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Abstract In this study, we present the evolution of the properties and vertical distribution of the hazes

in Jupiter's Great Red Spot (GRS), its surroundings and Oval BA from 2015 to 2021. To retrieve the main
atmospheric parameters, we model the spectral reflectivity of a number of dynamically and/or spectrally
interesting regions with a radiative transfer tool that uses an optimal estimator scheme. The spectra of the
selected regions are obtained from high-resolution Hubble Space Telescope Wide Field Camera 3 images
that cover the spectral range from 200 to 900 nm. The a priori model atmosphere used to describe the various
Jovian regions is taken from Anguiano-Arteaga et al. (2021, https://doi.org/10.1029/2021JE006996) for

each corresponding area. We find that the biggest variations in the GRS occur in the optical thickness of

the stratospheric and tropospheric haze layers starting in 2019 and in the mean size of the tropospheric haze
particles in 2018. The absorption spectra of both hazes show little variations among the analyzed regions and
years, with the stratospheric haze properties seeming compatible with the chromophore proposed by Carlson
et al. (2016, https://doi.org/10.1016/j.icarus.2016.03.008). We report a color change of Oval BA from red to
white during these years that, according to our models, can be mostly explained in terms of a decrease in the
stratospheric haze optical depth.

Plain Language Summary The Great Red Spot of Jupiter (GRS) is the largest and longest-lived
anticyclone in the solar system atmospheres. Despite having been widely studied, the nature of the aerosol(s)
giving the spot its characteristic red color is still unknown, as well as the relation of their creation/destruction
mechanisms with dynamics. In 2019, the Great Red Spot started a series of interactions with smaller
anticyclones that may have changed its vertical cloud structure, which made the region particularly worthy

for our analysis. At the same time, the second largest anticyclone in Jupiter, called Oval BA, changed its color
from red to white in 2018, something that also happened in the past (but from white to red) and deserved some
attention. We used Hubble Space Telescope images to constrain models of the vertical structure and some
relevant atmospheric properties of the hazes in the GRS, its surroundings and Oval BA. We found that most
of the changes are related to the thickness of the uppermost coloring layer in the atmosphere, being able to
reproduce the observed reflectivity and its temporal and spatial variations. The nature of this layer seems to be
compatible with compounds resulting from photochemical reactions in the upper atmosphere.

1. Introduction

The Great Red Spot of Jupiter (GRS) is a prominent feature that has been continuously present in the Jovian
atmosphere at least for the last 145 years (Rogers, 1995). During its long lifetime, the GRS has undergone
size, shape and color changes. Its size has decreased by half over the past 130 years, with its shape becoming
more circular, and it was recently shown to be darkening (Rogers, 1995; Simon et al., 2018; Wong et al., 2021).
Changes in the UV and methane band reflectivities have also been measured, implying a change in the vertical
distribution of the clouds and hazes (Simon et al., 2018). The aerosol species and physical mechanisms behind
the GRS coloration are still unclear and their relation to dynamics remains a challenging question. However, it is
commonly accepted that the coloration of the different Jovian areas is explained in terms of the nature and vertical
distribution of the hazes, at P < 1 bar (Banfield et al., 1998). An interesting chromophore candidate for the GRS
was proposed by Carlson et al. (2016): the product from photolyzed ammonia reacting with acetylene. In this
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scheme, material in the GRS is raised to the upper troposphere or lower stratosphere and undergoes photochemi-
cal reactions that lead to the creation of the coloring agent. Sromovsky et al. (2017) showed that this agent could
explain the various degrees of reddish coloration on Jupiter and could act as a universal chromophore (i.e., the
same colorant throughout the planet) and, together with Baines et al. (2019), they were able to match GRS spectra
using this chromophore in their models. Braude et al. (2020) also concluded that it was possible to model both
the GRS and belts of Jupiter with this compound, although a steeper blue absorption was required. This was also
found by Pérez-Hoyos et al. (2020) in their North Temperate Belt spectra modeling. Dahl et al. (2021) also found
better agreement with their spectra of different Jovian cloud bands by slightly varying the absorption (i.e., imag-
inary refractive index) of the Carlson et al. (2016) chromophore, but their suggested deviation from that chromo-
phore was opposite to the one found by Braude et al. (2020). Even though radiative transfer analyses were able
to fit observations using a single absorbing species, Principal Component Analysis carried out by Simon-Miller
et al. (2001) required at least two different coloring agents to explain the color of the GRS and small anticyclones
in the northern hemisphere. Following a similar analysis, Ordonez-Etxeberria et al. (2016) also suggested the
presence of a second chromophore in a number of Jovian features, but not for the GRS.

As previously mentioned, the relation between Jovian coloration and dynamics is unclear, and events of strong
dynamical or coloration changes are an opportunity to gain insight in this respect. We have recently witnessed
two phenomena of this kind: the “flakes” episodes in the GRS (Sanchez-Lavega et al., 2021) and the Oval BA
color change from red to white. The “flakes” episodes started in 2019, when the GRS suffered the detachment of
portions of red material (or “flakes”) and distorted its shape after several interactions with a series of relatively
small anticyclones coming from the east. Dynamical and radiative transfer analysis performed by Sdnchez-Lavega
et al. (2021) showed that this was a phenomenon affecting only the upper atmospheric levels (P < 1-2 bar).

On the other hand, the Oval BA color change started in 2018 when the ring of reddish clouds surrounding
the nucleus turned white. Oval BA formed in the year 2000 after the merger of two white anticyclones pres-
ent in the South Temperate Belt, one of which was the result of an earlier merger of two white anticyclones
(Sanchez-Lavega et al., 1999, 2001). In 2005, the clouds surrounding the oval nucleus started to turn red and this
phenomenon was largely studied (Cheng et al., 2008; Garcia-Melendo et al., 2009; Simon-Miller et al., 2006).
However, no meaningful dynamical changes were found before or after its reddening (Asay-Davis et al., 2009;
Hueso et al., 2009; Marcus et al., 2013; Shetty & Marcus, 2010) nor in its vertical cloud structure (Pérez-Hoyos
et al., 2009; Wong et al., 2011). After its reddening, the oval underwent color variations, with some decreases in
its redness, but it did not turn completely white until 2019. Unlike the big interest aroused by the 2005-2006 color
change, there are no studies on its recent whitening, an inverse color trend when compared to the 2005 change.

We follow in this paper the study of the GRS in 2016 carried out by Anguiano-Arteaga et al. (2021), hereafter
referred to as A2021. In that paper, the a priori model atmosphere was obtained by prioritizing the best possible
simultaneous spectral and limb-darkening fit of several South Tropical Zone (STrZ) spectra after testing nearly
12,000 models. Two main haze layers were found: a thin layer near the tropopause over a more extended one
down to 500 mbar, both showing wavelength-dependent absorption. The stratospheric haze optical depth domi-
nated the overall coloration and, although different chromophore candidates were not directly tested, its retrieved
imaginary refractive index spectrum was found to be compatible with the chromophore proposed by Carlson
et al. (2016). Specifically, its spectral absorption slope laid within the retrieved error bars, so we focused on this
proposed chromophore in particular. This is the most promising candidate to date, which does not possess any
additional unobserved spectral feature, as it happens, for example, with the chromophore proposed by Loeffler
et al. (2016), as pointed out by Dahl et al. (2021).

In the current work, however, we will be focusing on the temporal evolution of the aerosol properties and vertical
cloud distribution of selected regions in the GRS, a variety of surrounding regions and of Oval BA. Addressing
this problem is necessary to unveil the nature of the Jovian chromophore(s) and its relation to local dynamics. We
also look for an explanation of the observed color changes, the Oval BA whitening being the most striking case.
For this purpose, we construct low-spectral resolution spectra from high spatial resolution HST/WFC3 images
taken between the years 2015 and 2021, in order to retrieve atmospheric parameters with the NEMESIS radia-
tive transfer suite (Irwin et al., 2008, 2022). The HST/WFC3 data sets are suitable for this aim as they provide
images taken in the UV and in two different methane bands (in the best case, as the filter set depends on the obser-
vation run), which allow a high sensitivity to the distribution of particles in pressure levels near the tropopause.
We will analyze if the model proposed in the previous paper can explain the temporal and spatial variations of the
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Figure 1. Spectral coverage of Hubble Space Telescope Wide Field Camera 3 filters used in this work overlaid on the full-
disk albedo spectrum of Jupiter obtained by Karkoschka (1998). Transmissivity of the filters is scaled to the same maximum.

observed reflectivity, with particular emphasis on the GRS and Oval BA. This will help characterize the vertical
haze structure in the GRS area and bring us closer to deciphering the unknowns of its coloration, as well as the
changes related to it.

The paper is organized as follows. In Section 2, we briefly describe the HST/WFC3 images, the selected regions
that have been studied and different photometric analyses of the GRS area. In Section 3, we present the retrieval
procedure and the results for each visit and selected region. In Section 4, we discuss these results and their physi-
cal interpretation, also comparing them to prior findings in the literature, and present a sensitivity analysis for our
models. Finally, in Section 5, we provide a review of the main conclusions of this work.

2. Observations and Analysis
2.1. HST/WFC3 Observations

For this work, we have used archived images taken by the HST/WFC3 (Dressel, 2021) between years 2015 and
2021. These images cover a wavelength range from the UV to the near-IR with a set of filters sensitive to the cloud
structure in the lower stratosphere and upper troposphere —from tens to hundreds mbar- (de Pater et al., 2010a;
Pérez-Hoyos et al., 2012a, 2020; Wong et al., 2011), and they have adequate spatial resolution (~150 km/pixel)
for the analysis of relatively small-sized areas. We show in Figure 1 the coverage of HST/WFC3 filters overlaid
on the Jovian full-disk albedo spectrum. A summary of the images we used is shown in Table 1. This table also
shows the identification label of each observing run discussed hereafter, such as “Wong 2016,” “de Pater 2017”
or “OPAL 2018,” together with the filters and dates corresponding to each of them.

The images were calibrated in absolute reflectivity and projected into cropped latitude-longitude orthogonal map
projections of 0.1°/pixel resolution (see Figure 2) after performing a cross-calibration process. This is done in
order to reduce the photometric dispersion found among different visits associated with systematic uncertainties
in the calibration process. An example of this problem for visit “Wong 2016 is shown in A2021, but it is present
throughout the entire time period studied here, with larger discrepancies among images of different campaigns.
The images were globally corrected using Equation 1, where m and b were determined for each visit and filter by
minimizing central meridian scan differences with respect to visits “de Pater 2018 (for filter F225W), “Wong
2017_02” (for filter FQ727N) and “OPAL 2018” (for the remaining filters). These coefficients are available at
the companion repository of this paper (Anguiano-Arteaga et al., 2023).

I
= -b
(L) — ( F )uncorrected (1)
F / corrected m

We checked the I/F values after the cross-calibration by comparing the corrected full-disk albedos of each visit

with the ones given in Karkoschka (1998). We also compared North-to-South I/F (see Figure S1 in Supporting
Information S1) scans to those of Fry and Sromovsky (2023), finding good agreement of temporal changes, such
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Table 1
Summary of Observations Showing the “Grouping Longitudes” (See Section 2.3) of the Great Red Spot Center Relative to the Central Meridian
Visit label and date Proposal ID and PI Filters Lonl Lon2 Lon3 Lon4
OPAL 2015 GO/DD 13937 F275W, F343N, F395N, F502N, F631N, F658N,FQ889N 28°W  28°E - -
2015/01/19 A. Simon
OPAL 2016 GO/DD 14334 F275W, F343N, F395N, F467M, F502N, F631N,F658N, FQ889N 60°W  0°W 60°E -
2016/02/09-2016/02/10 A. Simon
Wong 2016 GO 14661 F225W, F275W, F343N, F395N, F502N, F631N, FQ727N, FQ839N 60°W  39°W  15°E -
2016/12/11-2016/12/12 M. Wong
de Pater 2017 GO 14839 F225W, F275W, F343N, F395N, F502N, F631N, FQ727N, FQ839N 70°W  10°W  50°E -
2017/01/11-2017/01/12 1. de Pater
Wong 2017_02 GO 14661 F225W, F275W, F343N, F395N, F502N, F631N, FQ727N, FQ839N 70°W  44°W  15°E -
2017/02/01-2017/02/02 M. Wong
OPAL 2017 GO/DD 14756 F275W, F343N, F395N, F467M, F502N, F631N,F658N, FQ889N 55°W  30°W  20°E  70°E
2017/04/03 A. Simon
Wong 2017_07 GO 14661 F225W, F343N, F395N, F502N, F631N, FQ727N, FQ889N 35°W - - -
2017/07/11 M. Wong
de Pater 2018 GO 14936 F275W, F395N, F502N, F631N, FQ727N, FQ889N 45°E - - =
2018/02/07 1. de Pater
Wong 2018 GO 14661 F225W, F275W, F343N, F395N, F502N, F631N, FQ727N, FQ839N 50°W  2°W 70°E -
2018/04/01 M. Wong
OPAL 2018 GO/DD 15262 F275W, F343N, F395N, F467M, F502N, F547M, F631N, F658N,FQ889N  70°W  20°W  40°E -
2018/04/17 A. Simon
Wong 2019 GO 14661 GO 15159 F225W, F275W, F343N, F395N, F502N, F631N, FQ727N, FQ839N 50°W  10°E - -
2019/04/09-2019/04/10 M. Wong
OPAL 2019 GO/DD 15502 F275W, F343N, F395N, F467M, F502N, F547M, F631N, F658N,FQ889N  25°W  12°E  40°E -
2019/06/26-2019/06/27 A. Simon
de Pater 2020 GO 16053 F225W, F275W, F395N, F502N, F631N, FQ727N, FQ889N 60°W  2°W - -
2020/07/22-2020/07/23 L. de Pater
OPAL 2020_08 GO/DD 15929 F275W, F395N, F467M, F502N, F631N, F658N,FQ889N 35°W  I5°E - -
2020/08/25 A. Simon
OPAL 2020_09 GO/DD 15929 F275W, F343N, F395N, F467M, F502N, F631N, F658N, FQ889N 40°W - - -
2020/09/20 A. Simon
OPAL 2021 GO/DD 16266 F275W, F343N, F395N, F467M, F502N, F631N, F658N, FQ889N 50°W 6°E - -
2021/09/04 A. Simon

Note. Note that each region, other than the GRS nucleus, has a latitude/longitude displacement with respect to that point that can change from one observing run to the

following.

as the blue brightness drop in the Equatorial Zone (EZ). In both cases, the cross-calibration process was shown
to properly address the dispersion problem. Specifically, the average dispersion in the full-disk albedos before
the correction was ~12%, with a remarkable 35%—40% dispersion in the UV. After correcting, the dispersion was
reduced to less than 2%. This procedure is fully explained in the supplementary information of A2021.

Quad filter images are affected by fringing. According to Wong (2010), the measured amplitude of fringing in
WEC3 images is ~5% for filter FQ889N and 1% for FQ727N. This problem is accounted for by assuming a 10%
measurement uncertainty, which is the typical value in HST/WFC3 absolute calibration (Dressel, 2021), similar
to Toledo et al. (2019).

2.2. Region Selection

For this study, we have selected a number of regions that are interesting from a dynamical and/or a spectral point
of view, in order to get a full description of the considered area and its temporal evolution. We have also analyzed
Oval BA, as it underwent a noteworthy color change from red to white during the time span covered by this
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Figure 2. Cropped maps (0.1°/pixel resolution) in the FS02N filter (blue) showing the Great Red Spot of Jupiter for different HST visits (Table 1). The gray scale
I/F range goes from 0.3 (black) to 0.9 (white) in all panels. The “Wong 2017_07" map is scaled (by a factor ~1.17), as proximity to the limb made it too dark. Visit
“de Pater 2018” is not included for graphic purposes. The 0.5° X 0.5° regions selected for further radiative transfer analysis are marked in each map. Oval BA appears
approximately at 30°S in years 2016 and 2020. Please note that degrees (°) refer here to latitude/longitude and not to angular size on the sky.
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Figure 3. Maps showing the color change undergone by Oval BA between years 2016 (lat = —30°, lon = 330°,
CM = 356.2°) and 2020 (lat = —30°, lon = 70°, CM = 74.4°). The RGB images are constructed from Hubble Space
Telescope Wide Field Camera 3 images used in this work with R = F631N, G = F502N, and B = F395N.

work. This color change resembled the 2005-2006 reddening (Cheng et al., 2008; Garcia-Melendo et al., 2009;
Simon-Miller et al., 2006) but in the opposite direction.

The regions analyzed in each HST visit are shown in Figure 2. For each visit, we tried to select regions analo-
gous to the ones shown by A2021and, therefore, the range of coverage of the cropped maps and the position of
the GRS within that coverage is the same as that of that paper. However, the location relative to the GRS of the
selected regions is slightly different from visit to visit because of the morphological changes in the GRS area and
the dynamical nature of many of the features.

Regions 0 and 1 are the dark nucleus and interior of the GRS, respectively. They have the strongest blue wave-
length absorption (see Figure 2). Region 2 is located northwest of the GRS, in areas where vigorous upwelling
motions of bright clouds are expected due to moist convection (Hueso et al., 2002). Region 3 is located in the area
commonly known as the hollow (Rogers, 1995; Sdnchez-Lavega et al., 2018). In the case of “Wong 2017_02,”
“OPAL 2019,” and “OPAL 2020_09,” another region (3B) was also selected in the hollow in order to account
for an area showing different spectral characteristics. Region 4 is placed in the dark clouds that are carried to the
circulation of the GRS by the westward jet (u =~ —60 m s~') located at 20° S (Rogers, 1995).

Regions 5 and 6 are both located in the STrZ, but they show slightly different spectral behavior (see Section 2.5).
Region 7 is selected in the area of dark clouds southeast of the GRS, known as “lacrimal gland” (A2021), and,
along with the GRS eastern flank, it was the exit for the reddish material (the so called “flakes”) pulled off the
GRS after its interaction with smaller anticyclones (Sanchez-Lavega et al., 2021). In “Wong 2018 another region
(7B) was selected, since the “lacrimal gland” showed a remarkable spectral dichotomy (see Section 2.5). Region
8 is located in the “chimney” (Rogers, 2019), a discontinuity in the flow of low-albedo clouds at the northern
extent of the GRS area. The discontinuity is not always present, as can be seen in visits “OPAL 2016 and “Wong
2017_02,” and when this happens, region 8 is not selected.

We have also included three regions (9, 10, and 11) located in Oval BA, but only in the visits in which the oval was
present in the cropped maps (“Wong 2016,” “de Pater 2020,” “OPAL 2020_08,” and “OPAL 2020_09”), in order
to analyze the color change of the oval between years 2016 and 2020 (see Figure 3). Region 9 is the nucleus of
Oval BA, region 10 is the periphery of white clouds (which is also part of the circulation of the oval) and region 11
is an interior ring in which the color change was most significant. Region 12 is only present in “OPAL 2020_09,”
and it was chosen because of its particular spectral classification (see Section 2.5). Finally, Region 13 is located
in the EZ and is only selected in visit “OPAL 2021, since it showed a noticeable reddish coloration at that time.

2.3. Spectra Construction

For every visit, we constructed spectra for each selected region and for different viewing geometries by following
the same procedure as in A2021. We do so because the NEMESIS version we used demands spectra with two or
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more wavelengths for each viewing geometry. The main advantage of simultaneously fitting spectra correspond-
ing to different viewing geometries is that it helps to break inherent degeneracies in the radiative transfer calcu-
lations in the optical wavelength regime. To construct the spectra, we first identified the “grouping longitudes”
relative to the Central Meridian (CM) around which the GRS is present in as many images and filters as possible.
We then built the spectra by performing a weighted average of the I/F values of the same filter images with the
GRS center located in +10° from the grouping longitudes. The weights were given by a Gaussian curve centered
at the grouping longitudes and with FWHM = 5° and unity peak value. Points located further than +80° from the
CM were not considered to avoid navigation issues. The uncertainty introduced by the navigation of the images
and the spectra construction is non-negligible and difficult to constrain, and thus we set a minimum error of 10%
following A2021. This strategy may give more weight to narrow-band filters, which are the most uncertain, with
errors typically ranging about 5%—10% (Calamida et al., 2021). The grouping longitudes (Lon 1 to Lon 4) of all
the visits are shown in Table 1.

2.4. Color Analysis

We use two photometric indices introduced by Sanchez-Lavega et al. (2013) to analyze the selected Jovian areas
in terms of color and altitude and/or opacity. These indices are the Color Index (CI) and the Altitude/Opacity
Index (AOI), and they are defined as the reflectivity ratio of the F395N to F631N and FQ889N to F275W, respec-
tively. Low CI values correspond to reddish areas, while high values are obtained for white or blue regions. Simi-
larly, AOI values are correlated with cloud top altitude, since high atmospheric features are bright in the methane
absorption bands and dark in the UV, as a consequence of particulate absorption. Please note that cloud top alti-
tude depends on the vertical distribution of the haze opacity and hence AOI is not just simply an altimetry value.

Figure 4 shows the temporal evolution of the AOI and CI values for the selected regions (except 12 and 13 as they
are present in a single visit). To make these plots, we performed a Lambertian correction in filters F395N, F631N,
and FQ889N to reduce the effects induced by changes in the viewing geometry among the maps corresponding
to these filters (Ordonez-Etxeberria et al., 2016). For the F275W filter, we performed a Minnaert correction
(Sanchez-Lavega, 2011), as it was more suitable due to the strong Rayleigh scattering close to the limb, by
following the same procedure as in A2021. The limb-darkening exponents are calculated from each filter image.
Statistical information on Figure 4 data can be found in Table 2. There are several contributions to the AOI and
CI errors. Together with the uncertainty of the HST photometric calibration, geometric corrections also induce
some error in these magnitudes. Since the effect of the corrections is difficult to constrain, we adopt an error of
10%, which is the typical value in HST/WFC3 absolute calibration (Dressel, 2021).

From Figure 4 it is clear that regions 0 and 1 (the GRS nucleus and interior) are distinct in terms of AOI and
also of CI, although in the latter we find a greater dispersion in the regions outside the GRS. The AOI indices for
regions 0 and 1 indicate a decrease in altitude/opacity from 2016 to 2021. On the other hand, the CI values for
those regions increase, indicating that the GRS became less reddish in recent years, as also shown in Figure S3 in
Supporting Information S1. The AOI values for regions 9 and 11 (Oval BA nucleus and ring) also show a slight
decrease from 2016 to 2020, whilst region 10 (the periphery of the oval) shows no major temporal differences.
This is also apparent from Figure S2 in Supporting Information S1. The CI values of these regions, however,
show an overall increase from 2016 to 2021, with the most noticeable change in regions 9 and 11. This is in
agreement with the brightness variations observed in Oval BA in Figure 2 maps. However, the high variability in
some other regions, such as regions 2 (convective storms area), 3 (hollow), 7 (lacrimal gland), and 8 (chimney),
is due to the fact that they are highly dynamical and may change abruptly from visit to visit, as can be seen in
Figure 2. A word of caution must be raised regarding the AOI/CI values in visit “Wong 2017_07" as they are
severely affected by limb-darkening effects.

2.5. Spectral Clustering

We use here the k-means clustering method (Jancey, 1966; Pérez-Hoyos et al., 2012b) to classify each point in
the maps according to its spectral characteristics, as done by A2021. The k-means algorithm groups each pixel of
the cropped maps in the specified number of clusters by minimizing the squared Euclidean distance of each pixel
spectrum to the nearest cluster centroid (i.e., the pixel/spectra that best represents that cluster). We proceeded
as follows: for all the considered visits, we selected a map with the GRS as close to the CM as possible for each
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Figure 4. Altitude/Opacity Index (upper panel) and Color Index (lower panel) versus time.

available filter. We then corrected the maps following a Minnaert law (Sanchez-Lavega, 2011), and after the
correction, the spectra at each pixel were classified in six clusters using a k-means algorithm (Sculley, 2010). We
set the number of clusters to six because for a larger number, we obtained new classifications that were due to
limb-darkening and not intrinsic spectral differences. The resulting clustering for each visit is shown in Figures 5
and 6.

From Figures 5 and 6, it is apparent how spectrally different the GRS is from other surrounding areas, except
in visit “OPAL 2021,” in which the EZ also looks reddish and bright/faint in the methane band/UV filter and is
therefore classified together with the GRS. It is also clear from Figures 5 and 6 that the STrZ is mainly split in two
different clusters, supporting the separated analysis of regions 5 and 6, as discussed above. Region 7B was also
selected because the “lacrimal gland” in visit “Wong 2018” is split in two different clusters. In general, for each
visit, our region selection encompasses all the found clusters. Region 12 in visit “OPAL 2020_09” was selected
because of this, since it belongs to an unsampled cluster. The change in the Oval BA clustering from 2016 to 2020
is also noteworthy, as it reveals its color change from reddish to whitish.
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Table 2 An interesting application of the spectral clustering is that it allows the

Mean, Maximum, and Minimum AOI (Altitude/Opacity extrapolation of the retrieved properties of the selected regions to other areas

Index = I/F(FQ889N)/I/F(F275W)) and CI (Color Index = I/F(F395)/l/ of the map with similar spectra belonging to the same cluster, as done by

F(F631)) Values of the Studied Regions A2021 and as will be shown in Section 4. However, it must be noted that our

Region <AOI>+oc AOL AOL, <CI>+oc CI CIL, results correspond only to the selected regions, and they should be regarded

0 0.91 + 0.08 107 078 0244003 03 019 only as a first approximation (e.g., as a priori models) to other areas falling
within the same spectral cluster.

1 0.76 + 0.08 0.91 0.64 0.3 +0.03 037 0.25

2 0.19 + 0.02 0.21 0.13 0.68 +0.06 0.78 0.54

3 026+£003 033 02 061007 074 o052 3. Radiative Transfer Modeling

3B 0.32 +0.07 0.41 026 047+006 054 0.39 We performed the retrieval of atmospheric parameters from the measured spec-

4 0.22 +0.03 0.27 0.14 051+003 058 048 tra with the NEMESIS radiative transfer package (Irwin et al., 2008, 2022).

5 0.18 + 0.02 0.23 015 076+004 084 0.7 A brief description of NEMESIS is given in A2021. The vertical temperature

6 0.16 + 0.02 0.19 011  067+003 074 063 profile and the atmospheric gaseous composition (assumed to be a mixture

7 0.29 + 0.06 046 022 0524005 062 043 of H,, He arhld CH,) are taken from Taylor. et al. (2004). Partlc}e sc.attermg .1s
modeled using a double Henyey-Greenstein smoothed approximation of Mie

B L2fEUR L2 ORI e LSt Ot phase functions to get rid of backscatter fine structure. We do not consider

8 0.23 + 0.02 0.27 0.2 0.54+£0.04 061 049 the polarization of scattered light as it is relatively weak in the latitudes our

9 (BA) 0.36 + 0.04 0.43 0.32 0.61 +0.08 0.68 0.47 analyzed regions fall into (McLean et al., 2017). We also do not include ammo-

10 (BA) 021 +0.02 0.23 0.18 07+0.04 074 0.63 nia in our atmospheric model since it is depleted in upper atmospheric levels

11 (BA) 036+ 0.04 0.42 03 0.6+0.1 069 042 (Taylor et al., 2004) and the only filter potentially sensitive to it is F547M.

This filter encompasses the band centered at 552 nm (Irwin et al., 2019), but
it is a relatively weak band and falls in a wide filter that is only present in few
visits. When we tested the convolution of the F547M filter with the Jovian
full-disk albedo (Karkoschka, 1998) with and without the ammonia absorption band, we found differences lower
than 1%. Therefore, this absorption band is negligible for our purposes. Rayleigh scattering is accounted for in
the calculations. We do not consider Raman scattering, as its effect in the modeling is well within the assumed
uncertainty, although it is an important effect at shorter wavelengths (Fry & Sromovsky, 2023).

3.1. A Priori Model Atmospheres

The a priori model atmosphere presented in A2021 was the outcome of the analysis of numerous retrievals from
STrZ spectra. The main point was to prioritize the best simultaneous spectral and limb-darkening adjustments of
a relatively calm and standard region that can be taken as a reference (Sanchez-Lavega et al., 2013). This region
also has the advantage of being zonally homogeneous, thus providing a good sampling of its limb-darkening. The
resulting a priori model was applied to all the selected regions in the cited work. In order to be able to fit regions
with spectra significantly different from that of the STrZ, we set large initial parameter uncertainties, so we were
able to retrieve parameter values very different from the initial ones.

In this work, we followed a different approach: for each selected region, we use as a priori parameter values the
ones retrieved for the analogous region in visit “Wong 2016,” which is the visit studied in A2021. In other words,
the models presented here use the outputs from retrievals that used spectra from “Wong 2016.” This was done
for two main reasons. First, this procedure allowed reducing the retrieved errors to more constrained values,
since they depend on the input errors and these were now smaller. Second, this approach helped to avoid another
family of solutions that also provided marginally acceptable fits but was not supported in cases with stronger
limb-darkening constraints and lacked self-consistency when comparing the whole time period in this work.

Table 3 shows the set of parameters used to define the hazes and their type (free or fixed). The vertical distribu-
tion of stratospheric and tropospheric hazes is parameterized with three model parameters: the bottom pressure
(Pbol
scale height (fsh). In Table 3, however, we include the optical depth at 900 nm (z) instead of Npeak
more straightforward and intuitive magnitude to interpret. In our model, there is no top pressure defined as such,

), the maximum haze abundance reached at bottom pressure (Npeak) and the ratio of the aerosol to the gas
because it is a

and the haze abundance decreases exponentially with increasing altitude as ruled by the fractional scale height.
We will later introduce the pressure level at which optical depth equals unity as a proxy to a cloud top level, but
this is never used as a free parameter in the modeling. The imaginary part of the refractive index m, is a free
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Figure 5. Spectral clustering of the Great Red Spot of Jupiter surroundings from 2015 to 2018. Each color corresponds to
one of the clusters found with the k-means algorithm (Sculley, 2010). The black crosses show the selected regions. Map in
visit “Wong 2017_07" is severely affected by limb-darkening effects.
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Figure 6. Spectral clustering of the Great Red Spot of Jupiter surroundings from 2018 to 2021. Each color corresponds to
one of the clusters found with the k-means algorithm (Sculley, 2010). The black crosses show the selected regions. Map in
visit “OPAL 2020_09” is severely affected by limb-darkening effects.
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Table 3
Fixed and Free Parameters Used in the Modeling and Their Corresponding a priori Values

Layer Parameter Type A priori values (region 0/GRS nucleus)
Stratospheric haze P, Free 110*29 mbar
7,,(900 nm) Free 1.8+ 0.6
fsh Free 0.08 + 0.09
m, Free/Fixed See Wong 2016 in Figure 9
m (900 nm) Fixed 1.65
T Free 0.29 £+ 0.07 um
Ot Fixed 0.1
Tropospheric haze Py Free 500+3%0 mbar
Tirop(900 nm) Free 30+ 20
fsh Free 0.34 £ 0.07
m, Free/Fixed See Wong 2016 in Figure 9
m,*(900 nm) Fixed 1.43
P Free 2+ 1um
O Fixed 0.1

Note. Fixed parameters are set as in A2021.
%Zhang et al. (2013). PPérez-Hoyos et al. (2020).

parameter for 1 < 631 nm in the stratospheric case and for 4 <467 nm in the tropospheric case, while it is fixed for
longer wavelengths, following the results of A2021. The particle mean effective radius r,, is also a free parameter,
and the width of the assumed log-normal particle size distribution is 6. For an illustrative representation of the
atmosphere parameterization, see Figure 11.

We only include in Table 3 the a priori values applied to the region 0/GRS nucleus for clarity. However, a priori
values of any region can be found in the corresponding region values for “Wong 2016” in Table S1 in Supporting
Information S1. On the other hand, the a priori imaginary refractive indices of the Oval BA regions and of the
remaining ones are shown in the “Wong 2016 panels of Figures 9 and 10, respectively.

As stated in A2021, the employed models are insensitive to the bottom cloud presumably formed by NH; and
are therefore not included on Table 3. In other words, our retrievals remain the same after varying the parameters
defining this cloud deck, so no information about it can be gained with our model. This issue will be addressed in
more detail in the sensitivity analysis in Section 4.4. It should also be noted that generally there is no overlapping
of the stratospheric and tropospheric haze.

3.2. Retrieval of Selected Regions

A summary of the retrieved parameters, excluding imaginary refractive indices, is shown in Table S1 in Support-
ing Information S1. Some example spectra and the corresponding fits can be found in Figure 7. For all the
analyzed regions and visits, the stratospheric and tropospheric haze bottom pressures vary very little. More
specifically, we find mean values and standard deviations of 110 + 10 and 495 + 1 mbar for the stratospheric
and tropospheric hazes, respectively. In general terms, we found reasonable fits attending to the error function
22N (i.e., fits with y*N values close to or less than 1). Worthy of note is “OPAL 2017,” as it is the only visit
with spectra corresponding to four different viewing geometries. Despite being the most restrictive data set in
terms of limb-darkening constraints (which is useful to break degeneracies in our wavelength regime), we found
good fits in all the selected regions. In addition, no overfitting of the data was found, since we only get very low
x*/N values in cases with a lack of observational constraints (fewer filters or geometries available). In general, we
have 14-18 free parameters (Table 3), depending on the number of filters available for each visit, which limits
the number of imaginary refractive indices to be fitted. We do not include the bottom cloud optical depth as we
are insensitive to it. The number of free parameters is further reduced by two if we exclude the bottom pressures
of the stratospheric and tropospheric hazes, which actually vary very little. When comparing the number of free
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Figure 7. Example spectra and fits for regions 0 (Great Red Spot of Jupiter [GRS] nucleus), 5 (South Tropical Zone), and 11 (Oval BA ring) for visits “Wong 2016”
and “de Pater 2020.” For region 0, we show the spectra in two different viewing geometries in order to show the limb-darkening behavior of the GRS. The different
viewing geometries were fit simultaneously (together with an additional viewing geometry in the case of “Wong 20167). 6, and 0 are the incidence and emission zenith
angles of radiation, respectively. Please note that the spectral slope between filters FS02N and F631N is flattened in 2020, indicating the color change undergone by
Oval BA.

ANGUIANO-ARTEAGA ET AL. 13 of 27

95U9017 SUOWIWOD 9A1TERID 3qedljdde au Ag pausenob aJe sajoiLe YO ‘8sh Jo ol 10} Aleid1 8UIUO AB|IAA UO (SUONIPUOD-pUe-sWLBY/WOY A3 1M AReiq Ul juo//:SdNy) SUOTIPUOD pue sWie | 8L 885 *[£20Z/TT/90] uo Akiqiauluo As|Im 91 Aq 22200302202/620T 0T/10p/wod Ae|imArelqpuljuo'sgndnBe//sdny wolj pepeojumod ‘6 ‘€202 ‘00166912



AL ,
a4 Journal of Geophysical Research: Planets 10.1029/2022JE007427

ADVANCING EARTH
AND SPACE SCIENCES

3.0

€

C2.5

o

o

]

E 2.0

R iR + I

5 | ‘ T

A

=

o 15 }

0

: |

©

— [

51.0 It f s 8 !T l
SR A1 I B

¢ g3 .

05 f t
o b b b s b s b s b b
2015 2016 2017 2018 2019 2020 2021 2022

Date

20

€

c

o

o 15

L

'_J

L l T A l

510 | S F R

£ boomd i |

) g '

o ) + + A

S ¢ *4

g s I :
¢ ¢ LI ’ !

. . +:
° L .’o = L *

0
NI I A AR AT | A | A Lo as v aaay | A A A | A | I A
2015 2016 2017 2018 2019 2020 2021 2022

Date
A Region 0 Region 3 ® Region 5 e Region 7B
Region 1 e Region 3B ® Region 6 ® Region 8
Region 2 Region 4 ® Region7

Figure 8. Retrieved stratospheric and tropospheric optical depths at 900 nm for regions from O to 8 (regions in the Great
Red Spot of Jupiter and its surroundings). Tropospheric values were computed down to the 330 mbar level to allow a better
comparison among different regions. Total optical thickness values can be found in Table S1 in Supporting Information S1.

parameters to that of observational points (or constraints, Table 1), which span from 6 to 31, we find that 13 visits
out of the total 16 are reasonably constrained, that is, they have more or equal constraints than free parameters.
The less constrained visits are “Wong 2017_07,” “de Pater 2018,” and “OPAL 2020_09,” so results for these are
less reliable. However, tests fixing more parameters revealed no significant differences and the results in these
visits are consistent with the better constrained cases, such as “OPAL 2017,” and are thus included.

Figure 8 shows the evolution of the optical depths at 900 nm for regions from O to 8 (regions 12 and 13 are only
present in a single visit and Oval BA regions are analyzed separately). “Wong 2016 has larger error bars because
all the regions were fitted with the same a priori model (A2021), as explained in the previous section. The impli-
cations of the data shown in Figure 8 on color evolution are discussed in Section 4.

The evolution of the stratospheric and tropospheric optical depths for Oval BA regions is shown in Table 4. There
is a general decrease from 2016 to 2020, except for the stratospheric haze in region 10 (Oval BA periphery). The
implications of these results on color evolution are also discussed in Section 4.

ANGUIANO-ARTEAGA ET AL.

14 of 27

B5UBD17 SLOLULLOD SO B|cedl|dde au Aq pausenob are saple O @SN JO S9N 10} AeigiT BUIIUO AB|IM UO (SUORIPUOD-pUR-SLUR} WD A8 | I ARe1q U1 |UO//SURY) SUORIPUOD Pue SWB L 83U} 89S *[£20¢/TT/90] Uo ArigTaunuo A|IM 521 Ad /2/00302202/620T 0T/10p/LI0d 8| im Azeiqiut|uo'sgndnfe;/sdny wouy papeojumoq ‘6 ‘€202 ‘00166912



| ¥etd ,
a4 Journal of Geophysical Research: Planets 10.1029/2022JE007427

ADVANCING EARTH
AND SPACE SCIENCES

Table 4
Optical Depths at 900 nm for Oval BA Regions
Region 9 Oval BA nucleus Region 10 Oval BA periphery Region 11 Oval BA ring
Tor Tirop Tor Tirop Tsr Tirop
2016 08+0.3 4+3 0.7+02 2+1 1.2+0.5 3+2
2020 0.70 = 0.07 23+0.5 0.63 + 0.02 24+03 0.79 + 0.09 3+1

Note. Please note that the tropospheric optical depths are cut off at 330 mbar. The 2020 values are averages that have been
weighted with the inverse of the optical depth variance (weight = (A7)~2).

4. Interpretation of the Results
4.1. Oval BA

The Oval BA underwent a color change from red to white between years 2018 and 2019. Our results suggest that
the main change in region 11 (Oval BA ring) from 2016 (red) to 2020 (white) was a decrease in optical depth of
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Figure 9. Evolution of stratospheric and tropospheric imaginary refractive indices for the analyzed Oval BA regions 9—11. The retrieved spectral slopes s in the
350-500 nm range are given in each plot, together with Carlson et al. (2016)'s laboratory chromophore (black lines, only in the stratospheric case).

ANGUIANO-ARTEAGA ET AL. 15 of 27

B5UBD17 SLOLULLOD SO B|cedl|dde au Aq pausenob are saple O @SN JO S9N 10} AeigiT BUIIUO AB|IM UO (SUORIPUOD-pUR-SLUR} WD A8 | I ARe1q U1 |UO//SURY) SUORIPUOD Pue SWB L 83U} 89S *[£20¢/TT/90] Uo ArigTaunuo A|IM 521 Ad /2/00302202/620T 0T/10p/LI0d 8| im Azeiqiut|uo'sgndnfe;/sdny wouy papeojumoq ‘6 ‘€202 ‘00166912



I ¥eld

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets

10.1029/2022JE007427

Stratospheric m;

OPAL 2015 OPAL 2016 Wong 2016 de Pater 2017
0.04 0.04 0.04 0.04
0.03 0.03 0.03 0.03
0.02 0.02 0.02 0.02
.01} & 001 o 0.01 ﬂ 0.01f g3 \
o0.00p * & o {oool & ALY o jo000 % 0.00 * S o o
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
'é: Wong 2017_02 OPAL 2017 Wong 2017_07 de Pater 2018
‘; 0.04 0.04 0.04 0.04
003 0.03 AN 0.03 0.03
£ 0.02 0.02 \ 0.02 0.02
L o0 001} & , 0.01 H 001} &
0 0.00 ® o o fooot® LIS e {000 L) o.oot * °
© 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
“qj Wong 2018 OPAL 2018 Wong 2019 OPAL 2019
—_
> 004 0.04 0.04 0.04
©
2003 0.03 0.03 0.03
2002 0.02 ' 0.02 0.02
£ 0.01 ‘ gL ¥ it 0.01 0.01
0.00 o o Joool® L) e 4000 e . 0.00 o
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
de Pater 2020 OPAL 2020_08 OPAL 2020_09 OPAL 2021
0.04 0.04 0.04 0.04
0.03 0.03 . 0.03 0.03
0.02 0.02 \ 0.02 0.02
0.01} & 0.01f ¥ 0.01 001t ¥
' ] 14 S ) [] .
0.00 e {000 ° ® 4000 0.00 o °
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
Wavelength (nm)
Tropospheric m;
OPAL 2015 OPAL 2016 Wong 2016 de Pater 2017
0.05 0.05 0.05 0.05
0.04 0.04 0.04 0.04
0.03 0.03 0.03 0.03
0.02 + 0.02 0.02 0.02 +
oo1f | 0.01 0.01 i 0.01
Se
oool 8 B30 e o o000l * hh.. S ® 4000 < L) 000l B 00 o o o
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
"E: Wong 2017_02 OPAL 2017 Wong 2017_07 de Pater 2018
005 0.05 0.05 0.05
& 0.04 0.04 0.04 0.04
T 0.03 l 0.03 0.03 0.03
= |
P 0.02 0.02 0.02
> 001 0.01f 0.01f 4 : 0.01f |
Jd 0.00 h e o ° 0.00 4 %.. ) o 0.00 . o o 0.00t ¥ &. ) o
© 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
“qj Wong 2018 OPAL 2018 Wong 2019 OPAL 2019
; 0.05 0.05 0.05 0.05
S 0.04 0.04 0.04 0.04
< 0.03 0.03f | 0.03 0.03
S 0.02 0.02} ¢ 0.02 0.02
Eoo01 8 : 0.01f 4 0.01f 4y 0.01 i :
0.00 e o . o o000} * :;‘6\-000 - o {000t % & o o 0.00 o o o
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
de Pater 2020 OPAL 2020_08 OPAL 2020_09 OPAL 2021
0.05 0.05 0.05 0.05
0.04 0.04 0.04 0.04
0.03 0.03 0.03 0.03
0.02 * 0.02 0.02 0.02
0.01} &} 0.01 0.01 : 0.01 $
000/*® 8=¢ o o, e {000} ® o ° 4000 - 0.0 tﬁh » °
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
Wavelength (nm)
® Region 0 ©® Region 3 ® Region 5 ® Region 7B
Region 1 ® Region 3B ® Region 6 ® Region 8
Region 2 Region 4 ® Region7

Figure 10. Evolution of the stratospheric and tropospheric imaginary refractive indices for the Great Red Spot of Jupiter
and adjacent regions from O to 8. The black lines in the stratospheric case are Carlson et al. (2016)'s laboratory chromophore

values.
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the stratospheric haze, as shown in Table 4. The changes in P(z = 1) shown
in Table S1 in Supporting Information S1 are inside the methodological
uncertainty, and thus changes in cloud top altitude are not conclusive. The
absorbing nature of the hazes does not seem to have changed significantly
either, according to the evolution of the imaginary refractive indices shown

Poot, fsh, Npeak in Figure 9, which is contrary to the results in Pérez-Hoyos et al. (2009).

P (bar)

T~ 10

Fett, Mi(N) However, this may be mainly due to the differences between the employed

models. Pérez-Hoyos et al. (2009) assumed an optically thin, uncolored

stratospheric haze and an extended tropospheric haze from 100-250 down
Phoi fsh; Noasi

o to 700 mbar. As the tropospheric haze in that model is represented as an
Fefr, M

extended layer of constant concentration, variations in the cloud density

1 @ would change the haze concentration at all levels, resulting in a massive vari-

ation of the total integrated optical thickness of the haze. However, in our

model, the stratospheric haze plays the main role in coloration, and, as it is

At(P) physically thin, small abundance changes are able to account for the observed

Figure 11. Illustrative sketch of the retrieved cloud structure. The horizontal

reflectivity variations without requiring substantial changes in their absorp-
tion properties.

axis represents the optical depth contribution of each layer and is arbitrarily
scaled. We include the free parameters describing the hazes (see Table 3), The physical mechanism that leads to the color change in the Oval BA annu-

except for the bottom cloud, since we are insensitive to it (Section 4.4). The lus is still unknown. A secondary circulation hypothesis that could explain
actual retrieved parameters describing the atmosphere for each visit and region the 2005-2006 reddening was proposed by de Pater et al. (2010b), Wong

are shown in Table S1 in Supporting Information S1.

et al. (2011) and Marcus et al. (2013). In that scenario, the gases ascend and
cool in the center of the oval and descend in the red ring. When the gases
descend, adiabatic compression leads to a temperature increase that would
trigger a temperature-dependent process that leads to the appearance of the chromophore. In particular, they
support the “hiding and exposing” mechanism, in which in the white clouds the red particles are coated with
white ammonia ice, while the temperature in the ring is high enough to sublimate the ammonia ice and expose
the chromophore. Following this scheme, a global climate change resulting in a temperature increase of Oval
BA (and at all latitudes north of 34°S) would have been the underlying cause of the 2006 reddening (prior to
that increase, the temperature would not have been high enough for the chromophore-exposing process to take
place). Pérez-Hoyos et al. (2009) made an extensive analysis of possible causes for the reddening and favored the
upwelling of red particles or a colorless material that undergoes chemical/photochemical reactions that lead to a
red compound when reaching the upper troposphere. Our results indicate that the color change from red to white
was a consequence of a decrease in the stratospheric optical depth, that is, a decrease in the stratospheric chromo-
phore abundance. The chromophore creation and destruction mechanisms proposed in the aforementioned works
could account for such decrease. Our results cannot favor any of them on their own, and there is no apparent
evidence as to the causes that triggered the color change, necessary to ultimately understand the physical behavior
underlying in the Oval BA coloration and possibly in the rest of the Jovian atmosphere.

4.2. GRS: Chromophore Nature and Distribution

We show in Figure 10 the imaginary refractive indices for both the stratospheric and tropospheric hazes and for
every observation campaign. No significant changes in the absorbing nature of the hazes can be concluded (i.e.,
for a given feature, over time, the retrieval results are more or less the same). The pattern appears to be relatively
constant and similar to the one presented in A2021: we have two different coloring agents, both showing strong
absorption at short wavelengths. The stratospheric haze absorption is stronger than that of the tropospheric haze
at wavelengths longer than 300 nm, as the tropospheric haze shows a relatively weak absorption in the visible.
This explains why the changes in the tropospheric optical depths for region 9 (Oval BA nucleus) shown in
Table 4 are not coupled with a more pronounced color change. Similarly, it is the decrease of the stratospheric
optical depth in regions 0 and 1 (GRS nucleus and interior, respectively, see Figure 8) which mostly explains the
GRS loss of redness indicated by the RGB images in Figure 3 and the CI curves in Figure 4. However, in region
0, our retrievals suggest a tropospheric haze that is more absorbing than the stratospheric one for 4 < 300 nm.
Figure 10 plots seem to point to an absorption band of the stratospheric haze centered at 4 ~ 350 nm. We include
in the stratospheric plots of Figure 10 the imaginary refractive index of the chromophore proposed by Carlson
et al. (2016) and its slope in the 350-500 nm range. Our retrieved slopes are in reasonable agreement with the
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slope of Carlson et al. (2016)'s chromophore. The steepest slopes are found in regions 0 and 1 and fall in the
range between s = —1.88 - 10~*nm~" and s = —1.54 - 10~ nm~'. These values are slightly lower than the Carlson
et al. value s = —2.24 - 10~ nm™~!, which is contrary to the results of Braude et al. (2020). The lower m, values,
however, could be due to the mixture of the chromophore with low-absorbing aerosols in the atmosphere, which
increases the scattering and results in a general decrease of the measured absorption, as proposed by A2021.
Besides, the Carlson et al. (2016) values were obtained assuming no scattering, and with scattering those values
would be reduced, as stated in the supplementary material to that paper.

Our “stratospheric” haze is not fully stratospheric because its base is generally located at 110 mbar, just below
the tropopause, but it extends to the stratosphere. We call it “stratospheric” to quickly differentiate it from tropo-
spheric haze. This is important to note when comparing results from other works where their stratospheric haze is
located at higher levels in the stratosphere. This is the case for example, of Zhang et al. (2013) and Lépez-Puertas
et al. (2018), with both works showing equatorial stratospheric hazes located at ~50 mbar and with optical depths
of the order of the hundredth. We could also consider these hazes in our model, as their low optical depths would
contribute slightly to the overall extinction, but it would increase the number of free parameters and thus decrease
the statistical significance of the fits. Another interesting case is given in Braude et al. (2020), where they show
for the GRS a light stratospheric haze above 150 mbar and a chromophore layer located near 200 mbar. Our
stratospheric haze would be the analog to their chromophore layer, rather than their stratospheric haze. In fact, we
obtain a similar overall scheme to some extent if we consider that the chromophore layer is located near the top of
a denser tropospheric cloud. The cloud's absorption spectra are not wavelength-dependent in Braude et al. (2020),
but that is also what we get for their spectral range (480-930 nm). However, for the GRS, we retrieve peak optical
depths per bar that are approximately 40 times the one presented in that work for their preferred model, although
they also show retrievals with similar low y%N values in which this difference is reduced to a factor ~3. This
may be due to our lower imaginary refractive indices, which require higher chromophore abundances. Another
difference is that Braude et al. (2020) locate their chromophore layer and tropospheric cloud peak density near the
200 mbar level, that is, their chromophore/tropospheric layer is located lower/higher than our retrieved ones. This
could be due to their lack of UV data below 480 nm, which adds sensitivity to the stratospheric levels.

We show in Figure 11 a schematic representation of the retrieved atmospheric layout. The vertical distribution
of the stratospheric chromophore remains qualitatively unchanged and on an intermediate level between the
“Créme-Brilée” model (Baines et al., 2019; Sromovsky et al., 2017) and an extended chromophore scheme
(Pérez-Hoyos et al., 2020), as also explained by A2021. It should also be noted that the curve given by Carlson
etal. (2016) is very absorbing, and so models employing those values need to locate the chromophore in a very thin
layer with optical depths generally of the order of 0.1 (“Creme-Brilée” model), while for our blue-absorbing strato-
spheric haze we obtain optical depths generally of the order of 1. Since we use a more extended chromophore layer,
lower imaginary refractive index values and higher optical depths are to be expected just by model construction.

The altitude difference of the Carlson-colored layers (P, , ~ 200 mbar) in works using the “Créme-Brilée”
scheme (Baines et al., 2019; Sromovsky et al., 2017) and our stratospheric haze (P, , ~ 100 mbar), while not
substantial, is not negligible. Its cause might be the contribution of the UV filters used in this work, whose wave-
lengths are not covered by Cassini/VIMS and are sensitive to the contributions from the submicron sized aerosols
at the upper tens of mbar of the atmosphere (Pérez-Hoyos et al., 2020).

To check the performance of the “Creme-Brilée” scheme on our data, we conducted tests using such scheme as in
Pérez-Hoyos et al. (2020) on regions O (GRS nucleus) and 5 (STrZ) for visit “OPAL 2017,” which is our data set with
best observational constraints. For that purpose, we use the imaginary refractive index curve of Carlson et al. (2016)
extrapolated to wavelengths shorter than 400 nm as in Fry and Sromovsky (2023). When setting the imaginary
refractive indices as fixed parameters, we retrieved Tehromophore (900 nm) = 0.14 + 0.04 and y*/N = 4.16 for the GRS

nucleus, and t (900 nm) = 0.12 + 0.05 and y*/N = 1.8 for the STrZ. Better results were obtained when we

chromophore
let m(2) < 400 nm vary as a free parameter, which led to 7y, pnore (900 nm) = 0.16 + 0.05 and 4*/N = 1.26 and
Tepromophore (900 ) = 0.14 + 0.06 and */N = 1.30 for the GRS nucleus and the STiZ, respectively. Although our

model showed a better overall performance for these regions both in terms of spectral and limb-darkening fitting,
it is noteworthy that the m (1) values were decreased for 4 < 350 nm and increased at A ~ 350 nm for both the GRS
and the STrZ, which again points to the presence of the absorption band centered at A &~ 350 nm shown in Figure 10.

A remarkable fact when comparing our model to the “Créme-Briilée” scheme is that we are not sensitive to the
bottom cloud while previous investigations have shown that the visual spectrum accesses Jupiter down to one bar
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;[Q‘:tl:’t'z‘/sed Parameters Using the “Créme-Brilée” Scheme on “OPAL 2017” Data
Fixed m,(1) < 400 nm Variable m,(1) < 400 nm
Tehromo (900 nm) L ipromo (HIM) P, (mbar) 7N Tehromo (900 nm) T hromo (M) P, (mbar)  y*N
Region 0 GRS nucleus 0.14 + 0.04 0.08 + 0.02 110 + 10 4.16 0.16 + 0.05 0.08 + 0.02 80 + 20 1.26
Region 5 STrZ 0.12 + 0.05 0.19 + 0.07 350 + 60 1.80 0.14 + 0.06 0.20 + 0.05 320 + 60 1.30

or more (e.g., Baines et al., 2019; Sromovsky et al., 2017). But, in fact, we are sensitive to a comparable amount

400

of light extinction. The “Créme-Brilée” scheme has optically thin layers (z ~ 0.1) above the main tropospheric
cloud (z ~ 10), while we have a stratospheric haze with 7 ~ 1 and a tropospheric haze with = ~ 10. Thus, we
obtain similar optical depths, but our research shows a preference for the model with a high opacity haze at higher

tropospheric levels.

We tried the “Creme-Briilée” layout on our data and found that it works reasonably well. In this case, we are
sensitive to the bottom cloud, with 7z, ~ 20 (similarly to Fry and Sromovsky (2023), for the North Equato-
rial Belt). However, our model shows better fits to the observed spectral and limb-darkening behavior. We also
conducted experiments reducing the opacity of the stratospheric and tropospheric hazes in our model. For the
best fit in the GRS nucleus in visit “OPAL 2017,” we retrieved stratospheric and tropospheric haze optical depths
about 10 times lower (7, = 0.25 and 7,,,, = 3.85) and a bottom cloud optical depth of 7,4 = 13. The reduced

haze opacity allows to be sensitive to the bottom cloud, but the resulting fit of the data was substantially worse
with y%/N = 2.35. Tests with more cloud opacity led to even worse fits.

We show in Table 5 the retrieved optical depths, bottom pressures and mean effective radii of the chromophore
layer for the “Créme-Briilée” layout. The top pressure of the chromophore layer is equal to 0.9 times the base

pressure.

4.3. Altitude and Particle Size

As stated in Section 2.5, the spectral clustering allows the extrapolation of the retrieved properties of the analyzed
regions to other areas of the map with similar spectra belonging to the same cluster, at least as a first approxima-
tion. An example of this application is shown in Figures 12 and 13, where maps of cloud top effective altitudes
and mean tropospheric radii are shown, respectively.

Figure 12 shows the high temporal and spatial variability of the studied area. The GRS interior values are the
average of values corresponding to regions 0 and 1 (GRS nucleus and interior, respectively), as they fall in the
same spectral cluster. As expected from the AOI maps in Figure S2 in Supporting Information S1, the cloud top
altitude maps show that the GRS is located higher in the atmosphere than its surroundings. The area northwest
of the GRS with vertically extended convective clouds (Sdnchez-Lavega et al., 2008) is highly variable, as the
latitudinal wind shear makes them disappear in a time scale of few days (Hueso et al., 2002). The deepest region
in the studied extent is the STrZ. Oval BA has a higher cloud top than its surroundings, in agreement with previ-
ous works (Banfield et al., 1998; Pérez-Hoyos et al., 2009). The oval shows a little decrease in altitude from
2016 to 2020. However, as aforementioned in Section 4.1, the change in altitude is inside the methodological
uncertainty and thus we cannot conclude a general altitude decrease in the oval, which is in agreement with prior
results regarding the 2005-2006 reddening (Pérez-Hoyos et al., 2009; Wong et al., 2011). This is also clear from
the errors in the P(z = 1) values in Table S1 in Supporting Information S1. However, regarding these errors, it
should be noted that, in general terms, uncertainty increases as penetration depth gets bigger, except for cases
with high optical thickness of the stratospheric haze. This is due to the fact that altimetry is governed mainly by
deep methane band filter (FQ889N) and, to a lesser extent, by ultraviolet filters and intermediate methane band
filter (FQ727N) which are most sensitive to the upper tropospheric levels (de Pater et al., 2010a).

The maps of mean tropospheric radii in Figure 13 show a particle size increase in the GRS interior in 2018. The
reader should note again that the GRS interior values are the average of regions 0 and 1. This is important because
the mean tropospheric radius in region 1 is quite constant around the 0.8 pm value, while we get bigger values
for region 0, as well as larger variations among different years. Similarly, we also get higher radii in the Oval BA
nucleus than in the ring and periphery (see Table S1 in Supporting Information S1). Therefore, this seems to be a
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Figure 12. Maps showing the pressure levels where the optical depth at 900 nm equals unity. This magnitude is interpreted as the cloud top effective altitude. Visit “de
Pater 2018” is not included for graphic purposes. The maps for all visits are available at the companion repository of this paper (Anguiano-Arteaga et al., 2023).
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Figure 13. Maps showing the mean effective radii of the tropospheric particle size distribution. Visit “de Pater 2018” is not included for graphic purposes. The maps
for all visits are available at the companion repository of this paper (Anguiano-Arteaga et al., 2023).
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feature shared at least by the biggest Jovian anticyclones. At the same time, the STrZ, the “hollow” and the area
of intense convective activity northwest of the GRS show the tiniest particles, with radii in the 0.5-0.8 pm range.
However, the STrZ shows important morphological changes that are coupled with changes in the particle size
distribution. On the other hand, the low-albedo clouds in the westward jet located approximately at 20°S carry
big particles when compared to the rest of the GRS surroundings. The EZ shows a relevant increase in the mean
particle size in 2021, possibly related to its color change.

We do not include maps of the mean stratospheric particle radii because they are almost constant with tiny
oscillations around the 0.3 pm mean value. This is quite compatible with the 7., = 0.1-0.2 pm values given by
Sromovsky et al. (2017) and Baines et al. (2019) in their application of the Carlson et al. (2016) chromophore to
different Jovian areas.

4.4. Sensitivity Analysis

In this section we analyze the response of our model to variations in the value of retrieved parameters (see
Tables 3 and Table S1 in Supporting Information S1). More specifically, we show the effect on the output spectra
of increasing and decreasing each retrieved free parameter by 50%, similar to the work by Dahl et al. (2021).
Although a more in-depth analysis would be desirable to cover all mutual correlations among parameters, given
the high dimensionality of the free parameter space, this is a good way to understand the limitation of the retriev-
als. We performed this analysis on the GRS nucleus (region 0) and the STrZ (region 5), as these regions are very
different both from a dynamical and spectral point of view, and thus allow us to compare the response of param-
eter variations on different atmospheric layouts. We only show this analysis for visits “Wong 2016 and “OPAL
2017.” These were chosen because of the number of viewing geometries (3 and 4, respectively).

Figure 14 shows the percentage difference in I/F resulting from increasing (solid lines) and decreasing (dashed
lines) each parameter by 50% with respect to the reference value. In the case of the bottom pressure of the hazes,
we varied the bottom height and then translated it into pressures, since heights are the input to NEMESIS. The
figure corresponds to visit “Wong 2016” and the analysis is performed on region 0 (GRS nucleus). Analogous
figures for the other cases (region 5 in “Wong 2016” and regions 0 and 5 in “OPAL 2017”) can be found in
Figures S4-S6 in Supporting Information S1. We only compare here two viewing geometries for clarity: in the
first one, the GRS is centered at 60°W (blue lines) and in the other at 15°E (red lines).

It can be seen from Figure 14 that an increase of the stratospheric haze bottom pressure (or a decrease of
the bottom altitude, which is the actual NEMESIS input) leads to a decrease of UV reflectivity. This may be
counter-intuitive, since lowering the haze would enhance the Rayleigh back scattering and increase the observed
reflectivity. However, lowering the base altitude of the stratospheric haze leads to an overlap between the strat-
ospheric and tropospheric haze particles. Since the tropospheric haze particles are stronger UV absorbers, as
shown in Section 4.2, this leads to them interacting more directly with the incoming sunlight and thus lowering
the overall reflectivity. There is also a reflectivity increase in the visible for very similar reasons, as the tropo-
spheric haze particles are better scatterers (a larger particle size implies a larger cross-section). Increasing the
stratospheric haze bottom pressure also reduces reflectivity in filter FQ889N because the incoming light travels
a longer path and therefore undergoes more CH, absorption. The opposite happens with a decrease in the strato-
spheric bottom pressure, although in this case changes in the visible do not exceed 5%. Although filter FQ727N
also covers a CH, band, its reflectivity behavior is opposite to that of FQ889N. This is mainly due to the differ-
ence in methane absorption and thus in sounding levels. The increase of the stratospheric haze bottom pressure
leads to the exposure of the more strongly scattering tropospheric particles, which in turn increases the observed
reflectivity. It should also be noted that differences between the red and the blue lines indicate different levels of
sensitivity depending on the viewing geometry of the target.

Elevating the bottom of the tropospheric haze makes the atmospheric path shorter and thus there is lesser
Rayleigh-back-scattered light, which only contributes significantly at short wavelengths, reducing the UV reflec-
tivity. The shorter atmospheric path also explains the I/F increase in filter FQ889N. Changes in the visible
are more significant in filter FQ727N, and increasing the tropospheric haze bottom pressure leads to an oppo-
site overall behavior but of a lower magnitude and without distinction between viewing geometries (i.e., no
limb-darkening effect). It is also worth noting that the effect of varying the tropospheric haze bottom pressure is
very similar to varying its fractional scale height, and maybe this has an effect on constraining the tropospheric
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Figure 14. Difference in “Wong 2016” Great Red Spot of Jupiter (GRS) nucleus spectra resulting from increasing
(continuous lines) and decreasing (dotted lines) each parameter by 50% with respect to the original retrieved value. For the
bottom pressures, we varied the bottom height and then translated it into pressure. The blue and red lines correspond to
viewing geometries with the GRS nucleus located at 60°W and 15°E, respectively. Black dotted lines indicate the retrieved

parameter values.
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haze bottom pressure (see Section 3.2). However, varying these parameters induces some I/F changes in filters
F225W, F275W and FQ889N when the target is near limb and in filter FQ727N for both geometries. On the other
hand, varying the stratospheric haze fractional scale height produces minor changes (lower than 2%).

The peak abundance of the stratospheric haze is an input parameter to NEMESIS that scales the maximum haze
abundance reached at bottom pressure, with units of haze particles per gram of atmosphere. Figure 14 shows
that varying it leads to larger differences when the target is close to the CM. At the same time, changes are more
pronounced in filters F225W, F275W, and FQ889N. The case of varying the peak abundance of the tropospheric
haze induces lower changes, and there is little distinction between viewing geometries. The most significant
changes, however, again take place in filters F225W, F275W, and FQ889N, indicating that these filters are not
sensitive only to the altitude of the hazes but also to their optical depths.

The case of varying the stratospheric particle size is a bit more complex. Such changes induce variations in the
cross-sections as a function of wavelength, potentially shifting the maximum, depending on the size-to-wavelength
ratio. When the particle size is increased and the target is close to the CM, the largest changes occur in filter
F343N. This is again due to the absorption peak of the haze at that wavelength (Section 4.2). Nevertheless, when
the particle size is decreased, the maximum effect is in filter F395N, which has the second highest absorption.
When the target is close to the limb and the particle size is decreased, there is also a peak in F395N, although
larger differences are found in FQ889N. Except in this case, the largest differences take place in intermediate
filters and not in filters F225W, F275W, and FQ889N. On the other hand, varying the tropospheric haze particle
size induces distinguishable changes between different viewing geometries, and we again find peaks in filters
F343N and F395N. However, the effect of varying the tropospheric particle size is much lower, with maximum
variations close to 10%.

Differences when varying the imaginary refractive indices of the stratospheric and tropospheric hazes also show
peaks in filters F343N and F395N. However, these changes are more significant for the stratospheric haze since
it is a more powerful absorber (it has higher imaginary refractive indices, see Section 4.2). In addition, the
stratospheric haze shows little distinction between different viewing geometries, and no changes are found in
the longest wavelengths. For the tropospheric haze, decreasing the imaginary refractive indices induces more
distinguishable differences when the target is close to the CM, when penetration depth is probably the highest,
and negligible changes are found in filters F225W, F275W, F631N, FQ727N, and FQ889N. It should be noted
that for the sensitivity analysis we change the imaginary refractive indices by multiplying the retrieved curves
by a scaling factor in order to more compactly analyze the effect of variations at all wavelengths simultaneously,
although the imaginary refractive indices are fitted at each wavelength and not scaling a predefined curve.

As stated in Section 3.1, we do not include in Table 3 the parameters describing the bottom ammonia cloud
because we are not sensitive to it. In order to analyze the sensitivity of our model to the bottom cloud, we have
calculated the difference in I/F between our nominal model (z,,,, = 0) and two extreme cases in which we have
Tyoud = 10 and 7, = 100. The difference in //F for such drastically different clouds is never above 2% in any of

the used filters (see Figure S7 in Supporting Information S1), and therefore we conclude that we are not sensitive
to a potential bottom cloud deck.

In summary, this preliminary analysis shows the complex relation between parameters, viewing geometries and
filters. It is far beyond the scope of this paper to analyze these relationships in more detail as it would require
enormous amounts of computing time. However, some important aspects stand out even from a preliminary anal-
ysis. The selected free parameters have a clear effect on the observed reflectivity, while the bottom cloud has a
negligible effect on our retrievals, thus supporting our approach to the problem.

5. Conclusions

We have shown in this work the evolution of color and relevant aerosol properties for the GRS, its rich dynamical
surroundings and Oval BA from 2015 to 2021. We have used HST/WFC3 images covering from the UV (225) to
the near-IR (900 nm) and selected for further analysis 13 different regions according to their morphological and
spectral features. For each selected region, we use as a priori model atmosphere the retrieved one for the analo-
gous region in visit “Wong 2016.” These models were the outcome of an extensive analysis focusing on the fitting
of measured spectral and limb-darkening curves (A2021). More specifically, almost 12,000 different models were
explored by analyzing the fits of spectra corresponding to five regions along different longitudes in the STrZ. The
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application of the “Wong 2016 models to other years' spectra has been successful, proving its consistency. In the

following, we summarize our main conclusions.

Although they are allowed to vary as free parameters, all the retrieved models for all the regions analyzed
share the following: a stratospheric haze with its base near 110 mbar with 7 g~~ 0.3 pm, 7 ~ 1 and an optically
thick (r down to 330 mbar in the 1-25 range) tropospheric haze based at 500 mbar with mean particle size
in the 0.5-6 pm range. We are not sensitive to deeper pressure levels. Our retrieved tropospheric hazes have
accumulated optical depths of the order of 10, and thus our models assume that most of the light extinction
in our studied wavelengths occurs at higher levels than 500 mbar. Both hazes have a wavelength-dependent
imaginary refractive index, contributing to the coloration of the analyzed regions, with no major temporal
variations found. The stratospheric imaginary refractive index curves might be compatible with the chromo-
phore proposed by Carlson et al. (2016). A possible explanation for the lower values found here is the mixture
of the chromophore with non-absorbing material present in stratospheric levels. Furthermore, the variations
of the stratospheric and tropospheric imaginary refractive indices among the different regions could also be
explained by various degrees of abundance and mixing with non-absorbing compounds. If this were true, it
would support the universal chromophore scheme proposed by Sromovsky et al. (2017), but with the addition
of a new coloring species at tropospheric levels. Laboratory work testing plausible compounds on the UV
regime would be needed to test this hypothesis.

We find a decrease in the stratospheric and tropospheric optical depths inside the GRS red oval (regions 0 and
1), starting in 2019 (see Figure 8). The change between 2018 and 2020 in stratospheric haze optical depth is
about 10% and 30% for regions 0 (GRS nucleus) and 1 (GRS interior), respectively. For the tropospheric haze
optical depth, the decrease is approximately 50% and 40% for those regions. This seems to explain the decreas-
ing altitude/opacity and redness indicated by the AOI and CI temporal curves, respectively (see Figure 4).
However, the optical depths for both the stratospheric and tropospheric haze seem to increase again in 2021,
although more data would be suitable to support this. The cause of these variations is beyond the scope
of this paper, but the interactions of the GRS with smaller anticyclones starting in 2019 (Sanchez-Lavega
et al., 2021) may be somehow related to this phenomenon. In seems likely that a vortex circulation model
including secondary circulation and coupled to a microphysical model would be needed to unveil the origin
of the color changes. We also find a notable increase in the mean tropospheric particle size in region 0 in year
2018 (see Figure 13), where this value increases from 2-3 to 4—6 pm. The tropospheric particle size in the GRS
nucleus is found to be larger than in the rest of its reddish interior area, with the mean radius in region 1 being
approximately 35% of the region O particle mean radius (without considering the larger radii found in 2018).
Our model explains the color change from reddish to white undergone by Oval BA in terms of a decrease in
the stratospheric optical depth. The biggest decrease occurs in region 11 (the ring surrounding the nucleus
that changed from red to white), with a decrease of 35%. We also find a decrease of 12.5% and 10% in the
stratospheric optical thickness of the oval nucleus and the periphery of white clouds, respectively. Regard-
ing the tropospheric optical haze, we find a decrease of 40% in region 9 (nucleus), a 20% increase in region
10 (periphery) and practically no change in region 11 (inner ring). This result is not in agreement with the
findings of previous works studying the 2005-2006 color change (Pérez-Hoyos et al., 2009; Simon-Miller
et al., 2006; Wong et al., 2011). As in the GRS, we find larger tropospheric particle radii in the nucleus of the
oval than in the surrounding areas, with a mean particle size nearly doubling the values found in regions 10
and 11.

We have shown the temporal evolution of several regions in the GRS, its surroundings and Oval BA. The causes

of the presented changes remain unclear and its relation to dynamical aspects is still a big unknown, as the nature

and origin of the Jovian chromophores remains an unanswered question. However, we here encourage the study

of these chromophores, particularly the one proposed by Carlson et al. (2016), as it provides a comprehensive

scheme which seems able to explain observations in a wide range of wavelengths for a number of dynamically

diverse regions experiencing very intense morphological and color changes.

Data Availability Statement

Repository with the data of the figures shown in the main text and supplementary information: Anguiano-Arteaga
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