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Key Points:

e Following an outbreak of polar storms in 2018, we observed in March-May 2020 a new
episode of storms south of Saturn’s hexagonal wave.

e The storms did not produce a noticeable change in the zonal wind profile in the polar
area.

e The hexagon shape was perturbed after the storms but the wave suffered no change in
its rotation period matching that of System Ill.
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Abstract

In March 2020 a convective storm erupted at planetographic latitude 76°N in the southern flank
of Saturn’s long-lived hexagonal wave. The storm reached a zonal size of 4,500 km and developed
a tail extending zonally 33,000 km. Two new short-lived storms erupted in May in the hexagon
edge. These storms formed after the convective storms that took place in 2018 in nearby
latitudes. There were no noticeable changes in the zonal profile of Saturn's polar winds in 2018-
2020. Measurements of the longitude position of the vertices of the hexagon throughout this
period yield a value for its period of rotation equal to that of System lll of radio-rotation measured
at the time of Voyagers. We report changes in the hexagon clouds related to the activity of the
storms. Our study reinforces the idea that Saturn’s hexagon is a well rooted structure with a
possible direct relationship with the bulk rotation of the planet.

Plain Language

Convective storms of zonal extents greater than 4,000 km are rare in Saturn's atmosphere. They
occur every few years, and exceptionally, (perhaps once every 20-30 years) they reach 10,000 km
and become a Great White Spot that expands along an entire latitudinal band of the planet. In
2018, multiple eruptions of medium-sized storms occurred close to the North Polar Region. After
a period of calm throughout 2019, new eruptions took place in 2020, at 76°N latitude on the
border of the hexagon wave, the closest to the pole ever observed. These storms changed the
morphology of the clouds in the region, but the hexagon itself was not affected in its motion or
dynamics, with no change in the zonal winds. This, together with its longevity, indicates that the
hexagon is a robust meteorological formation. Its rotation period in these years remained that of
the System Il radio rotation measured by the Voyager spacecraft, reinforcing the idea of its
possible direct relationship with the bulk rotation of the planet.

1 Introduction

From March to August 2018 four outbreaks of convective storms took place sequentially
at planetographic latitudes from 66.7°N to 74.7°N, disturbing a whole latitude band spanning a
width of ~ 8,000 km [Sanchez-Lavega et al., 2020]. Subsequently and throughout 2019, no new
storms occurred, although the entire region between latitudes 662N and 752N presented
numerous spots and white and dark areas (in visible wavelengths) difficult to track due to their
low contrast and variability in short time scales (Figure S1). On March 25, 2020, a new convective
outbreak started with a sudden bright spot (Figure 1) northwards of the 2018 events, on the edge
of Saturn’s hexagonal wave at 79°N where the wind profile turns anticyclonic [Sdnchez-Lavega et
al., 2014; Antufiano et al., 2015; Sayanagi et al., 2019]. Later in May of 2020, two other short-
lived storms emerged, this time even further north on the southern flank of the hexagon. Two
aspects of this phenomenon are of interest. On one hand, the convective storms themselves, due
to their size and brightness (and energy involved), have never been reported before at polar
latitudes in Saturn. On the other hand, their location next to the hexagon, which allows the study
of their interaction with this enduring wave, provides new information about the hexagon itself,
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in particular regarding its stability, robustness and longevity when subjected to nearby severe
disturbances. Finally, we explore if the extensive and intense convective activity in 2018 and 2020
had an effect on Saturn’s zonal wind profile at these latitudes.

2 Observations

For this study we used two sets of data: (1) Images obtained using the “lucky imaging”
methodology in the spectral range 380-950 nm by a large number of observers distributed
around the world using telescopes of 30-50 cm in diameter (see Supporting Information). These
images provide a continuous survey with a nearly daily coverage of Saturn during the apparitions
in the years 2018 (from 23 March to 21 November, opposition 27 June), 2019 (from 27 February
to 28 October, opposition 9 July) and 2020 (25 March — 10 October, opposition 20 July). In total,
we navigated and measured about ~ 560 images selected among the ~ 3,000 images for years
2019-2020 submitted to the PVOL image database [Hueso et al., 2018] and to the ALPO-Japan
web site (see Supporting Information). Most images are either color RGB composites or red- to
near-infrared images in the wavelength ranges ~ 650-950 nm and 750-950 nm. They have a
spatial resolution ~ 600 — 900 km in the disk under the best seeing conditions; (2) Hubble Space
Telescope (HST) images obtained as part of the OPAL program [Simon et al., 2015] in one visit
per year close to the opposition (6-7 June 2018, 19-20 June 2019, 4-5 July 2020). These images
were obtained with the Wide Field Camera 3 (WFC3) using filters F225W, F275W, F343N, F395N,
FA467M, F502N, F631N, F658N, FQ727N (methane absorption band), F763M, and FQ889N
(methane absorption band). Details of the image analysis is given in [Sdnchez-Lavega et al., 2020]
and in Supporting Information.
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Figure 1. Ground-based images of the convective storms in 2020. The storms are identified on the
disk by circles and arrows to indicate their zonal expansion. The inset shows a polar projection of
the storms and the hexagon. Storm W1 is visible in (a) March 25, red, C. Foster; (b) March 29, red,
C. Foster; (c) April 11, RGB, C. Go; (d) April 12, red, N. MacNeill; (e) April 15, RGB, D. Peach, where
the storm expands eastward. Storms W2 and W3 are shown in (f) May 1, RGB, T. Oliveti; (g) May
3, red, M. L. G. Wong; (h) May 5, RGB, C. Go, with storm W3 expanding eastward.

3. Storm activity and the zonal wind profile

The first polar storm of 2020 (W1) was captured on March 25 2020 at latitude 74°N at red
wavelengths as a faint bright spot ~ 4,000 km wide (Figure 1a). The following days the spot kept
the same aspect (Figure 1b-c), and 4 days after outbreak, on March 29, it had expanded zonally,
forming a tail that by April 11 reached ~ 17,000 km east of its head (Fig. 1d). We interpret this
tail as the expansion of the storm clouds by winds blowing eastward relative to the actively-
convecting plume-head with a velocity of 11 ms™ (or 3.3 ms™ in System Ill). In April 15 the storm
head had a size of 5,400 + 500 km, penetrating into the hexagon up to latitude 79.5°N (or 1,270
km into the south side of the hexagon) (Figure 1e). At that date, the tail of white clouds
surrounded the hexagon, extending at least 39,200 km east of the head. This implies an eastward
expansion by the winds relative to the head with a velocity of 21 ms™? (or 14 ms™ in System IIl).
Figure 2a shows our measurements of the drift of the head of the storm in System Il longitude
and in Table 1 we give the velocity values, which fit well Saturn’s wind profile at these latitudes
[Sdnchez-Lavega et al., 2000; Garcia-Melendo et al., 2011]. Figure 2b shows that W1 migrated ~
2.3° (~ 2,600 km) northwards of its onset position, towards the hexagon edge. The meridional
velocity resulting from a linear fit to this drift was +1.2 ms™.

On May 1, two other bright spots (W2 and W3) were detected (Figure 1f-g-h). We consider
them as new outbreaks arising in the expanding tail of the main storm W1, which was no longer
visible on this date. The onset of W2 took place 2,250 km east of the expected position of W1,
and W3 emerged 9,250 km further east of W2 (Figure 1f). Both spots were located northward by
0.7° of W1 and moved faster, (Figure 2a and Table 1) in agreement with the wind profile (Figure
2c). They were located on the anticyclonic side of the eastward jet embedded in the hexagon,
thus interacting with it. From May 3 to August 1 we detected about 40 diffuse white spots at
latitudes 75.5°N - 77°N, close to the hexagon (Fig. 2a, Fig. S2). Except for an isolated dark spot DS
(figure 3b) at 76.6°N (u = 25 ms™?), the variability and low contrast of these spots makes their
identification and tracking difficult, so we did not try to measure their velocities. However their
presence indicates that the activity continued on the south side of the hexagon for months after
the three main storm outbreaks.

In order to see if this stormy activity had any influence on the zonal wind profile, we
measured the motions of cloud features in the years of interest using different methods. First,
we measured the winds in pairs of images from the HST OPAL program separated by one rotation
of the planet, using the image correlation velocimetry technique [Hueso et al., 2009, Sanchez-
Lavega et al., 2019]. The images selected were obtained in red filters (F631N, F763N) where the
contrast of the cloud features is highest. This profile was binned in boxes of 0.5° width in latitude
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giving velocity errors of 15 ms™ (Simon et al., 2021). Secondly, we performed a manual tracking
of the most significant features in the stormy region using 4-5 HST images with a maximum
coverage over time (~ 10 — 14 hr), giving velocity measurements with errors < 10 ms™. Finally, we
tracked the most prominent features from ground-based images, a technique that provides very
accurate velocities due to the long temporal coverage (errors ~ 1 ms™, Fig. $3-S4). In this last
case, most of the features correspond to spots in the double jet between 602N and 652N where
cyclones and anticyclones tend to concentrate [del Rio-Gaztelurrutia et al., 2018]. Their long term
track in 2020 is shown in Fig. 2a, 2b and S3 and the resulting wind profile is shown in Figure 2c.
The long-term track of this kind of spot in 2019 (Fig. S4) and the similarly derived wind profile for
that year are shown in Fig. S4 and S5). A comparison with the velocity profiles measured in 1981
using Voyager images [Sanchez-Lavega et al., 2000] and in 2004-2009 using Cassini images
[Garcia-Melendo et al. 2011] indicates that within measurement uncertainties, the wind profile
was not affected by the storm activity, confirming our previous results for 2018 [Sanchez-Lavega
et al., 2020].

TABLE 1
Motions of the convective storms and Hexagon wave vertices

Feature Onset Latitude Drift Zonal Tracking
(2020) o(°) o (°d?) velocity time (d)
u (ms?)
w1 25 March 75.6°%+1° 2.32 -7.7 36
W2 1 May 76.3°+£0.5° -7.8 24.8 5
W3 1 May 76.3°+£0.7° -8.9 28.7 5
Hexagon 2018 29 Mar—-3 Nov | 78.4°+£0.3° +0.017 -0.046 219
+0.024 +0.065
Hexagon 2019 7 Apr—28 Oct 78.4° £0.3° | -0.0095 +0.026 204
+0.018 1 0.065
Hexagon 2020 | 26 Mar-20Nov | 78.4°+0.3° -0.008 +0.026 229
+0.010 +0.063
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Figure 2. Motions and velocities of the convective storms in 2020. (a) Drift in System Ill longitude
of storms W1, W2, W3 between 25 March and 5 May 2020. Other smaller and low-contrast spots
in the latitude range 74°N-76.5°N are identified by crosses (Fig. S2); (b) Drift in planetographic
latitude of the center of storm W1. The green line corresponds to a degree-two polynomial fit and
the black line to a linear fit. In (a) and (b) the date (month/day) is indicated in the upper axis (c)
Zonal wind profile in Saturn’s North Polar Region in 2020 relative to System lll rotation frame. The
red dots are from the correlation velocimetry on HST images (Simon et al., 2021) and magenta
dots from major selected features from manual tracking on the same images. The three blue dots
identified as W1, W2 and W3 correspond to the three storms. The purple disks and circles are
from the tracking of long-lived spots in ground-based images (Fig. S3). The black line and dark
dots correspond to the reference wind profile from Cassini ISS measurements [Garcia-Melendo et
al., 2011]. The gray areas indicate the latitude band where the 2018 storms evolved and the
location of the hexagon.

4. The Hexagon wave

The presence of convective storms on the southern flank of the hexagon, and their
resulting interaction with it, provides a good test to probe the effects of storms on the wave. In
Figure 3, we show composite maps of the polar region using HST OPAL images from years 2018-
2020, at a wavelength of 763 nm where the hexagon is usually well contrasted. The vertices of
the hexagon are identified as V1 to V6 in Figure 4. In the period 2018-2020 the hexagon clouds
[Sanz-Requena et al., 2018] showed changes with respect to their usual sinusoidal distribution
[Antufiano et al., 2015]. The eastward jet embedded on the hexagon has peak velocities at 78.3°N
and it is usually traced at 763 nm by white clouds, surrounded on the north and south by low
albedo belts of varied contrast at ~ 76.5°N and 80.5°N [Antufiano et al. 2015, 2018, Sayanagi et
al., 2018]. In 2018 the northern belt and a white zone were very prominent (Fig. 3a), with the
transition between them near the peak of the jet. However, in 2019, there was a strong contrast
drop in these bands and the hexagon was visible by contrast at the equatorial edge of the
northern belt (Figure 3c-d) at about 78.6°N. A faint white zone and a hint of a darker belt are
visible south of it. Dark features moving rapidly at the edge of the hexagon changed its regular
aspect and made identification of vertices difficult (Fig. 3c-d). These features moved with the
hexagon eastward jet (Fig. S5). Finally, in 2020 the contrast was recovered, highlighting the two
belts enclosing the white band (Fig. 3b). It is tempting to correlate these changes in the clouds
with the storm activity in 2018 and 2020.
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Figure 3. The hexagonal wave from HST images. Composite polar map projections of 763nm
images for the following dates: (a) 6 June 2018 9:54; 6:43 and 12:49 ; (b) 4 July 2020 21:13 and 5
July 2020 0:24 and 3:35 (c) 20 June 2019 00:09; 03:27 and 06:38 (d) 20 June 2019 08:06; 11:16;
14:24 and 17:34. Vertices V1 to V6 are at approximate System Il longitudes 60°, 120°, 180°, 240°
300° and 360°. Spot DS can be identified in (b) at longitude 200° and latitude 76.6°.
Planetographic latitudes are indicated by dashed circles.



218
219

220
221
222
223
224
225
226
227
228

month/day (2018)
03/22 05/11 06/30 08/19 10/08 11127
a 400 1 l 1 I 1 I 1 l 1
-0.008°/day
4% w85 1'% e * g ® o ®s s V6
0.006°day
A300_£30 DOOO e o0 ° 90 o y5 |
8) 5] ge
% 0.033%day 4
5 f® ° Welagwo *° o5 va
S
5200 — 0.024%day m
- [ rne L - ]
= o5 w o & =% . * v3
E i i
Z 0.055%day Y
%) . Y . 75.. e"_ o — o Qe -V2
00— % e —
-0.007°day
4 °e& ° L Qy"".?’! ® e I... 8 V1 4
HST June 6, 2018
0 1 | T l T I T | 1
58200 58250 58300 58350 58400 58450
Time (JD-2400000) (days)
month/day (2020)
02/20 04/10 05/30 07/19 09/07 10/27 1216
C 400 —1 1 IR N R
0.0026°/day
4 R o L SR Yo e [
-0.011%/day
3009 S e L ]
f=2]
(o]
2 i -0.0253%day |
g ™ el et % vy
5200 — . DS -0.0076%day
= & A e, W es  , ees
£ i
B 0.015%day
9] jo,ne t“"'_'_l—f og®
100 - $ V2
-0.0098%day
[ ]
] ..;u.'l’;ﬂ.-rw o oS eV
HST July 4-5, 2020
0 1 I l ] I 1 I 1 I ]
58900 58950 59000 59050 59100 59150 59200

Time (JD-2400000) (days)

b

System IIl Longitude (deg)

Q

Hexagon vertices drift residuals (deg)

month/day (2019)

03/07 04/26 06/15 08/04 09/23 11/12
400 1 I 1 I‘ 1 I 1 I 1
0.023°/da:
- y\". o Do .*.C. ®se V6 |
-0.010°day V5
300 — D & o) DOQOEPQD o @ 06 o

- -0.027°/day
o®

1] N % ...' e Tos IV4
200 =1 _0.018%day T
oo O :.f 19 1'\,3
-0.011%/day
L 0t e e # el gV2
100 — —
-0.014°/day
L]
4 e ee® o) .ll‘-. oo 0@ @V
HST June 20, 2019
0 T I T I T I T I T
58550 58600 58650 58700 58750 58800
Time JD-2400000 (days)
month/day (2020)
02/20 04/10 05/30 07/19 09/07 10/27 12116
15 1 I 1 I 1 I 1 I 1 I 1

-15 T T

58900 58950

T I 1 | T I 1 I 1
59000 59050 59100 59150
Time (JD-2400000) (days)

59200

Figure 4. System Il longitudes of the vertices of the hexagon along 2018 (a), 2019 (b) and 2020
(c). Vertices identified V1 to V6 are indicated by different colors and yellow dots indicate
measurements on HST images. Colored straight lines are linear fits to the position of each vertex,
and the value of the drift rate (in degrees/day) is given above the fitted line. In (c) we include the
tracks of the convective storms W1, W2, W3 as well as the position of the dark spot DS. (d) Plot
of the residuals of the longitude position of the vertices in 2020 relative to the linear fits shown in

(c).
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5. Numerical simulations of storms

We have used a parallelized version of the Shallow Water model (SW) developed by
Garcia-Melendo and Sanchez-Lavega (2017) to characterize the intensity of the 2020 storms. In
our SW model, we try to reproduce the storm shape and evolution by changing the mass injection
rate (Q) that mimics the convective source, its size, and source location on Saturn’s wind profile.
Details of the simulations are given in Supplementary Information). The SW model produces
maps showing the evolution of a material tracer generated by the continuous injection of a mass
flow during the whole simulation. In Figure 5 we show the result of a simulation that models the
observed storm size and the formation and zonal expansion of an eastward wake. The material
tracer is injected at latitude 76°N and the required mass flow is Q = 5x10° m3s1. This value is
similar to the value found for the 2018 storms (Q =2x10° m3s!) [Sdnchez-Lavega et al., 2020] and
in our preliminary analysis of the mid-latitude storms observed in the northern hemisphere
during the Voyager 1 and 2 flybys [Smith et al., 1982; Sromovsky et al., 1983] and in the southern
hemisphere with Cassini in 2004-2010 [Dyudina et al., 2007; Baines et al. 2009]. The intensity of
all these storms is, however, much lower than the Great White Spots that appeared in 1960 at
subpolar north latitudes (Q = 10 m3s?), in 1990 at equatorial latitudes (Q = 10**-10%2 m3s!) and
in 2010 at north northern mid-latitude (Q = 10'°%-10'! m3s) [Garcia-Melendo and Sanchez-
Lavega, 2017; Sanchez-Lavega et al., 2018].

Latitude (Pg)

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Longitude (deg)

70
0 180

0 days 10 days 20 days 35 days
Tracer concentration
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Figure 5. Shallow Water numerical simulations of the convective storm evolution in Saturn’s north
polar wind field. The maps (upper cylindrical and lower polar projections) show the material tracer
evolution in time for a continuous source with a mass flow Q = 5x10° m3s*and a size of 5 degrees
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in longitude placed at latitude 76°S. Compare the upper map with figure 1a for the initial storm
aspect and the middle maps at 10 and 20 days with figures 1c and 1d for the eastward expansion
of the cloud.

6. Discussion and Conclusions

The new convective storms reported here are the first observed at such high latitude in
Saturn. The storms in 2020 erupted at latitude 76.5°N, on the southern side of the hexagonal
wave. They appeared northward than those in 2018, thus we are tempted to propose that they
are a continuation of the activity that began that year at 67°N and spread north up to 75°N. Their
outbreak took place at Saturn's solar orbital longitude Ls = 121°-123° under high insolation at this
latitude (see Figure 6 in Sanchez-Lavega et al., 2020). The SW simulations of the size of the storms
and evolution indicate that they had comparable intensity to those of 2018, therefore suggesting
similar onset conditions in the region. The 2020 storms are also similar in their brightness, size
and tail formation, to a storm reported at high latitudes of the southern hemisphere [Sanchez-
Lavega et al., 1996].

The 2018-2020 storms are probably responsible for the changes we report on the cloud-
field albedo (the two belts and the bright zone) that delineate the hexagon. However, the
dynamics of the hexagonal wave do not appear to have been strongly affected by the storm
activity, the wave remaining robust in the face of these threats. This is in agreement with the fact
that we did not observe changes in the polar wind profile. The mean rotation period of the
hexagon in 2018-2020 was 10 h 39 min 21.1s + 2.8 s (from Table 1). Since its discovery in 1980,
the rotation period of the hexagon [Sanchez-Lavega et al., 2014; Hueso et al., 2020] has perfectly
matched the radio-rotation period (10 h 39 min 22.4 s; System Ill) measured at the time of
Voyager 1 and 2 [Desch and Kaiser, 1981] and used by the IAU [Archinal et al., 2018]. Recent
estimates of the yet undetermined Saturn's rotation period, based on a combination of gravity-
field measurements, zonal wind measurements and radio-occultations [Anderson and Schubert,
2007], on dynamical grounds [Read et al., 2009] and on ring seismology [Mankovich et al., 2019]
propose a shorter period than system lll, of the order of 10 h 33 min. If this were the case, the
wind profile velocity relative to the new system would shift to lower values, and the speed of the
hexagonal wave would be -22 ms™ instead of ~ 0 ms™. This shift in the velocities does not affect
the Rossby wave model interpretation in Sdnchez-Lavega et al. (2014).

The stability of the hexagon with respect to the nearby strong storms, together with its long
lifetime and survival to the strong seasonal insolation changes at its latitude, points towards a
meteorological formation with roots deep in Saturn’s atmosphere, as proposed by some recent
models [Yadava and Bloxhama, 2020; Garcia et al., 2020]. This would be consistent with the deep
extension of the cloud top winds as deduced from gravity field measurements [Kaspi et al., 2020],
reinforcing the idea of its possible relationship with the bulk rotation of the planet [Sdnchez-
Lavega, 2005; Sanchez-Lavega et al., 2014].
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