
GEOPHYSICAL RESEARCH LETTERS

Supporting Information for ”The internal structure

and dynamics of Jupiter unveiled by a high-resolution

magnetic field and secular variation model”
S. Sharan1, B. Langlais1, H. Amit1, E. Thébault2, M. Pinceloup1, and O.
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The internal Jovian magnetic field and its temporal rate of change (secular variation,

SV) is expanded in terms of Spherical Harmonics (SH). Above the magnetic sources,

the magnetic field B derives from the expression of a magnetic scalar potential V by

B = −∇V and where in spherical coordinates it is approximated by the finite series

V (r, θ, ϕ, t) = RJ

nmax
i∑
n=1

n∑
m=0

{(
RJ

r

)n+1

(gmn (t) cosmϕ+ hm
n (t) sinmϕ)Pm

n ( cos θ)
}

+RJ

nmax
e∑
n=1

n∑
m=0

{(
r

RJ

)n

(qmn (t) cosmϕ+ smn (t) sinmϕ)Pm
n ( cos θ)

}
(1)

where r denotes the radial distance from the center of Jupiter, RJ is Jupiter’s equatorial

radius equal to 71,492 km, θ the co-latitude, and ϕ the longitude. The functions Pm
n (cos θ)

are the Schmidt quasi-normalized associated Legendre functions of degree n and order m.

The Gauss coefficients gmn (t), h
m
n (t) are the time-varying parameters to be estimated by

inversion of the measurements conventionally given in the units of nano-Tesla (nT). The

mathematical series in Eq.(1) is truncated to nmax
i and nmax

e , which are the maximum

degrees for the internal and external field coefficients.

The three vector components of Jupiter’s magnetic field in the radial, southward and

eastward horizontal directions (Br, Bθ and Bϕ) are calculated from the negative gradient

of Eq.(1) in the spherical coordinate system

Br = −∂V

∂r
, Bθ = −1

r

∂V

∂θ
, Bϕ = − 1

r sin θ

∂V

∂ϕ
. (2)

In order to test the data distribution and its adequacy with model determination, we

compute a set of synthetic vector magnetic field predictions at the actual Juno locations
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and epochs using the CHAOS-7.8 Earth’s magnetic field model (Finlay et al., 2020). This

time-dependent model is based on magnetic field observations collected by the low-Earth

orbiting satellites between years 1999 and 2021. It is expanded to SH degree nmax
i = 20

for the time varying internal field with order 6 B-splines (de Boor, 2001) with a 6-month

knot separation. The synthetic data we build therefore contains a significant amount of

rapid secular variation, secular acceleration, and contributions of higher time derivatives,

including some geomagnetic jerks or core pulses, which are sudden changes in the second

time derivative of the Earth’s magnetic field (e.g., Aubert & Finlay, 2019).

Before predicting the field over the four years of available Juno data, we note that

the strength and shape of Earth’s and Jupiter’s magnetic fields are different. Figure S4

shows the power spectra of Earth’s main field CHAOS model, its secular variation, and

the power spectrum of Jupiter’s magnetic field model derived by Connerney et al. (2022),

both at the reference radius of each planet.

In a first step towards building a realistic synthetic data set, we estimate by standard

least-squares the power law of Jupiter’s magnetic field model. For the CHAOS model,

we estimate two power laws in order to account for the different internal field sources

contributing to the model. Indeed, a distinct change of slope occurs around SH degree 13

that indicates that the field from the core dominates from SH degree 1 to 13, while the

field from the crust dominates from SH degree 15 (Langel & Estes, 1982). For each part

of the power spectrum we use the power law difference with Jupiter’s model to rescale

the CHAOS internal field model to SH degree 20. In addition, we impose that the power

spectrum of the rescaled secular variation keeps the same slope as the original CHAOS
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model. Without this precaution, the synthetic secular variation power spectrum diverges

at the dynamo radius of Jupiter. The power spectra of the rescaled CHAOS main field

model, following now the general trend of the model by Connerney et al. (2022), and its

secular variation are displayed in Figure S4.

The rescaling of the CHAOS model allows us to incorporate the a priori information

provided with Juno data. In the database, each measurement is given with a precision

index corresponding to the magnetometer operating range and an instrumental noise less

than 1 nT. The uncertainties are defined for six different operating ranges and vary with

the strength of the ambient magnetic field (Connerney et al., 2017). Each synthetic

observation we build is therefore associated with a weight (with a minimum weight of 1

nT) and we further add a Gaussian random noise of 25 nT to each vector measurement.

This Gaussian noise is the upper bound of the instrument error of Juno measurements.

We then set up the parameterization of the inverse problem. The internal static field

is derived up to SH degree nmax
i = 20 and a static external field to SH degree 2. The

maximum resolution of the internal time variation of the model is imposed by the time

difference and the spatial coverage between Juno’s polar orbits. We choose to parame-

terize the time variation with splines of order 2 with a knot spacing of 2 years and for

SH degrees 1 to 10 only. The examination of the covariance matrix indicates that we

are not dealing with an ill-conditioned inverse problem that would require an explicit

regularization. The 608 coefficients are then estimated by weighted least-squares and the

inversion is performed with a singular value decomposition (SVD) algorithm, thus offering
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the possibility at a later stage to solve the problem with the generalized truncated SVD

technique.

The results of the synthetic inversion is assessed in the spatial and spectral domains

using several criteria (see Alken et al. (2021) for a list of possible criteria). We show

in Figure S5 the power spectrum of the estimated model with the power spectrum of

the input rescaled CHAOS model for the main field and its secular variation. These are

accompanied with the results of the spherical harmonic correlation analysis. Both power

spectra for the main field agree in strength and correlate better than 0.99 over the full

degree range. For the SV the correlation is better than 0.75. However, we observe an

increase in the estimated power spectrum starting from SH degree 8. This overestimated

energy compared to the rescaled CHAOS benchmark model is the sign of power leakage

from the time-varying structures that are not accounted for in the estimated model. Figure

S6 shows the input and output radial field and its difference at Rsf (0.83 times Jupiter’s

radius) to SH degree 20 for the static part and to SH degree 8 for the SV part. We observe

no significant residuals for the static field while the SV residuals follow the SV structures.

The residuals are one order of magnitude smaller than the input SV model indicating the

presence of a small power leakage that is amplified at the dynamo radius.

Text S2. Dynamo Radius Estimate

For Earth, the geomagnetic field spectrum (Lowes, 1966) can be steadily interpreted

in terms of magnetic source location. There is an apparent slope break near degrees

13-14 that distinguishes between the energy from the core and crustal field components,

respectively. Ignoring the dipole term, the spectrum becomes almost flat when downward
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extrapolated to the CMB for the core part, while it shows an almost null slope at the

surface for higher degrees. This property has been observed for a long time (Lowes, 1974)

and has been suggested to provide a crude estimate of the core radius on other planets

where seismological measurements are not available.

This crude estimate can be refined by using alternative expressions to the power spec-

trum. McLeod (1996) defined an expression using magnetic monopoles to estimate core

radius. Langlais, Amit, Larnier, Thébault, and Mocquet (2014) defined two additional

expressions, first using the non-zonal terms (m ̸= 0) and the second using the quadrupole

terms (n+m even). These two sub-families show flat spectra independent of degree n at

a radius r, interpreted as the CMB for Earth (Figure S7). The non-zonal spectrum has a

null slope immediately above the dynamo area. This is expected because the geomagnetic

field is axisymmetric on the long term, and the non-axisymmetric part is thought to be

random. The flatness of the quadrupole family spectrum is explained by the dominance

of rotational effects in the dynamo process. They can be defined as

Rnz
n (r) = (n+ 1)

(
a

r

)(2n+4) n∑
m=1

[(gmn )
2 + (hm

n )
2] (3)

Rqf
n (r) = (n+ 1)

(
a

r

)(2n+4) n∑
m=0, n+m even

[(gmn )
2 + (hm

n )
2] (4)

where a is the reference radius, equal to the planet’s radius.

The Rnz
n and Rqf

n provide a close estimate of the core radius as was verified using

four different geomagnetic models (Langlais et al., 2014). For CHAOS-4 field model at

epoch 2005 and n = 13, the estimated core radius Rnz estimated from Eq.(3) is 3,486.6

km and the Rqf estimated from Eq.(4) is 3,496.7 km, which are similar to the accepted
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seismic value of 3,481.7 km. The maximum likelihood value using the approach of Lowes

(1974) gives Rlowes=3,294.5 km and the one using the approach of McLeod (1996) provides

Rmcleod=3,586.5 km, both deviating significantly from the accepted seismic value. The core

(or dynamo) radii for other planets were also estimated. Using the JSV model of Ridley

and Holme (2016) for Jupiter up to n = 5, Langlais et al. (2014) provided the values 0.86

and 0.87 RJ for Rnz and Rqf respectively. For our model, we estimate the dynamo radius

for both the non-zonal and quadrupole families (Figure S8) by varying the truncation

degree between 10 and 20, and observe that the slope is the most flat at n = 16. The

radius starts to increase beyond it. The non-zonal spectrum gives a value of 0.831 RJ with

a standard deviation of 0.021 RJ , while the quadrupole family spectrum returns 0.829 RJ

with a standard deviation of 0.024 RJ . Both independent estimates therefore fall within

each other’s error bars. The mean of the radii estimated using nmax
i = 16 corresponds to

0.830±0.022 RJ .
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Figure S1. The data locations of Juno satellite below 300,000 km for the first 28

(without orbit 2 and 19) perijoves. The colour scale represents the altitude above the

mean radius. The map is centered at 180◦ longitude.
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Figure S2. The residual misfits plotted as a function of the SH degree for the model

by Connerney et al. (2022) (red), a model without SV (blue) and our model (black).
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Figure S3. The (top) radial field and (bottom) radial secular variation at the estimated

dynamo radius Rsf for the (left) North Pole and (right) South Pole. The inner to outer

circles represent latitudes 85◦, 75◦ and 60◦ respectively.
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Figure S4. (a) The initial power spectrum of the CHAOS-7.8 main field model (ma-

genta), its SV (purple) and the spectrum of Connerney et al. (2022) main field (cyan).

The red, orange and black straight lines are the power law rules estimated by least-squares

fits for these models respectively. The power laws for the CHAOS main field model (red

lines) are different from degrees 1 to 13 and from degrees 14 to 20 (Text S1 for details).

The new rescaled CHAOS-7.8 main field and SV models are shown in blue and green

respectively. The units for main field are nT2 and (nT/year)2 for SV spectra.
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Figure S5. (a) The power spectrum of the main field (in blue with units of nT2) and

secular variation (in red with units of (nT/year)2) of the estimated and input (black)

magnetic field models at the Jovian surface. (b) The spherical harmonic correlation

between the estimated and the input models for the main field (blue) and the SV (red).
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Figure S6. The (a) radial field of the estimated model and the (b) difference of the

radial field between the input and estimated model in the synthetic analysis. The (c)

radial SV of the estimated model and the (d) difference of the radial SV between the

input and estimated model in the synthetic analysis. The maps are centered at 180◦

longitude and plotted at Rsf .
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Figure S7. (a) Geomagnetic power spectrum of CHAOS-7.8 model at the CMB with

linear regression from n=1-13 (black dashed line, slope = -0.0493) and 2-13 (black line,

slope = -0.0245). (b) The non-zonal spectra with linear regression (black line) for the

geomagnetic model (blue, slope = 0.0077) at CMB and for our model (red, slope =

0.0008) at the estimated dynamo radius Rsf . (c) The quadrupole family spectra with

linear regression (black line) for the geomagnetic field (blue, slope = 0.0060) at CMB and

for our model (red, slope = 0.0008) at the estimated dynamo radius Rsf .
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Figure S8. The dynamo radius estimates with the error bounds calculated using the

non-zonal (red) and quadrupole (blue) terms at different truncation degrees using the

estimated Jovian magnetic field model.

Table S1. Inversion misfits (in nT) for models without and with secular variation

(nmax
i = 20 and 8 for the main field and SV respectively).

Br Bθ Bϕ B

model without SV 286 264 357 305

model with SV 176 203 176 186
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