Responses to comments on “Analysis of Juno perijove 1 magnetic field data using the
Jovian paraboloid magnetospheric model” by Ivan A Pensionerov et al. (Manuscript
number angeo-2018-82)

Anonymous Referee #1

We are grateful to the Referee for their comments and attention to our work. The comments are
reproduced verbatim in italics, and our replies given step-by-step beneath. The page and line numbers are
given for the revised manuscript.

General comments

The paper adjusts the paraboloid Jovian magnetospheric magnetic field model from Alexeev & Belenkaya
2005 to magnetic field data recorded by Juno in the middle magnetosphere during its first perijove of
august 2016. Two of the nine model parameters are constrained by the selected measurements (the
magnetodisc inner radius R_DC2, and the magnetodisc field at its outer boundary B_DC), the other
seven being fixed at their value deduced from the Ulysses flyby. The new values differ by resp. 14% and
26% from their Ulysses values, the error bars making the new R_DC2 value marginally consistent with
the Ulysses one. The authors carefully discuss the selection of the 2 parameters to fit (while retaining the
others at their Ulysses values) and the possible future improvements of the paraboloid model.

The referee correctly describes the content of the present work. However, we emphasize that the reasons
for focusing on the selected model parameters while retaining others at the Ulysses values was carefully
discussed and justified in the paper, as it is in the revised version. That is to say, in the dawn sector of the
middle magnetosphere the role of the magnetodisc is predominant.

While the new values of B_DC and R_DC2 may be useful to colleagues working on the magnetosphere of
Jupiter, I consider that a fit of 2 parameters from a single Juno perijove (out of 14 up to now) does not
Jjustify the publication of a regular article. With further work, there seems to be matter for a good regular
article along two possible lines (not mutually exclusive): (1) analyzing many more Juno perijoves and
studying the variability of the adjusted parameters, the fit quality, the possibility to constrain more
parameters, to perform a global multi-perijove fit, etc. and/or (2) proceeding to some improvements of the
paraboloid model (the most obvious one being to replace the infinitely thin disc by one of finite thickness)
before applying it to Juno data. Accordingly, I request a major revision of the present manuscript.

In response to the referee’s comment we have now enhanced the article by analysing data from the first
ten Juno perijoves. All of them except PJ-01 lack the near-perijove data in a variable manner, which was
the reason to choose to examine PJ-01 specifically in the original article. In addition, we also included all
three magnetodisc parameters into the fit (inner and outer radius and field strength parameter), and, in
response to comments from Referee 2, also improved the method of model parameter optimization to an
automated non-linear optimization procedure (see responses to Referee 2). However, the results show
that the best-fit model always has an outer radius at the maximum value set (95 Ry) by the model distance
of the subsolar magnetopause. As indicated above, the reasons for employing the Ulysses values of the
minor field contributions is fully discussed and justified. Overall, however, the article has been
significantly revised, with Section 3 undergoing the most important changes. Concerning the comments
on improving the paraboloid model, this is clearly outside the scope of the present paper, and is the
subject of ongoing and future work. However, the present paper allows us to reveal the points which
need improvement, specifically the thickness of the disc and variable dependence of the current density
with radial distance.



Specific comments

The scientific interest for determining a new fit of some parameters of the paraboloid model is not
discussed.

In response to this comment we have now inserted the following in the Introduction at page 2 lines 6-10,
which we feel explains the significance of the study. ‘“We note that the magnetodisc may be regarded as
the most important source of magnetic field in Jupiter’s magnetosphere, with a magnetic moment in the
model derived by Alexeev and Belenkaya (2005) using Ulysses inbound data, for example, which is 2.6
times the planetary dipole moment. Consequently, the magnetodisc plays a major role in determining the
size of the system in its interaction with the solar wind, and is thus an appropriate focus of study using
Juno magnetic field data.”

1t is not clear if inbound and outbound passes are considered separately in the plots only (e.g. Figs 2, 4,
5), or also for the adjustment. In the latter case, it should be justified and the values found for the 2 legs
compared.

The model parameters are the same for both legs of each orbit. In the revised paper the inbound and
outbound passes are shown in the same figure to make this clear, and it is stated explicitly in the caption
of Figure 5.

The covariance of B_DC and R_DC2 with the other 7 parameters could be better discussed. How are
uncertainties likely to be affected ? Would this not imply that the present determinations of B_DC and
R _DC2 are actually compatible with Ulysses data?

Evidently the fit results for the magnetodisc parameters could be significantly altered from those given in
the paper if, e.g., the tail and magnetopause current parameters were varied through arbitrary ranges.
However, as shown in Figures 3 and 4 the fields due to the tail and magnetopause currents in the Ulysses
model are at least an order of magnitude less than the field due to the magnetodisc in the region inside 60
R considered in the paper, such that they will remain small in any plausibly modified model. This
conclusion is reinforced by the fact, now noted in the related text, that the tail and magnetopause fields
have opposite senses, and hence partly cancel. Brief examination then indicates that if these parameters
are varied within plausible ranges, the disc parameters are altered by ~10%. For the purposes of the
present paper we therefore believe it to be most satisfactory to compare disc parameters between Juno
orbits while holding the minor contributing fields at constant and reasonable values.

For example, you state that "deep and sharp field decreases due to the equatorial current sheet
encounters continue to be observed on the Juno trajectory even at large radial distances r > 90RJ". May
this imply that the Ulysses value of the outer radius of the magnetodisk RDCI = 92RJ is actually
underestimated?

We believe the outer radius of the disk is not underestimated in the submitted or revised papers, for the
following reason. We have to recognise that in the physical system near the dawn-dusk meridian and on
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the nightside the magnetodisc current sheet merges directly into the tail current sheet, so that at large
distances it is the tail current sheet that is being observed. In the model, however, the magnetodisc is
treated as axisymmetric, with a radius that for physical consistency must be limited to lie a least a little
inside the subsolar magnetopause. The continuing current sheet on the nightside is then treated in the
model as a separate current system as fully discussed in section 2, and now illustrated in Figure 1 in the
revised article. We note that in the revised paper we also treated the outer magnetodisc radius as an
adjustable parameter determined from a fit to the data as indicated above, but found that the best-fit value
was always the largest value allowed by the above physical restriction, i.e., an outer radius of 95 R;
compared with a subsolar magnetopause radius of 100 R;.

On p.8, you mention about the upstream solar wind "the limited information obtained by computer
modelling using data from near Earth orbit as input". But there are today very good models of solar wind
propagation to Jupiter and beyond (mSWiM model of Zieger & Hansen 2008, or the model from Tao et al.
2005).

Despite the acknowledged limitations of solar wind MHD modelling from Earth’s orbit into the outer
solar system (e.g., requirement for reasonable Earth-planet alignment, uncertainties in arrival time of a
day or so, and inability to predict the north-south IMF component), the remarks in the submitted paper on
this point were perhaps a little too negative. However, this discussion misses the main point about
variability, since the solar wind will typically vary strongly on the time scale of the Juno passes, the
overall orbit period being approximately two solar rotations. Such variability makes the task of
modelling the field conditions in the outer magnetosphere very challenging, even if one has reasonable
knowledge of the input conditions from MHD models. It is for this reason that we focus here on the
dawn sector middle magnetosphere inside of ~60 R; where, as we have indicated, conditions are not
strongly influenced by the solar wind-related fields, but are instead dominated by the field of the
magnetodisc (plus the planetary field). On page 4 lines 3—7 we have replaced the above comments by the
following text, which we believe takes care of the referee’s comments.

“In this paper we confine our attention to the middle magnetosphere, where, as we now show, the
magnetic field is dominated by the magnetodisc and the planetary field. In the outer magnetosphere the
field becomes strongly influenced by external conditions in the solar wind, and although in some
circumstances these can be reasonably well predicted by MHD models initialised using data obtained near
Earth’s orbit (e.g. Tao et al., 2005; Zieger and Hansen, 2008), they will typically vary strongly on the time
scale of the Juno orbit (Figure 2), and with them too the outer magnetospheric field.”

Technical corrections

It may be worth saying in the title which part of the magnetosphere is studied (e.g. the magnetodisc)
rather than mentioning only the data and the model.

In response to this comment we have now changed the title to “Magnetodisc modelling in Jupiter’s
magnetosphere using Juno magnetic field data and the paraboloid magnetic field model”.

p.-1 L11: flybys OF Jupiter ? (NB: this is only a suggestion, the native english-speaking co-author is
certainly more knowledgeable than me about the style)




Changed as suggested (page 1 line 11).

p.-11.16: what do you mean by "angular model".

Now corrected to “plasma angular velocity model” (page 1 line 17).

p.2 1.23: a sketch illustrating the 9 parameters would be useful.

In response to this comment we have added new Figure 1 in the revised version illustrating seven of the
model parameters employed. Parameters & and Bmvr are not included in the analysis for reasons fully
discussed in the paper, and are consequently not shown in the figure.

p.3 L.11: maybe precise that "negligible" means here "<10% of».

In accordance with the referee’s comment the text now specifies “less than 10%” (page 5 lines 2-3).

p.3, 1.15: explain why "the use of averaged parameters is not adequate in this regiony, i.e. address the
solar wind driven variability.

This issue about solar wind and outer magnetosphere variability is fully dealt with above. This specific
text is now omitted in the revised paper.

p.4, 1.19: rather than discarding the use of the root-mean-square absolute deviation because it depend
strongly on the position of the inner fitting interval boundary, could another option be to use both it (to
perhaps better constrain R_DC2) and the relative deviation (for B_DC and R_DC2) ?

This point is now discussed more fully in the revised version on page 6 lines 7-11. Use of the absolute
deviation strongly emphasises the fit in the inner region where the residual fields are the largest. We
regard the relative deviation as preferable since it equalizes the influence of the data from the whole
interval employed, and gives a better fit to the data overall. A comparison of the fits for PJ-01 is shown in
the figure attached below.

Caption of Fig. 4: the JRM0Y model has not been subtracted from the residual magnetic

field but from the observations.

The caption (now Figure 5) has been revised as follows.

“Observed (black) and modelled (red) residual fields in JSM cylindrical components, together with the
residual field magnitude, for Juno perijove 1. The residual field is the observed field with the JRM09



internal field subtracted. The fields are plotted versus spherical radial distance with inbound data shown
on the left and outbound data on the right. The same model field is used for both.”

Ivan A Pensionerov on behalf of the co-authors

27 November 2018
Absolute error best fit:
— - —_— BDC=2-20 nT
Observed - JRM09 Roc1 = 95 R,
PJ—Ol RD(_‘2=9.0 Rj

Relative error best fit:
—_— Bpc = 2.73 nT

RDCI =95 RJ

RDCZ =12.0 Rj




Responses to comments on “Analysis of Juno perijove 1 magnetic field data using the
Jovian paraboloid magnetospheric model” by Ivan A Pensionerov et al. (Manuscript
number angeo-2018-82)

Anonymous Referee #2

We are grateful to the Referee for their comments, which have resulted in a number of significant changes
in the revised version. The comments are reproduced verbatim in italics, and our replies given step-by-
step beneath. The page and line numbers are given for the revised manuscript.

General comments

In this paper the authors present Jovian magnetic field measurements from the middle magneto- sphere
collected during Juno perijove I pass. The data are analysed in order to determine optimal parameters
for the magnetodisc described by the semi empirical global paraboloid Jovian magnetic field model by
Alexeev and Belenkaya (2005). This model consists of six components contributing to the total
magnetospheric magnetic field (internal field, IMF and different current systems contributions).

In their analysis, the magnetic field data are kept untouched, and the principal contributions to the
magnetic field in the observed region (middle magnetosphere) are assumed to be the internal field and the
magnetodisc. Only two parameters of the four parameters to describe the magnetodisc are 'fitted’ (while
there are a total of nine parameters for the global magnetic field). These parameters are the radius of the
inner edge of the disc RDC2 and the magnetic field at the outer edge of the magnetodisc BDC, the other
two parameters consist of Jupiter s dipole y (and is calculated as function of time), and the radius of the
outer edge of the disc RDCI (fixed to the value given by Alexeev and Belenkaya (2005) with data from the
inbound trajectory of Ulysses).

Similar studies to estimate the magnetodisc’s parameters according to a model have been carried for
Jupiter (as well as Saturn) with empirical models such as the CAN disc (Connerney, Acuna and Ness,
1983) using magnetic data from various missions (Voyager, Pioneer, Galileo, Ulysses, Cassini). There are
also detailed physical models such as Caudal (1986), and Achilleos, Guio and Arridge (2010) for Saturn
to which magnetic data have been compared. This study is carried using magnetic data collected from the
on-going mission to Jupiter, Juno. This could potentially contribute and add to the existing knowledge
from previous work but I believe that the article in its present form is not acceptable for publication in
Annales Geophysicae. But I would encourage the authors to resubmit their paper after implementing the
revisions as proposed hereafter.

The referee’s description of our paper is mainly correct. We point out, however, that it is shown directly
in the paper (Figures 3 and 4 in the revised version) that fields in the regime considered, inside 60 Rj, are
indeed dominated by the magnetodisc and planetary fields, such that this is not an assumption as stated
above. This finding then makes it reasonable to treat the minor field contributions from the tail and
magnetopause currents in an approximate way, by using fixed parameter values set at those determined
from the Ulysses inbound pass. These fields are typically at least an order of magnitude less than the
magnetodisc field in the middle magnetosphere regime investigated, such that plausible modifications
will not change the fit to the magnetodisk field significantly.

Specific comments

In an age where advanced nonlinear fitting programs and methods have never been so easy to access, |
find it somehow not acceptable to ‘characterise’the best fit of a multi-parameter fit model with a contour
plot of the residuals for the two parameters BDC and RDC?2 (Fig. 3). I would recommend to try and use a
standard nonlinear fitting program implementing a Levenberg Marquardt method or similar, that provides
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as well meaningful statistics like error estimates for the parameters. You might be want as well to try and
fit RDC1 with such method.

In response to this comment we have changed the method of parameter optimization to the “Trust Region
Reflective” procedure (Branch et al., 1999), as indicated on page 7 lines 9-10. We also newly included
Rpci (outer disc radius) into the fit. However, the best Rpci value for all 10 orbits employed in the study
was found to be the maximum value set in relation to the size of the model subsolar magnetopause,
namely 95 R; (Table 1 and page 8 lines 1-3).

Branch, M. A., Coleman, T. F., and Li, Y.: A Subspace, Interior, and Conjugate Gradient Method for
Large-Scale Bound-Constrained Minimization Problems, SIAM Journal on Scientific Computing, 21, 1-
23, https://doi.org/10.1137/s1064827595289108, 1999

Eq. 3 does not make sense in its present form. The numerator under the summation over measurement
points is homogeneous to the square of a vector while a scalar is meant: the Euclidean vector norm. It is
not clear what is actually fitted, the components of the vector (in what coordinate system?).

In the revised paper the form of the equation, now Eq (4), has been clarified, and its denominator changed
from the magnitude of the modelled field to the magnitude of the observed residual field. The calculation
was carried through using Cartesian components in the JSM system, but this is actually immaterial since
the vector magnitudes employed are entirely independent of the chosen coordinate system.

Figures 4, 5 and 6 all show the amplitude of the magnetic field. It would be more meaningful to present
the radial, meridional, azimuthal components and the amplitude of the residual magnetic field in order to
identify the component that ‘best’ fit (the radial component?) and ‘worst’ fit (the azimuthal component
due to the poloidal nature of the field/lack of bend-back model?).

In conformity with the referee’s comments, in the revised version Figures 5-7 showing the modelling
results for the residual field now display cylindrical components in the JSM system together with the field
magnitude. All of these figures have been significantly changed during revision.

In Figures 4 and 5 the observations at large radial distance exhibit large fluctuations. Do you have any
explanation?. Does it make sense at all to include these data in the fit? Wouldn 't it be better to smooth the
data first? Also does Figure 4 (inbound) not suggest that RDC2 could be larger than 92RJ while in
Figure 5 (outbound) RDC2 could be smaller than 92RJ ?

We believe the referee is referring to the radius of the outer boundary of the disc, Rpci, in the above
comments. As discussed in the paper, the field in the outer magnetosphere is strongly influenced by the
variable and not well known conditions in the solar wind/IMF. For this reason we restricted our analysis
of the dawn sector Juno data to the radial range less than 60 Ry where the relative influence of the solar
wind is far less, and the field variations rather smooth. We do not include the fluctuating data at large
radial distances into our fit.




In Section 4, I would recommend to carry out a valid and fair comparison with the CAN disc by actually
fitting the four parameters of the CAN disc, otherwise the comparison seems arbitrary.

In response to this comment, we have now carried out a fair comparison of results using the CAN model
to fit to the residual data, with results described in Sect 4 and Figure 7.

Figures could be made slightly bigger in general. In Figure 1 it might be useful to add panels for
cylindrical and spherical distance as well as local time.

The figures have been made larger, and panels as suggested have been added to Figure 2 (was Figure 1).

Technical corrections

. 27, p. 2: it would be nice to elaborate on why the IMF better off neglected rather than considering a
typical value.

This issue is now discussed in more detail on page 5 lines 3—6. Basically, the added field would be small,
of order the tail and magnetopause fields or smaller, highly variable with time on the scale of the Juno
orbit, and of unknowable orientation. We thus conclude that it is justified to neglect this contribution on
this basis, with the inclusion of the following text.

“For related reasons we also neglect the penetrating IMF term in equation (2), which is unknown when
Juno is inside the magnetosphere, highly variable in direction with time, and typically of magnitude
~0.1-1 nT (Nichols et al., 2006, 2017). This field too, with penetration coefficient k < 1, is therefore
similarly negligible in the r < 60 RJ middle magnetosphere studied here.

paragraph starting 1. 12, p. 4: the discussion on the sensibility of S to the range of measurements
considered for the fit is of prime importance. It needs some clarification and also expanded to justify the
choice of range.

The choice of ranges for analysis of the Juno data now considered in the revised paper is fully explained
on page 6 lines 12—14 and page 7 lines 1-7 (plus Table 1) as follows.

“With regard to the choice of interval employed to minimize S, we note that use of data from the
innermost region is not optimal. The JRMO09 internal planetary field model differs from observations at
periapsis (1.06 RJ ) by 0.3x105 nT (Connerney et al., 2018), which is reasonable accuracy for describing
an observed field of magnitude ~8x105 nT, but does not allow us to distinguish the magnetodisc field of
order 100 nT on this background. We thus restricted the inner border of the interval to consider r > 5 Ry
only. However, on most passes examined here, the inner radial limit is set instead at somewhat larger
radii by the data that are presently available for study. A further limitation on the region of calculation of
S in the outer magnetosphere arises from the fact that the paraboloid model does not display regions of
low field strength during intersections with the magnetodisc, as is observed in the field at larger distances,
due to the use of the infinitely thin disc approximation (see Section 4). It is thus necessary to avoid these
regions by also setting a maximum radial distance, Rmax, on each pass (see Figure 2 for perijove 1).”




. 7, p. 5: what does the value S = 0.2 correspond to concretely in terms of statistics? As it stands it seems
to be an arbitrary choice.

. 14, p. 5: I am not sure to follow the argument. What is it meant by ‘acceptable pairs of parameters are
aligned with the line to some extent’? Some clarification needed.

Since the method of parameter optimization has now been changed as indicated above, and the
corresponding text and figure omitted, these comments are no longer relevant to the revised paper.

. 1-5, p. 6: the discussion about the discrepancies observed in the internal field is too vague and lack
content.

At page 6 lines 13-14 in the revised version we simply report factually on the accuracy with which the
published JRMO9 internal field model agrees with the published periapsis data on Juno PJ-01.

paragraph starting . 2, p. 7: as mentioned before does it really make sense to take arbitrary values for
the CAN disc parameters. Wouldn t it make more sense to carry a proper fit?

As indicated above, a full fit and comparison with the CAN model is now presented in Figure 7.

l. 7, p. 8: what do you mean by ‘magnetodisc models with azimuthal current dependencies different from
r—2 should also be investigated’? The CAN disc model just used in that Section varies as r—1. Do you
have any suggestion? In Achilleos, Guio and Arridge (2010), it is suggested that the dependency is
steeper than r—1.

According to our results the dependence is steeper than 71, but less steep than »—2. Further analysis is the
topic of on-going research.

Ivan A Pensionerov on behalf of the co-authors

27 November 2018
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Abstract. One of the main features of Jupiter’s magnetosphere is its equatorial magnetodisc, which significantly increases

the field strength and size of the magnetosphere. Analysis of Juno measurements of the magnetic field during the perijeve—+

pass-first ten orbits covering the dawn to pre-dawn sector of the magnetosphere (~3.5-6 hours local time) have allowed us to
determine optimal parameters of the magnetodisc using the paraboloid magnetospheric magnetic field model, which employs

5 analytic expressions for the magnetospheric current systems. Specifically within the model we determine the size of the Jovian

magnetodisc and the magnetic field strength at its outer edge.

Copyright statement. Creative Commons Attribution 3.0 License.

1 Introduction

In this paper we consider magnetic field measurements made

10 pass-numbered—0by the Juno spacecraft in Jupiter’s magnetosphere, paying particular attention to the middle magnetosphere

measurements where Jupiter’s magnetodisc field plays a major role. The structure and properties of the Jovian magnetodisc
have been described in many papers starting from the first spacecraft flybys te-Jupiter;-as-of Jupiter, discussed, e.g., by Barbosa
et al. (1979), and references therein. In particular, the empirical magnetodisc model published-presented by Connerney et al.
(1981), derived from Voyager-1 and -2 and Pioneer-10 observations, has been employed as a basis in numerous subsequent
15 studies, including predictions for the Juno mission by Cowley et al. (2008, 2017). Detailed physical models have also been
constructed ;-by-Caudal-{(1986ywhe-presented-by Caudal (1986), who derived a steady-state MHD magnetodisc model in which
both centrifugal and plasma pressure (assumed isotropic) forces were included, and by Nichols (2011) who incorporated a self-
consistent plasma angular velocity model. Nichols et al. (2015) have also included the effects of plasma pressure anisotropy,
as observed in Voyager and Galileo particle measurements, which redistributes the azimuthal currents in the magnetodisc,

20 changing its thickness.



Here we model the magnetic field observations during Junoperijeve-1-s first ten orbits for which both inbound and outbound

asses are presently available, corresponding to perijoves (PJs) 0 to 9, using the semi-empirical global paraboloid Jovian mag-
netospheric magnetic field model derived by Alexeev and Belenkaya (2005). We focus on the middle magnetosphere, observed

on these orbits in the dawn to pre-dawn sector of the magnetosphere (~+3.5-6 h local time (LT)), for which the magnetodisc

5 provides the main contribution to the magnetospheric magnetic field. In the model, in which the field contributions are calcu-
lated using parameterised analytic equations, the magnetodisc is described by a simple thin plane disc lying in the planetary
magnetic equatorial plane. We thus search the paraboloid model magnetodisc input parameters to determine the best fit to the
Juno perijove +measurements-measurements. We note that the magnetodisc may be regarded as the most important source of
magnetic field in Jupiter’s magnetosphere, with a magnetic moment in the model derived by Alexeev and Belenkaya (2005)

10 using Ulysses inbound data, for example, which is 2.6 times the planetary dipole moment. Consequently, the magnetodisc.
plays a major role in determining the size of the system in its interaction with the solar wind, and is thus an appropriate focus
of study using Juno magnetic field data.

2 The Jupiter paraboloid model

noon-night meridianal
plane

equatorial plane

BDC

Roc1 Zjsy

Rss R,
RDCZ i Bt

tail current sheet

current disc

Figure 1. On the left we show a schematic of Jupiter’s magnetosphere in the magnetic equatorial plane, showing various parameters of the
araboloid model. On the right we show the definition of the planetary magnetic dipole angle W in the JSM system, where Xy points
towards the Sun and the planetary dipole is contained in the X jsm-Zjsm plane.

The paraboloid magnetospheric magnetic field model was developed for Jupiter by Alexeev and Belenkaya (2005), based
15 on the terrestrial paraboloid model of Alexeev (1986) and Alexeev et al. (1993). It contains the internal planetary field, B,
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calculated from the full order-4 VIP4 model of Connerney et al. (1998), the magnetodisc field, Byp, the field of the magne-
topause shielding currents, Bg; and Bg\vp, sereening-which screen the planetary and magnetodisc fields, respectively, the field
of the magnetotail current system, Brg, and the penetrating part of the interplanetary magnetic field (IMF), k By, where k
is the IMF penetration coefficient. The magnetopause is described by a paraboloid of revolution in Jovian solar magnetospheric
(JSM) coordinates with the origin at Jupiter’s centre
T, Y2+ 22

Rgs 2R2,

)

where X is directed towards the Sun, the X-Z plane contains the planet’s magnetic moment, and Y completes the right-
hand orthogonal set pointing towards dusk. Rg is the distance to the subsolar magnetopause, where y =0 and z = 0. The

magnetospheric magnetic field, B, is then the sum of the fields created by all these current systems

B, = Bi(¥V)+ Brs(¥, Ry, R2, By) + Bup (¥, Boc, Rpci; Roce) + Bsi( ¥, Res)+

+ Bsvin( ¥, Rss, Boc, Rpci, Rpcz) + kEBmiur - (2)

where ¥ is Jupiter’s dipole tilt angle relative to the Z axis. The magnetodisc is approximated as a thin disc with outer and
inner radii Rpc; and Rpce, respectively. Bpc is the magnetodisc field at the outer boundary, while the azimuthal currents
in the disc are assumed to decrease as r—2. Ry is the distance to the inner edge of the tail current sheet, and B is the tail
current magnetic field there. The magnetospheric current systems are thus described by nine input parameters, determining the

physical size of the current systems, and their magnetic field (current) strength (¥, Rgs, R2, Rpci1, Rpce, By, Bpc, k. Bivr).

In Figure 1 we show sketches illustrating the parameters of the model. On the left we show a view in the magnetospheric
equatorial plane, where we note that in the physical system, the overlapping model magnetodisc and tail current sheets merge
together on the nightside. On the right we show the planctary magnetic dipole axis at angle W in the JSM system. As shown by
Alexeey and Belenkaya (2005), the magnetic moment of the model current disc is given by

B R
Myp = —2SR3 (1 - DCQ) . 3)
2N Hpa ]

Alexeev and Belenkaya (2005) and Belenkaya (2004) determined model parameters which approximated the magnetic field
along the Ulysses inbound trajectory rather well. These parameters are Rys = 100 Ry, Re = 65 Ry, By = —2.5nT, Rpcy =
92 R;, Rpca = 18.4 Ry, and Bpc = 2.5nT. This set of parameters is used in the present paper as a starting point for fitting
parameters for-to the Juno data. The angle-dipole tilt angle ¥ changes during the observations and is calculated as a function

of time in the paraboloid model. A

3 Magnetic field calculations aleng for the first ten Juno perijovel-orbitorbits

As indicated above, field calculations have been made using the paraboloid model for theJune—perijeve1—trajectory,—for
comparison with the ebserved-data—The-orbit-was-data from the first ten Juno orbits for which data are presently available
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Figure 2. Juno perijove 1 trajectory in JSM Cartesian coordinates plotted versus time in DOY 2016, where the vertical dashed line shows

the time of periapsis.
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pisnv.and . Zisy, and the LT, The vertical dashed line shows the time of periapsis. On later orbits apoapsis moved towards

mﬁwmmwmammm
is dominated by the
magnetodisc and the planetary field. In the outer magnetosphere the field becomes strongly influenced by external conditions
in the solar wind, and although in some circumstances these can be reasonably well predicted by MHD models initialised
using data obtained near Earth’s orbit (e.g. Tao et al., 2005; Zieger and Hansen, 2008), they will typically vary strongly on the
time scale of the Juno orbit (Figure 2), and with them too the outer magnetospheric field. In Figures 3 and 4, for example, we
show the magnitudes of the modelled field from different sources along the inbound (left) and outbound (rlght) trajectory-legs:

vs—passes of

where, as we now show, the magnetic field 2
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Figure 3. Magnitude of the model magnetic fields for the Juno perijove 1 inbound (left) and outbound (right) passes, due to the internal
lanetary field (JRMOQ9, red), and the various model magnetospheric currents as marked (magnetopause, tail, and magnetodisc, black).

erijoves 1 and 9, respectively, plotted versus radial distance. The red lines in these figures show the internal JRM09 (“June
Reference-Medel-"Juno reference model through perijove 9*’) planetary field (Cennerney-et-al;-2018);—while-the-derived

by Connerney et al. (2018), which employs the well-determined degree and order 10 coefficients from an overall degree 20

spherical harmonic fit to the data (plus disc model field) from the first nine Juno orbits. The black lines show the field of the var-
ious magnetospherlc current systems in the parab0101d model as marked%e—]RM@Q—medel—empleyeeFﬂmag&e&e—ﬁel&dﬁ

where the model parameters employed are those derived from Ulysses inbound data by Alexeev and Belenkaya (2005), as

outlined in Section 2. It can be seen from the figure that for » < 60 R; the contributions to the magnetospheric field from

the magnetopause and tail current systems are-(which are oppositely directed near the dawn-dusk meridian) are negligible

compared with the magnetodisc field-

. being less than 10% for perijove 1 and less than 16%
for perijove 9, and may thus be treated approximately inside this distance. For related reasons we also neglect the penetratin

IMF term in equation (2), which is unknown when Juno is inside the magnetosphere#hus—w&e&m&etaﬂa}y%eﬂ%e—ﬁe}éﬁ&e

magﬂefedise—paf&mefef&,—whﬂe—fer—fheﬂﬂie%paf&metefs—wh highly variable in direction with time, and typically of magnitude
~0.1-1 nT (Nichols et al., 2006, 2017). This field too, with penetration coefficient k£ < 1, is therefore similarly negligible in

3

the r < 60 Rj middle magnetosphere studied here.
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Figure 4. As for Figure 3, but for perijove 9.

As a consequence of these considerations, here we employ the JRMO09 model of the internal field, and fit only the magnetodisc

arameters to the middle magnetosphere data. For the small fields contributed by the magnetopause and tail current systems
in this regime, we simply use the Ulysses values-parameters from Alexeev and Belenkaya (2005) and Belenkaya (2004) as

sufficient approximations, i.e., Rgs = 100 B3, R = 65 Ry, By = —2.5nT. Fhe-However, use of the Ulysses magnetodisc pa-
rameters is found to lead, for example, to a systematic underestimation of the field along the perijove 1 trajectory, and thus

need-needs to be modified. ¥

s Thus only three parameters, Rpci1, Rpce and Bpc, need to be fitted.

To optimize the model we choose the approach of minimizing function S given by

N (n) (n) N B(n) —B(n)
1 B — B 1 mod obs
S*(Boe, Rpcy, Rocs) = 3 —med —Zobs2 | _§ L BT O @)
RCLE N ~ \Bfngd N~ ‘Bff{,)s

where Bfgg 4 and-is the modelled field vector due to the current systems Bgﬁl are-the—valuesof-the-modeled-and-observed
magnetiefield-veetors;respeetively;—and—n-is the observed residual field following subtraction of the JRMQ9 internal field

model, n is the index number of the data point along the trajectory;-, and the total number of points is N. S represents a root-

mean-square relative deviation of the modelled magnetic field from the observed field vectors. We used a relative deviation
instead of an absolute value to equalize the influence of all the data points, noting that the magnetic field varies in magnitude
significantly along the part of the trajectory examined here (see Figures 3 and 4). Use of the absolute deviation weuld-result
gives good results in the region closer to the planet --where the field magnitude is greater, having-a-much-strongerinfluence-on
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Table 1. Magnetodisc parameters derived for the Ulysses inbound pass and the first ten Juno orbits, together with the maximum and minimum
inbound and outbound radial distances included in the Juno passes. “Not usable” means that entire pass was covered with current sheet
crossings.

inbound | outbound
Ulysses 230 184 2

PI:00 237 186 S not available | 31,5160
PJOL 27 123 9% 50145 30160
PJ02 207 137 9% 133140 not available
PJ03 275 143 9% 165140 39160
PJ-04 243 140 %5 137135 123160
PJ05 233 134 %5 106130 105160
P06 231 125 95 80120 17.2160
PI07 249 124 %5 not usable 19.7160
P08 238 131 %3 not usable 195160
PI-09 226 10.7 %3 not usable 83160

With regard to the choice of interval employed to minimize S, we note that use of data from the innermost region is not

optimal. The JRMO09 internal planetary field model differs from observations at periapsis (1.06 R3) by 0.3-10° n'T (Connerney
et al., 2018), which is areasonable accuracy for describing the-an observed field of roughty-8-—1+0°nFin-magnitude-magnitude
~ 8-10°nT, but does not allow us to distinguish the magnetodisc field in-order-of +06nF-0of order 100 n'T on this background.

We thus restricted the inner border of the interval to consider eﬂ}yﬂ%@%%ﬁs—afrafbﬁfafy—va}u&%u%&wspeerﬁeﬁeﬁﬂeﬁ

However, on most passes examined here, the inner radial limit is set instead at somewhat larger radii by the data that are
resently available for study. A further limitation on the region of calculation of S in the outer magnetosphere arises from the

fact that the paraboloid model does not display regions of low field strength during intersections with the magnetodisc, as is

observed in the field at larger distances, due to the use of the infinitely thin disc approximation (see Section 4). Fhus;ttis-It is

thus necessary to avoid these regions by also setting a maximum radial distance, Ityax, on each pass (see Figure 2 for perijove
1).

TFo-We thus minimize S in the
W%%%Mwmmww&@%and vaz—b%%%%
Limax 0N each pass to determine the best fit magnetodisc
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Figure 5. Observed (black) and modelled (red) residual fields in JSM cylindrical components, together with the residual field magnitude, for

Juno perijove 1. The residual field is the observed field with the JRMO9 internal field subtracted. The fields are plotted versus spherical radial

distance with inbound data shown on the left and outbound data on the right. The same model field is used for both.

arameters. The minimization was undertaken using the Trust Region Reflective procedure (Branch et al., 1999). The best fit

values are given, together with the radial ranges employed, in Table 1, where we also compare with the values derived b

Alexeev and Belenkaya (2005) from Ulysses inbound data. For all the Juno fits we found that the best fit outer disc radius

Bncy was the maximum value of 95 2 allowed in the fitting process, set by requiring that the disc radius should be less than
the subsolar magnetopause radius (100 12;,) by a few I2;. This indicates that the current density in the model disc, varying
as r_2, decreases somewhat too quickly with distance. The values of the inner disc radius Rpc2 ane-lic between 10.7 and
18.6 R;, usually smaller than the value of 18.4 R, derived from the Ulysses data, while the field strength parameter Bpo
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Figure 6. As for Figure 5, but for perijove 6.
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Figures—??-and-22-show-In Figures 5 and 6 we provide comparisons of the observed (erangeblack) and modelled (black

violet) residual-field-magnitudes plotted-versus radial-distance for the-inbound-and-outbound perijove red) residual fields
for Juno perijoves 1 trajectories;respeetively—The-and 6, respectively, from which the JRMO09 planetary field has been sub-

tracted=ss e s sl s e el e T sote o see e s e mnedla b el lle dae B urves—show

residual field magnitude plotted versus radial distance, where the same model applies to both inbound (left side) and outbound
(right side) data. As can be seenthe-model-with-optimum-parameters-is-, the fitted models are generally in good accordance with
the observations over-the region+5<+<60425—for the B, and 15, components, while the 3y component is not adequately
described, because the model does not include radial currents in the magnetodisc and their closure current via the ionosphere.

It is also seen in Figure 5 that the field magnitude is underestimated inside of ~10 Rj, again probably related to the too stee
radial dependence of the azimuthal current. As the distance from Jupiter decreases, a sharp increase in the residual field is

observed in the inner region to >+66xF> 100 nT, while the model field plateaus at several tens of aFnT. At the closest
distances from the planet the increase is probably due to inaccuracy of the JRM09 model of the internal field-—Butin-theregion

E E D it icbored to tall tha cancan fo o to 1 2 af tha TRMOO

4 Approaches for future improvement of the Jupiter paraboloid model

In-the-modet-of Jupiter’s-magnetodise

We first compare the fits derived here with those obtained using the magnetodisc model derived by Connerney et al. (1981)
from Voyager-1 and -2 and Pioneer-10 field data, but now fitted to Juno perijove 1 data. In this model the current flows in a
planet-centred annular disc of full thickness 5735 Ry, with inner and-outerradi-at-5-and-=-56-7(/2y) and outer () radii at
5 and ~50 Ry, respectively. The azimuthal current in the disc is taken to vary as Iy/p, where p is the perpendicular distance

from the planetary dipole magnetic axis. We optimized this model for Juno perijove 1 using the same method as outlined

above, to find best-fit parameters [y = 21 x 106 AR;! =67 Rj. Figure 7 shows a

10
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Figure 7. Comparison of the observed residual field (black) and best-fit Connerney et al. (1981) magnetodisc model field (blue) in a similar
format to Figure 5. We also show the best-fit paraboloid model (red) as in Figure 5.

with-Bpo=31tnTand Rpcr=15-8R{(blackeurve)residual fields (black) with the best-fit Connerney et al. model (blue
in a similar format to Figures 5 and 6, where we also show the best-fit paraboloid model (red) from Figure 5. One important

difference between the model results consists in the fact that the Connerney et al. (1981) model well reflects the observed
periodic sharp drops of magnetic field strength during spacecraft intersections with the disc. The magnetodisc radial magnetic
field component reverses sign above and below the disc, and at its centre becomes equal to zero. As indicated in Section 3,
the paraboloid model having an infinitely thin disc certainly cannot reproduce this feature, and should thus be improved by
use of a disc current of finite thickness. The Cennerney-et-al-Connerney et al. model demonstrates reasonable coincidence

with observations near Jupiter, but at greater distances overestimates the magnetic field strength, which indicates that at these

AN N AN AN A A A A AN AN AN AN AN
distances the current density variation as p~ ! is too slow.
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above, neither of the magnetodisc models considered here describe the azimuthal field well at medium and large distances
which shows short-term modulations of the field between positive and negative values refate-related to crossings of the cur-

rent sheet near the planetary rotation period ;—peinting—(see, e.g., the inbound data in Figure 6). This points to the well-
known existence of radial currents in the magnetodisc associated with sweepback of the field into a “taggingeconfiguration

fe—eHiH-H979)—"laggin‘ configuration (e.g. Hill, 1979). Both models considered here, the Connerney-et-al-1984204H7-
Connerney et al. (1981) model and the paraboloid model of Alexeev and Belenkaya (2005) do not include these currents, but

only the azimuthal current in the magnetodisc. Such radial currents have been included in the models by Khurana (1997) and

Cowleyetal(2008; 20+ Cowley et al. (2008, 2017), and could be a useful addition to the paraboloid model, together with

their field-aligned and ionospheric closure currents.

5 Discussion and Conclusions

As shown in Fig—2?Figures 3 and 4, in the middle part of the June-perijove—t-trajectory;-Jovian magnetosphere selected for
study here(t5—<+—<-60-R1), the main contribution to the field due to the magnetospheric current systems is the equatorial
magnetodisc. Here we have refined the magnetodisc parameters within the Jovian paraboloid model to best fit the Juno data
from the first ten orbits in this region, for which both inbound and outhound data are presently available. Analysis of the field
at very close radial distances requires better knowledge of the internal planetary field, while that-the field at large distances

is strongly influenced by the solar wind, whose simultaneous parameters remain unknown and generally varying rapidly with

time on the scale of the Juno passes.

As a simplest approximation we took parameters—found-for-magnetopause and tail current parameters derived using the
Ulysses mission data (Alexeev and Belenkaya, 2005; Belenkaya, 2004), and changed only f2pco-the radial and field strength
parameters of the magnetodisc. We found that the best fit model consistently had a large outer radius comparable with the
subsolar magnetopause distance (taken to be 100 2; from the Ulysses model). an inner radius usually between ~12 and Hpcs

12
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from2-51nF14 Ry smaller than the Ulysses model (~18 Rj), and a comparable field strength parameter (at the outer edge of
the disc) of ~2.5 nT.

To further refine the Jovian paraboloid magnetospheric model, it will be necessary to take into account the finite thickness of
the magnetodisc current, and also to accurately determine its dependence on the radial distance from the planet. The existence
of radial currents in the disc, as well as their closure via field-aligned currents in the planetary ionosphere, should also be

incorporated.
Code availability. Those who would like to work with the paraboloid model may contact Igor I. Alexeev at alexeev@dec1.sinp.msu.ru.
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