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ABSTRACT

The dipole-dominated magnetic fields of Jupiter and Saturn provide evidence for active dynamos6

operating within their deep interiors, yet the depth of the convecting dynamo layers remains poorly7

constrained. While magnetic field observations, gravity data, and interior models each provide partial8

insight, they have not been combined into a single, self-consistent picture of the internal structure.9

Here we develop a framework that links observed magnetic field strength with intrinsic heat flux and10

gravity-constrained interior structure using energy-based dynamo scaling laws. By relating the axial11

magnetic field strength to the convective power, we infer the radial thickness of the dynamo-generating12

region for both Jupiter and Saturn. The constants of proportionality in the scaling relations are derived13

using independent constraints from Earth observations, Jupiter observations, and numerical dynamo14

simulations. Applied to Jupiter, this framework shows how the inferred dynamo layer thickness is15

coupled to the outer boundary of the dynamo region. Thinner dynamo layers are predicted when the16

outer boundary shifts to shallower depths and no solutions are possible when the outer boundary is17

less than 73% of Jupiter’s radius. These results constrain plausible geometries for future numerical18

dynamo simulations. Extending the analysis to Saturn, we find a thick, deep-seated dynamo layer19

with an outer radius at 42% of the radius to be most plausible. An alternative solution with an inner20

radius of the dynamo region at 60% of the planetary radius, as suggested by ring seismology models,21

requires a very thin dynamo layer, occupying only 2− 3% of the total radius.22
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(994) — Scaling relations (2031) — Planetary interior (1248) — Planetary structure (1256)24
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1. INTRODUCTION26

Jupiter and Saturn’s global magnetic fields are generated by the vigorous convection of conducting fluids in their27

interior, whose motion sustains the magnetic fields through electromagnetic induction (C. A. Jones 2011). For the28

gas giants, this process occurs within layers of metallic hydrogen, which form at pressures greater than 1 Mbar (S.29

Weir et al. 1996; B. Militzer et al. 2016; F. Soubiran et al. 2017; M. Bonitz et al. 2024). Determining the depth of30

these dynamo-generating layers provides valuable constraints on interior structure and thermal evolution of gas giants,31

informing which evolutionary pathways are consistent with the observed magnetic fields.32

Despite new observations from the Juno and Cassini missions, the boundaries of the dynamo regions in Jupiter and33

Saturn remain poorly constrained (D. J. Stevenson 1984; B. Militzer et al. 2019; N. Nettelmann et al. 2021; T. Guillot34

et al. 2022; J. J. Fortney et al. 2023; B. Militzer & W. B. Hubbard 2024). For Jupiter, spectral analyses of the magnetic35

field suggest that the outer boundary (router) of the dynamo generating region lies between 0.825 − 0.88 RJ , where36

RJ denotes the volume averaged radius (Y.-K. Tsang & C. A. Jones 2020; S. Sharan et al. 2022; J. Connerney et al.37

2022). Gravitational observations loosely constrain the inner boundary of the dynamo region, rinner, to lie between38

0.26 − 0.69 RJ (N. Nettelmann et al. 2021; B. Militzer & W. B. Hubbard 2024). Saturn is even more challenging39

because its field is highly axisymmetric, limiting spectral diagnostics. The spectral analysis of Saturn’s magnetic field40
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observations constrain the router of the dynamo source to between 0.4 − 0.42 of the volume averaged radius (H. Cao41

et al. 2011, 2012; C. Yan & S. Stanley 2021). Additionally, gravity and seismological observations have placed indirect42

bounds on the location of Saturn’s dynamo region by constraining the planet’s radial density structure, stratification,43

and sound-speed structure, limiting where such a conducting, convecting region can exist (J. E. P. Connerney 1993;44

B. Militzer et al. 2019; C. R. Mankovich & J. Fuller 2021). However, these gravity and seismology based inferences do45

not yield a dynamo geometry that is consistent with the depth implied by Lowes spectral analysis. This highlights a46

lack of self-consistency among current observational constraints for Saturn.47

A self-consistent interpretation of gravity and magnetic field observations requires a link between the interior struc-48

ture and magnetic field generation through the planet’s convective power. To integrate the observed quantities we49

make use of energy-based dynamo scaling laws (U. R. Christensen & J. Aubert 2006; U. R. Christensen 2010; P.50

Davidson 2013; R. K. Yadav et al. 2013; T. Gastine et al. 2014). The theoretical scaling law due to P. Davidson (2013)51

provides a physically motivated relation between convective power and the strength of a dipole-dominated magnetic52

field, while empirical refinements by R. K. Yadav et al. (2013) and T. Gastine et al. (2014) capture weak dependencies53

observed in Jupiter-like simulations. Using these scaling laws, we identify dynamo layer depths that are consistent54

with observations of gravity, magnetic field strength and intrinsic heat flux (the rotation rate is also considered when55

using the Gastine scaling). Here we only consider planets with a single dynamo active layer and are thus not able to56

consider models that have a convecting dilute core in addition to the metallic hydrogen layer (B. Militzer et al. 2022),57

where one typically assumes the magnetic fields of gas giant planets are generated.58

We apply this framework first to Jupiter, where magnetic and gravity data are best resolved, and then extend59

the analysis to Saturn under the assumption that dipole-dominated gas giant dynamos share broadly similar scaling60

behavior.61

2. THEORETICAL FRAMEWORK FOR ENERGY-BASED DYNAMO SCALING LAWS62

Dynamo scaling laws provide relationships between large-scale magnetic field properties and the overall vigor of63

convection. Over the past several decades, a variety of such scaling laws have been developed, motivated by dominant64

force balances, energy flux considerations and trends in simulations (U. R. Christensen 2010). Comparisons with65

numerical Boussinesq dynamo simulations indicate that, among these approaches, energy-based scalings provided the66

most robust description of planetary dynamos, with the mean magnetic field strength scaling with the convective power67

generated by buoyancy forces in both incompressible and anelastic systems (U. R. Christensen & J. Aubert 2006; U. R.68

Christensen 2010). In the rapidly rotating, dipole-dominated regime relevant to gas giants, these studies further found69

that the magnetic field strength is nearly independent of rotation rate and is instead controlled by the depth of the70

dynamo generating region and the rate of buoyancy work (i.e. convective power). P. Davidson (2013) built on this71

framework to derive simple scaling laws that allow the average strength of the magnetic field, Brms, to be estimated72

from the time-averaged rate of energy production per unit mass, P , and the length scale of the convective flow, ℓ. In73

this framework, P refers to the mechanical power supplied by buoyancy forces driving convection, commonly termed74

the convective power (P. Davidson 2013). The Davidson scaling is75

Brms√
ρµ

∝ P 1/3 ℓ1/3, (1)76

where ρ is the fluid density and µ the magnetic permeability. Davidson’s scaling law is remarkably simple, yet appears77

to apply broadly to planets with dipolar magnetic fields in the solar system. Variations to this scaling law have also78

been proposed using dynamo simulations of Jupiter. Here we consider the study of T. Gastine et al. (2014), who79

assessed the anelastic simulations of R. K. Yadav et al. (2013) to propose a scaling that introduced a weak dependence80

on the planet’s rotation rate Ω, such that81

Brms√
ρµ

∝ P 0.35 ℓ0.3

Ω0.05
. (2)82

T. Gastine et al. (2014) found this dependence by fitting the results from various Jupiter-like numerical dynamo83

simulations. We include this scaling law here for comparison, but note it is unclear whether this additional dependence84

on rotation rate persists in a regime relevant to Jupiter’s interior, characterized by extremely low Ekman number and85

high Reynolds and magnetic Reynolds numbers. In contrast, Davidson’s scaling in Eq.(1) is derived from physically86

motivated force and energy balances, so it is not subject to the choice of numerical parameters in simulations.87

In this present study, we use energy-based dynamo scaling laws to connect magnetic field observations and interior88

energetics, providing a framework for inferring the size of Jupiter’s dynamo-generating region.89
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3. CONSTRAINING THE GEOMETRY OF JUPITER’S DYNAMO LAYER90

In this section, we determine the radial geometry of Jupiter’s dynamo-generating region by linking magnetic field and91

gravity observations through energy-based dynamo scaling laws. We first transform the observed axial dipole moment92

to the volume average of the axial magnetic field, Bz, using a well established theoretical relationship. Next we assume93

that the volume average of Bz is proportional to the root-mean-square magnetic field strength Brms. The scaling laws94

relate Brms to the convective power, P , while the proportionality between Bz and Brms establishes a connection to95

the observed magnetic field. With the observed magnetic field and heat flow we can solve for the convective length96

scale ℓ. Finally, we relate ℓ to the geometry of the convective region when the influence of compressibility is modest97

(see below).98

3.1. Linking magnetic field observations to dynamo scaling laws99

The Juno magnetometer measured the Gauss coefficients of Jupiter’s magnetic field to unprecedented precision (J.100

Connerney et al. (2022)), allowing us to estimate the Jovian mean axial magnetic field. The magnetic dipole moment101

m is given by102

m =
4πa3

µ

√
(g01)

2
+ (g11)

2
+ (h1

1)
2 ≈ 4πa3

µ
g01 , (3)103

where a is Jupiter’s equatorial radius (71,492 km) that was used to normalize the Gauss coefficients, and µ, is the104

permeability of free space in SI units. The Gauss coefficients are g01 = 410, 993.4 nT, g11 = −71, 305.9 nT and105

h1
1 = 20, 958.4 nT. Since Jupiter’s magnetic field is dominated by the axial dipole, accounting for the non-axial106

contributions changes the dipole moment by less than 1%. Therefore we only consider the g01 contributions in the107

following analysis. The axial dipole moment is directly related to the component of the magnetic field in the direction108

of the axis of rotation, Bz, by109

Bz =
µm

2πr3outer
, (4)110

where router is the outer boundary of the dynamo layer (J. Jackson 1998; P. Davidson 2013). Eq.(4) only tells us about111

the magnetic field in the direction of rotation, whereas Eq.(1-2) pertain to the root-mean squared average magnetic112

field expected in the core, Brms. Assuming that the current magnetic field configuration is approximated by the time113

average, we define a constant factor, f1, that quantifies the conversion between Bz and Brms,114

Brms = f1Bz. (5)115

While f1 may vary due to changes in the magnetic field configuration, we recover estimates of f1 from dynamo116

simulations using the time-averaged field.117

The dynamo scaling laws in Eq.(1) and (2) are expressed as proportionalities, which require a proportionality constant118

to make a quantitative comparison with observations. We introduce the constant factors fD
2 and fG

2 for this purpose,119

such that Davidson’s (1) and Gastine’s (2) scaling relations become the equalities120

Brms = fD
2 P 1/3 ℓ1/3

√
ρµ, (6)121

and122

Brms = fG
2

P 0.35 ℓ0.3

Ω0.05

√
ρµ, (7)123

respectively. The observed magnetic field may be related to the convective lengthscale ℓ by substituting Brms with124

Bz from Eq. (5). For the sake of simplicity, the constants’ ratios are redefined as new constants, fD = f1/f
D
2 and125

fG = f1/f
G
2 . In the Davidson case, the convective lengthscale is126

ℓ =

(
fD

Bz√
ρµ

)3

P−1, (8)127

while in the case of the Gastine scaling, it is128

ℓ =

(
fG

Bz√
ρµ

Ω0.05

P 0.35

)1/0.3

. (9)129
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We proceed by taking the convective lengthscale, ℓ, to be the thickness of the dynamo layer, and subsequently assess130

how ℓ compares with the density scale height to judge the internal consistency of our interpretation (see section 4.1).131

The next steps in computing the layer depth are to derive a radial convective power profile P (r) from the surface heat132

flow and compute the constants of proportionality fD and fG using dynamo simulations.133

3.2. Defining convective power134

The scaling relations require an estimate of the convective power available within a planet’s dynamo-generating135

region. Convective power quantifies the role of buoyancy forces in driving fluid motions, which sustain the magnetic136

field through dynamo action (U. R. Christensen 2010). The average convective power per unit mass can be estimated137

from the material and thermodynamic properties of the dynamo generating region. Locally,138

P =
gα

ρcP
qT (10)139

where g is the gravitational acceleration, α the thermal expansivity, cP the specific heat capacity at constant pressure,140

and qT the local convective heat flux. Since these properties are depth dependent, we take an average over the volume141

of the convective layer, defining the average power142

Pavg =
1

V

∫
gα

ρcP
qT dV. (11)143

In order to evaluate Pavg, we adopt depth dependent profiles for all the physical properties, and compute the radial144

heat flow qT (r) using a simple cooling model. All radially dependent quantities are normalized by the volumetric145

radius, RJ = 68, 854 km, derived from Jupiter’s 1 bar pressure surface (B. Militzer & W. B. Hubbard 2024).146

Figure 1. Radial profiles of Jupiter’s interior properties used to compute the convective power. Top left: density (black) and
gravitational acceleration (gray dashed) from gravity-constrained interior models (B. Militzer & W. B. Hubbard 2024). Top
right: temperature (black) and cumulative heat flow (gray dashed). Bottom left: specific heat at constant pressure (blue)
and thermal expansivity (orange) from ab initio calculations (M. French et al. 2012). Bottom right: the convective power
defined in equation (11).

The density profile is taken from interior models constrained to Juno’s gravity observations where first-principle147

equations of state (EOSs) for a Jupiter-like mixture of hydrogen, helium, and heavy elements are used to fit the148
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observed gravitational moments (B. Militzer & W. B. Hubbard 2024). The radial profiles used to define Jupiter’s149

average power, Pavg, as well as the power as a function of radius, P (r), are plotted in Fig. 1. Using this radial density150

profile, we can compute the enclosed mass and determine the gravitational acceleration (g(r) = GM(r)/r2) within151

Jupiter. The other essential material properties, cP (r) and α(r) , are provided from the first principles calculations of152

M. French et al. (2012). The heat flux profile is computed by specifying the rate of internal cooling, ρTdS/dt, when153

expressed in terms of entropy S. We assume a spatially uniform rate of change of entropy (i.e. dS/dt =constant),154

where the constant is set by matching qT (RJ) to the observed heat flux at Jupiter’s surface (7.485 W m−2 (L. Li et al.155

2018)).156

3.3. Estimating the constants of proportionality fD & fG157

The constants of proportionality fD and fG, found in equations (8) and (9) respectively, are delicate quantities158

to estimate. They depend both on the fraction of magnetic energy contained in the dipole term, as well as the159

appropriate constant coefficient in the scaling relations (6) and (7), which may not be universal across different160

planets. We therefore use constraints from the Earth, together with available dynamo simulations for Earth and161

Jupiter, to estimate the constant factors fD and fG for Jupiter, taking advantage of the fact that both systems host162

dipole-dominated dynamos. In doing so, it is important to first identify potential discrepancies between Earth and163

the gas giants. The main source of buoyancy in Earth’s dynamo comes from the growth of the inner core, such that164

the geodynamo is bottom driven (from buoyancy forces created by light element expulsion at Earth’s inner-outer core165

boundary) (B. A. Buffett et al. 1996). Heat extraction at the top of the core is limited by the solid mantle, resulting166

in potentially less vigorous convection near the core-mantle boundary. In contrast, Jupiter’s dynamo is believed to be167

thermally driven by buoyancy generated at the top of the convecting region, where heat is extracted (C. Jones 2014).168

These differences in convective geometry could affect the choice of factor for the Earth and Jupiter; this is explored in169

the following section.170

3.3.1. Constant of proportionality for Earth171

The constant factor fD most appropriate for the Earth may be estimated by taking advantage of the Davidson172

scaling relation in Eq.(8), in light of numerical simulations and observational constraints. This provides a benchmark173

for the magnitude of the constant factors fD. We did not compute the factor fG in this case, as it was developed174

specifically for Jupiter-like dynamos.175

We begin by assessing Earth-like dynamo simulation data from the B2 and B3 runs of W. Davis & B. Buffett176

(2022), which were run with the Calypso geodynamo code (H. Matsui et al. 2017) adopting a geometry comparable177

to Earth’s core. Important input parameters are presented in Table 1, with the relevant non-dimensional parameters178

reported in Table 2. Although these simulations are run at a parameter regime far from true planetary conditions, it179

is nonetheless interesting to use them to estimate values for fD with Eq.(8). For each simulation, Bz was evaluated180

from the measured g10 and Pavg calculated using the non-dimensional equivalent of Eq.(11), and inserted into Eq.(6) to181

solve for fD. This procedure yields values of fD ≈ 4.6 and 4.8 for the B2 and B3 simulations, respectively. However,182

these initial estimates implicitly assume that all buoyancy work contributes to the magnetic field generation.183

Geodynamo simulations are far from planetary conditions, with one of the most important discrepancies being the184

value assumed for the fluid viscosity. Numerical models typically adopt values that are orders of magnitude larger185

than the realistic value. One consequence is that a significant fraction of the convective power is converted to heat186

through viscous dissipation. The time-averaged fraction of the total dissipation due to ohmic effects, fohm, can be187

computed from a simulation and used to correct for the influence of large viscosity. Noting that the total time-averaged188

dissipation is equal to the convective power, we can rewrite Eq.(8) as189

fD =

√
ρµ

Bz
(fohmPavgℓ)

1/3
(12)190

In the W. Davis & B. Buffett (2022) simulations, roughly half of the buoyancy work contributes to generating the191

magnetic field, therefore we set fohm = 0.5. Correcting for the influence of viscous dissipation in the simulations, the192

estimated values of fD are lowered to 3.7 for B2 and 3.8 for B3.193

The corrected values for fD can be independently checked against the results of C. J. Davies et al. (2022), who194

examined variations in Earth’s magnetic field strength over geological time using Davidson’s scaling law applied to a195

large ensemble of dynamo simulations. Their analysis yielded a best-fitting scaling coefficient, when converted into196
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Table 1. Dimensional values used to compute the constant factor fD

ρ [kg m−3] ℓ [m] P [W kg−1] Brms [mT ](theory) Bz [mT ](obs) fD

B2 104 2.26× 106 7.79× 10−6 292 63 4.6

B3 104 2.26× 106 1.05× 10−5 325 68 4.8

Earth 104 2.26× 106 1.78× 10−12 1.78 0.36 5.0

Jones(2014) 2, 562 5.30× 107 1.87× 10−14 0.566 0.127 4.4

Note—These values come from bottom-driven dynamo simulations for Earth-like and Jupiter-like
geometries. The Brms(theory) column tabulates the values of Brms computed from the scaling
law Eq.(8) without any scaling factors, while Bz(obs) gives the observed values of Bz derived
from the g10 Gauss coefficient. Value of Ω = 2π/day and η = Ek/PmΩd2 were used to define the
magnetic scale (

√
(ρµΩη)) for B2 and B3. For the Jones (2014) simulations, ηm = 342 m2s−1,d =

6.05× 107 m, and Ω = ηmPm/(d2Ek) were used to define the magnetic scale.

Table 2. Nondimensional parameters used in dynamo simulations

Ra(103) Ek(10−5) Pm Pr BC’s at top Geometry

B2 1.1 5.0 1 1 dT/dr = 0 Earth-like

B3 1.3 5.0 1 1 dT/dr = 0 Earth-like

Jones(2014) 11, 000 2.5 3 0.1 S = 0 Jupiter-like

Note—The final column reports the boundary conditions used in each sim-
ulation. T represents the temperature and S the entropy.

our formulation of the scaling law, corresponds to fD ≈ 3.5− 4.0, which spans the range reported above. Our method197

for deriving fD from the work of C. J. Davies et al. (2022) can be found in appendix A.198

Finally, we estimate fD directly from Earth’s observed properties. Using measurements of the geomagnetic field’s199

Gauss coefficients (P. Alken et al. 2021), seismological constraints on the size of the dynamo region (A. M. Dziewonski200

& D. L. Anderson 1981), and estimates of Earth’s average convective power (J. R. Lister 2003; F. Nimmo 2015), we can201

derive fD. Because of the uncertainties in estimates of the average power output, we follow the theory of J. R. Lister202

(2003) to determine the geodynamo power presented in Table 1. Convective power due to compositional buoyancy and203

latent heat release are computed using Carnot efficiencies for these two sources of buoyancy (denoted respectively as204

ϵc = 0.157 and ϵl = 0.043) and the assumed value of core-mantle boundary (CMB) heat flow, Q = 15 TW (F. Nimmo205

2015). To simplify the system, we assume that the adiabatic heat flow (Qa) is roughly equal to Q. We then calculate206

the power per unit mass,207

P =
(ϵc + ϵl)Q

ρVc
= 1.78× 10−12 W kg−1, (13)208

where ρ = 104 kg m−3 and Vc is the core volume. The axial dipole Gauss coefficient observed at Earth’s surface is209

g10 = 29350 nT (P. Alken et al. 2021). According to the values summarized in Table 1, the constant factor that best210

fits the Earth for the Davidson scaling is fD ∼ 5, slightly higher than the values we just computed from dynamo211

simulations. This suggests that the average properties used in the scaling relations are reasonably well captured by212

the simulations, despite them having been run in a parameter regime far from true planetary conditions.213

A word of caution is warranted in the derivation of the constant factors fD and fG. The CMB and adiabatic heat214

flow values used above are currently favored due to high estimates of thermal conductivity in the core, but smaller215

values have also been proposed (Z. Konôpková et al. 2016), meaning that fD could be lower. Furthermore, the scaling216

relations require knowledge of the total Brms, but observations of the geomagnetic field cannot tell us about the field217
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within the core. Instead, we rely on a correspondence between the dipole component observed at the218

surface and the internal field, which could vary between dynamo simulations.219

3.3.2. Constant of proportionality for Jupiter220

Jupiter’s constant factor may differ from Earth’s due to possible differences in convective geometries and dynamics.221

For this reason, we independently estimated the constants of proportionality fD and fG from simulations of Jupiter’s222

dynamo. While there are many simulations of the Jovian dynamo (C. Jones 2014; T. Gastine et al. 2014;223

L. D. Duarte et al. 2018; T. Gastine & J. Wicht 2021; K. M. Moore et al. 2022; P. N. Wulff et al. 2025),224

most do not include enough details to compute the constants of proportionality. In this work, we make225

use of the Gauss coefficient g01, heat flux, and magnetic energy reported in C. Jones (2014). The constant226

factor fD for these Jupiter-like simulations is found to be fD = 4.44 ± 0.40, based on the average and variability227

between different simulation runs. These values are remarkably similar to those found for Earth. Following the same228

procedure, the constant factor for the Gastine scaling was found to be fG = 3.62± 0.34. Appendix B provides details229

on how these constants were computed and how their uncertainties were estimated. A minimum value for fD across230

all simulations was calculated by choosing a combination of plausible parameters that minimized it, giving fD > 3231

(for α = 10−5 K−1 and router = 0.825 RJ). The minimum value for fG > 2.4. These provide a bound on the deepest232

dynamo layer possible for Jupiter, which will be discussed in the following section.233

4. RESULTS AND DISCUSSION234

Having established the dynamo scaling relations and constants fD and fG using constraints from simulations of235

Earth and Jupiter, we now apply this framework to infer the depth of the dynamo region within Jupiter and Saturn.236

In our approach, the observed axial magnetic field strength and gravity constrained interior structure are treated as237

fixed inputs. The average convective power, Pavg, is calculated from corresponding thermodynamic profiles and the238

observed intrinsic heat flux, qT (RJ). The constants fD and fG, calibrated from numerical dynamo simulations, account239

for the constant of proportionality in the scaling relations, as well as the conversion between the observed axial field240

and internal RMS field. We then calculate ℓ by selecting surface radii (router) and evaluating inner radii (rinner) such241

that the observed magnetic field strength, BRMS, is reproduced.242

4.1. Results for Jupiter243

We first apply the Davidson and Gastine scalings to evaluate the allowable dynamo layer thicknesses on Jupiter (see244

Fig. 2). The Gastine scaling systematically predicts thicker dynamo layers than the Davidson scaling for all router.245

Both results predict thinner dynamo regions for larger values of router This happens because the larger interior volume246

lowers the required volume-averaged Bz (and hence Brms). In addition, the average convective power increases as247

router moves toward the surface (r = RJ). A lower bound on router emerges by requiring rinner > 0. We obtain248

router > 0.73 RJ (Davidson) and router > 0.79 RJ (Gastine), suggesting that the top of Jupiter’s dynamo region must249

be shallower than 0.73 RJ .250

Let us consider a specific choice for the outer radius of the dynamo layer, based on the Lowes radius inferred from251

magnetic field observations by J. Connerney et al. (2022). When this value is normalized by the volumetric radius252

(instead of the equatorial radius used in J. Connerney et al. (2022)) we obtain router = 0.825 RJ . It is worth noting253

that the Lowes radius is only an accurate indicator of the outer dynamo radius if the generation of the magnetic field254

results in a uniform distribution of power as a function of spherical harmonic degrees and does not get distorted by255

electric currents in the overlying layers. For this reason, Y.-K. Tsang & C. A. Jones (2020) argue that the true dynamo256

surface in Jupiter could be shallower than the inferred Lowes radius in the absence of a stratified layer, because the257

electrical conductivity is predicted to be non-negligible outside the Lowes radius. P. N. Wulff et al. (2025), however,258

found that the presence of a stratified helium rain layer can bring the outer dynamo radius into agreement with the259

Lowes radius.260

The results shown above are based on the assumption that the effects of compressibility are modest. To test this261

assumption we evaluate the number of density scale heights, Nρ, in terms of the densities of the inner and outer262

surfaces of the dynamo region,263

Nρ = ln
ρ(rinner)

ρ(router)
. (14)264

When Nρ = 1 the depth of convecting region is equal to the density scale height. This length scale is shown as the265

dotted gray line in Fig. 2. Using the Davidson scaling with the outer radius defined by J. Connerney et al. (2022) we266



8

Figure 2. Inferred Jupiter dynamo layer geometry as a function of the outer boundary router. Allowed combinations of layer
thickness ℓ (left plot) and inner boundary rinner (right plot) are shown for the Davidson (purple) and Gastine (green) scalings.
The shaded purple/green regions indicate uncertainty from constant factors fD and fG. The vertical blue line, and blue shaded
region, marks the observationally inferred router = 0.825 ± 0.006 RJ , taken from the Lowes analysis by J. Connerney et al.
(2022). Gray dotted line indicates the density scale height (Nρ = 1), shown as a reference for the typical vertical extent of
convective motions within the dynamo layer. Red and yellow symbols show dynamo geometries adopted in recent numerical
simulations (K. M. Moore et al. 2022; P. N. Wulff et al. 2025). The gray shaded areas indicate forbidden geometries with the
condition that rinner > 0 RJ .

get a convective layer that is roughly equal to one scale height. Shallower values for router predict layers that are less267

than one scale height, whereas deeper values for router require convective regions that exceed one scale height. The268

scaling of Gastine requires convective regions that everywhere exceed one scale height. For example, we find Nρ = 1.4269

for the Gastine scaling using the outer radius of J. Connerney et al. (2022). Convective depths that exceed one scale270

height raise questions about the validity of our assumption that the convective length scale is set by the geometry271

of the layer (i.e. ℓ = router − rinner). Once Nρ > 1.8 numerical simulations reveal large changes in the structure of272

convection (T. Gastine et al. 2012), where the associated magnetic field transitions from a dipole-dominated solution273

to a multipolar solution. Therefore, we only consider convective geometries with Nρ < 1.8, which includes results from274

both the Davidson and Gastine scalings.275

A summary of possible configurations with an outer radius of 0.825 RJ are shown in Fig. 3. According to the276

Davidson scaling, the dynamo layer may extend to an inner radius of rinner = 0.47 − 0.61 RJ whereas the Gastine277

scaling gives rinner = 0 − 0.32 RJ . An inner radius, where rinner ≲ 0.20 RJ , could be attributed to the top of a278

compact core with little room for an extended region of heavy elements mixed with hydrogen and helium (often called279

a dilute core). Otherwise, there must be a dilute core with stable stratification below the dynamo region, possibly280

corresponding to the core transition layer proposed in B. Militzer et al. (2022). While the Gastine scaling permits281

either scenario, the Davidson scaling requires a dilute core.282

The utility of our scaling analysis lies in the relationship it establishes between the inner and outer radius of the283

dynamo layer. For example, shallower choices for router restrict the dynamo layer to thinner configurations. This284

behavior arises partly because Bz (and thus Brms) decreases with increasing router (see Eq.4). In285

addition, the available convective power increases with radius through its dependence on the heat286

flux (Eq.10). According to the scaling relations, both of these changes favor thinner layers.287

Taking a dynamo surface of router = 0.85 RJ (S. Sharan et al. 2022), restricts rinner to lie between 0.59−0.70 RJ for288

the Davidson scaling and 0.25 − 0.49 RJ for the Gastine scaling, as shown in Fig. 6. Fig. 7 shows a similar analysis289

for router = 0.88 RJ (Y.-K. Tsang & C. A. Jones 2020), which confines the dynamo to relatively thin layers with rinner290

between 0.69− 0.77 RJ for the Davidson scaling and 0.47− 0.64 RJ for the Gastine scaling.291

The values of the constants of proportionality fD and fG used in Fig. 2 are best estimates, based on the simulations292

of C. Jones (2014). However, these constants are also bounded by the physical dimensions of the planet. In the case293

of the Davidson scaling, constants larger than fD ∼ 8.9 (fG ∼ 5.2) require ℓ > RJ given the most shallow choice of294
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Router = 0.88 RJ . Conversely, we previously established minimum values for fD and fG (see Appendix B.1), which295

allow us to identify the thinnest possible dynamo layers compatible with the scaling laws and Jupiter observations. We296

find a minimum layer thickness of 0.04 RJ for the Davidson scaling (fmin
D ∼ 3), and 0.08 RJ for the Gastine scaling297

(fmin
G ∼ 2.4).298

0.47 RJ

0.825 RJ0.825 RJ

0.87 RJ 0.87 RJ

molecular hydrogen
helium rain
metallic hydrogen
core

0.32RJ

0.61 RJ

(A) (B)

Figure 3. Diagrams for interior structure of Jupiter illustrating the range of dynamo layer thicknesses predicted by the
Davidson (A) and Gastine (B) scalings. The paired slices show the thickest and thinnest dynamo layers permitted for a fixed
router = 0.825 RJ taken from the Lowes analysis by J. Connerney et al. (2022). The colors indicate the different layers in Jupiter’s
interior: molecular hydrogen (light blue), helium rain (light green), metallic hydrogen (purple/green) where the magnetic field
is generated, and the core (yellow). The helium rain layer is inferred to start when pressures exceed 0.95 Mbar, corresponding
to 0.87 RJ (B. Militzer & W. B. Hubbard 2024).

4.2. Results for Saturn299

We now extend the scaling analysis to Saturn, which, like Jupiter, hosts a dipole-dominated magnetic field generated300

within a shell of metallic hydrogen. As we have fewer observational and numerical constraints for Saturn, we extend the301

framework for Jupiter, but adopt a wider (min/max) range of values fD = 3.0−6.1 and fG = 2.4−5.0 given in Table 5302

in Appendix B.1. Fig. 4 shows the resulting Saturn solutions obtained from the Davidson and Gastine scalings. The303

Gastine scaling still predicts systematically larger layer depths but with more overlap between the Davidson scaling304

results. All inferred Saturn dynamo layers lie well within a single density scale height (i.e. Nρ < 1) so the length scale305

of convection should be well approximated by the layer depth. Note that many interior models prescribe a solid inner306

core for rinner < 0.23 RS (shown as a gray dashed line in Fig. 5). In our calculations we adopt a constant density of307

ρ = 9.4× 103 kg m−3 below this radius.308

For the outer boundary of the dynamo region, we adopt a recent estimate by C. Yan & S. Stanley (2021) of309

router = 0.418 RS , which we normalize to Saturn’s volumetric radius (RS = 58, 176.294 km), based on the 1 bar310

pressure surface (B. Militzer et al. 2019). The value router = 0.418 RS is obtained from Lowes analysis of the magnetic311

field and is consistent with an earlier estimate, router = 0.4 RS , from H. Cao et al. (2012). As in the Jupiter case, the312

choice of router narrows the range of plausible dynamo geometries (see Fig. 5A). The inner radius of the dynamo layer313

may extend from 0.20− 0.36 RS for the Davidson (purple layer) scaling and from the center of the planet to 0.36 RS314

for the Gastine scaling (green layer). We can rule out an inner radius less than 0.23RS due to the presence of a rocky315

inner core.316
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Figure 4. Inferred Saturn dynamo layer geometry as a function of the outer boundary router. Allowed combinations of
layer thickness ℓ (left plot) and inner boundary rinner (right plot) are shown for the Davidson (purple) and Gastine (green)
scalings using the min/max estimates of the constant factors fD = 3.0, 6.1 and fG = 2.4, 5.0. The vertical blue line marks
the router = 0.418 RS inferred from the Lowes analysis of the observed magnetic field (C. Yan & S. Stanley 2021). Red and
yellow symbols depict the geometry of the dynamo generating metallic hydrogen layer predicted by the interior models of
D. J. Stevenson (1983); B. Militzer et al. (2019), respectively. The gray dashed lines represent different Rinner scenarios. The
rinner = 0.6 RS refers to the prediction of C. R. Mankovich & J. Fuller (2021). The rinner = 0.23 RS indicates where many
interior models prescribe a solid core. Finally, the rinner = 0 RS gray dashed line demarcates forbidden geometries which requires
rinner > 0 RS .

The recent work of C. R. Mankovich & J. Fuller (2021) derived an indirect constraint on the inner boundary, rinner,317

from seismological observations of spiral density waves in Saturn’s rings. The analysis proposed that Saturn has a318

stably stratified dilute core in the region 0 − 0.6 RS , which is not compatible with the estimate based on a Lowes319

radius of 0.418 RS . If we adopt the value of rinner = 0.6 RS , the dynamo region would be confined to a very thin layer,320

possibly only a few percent of the planetary radius (see the gray dashed line in both plots of Fig. 4). The corresponding321

interior structure is displayed in Fig. 5 under the ”B” panel.322

5. CONCLUSION323

In this study, we developed a framework to link gravity-constrained interior density structure, intrinsic heat flux and324

magnetic field observations through energy-based dynamo scaling laws, allowing us to self-consistently calculate the325

depth of the dynamo-generating region for Jupiter and Saturn.326

Applied to Jupiter, this framework enables predictions for the allowable dynamo geometries. Our results suggest327

that the dynamo in Jupiter cannot be confined to depths below 0.73 RJ because the resulting dynamo region cannot328

sustain the observed magnetic field strength. Adopting a shallower upper radius based on the Lowes radius, 0.825 RJ ,329

restricts the inner boundary of the dynamo region to 0 − 0.61 RJ . This broad range of values for rinner reflects330

uncertainties in the constant of proportionality in the scaling laws, as well as lingering questions about the role of331

planetary rotation on magnetic-field generation. Improvements in these scaling laws would permit a narrower range332

of estimates for rinner, given a particular choice for router.333

Predictions for Saturn support a deep-seated dynamo. Adopting the Lowes radius of 0.418 RS as a plausible outer334

boundary, the inner boundary varies between 0.36 RS and the center of the planet. We favor an inner boundary larger335

than 0.23 RS to accommodate interior models that include a compact rocky core with properties chosen to match the336

total planetary mass.337

Stable stratification may influence the interpretation of our inferred dynamo boundaries. In our338

framework, router is defined as the radius where convective power vanishes, marking the top of the339

actively convecting dynamo region. A stably stratified layer above this boundary would not contribute340

to the convective power and is therefore excluded from the dynamo region in our model. However, if341

such a layer remains electrically conducting, it may still support electric currents that could perturb342
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molecular hydrogen
helium rain
metallic hydrogen
core

0.60 RS
0.62 RS

Interior Structure (B)

0.70 RS

0.418 RS

0.70 RS

Interior Structure (A)

0.418 RS

0.32 RS

0.70 RS

0.36 RS

0.20 RS

Figure 5. Diagram ”A” compares dynamo geometries for Saturn obtained by fixing router to the Lowes radius of 0.418 RS

as in C. Yan & S. Stanley (2021). The paired slices show the thickest and thinnest dynamo layers predicted by the Davidson
(purple) and Gastine (green) scalings. In panel ”B”, we instead fix the inner boundary to rinner = 0.6 RS , as inferred from
ring seismology models of (C. R. Mankovich & J. Fuller 2021). We display only the Davidson prediction because the Gastine
geometry is visually indistinguishable. Our analysis predicts that the latter model yields an implausibly thin dynamo layer.
Colored layers indicate the different regions within Saturn’s interior: molecular hydrogen (light blue), helium rain (light green),
metallic hydrogen (purple/green), and the core (yellow). Helium rain is inferred to start when pressures exceed 0.80 Mbar,
corresponding to 0.70 RS (B. Militzer et al. 2019).

the magnetic field observed at the surface. While these currents may modify the structure of the field343

(P. N. Wulff et al. 2025), they are not expected to fundamentally alter the dipole moment.344

More broadly, this work demonstrates that energy-based dynamo scaling laws offer a means of connecting magnetic345

field observations to interior structure. By explicitly linking convective power, magnetic field strength, and dynamo346

layer depth, we offer a direct means of setting the dynamo geometry (rinner, router) to be consistent with available347

observations.348
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Run Ra ×107 Ek ×10−5 q∗ ME ×106 g01 fD

A 1.1 2.5 4.3 3.2 0.40 4.44

C 1.1 2.5 4.3 3.1 0.38 4.68

E 2.0 1.5 4.2 4.5 0.35 4.76

I 2.0 1.5 4.2 6.0 0.43 3.88

Table 3. Non-dimensional values used to compute f , from the simulations of C. Jones (2014).

A. ESTIMATING THE CONSTANT FACTOR fD FROM EARTH-LIKE SIMULATIONS360

Here we show how the value fD is derived from the scaling analysis of C. J. Davies et al. (2022), providing an361

independent cross-check on the values adopted in Section 3.362

They considered the relation363

Ledip√
fohm

= cP 1/3, (A1)364

where Ledip is the Lehnert number based on the average over the surface of the outer boundary, S, of the spherical365

harmonic degree one component of the magnetic field, Bdip. In the ‘diffusionless’ non-dimensionalization used by C. J.366

Davies et al. (2022), it is defined as367

Ledip =
Bdip√
µρΩL

, where Bdip =

√
1

S

∫
B2

dip dS, (A2)368

and coincides with the non-dimensional magnetic field strength. By considering an extensive collection of different369

dynamo simulations, C. J. Davies et al. (2022) found the best-fitting value of c to be in the range 0.2 − 0.23. We370

may convert this to a value for fD, accounting for the fact that Bdip rather than Bz is used in the scaling relation371

(Bz =
√
2Bdip). We find372

fD =
(√

2cf
1/6
ohm

)−1

, (A3)373

so that the best fitting values of c corresponds to 3.5 ≲ fD ≲ 4.0, in agreement with our estimates based on the W.374

Davis & B. Buffett (2022) simulations.375

B. ESTIMATING THE CONSTANT FACTORS FROM JUPITER-LIKE SIMULATIONS376

The simulations of C. Jones (2014) were used as the basis for constraining the constant factor fD for Jupiter, and377

finding a lower bound on its value. Jones reports non-dimensional parameters for nine different dynamo simulations378

in his Table 1. We made use of data from the simulations labeled A, C, E and I, in an attempt to span a wide379

range of input parameters while only considering strong dipole solutions. Table 3 reports the values used to compute380

the constant coefficients fD and fG. All the simulations were run at Pm= 3 and Pr= 0.1, and non-dimensionalized381

according to the convention of C. Jones (2014). A magnetic diffusion timescale ℓ2/η is used, with ℓ, the dynamo layer382

thickness, representing the lengthscale and η the magnetic diffusivity. The resulting dimensionless parameters are the383

Rayleigh, Ekman, Prandtl and magnetic Prandtl numbers, respectively defined by384

Ra =
Tℓ2∆S

νκ
, Ek =

ν

Ωℓ2
, Pr =

ν

κ
, Pm =

ν

η
. (B4)385

Here, T is the temperature, ∆S is the specific entropy, ν is the fluid viscosity, κ is the thermal diffusivity and Ω is386

the planet’s angular velocity. The unit of magnetic field is
√
Ωρµη, with ρ the fluid density and µ = 4π × 10−7 when387

using SI units. The unit of heat flux is κρT∆S/ℓ. Further details may be found in C. Jones (2014) and C. Jones et al.388

(2011). In the following, non-dimensional variables are indicated by a (∗).389390

The non-dimensional magnetic energy, ME∗ was used to compute the B∗
rms using the relation391

B∗
rms =

√
3 ME∗ Ek

2πPm
, (B5)392
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rConnerney rSharan rTsang rJones

router/RJ 0.825 0.85 0.88 0.937

P ∗
avg/P

∗(router) 0.335 0.318 0.314 0.136

σ(router)/σ(rinner) 0.15 0.10 0.06 0.01

Table 4. Average to top power ratio P ∗
avg/P

∗(router) for different choices of outer boundary router. The final row gives the
conductivity at each radius, σ(router), as a percent of the conductivity at rinner according to the French model, σ(rinner).
The value of router=0.825 RJ was proposed by J. Connerney et al. (2022) as the top of the dynamo layer based on the Juno
observations, and 0.937 RJ is rcutoff in C. Jones (2014). Note that the J. Connerney et al. (2022) value has been rescaled, as
they use the equatorial radius as RJ , instead of the average radius defined by M. French et al. (2012).

while the non-dimensional power was computed from393

P ∗ =
Pm3

Pr2
Ra q∗α∗. (B6)394

Here, the depth-dependent, non-dimensional heat flux and thermal expansivity are given by q∗ and α∗ respectively.395

The value of α∗ increases as a function of radius according to the profile proposed by M. French et al. (2012), with its396

dimensional value lying between 5.0 × 10−6K−1 ≤ α ≤ 2.8 × 10−5K−1 in the dynamo region. The results presented397

in section (3) used a volume-averaged value of α = 1.64 × 10−5K−1 value for the dynamo generating region, non-398

dimensionalized according to the temperature scale T = 1.31× 104 K used in C. Jones (2014).399

Equation (B6) gives the power as a function of non-dimensional radius r∗, while the scaling law requires the average400

power, P ∗
avg. A conversion factor between these quantities was estimated by computing both the volume averaged401

power and the power at the top of the dynamo region from the M. French et al. (2012) model. For a convecting layer402

with a lower boundary at rinner = 0.107 RJ and an upper boundary at = 0.85 RJ , we found P ∗
avg = 0.318P ∗. This403

choice of lower boundary is consistent with Jones’ definition of the core radius, and the upper boundary is taken to404

be the radius at which the electrical conductivity in the French model has decreased by 90%. These radii also define405

the thickness of the convecting layer. It is important to point out that the outer boundary is not equal to Jones’406

rcutoff = 0.96 RJ . This cut off was chosen to avoid having to compute small-scale convection in the low density region407

near the surface, but includes regions of reduced conductivity that are unlikely to contribute significantly to magnetic408

field generation. Of course, the uncertainty in the choice of router will propagate to the constant factor; this effect is409

tabulated in Table 4, where we give the average to top power ratio for different choices of router.410411

The constant factor fD was computed by estimating the average power measured in the convecting region and412

comparing it to the power calculated using the Davidson scaling relation, Eq. (6), in non-dimensional form:413

P ∗
avg =

(
Pm

Ek

)3/2
1

ℓ∗

(
B∗

rms

f1

)3

=

(
Pm

Ek

)3/2
(fDB∗

z )
3

ℓ∗
. (B7)414

Rearranging for fD, we have415

fD =

(
Ek

Pm

)1/2
(
P ∗
avgℓ

∗)1/3
B∗

z

. (B8)416

The average fD across the different Jones simulations is 4.44 ± 0.40. Repeating the same analysis in for the Gastine417

scaling yields418

fG =

(
Ek

Pm

)11/20
(
P ∗
avg

)7/20
(ℓ∗)

3/10

B∗
z

, (B9)419

where fG = 3.62± 0.35.420

Crucially, lower values of fD and fG allow for thinner dynamo generating regions, so constraining their lowest421

possible value can provide a bound on the thinnest possible convective layer that can generate magnetic field strengths422

consistent with the Juno observations. To robustly determine this bound, the next section explores how varying423

different parameters affects this value of the constant factors.424
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Minimum value Maximum value

router = 0.825RJ , α = 10−5 K−1 router = 0.88RJ , α = 2.8× 10−5 K−1

fD 3.0 6.1

fG 2.4 5.0

Table 5. Minimum and maximum values of the constant factors fD and fG, found by changing router and α. These values
correspond to the extremes of fD and fG calculated using the simulation output of C. Jones (2014).

B.1. Uncertainties in determining fD and fG425

There are a number of approximations that we have employed in determining fD and fG, not least assuming that426

the M. French et al. (2012) and B. Militzer & W. B. Hubbard (2024) models are an accurate representations of the427

Jovian interior. Since the planet’s composition is not precisely known, we must take this as a given, and instead focus428

on estimating the uncertainties arising from other sources. Table 5 summarizes these, and provides a range of fD and429

fG compatible with these bounds.430

First of all, let us consider the effect of changing router. Aside from changing the layer thickness, the choice of router431

affects the average power and magnetic field strength, as they are both calculated by taking a volume average over the432

convective region. In addition, the heat flux at the top of the convective region (qT (router)) is adjusted according to433

the M. French et al. (2012) profile, though this results in changes of less than 2% in the power, as the heat flux profile434

is relatively flat past 0.8 RJ . Rather than listing all these individual changes, Table 5 provides the highest and lowest435

values of fD and fG that result from choosing 0.825 RJ ≤ router ≤ 0.88 RJ and 10−5 ≤ α ≤ 2.8× 10−5 in the various436

simulations of C. Jones (2014). These values were chosen as they represent the ranges of estimates consistent with437

Jupiter models and observations (M. French et al. 2012; J. Connerney et al. 2022; Y.-K. Tsang & C. A. Jones 2020).438

All other parameters were kept at the value used in the previous section. The smallest possible fD ∼ 3 (fG ∼ 2.4)439

was found by choosing = 0.825 RJ and α = 10−5; this combination was chosen purely to minimize the constant of440

proportionality, so that the true value of fD (fG) is almost certainly larger.441

C. ADDITIONAL CONSTRAINTS ON DYNAMO LAYER GEOMETRY FOR FIXED rOUTER442

This section provides additional constraints on the dynamo layer geometries for specific choices of443

router, illustrating how the Davidson and Gastine scalings restrict the allowable range of rinner. The444

results are summarized in Fig. 6.445
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Figure 6. The plot on the left shows the inferred dynamo layer thickness ℓ as a function of the outer boundary router. The
allowed layer depths are shown for the Davidson (purple) and Gastine (green) scalings with shaded regions indicating uncertainty
of the constant factors fD and fG. The vertical blue line, and blue shaded region, marks the router = 0.85± 0.022 RJ predicted
by S. Sharan et al. (2022). The gray dotted line indicates the density scale height (Nρ = 1), shown as a reference for the typical
vertical extent of convective motions within the dynamo layer. Red and yellow symbols show dynamo geometries adopted in
recent numerical simulations (K. M. Moore et al. 2022; P. N. Wulff et al. 2025). The gray shaded areas indicate forbidden
geometries with the condition that rinner > 0 RJ . The interior structure diagrams (paired pie slices) to the right illustrate the
range of dynamo layer thicknesses determined by the Davidson (A) and Gastine (B) scalings showing the thickest and thinnest
dynamo layers permitted when router = 0.85. The colored shells indicate the different regions within Jupiter’s interior: molecular
hydrogen (light blue), helium rain (mint), metallic hydrogen (purple/green), and the core (yellow).
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