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. Sharan!, B. Langlais!, H. Amit!, E. Thébault?, M. Pinceloup®, and O.

Verhoeven!

1Laboratoire de Planétologie et Géosciences, CNRS UMR 6112, Nantes Université, Université d’Angers, Le Mans Université,
Nantes, France

2Laboratoire Magma et Volcans, Université Clermont Auvergne, UMR. 6524, CNRS, IRD, OPGC, Clermont-Ferrand, France

Contents of this file
1. Text S1 and S2

2. Figures S1 to S6

Corresponding authors: S. Sharan, Laboratoire de Planétologie et Géosciences, CNRS
UMR 6112, Nantes Université, Université d’Angers, Le Mans Université, Nantes, France
(shivangi.sharan@univ-nantes.fr)

Corresponding authors: B. Langlais, Laboratoire de Planétologie et Géosciences, CNRS
UMR 6112, Nantes Université, Université d’Angers, Le Mans Université, Nantes, France

(benoit.langlais@Quniv-nantes.fr)

March 23, 2022, 10:32am



X-2 SHARAN ET AL.: INTERNAL STRUCTURE AND DYNAMICS OF JUPITER

3. Table S1
Text S1. Synthetic simulation

The internal Jovian magnetic field and its temporal rate of change (secular variation)
is expanded in terms of Spherical Harmonics (SH). Above the magnetic sources, the

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

ﬁ = —VV and where in spherical coordinates it is approximated by the finite series
Nmaz N a n+1
Vil 0,0.8) = 3- 3 {(%)" (g(0) cosmo + 2 (1) sinma) P (cos0) | (1)
n=1 m=0 r

where r denotes the radial distance from the center of Jupiter, a is a reference radius,
taken at Jupiter’s equatorial radius at 71,492 km, 6 is co-latitude, and ¢ the longitude.
The functions P"(cos ) are the Schmidt quasi-normalized associated Legendre functions
of degree n and order m. The Gauss coefficients g;', h"* are the parameters to be estimated
by inversion of the measurements. They are functions of time ¢ and are conventionally
given in the units of nano-Tesla (nT). The three vector components of Jupiter’s magnetic
field in the radial, southward and eastward horizontal directions (B,, By and By) are

computed taking the negative gradient of Eq. (1).

ov 1oV 1 oV
Br = BQ:_;%’ ®7 rsinf 9¢ @)
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In order to test the data distribution and its adequacy with model determination, we
compute synthetic vector magnetic field values at the actual Juno location and epoch using
the Earth CHAOS-7.8 model (Finlay et al., 2020). This time-dependent geomagnetic

field is based on magnetic field observations collected by the low-Earth orbit satellites
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between years 1999 and 2021. It describes the vector field components up to SH degree
Nmaz = 20 for the core field with order 6 B-splines (de Boor, 2001) and a 6-month knot
separation. The synthetic data therefore contains a significant amount of SV, acceleration,
and contributions of higher time derivatives, including some geomagnetic jerks or pulses,
which are sudden changes in the second time derivative of the Earth’s magnetic field (e.g.,
Aubert & Finlay, 2019). The full model is used to predict the field over the four years of
Juno data.

We test the ability of our algorithm to retrieve the Gauss coefficients of the CHAOS-7.8
model by linear least-squares inversion of the synthetic vector values (Eq. 2) without
explicit regularization. We parameterize the inverse problem for the static internal field
up to SH degree n,,.. = 20. The time resolution of the Gauss coefficients being imposed
by Juno’s data distribution in time, the temporal variation is restricted to SH degree 8
with a basis of cubic B-splines with 2-yr knot spacing in order to avoid dealing with an
ill-conditioned inverse problem. The input and output model parameterizations are thus
different, as the synthetic data predicted by the input CHAOS-7.8 is more complex in
space and time than what can be recovered by the inverse problem. In order to assess
further the robustness of the inversion with respect to noise we test by adding Gaussian
random noise of 1 nT to the vector synthetic values.

The assessment of the estimated model can be done by comparisons with the input
model in the spatial and/or the spectral domain (see for instance Alken et al. (2021) for
a list of possible criteria). Here, our intention being to provide a robust set of Gauss

coefficients for the main field and its SV, we show in Figure S4 the comparison between
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SH power spectra for the main field and the SV and the SH correlation analysis between
the input and the estimated model for these two quantities for the data central epoch.

For this synthetic simulation the estimated coefficients indicate that the main field is
well recovered up to SH degree 13 with a degree by degree correlation between coefficients
better than 0.8. Beyond the SH degree 14 the power spectrum shows a bell shape structure
introduced by spectral leakage and noise amplification. The power spectrum of the SV is
in very good agreement with the input model up to SH degree 8 with a correlation better
than 0.9. We use these analyses to constrain our field and SV model to degree 13 and 8
respectively.
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 degree 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 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
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terms (n 4+ m even). These two sub-families show flat spectra independent of degree n at
a radius r, interpreted as the CMB for Earth (Figure S5). 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

a (2n+4)
R = (7) Sl + 0 3
RE) =0+ )(9) TS e ey ()

m=0, n+m even

The R and R% provide a more accurate estimate of the radius, much closer to the
seismic values, and verified using four different geomagnetic models (Langlais et al., 2014).
For CHAOS-4 field model at epoch 2005 and n = 13, the R,,, is 3,486.6 km and the R is
3,496.7 km, which are very close to the accepted seismic value of 3,481.7 km. The values
Riowes=3,294.5 km and R,,cc0a=3,586.5 km are less accurate. 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 R, for
R,. and Ry respectively. For our model, we estimate the dynamo radius for both the
non-zonal and quadrupole family (Figure S6) by varying the truncation degree between
10 and 15, and observe that the radius remains constant up to n = 13. The non-zonal
spectrum gives a value of 0.851 R; with a standard deviation of 0.012 R;, while the
quadrupole family spectrum returns 0.839 R; with a standard deviation of 0.018 R;. The

mean of the radii estimated using 7,,,. = 13 corresponds to 0.845+0.015 R;.
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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 colours represent different altitudes above the

surface.
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Figure S2. The residual misfits plotted as a function of the SH degree for the model

by Connerney et al. (2018) (red), a model without SV (blue) and our model (black).
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The (top) radial field and (bottom) radial secular variation at R,y 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 power spectrum of the main field (shown in blue, units - nT?) and
secular variation (shown in red, units - (nT/year)?) of the estimated and input (black)
geomagnetic model. (b) The correlation between the estimated and input model for the

main field (blue) and SV (red).
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Figure S5. (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 =
0.0142) at Rss. (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 =

0.0007) at Ry
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Figure S6. The dynamo radius calculated using the non-zonal (red) and quadrupole

(blue) terms for different truncation degrees.

Table S1. Misfits (in nT) without and with secular variation.

B, By, B, B

model without SV 1982 1768 796 1843

model with SV 1948 1706 810 1796
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