Hc (km) 4 0.06 0.04

Table 1: Icy moon parameters. a: satellite radius; H0: assumed mean ice thickness
(Thomas et al., 2016; K. Hand & Chyba, 2007); ∆H: ice thickness variation (Hemingway
& Mittal, 2019; Nimmo et al., 2007); D: assumed mean ocean depth; g: gravity; Ω: roa-
tion frequency; αT : assumed thermal expansivity; Qb: bottom heat flux which should
not exceed the conductive heat loss through the ice shell; Ro∗: natural Rossby number
following Eq. (1) (Ra∗F = (Ro∗)2); ∆vT : vertical temperature difference sustained by Qb

following Eq. (2); ∆hT : temperature difference along water-ice interface due to ITV; UQ:
maximum ocean characteristic speed assuming all heat is produced in the silicate core
(Eq. (20)); UT : maximum ocean characteristic speed assuming all heat is produced in the
ocean; Qc: critical bottom heat flux to overcome stratification enforced by ice forcings
(Eq. (8)) assuming κv = 0. ∆Hc: minimum ITV needed to stratify the upper ocean in
presence of a bottom heat flux Qb. We caution that Titan may not possess a subsurface
ocean (Petricca et al., 2025), and that the numbers quoted above should be interpreted as
illustrative rather than definitie. Similar calculation may be done for Uranus moons once
we confirm the existence of subsurface ocean(s).

with gravity, convection mostly manifests itself as spiral plumes along the rotational axis,213

whereas in low latitudes, where the axis of rotation is perpendicular to the direction of214

gravity, convection mostly appears as overturning rolls along the equatorial plane. This215

feature was first suggested by Busse and Cuong (1977) and confirmed by numerous nu-216

merical studies (J. Aurnou et al., 2007; Soderlund et al., 2014, 2020; Amit et al., 2020;217

Gastine & Aurnou, 2023; Bire et al., 2022). Shown in Fig. 3b-d are snapshots of simu-218

lations taken from Bire et al. (2022), clearly demonstrating the different nature of fluid219

dynamics inside and outside the tangent cylinder. The equatorial mode has a lower in-220

stability threshold and dominates the polar mode near the onset of convection (Busse,221

1970; Dormy et al., 2004). As the Rayleigh number increases far beyond the marginally222

unstable Rayleigh number, the polar modes take over (Amit et al., 2020; Bire et al., 2022;223

Kvorka & Čadek, 2022; Gastine & Aurnou, 2023; Hartmann et al., 2024; Gastine & Favier,224

2025). Depending on which mode is more efficient in heat transport, bottom heating may225

be redistributed from the polar regions to the equatorial regions (if equatorial mode dom-226

inates), or the other way around (if polar mode dominates) by up to ∼20%. Several cri-227

teria have been proposed to distinguish the equatorward and poleward heat-convergence228

regimes, but no consensus has emerged. Regardless, the high supercriticality character-229

istic of icy moon oceans suggests that they probably reside in the poleward heat-convergence230
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regime (Kvorka & Čadek, 2022; Hartmann et al., 2024; Gastine & Favier, 2025). Fur-231

thermore, if core heating is spatially nonuniform, the inhomogeneity of the heat flux de-232

livered to the ice shell can be even more pronounced (Lemasquerier et al., 2023; Terra-233

Nova et al., 2023).234

This inhomogeneous heat flux can potentially induce ice thickness variations (Amit235

et al., 2020; Kvorka & Čadek, 2022; Lemasquerier et al., 2023; Hartmann et al., 2024;236

Gastine & Favier, 2025). But one should note that, once the ice thickness variations emerge,237

the pressure dependence of the freezing point induces a substantial temperature contrast238

at the water-ice interface (Fig.1a). This temperature gradient can drive heat from thin-239

ice regions (warmer interface) toward thick-ice regions (colder interface), eroding the de-240

veloping ice thickness gradients. We elaborate on the mechanisms when talking about241

the interaction between baroclinic eddies and convection in §3.242

H

R

Ω

B Tangent 
cylinder

(a) (b) T (0.01∘C) (c) u (cm/s) (d) w (mm/s)
y z

x

Figure 3: Ocean convection driven by bottom heating. Panel (a) sketches the geometry,
setup and the definition of tangent cylinder. Panels (b,c) are temperature and zonal ve-
locity (along x-axis) snapshots across a meridian and panel (d) shows the vertical velocity
in the middle level of the ocean. Figures taken from Bire et al. 2022.

Besides heat, momentum can also be redistributed by convection. At the equator,243

the convective flow is organized into rolls (Fig. 3d), known as thermal Rossby waves, which244

exhibit a prograde tilt with height. This geometry enables the upward flux of prograde245

momentum from the bottom of the ocean toward the ice shell (Busse, 1970; Dormy et246

al., 2004). When this thermal Rossby mode is present without being too disturbed by247

turbulence, a prograde jet would form near the equator (Fig. 3c). This nature of ther-248

mal Rossby waves has motivated the hypothesis that the ice shell of icy satellites may249

undergo non-synchronous rotation (NSR) (Ashkenazy et al., 2023; Hay et al., 2023). We250

note that the analyzes by Busse (1970); Dormy et al. (2004); Busse and Hood (1982);251

Cardin and Olson (1994) were conducted near the onset of convection. However, as su-252

percriticality increases, dynamics can eventually escape the constraint imposed by plan-253

etary rotation (Ro∗ > 1), and the momentum transport and the direction of the resul-254

tant NSR can reverse from prograde to retrograde (J. Aurnou et al., 2007; Soderlund et255

al., 2014; Bire et al., 2022; Hay et al., 2023).256

In addition to the equatorial jet, Fig. 3c reveals numerous jets in each hemisphere257

aligned with the rotation axis. The formation of jets perpendicular to the rotation axis258

is common in rapidly-rotating fluids such as the atmospheres of Jupiter and Saturn (char-259

acterized by small Rossby numbers) and is insensitive to how dynamics are sustained en-260

ergetically (Galperin et al., 2008; Srinivasan & Young, 2012; Farrell & Ioannou, 2008).261
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Although these alternative jets can also exert torque onto the ice shell and the silicate262

core, the net torque is much weaker than the torque exerted by each of the individual263

jets, as they tend to cancel each other out. In fast-rotating systems (Ro∗ ≪ 0), the ther-264

mal wind balance should be well satisfied due to the dominance of planetary rotation265

in icy moon oceans (Kang, 2024). This relationship may be used to estimate the total266

momentum exchange between the ocean and ice, as will be elaborated in §6.267

Convective plume driven by localized heat sources. Motivated by the po-268

tential role of seafloor hydrothermal activity, a broad literature has examined convec-269

tion driven by localized point or line heat sources in rotating fluids (Goodman et al., 2004;270

Goodman & Lenferink, 2012; Kang, Marshall, et al., 2022; Bire et al., 2023; Zhang et271

al., 2025; Wang et al., 2025). Building on foundational laboratory and theoretical stud-272

ies from the 1970s and 1990s (Saunders, 1973; Jones & Marshall, 1993; Maxworthy &273

Narimousa, 1994; Visbeck et al., 1996; Legg et al., 1996; Jacobs & Ivey, 1998, 1999; Bush274

& Woods, 1999; Okada et al., 2004), recent studies extend the analysis to parameter regimes275

relevant for icy-moon oceans. These studies confirm earlier findings that line plumes re-276

main concentrated only over a finite vertical distance (Bush & Woods, 1999) and fur-277

ther show that point plumes exhibit similar behaviors given enough space in the verti-278

cal direction.279

By conducting large-domain numerical simulations and synthesizing previous lab-280

oratory and numerical results, Wang et al. (2025) demonstrated that the evolution of a281

point plume under polar configuration (i.e. planetary rotation aligned with gravity) is282

determined by the point-source natural Rossby number283

Ro∗p ≡
(

F0

8Ω3D4

) 1
4

, (3)

where F0 =
˜

αT gQ
ρ0Cp

ds is the area-integrated buoyancy flux, with Q denoting heat flux284

in W/m2. Similar to Ro∗, Ro∗p quantifies the degree to which the dynamics are controlled285

by rotation, with smaller values indicating a stronger rotational influence. The plume286

morphology is found to vary with Ro∗p, as demonstrated by Fig. 4. When Ro∗p > 0.17,287

rotation has no appreciable effect on the plume evolution prior to reaching the ice shell,288

and the plume exhibits a typical non-rotating conical shape (panel c). A slightly higher289

Ro∗p value would suppress lateral plume expansion and constrain the plume to a cylin-290

drical morphology (panel b). When Ro∗p drops below 0.018, the plume undergoes strong291

lateral leakage of buoyancy by baroclinic eddies and ceases to rise before reaching the292

ice shell, ultimately dispersing uniformly into the surrounding ocean (panel a). On Eu-293

ropa, a hydrothermal vent with a heat flux of 5 GW yields Ro∗p ≈ 0.092, lying between294

0.018 and 0.17 and suggesting that the plume is able to reach the ice shell (Goodman295

et al., 2004; Goodman & Lenferink, 2012). In contrast, the same vent on Enceladus yields296

only Ro∗p ≈ 0.0047, substantially smaller than 0.018. This suggests that a buoyant plume297

originating from a localized seafloor vent cannot rise to the ice shell while maintaining298

its concentrated structure (Kang, Marshall, et al., 2022; Bire et al., 2023). The main rea-299

sons for these differences are the weaker gravity and faster rotation at Enceladus, as com-300

pared to Europa. We thus need another mechanism to generate regional topographic vari-301

ations on Enceladus.302

On small icy moons, when the ocean salinity is sufficiently low, the thermal expan-303

sivity α of seawater can become negative (Melosh et al., 2004). This so-called anoma-304

lous expansion causes the water to contract with warming, preventing convection from305

being triggered by the heating generated in the silicate core (Zeng & Jansen, 2021). As306

indicated by the shaded region in Fig. 1b, anomalous expansion occurs only for salin-307

ities below ∼23 psu and pressures below ∼20 MPa. Such conditions are expected only308

on small icy satellites, including Enceladus, Mimas, and the Uranian moons. In contrast,309

Europa’s ocean experiences bottom pressures of order 100 MPa, which precludes anoma-310

lous expansion regardless of ocean salinity and ice thickness. Even at the water-ice in-311
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Figure 4: Simulated morphologies of a rotating point plume, adapted from Wang et al.
(2025). As the natural Rossby number Ro∗p decreases, the plume transitions from a cone-
shaped, non-rotating plume (panel c), to a rotationally constrained cylindrical plume
(panel b), and finally to a state in which the plume destabilizes and scatters horizontally
before reaching the upper surface (panel a). The transitions occur at Ro∗p = 0.17 and
Ro∗p = 0.018. Red, green, and blue shading highlight the parameter spaces for Earth,
Europa, and Enceladus, respectively. The upper bound is estimated by assuming that all
hydrothermal heat on the planet is concentrated at a single point.

terface of Europa, anomalous expansion is unlikely, if its ice thickness exceeds 23 km (Melosh312

et al., 2004).313

When convection is suppressed, heat accumulates in the bottom waters until the314

temperature there exceeds a critical temperature Tc, at which the maximum density is315

attained (Tc ≈ 4◦C for freshwater at one standard atmosphere). Although Tc decreases316

with increasing salinity and pressure, it is typically O(1◦C) unless the anomalous expan-317

sion is nearly completely suppressed. In equilibrium, the bottom ocean, where temper-318

atures exceed Tc, becomes convective, while the upper ocean remains strongly stratified319

(Vance & Goodman, 2009; Zeng & Jansen, 2021; Kang, Marshall, et al., 2022). Since con-320

vection near the ice shell is strongly suppressed, nonuniform heating from the seafloor321

may not project onto the ice shell as readily as it would without anomalous expansion.322

In cases where ice thickness variations exceed the thickness of the stratified layer, the323

thicker portions of the ice shell may submerge into the warm convective pool, inducing324

rapid melting and a reduction in ice thickness variations.325

2.2 Surface and internal inertia-gravity waves due to tidal forcing326

Tidal forces also act on icy satellite oceans. This drives periodic tidal motions that327

induce momentum transport, thus potentially driving NSR (Hay et al., 2024), and ocean328

dissipation, releasing heat and generating small-scale turbulence that can further affect329

ocean circulation and tracer transport (Tyler, 2011b; Chen et al., 2014; Rovira-Navarro330

et al., 2023; Hay & Matsuyama, 2019; Rekier et al., 2019; Zhang et al., 2024).331

Barotropic and baroclinic tidal responses. All icy moons pass through the332

time-varying, tide-raising gravitational fields of the central planet. In response, the en-333
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tire icy body deforms into a triaxial figure, creating a bulge that nearly aligns with the334

planet. From the perspective of an observer on the surface, when the moon has an ec-335

centric orbit, the central planet appears to librate back and forth in longitude, as well336

as change apparent size, due to differences between the rotation and orbital velocity of337

the satellite. This relative motion causes tidal forces to oscillate in longitude and mag-338

nitude. In this general case, the corresponding deformation, and associated flow in the339

ocean, is known as the eccentricity tide. The forcing and response consist mainly of zonal340

wavenumbers 0 and 2. If the satellite has an oblique (i.e., tilted, relative to the orbital341

plane) rotation axis, however, then the same observer instead sees the tide-raiser peri-342

odically librate north and south over the course of an orbit. Thus, these tide-raising forces343

oscillate in latitude and the corresponding additional deformation is known as the obliq-344

uity tide. In this case, the forcing and response are primarily limited to zonal wavenum-345

ber 1. Both eccentricity and obliquity forcing can drive a range of different tidal waves,346

depending on the thickness and stratified state of an ocean. Surface tidal waves are re-347

lated to the barotropic (i.e. depth-averaged) response of an ocean to tidal forces, while348

baroclinic internal tidal waves vary through the ocean column and thus can depend on349

the ocean’s vertical structure. In the following, we first review barotropic tidal waves,350

followed by baroclinic waves.351

Barotropic inertial-gravity waves are driven by both obliquity and eccentricity forc-352

ing, and are the primary tidal waves associated with the tidal deformation at the sur-353

face of an icy moon (Tyler, 2008), shown in Fig. 5a. Coriolis force and gravity are the354

main restoring forces that act on these waves (Longuet-Higgins, 1968), although the elas-355

ticity of the overlying ice provides an additional restoring force that resists surface de-356

formation (Beuthe, 2016; Matsuyama et al., 2018; Hay & Matsuyama, 2019; Rovira-Navarro357

et al., 2023). Hence, barotropic inertial-gravity waves propagate faster under an ice shell358

than in an ice-free ocean. The natural frequencies of these waves for typical satellites are359

much higher than the frequency of the dominant degree-2 tide-raising potential (ω ≫360

Ω), particularly for the thick oceans expected in bodies such as Europa and Ganymede.361

Consequently, surface inertial-gravity waves are usually far from resonance. Higher-frequency362

tidal forcing due to adjacent moons, although smaller than the daily tidal forcing, can363

potentially excite resonant, equatorially trapped Kelvin waves (Hay et al., 2020, 2022).364

Obliquity forcing can additionally excite a single barotropic Rossby (or vorticity)365

wave of planetary scale (Longuet-Higgins, 1968; Tyler, 2008). This wave consists of a sin-366

gle vortex that spans from pole to pole; the centers of the vortex propagate westward,367

while the fastest flow occurs at the poles. However, interaction with other flow fields can368

potentially modify the position of the vortex; see Vincent et al. (2022), shown in Fig. 5b.369

The variation in Coriolis force is the restoring force acting on this planetary Rossby wave,370

which produces minimal surface displacement as it flows. The elastic resistance of the371

ice shell hence has little impact on the dynamics of this wave. For synchronously rotat-372

ing satellites, these waves are close to resonance, although long-wavelength meridional373

variations in ocean thickness can modify the wave’s natural frequency away from that374

of the forcing (Rovira-Navarro et al., 2020; Rovira-Navarro et al., 2023). These waves375

persist in thick oceans, and hence the general anticipation is that Rossby waves driven376

by obliquity forcing produce the strongest barotropic tidal currents in icy satellite oceans377

(Chen et al., 2014; Matsuyama et al., 2018; Hay & Matsuyama, 2019), unless inertial-378

gravity waves are also resonant. These Rossby waves driven by the tide are also the pri-379

mary candidate for ocean-driven NSR due to the tidal forcing (Hay et al., 2024), the mech-380

anism for which we discuss later. However, the obliquity of all icy satellites, with the ex-381

ception of Titan (Stiles et al., 2008; Meriggiola et al., 2016), has never been measured382

and is only constrained through modeling (Baland et al., 2012). The predicted values383

of obliquity based on the assumption of a damped Cassini state are roughly 0.05◦ and384

0.0001◦ for Europa and Enceladus, respectively (Chen et al., 2014).385
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In addition to surface-expressed tides, the ocean interior can also support tidal waves.386

These baroclinic tides are characterized by vertically-sheared motions that produce lit-387

tle signature in sea-surface height. On Earth, these motions are mostly excited when the388

barotropic tide flows over bathymetry, perturbing density interfaces in the ocean. This389

topographic conversion of barotropic to baroclinic tides can occur in icy-moon oceans390

(Blackman et al., 2022), for example, as the ellipsoidal ice shell librates (Rekier et al.,391

2019). In addition, icy moon oceans are substantially thicker than Earth’s ocean (com-392

pared to their radii), meaning that (i) non-traditional components of the Coriolis force393

become important, and (ii) tidal forces decrease with depth at a rate of (r/R)2, driving394

a tidal force differential from ocean top to bottom. These effects can also drive the spon-395

taneous generation of baroclinic waves (Rovira-Navarro et al., 2023; Idini & Nimmo, 2024).396

Regardless of the excitation mechanism, oscillatory baroclinic tidal waves are sup-397

ported by two restoring forces: Coriolis forces due to rotation and buoyancy forces in-398

duced by stratification. In the absence of stratification, only Coriolis forces can restore399

wave motion; these baroclinic waves are known as inertial waves or gyroscopic waves (LeBlond,400

1977; Gerkema et al., 2008). An example of this is shown in Fig. 5c. With density strat-401

ification, gravity becomes an additional restoring force; these baroclinic waves are known402

as mixed gravito-inertial waves (see Fig. 5d). The dispersion relationship for gravito-inertial403

waves satisfies (LeBlond, 1977; Rovira-Navarro et al., 2019)404

ω2 = N2 sin2 α+ f2 cos2 λ (4)

where f = 2Ω is the Coriolis parameter, N denotes the Brunt-Vaisala frequency, α is405

the angle between gravity g and the wave vector k, and λ is the angle between the ro-406

tation axis and k. Note that, regardless of wavelengths 2π/|k|, all waves of a specific fre-407

quency always travel along the same direction, and this energy propagation direction is408

always aligned with fluid motions,both perpendicular to the wave’s phase speed (i.e., per-409

pendicular to k) (LeBlond, 1977). This indicates that all waves forced at the tidal fre-410

quency will coalesce into the concentrated wave beams, and the beam orientation depends411

on how ω compares to N and f .412

Icy moons rotate synchronously such that |ω| = Ω, so in an unstratified ocean (N =413

0), Eq. 4 indicates that tidally excited internal-inertial waves form a constant angle of414

30◦ relative to the rotation axis. These waves propagate along conical shear surfaces within415

the ocean, shown in Figs. 5c–f (Rovira-Navarro et al., 2019; Aygün & Čadek, 2023). Sim-416

ilarly, in the absence of rotation (f = 0), the internal gravity waves of a given frequency417

propagate at a fixed angle to local gravity. If the stratification is particularly strong (N2 ≫418

Ω2), then Eq. 4 indicates that internal gravity waves propagate vertically (α → 0◦), be-419

coming oscillatory in depth. This situation is shown in Figs. 5g–i. For all internal gravito-420

inertial waves, certain configurations focus wave energy into narrow shear zones after cir-421

culating through the spherical shell, so-called wave-attractors (Rovira-Navarro et al., 2019).422

These shear zones, evident in the meridional cross section in Fig. 5d, are likely where most423

of these waves dissipate energy and are regions susceptible to instability, turbulence, and424

therefore vertical mixing.425

All of the above tidal waves can behave resonantly when the tidal force frequency426

(Ω) is close to the natural frequency of the unforced wave. In such a state, the ampli-427

tude and dissipation rate of tidal waves can be significantly enhanced (Tyler, 2014; Mat-428

suyama, 2014; Matsuyama et al., 2018; Rovira-Navarro et al., 2019; Hay et al., 2020, 2022;429

Aygün & Čadek, 2023; Idini & Nimmo, 2024). However, resonant configurations are lim-430

ited and cover only a small fraction of the possible parameter space. Keeping a system431

close to resonance would require a feedback between the consequence of the resonance432

(enhanced dissipation, orbit alteration, modified ocean stratification, etc.) and the nat-433

ural mechanism triggering it (strength of stratification, ocean depth, ice shell geometry,434

etc.). Such feedback, sometimes termed resonance locking or self-tuned resonance, has435

been proposed for tides on giant planets (Fuller et al., 2016) and icy satellites (Tyler,436

2011b; Idini & Nimmo, 2024).437
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Figure 5: Snapshots of barotropic and baroclinic tidal waves from Europa-relevant sim-
ulations. The top row shows depth-averaged velocity and surface displacements for the
barotropic (a) eccentricity and (b) obliquity tides. The colors in a) and b) represent the
deformation of the ocean surface. The middle row shows internal tidal inertial waves in
an unstratified ocean, with the tidal kinetic energy field at the near-surface c), and in
equatorial d) and polar e) cross sections. The orthographic projection in f) is the northern
hemisphere of panel c). The sharp features in c)–f) are internal inertial waves. The bot-
tom row shows internal tidal gravity waves in a strongly stratified (N = 4.5 × 10−4 s−1)
ocean, with the tidal kinetic energy field at the near-surface g), and in meridional h) and
equatorial i) cross sections. The internal flow due to tidally excited internal gravity waves
is evident in the cross-sections in h) and i). Barotropic tides were computed using the
shallow-water code ODIS (Hay & Matsuyama, 2019), while the baroclinic modes were
computed using the MITgcm (Marshall et al., 1997; Abdulah et al., 2022).

Momentum transport by tides. All the tidal waves described above are driven438

by an oscillatory gravitational forcing and are to first order, periodic in time. However,439

these waves nonlinearly interact with themselves and each other. Such nonlinear inter-440

actions are small due to the low-amplitude nature of large-scale tidal waves, but they441

induce permanent momentum transport that sustains time-mean ocean currents. Such442

–13–



manuscript submitted to Reviews of Geophysics

Figure 6: Mechanism for westward jet formation due to obliquity tides. Snapshot of
the obliquity tide for Europa-relevant parameters, where black contours denote vorticity
(∇× u), colors are ocean surface displacement, and the arrows are the barotropic (depth-
averaged) tidal velocity field, similar to Fig. 5b. Tilting of the Rossby wave arises due to
drag, resulting in correlations between regions of vorticity, tidal deformation, and merid-
ional velocity. These correlations drive a north–south transport of angular momentum,
and ultimately the formation of a weak westward-flowing jet. All units are normalized.
Adapted from Hay et al. (2024).

currents have long been observed on Earth, typically resulting from the interaction of443

tidal flow with topography; they are known as rectified tidal currents (e.g., Wright & Loder,444

1985). Hay et al. (2024) determined the time-mean currents driven by barotropic tidal445

wave–wave interactions. They found that, depending on the type of tidal waves and forc-446

ing involved, many different time-mean currents can be driven, consisting of one to mul-447

tiple zonal jets, as well as permanent north–south currents. Unless the ocean was within448

a gravity-wave resonance, the most significant current was driven by the obliquity tide449

Rossby wave. Shown in Fig. 6, the Rossby-wave tilts due to drag, forming a chevron-like450

pattern. This tilt induces a time-average meridional transport of zonal momentum due451

to nonlinear wave–wave interactions, forming a single westward zonal jet centered on the452

equator and ultimately opposed by drag. Although the amplitude of this “jet” is small453

(≤ 1 mm s−1), it acts in the same sense everywhere. Thus, there is no meridional can-454

cellation of zonal ice–ocean stresses, leading to net torques of O(1014-1015) N m (Hay455

et al., 2024). Hence, these tidal time-mean currents exchange momentum with the ice456

shell and can contribute to offsets of permanent tidal bulges, as well NSR and True Po-457

lar Wander (Schenk & McKinnon, 2024). Baroclinic tides will also drive mean flows through458

wave-wave interactions, but this has not yet been investigated and represents a fruitful459

area for further study.460

2.3 Baroclinic eddies arising from temperature and salinity gradients461

at the ice-ocean interface.462

Thermal and salinity forcings from the ice shell. In addition to seafloor heat-463

ing and tidal forcing, ocean circulation is also shaped by the temperature and salinity464

forcing from the ice shell. Because eccentricity-driven tidal dissipation within the ice shell465

is enhanced at high latitudes, it generally promotes a poleward-thinning ice shell, un-466

less this tendency is offset by the poleward decrease in solar insolation (Ojakangas & Steven-467
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Figure 7: Ocean dynamics driven by heat and salinity forcings from the ice shell in a
fresh ocean (left, 4 psu) and a salty ocean (right, 40 psu). Shadings in panels (a-c) present
zonally averaged temperature T , salinity S and zonal flow speed U , respectively. To high-
light the T and S variations, domain averaged values are substracted as the reference
value. Black contours in panels (a,b) present the streamfunction of the residual circulation
Ψ†, whose direction is indicated by arrows. Arrows in panel (a) show the heat transport
by baroclinic eddies. Gray contours present the isopycnals (constant density); dense and
buoyant sides are marked in the plots. Tangent cylinders are denoted by a gray dashed
arch in the bottom panels. Figures taken from Kang and Zhang (2026).
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son, 1989b). Current observations suggest that both Enceladus and Titan possess ice shells468

that thin toward the poles (Hemingway & Mittal, 2019; Nimmo & Bills, 2010). Lateral469

variations in ice thickness can induce a temperature gradient along the water-ice inter-470

face, since the elevated pressure beneath thicker ice depresses the local freezing point,471

following the Clausius-Clapeyron relation. This temperature contrast, ∆hT , scales lin-472

early with the ice thickness variation, ∆H, and the moon’s gravity, g:473

∆hT = fb∆P = fbρig∆H (5)

where fb = −7.61 × 10−8 K/Pa measures the sensitivity of the freezing point, Tf , on474

pressure, P , and ρi = 920 kg/m3 is the ice density. Currently available gravity and to-475

pography data suggest that Enceladus and Titan may have significant ∆H of 20 km and476

6 km, respectively (Nimmo & Bills, 2010; Nimmo et al., 2011; Hemingway & Mittal, 2019;477

Schenk & McKinnon, 2024; Park et al., 2024), while Europa’s ice shell thickness vari-478

ation seems to be less than 2 km (Nimmo et al., 2007). Compared with ∆hT with ∆vT479

in Table. 1, it is clear that ∆hT can easily dominate ∆vT by orders of magnitude, even480

on Enceladus, an icy moon with very weak g.481

In addition to thermal forcing, a nonuniform ice shell also imposes salinity forcing482

on the ocean beneath. This forcing is required to sustain the ice thickness variations against483

down-gradient ice flow: thick ice regions need to form new ice and thin ice regions need484

to melt. Freezing and melting, respectively, release salty brine and fresh water into the485

ocean, creating a salinity gradient ∆hS under the ice (Vance & Goodman, 2009; Lobo486

et al., 2021; Zhu et al., 2017; Kang, Mittal, et al., 2022; Ashkenazy & Tziperman, 2021;487

Ashkenazy et al., 2018). If we assume that freezing and melting of the ice are exactly488

balanced by ice flow (Ashkenazy et al., 2018), the salinity flux HS can be estimated as489

HS = S0q ∝ S0
gH3

0∆H

ηia2
(6)

where S0 is the mean ocean salinity, ηi is the equivalent viscosity of the ice shell, which490

accounts for the temperature variations from the surface to the bottom of the ice, and491

q denotes the freezing/melting rate needed to balance the ice flow, which is related to492

the mean ice thickness H0, the variation of the ice thickness between the equator and493

the pole ∆H, gravity g, and the radius of the moon a, following the ice flow model by494

Nimmo (2004) and Ashkenazy et al. (2018).495

Unlike temperature forcing (Eq. (5)), the equator-to-pole salinity contrast is not496

prescribed a priori, even under the assumption of a steady-state ice shell. If ocean cir-497

culation is efficient, the salinity is well mixed between the equator and the pole, result-498

ing in a weak meridional salinity gradient. In contrast, in a dynamically sluggish ocean,499

significant salinity gradients can build up over geological timescales, leading to strong500

haline stratification. These conclusions rely on the assumption that the ice shell is in equi-501

librium. If we relax this assumption, the link between salinity flux at the ice-ocean in-502

terface and ice thickness variations breaks down. In that case, the salinity flux can only503

be determined from precise measurements of temporal changes in ice thickness, after sub-504

tracting the contributions from ice flow.505

Stratification and baroclinic eddies. Just as the equator-to-pole temperature506

contrast stratifies Earth’s ocean and atmosphere, the density contrasts beneath the ice,507

resulting from the shift of the freezing point and local freezing/melting, stratify the sub-508

surface oceans on icy moons. In a stratified ocean, tidal mixing injects energy into the509

system by transporting dense fluid upward against gravity. Bottom heating has a sim-510

ilar effect (see §4). By extracting the stored potential energy, baroclinic eddies grow, trans-511

porting dense fluid downward and buoyant fluid upward along surfaces of constant den-512

sity (isopycnals; arrows in Fig. 7a indicate the associated heat flux), thereby lowering513

the ocean’s center of mass. Although strong nonlinear interactions between baroclinic514

eddies generate complex turbulent motions, their net effect on heat transport can be rep-515

resented by a planetary-scale overturning circulation, called residual circulation by the516
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meteorologists (Vallis, 2006; Zhang et al., 2024). This residual circulation is shown in517

Fig. 7(a,b) by thick black contours.518

One potential complexity of icy-moon ocean circulation, compared to the atmo-519

spheric dynamics of Earth, is that the thermal expansivity αT can take either sign. When520

αT > 0, as expected on large icy moons or on small icy moons with salty oceans, the521

water expands upon warming, and the cold salty water beneath thicker ice is denser than522

the warm fresh water beneath thinner ice (gray contours in Fig. 7a2, b2, c2). As a re-523

sult, the cold, salty water beneath the equatorial ice tends to sink and occupy the deep524

ocean, while the warm, fresh water near the poles remains close to the surface. In con-525

trast, when αT < 0, the under-ice density gradient can reverse due to anomalous ex-526

pansion (gray shading in Fig. 1b). This reversal leads to a corresponding reversal of the527

circulation (black contours in Fig. 7a1,a2, Zhu et al., 2017; Kang, Mittal, et al., 2022).528

Heat and momentum transport Regardless of the direction of ocean circula-529

tion, heat is always transported down the gradient toward regions with thicker ice, re-530

ducing the ITV, as indicated by the arrows in Fig. 7a. The theories and scaling laws de-531

veloped by meteorologists to understand heat transport and stratification in the atmo-532

sphere of the Earth (Held & Larichev, 1996; Jansen & Ferrari, 2013; Chang & Held, 2019;533

Gallet & Ferrari, 2020) can be adapted to the context of oceans of icy moons (Zhang et534

al., 2024; Kang, 2022), as will be discussed in §3. Ocean heat transport (OHT) would535

therefore induce ice freezing where the ice is thin and melting where the ice is thick, thus536

acting to reduce ice thickness variations (ITV).537

In addition to OHT, the meridional density gradient in the ocean sustains a zonal538

shear of the mean flow along the axis of planetary rotation over mid-to-high latitudes539

inside the tangent cylinder (see Fig. 3). This shear arises from thermal-wind balance,540

a fundamental relation that holds robustly in rotation-dominated fluid systems.541

2Ω⃗ · ∇u = − ∂b

a∂θ
, (7)

where u is the zonal-mean zonal flow, b ≡ −gρ′/ρ0 = g(αT ′−βS′) is the buoyancy, Ω⃗542

is the planetary rotation vector, and θ denotes latitude, α and β are the thermal expan-543

sion and haline contraction coefficient, respectively. When α > 0, the equatorial wa-544

ter is denser than the polar water, leading to retrograde shear (Fig. 7c2). When α <545

0, the opposite happens (Fig. 7c1). This shear flow will exert a zonal momentum drag546

onto the ice shell, which can potentially cause the ice to drift relative to the solid inte-547

rior (Kang, 2024).548

3 Interaction between the three types of dynamics549

Prior work has focused primarily on dynamics driven by individual forcing mech-550

anisms in isolation; however, understanding how these three types of dynamics interact551

is equally important. Due to the nonlinear nature of their interactions, the combined dy-552

namics is unlikely to resemble a simple superposition of the three. In this section, we high-553

light two interaction mechanisms: one between convection and baroclinic eddies, and the554

other between tides and baroclinic eddies, as sketched in Fig. 8, and discuss how the re-555

sultant OHT influences the sustainability of the ITV. The main take-away is that a suf-556

ficiently strong ITV drives heat convergence toward regions with thick ice, which in turn557

suppresses the ITV. This suppression is enhanced by both tidal dissipation and bottom558

heating, suggesting that strong ITV is difficult to sustain in the presence of strong oceanic559

tidal dissipation and bottom heating.560

3.1 Interaction between convection and baroclinic eddies.561

The first interaction mechanism that we discuss involves convection and baroclinic562

eddies, occurring when bottom heating (§2.1) and ice forcings (§2.3) coexist. Using both563
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linear stability analysis and numerical simulations, Callies and Ferrari (2018) demonstrated564

that baroclinic instability can develop as an independent mode even in the presence of565

convection. Between these two dynamics, a tug-of-war forms, where baroclinic eddies act566

to stratify the ocean and flatten the isopycnals, as dense fluid slides underneath buoy-567

ant fluid (see §2.3), while bottom heating works to erode stratification and steepen the568

isopycnals (Kang, 2023; Wang, Kang, & Li, 2026).569

When the bottom heat flux Qb is weak (Fig. 8a), baroclinic eddies dominate. They570

stratify the upper ocean, preventing convective plumes from reaching the ice directly above.571

In the stratified region, the heat from below continues to be transported upward by baro-572

clinic eddies. But since the motions associated with baroclinic eddies tend not to cross573

isopycnals (constant density surfaces) (Vallis, 2006), the heat follows the isopycnals and574

reaches the equatorial regions, where the ice shell is thick. In contrast, when Qb is suf-575

ficiently large (Fig. 8b), convection will take over and the stratification of the ocean will576

be weakened or even completely destroyed. The unstratified environment allows the basal577

heating pattern to project onto the ice shell.578

Distinguishing between these two scenarios would provide useful insight into 1) whether579

the ocean is well mixed or stratified, and 2) to what extent the observed ice thickness580

variations can be linked to seafloor heating patterns. Kang (2023) presents a formula for581

the critical bottom heat flux Qc that demarcates the convective and stratified regimes,582

and it is jointly determined by the magnitude of the horizontal temperature contrast in583

the ocean interior ∆
(i)
h T , which broadly follows the under-ice temperature difference ∆hT584

set by the ITV (Eq.5) and by planetary parameters such as ocean depth D, radius a, ro-585

tation rate f and gravity g:586

Qc ∼
Cpρ0
a3f2

(αT g)
3
2 (∆

(i)
h TD)

5
2 . (8)

The Qc here determines the minimum bottom heat flux required to overcome surface strat-587

ification. If Qc greatly exceeds the upper bound of bottom heat flux Qb (see Table. 1),588

which is limited by conductive heat loss through the ice assuming thermal equilibrium,589

we can deduce that the upper ocean should be stratified and ITV is unlikely to be sus-590

tained by nonuniform bottom heating. Note that, if the temperature jump across the591

top boundary layer is not suppressed by enhanced boundary mixing, such as that driven592

by tidal flow over boundary roughness, ∆
(i)
h T will be smaller than ∆hT set by the freez-593

ing point shift (Eq. 5). This is because the boundary layer temperature jump is larger594

beneath thick ice, where heat deflected from other latitudes is transmitted upward, re-595

ducing the temperature contrast beneath the boundary layer.596

The estimated values of Qc for several icy satellites of interest are listed in Table 1.597

Taking Enceladus as an example, with ∆H = 20 km and αT = 10−4 K−1, we obtain598

Qc ∼ 2 W m−2, which is significantly greater than the heat that can be conducted599

through an ice shell of ∼20 km thick. As long as Enceladus does not melt rapidly (a heat600

surplus of 1 W / m2 can drive a melting rate of ∼ 100 km / Myr), the actual bottom601

heat flux should be much smaller than Qc. Since Qb < Qc, nearly all bottom heating602

is diverted toward the thick equatorial ice, as illustrated in Fig. 8a. Preferential heat-603

ing of the equatorial regions would progressively erase the poleward thinning gradient604

of the ice shell. The only viable way to sustain the strong equator-to-pole ITV observed605

on Enceladus is thus to generate heat within the polar ice shell itself. Furthermore, with606

Qb < Qc, a stratified layer will form in the upper ocean, which has important impli-607

cations for the tracer transport timescale within the ocean (Ames et al., 2025; Wang, Kang,608

Zhang, & Marshall, 2026) and thereby what can be detected in the geyser ejecta.609

A similar analysis may be conducted for Titan. If a subsurface ocean existed be-610

neath Titan’s surface (which it may not; Petricca et al., 2025) then overcoming an ice611

thickness variation of ∆H ∼ 5 km (Nimmo & Bills, 2010) would require a bottom heat612

flux of at least Qc ∼ 2000 Wm−2. This value far exceeds any plausible estimate of bot-613
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Figure 8: Panels (a,b) sketch the interaction between convection and baroclinic eddies
when ice thickness varies latitudinally. Density gradients along the water-ice interface
sustain a stratified layer (black contours) beneath the thin ice shell, preventing convec-
tive plumes from reaching the ice. When bottom heat flux Qb is weaker than the critical
value Qc given by Eq. (8) (panel a), bottom heating is deflected toward the equator; when
Qb > Qc (panel b), it can reach the ice shell directly. Panels (c,d) sketch the interaction
between tidal mixing and baroclinic eddies. Tidal wave breaking mixes warm fresh fluid
from the surface into the deep interior (parameterized by κv), weakening the stratification
and energizing baroclinic eddies, which then transport heat upward along constant density
contours toward regions with thick ice. This heat convergence increases with the tidal
dissipation rate.
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tom heating, suggesting that the hypothetical Titan ocean must be stably stratified and614

that bottom heating cannot be communicated to the polar ice to sustain the observed615

ITV. Generally speaking, on larger icy satellites, the same ITV can induce a stronger616

shift of the freezing point under the ice, due to stronger gravity (Eq. 5), and this will de-617

flect heat more effectively. This conclusion, however, differs from that of Kvorka and Čadek618

(2024), who conducted fully coupled ice-ocean simulations for Titan and found that sub-619

stantial ITV can be maintained even when all heat production occurs in the silicate core.620

However, we suggest that their results may be consistent with our prediction given that621

the parameter choices made by Kvorka and Čadek (2024) imply that Q/Qc ∼ 80-5000622

in their simulations.623

The ITV on Europa is less constrained. The only constraint available based on mea-624

surements of the limb profile is consistent with a rather flat ice shell with an equator-625

to-pole ITV less than 2 km (Nimmo et al., 2007)). Thus, it is more useful to ask what626

is the minimum ITV ∆Hc needed to stratify the ocean for a given bottom heat flux Qb627

(see Table. 1). For Europa, if we assume the bottom heat flux Qb = 40 mW/m2, Eq. (8)628

would predict that an ITV of merely O(100) m is sufficient to stratify the ocean. Since629

the presence of an ITV of a few hundred meters cannot be excluded, whether Europa630

ocean is convective or stratified remains elusive.631

3.2 Interaction between tides and baroclinic eddies.632

Baroclinic tides and eddies are similarly coupled. Tidal mixing (an important con-633

tributor to vertical diffusivity κv) steepens isopycnals and energizes baroclinic eddies and634

ocean circulation. In turn, baroclinic eddies drive heat transport, shaping the ocean’s635

temperature and salinity profiles and, thus influencing the tidal dissipation rate (Tyler,636

2020; Rovira-Navarro et al., 2019; Hay & Matsuyama, 2019; Rekier et al., 2019; Idini &637

Nimmo, 2024).638

Fig. 8c,d illustrates how ocean circulation and tidal mixing (parameterized by ver-639

tical diffusivity κv) balance each other and together determine ocean stratification. Trans-640

port by baroclinic eddies can be equivalently represented by an overturning circulation641

(brown swirly arrow) that pushes isopycnals upward. This motion lowers the center of642

mass of the ocean, releasing gravitational potential energy. In contrast, tidal mixing in-643

duces a downward buoyancy flux by diffusing the light fluid downward. This process tilts644

the isopycnals downward, raising the center of mass of the ocean and thereby replenish-645

ing its gravitational potential energy. At equilibrium, the upward buoyancy flow asso-646

ciated with baroclinic eddies (Fb,bci, straight brown arrows) exactly balances the down-647

ward diffusive flux (straight orange arrows) (Lobo et al., 2021; Zhang et al., 2024, 2026;648

Kang & Zhang, 2026),649

Fb,bci = κvN
2(2πa2), (9)

where κv is the vertical diffusivity induced by the tide, N is the Brunt-Väisälä frequency650

of the ocean, and a is the radius of the planet.651

Because baroclinic eddies transport heat and salinity primarily along isopycnals652

(Vallis, 2006), the heat diffused downward by tidal mixing ultimately returns to the ocean-653

ice interface, concentrated beneath thicker ice (the equator in this example), as sketched654

in Fig. 8d. The magnitude of this meridional heat transport increases with the strength655

of the diffusive flux. Building on pioneering work by meteorologists on geostrophic tur-656

bulence (Held & Larichev, 1996; Jansen & Ferrari, 2013; Chang & Held, 2019; Gallet &657

Ferrari, 2020), recent studies (Zhang et al., 2024, 2026; Kang & Zhang, 2026) have in-658

vestigated ocean heat transport (OHT) in icy satellites and derived scaling laws for OHT,659

circulation strength Ψ, and ocean stratification N2 as functions of key parameters, such660

as the variation of equator-to-pole ice thickness ∆H, thermal expansivity α, planetary661

properties including radius a, rotation rate Ω, and gravity g, and turbulent vertical dif-662

fusivity κv, which is in turn expected to be controlled by tidal energy dissipation ϵ.663
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Assuming that the breaking of the tidal wave is the primary mechanism of verti-664

cal mixing, the vertical diffusivity κv can be related to the tidal dissipation rate ϵ through665

the Osborn relationship (Osborn, 1980; Wunsch & Ferrari, 2004):666

κv =
Γϵ

N2
, (10)

where Γ is the so-called mixing efficiency, which represents the fraction of tidal energy667

converted into gravitational potential energy rather than heat (i.e, Γ < 1). In the in-668

terior of Earth’s oceans, Γ ≈ 0.2 on average (Gregg et al., 2018), a value that is char-669

acteristic of internal wave breaking due to Kelvin-Helmholtz instability in a stratified670

ocean (Peltier & Caulfield, 2003). In a weakly stratified (or unstratified) ocean, however,671

the mixing efficiency could be much lower (or zero), as a statically stable stratification672

(N2 > 0) is required for a positive mixing efficiency.673

Combining the Osborn relationship (Eq. 10) with Eq.9 and converting the buoy-674

ancy flow Fb,bci into the heat flow Fh,bci using Fh,bci/Fb,bci = Cpρ0/(αg), we can cal-675

culate the ratio between the OHT Fh,bci and the dissipated tidal energy within one hemi-676

sphere ρ0ϵ(2πa
2D)677

η−1
bci ≡

Fh,bci

ρ0ϵ(2πa2D)
=

ΓCp

αgD
∼ 103 − 104(Enceladus), 102(Europa) (11)

On a small icy moon such as Enceladus, each watt of tidal dissipation within the ocean678

can in principle drive several thousand watts of equatorward heat transport. Similarly679

to a heat pump for HVAC, this high heat-to-work ratio arises because the ocean oper-680

ates as a very inefficient heat engine, which is manifested by its low efficiency of the heat681

engine ηbci, and therefore becomes an efficient heat pump (see §4). However, because strong682

equatorward heat convergence would act to erase the observed poleward thinning of the683

ice shell, the tidal dissipation within Enceladus’s ocean must be negligible to maintain684

the large observed variations in ice thickness, assuming mixing efficiencies Γ ∼O(0.1).685

4 The energy perspective686

Given the complexity of the interactions between the three types of dynamical re-687

sponses, it is useful to view the system from an energy perspective (c.f. Jansen et al.,688

2023). To derive the energy equation, Notiwe start from the momentum and buoyancy689

(b) equations for a Boussinesq fluid:690

Dv

Dt
+ 2Ω× v +∇p′ = bẑ −∇× νζ −∇Φtide (12)

Db

Dt
= ∇ · κ∇b (13)

where b = −gρ′/ρ0 represents buoyancy, p′ is pressure anomaly, ζ = ∇ × v is vortic-691

ity, and Φtide is tidal potential. The boundary conditions are692

v = vb (14)

κ∂nb = HB , (15)

where vb denotes the velocity of the boundaries due to tidal deformation and libration,693

and ∂n denotes the derivative normal to the boundaries. HB is the boundary buoyancy694

flux (positive when the fluid gains buoyancy).695
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Multiplying v to Eq. (12) and (−z) to Eq. (13), adding them together and substituting696

the boundary conditions yields697

∂

∂t

˚
(
|v|2

2
− bz) =

[˚
v · ∇Φtide −

‹
p′vbn +

‹
vbt ·HM

]
︸ ︷︷ ︸

tidal work (ẆT)

(16)

+

‹
−HBz︸ ︷︷ ︸

buoyancy work (ẆB)

+

˚
κv

∂b

∂z︸ ︷︷ ︸
vertical diffusion work (Ẇκ)

+

˚
−ν|ζ|2︸ ︷︷ ︸

dissipation (Ḋ)

,

where vbn and vbt denotes the normal and tangential velocities set at the boundaries (Eq.14),698

possibly induced by ice/core shell deformation, libration or ocean current across topog-699

raphy, and the tangential stress along the boundaries νζ×n̂ is symbolically written as700

HM . The function in the volume integral on the left-hand side of the equation is the701

total mechanical energy (including kinetic energy |v|2
2 and potential energy −bz), and702

the terms on the right hand side of the equation are the contributions by tides, buoy-703

ancy fluxes, vertical diffusion and dissipation, respectively.704

Dissipation is the only sign-definite term among all. In a fast rotating system, fluid705

motions tend to be invariant along the rotating axis, following the Taylor-Proudman the-706

orem. This will give rise to turbulent boundary layers near the top and bottom bound-707

aries, where most of the dissipation tends to occur. Following boundary layer theory (Monin708

& Obukhov, 1954), the energy dissipation rate in the ocean boundary layers per square709

meter can be estimated by710

ρ0Ḋboundary = −Cdρ0|vt|3, (17)

where Cd ∼ 0.002-0.02 is the drag coefficient (Lu et al., 2011) and vt is the tangential711

velocity just outside the boundary layer.712

The boundary buoyancy flux work increases the total energy of the system when713

buoyancy sources are located at lower elevations than buoyancy sinks, the configuration714

of a boiling pot. In the context of icy moon oceans, three primary sources contribute to715

buoyancy fluxes: (1) heat flux from the core, (2) heat flux from the ice shell, and (3) salin-716

ity flux from the ice.717

When thermal expansivity is positive, the bottom heat flux drives convective mo-718

tions by injecting energy into the ocean. When thermal expansivity is negative, it in-719

stead stratifies the ocean, reducing the total energy. With a bottom heat flux Q pass-720

ing through an ocean with depth D, the total energy of the ocean per square meter will721

increase at a rate of722

ρ0ẆB,conv ≡ αT gQD

Cp
(18)

This energy injection rate is usually orders of magnitude smaller than Q. In fact, we may723

think of the convective process as a heat engine, where the work medium is heated at724

the bottom, cools down at the top, and in between drives convective motion through pres-725

sure work. The efficiency of the heat engine η can be estimated by the ratio of ẆB,conv726

over Q.727

ηconv =
αT gD

Cp
∼ 10−4(Enceladus), 10−3(Europa). (19)

Following the definition, it is clear that ηconv increases with a deeper ocean, stronger grav-728

ity and a more compressible fluid, and it cannot exceed ∆T/Tmax by virtue of the sec-729

ond law of thermodynamics. In fact, using the Maxwell relationship, one can show that730

ηconv =
( ∂ lnV

∂T )
P
gD

T( ∂Se
∂T )

p

=
( ∂T

∂P )Se
ρgD

T ≤ ∆vT/Tmax. Here, Se denotes entropy. ∆vT de-731

notes the vertical in-situ temperature difference and Tmax is the maximum temperature732

at the bottom, both on the Kelvin scale.733
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For icy moons such as Enceladus and Europa, ηconv is less than 10−3, indicating734

that even when the majority of heat is produced in the silicate core, the energy used to735

drive the ocean dynamics is much less than the heat flux transmitted through the ocean.736

Since the bottom heat flux Qb should not exceed the total heat generation in the satel-737

lite Qm ∼O(10) mW/m2, the corresponding energy injection rate is merely O(10−6) W/m2.738

Summarized in Table 1 is the maximum flow speed UQ and the corresponding Rossby739

number RoQ for various icy satellites, assuming that they are forced only by convection740

(Qb = Qm) and dissipated only in the boundary layer (Eq.17):741

Cdρ0U
3
Q =

αT gQmD

Cp
. (20)

For the three icy satellites considered here, the current speed sustained by bottom heat-742

ing UQ does not exceed a few cm/s. If part of the tidal heating occurs in the ice shell743

and/or if additional kinetic energy dissipation occurs in the ocean interior, UQ would fur-744

ther weaken. More detailed discussion on why this ocean current upper bound is signif-745

icantly lower than what is reported by numerical simulations (e.g., Soderlund et al., 2014)746

can be found in Jansen et al. (2023). The magnitude of ocean current speed has impor-747

tant implication for whether certain particles can be suspended and redistributed by ocean748

current (Schoenfeld et al., 2023).749

The upper bound on ocean current speed estimated here is two orders of magni-750

tude lower than the O(1) m/s upper bound suggested by Cabanes et al. (2024). This dis-751

crepancy arises from the different assumptions made about the boundary layer. In Cabanes752

et al. (2024), a laminar Ekman boundary layer is assumed, so viscosity provides only lim-753

ited dissipation and allows stronger interior flow to develop. However, if the flow speed754

indeed reaches O(1) m/s, the Reynolds number of the boundary layer exceeds 105, in-755

dicating that the boundary layer would in fact be highly turbulent. In a turbulent bound-756

ary layer, much of the dissipation arises from the conversion of mean kinetic energy into757

turbulent kinetic energy through shear instabilities, followed by a cascade to smaller scales,758

where it is ultimately dissipated by molecular viscosity. This turbulence-induced dissi-759

pation can be parameterized as Cd|U |3 based on the wall-bounded turbulence theory (Monin760

& Obukhov, 1954). Accounting for the enhanced boundary-layer dissipation therefore761

leads to a lower estimate of the interior flow speed.762

In addition to buoyancy forcing from the seafloor, when heat and salt exchanges763

with the ice shell correlate with the topography of the water-ice interface, they can change764

the ocean’s total energy. The salinity flux from the ice is proportional to the freezing/melting765

rate, denoted q, and the mean salinity of the ocean S0. Assuming the thickness of the766

ice is near equilibrium, q can be estimated from the thickness variations driven by ice767

flow from the thick to thin regions of the shell (Kang, Mittal, et al., 2022). As noted by768

Jansen et al. (2023), under this condition, high-salinity water should form beneath thick769

ice and low-salinity water beneath thin ice, always reducing the total energy of the ocean.770

However, the heat flux from the ice shell can increase or decrease the kinetic energy of771

the ocean depending on the sign of thermal expansivity. When the thermal expansiv-772

ity is negative (positive), the heat flux from the ice shell increases (decreases) the en-773

ergy of the ocean by cooling the water under thick ice and warming the water under thin774

ice. Although buoyancy flux from the ice may not directly energize the ocean, the ex-775

istence of horizontal buoyancy gradients can still strongly modulate the ocean dynam-776

ics, determining how heat and momentum are transported (see §3).777

Diffusion can consume or inject energy into the ocean depending on whether the778

ocean is convective or stratified. When the ocean is stably stratified, diffusion can in-779

crease the potential energy of the ocean by mixing dense fluid upward. As explained in780

§2.3 and §3, stratification can easily form in icy moon oceans in the presence of mod-781

est variations in ice thickness, allowing diffusion to potentially energize the ocean.782
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Tidal forcing contributes to the energy budget of the ocean in three ways: 1) the783

interior tidal forcing
˝

v · ∇Φtide, 2) the pressure work done by the ice shell and sil-784

icate core, −
‚

p′vbn and 3) the frictional drag at boundaries
‚

vbt ·HM , as they li-785

brate relative to the ocean in the presence of under-ice or seafloor topography, and/or786

as the two interfaces deform. If the ocean is stratified, like the Earth’s ocean, some of787

the tidal energy will likely be used to generate internal gravity waves (IGWs), and these788

IGWs subsequently break down as they approach critical levels (Booker & Bretherton,789

1967) or near rough boundaries or critical slopes (Dauxois & Young, 1999). As a result,790

a portion (Γ ∼ 20% on Earth) of the wave energy will be used to vertically mix a strat-791

ified ocean, and the remaining will be used to produce heat (Wunsch & Ferrari, 2004).792

The vertical mixing then steepens the isopycnals, providing energy for baroclinic eddies793

(see §2.3). If the ocean is unstratified, inertial waves can be generated by responding to794

the tidal potential and enhanced through the elliptical instability (Favier et al., 2015;795

Le Bars et al., 2015), leading to ocean dissipation without generating potential energy.796

Unlike convection, where only a small fraction of the heat flux is converted into ki-797

netic energy (η ∼ 10−4 for Enceladus), tidal forcing directly drives a mechanical response,798

and the energy dissipated is comparable to the total tidal work input. For fixed damp-799

ing, heat generated internally by tidal dissipation therefore sustains a much more ener-800

getic ocean circulation than an equivalent bottom heat flux. In Table. 1, we present the801

upper bound on the speed of ocean currents UT = (Qm/ρ0/Cd)
1/3 (⇐ Cdρ0U

3
T = Qm).802

By adopting this formula, we again assume that 1) all heating is produced in the ocean803

through tidal processes, and 2) all dissipation takes place in the boundary layer through804

friction. Compared to the speed of the ocean current for the core-heating scenario UQ,805

UT is indeed much stronger.806

General circulation models typically cannot capture tidal dissipation, and may not807

include tidal forcing at all when the focus is on thermally driven dynamics such as con-808

vection and baroclinic eddies. In such simulations, the effect of tidally driven turbulence809

on the large-scale circulation is represented through an additional turbulent diffusivity,810

which drives diffusive work Ẇκ. One must choose this turbulent diffusivity to be con-811

sistent with the expected ocean tidal energy dissipation rate in icy moons. Unfortunately,812

this dissipation rate remains poorly constrained (c.f. §2.2 and §3.2).813

5 Ocean heat transport (OHT) and ice thickness variations (ITV)814

As the only liquid layer in icy satellites, the subsurface ocean can redistribute heat815

in ways that the ice shell and silicate core cannot, driving distinct patterns of freezing816

and melting that leave detectable signatures in the ice-thickness variations (ITV). Here,817

using Enceladus as an example, we discuss what the observed ITV can tell us about the818

interior dynamics.819

Enceladus’s ice shell seems to present a strong poleward thinning trend, as inferred820

from gravity and topography measurements (Hemingway & Mittal, 2019; Schenk & McK-821

innon, 2024; Park et al., 2024) and direct measurements of infrared emission from the822

polar regions (Howett et al., 2011; Miles et al., 2025). This pattern is consistent with the823

poleward-amplified tidal dissipation expected in the ice shell (Ojakangas & Stevenson,824

1989b). Yet many theoretical tidal calculations at Enceladus’s current eccentricity have825

struggled to produce enough dissipation in the ice to balance the observed heat loss (Robuchon826

et al., 2010; Shoji et al., 2013; Běhounková et al., 2013; McCarthy & Cooper, 2016; Beuthe,827

2019; Soucek et al., 2019; Gevorgyan et al., 2020). One possible resolution is that Ence-828

ladus had a higher eccentricity in the past, driven by long-term orbital evolution cou-829

pled to internal structural changes from ice freezing and melting (P. Goldreich et al., 2025),830

though direct evidence for such a history remains elusive.831
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This shortfall has motivated the consideration of additional heat sources in the sil-832

icate core and the ocean (Beuthe, 2019; Soucek et al., 2019; Gevorgyan et al., 2020). The833

partitioning of heat production among the ice shell, ocean, and silicate core is critical834

to understanding the potential for hydrothermal activity, the habitability of the ocean,835

and whether the ocean is convective or stratified. Most theoretical and numerical stud-836

ies of ocean tides suggest that tidal dissipation within the Enceladus ocean contributes837

only a secondary fraction of the total heat budget (Chen et al., 2014; Hay & Matsuyama,838

2019; Rekier et al., 2019; Rovira-Navarro et al., 2019), except when turbulent dissipa-839

tion induced by libration is considered (Wilson & Kerswell, 2018). Tidal dissipation in840

the silicate core (Choblet et al., 2017) has the potential to sustain the current rate of heat841

loss, but is subject to substantial uncertainties arising from poorly constrained core rhe-842

ology and complex dissipation mechanisms within such a porous-viscoelastic material843

(Liao et al., 2020; Rovira-Navarro et al., 2022; Kamata, 2023; Hay et al., 2025).844

Although directly measuring the heat production rate in each layer is challenging,845

it may be inferred from precise measurements of tidally driven ice-shell deformation, to-846

gether with gravity and topography anomalies, which also reflect deformation of the ocean847

and core. Combining these observations could allow the contributions of each layer to848

be estimated (Bagheri et al., 2025). Until data of sufficient quality become available, how-849

ever, the observed geometry of the ice shell provides an alternative constraint. To sus-850

tain a poleward-thinning ice shell, either the polar ice must generate more heat inter-851

nally, or the ocean must transport more heat to the polar regions than to the equato-852

rial regions. Although heat production in the core may also be amplified poleward (Choblet853

et al., 2017), enhanced heat generation at high latitudes in the core does not necessar-854

ily imply that this excess heat would be delivered to the polar ice shell.855

As discussed in §2.3 and §3.1, a poleward-thinning ice shell induces a temperature856

gradient along the water-ice interface that tends to stratify the ocean beneath the po-857

lar regions, preventing heat produced in the silicate core from reaching the polar ice (see858

Fig.8a). To completely overcome this barrier, the average bottom heating must exceed859

a critical threshold 5Qc (Eq.8), which is roughly 10 W/m2 for Enceladus (Kang, 2023).860

Hydrothermal vents can locally concentrate large amounts of heat, potentially ex-861

ceeding this threshold. However, due to weak gravity and rapid rotation on Enceladus,862

concentrated plumes become unstable within a few kilometers above the seafloor, cease863

rising and spread laterally at heights hp ≲ 10km (Zhang et al., 2025; Wang et al., 2025).864

In addition, zonal jets can effectively homogenize heat along a given latitude (Lemasquerier865

et al., 2023). As a result, even if the peak bottom heat flux initially exceeds the 10 W/m2
866

threshold, by the time the plume reaches ∼10 km altitude, the heat flux per unit area867

will have diluted to approach the average heat flux over the polar regions, which should868

be much lower than 10 W/m2.869

If thermal expansivity αT < 0, convection beneath the ice is completely suppressed,870

and bottom heat is again preferentially delivered to the equatorial ice, which extends deeper871

into the warm ocean interior (Zeng & Jansen, 2024; Kang, Bire, & Marshall, 2022). There-872

fore, regardless of the sign of the thermal expansivity, a poleward-thinning ice geome-873

try intrinsically inhibits the delivery of heat generated in the deep ocean or silicate core874

to the polar ice. Thus, maintaining such an ice geometry requires heat to be generated875

within the polar ice shell itself.876

To be more quantitative, we need to consider the heat budget of the ice:877

Hcond = Hocn +Hice +Hlat. (21)

From left to right are conductive heat loss through the ice, heat flux from the ocean, heat878

produced in the ice shell, and latent heat release associated with freezing/melting, which879

in turn is set to balance the ice flow. Writing the budget separately for the equatorial880

and polar regions and then taking their ratio leads to the following constraint on the core-881
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ice heat partition.882

Hice

Qb

≥ He

Hp
, (22)

where Qb and Hice denote the average heat flux generated in the core and ice, respec-883

tively. As elaborated in Appendix B, the derivation takes advantage of the results that884

the ITV on Enceladus is strong enough to completely stratify the polar ocean and de-885

flect all the heat generated in the core Qb towards the equatorial ice.886

For Enceladus, He/Hp ∼ 3 (Hemingway & Mittal, 2019; Schenk & McKinnon,887

2024; Iess et al., 2014; Park et al., 2024); then to sustain such ice thickness contrast re-888

quires at least 75% of the total heat production to be generated in ice shell (Fig.9a, Kang,889

2023).890
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Equilibrium ice thickness profile(a) (b)Equilibrium equator-to-pole ITV ΔH(km)

Figure 9: (a) Equilibrium equator-to-pole ice thickness difference ∆H plotted as a func-
tion of the proportions of energy dissipated in the ocean and in the core of Enceladus. (b)
presents a subset of equilibrium ice thickness profiles, which are indicated by black dots in
panel (a). The white and blue colors in each panel indicate ice and ocean, respectively.

We can also compute the equilibrium ITV ∆H under different heat-partition sce-891

narios and identify which combinations are consistent with observations. Following Kang892

and Jansen (2022), we integrate an ice evolution model under Enceladus configurations893

to obtain ∆H as a function of the fractions of energy dissipated in the ocean and in the894

core, as shown in Fig.9a, with a representative subset of the resulting equilibrium ice-895

thickness profiles shown in Fig. 9b (marked by dots in panel a). Details of the calcula-896

tion are provided in §Appendix C.897

Consistent with the rough estimate of Eq. 22, the fraction of total heat production898

occurring in the core must be ≤35% to maintain an ITV comparable to that currently899

inferred for Enceladus. The upper bound on the fraction of ocean dissipation is far more900

stringent, at ≤0.007%, which is unsurprising given that even weak tidal mixing in the901

ocean can drive vigorous heat transport by baroclinic eddies (§3.2). In the transitional902

zone between strong and weak ITV, hemispherically asymmetric ice-thickness profiles903

emerge (Fig.9b), consistent with the findings of Kang and Flierl (2020).904

In scenarios that reproduce the observed ITV, global heat production in the ice shell905

ranges from 15 to 27 GW (average heat flux of 19 to 34 mW/m2). While this is consis-906

tent with some models of heating in equilibrium ice shells (Kamata & Nimmo, 2017),907

it exceeds the maximum values found in others (Beuthe, 2019; Soucek et al., 2019; Gevor-908
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gyan et al., 2020), so whether a fully self-consistent picture can be constructed remains909

an open question. The upper bound on ocean heating, of order 1 MW, is meanwhile con-910

sistent with existing estimates of ocean tidal heating (Chen et al., 2014), which are of911

order 10 kW.912

Besides heat partitioning, strong ITV can also constrain the equation of state of913

seawater and, by extension, the salinity of the ocean. For small icy satellites like Ence-914

ladus, the thermal expansivity of seawater can become negative at low mean salinity S0915

(Fig. 1b), reversing the equator-to-pole density contrast and the direction of circulation916

(Fig. 7, column 1). Such low-salinity scenarios, however, are unlikely to be compatible917

with strong ITV (Kang, Mittal, et al., 2022; Zeng & Jansen, 2024; Kang, Bire, & Mar-918

shall, 2022), because unlike salty oceans, thermal forcing from the ice can directly en-919

ergize the ocean circulation (§4), driving strong OHT that would effectively erase the920

equator-to-pole ITV. Since salinity and heat partitioning have degenerate effects on ITV,921

the two must be constrained together (Kang & Zhang, 2026). Independent constraints922

on ocean salinity would be helpful in resolving this degeneracy.923

Beyond Enceladus, each icy satellite has its own unique characteristics that war-924

rant a case-by-case investigation. Nevertheless, some general conclusions can be drawn,925

particularly when strong ITV is observed. Strong ITV is difficult to maintain unless most926

of the heat is produced within the ice shell itself. Heat generated in the silicate core tends927

to be diverted toward regions with thicker ice by ocean dynamics, as long as the aver-928

age bottom heat flux Q is smaller than Qc (Eq. 8). Ice flow transports ice from thick to929

thin regions, and conductive heat loss is more efficient through thinner ice. Together,930

these processes all act to reduce ITV, suggesting that a strongly varying ice shell gen-931

erally requires ice-internal heating, or strong variations in surface temperature or poros-932

ity, to dominate the heat budget, particularly for the Galilean moons.933

It is also worth noting that any larger icy satellites that exhibit significant ITV will934

differ from smaller ones in two key respects: (1) anomalous expansion is completely sup-935

pressed by high pressure, (2) for a given ITV, the under-ice temperature contrast is stronger936

because of the larger gravity (Eq. 5) and (3) the bottom of the ocean may be covered937

by high-pressure ice (Vance et al., 2018). (1) and (2) enhance ocean stratification and938

increase the critical heat flux Qc (Eq. 8), which means a bigger barrier for bottom heat939

to reach the thinner part of the ice. In the meanwhile, the stronger gravity on larger icy940

moons, however, may allow individual, concentrated convective plumes to overshoot the941

relatively thin stratified layer beneath that thinner ice (Wang, Kang, Zhang, & Marshall,942

2026).943

The presence of a high-pressure ice layer beneath the ocean introduces additional944

complexity to the system. An uneven interface between this layer and the ocean can drive945

circulation analogous to that driven by the upper low-pressure ice shell. Sustaining ice-946

thickness variations in the high-pressure ice layer similarly requires inhomogeneous heat947

sources within, to compensate for processes such as OHT and ice flow that tend to re-948

duce these variations. The two ice layers bounding the ocean can also interact with each949

other by modifying the temperature along their respective interfaces with the ocean, thereby950

affecting the heat delivered to the opposite ice layer. These topics have not yet been sys-951

tematically investigated and remain open.952

6 Ocean momentum transport and non-synchronous rotation (NSR)953

of the ice shell954

Almost all regular icy moons rotate synchronously, to first order, meaning that one955

side permanently faces the tide-raising central planet. Long-time-scale deviations from956

this state have long been hypothesized, as torques on a tidally deformed satellite in an957

eccentric orbit act to accelerate its spin rate (P. Goldreich & Soter, 1966). A state of equi-958
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librium, where the spin-rate is constant in time, may be reached with the ice shell ro-959

tating slightly faster than synchronous, slowly reorienting the surface over time (Greenberg960

& Weidenschilling, 1984). Various lines of geological evidence support the existence of961

slow ice-shell reorientation of Ganymede and Europa, including the distributions of tec-962

tonic features (e.g., McEwen, 1986; Geissler et al., 1998; Rhoden & Hurford, 2013; Kat-963

tenhorn & Hurford, 2009) and impact craters (Zahnle et al., 2003). Further theoretical964

work has shown that additional torques are caused by out-of-equilibrium variations in965

ice shell structure due to tidal heating (Ojakangas & Stevenson, 1989b), while gravita-966

tional torques acting on mass asymmetries (Greenberg & Weidenschilling, 1984; Bills et967

al., 2009) and elastic restoring torques due to shearing of the ice shell (P. M. Goldreich968

& Mitchell, 2010) act to contour non-synchronous rotation. Most recently, Burnett and969

Hayne (2023) have found that NSR may only be possible for a narrow range of rheolog-970

ical and interior structures, especially when more realistic viscoelastic rheologies are con-971

sidered (Makarov & Efroimsky, 2013). However, these studies neglect the viscous torque972

exerted at the ice-ocean interface as the ocean flows beneath it (Hay et al., 2023; Ashke-973

nazy et al., 2023; Hay et al., 2024; Kang, 2024). In this section, we recap how the ocean974

dynamics outlined in §2 can lead to a net torque on the ice shell, transporting angular975

momentum from the silicate core to the ice shell, and hence reorientation of the ice over976

time. We use estimates of this torque in different dynamical regimes to place bounds on977

the kinetic and dissipated energy in the upper ocean.978

As mentioned in §2, there are three mechanisms to transport momentum between979

the silicate core and the ice shell. First, convection can trigger thermal Rossby waves980

near the equator (outside the tangent cylinder), transporting momentum from the core981

to the shell (Busse & Or, 1986; J. Aurnou et al., 2007; Soderlund, 2019; Bire et al., 2022),982

when planetary rotation dominates ocean turbulence (Ro ≪ 1), which is generally true983

for icy moon oceans (see Table. 1). Similarly, tidal waves due to obliquity can induce a984

single weak retrograde jet in the equatorial region, removing angular momentum from985

the ice shell (Hay et al., 2024), as discussed in §2.2. Finally, a meridional density gra-986

dient in the ocean induced by ice thickness variations can sustain flow shear along the987

axis of planetary rotation, following the thermal wind balance (Eq. 7). If the ice shell988

is poleward-thinning and the thermal expansivity is positive, the upper ocean would usu-989

ally flow in a retrograde direction with respect to the bottom of the ocean, driving a ret-990

rograde NSR of the ice shell. The shear and resultant NSR could reverse if one of the991

following two conditions is met: (1) the ice shell thickens poleward, or (2) the thermal992

expansivity of water is negative (Kang, 2024). The latter condition can occur in low-salinity,993

low-pressure environments, such as those found on small icy moons orbiting Saturn and994

Uranus.995

Type of forcing NSR direction Reference

convection prograde (Ashkenazy et al., 2023;
Hay et al., 2023)

tides retrograde (Hay et al., 2024)

ice topography retrograde if thermal expansivity
αT > 0; prograde if αT < 0, assuming
ice shell is poleward thinning. Opposite
is true if ice shell thickens poleward

(Kang, 2024)

Table 2: Ocean-induced NSR direction driven by different types of forcing.
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Although all three types of forcing can drive momentum transport in the ocean and996

thereby induce NSR, the resulting NSR direction can differ among mechanisms (Table 2),997

allowing us to distinguish end-member scenarios. Assuming that the ice topography thins998

toward the poles and that the thermal expansivity of seawater is positive (generally holds999

on large icy moons), a prograde NSR due to ocean dynamics would point to convection-1000

dominated dynamics. In contrast, a retrograde NSR could be evidence that tides and/or1001

baroclinic dynamics (driven by the ice thickness gradient) outweigh convection, consis-1002

tent with weak core heating and a stratified ocean. Interestingly, the latest reconstruc-1003

tion of Enceladus’s ice-shell thickness profile identifies a possible westward drift of the1004

tidal bulge relative to the sub-Saturn point (Schenk & McKinnon, 2024), which may be1005

explained by oceanic torque driven by tides or baroclinic eddies. Since the ITV infer-1006

ence discussed in §5 is only possible when ITV can be detected, which requires the ma-1007

jority of heat to be produced within the ice, the direction of NSR can help break the de-1008

generacy in ITV inference.1009

As mentioned at the beginning of this section, beyond ocean torque, other processes,1010

such as gravitational coupling with neighboring satellites and shell drift driven by tidal1011

torque (Greenberg & Weidenschilling, 1984; Ojakangas & Stevenson, 1989a; Hoppa et1012

al., 1999), can also generate NSR in the prograde direction. Furthermore, the work of1013

deformation resulting from NSR provides a counter-torque (P. M. Goldreich & Mitchell,1014

2010). These contributions of gravitational torque need to be taken into account and re-1015

moved before attributed to NSR to ocean torque (Ashkenazy et al., 2023), particularly1016

if the observed NSR is prograde.1017

If the rate of ocean-driven NSR can be determined, it can be used to put constraints1018

on the energetics of the ocean, as the torque exerted by the ocean necessarily consumes1019

the energy of ocean currents, which has to be replenished by convection or tides if an1020

equilibrium state is to be maintained.1021

To infer ocean’s energetics based on the NSR rate, the first step is to estimate the1022

component of the ocean torque aligned with the rotation axis, Γs, from the observed NSR1023

rate Vd (m/s), assuming that all other contributions to NSR can be taken into account1024

(Greenberg & Weidenschilling, 1984; Ojakangas & Stevenson, 1989b; P. M. Goldreich1025

& Mitchell, 2010; Jara-Orué & Vermeersen, 2011). Following the analysis by Ashkenazy1026

et al. (2023), Vd should be proportional to the driving torque Γs and the viscous relax-1027

ation rate of the ice shell. If the ice shell adapts to its new orientation faster due to its1028

low viscosity ηi and/or its low moment of inertia I, the gravitational torque that resists1029

further NSR will be reduced, allowing the ice shell to undergo faster NSR. The relation1030

between Vd and Γs is given by1031

Γs ≡
ˆ π/2

−π/2

τsa cosϕ(2πa
2 cosϕ)dϕ =

IkiτMVd

a
, (23)

where τs denotes the zonal-mean zonal stress exerted by the ocean current, ki charac-1032

terizes the elastic strength of the ice shell which is defined in (Ashkenazy et al., 2023)1033

and τM = ηi/µ is the Maxwell timescale of ice, ηi denotes the depth-averaged viscos-1034

ity of the ice shell, µ = 3×109 Pa is the elastic shear modulus of ice. Note that Eq.231035

is the same as Eq. 7 in (Ashkenazy et al., 2023), except the ro factor in the denomina-1036

tor is dropped. By so doing, we assume the drift speed of ice is negligible compared to1037

the ocean current. In this step, the largest uncertainty comes from the viscosity of the1038

ice ηi. Observational constraints on the imaginary component of the tidal Love number1039

may provide useful constraints on ηi (Roberts et al., 2023a).1040

The dissipation along the water–ice interface can be estimated by the product of1041

torque and ocean flow speed Us1042

Ė =

ˆ π/2

−π/2

τsUs(2πa
2 cosϕ)dϕ. (24)
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If the water-ice interface is overall flat, the stress there follows the quadratic law1043

τs = CdU
2
s sign(Us), (25)

where Cd is a dimensionless drag coefficient that varies with the roughness of the inter-1044

face. On Earth, Cd under sea ice is generally between 2 × 10−3 and 2 × 10−2 (Lu et1045

al., 2011). When the interface has zonal topography, an additional wave drag associated1046

with the excitation of lee waves must also be accounted for (Legg, 2021).1047

Substituting Eq. (25) into Eq. (24), we get1048

Ė =

ˆ π/2

−π/2

|τs|3/2C−1/2
d (2πa2 cosϕ)dϕ ≥ C

−1/2
d

∣∣∣∣∣
ˆ π/2

−π/2

τs(2πa
2 cosϕ)dϕ

∣∣∣∣∣
3/2

≥ C
−1/2
d (Γs/a)

3/2.

(26)
The first inequality holds as an equality if τs is a constant across the globe, and the sec-1049

ond inequality reduces to an equality if all stress concentrates at the equator. These two1050

conditions cannot be satisfied simultaneously, and therefore Ė is indeed strictly smaller1051

than the RHS of Eq. (26)). If Γs can be constrained by the observed NSR rate Vd (Eq. (23)),1052

Eq. (26) allows us to put a lower bound on the ocean energy dissipation rate, as it has1053

to be balanced by energy injection by either bottom heating or tides as discussed in §4.1054

Since the bottom heating is bounded by the heat loss through the ice sheet, a large ocean-1055

driven NSR hence would provide a lower bound for the ocean tidal energy dissipation1056

since it neglects dissipation within the ocean.1057

7 Potential for future observational constraints1058

Future spacecraft measurements can provide additional constraints on the prop-1059

erties of subsurface oceans. Five principal techniques have proven useful: static gravity1060

and shape, magnetic induction, tidal response, rotation state, and seismology. Here, we1061

discuss what each technique can constrain, at what accuracy, and how they may com-1062

plement one another.1063

Gravity and surface topography have been used to constrain the mean thick-1064

ness of the ice/ocean layers and the ice thickness variations (ITV) (Nimmo et al., 2007;1065

Iess et al., 2014; Hemingway & Mittal, 2019; Nimmo & Bills, 2010). At long wavelengths,1066

ice shells are expected to be isostatically compensated, in which case the gravity signals1067

are expected to be small and can be affected by core deformation. On the other hand,1068

for such shells the topography provides a direct measurement of shell thickness varia-1069

tions. With sufficiently good measurements the gravity due to surface topography can1070

be subtracted (Bouguer correction), with any residual gravity anomalies likely indicat-1071

ing shell thickness variations, as at the Moon (Wieczorek et al., 2013) and at Enceladus1072

(Hemingway & Mittal, 2019). To reduce artifacts associated with spherical harmonic rep-1073

resentations, high-order harmonics are required to reconstruct credible ITV. In the com-1074

ing decade, the Europa Clipper mission will combine gravity measurements with ice-penetrating1075

radar observations from REASON to constrain Europa’s mean ice thickness and lateral1076

ITV. Current mission design studies suggest that the mean ice thickness may be con-1077

strained to about ±20-50% (Roberts et al., 2023b), unless the radar is able to detect clear1078

reflections from the ice-ocean interface. The Jupiter Icy Moons Explorer (JUICE) mis-1079

sion is expected to recover Ganymede’s gravity field to roughly spherical harmonic de-1080

gree 35-40 and measure global topography at meter-level precision with the Ganymede1081

Laser Altimeter (GALA), so observational errors in gravity-topography analyses should1082

be small. The source of uncertainty in inferred ice-shell thickness variations comes from1083

poorly known ice-shell and ocean densities, such that a plausible ∼5% density uncertainty1084

would translate to roughly 5% uncertainty in the inferred thickness variations.1085

Magnetic induction has enabled the detection of subsurface oceans on several1086

Galilean moons, as induced currents are generated when a satellite moves through a spa-1087
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tially varying magnetic field (K. K. Khurana et al., 2009; K. Khurana et al., 1998; Kivel-1088

son et al., 1999; Weiss et al., 2021). Future missions using multi-frequency techniques1089

will be able to determine both the thickness of the ocean and its mean conductivity (a1090

proxy for salinity) (Seufert et al., 2011, e.g.). A conductor in motion (such as an ocean1091

current) will also generate an induction signal even in a steady background field. On Earth,1092

this idea has been used to measure oceanic flow speeds (Tyler et al., 2003) and in prin-1093

ciple the same approach could be used on icy moons (Tyler, 2011a). In practice, how-1094

ever, this technique is likely to be very difficult, even with an orbiter, because the ex-1095

pected signals are so small (Šachl et al., 2025).1096

Direct measurements of tidal responses through gravity anomalies and strain1097

rates provides constraints on both the ocean dissipation and the ice shell properties (Wahr1098

et al., 2006). For most cases, the gravitational and deformation signals of these oscilla-1099

tions are likely small. However, it has been proposed that a stratified ocean can exhibit1100

an anomalously large (or even negative) tidal response (Idini & Nimmo, 2024, e.g.) if1101

it happens to be in a resonant configuration (see §2.2); such a response would be read-1102

ily measurable by gravity, but not in surface deformation. Also, the higher-frequency de-1103

formation induced by tides raised by one moon on another becomes dynamically enhanced1104

relative to the daily tide (Hay et al., 2020, 2022). The ESA’s JUICE mission will attempt1105

to measure such signals (De Marchi et al., 2022; Van Hoolst et al., 2024). In particular,1106

constraints on the complex Love numbers (both real and imaginary components) would1107

allow the tidal dissipation rate in the outer ice shell to be distinguished from that in the1108

underlying ocean or core layers (Bagheri et al., 2025). These constraints can then be com-1109

pared with those inferred from ITV and ocean heat transport (§5). On the other hand,1110

maps of regional-to-local tidally driven strain may be obtained through surface defor-1111

mation measurements. Such maps would provide direct constraints on ITV, as regions1112

with thinner ice would deform differently from regions with thicker ice (Berne et al., 2023).1113

The rotational state of the ice shell, including NSR and true polar wander,1114

can in principle be estimated either by comparing images or limb profiles acquired dur-1115

ing a single long mission or between two separate missions (Hoppa et al., 1999). The lat-1116

ter approach requires careful calibration and may involve substantial uncertainties. A1117

key challenge of this method is separating NSR from long-period librations. Alternatively,1118

NSR can be estimated by identifying the offset between the tidal bulge and the tidal axis1119

(Schenk & McKinnon, 2024). This approach primarily constrains the direction of NSR1120

but has limited sensitivity to the NSR rate. As shown in §6, ocean currents can drive1121

NSR in either a prograde or retrograde direction. Therefore, determining the direction1122

of NSR can still provide useful information about subsurface ocean dynamics. The ret-1123

rograde drift inferred for Enceladus is one example (Schenk & McKinnon, 2024). The1124

rate of NSR reflects not only the torque exerted by the ocean but also the opposing torque1125

arising from deformation of the ice shell, which depends on the shell’s thickness and rigid-1126

ity. As a result, estimates of the NSR rate are subject to large uncertainties associated1127

with ice rheology. Nonetheless, measuring the NSR rate could provide a constraint on1128

the average zonal flow speed in the upper ocean.1129

The orientation of the rotation axis (i.e. the obliquity) should be coplanar with1130

the orbit pole and the invariable pole: a Cassini state. Departures from an exact Cassini1131

state are the result of dissipation, either at the ocean-solid interfaces or within the solid1132

layers (Downey & Nimmo, 2025). An obliquity measurement would, therefore, provide1133

at least an upper bound on ocean dissipation.1134

Directly probing interior structure and dynamics is possible through seis-1135

mology. Although some attention has been paid to the utility of seismic waves for prob-1136

ing the structure of ice shells (Maguire et al., 2021, e.g.), less attention has been paid1137

to probing the dynamics of the underlying ocean (Panning et al., 2018). On Earth, in-1138

ternal ocean gravity waves have been detected by seismometer (Shaddox et al., 2021),1139

so the topic of passive seismic characterization of ocean dynamics (Wunsch, 2022) seems1140
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ripe for further exploration. The Dragonfly mission to Titan will have a seismometer as1141

part of its payload and may provide constraints on Titan’s ice-shell thickness, tidal dis-1142

sipation rate, and potentially even the dynamics of the underlying ocean.1143

8 Conclusions1144

We have reviewed recent progress in understanding the dynamics of the subsurface1145

ocean on icy moons, driven by bottom heating, tidal forcing, and buoyancy fluxes at the1146

ice-ocean interface. In particular, we have emphasized how these processes interact with1147

each other (§3), rather than acting in isolation. Although ocean circulation is primar-1148

ily energized by tidal work and basal heating, water-ice heat and salinity exchanges as-1149

sociated with ice thickness variations (ITV) act energetically to establish and maintain1150

a stratified layer beneath the ice shell (§4). Once formed, any such stratification strongly1151

modulates the transport of heat, momentum, and tracers within the ocean, with impor-1152

tant implications for habitability.1153

Although subsurface ocean dynamics and their forcings cannot be directly observed,1154

they may be inferred from the more accessible observables of ITV and, potentially, non-1155

synchronous rotation (NSR). The sustainability of any observed ITV places constraints1156

on ocean heat transport (OHT), and therefore on the processes that control OHT. NSR,1157

in turn, reflects ocean momentum transport (OMT) and thus constrains the mechanisms1158

responsible for transferring angular momentum between the ocean and the ice shell, and1159

between the ocean and the silicate core.1160

Taking Enceladus as an example, we show that the maximum plausible heat pro-1161

duction in the core is likely insufficient to overcome the stratification imposed by its poleward-1162

thinning ice shell (Qm < Qc, see Table. 1). As a result, any heat generated in the core1163

is redirected toward regions of thick equatorial ice, rendering it incapable of sustaining1164

the observed ITV. Tidal dissipation within the ocean drives vertical mixing. As dense1165

fluid is pumped upward, the gravitational potential energy of the ocean is replenished,1166

sustaining baroclinic eddies. These eddies drive efficient equatorward heat transport that1167

converges beneath thick ice, which again acts to erase existing ITV. If the inferred equator-1168

to-pole ITV on Enceladus are robust, these results imply the following for its subsurface1169

ocean.1170

• Heat production in the core should not exceed ∼ 35% of the total;1171

• Heat production within the ocean should be negligible;1172

• The majority of heat production should occur within the ice shell, with polar am-1173

plification (Fig. 9);1174

• Enceladus’ ocean is likely stratified over the polar regions (Fig. 8a), accompanied1175

by strong compositional gradients — the strength and thickness of stratified layer1176

can be estimated using scaling laws;1177

• This stratification may significantly prolong tracer transport time from the seafloor1178

to the polar ice beyond decadal timescales (Zhang et al., 2025).1179

Achieving the high dissipation rate within the ice shell suggested here requires ei-1180

ther an ice rheology that differs from current assumptions, or a higher orbital eccentric-1181

ity in the past (P. Goldreich et al., 2025).1182

However, the data used to constrain Enceladus’ ITV are quite sparse (Iess et al.,1183

2014; Park et al., 2024), highlighting the need for future missions to better constrain them.1184

Furthermore, when observational constraints on ITV become available for other icy satel-1185

lites (such as Europa), similar inferences can be made. The inferred heat partitioning1186

can be independently tested if the tidal Love numbers k2 and h2 can be better constrained1187

through future gravity and radar measurements (Bagheri et al., 2025), as h2 helps dis-1188

tinguish gravity signals associated with ice-shell deformation from those arising from de-1189
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formation of the solid interior. Beyond heat partitioning, mean ocean salinity S0 also1190

modulates OHT and therefore equilibrium ITV. Possible degeneracies between salinity1191

and heat transport may be resolved through independent constraints on ocean salinity,1192

potentially obtained from magnetic induction measurements (Biersteker et al., 2023), or1193

from direct sampling of plume ejecta (Postberg et al., 2009), combined with appropri-1194

ate modeling to relate ejecta salinity to ocean salinity, and to assess the sustainability1195

of the south polar geysers (Ingersoll & Nakajima, 2016).1196

Non-synchronous rotation (NSR) provides an additional constraint on subsurface1197

ocean dynamics. Although the basic mechanisms by which convection, tides, and baro-1198

clinic eddies drive NSR have begun to be explored in recent years, quantitative scaling1199

laws that would enable robust observational inference remain largely undeveloped. Nev-1200

ertheless, because convection and tides tend to drive NSR in a direction opposite to that1201

driven by baroclinic eddies, the observed direction of NSR alone can potentially serve1202

as a diagnostic of the dominant oceanic regime (Table. 2). The magnitude of NSR can1203

further constrain the ocean’s momentum transport and energetics, and can be cross-validated1204

against constraints derived from ITV, providing an independent test of inferred ocean1205

properties.1206

One factor that has not been considered in the current literature is the influence1207

of the high-pressure ice layer present at the base of the oceans of large icy satellites such1208

as Ganymede and Callisto. When the depth of the interface between the high-pressure1209

ice and the overlying water varies, we hypothesize that circulation may develop near the1210

ocean floor, analogous to the circulation driven by topography at the upper ice-ocean1211

interface. Such circulation could modify the OHT and thereby induce freezing or melt-1212

ing of both the low-pressure and high-pressure ice layers. This process has not yet been1213

explored and may be particularly important for large icy moons that host high-pressure1214

ice layers.1215
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Appendix A Previous results on the interaction between convection1216

and baroclinic eddies1217

To compare our results with Kvorka and Čadek (2024), we recast the model con-1218

figurations from Kvorka and Čadek (2024) into Q/Qc. To do so, we first rewrite Q/Qc1219

using the horizontal and vertical Rayleigh numbers, which measure the strength of the1220

under-ice buoyancy gradient and the strength of the bottom heating, respectively,1221

Q

Qc
∼ Rav

Γ−3
y Ra

5
2

h

, Rah ≡ αT g∆hT

Df2
, Rav ≡ αT gQ

ρ0CpD2f3
(A1)

where the aspect ratio Γy ≡ a/Dw, where a denotes the radius of the planet, and D1222

is the thickness of the ocean.1223

We then find the relationships between Rah,Rav and the nondimensional param-1224

eters (Ra,Nu,E,Pr,K,Γy,∆H/D) used in Kvorka and Čadek (2024),1225

Rah = Ra Nu E2 Pr−1K
∆H

D
, Rav = Ra Nu E3 Pr−2, (A2)

where Nu denotes the Nusselt number and E the Ekman number. ∆H represents the1226

thickness variation of the ice–water interface, read from their Fig. 5b. The parameter1227

K ≡ −∂Tm/∂r

∂Tw/∂r
, defined in Kvorka and Čadek (2024), measures the ratio between the1228

vertical freezing-temperature gradient
∂Tm

∂r
= −dTm

dp
ρ0g arising from the pressure de-1229

pendence of the melting point and the boundary-layer temperature gradient
∂Tw

∂r
im-1230

posed by the bottom heat flux. A larger K corresponds to a stronger melting-point shift.1231

In Kvorka and Čadek (2024), K ranges from 0 to 10. Substituting the parameters for1232

experiments 13–17, we find that Q/Qc varies from 80 to 5000. Table A1 summarizes the1233

parameter choices of Kvorka and Čadek (2024) on the left and the recast Rav, Rah and1234

Q/Qc on the right.1235

Exp# Nu K ∆H/D ∆Q/Q0 Rah Rav Q/Qc

13 45.3 0.3 4.5× 10−3 0.02 0.020 4.42× 10−4 4978
14 45.3 1.0 3.2× 10−3 0.05 0.047 4.42× 10−4 575
15 45.3 3.0 1.8× 10−3 0.075 0.079 4.42× 10−4 156
16 45.6 6.0 1.0× 10−3 0.1 0.089 4.44× 10−4 118
17 45.4 10.0 7.0× 10−4 0.1 0.103 4.43× 10−4 81

Table A1: Parameters used in Kvorka and Čadek (2024) are summarized in the left panel,
and the corresponding Rah, Rav, and Q/Qc are shown on the right. The shared parame-
ters: Ra = 3.61× 107, E = 3× 10−4, Γy = 5.1, and Pr = 10 are omitted from the left panel
to save space. ∆Q/Q0 is the heat deflection rate.

Appendix B Derivation of Eq.221236

We first write down the heat budget for equatorial and polar ice separately and take1237

the ratio between the two to get1238

Hcond,p

Hcond,e
=

Hocn,p +Hice,p + Lfqp
Hocn,e +Hice,e + Lfqe

, (B1)

where the subscript e, p denotes equatorial and polar, respectively, and Lf denotes the1239

latent heat of freezing and q denotes the freezing rate in kg/m2/s.1240
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As discussed in §3, the ITV on Enceladus is strong enough to stratify the ocean1241

even with all of the heat generated in the silicate core (Qb < Qc in Table. 1). This means1242

that all heat generated in the core and ocean Hint will converge toward the equatorial1243

regions, while the polar ice loses heat into the ocean,1244

Hocn,p ≲ 0, Hocn,e ≳ 2Hint > 2Qb (B2)

In addition, we recognize that maintaining a poleward-thinning ice geometry against1245

ice flow (Ashkenazy et al., 2018) requires net melting in the polar regions and freezing1246

in the equatorial regions, i.e., qp < 0, qe > 0. Furthermore, while dissipation within1247

the ice can be amplified by polar waves, the equatorial region must still experience pos-1248

itive dissipation, i.e. Hice,p < 2Hice, Hice,e > 0. Substituting all of these into Eq(B3),1249

we get1250

Hice

Qb

>
Hocn,p +Hice,p + Lfqp
Hocn,e +Hice,e + Lfqe

=
Hcond,p

Hcond,e
≈ He

Hp
(B3)

Appendix C Compute the equilibrium ice thickness profile for a given1251

heat partition.1252

To compute the geometry of the equilibrium ice shell, we integrate an ice evolu-1253

tion model, which is modified from the one in Kang and Flierl (2020). The model cal-1254

culates the melting induced by the tidal heating in the ice Hice (Beuthe, 2019), the down-1255

gradient ice flow Q (Ashkenazy et al., 2018), the heat loss to space by conduction Hcond,1256

and heat transmitted upward by the ocean Hocn, and evolves the ice thickness H over1257

time. The total thickness tendency can be symbolically expressed as1258

dH

dt
=

Hcond(H)−Hice(H)−Hocn(H)

Lfρi
+

1

a sinϕ
∂ϕ (sinϕQ(H)) , (C1)

where Lf and ρi are the latent heat of freezing and density for ice, a is the moon’s ra-1259

dius and ϕ denotes latitude. The analytical forms of Hcond,Hice and Q can be found in1260

Kang and Flierl (2020). The latitudinal surface temperature variations associated with1261

the poleward weaking solar forcing is accounted. This leads to an equator-to-pole sur-1262

face temperature contrast of ∼ 10K. When the ice shell is thinner than 3 km, we assume1263

that the ice shell will crack open under tidal stress and the resulting geysers will absorb1264

large amounts of heat, preventing further melting. In the evolution model, we overwrite1265

the thickness tendency with zero when H < 3 km, to implicitly represent this additional1266

heat loss.1267

The ocean-ice heat exchange Hocn should be parameterized. Here, we consider two1268

components. The first is the deflected bottom heating (§3.1)1269

Hocn,Qb
= Qb

H
′2
>

H
′2
>

(C2)

where H ′ is the deviation from the prescribed global mean ice thickness H0 = 20 km,1270

H ′
> = max{H ′, 0} and (·) denotes the global average. In this formulation, bottom heat-1271

ing is applied to ice thicker than average, with a first-order smooth transition between1272

heated and unheated regions.1273

The second component is heat transport from thin ice regions to thick ice regions1274

due to tidal mixing in the interior of the ocean (§3.2). Eq. (11) can be rewritten as1275

Hocn,bci ≡
Fh,bci

πa2
=

2Cpρ0Γϵ

αT g
. (C3)

It can be shown that the salinity effect will contribute another term to Hocn,bci, but the1276

influence is negligible (Kang & Zhang, 2026). The complete Hocn is the summation of (C2)1277
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and (C3). We caution that this parameterization assumes that the ITV is sufficiently1278

strong to stratify the upper ocean, i.e., ∆H > ∆Hc (Table 1). Although this assump-1279

tion is typically justified given the smallness of ∆Hc, when ∆H does not exceed ∆Hc,1280

the ITV will be underestimated. Developing a more general formulation for ocean heat1281

transport remains an important task for future work.1282

Open Research Section1283

Fig. 3, Fig. 4, Fig. 6 and Fig. 7 are adapted from previous works as indicated in1284

the caption. Data to reproduce Fig. 2 are available through (Song et al., 2024b), (Song1285

et al., 2024a) and (Gastine et al., 2016). Part of data used to generate Fig. 5 are avail-1286

able through (Hay & Matsuyama, 2019). The remaining data together with the data for1287

Fig. 9 will be shared through Zenodo and can be accessed at https://doi.org/10.5281/1288

zenodo.21650412.1289
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Kvorka, J., & Čadek, O. (2024). The role of subsurface ocean dynamics and phase1586

transitions in forming the topography of icy moons. Icarus, 412 , 115985.1587
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Soderlund, K. M., Kalousová, K., Buffo, J. J., Glein, C. R., Goodman, J. C., Mitri,1741

G., . . . others (2020). Ice-ocean exchange processes in the jovian and saturnian1742

satellites. Space Science Reviews, 216 (5), 1–57.1743

Soderlund, K. M., Rovira-Navarro, M., Le Bars, M., Schmidt, B. E., & Gerkema, T.1744

(2024). The physical oceanography of ice-covered moons. Annual Review of1745

Marine Science, 16 (1), 25–53.1746

Soderlund, K. M., Schmidt, B. E., Wicht, J., & Blankenship, D. D. (2014). Ocean-1747

driven heating of europa’s icy shell at low latitudes. Nature Geoscience, 7 , 16-1748

19.1749

Song, J., Shishkina, O., & Zhu, X. (2024a). Direct numerical simulations of rapidly1750

rotating rayleigh–bénard convection with rayleigh number up to. Journal of1751

Fluid Mechanics, 989 , A3.1752

Song, J., Shishkina, O., & Zhu, X. (2024b). Scaling regimes in rapidly rotating ther-1753

mal convection at extreme rayleigh numbers. Journal of Fluid Mechanics, 984 ,1754

A45.1755

Soucek, O., Behounkova, M., Cadek, O., Hron, J., Tobie, G., & Choblet, G. (2019,1756

August). Tidal dissipation in Enceladus’ uneven, fractured ice shell. Icarus,1757

328 , 218–231.1758

Srinivasan, K., & Young, W. R. (2012). Zonostrophic instability. Journal of the At-1759

mospheric Sciences, 69 (5), 1633 - 1656.1760

Stiles, B. W., Kirk, R. L., Lorenz, R. D., Hensley, S., Lee, E., Ostro, S. J., . . . Iess,1761

L. (2008). Determining Titan’s spin state from Cassini RADAR images. The1762

Astronomical Journal , 135 (5), 1669.1763

–44–



manuscript submitted to Reviews of Geophysics

Terra-Nova, F., Amit, H., Choblet, G., Tobie, G., Bouffard, M., & Čadek, O. (2023).1764
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