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Abstract The regular polygons of circumpolar cyclones, discovered by Juno in 2017, are one of the most
puzzling features of Jupiter. Here we show new recent global pictures of the North polar cyclones' structure.
These are the first simultaneous images of the whole structure since 2017, and we find that it remained almost
unperturbed, just like the South one. The observation of these long-lasting structures poses questions regarding
the formation mechanism of cyclones, and on their vertical structure. Data by Juno/JIRAM infrared camera
collected over the last 5 years show that cyclones migrate around what may seem like equilibrium positions,
with timescales of a few months but, aside from that, the cyclones systems are very stable. Our analysis of the
observations shows that the motion of cyclones around their equilibrium position is uncorrelated with their
position if a barotropic approximation (f-drift) is assumed. Thus, a different dynamical explanation than the
barotropic B-drift is needed to explain the stability of the observed features. Each cyclone has a peculiar
morphology, which differs from the others and is stable over the observed lapse of time in most cases.

Plain Language Summary In 2017, Juno discovered that the poles of Jupiter are occupied by
regular polygons of cyclones. Here we report 5 years of observations of these cyclones by JIRAM, the infrared
imaging spectrometer on board Juno. In particular, we show the latest observations of the North Pole cyclones
structure. In fact, this structure has only been partially observed since its discovery 5 years ago. One important
question is how these structures of cyclones form, and if they are stable. We find that both remained almost
unperturbed. Hence, we show that these cyclones may have very long lifetimes. Cyclones migrate around what
may appear to be equilibrium positions. The scale time is a few months. We analyzed the movement of cyclones
and compared it with a model where winds don't change with depth (a barotropic model). We found that the
motion of the cyclones is not related to their position according to this model. We conclude that a different
model is needed to explain some of the observed characteristics. Each cyclone has a peculiar morphology,
which differs from the others and is stable over the observed time span in most cases.

1. Introduction

The NASA/Juno mission (Bolton et al., 2017, 2018) discovered the existence of Jupiter's circumpolar cyclones in
February 2017 (Adriani et al., 2018, 2020), when observing the poles for the first time after orbit insertion. The
observations were made possible by JIRAM (Jovian InfraRed Auroral Mapper, Adriani et al., 2017) and JunoCam
(Hansen et al., 2017). JIRAM, in particular, being an infrared camera, can follow the evolution of these structures
in any illumination condition and has monitored them since 2017 (Mura et al., 2021).

The North Pole region is occupied by a Polar Cyclone (PC) surrounded by eight Circum-Polar Cyclones (CPCs)
while the South Pole is populated with five cyclones surrounding a polar one. Adriani et al. (2018) reported that
the South CPCs have approximately the same size as the South PC, while North CPCs are, on average, smaller
than the North PC. Mura et al. (2021) reported three characteristics of these PCs and CPCs observed over 4 years.
First, all the cyclones in the structures are very long-living and stable: at that time, they estimated that the lifetime
should be longer than 20 years. Second, the structures formed by the CPCs rotate very slowly, with the North and
South ones having substantially different rotation speeds (3° and 7° per year, westward, respectively). Finally, the
cyclones are subjected to oscillations that propagate from one to the other and have timescales of the order of a
few months.
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Within the structure formed by the CPCs, small anticyclonic vortices are often observed, both at the North and at
the South Pole. These anticyclones are often less than 1,000 km in size, as discussed in Adriani et al. (2020). For
cyclones, tangential speeds increase starting from the center up to a maximum of about 1,000 km, where typical
values of 50-100 m/s are reached, depending on the specific cyclone considered, while the smaller anticyclonic
eddies also have lower velocities (Grassi et al., 2018). In this study, we do not discuss anticyclones, but instead,
we focus on the stability and instability of the position of the larger cyclones.

A very brief summary of the many existing models, that can be useful to explain their stability or their genesis,
is given in Mura et al. (2021). They classify these models into two broad classes: “deep” (i.e., Cai et al., 2021;
Garcia et al., 2020; Heimpel et al., 2005, 2016) and “shallow” (i.e., Gavriel & Kaspi, 2021; Li et al., 2020;
Reinaud, 2019; Reinaud & Dritschel, 2019).

In convective deep models, the cyclones are generated in the surface mixed-layer under the influence of deep
convective plumes that are rooted deeply into the Jovian atmosphere and exchange heat from the inner part to
the base of the mixed-layer. In shallow models, the surface forcing is responsible for the formation of vortices
in approximate geostrophic balance, therefore characterized by a weak vertical velocity field (compared to the
horizontal one).

Among convective models, we just note that a recent model by Siegelman et al. (2022), not discussed in our
previous work, showed that at scales of the order of 100 km or less, turbulence at the Jupiter poles is dominated
by shallow convective instabilities that can feed energy to the much larger cyclones.

Among shallow models, studies have been performed either allowing for (small) vertical accelerations and
assuming that the vertical scale of the turbulent flow is far smaller than the horizontal one, or using the barotropic
approximation, where the vertical velocity field is constant and vertical accelerations are null. For example,
Reinaud (2019) and Reinaud and Dritschel (2019) tried to explain the stability of the overall PC-CPC structures
using the quasi-geostrophic approximation but did not account for the change in Coriolis parameter as the lati-
tude varies, the so-called beta-effect, which is responsible for the drift of cyclonic eddies toward the Pole and
may affect stability. The beta-effect was taken into account by Li et al. (2020), who seeded a given number of
(shallow) cyclones in a shallow-water model. Li et al. (2020) were able to reproduce the poleward drift and the
grouping into regular polygonal patterns that are stable whether the shallow layer hosting them is not too thin or
too deep and only if each cyclone is shielded by an anticyclonic ring of vorticity. Finally, the work by Gavriel
and Kaspi (2021) uses a barotropic model to explain the presence of regular polygons of cyclones at the poles of
Jupiter, and why they should not form at Saturn.

For simplicity, in this study, by “deep” we mean convective and by “shallow” we mean both shallow water
vortices but also barotropic vortices that extend vertically but are generated by processes that are evident on the
surface.

JIRAM data can be used to test the validity and accuracy of these models. For example, the model by Li
et al. (2020) requires a mean, stable field of anti-cyclonic winds between cyclones to ensure their shielding and
therefore their stability. Grassi et al. (2018), calculated the wind field in the polar regions by using multiple
images of the same regions separated by a short time scale, and from the wind field, it is possible to calculate the
vorticity distribution map and infer how cyclones should move. In Mura et al. (2021) we presented an analysis
of the first 4 years of JIRAM observations, focusing on the secular variations. Here we add new data from the
fifth year of JIRAM images, and use the observations and wind estimations to test predictions from a barotropic
model.

2. Data

JIRAM recorded images of South polar cyclones almost every close passage of Juno (PeriJove, PJ). PeriJoves
occurred with a period of 53 days until PJ 34 (June 2021), after which the period shortened. The coverage of the
North pole, on the other hand, is less regular (see Table 1 and Table 2). After almost 5 years of observation, very
little has changed in the polar cyclones structures. In the South, as described in Mura et al. (2021), the pentagonal
structure did not change substantially, only occasional perturbations have been observed. An important observa-
tion, which required a special turning of the spacecraft's rotation axis, shows that the North polar cyclone struc-
ture is almost unperturbed after 5 years (see Text S1-S3 in Supporting Information S1). The octagonal structure
in the North is still present: Figure 1, panel B, shows the eight North CPCs, which make a less regular polygon
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Table 1
Summary of South Pole Observations
PI Date Latl Lat2 Lat3 Lat4 Lat5 LatSP Lonl Lon2 Lon3 Lon4 Lon5 LonSP
4 02/02/2017 83.7 843 850 84.1 83.2 88.6 157.1 943 134 298.8 229.7 2113
5 03/27/2017 83.0 84.3 87.8 160.9 103.4 203.1
6 05/19/2017 83.1 84.7 855 84.1 823 87.6 160.3 1022 119 289.0 2344 2139
8 09/01/2017 83.6 852 854 834 824 87.8 160.4 93.1 124 3023 248.1 238.1
9 10/24/2017 83.8 84.8 849 834 829 88.5 167.9 97.6 124 305.1 250.3 239.1
11 02/07/2018 832 841 847 843 83.1 88.5 167.8 106.6 28.5 304.1 2402 215.0
13 05/24/2018  83.1 84.7 858 84.1 82.5 88.1 173.6 1141 274 3015 2458 2223
14 07/16/2018 835 85.1 852 83.7 82.6 87.9 1782 111.8 173 303.0 2455 232.8
15 09/07/2018 844 850 847 834 82.6 88.0 1742 1040 18.7 3062 2389 250.8
17 12/21/2018 835 845 849 839 828 88.3 170.5 107.6 299 309.4 2514 2258
18 02/12/2019 833 844 855 843 827 87.8 1709 112.1 327 316.1 260.1 2244
19 04/06/2019 83.1 845 855 84.0 828 87.7 176.4 1195 31.1 3162 2595 2303
20 05/29/2019 834 84.6 85.1 839 829 88.0 183.7 119.6 354 317.8 256.6 2423
21 07/21/2019 84.0 848 854 835 825 87.9 182.7 1189 333 318.0 2594 250.5
22 09/12/2019 83.8 848 852 838 82.8 88.2 176.9 1169 312 3194 264.0 2454
23 11/03/2019 83.0 84.6 858 839 83.1 88.0 168.0 110.6 32.8 3182 2635 2243
24 12/26/2019 82.8 843 855 843 833 87.9 1752 117.6 33,5 3165 259.0 217.5
25 02/17/2020 83.1 846 855 84.1 827 88.0 186.3 123.0 35.7 312.6 247.0 2348
26 04/10/2020 83.7 84.8 85.8 83.7 87.3 1859 1262  33.1 318.1 254.4
27 06/02/2020 84.1 84.8 833 822 87.3 190.8 119.7 3239 2524  269.5
28 07/25/2020 842 853 849 832 828 87.9 190.8 1249 312 323.1 2502 270.2
30 11/08/2020 83.8 844 850 839 83.0 88.6 185.0 1223 47.8 3273 2555 2587
31 12/30/2020 83.0 843 850 84.6 833 88.2 184.7 126.6 48.1 3274 2644 232.1
32 02/21/2021 83.1 84.0 860 844 826 87.5 186.6 128.6 544 323.6 270.2 2350
33 04/15/2021 829 842  86.1 843  82.1 86.8 190.7 1334 533 3242 2746 2403
34 06/08/2021 835 85.0 86.1 832 823 87.7 196.8 1339 35.1 3284 2727 256.1
35 07/21/2021 834 850 856 838 824 87.8 196.2 1263 36.8 3319 2613 260.1
36 09/02/2021 84.0 85.0 847 837 83.0 88.2 198.2 126.0 45.1 327.5 270.8 266.5
37 10/16/2021 84.1 847 84.6 833 834 88.7 196.8 130.6 46.1 3372 2746 277.0
38  11/29/2021 83.5 84.6 82.9 88.3 197.9 135.0 287.1  252.6
39 01/12/2022 835 844 849 835 827 87.9 203.5 1474 657 3519 2945 2628
Note. Central cyclone close to the South pole is named “SP”, latitudes are planetocentric. Longitudes are W.

during the latest pass (29 November 2021), but still clearly recognizable; panel A shows the initial configuration

as seen in 2017 (Adriani et al., 2017). Figure 2 shows similar images of the South pole in February 2017 and

November 2021; the persistence of the 5-cyclones structure around the PC is less surprising because continuous

observations of this feature are available since 2017.

A notable feature in Figure 2 is the appearance of a small cyclone in the same position of that reported by Mura

et al. (2021), that is, halfway between CPC1 and CPCS5 (close to 250°W in this figure). This is quite surprising,

because one could expect that “intruders” could appear in any of the five gaps between the CPCs. By analyzing

images of previous orbits, it appears that another small cyclone was also observed in a similar location during PJ9

(October 2017) (Figure S1 in Supporting Information S1).

In Table 1 we present the sequence of all observations of the South Pole from 2017 to today, as an update to Table

1 in Mura et al. (2021), showing latitudes and longitudes of cyclones; Table 2 is for the North Pole. Until PJ34
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Table 2
Summary of North Pole Observations
Pl Latl Lat2 Lat3 Lat4 Lat5 Lat6 Lat7 Lat8 LatNP Lonl Lon2 Lon3 Lon4 Lon5 Lon6 Lon7 Lon8 LonNP
4 829 838 820 832 829 832 823 835 89.6 1.4 507 953 137.6 1834 227.6 2699 3148 2304
5 83.1 832 8138 179.7 2273  269.7
6 832 837 80 832 828 8.1 819 833 89.9 359.0 50.2 955 136.6 183.6 2265 271.8 311.8 193.0
9 82.6 83.1 834 832 838 821 834 359.3 89.8 1350 1799 2275 268.0 312.6
10 823 82.1 89.5 93.7 271.1 107.8
14 83.2 832 842 53.0 194.0 244.6
16 828 82.7 827 839 81.6 89.4 6.4 100.4  147.6 2442  285.1 118.2
24 83.1 83.8 90.0 59.6 235.5 211.0
26 832 834 828 85 827 89.8 7.0 563 102.0 1436 1904 240.5
28 832 831 823 9.0 582 1042
32 832 89.1 7.5 131.2
33 831 83.0 829 85.2 89.0 7.7 110.1  153.7 3172 160.9
34 830 838 828 8.8 832 838 814 856 88.8 103 60.8 109.3 1563 204.1 2493 2944 3265 139.0
35 830 838 833 829 83.8 85.5 88.9 1.5 63.1 1134 1586 255.0 3228 164.2
36 829 83.1 85.3 89.1 13.2 208.0 3254 146.2
37 829 834 89.1 14.9 206.4 1374
33 828 830 824 829 835 845 81.8 8438 89.1 187 655 111.5 1553 2052 2527 2951 331.1 1224
Note. Central cyclone close to the North pole is named “NP”, latitudes are planetocentric. Longitudes are W.
_— North - JMO@fgloo;v 2017-02-02 _— _— North - JM03f800°-w 2021-11-29 .
t 240°W
270°W
R E

0.02

Radiance (W m™2 sr'1)

0.05

0.1

-
I

Figure 1. Comparison between North structure in Feb. 2017 (left) versus Nov. 2021 (right). circumpolar cyclones are indicated by cyan numbers. The pseudo-color
maps show band radiance in the M band (4.5-5 pm). The circle is the 80° N parallel, latitudes are planetocentric. The lower average radiance in the observations of
November 2021 is due to a residual of the correction due to the emission angle. The whole structure rotated approximately 15° westward between the two observations.
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Figure 2. Comparison between South structure in February 2017 (left) versus January 2022 (right). circumpolar cyclones are indicated by cyan numbers.

The pseudo-

color maps show band radiance in the M band (4.5-5 pm). The circle is the 80°S parallel, latitudes are planetocentric. The whole structure rotated

approximately 30° westward between the two observations.

(June 2021), Juno's orbit period was about 53 days; from PJ34 on, the orbit period was reduced to about 43 days;
therefore, these are the minimum time intervals between two successive observations reported here. Similar to
the previous observations, the spatial resolution at the reference level of 1 bar ranges approximately from 15 to
60 km. The average drift velocity (in absolute value), obtained from Table 1, is between 0.1 and 0.2 m/s, with
no significative difference, on average, between cyclones. The position of the center of the cyclones cannot be
determined with automatic recognition software (the morphology of cyclones differs from cyclone to cyclone, as
discussed later) and therefore has been identified manually. These observations confirm the oscillation patterns
already identified in the previous work.

Single cyclones have peculiar morphology in IR images. Some are darker (colder) with curly patterns, others are
brighter, with large and clear high-contrast features. Comparable morphological differences can be found in the
surface expression of ocean mesoscale eddies simulated at submesoscale permitting resolution (1 km or higher).
In the oceanic analog differences are generally attributable to changes in mixed-layer depths (see e.g., Figure 4
in Liu et al. (2021) noting that for this basin, anticyclones are the norm). Often, the morphology of Jupiter PCs
is still recognizable after 5 years. In Figure 3, we show examples of 4 cyclones’ morphology observed almost
5 years apart. It appears that cyclones' shapes always fall in one of three types. Type 1 (left column) shows a few
large branches with almost no small features; North CPCS5 is an example. Type 2 (second and third columns)
cyclones are very cloudy, with curly branches very rich in smaller features. In this type, the cyclone's eye is round
and darker. Type 3 cyclones (right column) show alternating cloudy and cloudless rings, with an oval eye. This
morphologic aspect is not a parameter that can be easily quantified and used to feed a model, but it is however
suggestive of a tendency of cyclones to maintain their characteristics over a long time.

However, some exceptions to this scheme are evident. The most notable one is South CPC4 which displayed a
sudden change in brightness and morphology on a very short time scale. In Figure 4 we show five images of
South CPC4 taken ~2 months apart. It appears that this cyclone, which has usually a cloudy core, like South
CPC1, has become darker until PJ32, and suddenly became extremely bright, with a cloudless core (PJ33). Later
on, it seemed to slowly recover its initial morphology (PJ34, 35, and 36). The reason for this event, so far, has no
clear explanation (it is reported here mostly because no other cyclone ever showed a similar behavior). It will be
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North CPC #5 North Polar Cyclone  South CPC #1  South Polar Cyclone

g N g

Figure 3. Three examples of cyclones morphology. Type 1 (left column): few large branches with almost no small features.
Type 2 (second and third columns): cloudy cyclones, with curly branches, very rich in features, with round cyclone's eye.
Type 3 (right column): alternating cloudy and cloudless rings, with an oval eye. Each panel shows a region 8,000 x 8,000 km
wide. The pseudo-color maps show band radiance in the M band (4.5-5 pm), same scale as Figures 1 and 2.

extremely important to observe the evolution of this cyclone in the future, to understand if it remains stable in a
configuration similar to the initial one, or it experiences other sudden changes. It is also worth noting that this
is probably the event with the shortest time scale in the dynamics of CPCs, since drifts usually occur over the
timescale of several (~6) months, and the appearance of a temporary sixth CPC in the South pole, reported in
Mura et al. (2021), also occurred over a similar period.

There is another interesting feature in the images of CPC4: as soon as the whole cyclone became very bright,
two small cyclonic features appeared inside the core. It is worth noting that these two small cyclones lasted for
at least 7 months. That is, small features inside cyclones cores are more stable than larger features outside them:
as reported by Adriani et al. (2020), small features outside the cyclones are merged and destroyed very easily.

3. Lifetime of Cyclones

As discussed in Mura et al. (2021), it is difficult to estimate the cyclone's lifetime, or the probability of creation
of new stable cyclones, since we do not have any such occurrence. As in Mura et al. (2021), assuming that these
15 cyclones have a similar lifetime 7, the probability for 15 cyclones to be all alive after n years is:

p= eflsn/r

because it is the product of the probability of no “disappearance” for 15 cyclones after n years (each is e~7). If we
already observed no “disappearances”, then p(z) is also the likelihood, which is function of the model parameter
T (assuming n = 5). The likelihood increases from 0 (z = 0) to 1 for very long 7 (i.e., a very long 7 passes a likeli-
hood test). Any t less than ~70 years fails a 1-sigma likelihood test (i.e., it has a small likelihood: p < 0.32); and

JIMe321 JMO331 JIM0340

Figure 4. The evolution of South circumpolar cyclones 4 from orbit 32 (JM0321) to orbit 36 (JM0360). Date are (from left to right): 12/30/2020; 02/21/2021;
04/15/2021; 06/08/2021; 07/21/2021. Each panel shows a region 8,000 X 8,000 km wide. The pseudo-color maps show band radiance in the M band (4.5-5 pm), with a
different scale with respect to Figures 1-3, to enhance the morphology of the inner part of the cyclone.
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any 7T less than ~25 years fails a 2-sigma likelihood test (i.e., it has an extremely small likelihood: p < 0.05). In
summary, T is likely longer than ~70 years, and surely longer than ~25.

Note that this formula assumes vortices that behave independent of each other, and that could be a doubtful
hypothesis if the vortices are linked dynamically. However, we already have an example when the South system
moved from a “5 + 17 to a “6 + 1” configuration, for almost 6 months, and then getting back to a “5 + 1” config-
uration, so that, relying on observations only, it seems a fair assumption that the appearance/destruction of a large
cyclone nearby does not affect the others very much. But, indeed, if we assume that the lifetime of a cyclone is
dependent on of the others, then it is not possible to say much about the expected lifetime of these cyclones, from
observations.

4. Stability of Cyclones

For Jupiter, the poleward drift of cyclones due to the gradient of the vorticity field has been suggested by Li
et al. (2020), and Gavriel and Kaspi (2021). The latter study, in particular, assumes a barotropic model for
the cyclones in which the large-scale movement of vortices is due, to the first order, to advection of the back-
ground vorticity with the tangential velocity of the vortex. By using this simple vorticity model the authors could
reproduce the stability of Jupiter CPCs and show why Saturn has no stable CPCs. This is a consequence of the
different planetary radius and angular velocity between Jupiter and Saturn, and of the different size and tangent
velocity of the respective PCs. It is a different approach with respect to O'Neill et al. (2015, 2016) and Brueshaber
et al. (2019), who found that the planetary Burger number (B,) is a key quantity that leads to different polar
dynamical regimes (B, = L, %/a?, with a the radius of the planet, and L, the radius of atmospheric deformation).
Gavriel and Kaspi (2021) also estimate the number of cyclones and equilibrium latitude. In this paper, we adopt
the same theoretical framework, with emphasis on the South PC-CPCs system, since we have much more data
(see also Text S1-S3 in Supporting Information S1).

The initial condition is the rest position for the cyclones, and the only two relevant parameters that need to be
estimated are the radius (R) and tangent velocity at R (V) of all cyclones, which we derive from JIRAM observa-
tions; the planetary vorticity and vorticity gradient are known. In Gavriel and Kaspi (2021), the velocity field is
a piecewise function that linearly increases up to R, and then it decreases exponentially. We note that using the
same method, we do not find exactly the same equilibrium latitude and number of cyclones. One reason for this
discrepancy is that we use the best fit (minimizing the chi-square) of the data from Grassi et al. (2018), (see Text
S1-S3 in Supporting Information S1) to obtain R and V, while values in Gavriel and Kaspi (2021) are assumed
(but not fitted) from Figure 6 of Grassi et al. (2018). Additionally, while Gavriel and Kaspi (2021) used a multi-
plicative factor of 1/0.75 for R (South CPCs only), to account for the fact that the South CPCs could be larger than
the South PC (Figure 6b in Adriani et al., 2020), we prefer not to make this assumption, as Adriani et al. (2020)
concluded that it is the North PC to be larger than North CPCs, rather than the South CPCs being larger than
the South PC. We then calculate the meridional equilibrium (Equation 1 in Gavriel & Kaspi, 2021) and we find
that the equilibrium latitudes are 83°40’S and 84°20'N. At these latitudes, by using Equation 2 in Gavriel and
Kaspi 2021 study, it is possible to fit eight and ten cyclones in the South and North hemispheres, respectively.
However, once all these CPCs are grouped, the system is not in an equilibrium condition anymore, because there
is an extra repulsion “force” exerted on a CPC by the two surrounding CPCs (the two forces nullify in the zonal
direction but not in the meridional direction) and the equilibrium latitude shifts equatorward. We iterate until both
meridional and zonal equilibrium are satisfied and we find that the number of cyclones gets much larger than
observed: 11 and 15. This discrepancy alone does not imply that the model has problems, since the two param-
eters R and V have large uncertainties, which are of the order of 10%-20%. Also, the above calculation assumes
that all CPCs have the same R and V of the relative PC, and the validity of this assumption should be checked. One
could also use the velocity field of other cyclones (Grassi et al., 2018, gave only the velocity field along with an
x and y cut of the central cyclones). To avoid the impasse, since the number » and latitude L of cyclones are two
established parameters, it is possible to estimate V and R that provide the correct values of n and L: V should be
85 m/s and R should be 1,300 km and 1,800 km (North and South respectively). The uncertainty, when estimating
R in this way, is of the order of 100 km.

A robust test for a barotropic model that takes into account the beta-drift is to examine whether it shows some
correlation with the observed cyclone motions around their rest position. If we take the positions of the cyclones

at a two given Juno PeriJoves epoch ¢, and t,, ,, and we estimate the expected drift direction (see Text S1-S3 in

i+1°
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Figure 5. Scatterplot of the measured drift of cyclones (y axis) versus the
total gradient of vorticity (x axis, normalized units) for the South hemisphere.
Black and red crosses refer to the x and y components in System III reference

Total vorticity gradient ﬁt (normalized)

frame, respectively.

we describe the calculation of the gradient of vorticity (beta effect). No corre-
lation can be seen between the beta effect and observed cyclone motion. The
correlation does not improve by changing R and V, or even if we include any
arbitrary tilt to take into account that cyclones in the South hemisphere don't
drift poleward, but rather in the South-West direction (Smith, 1993; see Text
S1-S3 in Supporting Information S1 for a list of model runs); the covariance
values remain always smaller than 0.2. Hence, under the assumption that all
cyclones at the South pole have similar radial profile, their relative motion
cannot be explained by this barotropic model. There remains the possibility that each cyclone has its peculiar
velocity profile, that substantially differs from the analytical profile we have assumed.

5. Discussion

The observation of long-lasting CPCs poses questions regarding the formation mechanism and whether these
cyclones are deep or shallow structures. Some indications that they may be deeply rooted in the Jovian atmos-
phere have been anticipated in our previous work (Mura et al., 2021), together with a discussion of the most recent
theories on cyclones formation (Boury et al., 2021; Reinaud & Dritschel, 2019; Yadav & Bloxham, 2020). Indi-
cations were obtained by ascertaining if vortices outside such polar structures, which naturally tend to migrate
toward the poles, can easily enter these regular structures and merge with pre-existing cyclones (Li et al., 2020).
We found that this is an extremely unlikely event on an annual scale, which has only happened once, and only
temporarily. After 5 years, the 8 + 1 North PCs structure and the 5 + 1 South one show very small changes;
the lifetime of a single cyclone is therefore longer than 25 years and possibly longer than 75 years. Also, single
cyclones have their peculiar morphology and this is often retained after 5 years, both in radiance and in morphol-
ogy. In particular, this is the first time that we can observe the North CPCs system since the discovery in 2017,
and we find that the structure is almost unperturbed, which is a confirmation of the studies by Tabataba-Vakili
et al. (2020), and Mura et al. (2021) who also showed that the CPCs remained largely stable over the 2 and 4 years
of observations, respectively.

In this study, we show that a barotropic model, based on beta drift only, encounters some problems in explaining
the observed features of PCs. In particular, the relative motion of the cyclones has been observed over 5 years:
global observations do not show any correlation with the beta effect in terms of drift direction. It is also worth
noting that the barotropic approximation of p-drift cannot easily explain the observations described in Mura
et al. (2021), who reported that the cyclones move around their rest position with oscillations of ~6 months of
period, with the approximate shape of a sine wave. Such harmonic-like oscillation of a cyclone would be easily
explained if the equation of motion of its center is of the type ¥ = —kx. The total beta effect is in fact proportional
to the distance from rest position (“—kx”, see Figure 5 panel D in Gavriel & Kaspi, 2021) and it is zero at the rest
position. However, in the barotropic model, the cyclones, for most of their lifetime, should be in a condition where
the beta effect controls the velocity, and not the acceleration (Smith et al., 1997).

The relative motion of the cyclones is not explained by the beta-drift model when assuming that all cyclones have
similar size and radial profile of tangent velocity, which is indeed suggested by the fact that we observe them
at the vertices of regular polygons. There remains, however, the possibility that the model could reproduce the
observed drift motion with different parameters, varying from one cyclone to another one. The evidence that each
cyclone has a different peculiar morphology, which has been conserved over 5 years, reported here, supports this
possibility. In summary, we conclude that the observation of cyclone topmost winds fails to explain their motion.
Among the many alternatives, there are either different “shallow” models or “deep” models. In the first case, we
cite the possibility that an anticyclonic ring, surrounding the cyclones, is providing a shielding, necessary for the
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stability of the polygonal pattern (Scarica et al., 2022). This model is supported by the same JIRAM observations
of this study, and the key quantity is the retrieved wind field, used to calculate vorticity and divergence fields.
In the second case, probably the key quantities from JIRAM observations are the different angular velocity and
the different number of cyclones observed at the two Poles, which are suggestive of slightly different Rayleigh
number regimes at the two Poles, possibly due to different stratification profiles. This hypothesis may support the
suggestions of Cai et al. (2021) that vortices occurring in gas giants form by deep planetary turbulent convection
and that, under certain favorable conditions, allows the stability of the configurations.

We report the observations of features that were not reported in our previous study. The first is the recurrent
appearance of a small “intruder” cyclone in the same gap, halfway between CPC1 and CPCS5. It was reported
once by Mura et al. (2021), but here we show two more possible occurrences. The fact that intruders may have
a preferred spot is quite difficult to explain in terms of beta effect, also because intruders seem to appear rather
than drifting in the gap between CPC1 and CPCS. It is true that our temporal sampling (2 months) can hide some
faster movements. At the end of the Juno mission, the period of the orbit will be shortened to 1 month, so that we
may have a better understanding of these phenomena.

Then we report the presence of two small cyclones, lasted for at least 7 months, inside the core of CPC4, suggest-
ing that small features inside cyclones cores are more stable than larger features outside them.

Finally, there is a substantial element to consider for a theory of cyclone stability: the evidence that there are few
(~4) different morphological classes into which we can divide the 15 cyclones and that, with very few exceptions,
cyclones have the tendency to maintain the same morphology throughout the observation period. This is obvi-
ously the most complex parameter to use as an input to a model because it is even difficult to define any quantity
from the morphology of the observations. Nevertheless, as cyclone formation and stability models become avail-
able and consistent with observations, they can subsequently be tested in light of these morphological properties.
While modeling with such level of detail may require significant time and effort, and may not be possible in the
immediate future, the observations of these differences among cyclones demonstrate the importance of having a
coverage as continuous as possible, at least at the South Pole. Indeed, changes in the morphology of one of the
southern cyclones occurred within a time scale of a month.
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