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Abstract Jupiter’s Great Red Spot (GRS), a giant anticyclone, is the largest and longest-lived of all
the vortices observed in planetary atmospheres. During its history, the GRS has shrunk to half its size
since 1879, and encountered many smaller anticyclones and other dynamical features that interacted in

a complex way. In 2018-2020, while having a historically small size, its structure and even its survival
appeared to be threatened when a series of anticyclones moving in from the east tore off large fragments
of the red area and distorted its shape. In this work, we report observations of the dynamics of these
interactions and show that as a result the GRS increased its internal rotation velocity, maintaining its
vorticity but decreasing its visible area, and suffering a transient change in its otherwise steady 90-day
oscillation in longitude. From a radiative transfer analysis and numerical simulations of the dynamics we
show that the interactions affected the upper cloud tops of the GRS. We argue that the intense vorticity of
the GRS, together with its larger size and depth compared to the interacting vortices, guarantees its long
lifetime.

Plain Language Summary Jupiter’s Great Red Spot (GRS) is a giant anticyclone with a
length that has shrunk since 1879 from ~ 40,000 km to its current value of 15,000 km. The GRS is the
longest-lived of all the planetary vortices, observed perhaps since the 17th century. During its history,
the GRS has encountered a variety of smaller anticyclones and other dynamical features, surviving these
interactions. In 2018-2020, a series of anticyclones interacted with it, and tore off large fragments of its
red area (called “flakes”), eroding and distorting its oval shape, and apparently threatening its survival.
The interactions produced an increase in the GRS internal rotation velocity accompanied by a transient
increase in the period and amplitude of its steady 90-day oscillation in longitude. From the analysis of the
reflectivity of the GRS and flakes and model simulations of the dynamics of the interactions we find that
these events are likely to have been superficial, not affecting the full depth of the GRS. The interactions
are not necessarily destructive but can transfer energy to the GRS, maintaining it in a steady state and
guaranteeing its long lifetime.

1. Introduction

Jupiter’s Great Red Spot (GRS) is the archetype and the best studied of all the vortices in the giant planets,
but its origin and fate remain mysterious. The first detailed studies of this anticyclone started with the Voy-
ager 1 and 2 flybys in 1979, when its velocity field, vorticity and temperature structure at the upper cloud
level were measured (Conrath et al., 1981; Flasar et al., 1981; Mitchell et al., 1981). Over the past 130 years,
the GRS has decreased in size by half (Rogers, 1995; Simon et al., 2018) and has undergone numerous inter-
actions with a variety of different dynamical features (anticyclonic vortices and open circulating cells called
South Tropical Disturbances, STrD) that develop at its latitude east and west of its location (Li et al., 2004;
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Rogers, 1995; Sada et al., 1996; Sanchez-Lavega et al, 1998, 2013; Smith et al., 1979). Encounters of smaller
anticyclonic vortices (AV) similar to those described here with the GRS were observed in image sequences
from the Voyager 1 flyby in 1979 (Rogers, 1995; Sada et al., 1996; Smith et al., 1979). At that time, the GRS
was large and exhibited a complex cloud morphology, and apparently was less disrupted by the interactions,
although some AV material was eventually pulled into the GRS.

Throughout 2018-2020, a series of interactions took place between the GRS and AVs coming from the east,
as described in detail in previous cases (Li et al., 2004; Sdnchez-Lavega et al., 1998; Smith et al., 1979). The
new events here studied were particularly interesting for three reasons. First, the GRS at the time had the
smallest size in its history. Second, the vortices had a medium size, ~2.5%-5% of the GRS area, and were
numerous, such that they collided with the GRS one after another. Third, the encounters gave rise to strong
interactions of a type rarely recorded before. All this significantly disrupted the red oval area of the GRS,
and was even suspected of putting its long life at risk.

2. Materials and Methods

An alert was circulated by the amateur community early in 2019 on the GRS events (nicknamed “flakes”)
and a large number of images were gathered during that year by observers contributing to open plane-
tary image repositories such as Planetary Virtual Observatory and Laboratory (PVOL) database (Hueso
et al., 2018). See Table S1 for a full list of observations used (Sdnchez-Lavega, 2021). Additional images in
the visual and near-infrared spectral ranges were obtained from May 27 to 30, 2019 with the 2.2 m telescope
at Calar Alto Observatory using the instrument PlanetCam (Mendikoa et al., 2016) that were photometri-
cally calibrated (Mendikoa et al., 2017) and used for a radiative transfer analysis. We also used observations
obtained in 2018-2020 with JunoCam on the Juno spacecraft and with the Hubble Space Telescope (HST;
Table S2). We focus in this study on the epochs when most active interaction episodes occurred from May
to July 2019 (Table S2).

2.1. Measurement of Ground-Based Images

We used the software WinJupos to navigate images from telescopic observations, map-project them and
measure the positions of features (WinJupos, 2020). The motions of the features were measured in two
ways: (1) When the displacements were short in time and the trajectory could be considered a straight line
in longitude or latitude, we used series of images to track the motion (a minimum is always an image pair),
limited by the spatial resolution and time interval, then making a linear fit to retrieve their mean drift rate
(degrees/day) in latitude and longitude, and converting displacements into zonal and meridional velocities;
(2) when the trajectory was curved, for each feature used as a tracer, its position (latitude and longitude rel-
ative to the center of the GRS) was calculated for each time measured and drawn on the map. In most cases,
this trajectory was well represented by the arc of an ellipse in correspondence with the GRS flow. We then
superimposed an ellipse to the points representing the trajectory of the feature in the longitude-latitude
map and manually fitted the track with a pointer to adjust the center of the ellipse and determine its minor
and major axis. We then calculated the length of the arc of the ellipse traced by the motion of the feature
and retrieved the average velocity after dividing by the time interval between the first and last dates that
determine the trajectory. This method was used for motions both inside and outside the red oval.

A lower limit to the errors in wind measurements retrieved from features tracking in ground-based images
can be estimated as the image resolution divided by the tracking time ~400-600 km/(20 h) ~5-10 ms™".
The measurements of the position of the features was obtained when the GRS is at a distance <45° from
the central meridian (CM). Only on particular occasions were measurements made with the GRS up to 60°
from the cm. The combined errors of image navigation (position of the planet’s disk using the WinJupos
software) and pointing of features are in such cases ~0.5° (~570 km on the GRS). The temporal separation
between the images used to trace the motion of a particular feature (sometimes on several images) is typ-
ically between 0.4 days and 1.2 day, reaching in some cases 3 days. For a time interval of 0.5 days of time
interval, the error in speed associated with navigation and pointing of a feature moving at 150 ms™" through
the ellipse that draws the contour of the red spot turns out to be 15 ms™". Other estimates of velocity errors
are presented in sections 3.1 and 3.2.
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Figure 1. The GRS cloud morphology and wind field from HST images on April 17, 2018. (a) HST/WFC3 color composite image (filters: F395 N -blue-,

F502 N —green-, F631 N -red-) obtained at 14:02:02U.T. average images time (OPAL program, Simon et al., 2015); (b) Image obtained in filter 631 nm with
superimposed measured wind vectors. The ellipses enclose the location of maximum wind speeds (internal, dashed red) and the full GRS flow (external,
orange); (c) Averaged zonal wind profile along the North-South major axis of the GRS (blue line with velocity uncertainty shadowed) compared to the mean
zonal velocity profile (orange line); (d) Averaged wind profile along the east-west major axis of the GRS. The GRS red oval is centered at planetographic latitude
22.6°S + 0.4°. Panel (a) shows in its interior similar features (in particular dark round and elongated spots) to those described in detail in 2017 (Sanchez-Lavega
et al., 2018). Surrounding it there is a white ring (wider in the northern part, a region historically called the “hollow”). The GRS anticyclonic flow encompasses
both regions (red oval and hollow) as can be seen from the wind field measurements (Figure 1b). A comparison with the ambient winds shows the correlation
with the jet peaks and dynamical extent of the GRS (Figure 1c). In the north edge of the hollow, there is a discontinuity or gap at approximate latitude 10°S and
longitude 141°III (Figure 1a), an opening in the circulation that allows the fluid elements to escape from the hollow in the northeast direction where they are
carried eastward by the ambient zonal flow (Sanchez-Lavega et al., 1998). This gap is limited to the east by a stagnation region of low-albedo clouds (latitude
13°S, 138° I, Figure 1a; Sdnchez-Lavega et al., 2018). The gap and stagnation regions form and disappear over time and affect the AV interaction with the GRS.
See in Figure 7, the identification of these features. Planetographic latitudes and System III West longitudes are used throughout this article. AV, anticyclonic
vortices; GRS, Great Red Spot; HST, Hubble Space Telescope; OPAL, Online Programs for Applied Learning.

2.2. Measurement of HST Images

The original images were navigated and projected into cylindrical maps using the WinJUPOS software
(WinJupos, 2020). Maps were corrected for limb-darkening effects using a Lambert law and the contrast of
features was enhanced using high-pass image filters. Then we used the PICV (Particle Image Correlation
Velocimetry) image correlation software (Hueso et al., 2009; Hueso, 2020) to track the motions of cloud
features from measurements of the displacement of features in pairs of HST images separated by 1.59 h.
The software examined correlation of square subimages with square sides of of 1°-3° depending on the
features location in different areas of the images. Most of the measurements were made with subimages
of 1° x 1° or 1.2° x 1.2°. All measurements (3,253 individual wind vectors in Figure 1) were validated by a
human operator who visually checked each individual identification and correlation map produced by the
software. To compute a continuous velocity field we interpolated the wind vectors into a regular grid of 0.1°
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Vorticity (10 s) and smoothed to a resolution of 1°. This wind field was used to compute

the mean zonal and meridional profiles along the center of the GRS (Fig-
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images and time difference of the image pair used. The statistical differ-
1088 ences between close wind vectors or from extracting the zonal and merid-
ional cuts from nearby latitudes are typically 2-3 times below this limit,
supporting this estimation. Different plots of the values of the original
vectors and the interpolated wind field have differences that are signifi-
cantly lower than 25 ms™" (which is the error bar appearing in Figures 1c
and 1d). The spatial derivatives of the wind field needed to compute the
vorticity map in Figure 2 are done with a spatial resolution of 1.2° formal-
ly resulting in an uncertainty in the values of the vorticity of 2 x 107 s,
which is five times lower than the vorticity range displayed in this figure.
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30°5 2708 2.3. Mapping JunoCam Images
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System Il Longitude (deg) The raw JunoCam images were taken from the Reduced Data Record
(RDR) product and have been corrected from the instrumental effects
Figure 2. Relative vorticity map of the GRS. Values of the relative and adjusted for scaled levels of radiance (Caplinger, 2016). The image

vorticity obtained from the velocity measurements presented in Figure 1b.
The ellipses correspond to those drawn on the map in Figure 1b. The
blue blob at planetographic latitude 19°S and longitude 145° is an artifact

processing, map projection and navigation of the images was carried
out using the ISIS software (Integrated Software for Imagers and Spec-

from the lack of measurements in that area. The methodology followed trometers) using the Juno trajectories available in SPICE kernels (Acton
to calculate the relative vorticity and its precision is explained in detail in et al., 2016). After projecting each sector that makes up the image, we
Hueso et al. (2009). GRS, Great Red Spot. grouped all of them into a final map using the Geospatial Data Abstrac-

tion softwarelibraries (GDAL/OGR, 2020). Finally, we combined the dif-

ferent filtered Red, Green and Blue images to the resulting color RGB
image. Further details on the navigation of details of JunoCam images and maps of the GRS are given in
(Sanchez-Lavega et al., 2018 and references therein).

2.4. Radiative Transfer Analysis

Data obtained from PlanetCam-UPV/EHU for the two regions of interest at two similar geometrical
configurations were photometrically calibrated in absolute reflectivity using calibration standard stars
(SP1741 + 054 or Kopff-27 and HD84937 for the visible; HD102870 for visible and SWIR wavelengths)
(Mendikoa et al., 2017). The spectral dependence of reflectivity was modeled with the NEMESIS code (Ir-
win et al., 2008; Irwin, 2020), which uses the optimal estimator scheme to retrieve the most likely atmos-
pheric parameters that best fit the observed reflectivity. We assume Jupiter’s atmosphere to be a mixture
of H, and He, which produce Rayleigh scattering, and CH,, which has strong absorption bands in this
wavelength range. Assumed abundances in volume mixing ratio were 0.835, 0.16 and 7 X 10~*, respectively
(Taylor et al., 2004). Methane absorption was added as pre-computed correlated-k tables from previous
absorption coefficients widely used (Karkoschka & Tomasko, 2010). Further details are given in section 3.3.

3. Results from the Observations

Figure 1 puts in context the GRS cloud morphology and dynamics in April 2018, one year before the period
of the strongest interactions, from images taken with the HST. At this time, a South Tropical Disturbance
(STrD) was streaming eastwards past the GRS (Rogers et al., 2018). Dark spots from the STrD passed south
of the GRS interacting with it on the eastern side forming streamers of red clouds (Figures 1a, 3 and see also
Figure 7a). This is an example, at the highest resolution ever achieved in this region of Jupiter, of how fila-
ments of red material are plucked from the GRS by an anticyclonic disturbance interacting with its edge in a
similar way than the AVs. Nevertheless, the GRS velocity and vorticity maps (Figure 2) were similar to those
reported for the 2012-2017 period (Sanchez-Lavega et al., 2018; Simon et al., 2018). The GRS showed a max-
imum averaged velocity uxs ~ 120 ms™" at the north and south edges of the red oval whereas the meridional
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Figure 3. East side of the GRS observed by JunoCam on April 1, 2018 (see
Figure 7 for context). The scene is chaotic with many eddies on different

peak velocities were smaller and different at the western (vy ~ 70 ms™)
and eastern (v; ~ 110 ms™") sides (Figure 1d). The GRS flow had a ring of
maximum relative vorticity with peak value &, = 6 X 107> s™', as reported
in previous studies (Mitchell et al., 1981; Simon et al., 2018; Figure 2).

3.1. Phenomenology of the Interactions

The AV that interacted with the GRS appeared as whitish ovals surround-
ed by brownish rings (Figure 4). The high-resolution images of three of
them show that the ring is not well defined but has irregular and fuzzy
edges, and its clouds seem to reveal the background of clouds below
them. The morphology of AV3 (Figure 4 bottom) exhibits a very diffuse
outer ring, an inner ring of dark brown clouds, and the central whitish
core with individual clouds inside it. The AVs were centered at planeto-
graphic latitude ~20°S-21°S, had a characteristic size (as defined by the
outer edge of the ring) of ~5,000-7,500 km (east-west) by 3,000-3,500 km
(north-south) and a core of ~2,000 km, and moved westward (toward the
GRS) at an absolute speed of ~40 ms™, in agreement with the ambient
wind profile (Figure 1c). When reaching the eastward edge of the GRS
they were entrained by its anticyclonic flow, moving inside the northern
collar (Figure 5a). Because the width of the hollow is similar to the size of
AVs, they were compressed, stretched and fragmented (Figures 5b-5d),

scales circulating the GRS southern flow. Most of them (greyish-brown then skimming the outer edge of the red oval, they tore off material pro-
ovals) look cyclonic, but there is a large anticyclonic eddy in contact with ducing the streamers and flakes of red material that moved outward from
the east end of the GRS that is pulling red streamers around it. The map the red oval (Figures 5e-5f). In some cases, the remnants from the AVs,

also shows aerosol layers at different altitudes according to their crossings
and overlaps. At least three can be distinguished: (1) Deep gray features
(undulating elongated filaments and oval vortices); (2) An extended white

along with the material that had been ripped off, fully circumnavigated
the red oval, moving along the southern edge of the GRS and detaching

intermediate cloud with a variety of textures; (3) high orange-red clouds from it at its east edge at latitude 25°S-26°S. In other cases, they were
from the GRS edge and orange streamers. Comparing with the radiative expelled out of the GRS at its west edge. Additional examples of such
transfer model (section 3.3), 1 and 2 could correspond to the upper cloud interactions are shown in Figure 6. Descriptions, images and details of a

deck and 3 to the tropospheric haze. GRS, Great Red Spot.

large number of these events are given by Foster et al. (2020).

Figure 5g shows all the wind measurements performed between May 11

and 29, 2019 outside the red oval (i.e., along the GRS periphery and hol-
low) as derived from tracking the AV features, their fragments, and the streamers and flakes ripped from the
red oval. We call streamers the long and narrow (thin) filaments (Figure 3), while the flakes are wide and
irregular fragments of the GRS area (Figure 6), all of them mainly torn from the eastern and western edges
of the GRS. Representative values of the drift velocity (in ms™") in the different sectors are given in the figure
with velocity errors estimates ~5-10 ms™" (section 2.1). During this period, the gap in the outer edge of the
hollow at its northernmost point was closed, favoring the interactions by closing the alternative path of flow
of the AVs out of the GRS hollow. Features interacting with the red oval edge moved at speeds up to 90 ms™.
Upon interaction, the features slowed down rapidly in a short distance or even diluted and merged with
clouds in the GRS hollow, thus disappearing. We have measured the probable deceleration of an AV frag-
ment forming a flake from 93 ms™ to 19 ms™" followed by recovery of its speed to 90 ms™" (Figures 5d-5f).
As a consequence of these interactions the red oval showed important distortions from its elliptical shape
(Figures 5d and 6). Detailed views of the GRS and its streamers and flakes in 2018-2019 can be seen in the
high-resolution images occasionally obtained by JunoCam on board Juno (Figure 7).

3.2. Effects on the Dynamics of the GRS

The center of the red oval moved throughout 2019 with a mean drift in longitude of 0.33 deg/day in System
I11, equivalent to a zonal velocity u = —4.5 + 0.2 ms™", with no drifts in latitude (Figure S1). Coupled to
it, the well known regular 90-day oscillation in longitude (Solberg, 1969; Trigo-Rodriguez et al., 2000) per-
sisted, but was perturbed increasing the oscillation to 125 days around days 620-640 (mid-May to early June
2019) and the amplitude A from 1° to 1.2°, although the oscillation showed no phase shift in the longer term
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250
System IIl Longitude (deg)

Latitude (deg)

5000 km

Figure 4. Examples of anticyclonic vortices (AV) or ring spots as imaged by JunoCam. This sequence was obtained
during perijove 23 (PJ23) on November 3, 2019. The upper map shows the GRS and the selected AVs identified by
numbers 1-3. The three lower maps are augmented versions to show the AV cloud morphology. The bottom map is a
contrast-enhanced processed image of AV3 to show cloud details. GRS, Great Red Spot.

(Figure 8a, Figure S2). The most plausible explanation is that the AV interactions temporarily shifted the
phase in the 90-day natural oscillation but preserved its maximum velocity v, =A » 0.9 ms~ (A from 1°
to 1.2°, frequency w = 27/t and 7 the oscillation period, changing from 90 to 125 days during intense inter-
actions). The shape and size of the red oval underwent noticeable changes during interactions (Figure 8b).
The east-west length decreased from 15.5° (18,040 km) in early March 2019 to 13.7° (15,950 km) in May
2020. Large fluctuations occurred during the period of intense flake formation with the zonal length reach-
ing a minimum value of 13° (15,130 km). Figure 8c shows the area changes of the red oval considering it as

an ellipse with the strongest decrease in area of 25%.

We tracked the motions of well-contrasted dark features internal to the red oval (Figure 1) during inter-
vals of ~1-3 days in ground-based images in 2019 April-June and April 2020 to determine their veloci-
ties (Figures 5 and 6). Only the best measured 45 vectors were considered for which we estimate a 10%
error in their velocity (Figure 8d). Among them there are 22 vectors in the red oval periphery that give a
mean velocity 149 + 18 ms™, above the peak values of 120 ms™ found on April 17, 2018 (Figure 1a) and
in previous measurements (Sanchez-Lavega et al., 2018; Simon et al., 2018). Thus, the rotational velocity
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Figure 5. Interactions of anticyclones with the GRS (a-f) This sequence

of mapped color-composite RGB images shows the full interaction of one

AV with the GRS from May 10 to 20, 2019. The ellipse outlines (panel

a) are drawn approximately as a reference. Dates, times and observers

are identified in each panel. Arrows mark the location of the AV and its

fragments and the flake formation on the west side of the GRS. Note that

anew AV is entering the collar in (f). Other sequences of interactions are

presented in Foster et al. (2020). (g) Wind vectors (in black) derived from

cloud tracking from May 10 to June 10, 2019. The ellipses represent the red

oval (red area) and outer periphery ring (open in the east edge). The red

and blue vectors correspond to strong AV interactions and flake formation.

Numbers (purple) give the value of the velocity in ms™". The green vector
shows a particular velocity measured for an AV moving rapidly to the gap
region on April 16, 2020. AV, anticyclonic vortices; GRS, Great Red Spot;
RGB, red, green, and blue.

of the GRS accelerated following the AV interactions. However, the GRS
maximum vorticity did not change. In 2018, it was ¢ = 6.5 x 107> ™'
(Figure 2) and in 2019 we obtain &, = 6.3 X 107 #+ 1.2 x 107 s™" us-

2
ing ¢, = V %(2 —%] (Legarreta & Sanchez-Lavega, 2005) that as-
sumes an elliptical shape for the GRS (a = 5,700 km and b = 4,150 km
2
are the semi-major and semi-minor axis of the ellipse), e =, (1 — (kj
a

is its eccentricity, and Vi = 150 ms™' (data taken from Figure 8). These
results are consistent with reported maximum velocities of 150 ms™ and
vorticity data from HST measurements in April and June 2019 (Wong
et al., 2019).

3.3. Hazes and Cloud Models

We generated crude spectra in the wavelength range from 0.38 to 1.7 um
of the red oval, a flake and a reference white region using images obtained
in May 27, 2019 with the PlanetCam astronomical camera (Mendikoa
et al.,, 2016, 2017; Figures 9 and 10). The major differences between the
GRS and the flake spectrum occur at short wavelengths where the reflec-
tivity (I/F) of the flake is always higher than that of the GRS, while the
reference region is brighter in the continuum and darker in the methane
absorption bands. This spectral region is mainly sensitive to the particle
number density and optical depth of the aerosol layers of the hazes. The
description of the atmospheric parameters defining the aerosol vertical
distribution in our radiative transfer model (see section 2.4) can be sum-
marized as follows (Pérez-Hoyos et al., 2020): An uppermost stratospher-
ic haze composed of small particles; an intermediate tropospheric haze
of micron-sized particles that dominate the reflectivity measured in this
work; and a bottom cloud with a limited effect on the modeling (Fig-
ures 10b and Table S3). While the uppermost and bottom aerosol layers
were modeled with a single free parameter that accounts for the total op-
tical thickness of the layer, the intermediate and most influential layer re-
quires three free parameters for the vertical distribution (bottom pressure
Pyot, peak particle density N and fractional scale height), two parameters
to describe the particle size distribution (effective radius r.; and disper-
sion o) and the imaginary refractive index (mi) as a function of wave-
length. The real refractive index was fixed to 1.43 at 890 nm and comput-
ed from the fitted imaginary values using the Kramers-Kronig relation as
in Lucarini et al. (2005). Previous work has shown that this kind of model
accounts well for the observed reflectivity at this spectral resolution in
both Jupiter (Pérez-Hoyos et al., 2020) and Saturn (Sdnchez-Lavega, Gar-
cia-Melendo, et al., 2020; Sdnchez-Lavega, Garcia-Munoz, et al., 2020).

The model that best fits the spectra (Figure 10, Table S3) consists of a
thin upper stratospheric haze layer located at P ~ 10 mbar with similar
properties in the GRS and flake. Below it, there is a tropospheric haze
with base at P ~ 200 mbar and a deeper cloud deck with base at P ~ 1 bar,
consistent with previous studies (de Pater et al., 2010). It is in these two

aerosol layers where we find the differences between the GRS and the flake. The particle density and the op-
tical depth in the tropospheric haze and upper cloud deck are about 50% lower in the flake area than in the
GRS core. The GRS is brighter than the flake in the red spectral region (including the methane absorption
bands) because of the higher particle density, but the altitude of these two layers is similar. On the other
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Figure 6. An AV interacting especially strongly with the GRS: A sequence of mapped color composite RGB images showing the interaction of an AV with the
GRS from May 22 to 29, 2019. The date and observers are identified in each panel. The arrows mark the location of the AV and its fragments, the flake formation
on the east side of the GRS, and a white cloud impinging on the GRS red oval. AV, anticyclonic vortices; GRS, Great Red Spot; RGB, red, green, and blue.

hand, the flake is brighter in the violet-blue spectral region than the GRS because of the lower absorption
by the haze particles (lower imaginary refractive index, Figure 10c). The simplest explanation for this differ-
ence is that the flake haze and cloud have lower particle density than the red oval, being material that has
been plucked and separated from it, probably containing some mixture of particles from the AV. The cloud
morphology shown in JunoCam color images of the material outside the red oval supports this interpre-
tation (Figures 1a, Figures 3, Figures 7a-7b). The thin layer of red aerosols spread and overcast the clouds
below it. The optical depth of the flake is low enough to allow seeing the deeper clouds below it suggesting
that the flakes are “a surface phenomenon” that essentially affects the aerosol particle density above the
1-2 bar pressure level.

4. Dynamical Interpretation

A large number of works describe 2-vortex and 3-vortex interactions, their distortions and shearing as
in contour-dynamics studies (Legras & Dritschel, 1993), in applied-mathematics modeling (Tur & Yano-
vsky, 2017), as well as their phenomenology in natural systems and in laboratory in the presence of zonal
jets (Galperin & Read, 2019). In this section, we use two types of numerical models, run under Jupiter
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Figure 7. The GRS observed at high resolution by JunoCam. The maps correspond to the following dates: (1) Perijove PJ12 on April 1, 2018. Thin streamers
are seen on the northwest and eastern sides (S) (see Figure 3). The gap (G) is open, the collar (Co) and the stagnation (ST) regions are well defined; (2) Perijove
17 (December 21, 2018). A large streamer (S) at the west edge with a width ~1,250 km is flowing away from the red area toward the hollow’s outer edge. (3)
Perijove 18 (February 12, 2019). A flake (F) has formed with white clouds between it and the red oval. A ring of reddish material (R) surrounds the east side of
the red oval, probably due to a previous streamer or flake in this side. The gap is closed and the stagnation region is not defined. (4) Perijove 21 (July 21, 2019).
This image was taken after the intense flake period in May-June 2019 and shows a ring of reddish material fully surrounding the red oval, probably due to the
dispersion of the red chromophores from previous streamers and flakes. The gap is not well defined and apparently appears to be closed since the stagnation
region is also not evident. GRS, Great Red Spot.

conditions, to address to address the observed interactions and explore their dependence with the vortices
properties.

4.1. Numerical Simulations of the Dynamics of the Interaction

We have used a shallow water model SW (Garcia-Melendo & Sanchez-Lavega, 2017) and the explicit plan-
etary isentropic-coordinate (EPIC) multi-layer model (Dowling et al., 1998) to simulate the dynamics of
the interaction between the GRS and an AV. The SW model is fast, retains a good deal of the large scale
atmospheric physics and is justified for interactions between vortices with horizontal size >> vertical ex-
tent (Sdnchez-Lavega, Garcia-Melendo, et al., 2020). The EPIC model allows one to incorporate the vertical
structure of the atmosphere and the altitude and vertical extent of the interacting vortices. The dynamic
field is represented in both models by the Potential Vorticity, which acts as a material tracer of the flow.

+
PV = f+TgV for the SW model and PV = M[%J for the EPIC model, where h is the layer thick-

P 0z
ness, p is the density, 0 is the potential temperature, z the vertical coordinate, and f = 2Qsin ¢ the Cori-
olis parameter (Q is Jupiter’s angular velocity, ¢ the latitude; Sinchez-Lavega, 2011). In both models, we
introduce two vortices, with horizontal size and velocity at periphery in the range of those of the GRS and

AV respectively, into Jupiter’s background wind velocity profile at their corresponding latitudes (Table S4).
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A parallel version of the Shallow Water model (Sanchez-Lavega, Garcia-Melendo, et al., 2020; Soria
et al., 2020) was run at the Mare Nostrum 4 supercomputer hosted at the Barcelona Supercomputing Center.
Jupiter’s zonal winds were continuously forced (Garcia-Melendo and Sanchez-Lavega., 2017). Grid res-
olution was 0.025° per volume control and time step size was 1 s, which ensured that the Courant-Frie-
drichs-Lewy condition was never violated. In our model, the barotropic Rossby radius of deformation is giv-
en by Lg = (gH,)"*/f ~ 1,200 km for gravity acceleration g = 25 ms™2, undisturbed layer depth H, = 1,000 m,
and Coriolis parameter f = 1.31 x 10" s™*. The simulation domain was a channel with periodic conditions
in longitude, full slip on the latitude limits, and a flat bottom. Both vortices, the GRS and AV, were initially
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Figure 9. The GRS and a flake imaged at different wavelengths. Images
obtained on May 28, 2019 with different filters (identified by their symbol)
using Planetcam astronomical camera mounted at the 2.2 m telescope at
Calar Alto Observatory (Mendikoa et al., 2016, 2017). The flake is shown
at the western edge of the GRS and is marked by a yellow circle and an
arrow in the last image. The photometric area in the center of the GRS is
marked with an orange circle. The reference area is marked with a blue
circle. These images have been contrast-enhanced to sharpen details but
their photometric versions employed in the radiative transfer analysis were
unprocessed. GRS, Great Red Spot.

introduced in geostrophic equilibrium. SW equations allowed fully ex-
plicit numerical schemes which allowed a very efficient parallelization
by using a domain-decomposition strategy. The range of values of the
parameters used in the simulations are given in Table S4A.

In Figure 11a we show the result of the SW simulations for the case
of a strong interaction when AV has a tangential velocity at periphery
Vr = 100 ms™". In such a case, the AV impinges on the GRS southern
flank, and as a consequence it stretches and lengthens, distorting the GRS
oval shape and generating a large flake at its western side from material
detached from the red oval. This case simulates very well the formation
of the flakes (compare the western features with Figures 5-7). For weak-
er interactions when AV has V; ~ 50-60 ms™', streamers and flakes also
form but they are less prominent and the AV material does not penetrate
the GRS. Penetration of the AV into the GRS and the formation of flakes
instead of streamers, occur preferably when V> ~100 ms™ (Figure S4).

The EPIC model allows simulating interactions for different vertical ex-
tensions of the GRS and AV. The penetration depth of the PV anomaly
for an axisymmetric vortex in hydrostatic and gradient-wind balance, like
the GRS (Sanchez-Lavega et al., 2018), is given by (Wang et al., 1996)

172

D= {(7 )+ 6um)] &)

Taking a Brunt-Viisild frequency in the range N ~ 1to 5 x 107> s
(de Pater et al., 2010), ambient vorticity (meridional shear of the zon-

al wind) ¢, ~ a%y =1.16x107s" and horizontal scale of the flow
L ~ 9,000 km (peak to peak meridional distance in the zonal wind max-

ima north and south of the GRS; Figure 1), f = —1.25 X 10™* s7! and
GRS vorticity ¢, = 6.5 x 107 s7', we get Dgrs ~ 290-1450 km. This
range of values is consistent with the retrievals of the GRS depth de-
rived from radiances obtained with Juno’s infrared MWR experiment (Li
et al., 2017) and from the study of the gravity field anomalies (Galanti
et al., 2019; Galanti et al., 2019) that indicate that the GRS extends at
least down to the 240 bars level (or about 350 km below the ammonia up-
per cloud at 1 bar). In recent anticyclone modeling and laboratory work,
Lemasquerier et al. (2020) deduced that the GRS would have a depth of
150 km +104,56 km, less than indicated above. This determination strongly
depends on the stratification N, as Equation 1 requires N = 0.01 s™" to get
150 km. Given the high uncertainty in the value of N, we think that the
range of values (290-1450 km) calculated above is more plausible. We
tested different vertical extents for the GRS (Dgrs ~ 200-300 km) cen-
tered at 0.68 bar level. We then applied a simple scale ratio between the
horizontal size and depth for the vortices to take Day ~ 0.1-0.3 Dggs in
agreement with previous studies (de Pater et al., 2010).

For the EPIC simulations we define the structure of the atmosphere as shown in Figure S3 for a variety
of situations and with the model parameters for Jupiter as defined in Morales-Juberias et al. (2003) and
Garcia-Melendo et al. (2009) with the tested range of values given in Table S4B. For the small anticyclones
AV we do not have measurements of the velocity at the periphery (rotation speed) and we estimate the range
of values to use in the simulations assuming the vortex is in geostrophic balance with Rossby number in
the range Ro ~ V7/fL ~ 0.07-0.15 that follows our previous observations and models of Jovian anticyclones
(Legarreta & Sanchez-Lavega, 2005). Here L is the vortex size and f the Coriolis parameter that leads to tan-

gential velocities V7 (AV)y.x = 50-120 ms™.

1
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Figure 10. Photometry and radiative transfer model of aerosol vertical
distribution. (a) Absolute reflectivity (I/F) spectra of the center of the GRS
red core (red dots), a flake area (blue dots) and a reference region (black
dots) obtained in May 27, 2019. The circles are the best model fits to the
data; (b) The particle density as a function of altitude in the GRS (red),
flake area (blue) and a reference region (black) according to a radiative
transfer model; (c) Refractive imaginary index of the tropospheric haze
particles using the same color code as in (b) (details given in Table S3).
GRS, Great Red Spot.

In Figure 11b we show results from the EPIC simulations for an interme-
diate case in which the GRS has twice the speed at its periphery than the
AV and its vertical extent is three times that of it. This case shows that as
the interaction of the AV with the northern edge of the GRS progresses,
the AV vortex lengthens while penetrating the GRS, strongly distorting
its shape. The stretched AV becomes fragmented, being dragged by the
circulation of the GRS where it generates a wave disturbance at the pe-
riphery of the red oval (Figure S5). This disturbance circulates through
the external part of the GRS while the elongated AV along with part of
the red oval material separates on its west side from it. Both the SW and
EPIC model simulations form streamers and flakes. The SW model con-
strains the configurations in the horizontal plane (vortices location in lat-
itude, relative velocities, relative sizes and intensities) in which the type
of observed interaction occurs. The EPIC model confirms these values
and strongly indicates that flake and streamer formation is a “surface”
phenomenon mainly occurring in the upper cloud layers of the GRS.

4.2. GRS Internal Energy Change

An AV that is totally absorbed by the GRS adds energy (per unit mass)
due to its own rotation, E = (1 / 2)Vr§t ~ 1250 Jkg™', and its velocity,
E, ~(1/2)u? ~ 800 Jkg™ (V7 = 100 ms™", u = 40 ms™ relative to GRS;
Figure 5). If this energy is totally converted into heat during the frictional
and mixing processes, the temperature must increase in the outer part of
the GRS where the vortex is absorbed by AT = (Emt + Ek) /1C,~02K,
where C, = 12,360 JKg 'K, the specific heat at constant pressure. This
is an upper value since the energy losses, e.g., radiative, have not been
considered. The added energy will increase the radial temperature gra-
dient (dT/dr)p in the GRS interior and assuming the vortex is under gra-
dient wind balance (Mitchell et al., 1981; Sanchez-Lavega et al., 2018),
we can estimate the change in its rotational velocity from the use of the
thermal wind balance (Flasar et al., 1981; Fletcher et al., 2010; Pérez-Hoy-
os et al., 2009),

v _ R (or
omP  (f+g)\or), @)

We take the wind measurements at a pressure level P = 600 mbar and
we assume null speed at 20 mbar (Conrath et al., 1981) both before and
after the interactions. The altitude difference between these two levels
is In (600 / 20) =3.4 scale heights, and taking (f +5y) ~ —6.5 X 10757
(in 2018 and 2019), R,* = 3,750 JKg 'K ™". From Equation 2 we get an
average horizontal temperature gradient of (8T / 8r)P = —6x10"* Kkm™'
in 2018 and —7.75 x 10~* Kkm ™ in 2019. We then calculate temperature

difference between the GRS center and the collar with peak vorticity (av-

erage distance r) using that gradient at the semi-major axis and semi-minor axis of the ellipse that defines
the collar of maximum vorticity (a = 4,420 km, b = 2805 km in 2018 from Figure 2; a = 5,000-5,700 km,

oT

b =3,500-4,150 km in 2019 from ellipses traced in Figure 8d). This gives AT ~ —(—J r~22K(AT =26

r

and 1.7 K at (a) and (b) to have V; (max) = 120 ms™* (in 2018)), and AT ~ 3.3-3.8 K (AT = 3.9-4.4 K and
2.7-3.2 K at (a) and (b) to have Vy(max) = 150 ms ™ (in 2019)). These rough numbers agree with previously
measured temperature contrasts in the GRS (Fletcher et al., 2010). The deposited energy from AVs is mul-
tiplicative with the number of vortices interacting with the GRS, which was only 0.17 per month averaged
from 2016 March to 2018 June, but 2.0 per month averaged from 2019 March to June. Thus, a moderate
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Figure 11. Numerical simulations of the interactions of the GRS and an
AV. Potential Vorticity maps for two type of models: (a) SW simulations
of the interaction for the GRS and an AV at latitude 20.0°S, both with
peak tangential velocity V; = 100 ms™". Time (t) is given in days. (b)
EPIC simulations with V; = 100 ms™ (GRS) and Vi = 50 ms™ (AV),
with a vertical extent of 6 scale heights (~120 km) for GRS and 2 scale
heights (~40 km) for AV, with both vortices centered at pressure level

P = 680 mbar. Other data are given in Table S4. AV, anticyclonic vortices;
EPIC, explicit planetary isentropic-coordinate; GRS, Great Red Spot

heating due to energy absorption provided by the AVs as calculated above
could produce the observed increase in the peak tangential velocity at
cloud tops.

5. Discussion and Conclusions

In 2018-2020, Jupiter’s GRS long lifetime survival appeared to be threat-
ened following strong interactions with series of smaller AV, giving rise
to the following events:

+ The GRS increased its maximum tangential velocity up to 150 ms™".

* The GRS vorticity did not change.

* The visible red area decreased when the AVs tore off large fragments
and distorted its shape.

* The GRS suffered a transient change in its steady 90-day oscillation
in longitude, increasing its period and amplitude.

From a radiative transfer analysis of the GRS reflectivity in the visual and
near-infrared wavelengths we have shown that the interactions affected
the upper cloud tops of the GRS. This is also confirmed by numerical
simulations of the dynamics of these interactions using a shallow water
model and a general circulation model.

Encounters between anticyclones of similar size lead to complete merg-
ers (Mac Low & Ingersoll, 1986), as was the case of the large and long-
lived three White Ovals that 20 years ago generated a single steady
anticyclone BA (length ~11,000 km, about half the GRS current size)
(Sanchez-Lavega et al., 1999, 2001) with a similar velocity field to its pre-
decessors and to the GRS (Hueso et al., 2009). However, the GRS interac-
tions behave differently since it is a single large anticyclone at its latitude.
The GRS has been slowly decreasing in size since the late nineteenth
century (Rogers, 1995; Simon et al., 2018), and in 2019 the interactions
with AVs reduced the visible red oval to the smallest size ever recorded
while increasing peak velocities but preserving its vorticity (within the
precision of ground-based measurements). The flaking events are likely
to have been superficial, not affecting the full depth of the GRS. Indeed,
by October 2019, the visible red oval had almost recovered to its previous
size (Figure 8c). Our analysis confirms that the ingestion of AVs is not
necessarily destructive (Vasavada & Showman, 2005); it can increase the
GRS wind speed, and perhaps over a longer period, maintain it in a steady
state (Dowling et al., 1989; Sada et al., 1996). The intense vorticity of the
GRS, together with its larger size and depth, compared to the interacting
vortices, guarantees its long lifetime.

Data Availability Statement
Sanchez-Lavega, (2021): Jupiter Great Red Spot flakes. figshare. Collection. https://doi.org/10.6084/

m9.figshare.c.5226206.v2

The ground-based images included in the above repository have been downloaded from the following

sources:

Association of Lunar and Planetary Observers ALPO - Japan: http://alpo-j.sakura.ne.jp/Latest/Jupiter.

htm

PVOL2 database: http://pvol2.ehu.eus/pvol2/
Images from the HST-OPAL program are available at: https://archive.stsci.edu/prepds/opal/
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