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Seismology represents a unique method to probe the interiors of giant planets. Recently, Saturn’s f-modes
have been indirectly observed in its rings, and there is strong evidence for the detection of Jupiter global
modes by means of ground-based, spatially-resolved, velocimetry measurements. We propose to exploit
Juno’s extremely accurate radio science data by looking at the gravity perturbations that Jupiter’s acoustic
modes would produce. We evaluate the perturbation to Jupiter’s gravitational field using the oscillation
spectrum of a polytrope with index 1 and the corresponding radial eigenfunctions. We show that Juno
will be most sensitive to the fundamental mode (n = 0), unless its amplitude is smaller than 0.5 cm/s, i.e.
100 times weaker than the n ~ 4 — 11 modes detected by spatially-resolved velocimetry. The oscillations
yield contributions to Juno’s measured gravitational coefficients similar to or larger than those expected
from shallow zonal winds (extending to depths less than 300 km). In the case of a strong f-mode (radial
velocity ~ 30 cmy/s), these contributions would become of the same order as those expected from deep
zonal winds (extending to 3000 km), especially on the low degree zonal harmonics, therefore requiring
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a new approach to the analysis of Juno data.
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1. Introduction

Arriving at Jupiter on 4 July 2016, NASA’s Juno mission will
complete 37 orbits around the planet, revealing details of its inte-
rior structure and composition (Bolton, 2010). A radio science ex-
periment will measure Jupiter’s gravity field with extremely high
accuracy, thereby providing constraints on the planet’s interior
density profile and differential rotation (Guillot, 2005; Hubbard,
1999; Kaspi et al., 2010). Juno’s orbit is polar and highly eccentric
(e = 0.95), with a period of about 14 days. The perijove altitude
is about 4000 km above the reference 1 bar level (which cor-
responds to 71,492 km at the equator). The pericenter latitude
precesses from 5° N to 35° N over the nominal one-year and a
half mission. The longitude of the node is controlled by means of
orbital maneuvers. During pericenter passes Juno is tracked from
ground at Ka band (32-34 GHz) to obtain the spacecraft range
rate to accuracies of a few micron/s over time scales of 1000 s (see
Asmar et al., 2005). The low pericenter altitude and the very accu-
rate radio system provide excellent sensitivities to the gravity field
of the planet (Finocchiaro, 2013; Finocchiaro and less, 2010).

* Corresponding author.
E-mail addresses: daniele.durante@uniromal.it (D. Durante),
tristan.guillot@oca.eu (T. Guillot), luciano.iess@uniromal.it (L. Iess).

http://dx.doi.org/10.1016/j.icarus.2016.09.040
0019-1035/© 2016 Elsevier Inc. All rights reserved.

Another method to probe the interior of the planet is through
the determination of Jupiter’s acoustic normal modes. While these
oscillations are certainly a potential source of information on the
radial density profile, they may also complicate the interpretation
of Juno’s gravity data. Jupiter’s normal modes displace large masses
that may perturb the spacecraft motion to levels that can be mea-
sured by Juno’s extremely accurate Doppler system.

Theoretical studies of Jupiter’s seismology were first performed
in the mid 1970s (Vorontsov et al., 1976). They were subsequently
revised and extended to include the effect of Jupiter’s rotation
and flattening (Mosser, 1990; Vorontsov and Zharkov, 1981), atmo-
sphere (Mosser, 1995), and to infer consequences for Jupiter’s inte-
rior models (Gudkova and Zharkov, 1999; Jackiewicz et al., 2012).

Over the past decades, several attempts to observe Jovian
global modes have been carried out with different methods:
thermal infrared photometry (Deming et al., 1989), optical reso-
nance spectrophotometry (Schmider et al., 1991), using a Fourier
transform spectrometer (Mosser et al, 1993), and finally with
SYMPA (Seismographic Imaging Interferometer for Monitoring
of Planetary Atmospheres), a Fourier tachometer whose princi-
ple is based on the spectro-imaging of the full planetary disk
(Schmider et al., 2007). Analyzing data acquired with the latter in-
strument, Gaulme et al. (2011) detected an excess power between
800 and 2100 pHz and a secondary excess power between 2400
and 3400 pHz, as well as a characteristic splitting of the peaks of
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155.3 £ 2.2 pHz, all of these compatible with frequencies of acous-
tic oscillations predicted by interior models of Jupiter.

In parallel, Hedman and Nicholson (2013) confirmed that waves
observed by the Cassini spacecraft in Saturn’s rings cannot be
caused by satellites and therefore must result from global oscilla-
tions in Saturn, as had been proposed by Marley and Porco (1993).
In this case, the very accurate determination of mode frequencies
allows to directly probe the interior structure. The modes observed
are f-modes, i.e., they correspond to the fundamental (n = 0) mode
of acoustic oscillations. Fuller (2014) proposed that the observed
frequency splitting results from a mixing mechanism between f-
modes and g-modes (i.e., non-acoustic waves for which the restor-
ing force is gravity), which requires the existence of a deep thick
stable stratified region within the interior of Saturn.

It is thus clear that both Jupiter and Saturn oscillate (to some
degree) and that a large fraction of the mass of these planets is in-
volved in these oscillations. We aim to determine whether these
oscillations have consequences for Juno, both for our ability to
properly estimate the gravitational moments and then to provide
constraints on the characteristics of those oscillations.

The article is organized as follows: In Section 2, we describe
the simplified acoustic oscillation spectrum of Jupiter adopted as a
basis for our calculations. In Section 3, we explain how we model
gravitational perturbations arising from the oscillations. The conse-
quences for Juno’s measurements are presented in Section 4. The
last section summarizes our findings.

2. Jupiter’s acoustic oscillation spectrum

As first demonstrated by Vorontsov et al. (1976), Jupiter’s at-
mosphere reflects acoustic waves if their frequency is smaller than
about 3 mHz. These waves may propagate into the planetary inte-
rior, down to the core for some of them. At some well-defined fre-
quencies, these waves resonate constructively and can reach non-
negligible amplitudes. These frequencies depend on the structure
of the planet. As long as a precise determination of the wave fre-
quencies is not required, we estimate them by using simple mod-
els. The amplitudes of the waves depend on several unknown fac-
tors: the structure of the planet but also excitation and damp-
ing mechanisms. At this stage it is hard to identify a clear exci-
tation mechanism. In terms of damping in the absence of other
mechanisms yet to be determined, radiative damping in the atmo-
sphere will yield a slow decay of waves with a timescale of about
300 years at 1 mHz to 10 days at 3 mHz (see Mosser, 1995 and
Gaulme et al., 2015).

Following Hubbard (1977) (see also Guillot, 2005), we choose
to approximate Jupiter’s interior structure by a simple polytropic
model of polytropic index equals to 1. The simplicity of this model
does not compromise the results and the conclusions of this paper.
The spectrum of mode frequencies surely differs from those pre-
dicted by more sophisticated model, but for our purposes, slightly
different frequency values do not change substantially the over-
all picture of the gravitational signature of Jupiter acoustic modes.
The same is true if the radial eigenfunctions are slightly changed.
Indeed, our goal is simply an assessment of the effect of normal
modes on Juno’s gravity measurements. As a reference, frequen-
cies obtained with the polytrope for low-degree, low-radial-order
modes differs by about 5% with respect to those reported by de-
tailed models (e.g., Gudkova and Zharkov, 1999). From a geophysi-
cal point of view this aspect is crucial, but not for the purpose of
this paper. Eigenfrequencies and eigenfunctions can then be eas-
ily computed for the polytropic model. As we comment later in
Section 3.1, gravity measurements does not allow us to consider
modes of degree 0 and 1. The frequencies of the first few low de-
gree, low-radial-order modes are reported in Fig. 1, starting from
I=2.
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Fig. 1. Frequencies for low degrees and low radial order acoustic modes.

The period of the modes plays a crucial role in Juno’s mea-
surements. Due to the high eccentricity of Juno’s orbit, the mea-
surement sensitivity to the harmonics of gravity field is higher
near perijove, and decreases sharply as the spacecraft altitude in-
creases (gravity measurements are carried out at about +/— 4 h,
corresponding to ~ 5.8 R;,p,, from closest approach). Fundamental
modes have periods of about one hour, to a maximum value of 2 h
for the | = 2 mode. Higher radial order modes have progressively
shorter periods. The modes detected by SYMPA have periods be-
tween about 5 to 20 min and would correspond to n ~ 4 to 11
modes for | = 2 modes. Therefore the timescale of these phenom-
ena falls within Juno’s sensitivity window, set by the duration of a
perijove pass (8 hours).

Jupiter radial eigenfunctions are reported in Fig. 2. On the left,
eigenfunctions for fundamental modes (n = 0), affecting the whole
planet, are reported for m=0 and increasing degree, whereas
modes with degree | =2, m =0, and increasing radial order are
shown on the right. Eigenfunctions are normalized to be unity at
Jupiter reference radius.

We can notice on the left panel of Fig. 2 that, as the degree
of the spherical harmonic increases, the fundamental modes move
towards the surface, and the perturbation influences a limited por-
tion of the planet (the outer layers). Similarly (right panel on
Fig. 2), when the radial order increases, the oscillation period de-
creases, and the corresponding eigenfunction reaches values close
to unity only near the surface. High radial order oscillation modes
influence the Jupiter upper layers, whereas low radial order modes
penetrate deeper in the planet. It is a very well known aspect of
acoustic modes: they probe different region of the interior of a
planet (or a star) according to its degree and radial order.

3. Gravity perturbation modeling
3.1. Basics
In order to evaluate the perturbation to Jupiter gravitational

field produced by acoustic modes, we start from the harmonic ex-
pansion of the gravitational potential:

1
U(r,9,§0)=—¥ 1+ > [(1:) Urm Yz{m(9,<p)]
(M

=2 —l<m<l
With the usual convection, R is the reference Jupiter radius, r
is the radial coordinate, 6 is the colatitude, and ¢ is the longitude
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Fig. 2. Radial eigenfunctions versus distance (Jovian radii), normalized at the surface. On the left, fundamental modes with increasing degree; on the right, modes with [ = 2

and increasing radial order.

at which the potential is computed. The term —@ represent the

monopole term, | =0 in the harmonic expansion. In addition, by
imposing terms with [ =1 to zero, the center of mass is found at
the origin of the reference frame. The normalized spherical har-
monic of degree I and order m is denoted by Y; ,,(6, ¢).

The internal density distribution p(r) determines the spherical
harmonic coefficients U; ,, through (Bertotti et al., 2003):

_ " Y@ @) p(PH AV
Uim = QI+1) MR (2)

The integral is over the volume of the reference sphere, with
the volume element dV = "2 sind’ dr’ d9’ d¢’. The density is com-
puted at the internal point P/, normalized by the total mass of the
planet, M.

The density profile of Jupiter is perturbed by acoustic oscilla-
tion, thus:

p(r'. 0. ¢" t) =p(. 0" ¢)

+ Z Z Z [Apl,m.n(r/y o', (/J/, t)]

=2 —I<m<l n=0

(3)

The internal unperturbed density profile p(1’,0’,¢’) is dis-
turbed by the superposition of perturbation characterized by dif-
ferent degree and orders, Ap (1, 6, ¢’, t). Each of these den-
sity perturbations must conserve the total amount of mass, and
its temporal average over long time-scale must be zero. Thus, they
must satisfy:

/ Apl,m.n(r/,e/a(/)/,f) dV =0 (4)
v

Arol,rn,n(r/v 9/’ <P/7 t) =0 (5)

The last two equations must be satisfied for any density pertur-
bation associated to all allowable degree and order. We can write
the density perturbation as:

A/Ol.m,n(r/s 0. ¢ t)= Kbl.m,n(r/v 0'.¢") cos(wpmnt + Grmn)
(6)

The term Avpl'myn(r’,é/, ¢’) indicates the maximum amplitude
of the perturbation. In the cosine term, w;p, is the mode fre-
quency and ¢, , accounts for the oscillation phase. The first factor

is:
— 9
Apimn(T, 0, ¢') = ( p )

or [Al,m,n fl,m.n(r/) Yl,m(e/v <P/)]

r

(7)

In Eq. (7), (g—f)
dius 1, fin(1') is the radial eigenfunction associated to the acoustic
mode of degree [, azimuthal order m, and radial order n, whereas
Ajmn is the displacement of the upper troposphere.

By construction, the proposed formulation automatically satis-
fies the relation given in Eq. (5) for every admissible value of I,
m, and n. On the other hand, the condition of mass conservation
(Eq. (4)), is not met when [ = 0. This is because the proposed for-
mulation does not account for the expansion and contraction of
Jupiter’ shape. In addition, a [ =0 density perturbation (of arbi-
trary order n) does not affect external gravity, because the external
gravitational potential is invariant to spherically symmetric varia-
tions of the internal density distribution. Furthermore, the relation
given in Eq. (7) should not be applied to the dipole | =1 terms.
Indeed, a perturbation associated to a dipole potential would pro-
duce a displacement of the center of mass of the planet, which
would violate conservation of momentum. Thus, Eq. (7) only ap-
plies to modes with [ > 2 and arbitrary order m and n.

The above formulation allows the computation of the dy-
namic contribution to Jupiter gravitational potential. The spher-
ical harmonic coefficients of the gravity field expansion given
in Eq. (1) include now the dynamic part due to the acoustic
modes:

’ is the density gradient at a given internal ra-
r/

Ul.m = U[?;ATIC + ZUI,m.n Cos(wl.m,nt + (z)l.m,n)

n=0

(8)

The dynamic spherical harmonic coefficients (identified by an
upper tilde) are:

5 R Yin(© @) Apypa(PYAV
Ul.m,n = - ’[
2I+1) MR

(9)

The last formula allows the computation of acoustic perturba-
tions to the gravity field coefficients. The integral can be computed
numerically in spherical coordinates. Spherical harmonic functions
are well defined in the literature, and the density perturbation at
a given point P’ is given by Eq. (7) (Jupiter mass and reference ra-
dius are well known). The amplitudes of the coefficients depend
only by the free parameters A, ,, i.e., the surface displacement for
the different modes. The gravitational potential, including the per-
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turbation from Jupiter modes, writes:

1
Ure.p) = -G+ ¥ [(f) Ui Yz,mw,w)]
=2 —l<m=l
I ~
+ Z Z Z[(f) Ul,m.n ylm(97(p) Cos(wl,m.nt

[>2 —l<m<In=0

+¢l,m.n):|} (10)

The gravitational acceleration equals the gradient of this gravi-
tational potential:

aff = —VU (11)

The superscript BF indicates that the acceleration is computed
in the Jupiter body fixed reference frame. The components of the
acceleration (Eq. (11)) in the inertial reference frame (required for
the integration of the trajectory) are evaluated using the IAU rota-
tion model for Jupiter (Archinal et al., 2011).

3.2. Modes amplitudes and perturbed harmonic coefficients

At present, the only evidence of large acoustic oscilla-
tions on Jupiter comes from the analysis of radial velocity
maps of Jupiters upper troposphere. The results provided by
Gaulme et al. (2011) suggest a mode peak amplitude, in term of
radial velocity, of about:

v~49 cm/s (12)

The frequency of maximum amplitude in the first window
(800-2100 pHz) has been found to be:

f~1213 £ 50 pHz (13)

These results are in broad agreement with the theoretical val-
ues (Bercovici and Schubert, 1987; Mosser, 1995; Vorontsov et al.,
1976) and previous observations (Mosser et al., 2000). However the
mechanism responsible for exciting these waves at these high am-
plitudes remains unknown (e.g., Gaulme et al., 2015).

Fuller (2014) estimates that the mode amplitudes detected in
Saturn by Hedman and Nicholson (2013) are about 1000 times
smaller than those found by Gaulme et al. (2011). This difference is
in line with what has been observed on the Sun, where the ampli-
tudes of low frequency modes are generally much smaller than the
peak amplitude at higher frequency modes (Goldreich et al., 1994).

We would like to stress that Jupiter’s detected modes are es-
sentially p-modes (with radial order n ~ 4 — 11 and a low degree [
~ 1), whereas for Saturn only f-modes (n = 0) have been observed.
The main difference between the two is essentially the associated
frequency: f-modes have lower frequency than p-modes. For the
Sun, the ratio between the observed mean velocity associated to
p-modes and the observed mean velocity associated to f-modes
(equal degree) is as order of magnitude ~ 100 []. Jackiewicz, per-
sonal communication]. Thus, we may expect p-mode velocities to
be larger than f-modes also for Jupiter and Saturn.

Unfortunately, Gaulme et al. (2011) were not able to identify
the degree and order of the spherical harmonics expansion of
Jupiter’s modes due to the high correlation between the projection
of spherical harmonics into 2-dimensions, mainly produced by the
resize of the sensitivity area to 75% of the Jovian diameter. For this
reason, simplifying assumptions have to be made about the mode
amplitudes:

1. We suppose that the radial velocity associated to each mode
depends only by its oscillation frequency, and not directly by its
degree or radial order. This is in agreement with the observa-
tion of solar p-modes []. Jackiewicz, personal communication];

2. Although the excitation mechanisms certainly do not privilege
zonal modes, Juno is mostly sensitive to a zonal field. We there-
fore focus on the effects of those components of acoustic oscil-
lations;

3. We assume a Gaussian profile for the radial velocity to fre-
quency mapping function, plus a constant radial velocity, inde-
pendent of modes characteristics.

With these assumptions, each mode’s amplitude depends only
by its frequency, and the mapping function is:

2
U(f) = Upigs + (Vmax - Ubias) exp _% (fdjfrm(w) (14)

The velocity-to-frequency profile is constructed to match the
observed peak frequency (1210 pHz), and the maximum observed
radial velocity (50 cm/s). The parameter oy is the standard de-
viation in frequency, which is related to the Gaussian distribution
assumed for the radial velocity. The quantity v, is the additive
constant value, independent of the mode’s frequency. To compute
the surface displacement, we divide each modes mean radial ve-
locity at the surface by its frequency:

V(fimn)

Al.m,n|r:R = m (15)

The surface displacement allows the computation of the pertur-
bation on harmonic coefficients. However, because we have infor-
mation only within the observed frequency range, the quantities
Vpigs and o are unknown, with no direct indication of their puta-
tive value. We explore two different scenarios to account for the
uncertainty in the velocity-to-frequency profile, identified as case
A and case B.

Case A is a nominal case. The value for vy, is selected to match
(in order of magnitude) the observed ratio between the ampli-
tudes of p-modes and the amplitude of the f-modes in the Sun.
This ratio represents the relative contribution to p-modes with re-
spect to f-modes. For the Sun, the maximum ratio is about 100 (it
changes with the degree considered). For Jupiter, we can achieve
this by imposing v;;,s = 0.3 cm/s, and selecting the other free pa-
rameter to match the trend in the observed values of the mean ra-
dial velocity around the maximum amplitude frequency, thus set-
ting oy =300 pHz. The fact that our function is a relatively poor
approximation of the spectral amplitudes at high frequencies is in-
consequential: as we will see afterwards, high order modes have
much smaller effects on the global gravitational acceleration.

The second scenario, case B, depicts a very energetic Jupiter,
with large f-mode amplitudes. The bias velocity is selected as to
match SYMPA’s observed values for radial velocity at high frequen-
cies (larger than the peak amplitude frequency), neglecting the
contribution from the background noise. Thus, we set vp;,; = 30
cm/s, and oy = 300 pHz. These values correspond to a profile that
fits the observed values reported in Gaulme et al. (2011). Fig. 3
shows the velocity-to-frequency profiles for the two cases consid-
ered, with observed values reported for comparison. This unphysi-
cal case represents an upper limit set by current observation.

3.3. Consequences for Jupiter’s static gravity field

In order to evaluate the contribution to Jupiter gravity field
coming from acoustic modes in the two cases, we compare the
acoustic gravity harmonics with those expected from static grav-
ity. Jupiter gravity field is supposed to be the superposition of
two main contributions: Jupiter solid body rotation, described by
Hubbard (2012), and wind dynamics, which contribute (according
to their penetration depth) to perturb the gravity field as described
by Kaspi et al. (2010).

http://dx.doi.org/10.1016/j.icarus.2016.09.040
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A summary plot of the harmonic coefficients for the selected
cases is reported in Fig. 4, including modes with different degree
and radial order. For comparison, we report also the static contri-
bution due to zonal winds for two different penetration depths:
H =300 km (shallow winds), and H = 3000 km (deep winds).

Fig. 4 shows that the expected dynamical contribution to grav-
ity field harmonics tends to decrease for increasing radial order
(for n > 8) and increasing harmonic degree. Thus, low degree, low
radial-order modes give the largest contribution to the gravity sig-
nal. Note that high order mode amplitudes (n ~5 — 7) are essen-
tially fixed by the maximum velocity given by the observations,
whereas for the n =0 f-modes (and generally for low n modes)
we do not have direct indications, and the amplitude depends sub-
stantially on the parameter v;,. Indeed, in Fig. 3 we notice that in
case B a large bias exists for all modes, while in case A the low
frequency modes have a much smaller amplitude.

We also note that in case A the perturbing coefficients have
about the same order of magnitude of shallow winds coefficients.
In case B, gravitational perturbations due to acoustic modes are
very significant, with magnitudes comparable to the contribution
coming from density perturbations due to wind circulation in a
deep zonal winds scenario. In the next section, we estimate the
consequences of oscillations for Juno’s dynamical measurements of
Jupiter’s gravity field.

4. Juno sensitivity to dynamical gravitational field
4.1. Juno’s gravity experiment
Juno’s gravity experiment aims to estimate Jupiter’s gravity field

through the analysis of radio tracking data. The crucial observable
quantity is the Doppler shift of a two-way, coherent, radio link es-
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Table 1
Acceleration terms acting on Juno at pericenter, from
Tommei et al. (2015).

Cause Value(km/s?)
Jupiter monopole 2.3 x 102
Jupiter oblateness (J5) 1.2 x 1073
Jupiter J4 5.0 x 103
Jupiter Jg 3.5x10°6
Solid tide (o) 8.9 x 109

tablished in Ka-band (32-34 GHz) between a ground station and
the spacecraft. In that configuration, the ground station transmits
a reference radio signal to the spacecraft, which retransmit the in-
coming signal coherently in phase to the same ground station on
Earth. Doppler data provide the spacecraft range rate (relative ve-
locity projected on the line-of-sight), enabling the reconstruction
of spacecraft trajectory as well as the estimation of the gravity mo-
ments. The onboard Ka-band translator system (KaTS) is the key
element of the radio system, enabling range rate measurements ac-
curate to 20 pm/s at 60 s of integration time (see Finocchiaro and
less, 2010, for a complete discussion). Such an accuracy allows in
principle to sample accelerations as low as 3 x 10-10 km/s2. How-
ever, Juno’s real performance may be accurately evaluated just by
means of numerical simulations that include the processing of syn-
thetic Doppler data in a precise Orbit Determination (OD) software.

Previous studies (see Finocchiaro and less, 2010, Finocchiaro,
2013, and Tommei et al., 2015) assessed the main acceleration
terms contributing to spacecraft motion near perijove (see Table 1).
The main term is due to Jupiter’s monopole (2.3 x 10~2 km/s?),
whereas the planet oblateness produces an effect one order of
magnitude smaller. Higher order harmonics produce a smaller, but
still well detectable, acceleration on the Juno spacecraft. The tide
induced on Jupiter by its moon lo produces an acceleration on the
spacecraft of about 10~8 km/s2, again large enough to be measured
by Juno’s accurate Doppler system.

Fig. 5 shows the perturbing acceleration acting on Juno induced
by acoustic oscillations, in the first three gravity orbits (#5, #10,
and #11), for case A and B. The peak acceleration occurs near peri-
jove, for a total duration of about two hours. The gravitational sig-
nal changes with each orbit because it depends on how the differ-
ent modes overlap, leading to an unpredictable initial phase of the
modes at the beginning of each tracking arc. In our calculations,
the phases of the modes are the same in the two cases but their

amplitudes are very different, yielding different perturbing acceler-
ations. We seek to evaluate when the signal becomes large enough
to be seen in Juno data.

Juno’s 20 pm/s Doppler precision at 60 s is close to the limit
of current microwave systems. Case A shows signals which are
slightly smaller than this value, whereas in case B they are more
than an order of magnitude above it. However, the expected per-
formance of the experiment depends on the number of solve-for
parameters and the information matrix of the problem. It turns
out that the static gravity field coefficients show significant mu-
tual correlation (Finocchiaro, 2013; Finocchiaro and less, 2010). For
this reason, we assessed Juno’s capability by means of a full set of
simulation with an orbit determination (OD) code.

4.2. Orbit determination code and dynamical models

The setup used to investigate the performance of Juno radio
science experiment includes two successive steps: data simulation
and data estimation. Both of these steps have been carried out JPL’s
latest OD code, MONTE (Mission Analysis, Operations, and Naviga-
tion Toolkit Environment, see Evans et al. (2016)), and a separate,
multi-arc estimation filter for the estimation process (Milani and
Gronchi, 1999).

Juno’s synthetic Doppler data (two way, Ka-band radio ob-
servables) are simulated for all perijove arcs devoted to ra-
dio science passes. The initial conditions for the spacecraft
(position and velocity) are extracted from the most up-to-
date reference trajectory delivered by the Juno navigation team
(spk_ref_150326_180221_150326.bsp, available at NASA’s NAIF
website). The dynamical model for the spacecraft, discussed in
detail by Finocchiaro and less (2010), Finocchiaro (2013), and
Tommei et al. (2015), accounts for gravitational accelerations from
all the solar system’s bodies and from the Galilean satellites. The
Doppler observable is computed in a relativistic context to the
post-Newtonian first order correction. The solar pressure on Juno’s
large solar panels is included, as well as the acceleration due to
Jupiter albedo and thermal emission. The tides raised on Jupiter
by the Galilean satellites (the main contribution coming from Io)
are included by means of Love numbers (see Murray and Der-
mott, 1999). Jupiter’s gravity field has been simulated in the shal-
low winds case (penetration depth of 300 km) for the zonal
winds (Kaspi et al., 2010). A full set of gravity field coefficients
up to degree and order 30 has been included and Jupiters rotation
model agrees with IAU convention (Archinal et al., 2011). To sim-
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plify the setup, the relativistic Lense-Thirring precession caused by
the rapid rotation of Jupiter is not accounted for (the resulting ac-
celeration on Juno would be of the order of 10-10 km/s? at peri-
jove).

With such a scenario, Juno trajectories are integrated for a 24 h
arc centered at perijove for all 26 orbits devoted to gravity science.
For each arc, synthetic two-way Ka-Band Doppler data, sampled at
60 sec of integration time, between Juno and NASA Deep Space
Station 25 in Goldstone (DSS 25) are produced when the elevation
angle is higher than 15 °. Gaussian white noise is then added to
the observables to simulate a realistic dataset.

The estimation process starts from the synthetic data set. The
Juno state vectors at the beginning of each arc are estimated as
local parameters. The global parameters (i.e. parameters that are
common to all arcs) to be estimated are Jupiter gravitational pa-
rameter (GM), gravity field coefficients (Jo, Cy1, Sz1, Co2, Syp, and
higher degree zonal coefficients up to degree 15), and degree 2
and 3 Love numbers. The estimation of this set of parameters al-
lows us to fit the data to noise level when acoustic oscillations are
not included (Finocchiaro, 2013; Finocchiaro and Iess, 2010) and
the winds are shallow. (In the deep wind case, a full 20 x 20
tesseral field is needed.) To obtain the estimate of global and lo-
cal parameters, partial derivatives of the Doppler observables with
respect to each parameter are computed on the reference trajec-
tory, and Doppler residuals (observed minus computed) are evalu-
ated. A multi-arc least square information filter gives the differen-
tial correction on estimated parameters and the covariance matrix
of the problem. The process is iterated up to convergence. In or-
der to assess the influence of Jupiter’s acoustic modes on the grav-
ity field estimation, we have generated synthetic Doppler data that
include the acoustic mode perturbations according to the model
described in Section 3.2. We have then fitted the Doppler data us-
ing the standard dynamical model, where acoustic oscillations are
not adjusted, nor included. Three cases shall be considered: 1) The
modes do not produce perturbations large enough to affect neither
the residuals nor the estimate; 2) The modes do not produce sig-
natures on Doppler, but the estimated values of the static gravity
field and Love numbers is biased; 3) The modes are so large to pro-
duce signatures in the Doppler residuals, which are not compatible
with the expected noise level.

4.3. Doppler residual analysis

Inspection of Doppler residuals provides a first indication of the
presence (or absence) of acoustic modes. Fig. 6 shows the post-
fit Doppler residuals obtained in case A and B, for the first three
gravity orbits (perijoves #5, #10, and #11). The data are fitted to
the noise level if the statistics of the residuals is compatible with
the noise added in the simulation of the observables. In this pa-
per we have considered only white frequency noise. Although in
the real case other noise sources may complicate the error bud-
get, the statistics of Ka band Doppler data from the Cassini mis-
sion shows that this assumption is quite realistic for an integration
time of 60 s (Asmar et al., 2005). A 0.003 mmy/s at 1000 s inte-
gration time could be assumed for the two-way range rate mea-
surement accuracy. For white noise, this scales to 0.012 mm/s
at 60 s, and 0.03 mm/s at 10 s. These expectations for Juno’s
Ka band Doppler system are supported by the analysis of Cassini
cruise data (Mariotti and Tortora, 2013). The simulated value of
0.020 mmy/s at 60 s is larger than the expected performance of
a Ka-Ka two-way coherent radio link in order to account for some
variability with tracking condition (at low Sun-Earth-Probe angles
the plasma noise dominates and the stability of the link is reduced,
see less et al. (2014)).

The residuals in case A do not show obvious signatures of
Jupiter’s oscillations, although a closer inspection of orbit #10

Table 2
Love numbers estimation error to be compared with its formal uncertainty, in
the two cases.

Reference  Formal Estimation error Estimation error
value uncertainty  in case A in case B
k, 05 1.5%x 103 6.3x1073 (=40) 52x107! (> 3000)
ks 02 3.7x 1073 27x107% (=80) 1.1x107° (> 3000)

residuals indicate some effect near perijove. Indeed, in some pas-
sages, depending on the phase of the modes, the oscillations com-
bine to produce perturbations too weak to be observed in Juno Ka-
band Doppler data. On the opposite, in some passages the pertur-
bation is large enough to produce a signature that cannot be ab-
sorbed by other static coefficients.

Even if the residual Doppler signatures are small in case A,
the acoustic modes still produce a small bias in the estimate of
the zonal coefficients. J, and J; appear to be the most affected,
with estimation error (truth minus estimate) within 5-sigma of the
formal uncertainty (simulations without the acoustic modes show
that the error on the harmonics is nominally within 3-sigma).

The situation changes dramatically if the energy of the modes
is large (case B). Residuals cannot be fitted to the noise level
and a clear, unabsorbed, signal remains after the fit. This implies
that Jupiter’s acoustic perturbations on the gravity field are large
enough to produce a detectable signal in Juno Doppler data and
a large bias on the harmonic coefficients. In addition, as the esti-
mated harmonic coefficients do not correlate with Jupiter’'s modes
(essentially because they produce accelerations at different time
scales), increasing the degree and order of the estimated grav-
ity field cannot absorb acoustic mode signatures in Doppler data.
Indeed, the signatures are still large even when a full 20 x 20
tesseral field plus Jo; — J309 zonal field is estimated.

The Love numbers k, and k3 are other important quantities
whose estimate can be adversely affected by acoustic oscillations.
k, and ks control Jupiter's response to the tides raised by the
Galilean satellites lo, Europa and Ganymede (Callisto’s tide is too
small to be revealed). As the three tides have very different peri-
ods, Juno can in principle measure the tidal response at different
frequencies. This measurement can be spoiled by acoustic modes.

In fact, the estimation of Love numbers k, and k3 appears crit-
ical. When no oscillations are included and in the case of shal-
low winds, the Love numbers can be retrieved with a formal ac-
curacy of: oy, =1.5x 1073, 0y, =3.7 x 103 (assuming k, = 0.5,
ks = 0.2, the relative uncertainty is respectively 0.3% and 1.8%) and
the estimation error is within 2-sigma, thus enabling a good re-
trieval of Jupiters tidal response. (The accuracies are comparable
for the deep winds case.) When acoustic oscillations are included,
the estimation error on the Love numbers is several times larger
than the corresponding uncertainty. The results are summarized in
Table 2. In case A, the estimation of the degree 3 Love number is
much degraded, with an estimation error of about 8 times its for-
mal uncertainty. The estimate of k, is within 4-sigma from truth.
These values will obviously change for different realizations of the
modes. Although a full Monte Carlo simulation would be more ap-
propriate to determine the statistics of the estimation errors when
systematic effects are present (which is the case), in this initial
work we aim only to assess if the presence of the oscillations is
appreciable. Over the next two years Juno and new ground instru-
ments (Schmider et al., 2013) will indicate if acoustic modes need
to be accounted for in the dynamical model and the data analysis.

In case B the effect of the acoustic modes on the retrieval of
Jupiter’s Love numbers is much larger. The estimation error on
the k, and ks is about 300 times the associated formal uncer-
tainty, invalidating the measurement of Jupiter’s response to tides.
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Fig. 6. Doppler residuals after a filtering attempt, for selected orbits and different cases. In case A the filter produced zero-mean, nearly white noise residuals, whereas in

case B it does not.

This behavior is not in itself surprising because the perturbations
generated by Jupiter’s internal acoustic modes mimic the effect
of the tides during Juno passages at perijove. Acoustic oscillations
are seen as a dynamical noise that cannot be effectively separated
from the accelerations due to the tidal bulges. Indeed, although the
time scales of the two effects are certainly different (Io’s orbital
period is about 1.769 days; degree 2 fundamental mode oscillate
every 140 min), Juno’s highest sensitivity period to Jupiter gravity
field is limited in time to a few hours near perijove, thus limiting
our ability to distinguish the two effects.

The second scenario (strong modes) requires a new approach
to the data analysis. In order to avoid biasing the harmonic co-
efficients and fit the data close to the noise level, the acoustic
mode amplitudes, frequencies and phases need to be estimated. Of
course this would be required only for those modes with a larger
impact on the data. Otherwise, not only Juno Doppler data could
not be fitted, but the solution for the static gravity field would also
be untruthful. In fact, the static gravity field solution obtained in
this scenario shows an estimation error for each degree that is one
to two orders of magnitude larger than the corresponding expected
formal uncertainty.

5. Conclusions

In this paper we evaluated the impact of Jupiter’s acoustic
modes to the Juno gravity experiment. The effect appears as acous-
tic modes propagating through the planet perturb its density pro-
file, thus changing the external gravity field (whose determination
is the main goal of the Juno radio science experiment).

Gaulme et al. (2011) reported the detection of global oscilla-
tions of Jupiter from ground-based observations with a maximum
radial velocity of 49 cm/s @ 1213 pHz for Jupiter’'s upper tropo-
sphere, providing a first, though non-exhaustive, indication of the
mode amplitudes. However, the signal detected from ground pro-
vides information on modes with radial order n ~ 4 to 11 rather
than on the lower radial order modes (in particular the n = 0 ones)
which are supposed to be responsible for the largest gravity per-
turbations.

We thus chose to focus on two different scenarios for the mode
amplitudes. Case A is based on a velocity-to-frequency profile de-

rived from the observed values from Gaulme et al. (2011). For the
unobserved f-modes (n = 0) we have assumed an amplitude of one
hundred times smaller than that of observed modes, a ratio similar
to what has been measured for the Sun. Case B represents a more
energetic scenario, with f-modes having a similar amplitude as the
one of the detected p-modes.

For both cases, we performed simulations with the orbit deter-
mination code to be used for the analysis of Juno’s radio science
data, including also the effect of acoustic modes. The results of the
simulations indicate that one cannot rule out a significant effect
of Jupiter’s modes in Juno Doppler data. In particular, Juno observ-
ables appear to be more sensitive to low degree, low radial order
modes. In the two cases analyzed, Juno Doppler data shows sig-
nature coming from Jupiter’s oscillations (see Fig. 6), but the main
actors are different in the two cases. In the strong mode scenario
B the signatures are mainly produced by the fundamental modes,
which induce the largest perturbation (see Fig. 4). When the mode
amplitude is large, a static field expansion is inadequate to absorb
the effect of Jupiter’s oscillation on Doppler data, so that large sig-
natures appear in the post-fit residuals. These signatures would be
an indication of an inadequate dynamical model, and of the un-
reliability of the gravity solution. The estimation of Jupiter Love
numbers k; and k3 would be impossible. In this case a new data
analysis approach would be required, unescapably entailing the es-
timation of the mode amplitude, frequency and phase.

In case A the post-fit residuals do not show a clear signature of
acoustic modes, although indiscernible evidence is present in some
perijove passages, depending on whether the modes interact con-
structively. In that case, the low n modes have much lower ampli-
tudes (hundred times less than peak amplitude modes), producing
only small perturbations on Jupiter gravitational field. For the low
f-mode amplitudes assumed within case A, it would be difficult to
extract information on the modes from Juno Doppler data. On the
other hand, the effect on the estimation of Jupiter’s static field and
Love numbers will be minimal (although biases at the level of a
few sigma would still be possible, especially for the Love numbers).

To conclude, Juno can potentially provide useful information on
low degree, low radial order acoustic oscillations modes, if their
amplitudes are large enough (above ~ 1 cm/s for n = 0 modes). If
the modes are weak (at the level assumed in case A), Juno data will
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not show any significant dynamical perturbation associated with
Jupiter global modes. In this case, it will be possible to derive an
upper limit on Jupiter acoustic mode amplitudes. If the modes are
strong (as assumed in case B of our analysis), the dynamical model
used to fit the Doppler data must include the effect of the modes
and the estimation of their amplitude, frequency and phase for all
relevant degree and order. A comparison between the Juno’s mea-
surements and the new ground-based observations with the newly
developed, highly sensitive, JIVE and JOVIAL instruments (respec-
tively, Jovian Interiors Velocimetry Experiment, and Jovian Oscilla-
tions through radial Velocimetry ImAging observations at several
Longitudes) would be very important (Schmider et al., 2013).
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