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Substorm-like aurora at Jupiter
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Polar aurorae are a direct consequence of the dynamics of the plasma in the
magnetosphere. The sources of mass and energy differ between the Earth’s and Jupiter’s
magnetospheres?, hence leading to fundamentally distinct auroral morphologies and very
different responses to solar wind variations. Here we report on the imaging of all
development stages of spectacular auroral events at Jupiter, called dawn storms®#,
including their initiation on the night side. Our results reveal surprising similarities with
auroral substorms at Earth, which stem from explosive magnetospheric reconfigurations.
These findings demonstrate that, whatever their sources, mass and energy do not always

circulate smoothly in planetary magnetospheres. Instead they often accumulate until the
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magnetospheres reconfigure and generate substorm-like responses in the planetary

aurorae.

The specificity of the dawn storms among the various auroral morphologies at Jupiter was
recognized as soon as the first high resolution ultraviolet (UV) images of the aurorae on Jupiter
became available®. As seen from the Hubble Space Telescope (HST), which has only access to
the Earth-facing side of the aurora, they consist of a thickening and a major enhancement of the
brightness of the dawn arc of the main auroral emission (main oval). They seem to last at least
for 1-2 hours* while the typical length of HST sequences is ~45 minutes, therefore they could not
provide a complete view of the process. Dawn storms are also characterized by very clear
signatures of methane absorption, indicating that the charged particles causing them can
precipitate deep below the methane homopause, with energies up to 460 keV?® in the case of
electrons. Based on the large HST observation campaign carried out in 2007, dawn storms
appeared rare (3 cases out of 54 observations) and occurred indifferently to the state of the solar
wind®. However, the dawn storm observed during the HST campaign supporting the Juno
mission as it approached Jupiter in 2016 occurred just as a coronal mass ejection hit Jupiter’s
magnetosphere, re-igniting the debate on the relationship between dawn storms and solar wind
fluctuations. So far, our understanding of dawn storms has been incomplete mainly because we
have been unable to observe the whole extent of the event, both temporally and spatially. New
data from the Juno mission reveal for the first time where and how the dawn storms start and the

consequences to which they lead.

Juno is a NASA New Frontiers spacecraft orbiting Jupiter since July 4th 2016. Its 53-day
eccentric polar orbit brings its perijove (PJ) to ~4000 km high above the surface (1 bar level) at

the equator. This orbit allows its ultraviolet spectrograph (UVS) to acquire spectrally resolved
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images of the northern and then the southern polar aurorae during a time interval approximately
comprised between 4 hours before and 4hours after the PJ. The spin-stabilized spacecraft rotates
every 30s and the UV'S scan mirror allows UVS to point the 7.2° long slit up to 30° away from
the spin plane in each direction’. Since UVS cannot observe the whole aurora during a given spin

during the perijove sequence, the exact timing of some transient events is uncertain.

For the first time, Juno-UVS has granted us a complete and global picture of the auroral dawn
storms, from their initiation to their vanishing. Indeed, Juno captured views of dawn storms at
different stages of development in approximately half of the perijoves performed to date (Table

1).

For example, on 7 February 2018 (PJ11), Juno-UVS captured the initiation of a dawn storm at
low altitude (~43000 km) over the north pole, thus allowing unprecedented high spatial
resolution observations (Figure 1). Around 13:06 UT, the event started with a relatively bright
midnight arc (~2000 kR). Then a few north-south aligned elongated spots began to appear
poleward of this arc, forming a string of approximately a dozen spots within 15 minutes, each
one bursting dusk-ward of the previous. Using the flux mapping method of Vogt et al. [2015]8,
but with JRM09® as an internal field model, these spots map to a distance of 110-125 Jovian radii
and a local time range between 22:40 UT and 23:20 UT, which broadly corresponds to the X-
line, where magnetotail reconnections take place!®. Even though the spin modulated sampling
rate of UVS does not allow for easy tracking of their motion, individual spots appear to move

equatorward before vanishing after a few minutes.

Two hours later, Juno was located in the southern hemisphere when the main emission began to
brighten and broaden irregularly, forming a bead-like pattern in the same midnight sector. Fly-

bys carried out at lower altitude during this phase of the dawn storm, such as during PJ3 at 15:37
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UT, render this pattern, with beads with ~1500 km (~2°) spacing, even more obvious. Hence, the
enhancement of the main emission, leading to the full-fledged dawn storm, actually started
around midnight. This feature then slowly migrated to the dawn sector at a pace corresponding to
~25% of the corotation with the planet. Around 16:22 UT, the main arc split into two parts, one
moving towards the pole and the other moving equatorward. The whole feature continued to
rotate, progressively accelerating towards co-rotation with the magnetic field as the dawn storm
developped. Juno flew away from the planet and the UVS observations ended at 18:50 UT, while

the event was still ongoing.

On 19 May 2017 (PJ6), the Juno-UVS observations missed the beginning of the event, but they
allowed us to examine the next phases. After the broadening and the splitting of the main
emission, the outer arc transformed into large blobs. On the same day, subsequent HST images
acquired with the Space Telescope Imaging Spectrograph (STIS) confirmed that the blobs
continued their evolution, forming latitudinally extended fingers slowly expanding equatorward.
Such features have been associated with large and fresh plasma injection signatures®. While
such a connection between dawn storms and large injection signatures has been proposed
previously*?, this long and continuous set of observations is the first to clearly demonstrate one
changing into the other. It should also be noted that some (but less intense) injection signatures

can also appear independently from dawn storms?2,

Put together, the Juno-UVS observations from PJ11 and PJ6 paint a brand new picture of the
dawn storms, as it consists of a 5-10 hours long chain of events, starting with the transient
elongated spots, followed a few hours later by the formation of bead-like features on the
midnight part of the main emissions. Then follows an expansion phase, during which the main

emission brightens, expands, thickens and forks into two branches migrating poleward and
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equatorward respectively. This chain of events is very similar to the one observed during
terrestrial auroral substorms (Fig. 2). Substorms are global reconfigurations of the
magnetosphere during which the magnetic energy stored in the magnetotail is converted into
particle energy, which lead to spectacular auroral brightening in nightside polar region which
generally follow a well-established sequence of features4. The transient elongated spots look
like similar transient and north-south aligned spots on Earth, sometimes associated with
poleward boundary intensifications'® and sometimes with streamers, which are both observed
before the substorm onset!®. Both phenomena are associated with reconnection in the
magnetotail and the subsequent inward flow of plasma and dipolarizing field lines'’. The pre-
expansion beads observed in the context of terrestrial substorms are associated with plasma
instabilities in the near magnetotail, such as the ballooning instability*®. The expansion phases of
dawn storms and substorms are also very similar, and the later corresponds to a
dipolarization/current disruption in the magnetosphere. Finally, the auroral blobs in the
equatorward emissions manifest massive plasma injections. While plasma injections in the inner
terrestrial magnetosphere do not generally induce distinct auroral emission, they are indeed
observed by in-situ instruments during substorm events®. One notable difference is that auroral

substorms do not rotate with the Earth, but evolve in fixed local time, i.e., around midnight.

At Earth, substorms do not always occur as isolated events, instead multiple substorm
expansions can happen consecutively?’. A similar behavior is observed for dawn storms at
Jupiter. For example, on 27 March 2017 (PJ5), a first dawn storm was ongoing when the
observations started at 03:57 UT and was finished by approximately 06:51 UT while a second
one was observed peaking around 08:14 UT (Fig. 3). During PJ3, the dawn storm expansion

phase seemed to never really stop, continuously going on at the same local time. Again, such a
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behavior is not uncommon for terrestrial substorms. The occurrence of successive dawn storms
separated by a delay of a few hours could explain why images of dawn storms from HST often

display large injection signatures in the post-noon sector!2.,

Terrestrial substorms vary considerably in intensity and those which could not fully develop are
called pseudo-breakups?2. The event observed during PJ16 (29 October 2018) was limited to a
small intensification, which might be analogous to terrestrial pseudo-breakups (Fig. S2). Around
20:19 UT, Juno-UVS captured the appearance of three transient (~6 minutes) and elongated
spots poleward of the midnight arc of the main emission. Moreover, the midnight arc itself was
fainter than during PJ11 and the number of spots was also lower. The enhancement of the dawn
arc of the main emission observed at 23:39 UT was a fairly dim (~500 kR), as was the area
concerned with the enhancement (~10° in longitude). While the sequence of events is similar to
the one observed on PJ11, which is why we identify it here as a dawn storm, it probably would
not have been qualified as a dawn storm in previous studies, due to its limited extent and
brightness. This and the fact that Juno observes the whole auroral region, including the night side
where dawn storms arise, almost continuously for ~8 hours explains the discrepancy between our
detection rate and the one deduced from HST, which only focused on the expansion phase. The

second dawn storm on PJ5 is another example of a limited dawn storm.

The orientation and strength of the solar wind control the occurrence and intensity of Earth
substorms?3, but these parameters cannot be measured at Jupiter while Juno carries out its
perijove observations. Instead, we used the propagation model from Tao et al. [2005]%4, which
relies on measurements acquired at one astronomical unit (from either the OMNI data or the
Stereo A spacecraft) to estimate the solar wind velocity and dynamic pressure at Jupiter when

Jupiter and the observatory are sufficiently well aligned (<40°) (Figs. S3-S5). Most dawn storms
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for which such an estimate was possible (i.e. PJ5, PJ9, PJ14 and PJ20) happened more than 2
days away from any solar wind enhancements, which confirms that dawn storm occur during
relaxed solar wind conditions. However, they can also occur at times closer to a solar wind
enhancement (e.g. PJ1, PJ6 and PJ16), suggesting that solar wind shocks do not necessarily

prevent their occurrence.

Regardless of the similarities between terrestrial substorms and jovian dawn storms, it is also
important to stress the major differences between the Earth’s and Jupiter’s magnetospheres.
The first is dominated by its interaction with the solar wind, and magnetic reconnections on the
dayside magnetopause drive the plasma convection in the magnetosphere through the so-called
Dungey cyclet. On the other hand, the Jovian magnetosphere is inflated with plasma originating
from the volcanic moon lo and the rotation of the planet controls the motion and the energization
of the magnetospheric plasma. The mechanism through which the mass injected at lo is
ultimately released via reconnection on closed field lies is called the Vasyliunas cycle?.
However, regardless of the different reasons for the loading, in both cases plasma and energy
regularly accumulates within the system, which grows increasingly unstable, especially in the
midnight magnetotail where the field lines are the most elongated. Such a stretching of the field
lines provides favorable conditions for reconnection to occur. At Earth, such reconnection closes
the magnetic field lines open to the solar wind in the magnetotail, while at Jupiter, reconnection
is internally driven®®-28 and is expected to take place on closed field lines. In the middle
magnetosphere, various plasma instabilities may occur, such as ballooning instability?® or cross-
field current instability®. Since the magnetic field lines in Jupiter’s outer magnetosphere are also
highly stretched, and the magnetosphere consists of more energetic ions than the Earth’s

magnetotail, many plasma instabilities identified in Earth’s magnetotail would likely take place



in Jupiter’s outer magnetosphere. Such instabilities can then lead to a disruption of the azimuthal
currents in the middle magnetosphere and a depolarization of the field lines. While the
dipolarizing field lines would remain in the night sector at Earth, they would be progressively
swept away by the planetary rotation at Jupiter as they progress inward. These processes would
also bring hot and sparse plasma from the outer magnetosphere further into the system and
energize it, forming plasma injections. Even if the overall dynamics of the plasma in the two
magnetospheres are fundamentally different, one being externally driven and the other being
internally driven, universal processes releasing the accumulated matter and energy from the

systems lead to strikingly similar auroral signature.
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Fig. 1. Polar projection of the development of a dawn storm, based on observations acquired by
Juno-UVS and HST/STIS during the 11" and the 6" perijove sequences. On PJ11, the event was
preceded by the progressive appearance of a set of transient elongated spots poleward of the
main emission. Two hours late, the dawn storm itself started as an enhancement of the main
emission in the form of beads before the arc began to fork and expand, both latitudinally and
longitudinally. On the PJ6 sequence, the same sequence of emergence of beads, followed by the
expansion phase is observed, but subsequent observations by both Juno-UVS and HST-STIS
show that the equatorward arc transforms into a large injection signature.
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Fig. 2. Polar projections of the UV aurora showing four different phases of a Jovian dawn storm:
1) the short lived polar midnight spots, 2) the formation of irregularities on the main emission
pre-dawn part 3) the expansion phase, with the two arcs splitting and 4) the injection signatures
in the outer emission. The first three images are based on data from the Juno-UVS instrument
and the fourth one comes from Hubble Space Telescope observations carried out to support Juno.
These four phases appear to correspond to night-side tail reconnection, plasma instabilities,
current disruption/dipolarization in the middle magnetosphere and to flux tube interchange,
respectively, as illustrated in the general scheme shown in the central scheme (not to scale).
These auroral features corresponding to these phases in the terrestrial aurora are show on the
bottom raw. In the bottom, the first two images come from the THEMIS network of all-sky
cameras 118, The third image corresponds to Earth’s aurora as seen from IMAGE-WIC.
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Fig. 3. Polar projections of the development of non-isolated dawn storms during PJ3 and PJ5.
The red arrow highlights the dawn storms. During PJ5, a second dawn storm took place ~3 hours
after the first one. On PJ3, new dawn storms seem to appear during all the southern branch of the
perijove sequence.
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date Peak power (W) Identified features

- 27 Aug 2016 18:00 => 20:00 b, e
_ 11 Dec 2016 15:10 = > 22:02 8.110" b, e, nids
27 Mar 2017 3:56 => 06:00 1.5 10% b,e, nids
- 7 :33=> 11 :09 1.110%
_ 19 May 2017 07:14 => 10:54 1.6 10%2 be, i
P17 10 Jul 2017 22:43 => 00:00 2.7 101 e,i
_ 24 Oct 2017 12:19 => 13:50 6.0 10 e
_ 07 Feb 2018 12:58 => 18:49 8.5 10" s, b, e
m 16 Jul 2018 08:42=> 10:15 6.5 101 e
m 29 Oct 2018 23:20=> 01:00 1.4 10" s, b, i
m 29 May 2019 09 :30 => 12 :54 9.2 10" b, e, i

Table 1. List of the dawn storms identified during Juno's perijove observations sequences. The
first column collects the approximate times of the expansion phases of the dawn storm. The end
time in particular are approximate, as there is no clear criterion for when the phenomenon is
really finished. Start and end times in bold indicate that the observations started or ended at the
indicated time, but the dawn storm probably lasted longer. The second column indicate the peak
power reached by the dawn storm and the third column indicates the observed feature during this
sequence, (s) meaning the spots, (b) the beads, (e) the expansion, (i) the injections and (nids) the
occurrence of non-isolated dawn storms. The PJ1 dawn storm started after the end of the UVS
observations, but the beginning of the expansion phase was observed with the JIRAM (Jovian
InfraRed Auroral Mapper) instrument 3 (Fig. S1).
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