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Abstract The combination of the Doppler data from the first two Juno science orbits provides an
improved estimate of the gravity field of Jupiter, crucial for interior modeling of giant planets. The
low-degree spherical harmonic coefficients, especially J4 and Jg, are determined with accuracies better than
previously published by a factor of 5 or more. In addition, the independent estimates of the Jovian gravity
field, obtained by the orbits separately, agree within uncertainties, pointing to a good stability of the solution.
The degree 2 sectoral and tesseral coefficients, C51, S2.1, Co5, and S, 5, were determined to be statistically
zero as expected for a fluid planet in equilibrium.

1. Introduction

After about 5 years of cruise from Earth, the Juno spacecraft entered orbit around Jupiter on 5 July 2016. The
orbit was nearly polar and highly eccentric with a period of 53 days. During each perijove, where the space-
craft was closest to Jupiter's center of mass, the spacecraft was within 1.06 of Jupiter's radius, where
R;=71,492 km is Jupiter's equatorial radius at the 1 bar level derived from radio occultation measurements
[Lindal et al., 1981]. Two-way radio Doppler data were acquired during the few hours near perijove as a part of
the Juno gravity science experiment. This paper presents the estimated gravity field obtained by processing
the first two perijove data.

The main objective of the Juno gravity science experiment is to estimate the gravity field of Jupiter in order to
provide constraints on models of the interior structure. Since the motion of the Juno spacecraft is perturbed
by the gravity field of Jupiter, one can recover the gravity field by accurately tracking the motion of the space-
craft. Prior to the arrival of Juno, the best published gravity field of Jupiter was estimated from the Doppler
measurements acquired by the Pioneer 10 and 11 [Anderson et al., 1974; Null et al., 1975] and Voyager 1
and 2 spacecraft [Campbell and Synnott, 1985]. These data provided estimates of the low-degree spherical
harmonic coefficients as well as the mass and spin-pole direction of Jupiter.

The orbit geometry of Juno is much more sensitive to Jupiter’s gravity field compared with previous spacecraft
missions. Hence, from the first perijove alone, the accuracy of the recovered gravity field has substantially
improved over the previous results. The second perijove provides further improvement in the accuracy of
Jupiter’s gravity field and the ability to test for possible systematic errors. Our results show that the accuracy
of the gravity field coefficients has improved substantially. Especially, the J,, J, and Jg terms are improved by
more than a factor of 5 compared with previously estimated values. The other estimated gravity coefficients
(i.e., C31, S2,1, C5,2, S22, 0odd harmonic coefficients, and even harmonic coefficients with degree greater than 8)
were also estimated, but the recovered values are statistically insignificant (i.e., less than the uncertainty).

2, Mission Orbit Geometry and Data

Key geometry information for the first two Juno perijoves following orbit insertion, designated PJ1 and PJ2,
are given in Table 1. The orbit was nearly polar with orbit period 53 days. The time of perijove is given in bary-
centric dynamical time (TDB). The orbit plane was nearly perpendicular to the direction from Earth to Jupiter.
Both perijoves were near solar conjunction. At perijove the height of the spacecraft above the 1 bar ellipsoid
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Table 1. Geometry Information for Perijoves 1 and 2, Including Time of Perijove, One-Way Light Time LT From Spacecraft
to Earth, Distance d From Juno to Earth, Inclination of Orbit Plane to Jupiter Equator, Height Above Jupiter 1 Bar Ellipsoid at
Perijove, Latitude A of Perijove, Angle 3 Between Orbit Normal and Direction From Earth to Jupiter, and Angular
Separation SEP Between Sun and Jupiter as Seen From Earth

PJ Time (TDB) LT(min) d(au) i(deg) h(km) A(deg) B(deg) SEP(deg)
1 27/08/2016 12:51:52 53.0 6.37 89.9 4147 3.8 2.8 22.6
2 19/10/2016 18:12:02 53.1 6.39 90.0 4179 4.7 94 18.2

was about 4100 km at latitude 3.8°N and 4.7°N. The spacecraft was nearly over the north pole of Jupiter about
1 h before perijove and above the south pole about 1 h after perijove. When above the north and south poles
the spacecraft was approximately one Jupiter radius above the 1 bar level.

The data used for estimating the Jovian gravity field are measurements of the Doppler shift of the Juno radio
signal by tracking stations of the NASA Deep Space Network. For PJ1 the data used were from 3.2 h before
perijove to 5.1 h after perijove. For PJ2 the data were from 3.1 h before perijove to 2.8 h after perijove. For
both perijoves, the tracking station transmitted a radio signal to the spacecraft at X band (8 GHz). A transpon-
der on the spacecraft locked coherently in phase onto the signal from the tracking station and transmitted a
signal back to the tracking station.

For PJ1 the spacecraft transmitted signals at both X band and at Ka band (32 GHz). The differences in the Doppler
shift of the X-band and Ka-band signals were used to calibrate the effect of charged particles on the radio signal
from the spacecraft to Earth. The only significant signature in this calibration was near the time of closest
approach to Jupiter. Near perijove the spacecraft was inside the orbit of lo and the radio signal passed through
the lo plasma torus. The lo plasma torus causes an effect on radio signals that has been previously measured from
the Voyager and Ulysses spacecraft [Eshleman et al., 1979; Bird et al., 1992]. We used the dual-frequency radio sig-
nal to Earth to calibrate the effect of the plasma torus, also applied, appropriately scaled, to the X-band radio sig-
nal from the tracking station to the spacecraft. Figure 1 shows this calibration on the Doppler shift measured at
the tracking station. For PJ2 the spacecraft transmitted only X band so no charged particle calibration data are
available. We applied an estimate of the effect of the lo plasma torus to the PJ2 data based on the dual-frequency
measurements from PJ1. Most future Juno perijove tracking data will use dual frequencies for both transmission
to the spacecraft and transmission from the spacecraft to calibrate charged particle effects more completely.

For both perijoves Jupiter was relatively near solar conjunction. For this geometry the dominant noise on
the Doppler data was expected to be caused by fluctuations in the integrated density of electrons emitted
by the Sun (solar plasma) along the line
from Earth to Jupiter [Asmar et al.,
L 2005]. However, at the observation
r times, the solar plasma fluctuations
0.05 were smaller than expected. The mea-
surement noise for the two orbits is
characterized by the Allan deviation
[Barnes et al., 1971] that measures the
fractional frequency stability as a func-
tion of the difference in time 1 between
pairs of measurements. The Allan devia-
tion gives a measure of the noise as a
r function of time interval and is com-
monly used as an alternate to power
spectral analysis. For the Jovian gravity
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UTC of interest are from ~100 s to ~1000 s,

for which the change in Doppler is
caused by the zonal gravity harmonics
from degree 2 to degree 12. Figures 2

Figure 1. The correction to the X-band Doppler measurements for PJ1 on
27 August 2016 due to the effect of charged particles along the signal

path from Juno to Earth, derived from the difference between the X-band
and Ka-band measurements. The signature in the calibration near time of @nd 3 show the Allan deviation for
perijove was due to the lo plasma torus. Doppler residuals. These are based on
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Figure 2. The Allan deviation of the Doppler measurements from PJ1. For
time scales from 100 s to 1000 s the slope is approximately proportional to
tau™""? (dashed line) indicating that the Doppler measurements are
independent for those time scale.

residuals after estimation of the rele-
vant parameters. Data from the hour
centered on perijove are excluded,
since over that time the estimated para-
meters can absorb some of the mea-
surement noise. Doppler data noise for
planetary missions is often dominated
by solar plasma that appears in the
Allan deviation as a slope of T"/¢ [Woo
et al, 1976]. When solar plasma noise
is low, Doppler data noise is often
dominated by fluctuations in the Earth
troposphere that appears in the Allan
deviation as a slope of T2 [Keihm
et al., 2004]. Our data processing soft-
ware accommodates either of these
two cases. We use the slope of the
Allan deviation to see which of these
two cases is a better approximation for
the noise in each data arc. The slope
of the Allan deviation for PJ1 residuals
over 100 s to 1000 s indicates that the

Doppler measurements are approximately uncorrelated, while for PJ2 the slope of the Allan deviation indi-

cates noise dominated by solar plasma.

3. Model and Estimation Technique

The mass distribution of a planet is generally different from that of a homogeneous spherical body. The exter-
nal gravitational potential of Jupiter can be conveniently expanded in series of spherical harmonics of degree

n and order m [e.g., Kaula, 1966]:

l’

u(r,A @) = oM 1-2 <R) InPno(sing) +i < > Pr.m(SiN@) [Cpm OS(MA) 4 Spm sin(mA)] | ,
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Figure 3. The Allan deviation of the Doppler measurements from PJ2. For
time scales from 100 s to 1000 s the slope is approximately proportional to
tau™"’® (dashed line) indicating that the Doppler measurements are
correlated on those time scales due to the character of solar plasma.

where G is the gravitational constant, M
and R are the mass and equatorial radius
of Jupiter, ris the distance from Jupiter’s
center of mass, ¢ is the latitude, A is the
longitude, P, ,, are the unnormalized
associated Legendre functions, and C,,
and S, ., are the unnormalized spherical
harmonic coefficients. The gravitational
acceleration affecting the trajectory of
Juno while orbiting about Jupiter can
be calculated by taking the gradient
of the gravitational potential. The
spherical harmonic coefficients can be
estimated, along with other relevant
parameters, by measurements of the
Doppler shift of the radio signal from
the spacecraft.

Given a set of measurements z, it is
possible to obtain a least squares esti-
mate x. for the set of the estimated
parameters x, by combining the
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measurements with a priori information [Bierman, 1977]:
xc = (ATWA +Z)_1 (ATWZ +Z~x>,

where A is the matrix of observation partials, W is the observable weighting matrix, A is the a priori informa-
tion matrix, and X is an unbiased a priori estimate of the state vector. The quantity P,, given by

Po= (ATWA+A)7,

is the covariance matrix, which bears information about the estimation accuracies. The square roots of the
diagonal elements correspond to the formal uncertainties on the estimated parameters.

The measurements used for gravity analysis allow the estimation of a limited number of parameters, sup-
ported by the available data strength. However, unestimated parameters (for instance, higher degree and
order gravity harmonics) can be dynamically correlated with the estimated parameters and might undermine
the estimated values and uncertainties.

One strategy to prevent the underestimation of the covariance is the technique of consider analysis. This
approach features a set of parameters y which are not estimated, but whose a priori covariance Py is used
to augment the least squares uncertainty. The consider covariance Pcoy is given by

Pcon = Px + SP,S’,

where S is the sensitivity matrix:
S = 3(x-x.)/dy

where x—x. is the difference between the true value of x and the least squares estimate x.. The consider
covariance is composed of two positive definite terms: (i) the formal covariance matrix P, and (ii) an
additional component which depends on the sensitivity matrix and the a priori covariance for the unesti-
mated parameters.

When data are accumulated (i.e., data available for more than one perijove) they are possible to adopt a
multiarc approach [Milani and Gronchi, 20101, where the information from different arcs is combined. In this
case, the formal uncertainties P, will decrease because of the higher information content, while the consider
covariance Pcon can sometimes increase when estimated parameters are highly correlated with
unestimated parameters.

4, Jovian Gravity Field Estimation

The Doppler data from PJ1 and PJ2 were used to estimate the Jovian gravity field parameterized by zonal
harmonics through degree 12 and sectoral and tesseral harmonics of degree 2 along with corrections to
the Jupiter spin axis direction and the initial position and velocity of the spacecraft for each perijove.
Because Jupiter rotates 90° in ~2.5 h, data from each Juno perijove are sensitive to sectoral and tesseral har-
monics of degree 2. The Juno data have less sensitivity to the Jupiter mass parameter (GM) than the data from
the Galileo orbiter flybys of the Galilean satellites. We have applied a constraint to the Jupiter GM based on a
fit to the Galileo orbiter data [Jacobson et al., 1999]. The a priori uncertainties for the other estimated para-
meters were set to be large compared with the final estimated uncertainties. The Jovian gravity field is also
affected by tides raised by the Jovian satellites, with largest contribution by lo. Because the longitude of Juno
with respect to lo was almost the same for PJ1 and PJ2 the data are not able to separate the tide signature.
Instead, we have modeled the effect of tides using a value for the k, Love number of 0.379 from Gavrilov and
Zharkov [1977]. The tide model causes time-averaged corrections AJ, =0.054x 107° and AC;,=0.026 X 1078
that are not included in the values for J, and C,, in Tables 1 and 2. These corrections are small compared with
the estimated uncertainties in J, and C;,.

The estimated gravity parameters for PJ1 and PJ2 separately and in combination are given in Tables 2 and S1in
the supporting information. The estimated values for the odd zonal harmonics, the sectoral and tesseral har-
monics of degree and order 2, and the even zonal harmonics are well below the uncertainties so are not
included in Table 2 except for J3, C;5, and S, , that are retained for comparison with previous experiments.
The correlation factors between the gravity coefficients are given in Table S2 in the supporting information.
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Table 2. Estimated Jovian Gravity Field Parameters From Juno’s First Two Science Orbits Individually and
in Combination®

Parameter PJ1 Estimate PJ2 Estimate PJ1 and PJ2 Estimate
GM(km?3/s?) 126,686,533.0 + 2.0 126,686,533.0 + 2.0 126,686,533.0 + 2.0
J5 (x109) 14,697.885 + 1.918 14,696.496 + 0.398 14,696.514 + 0.272
J3 (x10°%) —0.067 + 0.458
J4 (x109 —586.595 + 0.554 —586.635 + 0.314 —586.623 + 0.363
Jg (x10°) 34336 + 0.352 34.246 +£ 0.126 34.244 + 0.236
Jg (x109) —2.468 + 0.415 —2.482 +£0.159 —2.502 £ 0.311
Con (X1 0% 0.072 £ 0.174 —0.007 £+ 0.067 0.005 £ 0.170
Sp,2 (X1 0% 0.128 £ 0.153 —0.013 £ 0.055 -0.010 £ 0.214
a(deg) 268.058 + 0.010 268.057 + 0.002 268.057 + 0.002
S(deg) 64.490 = 0.011 64.497 + 0.003 64.496 + 0.013

#The zonal harmonics J, and degree 2 tesseral harmonics S; ; and G; are unnormalized and dimensionless. The Jupiter
spin axis direction is given by right ascension a and declination § at epoch J2000. The value and uncertainty for the
Jupiter planet mass parameter (GM) for Juno analysis are taken from Jacobson et al. [1999].

The uncertainties listed account for both the effect of the observed data noise and from possible systematic
errors using the consider analysis described above. The uncertainties include the effect of unestimated
parameters describing a possible gravity field of degree and order 30 due to surface winds with depth of
10,000 km [Parisi et al., 2016]. In that study the wind velocity observed at the cloud top was propagated
downward along coaxial cylinders whose axes are parallel to the spin direction of Jupiter. This three-
dimensional profile is then multiplied by a negative exponential function characterized by the folding scale
H. Of the set of folding scales in that paper, we used the value of 10,000 km in the analysis here since that
gave the largest values for gravity harmonic coefficients that cannot be well estimated by the Juno data.
This results in gravity coefficient uncertainties that are fairly conservative but not an upper bound since the
deeper winds may be larger. The only observation of Jovian wind speeds below the cloud levels, from the
Galileo probe, showed significantly larger wind speed [Atkinson et al., 1998]. The use of consider analysis
affects the postfit covariance matrix but does not affect the estimated gravity field coefficients.

The estimated gravity coefficients from PJ1 and PJ2 separately agree within these uncertainties. This gives
some confidence that there are no major sources of unidentified systematic errors. Note that the estimates
from the combination of data from PJ1 and PJ2 are not simply a weighted average of the results from each
arc separately. The combination of two arcs with different geometry relative to the Jovian surface and the
direction to Earth, reduces the correlations between the parameters, particularly between the harmonic coef-
ficients and the direction of the Jovian spin axis. This can result in an estimate slightly outside the estimates
from the single-arc estimates. The coefficient uncertainties from the PJ2 solution are generally smaller than
from the PJ1 solution, partly because of lower data noise for PJ2 and partly because the orbit normal for
PJ2 is less aligned with the Earth-Jupiter direction giving a larger measured Doppler shift. The uncertainties

Table 3. Estimated Jovian Gravity Field Parameters From Pioneer and Voyager; From Pioneer and Voyager Combined With Galileo (Jup230); From Pioneer,
Voyager, Galileo, Cassini, and New Horizons (Jup310); and From Juno's First Two Science Orbits in Combination®

Parameter Pioneer/Voyager Jup230 Jup310 Juno PJ1&PJ2
GM(km?®/s?) 126,686,537.5 = 101 126,686,534.9 + 1.5 126,686,534.2 + 2.7 126,686,533.0 + 2.0
J5 (x10°) 14,697.3 £ 1 14,696.43 + 0.21 14,695.62 + 0.29 14696.514 + 0.272
J3 (x10°) 14«5 -0.64 + 0.90 —-0.067 + 0.458
J4 (x10°) -5839+5 —587.14 + 1.68 —591.31 + 2.06 —586.623 + 0.363
Jo (x10%) 30.8 + 20 3425 +5.22 20.78 + 4.87 34.244 + 0.236
Jg (x10°) -2.502 + 0.311
Ca,2 (X109 —0.030 + 0.150 0.007 + 0.008 —0.010 £+ 0.067 0.005 +0.170
S22 (x10°) —0.007 + 0.150 —-0.013 + 0.009 —-0.014 £ 0.061 —-0.010 £ 0.214
a(deg) 268.058 + 0.005 268.0566 + 0.0002 268.0571 £+ 0.0003 268.057 + 0.002
6 (deg) 64.494 + 0.002 64.4953 + 0.0001 64.4958 + 0.0001 64.496 + 0.013

#The zonal harmonics J, and degree 2 tesseral harmonics Sijand G;; are unnormalized and dimensionless. The Jupiter spin axis direction is given by right ascen-
sion a and declination 6 at epoch J2000. The gravity harmonics from Pioneer and Voyager have been scaled from the Jupiter radius originally used to the radius
71,492 km and the pole direction converted from Earth mean equator of 1950 to Earth mean equator of 2000. The value and uncertainty for the Jupiter planet
mass parameter (GM) for Juno analysis are taken from Jacobson et al. [1999].
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for some coefficients for the solution with both PJ1 and PJ2 data are larger than the uncertainties for the solu-
tion with only PJ2 data. As mentioned earlier, this is a consequence of the consider analysis technique when
there are significant correlations between estimated and considered (unestimated) parameters. We expect
this effect to be smaller in the future when more Juno data are available.

The Juno gravity estimates are compared with earlier estimates in Table 3. The estimates from Pioneer and
Voyager analysis are from Campbell and Synnott [1985], adjusted where necessary for difference in assumed
radius and reference frame for the direction of the spin axis. Also shown in Table 3 are estimates derived from
combination of the Pioneer and Voyager data with data from the Galileo mission [Jacobson, 2003] and also
with data from the Cassini and New Horizons mission [Jacobson, 2009]. These are associated with ephemer-
ides for the Jovian satellites designated Jup230 and Jup310. Unlike the Juno results presented here and the
earlier estimates by Campbell and Synnott [1985], the uncertainties for Jup230 and Jup310 do not account for
possible systematic errors. The uncertainties for the Juno data ignoring systematic errors are about 1 order of
magnitude smaller than the uncertainties given here. Aside from the differences in development of uncer-
tainties, the estimated coefficients are generally in agreement within uncertainties. The uncertainties in J4
and Jg, that are key parameters for constraining Jovian interior models, are improved with the Juno data over
earlier estimates by factors of 4.6 and 22, respectively. The estimated J4 and Jg from the Jup310 solution are
significantly different from the other solutions. This is thought to be due to systematic errors in photographic
observations of Amalthea by Cassini and New Horizons.

5. Discussion

The improved estimates of the even zonal harmonics provide better constraints on models of the Jovian
interior. Some previously published interior models, characterized by different temperature, composition,
and core mass and size, are close to agreement with the estimated zonal harmonics J, and Jg within uncer-
tainties [e.g., Nettelmann et al., 2012; Miguel et al., 2016] while others are not [e.g., Hubbard and Militzer, 2016].
While Jupiter interior models can be adjusted to fit the Juno estimates [e.g., Wahl et al., 2017], it is possible
that differential rotation can produce a change to J, and Jg expected for a uniformly rotating Jupiter that
can affect their interpretation [e.g., Hubbard, 1982]. Differential rotation might also lead to small nonzero
values of the odd zonal harmonics [Kaspi, 2013]. From only two perijoves no clear signature of differential
rotation has been detected. Future Juno science orbits are expected to provide significantly improved esti-
mates of the Jovian gravity field that will either detect or tightly constrain effects due to differential rotation.
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