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Abstract In this work, we have analyzed images provided by the Hubble Space Telescope's Wide
Field Camera 3 (HST/WFC3) in December 2016, with a spectral coverage from the ultraviolet to the

near infrared. We have obtained the spectral reflectivity of the GRS and its surroundings, with particular
emphasis on selected, dynamically interesting regions. A spectral characterization of the GRS area is
performed following two different procedures: (a) in terms of Altitude/Opacity and Color Indices (AOI
and CI); (b) by means of automatic spectral classification. We used the NEMESIS radiative transfer suite to
retrieve the main atmospheric parameters (e.g., particle vertical and size distributions, refractive indices)
that are able to explain the observed spectral reflectivity. The optimal a priori model atmosphere used for
the retrievals is obtained from a grid of about 12,000 different atmospheric models, and choosing the one
that best fits South Tropical Zone (STrZ) spectra and its observed limb-darkening. We conclude that the
spectral reflectivity of the GRS area is well reproduced with the following layout: (a) a stratospheric haze
with its base near the 100 mbar level, with optical depths at 900 nm of the order of unity and particles
with a size of 0.3 um; (b) a more vertically extended tropospheric haze, with 7 (900 nm) ~10 down to

500 mbar and micron sized particles. Both haze layers show a stronger short wavelength absorption, and
thus both act as chromophores. The altitude difference between clouds tops in the GRS and surrounding
areas is ~10 km.

Plain Language Summary One of the main questions concerning the Great Red Spot (GRS)
of Jupiter is the origin of its reddish color. It is commonly understood that the cause of this feature are
one or more unknown species of aerosols located in the upper atmosphere. Even in the whitest areas

of Jupiter, stronger blue light absorption has been measured, suggesting the global presence of one or
more species of blue absorbing aerosols. We use Hubble Space Telescope (HST) observations to retrieve
atmospheric models describing the vertical structure and some of the main atmospheric properties of the
hazes in the GRS and its surrounding area. Our results suggest that two different blue absorbing aerosols
are able to account for the color of the GRS and its vicinity.

1. Introduction

The Great Red Spot of Jupiter is one of the most intriguing atmospheric phenomena in the solar system. Al-
though it has been widely studied in detail in the past decades (Dowling & Ingersoll, 1989; Flasar et al., 1981;
Sada et al., 1996) and recent years (Baines et al., 2019; Sanchez-Lavega et al., 2018, 2021; Simon et al., 2018),
many unknowns remain. One of the main questions is its reddish coloration, which is directly related to the
vertical distribution and composition of the hazes and clouds in upper atmospheric levels (P < 1 bar). In fact,
the different colorations throughout Jupiter are expected to be explained in terms of such variables. Several
works have studied this problem analyzing the spectra of the GRS, mainly working in the visible (Baines
et al., 2019; Braude et al., 2020; Sromovsky et al., 2017), and infrared ranges (De Pater et al., 2010; Grassi
et al., 2021). In order to explain the strong short-wavelength absorption in the GRS, Carlson et al. (2016)
proposed a coloring agent resulting from photolyzed ammonia reacting with acetylene. In this scheme, the
GRS color would be the result of vertical motions in the GRS that lift material to the upper troposphere or
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lower stratosphere, allowing the photochemical reactions that lead to the creation of the coloring agent.
Sromovsky et al. (2017) affirmed that this agent could act as a universal chromophore and, as well as Baines
et al. (2019), they were able to satisfactorily reproduce the GRS spectra under different observing geometries
with data obtained by the Cassini VIMS instrument. However, Simon-Miller et al. (2001a) and Ordonez-Etx-
eberria et al. (2016) had previously concluded from Principal Component Analysis (PCA) that the presence
of at least two coloring species was required to explain the diversity of colors in all of Jupiter's upper clouds.
Pérez-Hoyos et al. (2020) and Braude et al. (2020) independently showed that a chromophore with steeper
blue absorption is more suitable to account for their measured North Temperate Belt and GRS spectra,
respectively. However, they did not discard the possibility of a universal chromophore to account for the
different cloud colors on Jupiter. Notably, such works put an extra effort on explaining the limb-darkening
of Jovian red features, under different observing and illumination geometries.

The red coloration of some dynamically relevant atmospheric features in Jupiter suggests a correlation
with local dynamics. Worthy of note in this respect is the anticyclone BA, which suffered a color change
from white to red (Pérez-Hoyos et al., 2009) between 2005 and 2006. Nevertheless, no considerable change
in height or dynamics was observed (Hueso et al., 2009; Wong et al., 2011). Also regarding oval BA, a
circulation dynamical model was proposed by de Pater et al. (2010) in order to explain the presence of a
red ring covering the outer part of the oval. On the other hand, the change in the coloration of belts and
zones in Jupiter has also been previously analyzed following intense dynamical perturbations (Pérez-Hoyos
et al., 2020; Pérez-Hoyos, Sanz-Requena, Barrado-Izagirre, et al., 2012). These variations occur with a cer-
tain frequency, but, as with the oval BA, no persistent dynamical changes have been associated with such
color modifications. Thus, the relation between dynamics and color variations is still an open subject of
research.

In this study, we study spectra of the GRS and its surroundings in 2016 in order to characterize the upper
clouds and aerosol properties and vertical distribution in a number of dynamically selected regions in the
GRS area. The analyzed spectra are measured from high spatial resolution HST/WFC3 images, and then
relevant atmospheric parameters are retrieved by means of the NEMESIS radiative transfer suite (Irwin
et al., 2008). An advantage of such a set of images is that it includes images taken in the UV that, togeth-
er with two methane bands of different depths, allow a high sensitivity to the vertical location of parti-
cles in levels at or around the tropopause (e.g., Pérez-Hoyos, Sanz-Requena, Barrado-Izagirre, et al., 2012,
Pérez-Hoyos, Sanz-Requena, Sanchez-Lavega, et al., 2012). The high-resolution imaging also allows us to
investigate the limb-darkening behavior, in particular for zonally homogeneous regions.

The study is organized as follows. In Section 2, we describe the HST/WFC3 images and the photometric
calibration procedure. In Section 3, we briefly review the regions selected for analysis. We also present
the method to construct the studied spectra, as well as a preliminary spectral analysis of the GRS area. In
Section 4, we describe the radiative transfer modeling procedure, and the retrieved atmospheric models for
each selected region. Section 5 shows the discussion of the results shown in Section 4. Finally, in Section 6
we summarize the main conclusions of this work.

2. HST/WEFC3 Observations

The high spatial resolution images used in this work were taken with the Wide Field Camera 3 onboard the
Hubble Space Telescope (Dressel, 2021). These images cover a wavelength range from 200 to 900 nm in eight
filters, encompassing the UV region, dominated by Rayleigh scattering and chromophore absorption, and
the visible continuum, as well as two methane bands of different depths located at 727 and 889 nm. Images
taken with the FQ750N filter were initially considered, but later discarded as they showed systematic satu-
ration at some latitudes. This set of filters is sensitive to the particle distribution in the upper troposphere
and lower stratosphere of Jupiter (Pérez-Hoyos et al., 2020; Wong et al., 2011). The spatial resolution was
approximately 160 km/pixel, allowing the analysis of selected regions according to the cloud morphology.
A brief summary of the observations is shown in Table S1 in Supporting Information S1.

The images were photometrically calibrated in absolute reflectivity (Dressel, 2021), specifically in I/F
(Sanchez-Lavega, 2011), and projected into planispheres with the LAIA software, similarly to previous works
involving HST/WFC3 images (Pérez-Hoyos, Sanz-Requena, Barrado-Izagirre, et al., 2012; Sanz-Requena
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et al., 2019). For the planisphere construction, the images were sampled to a 0.1°/pixel resolution in Jovian
coordinates. A photometric cross-calibration process was performed to reduce the dispersion in I/F among
different HST visits (Text S1 in Supporting Information S1).

Subsequently, all the planispheres in which the GRS is present were cropped covering the same region
around it. The cropped planispheres have a latitudinal extent of 40° (400 pixels) and a longitudinal extent of
50° (500 pixels), and they cover latitudes from 0° to 40°S. An example planisphere for each filter is shown in
Figure 1. Since the time interval of the observations approximately spans only two Jupiter rotations, most of
the morphology of the GRS and its surroundings shows no major differences.

3. Analysis

The planispheres in Figure 1 show that the GRS and its surroundings present a high diversity of cloud
morphologies and wavelength-dependent reflectivity that reveals differences in the vertical distribution and
properties of aerosols from one area to another. Their characterization is fundamental for a proper under-
standing of the underlying dynamics. In this section, we present our selection of a number of key regions
from both a dynamical and a spectral point of view, in order to provide a complete description of the area.

3.1. Region Selection

We first determine the regions in the GRS area with the strongest interest from a dynamical point of view
according to the cloud morphology and known dynamics (see e.g., Sdnchez-Lavega et al., 2018, 2021,
Figure 1).

* Region 0 / GRS Nucleus: A striking feature of the GRS is the darker coloration at the core of the reddish
oval (Simon et al., 2018). Wind measurements show this is a turbulent region with possible cyclonic
circulation in its interior (Sdnchez-Lavega et al., 2018).

* Region 1/ GRS red oval: The reddish GRS oval is a consequence of the strong absorption of ultraviolet
and blue wavelengths by chromophore species whose composition is still under discussion.

* Region 2 / Convective storms: In the area northwest of the GRS, located at the South Equatorial Belt
(SEB), eruptions of bright clouds due to moist convection (Hueso et al., 2002) occur with relatively high
frequency (Gierasch et al., 2000; Ingersoll et al., 2000). They become sheared apart in time scales of a
few days.

* Region 3 / “Hollow”: Surrounding the red oval, there is an asymmetric ring of white clouds known as
the “collar.” The northern flank of the collar (broader than the southern one) is commonly known as the
“hollow” (J. H. Rogers, 1995; Sanchez-Lavega et al., 2018). The measured wind field shows that it is part
of the anticyclonic circulation of the GRS (Sanchez-Lavega et al., 2021).

* Region 4 / Stagnation region: Approximately located at 20°S and east of the GRS, there is a westward jet
(u ~ —60 ms™) (J. H. Rogers, 1995) carrying low-albedo clouds that circulate around the GRS. However,
the circulation around the hollow sometimes presents a discontinuity in the northern limit of the flow.
When this occurs, the low-albedo clouds reduce their speeds at the limit of the discontinuity and form a
singular region that we call the stagnation region (Sanchez-Lavega et al., 2021).

* Region 5/ STrZ 1: The South Tropical Zone (STrZ) is one of the brightest zones of Jupiter. Despite being
bright and white, analyzed spectra show that blue-wavelength absorption by upper atmosphere aerosols
is also present in the STrZ.

* Region 6 / STrZ 2: As explained later in Section 3.4, automatic spectral classification of the cropped plan-
ispheres shows a differentiation of the STrZ into two different spectral groups.

* Region 7 / “Lacrimal gland”: This is the region of dark clouds southeast of the GRS and located at
approximately latitude 25°S. This region has been recently of particular interest as it was the way out
(along with the GRS eastern flank) for reddish material (the so called “flakes”) ripped off the GRS by its
interaction with smaller anticyclones (Sdnchez-Lavega et al., 2021).

* Region 8 / “Chimney”: It is located approximately at 12°S in the northern part of the GRS where it
shows as a discontinuity in the low-albedo clouds that allows the material circulating around the GRS to
escape from the hollow (J. H. Rogers, 2019). This material is subsequently carried eastward by the SEB
zonal flow (Sanchez-Lavega et al., 2021). Although this feature was present in the current study, this is
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Figure 1. Cropped planispheres (0.1°/pixel resolution) showing the Great Red Spot and surroundings at the same
position at different wavelengths identified by the filter name. The original images were taken between December

11 and 12, 2016. The reflectivity scale I/F is given to the right of each map. Each planisphere shows the nine regions
selected for further radiative transfer analysis. Each region spans an area of 0.5° x 0.5°. A schematic wind field of the

area covered by the planispheres is shown in Figure S3.
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not always the case. When this happens, the north circulation surrounding the GRS is restored and the
region 4 no longer shows the braking and accumulation of material.

3.2. Spectra Construction

The spectra were obtained for each region of interest and for different observing geometries. We first iden-
tified the longitudes relative to the central meridian around which the GRS is present in the largest pos-
sible number of images and in all the filters. From here on, these longitudes will be referred as “grouping
longitudes,” and we found them to be 60°W, 39°W, and 15°E. After that, we constructed the spectra by
performing a weighted average of the I/F values of the same filter images in which the GRS center is located
in £10° from the grouping longitudes. We use weights given by a Gaussian curve centered at the grouping
longitudes and with FWHM = 5° and unity peak value. The resulting spectra are shown in Figure 2.

3.3. Color Analysis

The color characterization provides a fast way to differentiate aerosol properties and/or distribution. A use-
ful technique to get an intuitive idea of the distinction of different areas was introduced in Sdnchez-Lavega
et al. (2013) by obtaining two different reflectivity ratios that provide a relative measure of color and alti-
tude/opacity, the Color Index (CI) and Altitude/Opacity Index (AOI), defined as

~ 1/F(F395N)

- 1/F(F631N) )
B 1/F(FQ889N)

 1IF(F215W) @

Following this definition, red features will have low CI values and white-blue features will have high CI
values. Similarly, high altitude features will have high AOI values, since these features are bright in the
methane absorption bands and dark in the UV (the shorter atmospheric path reduces Rayleigh scattering).
However, the AOI is not only sensitive to haze altitude, but also to the haze abundance/optical depth.

Using Equations 1 and 2, we made maps of AOI and CI showing the selected regions, and an AOI versus CI
diagram (Figure 3) with the values of each region. In the diagram, errors in both axes are assumed to be of
10%, as this is the typical value in HST/WFC3 absolute calibration (Dressel, 2021). Since each planisphere
has a different observing geometry and is affected differently by limb-darkening effects, before making
these plots some geometric corrections were required. For every filter excepting F275W, the pixel I/F values
were corrected following a Lambert law (Ordonez-Etxeberria et al., 2016). In the case of the F275W filter,
we found that this procedure was not accurate, probably because of the strength of Rayleigh scattering close
to the limb. So, in order to correct the F275W I/F values, we perform a Minnaert correction (Sanchez-Lave-
ga, 2011), similarly as done by Ordonez-Etxeberria et al. (2016):

g
()=

Flo upu
where k is the limb-darkening coefficient, i, the cosine of the illumination angle and . the cosine of the
viewing angle. The i, and p values in the cropped planispheres used for the construction of the maps range
from 0.56 to 1.0 and from 0.64 to 1.0, respectively. The limb-darkening coefficient k is calculated from the
complete planispheres by performing a linear fit that obeys Equation 3 for every pixel inside the 10°-30°S
range of latitudes and covering the whole longitude extent. Following this procedure, we obtained k = 0.6.

From the maps in Figure 3 it is possible to see that the red oval of the GRS is singular in terms of both AOI
and CI. On the one hand, its high AOI values directly show that the upper clouds/hazes over the red oval
are located higher in the atmosphere, or have a larger optical depth, when compared to its surroundings. On
the other hand, its low CI values means that it is redder, as can be deduced from color images. This is also
clear in the AOI versus CI diagram in Figure 3, where the red oval points are highly deviated from the other
region values. The rest of the regions have CI in the range 0.45-0.75 CI and AOI in the range 0.15-0.4. The
AOI map shows that the SEB and STrZ upper hazes might be located at similar altitudes, except the areas
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Figure 2. Spectra of the studied regions for three different observing geometries. The grouping longitudes are given
relative to the to the sub-observer longitude (Central Meridian).

ANGUIANO-ARTEAGA ET AL.

6 0f 18



A7t |

MA\I Journal of Geophysical Research: Planets 10.1029/2021JE006996

ADVANCING EARTH
AND SPACE SCIENCE

?) Altitude/Opacity index (FQ889N/F275W)

—15

-20

PC Latitude

=25

30 20 10 0 -10 =20
Longitude relative to GRS center

Color index (F395N/F631N)

PC Latitude

-40 -
30 20 10 0 -10 -20
C) Longitude relative to GRS center
[y . L S L EPF e L L L L L B LN L B T I L O BN LN B R
1.2 ¢
% Lo, — 0 GRS nucleus
R Lo 1 GRS interior
w10r < 2 Convective storm |
025 9 —— 3 Hollow |
% r E —— 4 Stagnation region 1
80'8'_'_ —+ 557121 ]
— 6 STrZ 2
< .
7 Lacrimal
g 00 . — 8 Chi ]
J= L5 imney
z I3
504 b
S i _
o L © ) j
M —
g02[ £ ——
5 Redder Bluer]
< 0.0 :
0

.1 02 03 04 05 06 07 08 09
Color index (F395N/F631N)

Figure 3. (a and b) Altitude/Opacity Index (AOI) and Color Index (CI)
maps made from corrected cropped planispheres. The crosses show the

selected regions for radiative transfer analysis. (c) AOI versus CI diagram
showing the indices values of the selected regions.

close to the GRS and at latitude 20°S, even if the STrZ values are slightly
lower. The CI map indicates that the STrZ together with the southern part
of the Equatorial Zone (EZ) are the whitest areas in the cropped plani-
spheres, without considering the ovals present in the South Temperate
Belt (STB). At the same time, the areas surrounding the red oval exhibit
intermediate CI values and they are not clearly white nor red, but brown-
ish. Regarding the turbulent area west of the GRS, the highest CI values
are found in the convective storms, but they do not show a significant
deviation in terms of AOI when compared to the background clouds.

In order to give a physically sound interpretation of these indices, we
made a very simple atmospheric model with a semi-infinite cloud embed-
ded in an atmosphere including methane absorption and Rayleigh scat-
tering by H, and He (Figure S4 in Supporting Information S1). Even if
there is a slight dependence on altitude, we found that the CI depends al-
most exclusively on the Single Scattering Albedo (SSA) at 395 nm. There-
fore, it is possible to estimate this parameter from the CI alone. However,
AOI depends on cloud altitude and also on SSA(275 nm). Hence, if the
SSA(275 nm) is known (or assumed), it is possible to estimate the alti-
tude of the clouds/hazes in a region from the measured AOI (Figure S4 in
Supporting Information S1).

3.4. Spectral Clustering

The photometric indices (3) and (4) are a fast and intuitive way to classify
the various regions of Jupiter. Other different techniques have been used
to spectrally classify various regions of Jupiter, such as the Principal Com-
ponent Analysis or PCA (Ordonez-Etxeberria et al., 2016; Simon-Miller
et al., 2001a, 2001b) or the analysis carried out by Thompson (1990).
We use here another method to classify the various regions of Jupiter
depending on their spectral brightness: the k-means clustering method
(Jancey, 1966; Pérez-Hoyos, Sanz-Requena, Sanchez-Lavega, et al., 2012).
Using a k-means algorithm (Sculley, 2010) the spectra at each pixel of the
cropped planispheres are classified depending on their spectral similar-
ity in six clusters, as chosen by visual inspection. The planispheres were
corrected following a Minnaert law and the resulting clustering can be
found in Figure 4.

A straightforward feature when looking at Figure 4 is that the red oval is
different from the rest of the regions, as expected from Figure 3. At the
same time, the EZ and the STrZ are both grouped in a similar way, which
is reasonable because they both present white regions. This is also the
case for the convective storms northwest of the GRS, which are sorted
together with the EZ and the STrZ. On the other hand, the background
clouds surrounding the convective storms present very dark areas, and so
they are grouped with the rest of dark clouds areas, including the south
SEB. The “hollow” and the “chimney” also share the same cluster. The
“lacrimal” region is classified alone, in a cluster that includes part of the
hollow, areas of the SEB and the STB and the reddish oval located approx-
imately at 30°S.

This clustering will allow extrapolating the properties of the selected re-
gions to other areas of the map that are similar enough to be classified
together, as will be shown in Section 5.
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Figure 4. Spectral clustering of the studied area surrounding the Great Red Spot. The black crosses show the selected
regions. The colors indicate the clusters found via the k-means algorithm (Sculley, 2010).

4. Radiative Transfer Modeling

We use the NEMESIS radiative transfer suite (Irwin et al., 2008) in order to retrieve atmospheric param-
eters from the observed spectra as in our previous works (Pérez-Hoyos et al., 2018, 2020; Sanz-Requena
et al., 2019; Irwin et al., 2021). NEMESIS is initiated from an a priori model atmosphere divided in ho-
mogeneous layers to obtain synthetic spectra from the multiple scattering calculations on each layer by
means of the doubling-adding technique (Hansen & Travis, 1974). The most likely atmospheric parameters
are retrieved after an iterative process that minimizes the differences between the observed and simulated
spectra under the optimal estimation scheme (C. D. Rodgers, 2000). We use the correlated-k method (Lacis
& Oinas, 1991) to account for methane absorption bands, whose absorption coefficients were taken from
Karkoschka and Tomasko (2010).

The atmosphere is divided in 32 layers with altitudes ranging from —20 to 140 km with respect to the 1 bar
pressure level (i.e., from 2 bar to 1 mbar). The atmospheric gaseous composition is assumed to be a mixture
of H,, He and CH, as given in Taylor et al. (2004).

4.1. A Priori Model Atmosphere

We launched a wide range of a priori models in order to fit the spectra of five regions (with an area of
0.5° X 0.5°) along different longitudes in the South Tropical Zone (Figure S5 in Supporting Information S1).

The grid of a priori values of the parameters used for this case is shown in Table 1. We parameterize the
vertical distribution of stratospheric and tropospheric hazes with three magnitudes: the bottom pressure
(P,,)» the peak abundance (Npeak) and the ratio of the aerosol to the gas scale heights (fsh). We also set as free
parameters the particle mean effective radius r,,; and the imaginary part of the refractive index m,. The real
part of the refractive index is computed by means of the Kramers-Kronig relation (Lucarini et al., 2005). The
bottom cloud (presumably formed by NH,) is defined by a factor that scales a previously defined abundance

step-like profile.
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’IIQ‘Z:‘I; (13f Values of the Parameters Used in the a Priori Atmospheric Model
Layer Parameter Type A priori values
Stratospheric haze P Free 110°20/50%35°/10*1%° mbar
Npearc Free 5.5E-03/0.011/0.022 * 0.5 particles/g
fsh Free 1.0 £0.5/0.1 £ 0.1
m? Free 1073/m, str,/m, str,
m (900 nm) Fixed 1.65
P Free 0.3 +£0.2 um
G Fixed 0.1 um
Tropospheric haze P> Free 4901770/9801750/2207 1) mbar
Noear Free 15 £ 5/30 £ 5/60 + 10 particles/g
fsh Free 1.0 £0.5/0.1 £ 0.1
mpP Free NTB,/NTB, « 0.1
m.° (900 nm) Fixed 1.43
Py Free 1.0 %+ 0.5 pm
O Fixed 0.1 pm
Bottom cloud PP Fixed 770 mbar
Py Fixed 1,000 mbar
T Free 0.1 +1.0/100 + 100
m, m, Fixed Martonchik et al. (1984)
Tt Fixed 5.0 um
O Fixed 0.1 um

Note. Please note that a priori uncertainties in Table 1 are a suggested range for NEMESIS to vary the parameter values
in order to fit the data, but the algorithm can go further to provide a good fit.

2Zhang et al. (2013). "Pérez-Hoyos et al. (2020).

The values of the imaginary refractive indices used as a priori are shown in Figure S6 in Supporting In-
formation S1. The curve labeled “Stratospheric m, 17 is made by interpolating the values given by Zhang
et al. (2013) at wavelengths equal to 250 and 900 nm. The curve “Stratospheric m, 2” is the previous one di-
vided by ten. The “Tropospheric m, 1” curve is almost equal to the one presented in Pérez-Hoyos et al. (2020),
but with a slight reduction of its value at 600 nm following a preliminary analysis. The tropospheric curve
with the lower values is again a tenth of the higher one. All the values shown in Table 1 were chosen after
an initial non-systematic exploration of the parameter space. Overall, 3,888 different models are covered in
Table 1. However, the number of models was increased to 11,664 by exploring two other sets of a priori error
bars for the imaginary refractive indices.

4.2. Limb-Darkening Analysis

The a priori models were evaluated using two different criteria: (a) The overall fit of models and observa-
tions at each point and (b) the fit of the measured and modeled limb-darkening with ( i )0 and k calculated
via Equation 3 (Irwin et al., 2021; Pérez-Hoyos et al., 2020). The first criterion is evaluated in terms of the
following error function:

1 1 :’ - i
YRRy [(I/F)j‘“ (1/F)‘;°"}
)% TNEME [A(HF)WT )

ij

J=1

where N is the number of filters (wavelengths) and M is the number of viewing geometries. A(I /F )ObS is
calculated from the photometric dispersion among the different planispheres of the same filter, the disper-
sion inside the 5 X 5 pixels square (Figure 1) and the dispersion among the mean values of the different
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squares that have undergone the weighted average (see spectra construction in Section 3.2). However, we
set a minimum of 10% for A(I IF )Obs, as this is the typical value in HST/WFC3 absolute calibration (Dres-
sel, 2021). Models with y%/N values lower than unity are accepted as good fits to the observed data, al-
though this depends critically on the data uncertainty and the number of free parameters.

We follow the same procedure with the values defining the limb-darkening. Using the logarithmic form of
Equation 3 we obtain the (1 /F ) and k values for each wavelength by performing a linear fit to the points
corresponding to the different geometries (Pérez-Hoyos et al., 2020). Then, we define an error function for
these magnitudes that covers all the available wavelengths:

2 1N [klf’bs —kmed T
[14 l KL [akT ©

[17] :Lg[("F)ﬁT‘(”F)Zde
N ey, N [A(I/F)ETT

The value of the error functions is calculated for all the tested models, and we choose as optimal the one

(6)

which, having y%/N < 1, shows a lower value of (¥*/N), + (y*/N )( . The limb-darkening error functions
o

1IF)
values for the optimum a priori model are shown in Figure 5.

The best-fitting parameter values of this model are given in Table S2 in Supporting Information S1. One
noticeable feature of this model is that the retrieved bottom cloud optical depth is well below unity. How-
ever, we are not sensitive to the scattered light at those pressure levels, since this model assumes that most
of the light extinction in our wavelength range occurs at higher levels. At the same time, our criteria clearly
suggest the presence of two coloring agents, as shown by the imaginary refractive indices in Figure 6.

4.3. Retrieval of Selected Regions

The model presented in the previous section was used as the a priori model for the radiative transfer anal-
ysis of the spectra shown in Figure 2. The retrieved parameter values are shown in Table 2, where we also
include the pressure at which the aerosol opacity at 900 nm equals to unity, a proxy to the expected sound-
ing level at each region. The stratospheric and tropospheric bottom pressures (around 110 and 500 mbar,
respectively) show few variations from region to region, and are thus not included. Table S3 in Support-
ing Information S1 shows the improvement factors (Irwin et al., 2015) of the free parameters retrieved
in the GRS nucleus (region 0), as a measure of the information gain on each parameter. An improvement
factor closer to 1 implies a more substantial reduction of the uncertainty in the considered parameter value.

For all the analyzed regions, we got y2/N values well below unity, meaning that we have obtained good fits
in all the cases. The minimum error function values are in the STrZ regions 5 and 6, as expected since our a
priori model atmosphere was developed using STrZ spectra.

Figure 7 shows the optical depth of the upper hazes and its accumulated vertical profile, as well as the
width of the layer between the 7, (900 nm) = 0.5 and t,, (900 nm) = 2 pressure levels. As can be deduced
from Figure 7, the GRS is located higher in the atmosphere and it is more concentrated when compared to
its surroundings. This is in agreement with the AOI indices shown in Figure 3. We include in Figure S4 in
Supporting Information S1 the CI and AOI values resulting from these models in comparison to the simpler
model explained in Section 3.3.

5. Interpretation of the Results
5.1. Chromophore Nature and Distribution

The retrieved imaginary refractive indices corresponding to the studied regions are shown in Figure 8. The
different stratospheric and tropospheric curves clearly suggest the presence of two different coloring agents,
both playing a different role in the ultraviolet-blue absorption, in contrast to the universal chromophore

ANGUIANO-ARTEAGA ET AL.

10 of 18



A7t |

MA\I Journal of Geophysical Research: Planets 10.1029/2021JE006996

ADVANCING EARTH
AND SPACE SCIENCE

1.4 e NEMESIS fit points
——$— Measured points
x?/N = 0.93
12} &
X
E s
c
2
O
= 1.0
&=
(]
o
v}
o
|
0.8 1
0.6
200 300 400 500 600 700 800 900
Wavelength (nm)
10 1 o NEMESIS fit points
——¢— Measured points
X?INsr), = 0.56
0.8
0.6
=
w
—
0.4
0.2
200 300 400 500 600 700 800 900

Wavelength (nm)

Figure 5. Limb darkening parameter (upper panel) and nadir-viewing reflectivity (lower panel) as a function of

wavelength corresponding to the optimal a priori model, having the lowest (y*/N), and (x>/N )( values indicated in

1IF)
o
the text boxes. Error bars in the upper panel are obtained from least squares fitting and we set a minimum error of 5%.
The origin of (I/F), error bars is photometric dispersion (see text).

scheme proposed by Sromovsky et al. (2017). We tried a non-absorbing stratospheric haze (Table 1) when
developing the a priori model in the STrZ and it did not work properly, even though the STrZ is a “white”
region. We also tried two models for region 0 with only tropospheric cloud and the m, curves of Figure 6
(one model for each m, curve), and we obtained substantially worse fits than ours. This two-chromophore
scheme is in agreement with the PCA analysis performed in Simon-Miller et al. (2001a) and Ordonez-Etxe-
berria et al. (2016). However, the overall slopes in the 343-500 nm range are higher in the stratospheric than
in the tropospheric haze, meaning that the chromophore located at higher levels is more blue absorbing
than the lower one. In Figure 8 we also show the imaginary refractive index of the chromophore proposed
by Carlson et al. (2016) and its slope in the 400-500 nm range. The slope of Carlson's et al. chromophore
is in reasonable agreement with our values, although we find slightly lower slopes, contrary to the results
of Braude et al. (2020). Our lower m, values could be explained by 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. This is an interesting result, since our starting point was not the one proposed
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Figure 6. Imaginary refractive indices corresponding to the optimal a priori model derived from spectra corresponding
to five regions along different longitudes in the STrZ (Figure S5 in Supporting Information S1). Both the stratospheric
and tropospheric hazes play a role in the Jovian coloration.

by Carlson et al. (2016). By applying the absorption spectrum of the Carlson et al. (2016) chromophore to
the stratospheric haze in our model we obtained a good fit of the region 0 spectra (y*/N = 0.92) and a mod-
erate fit of the region 1 spectra (y*/N = 1.73) for 2 > 0.34 um. However, our model fits better the region 0
and region 1 spectra, with y*/N = 0.67 and y*/N = 0.53, respectively.

Sromovsky et al. (2017) and Baines et al. (2019) proposed the “Créme Brtilée” chromophore model from
the analysis of Cassini/VIMS spectra. That model assumes a single chromophore located in a thin layer on
top of the optically thick tropospheric cloud as a thin layer. Our results remain on an intermediate level
between the “Creme Bralée” and an extended chromophore scheme (Pérez-Hoyos et al., 2020). We find
the upper chromophore to be located near the top of the optically thick tropospheric haze, with its base
near the 100 mbar level, higher than the lower 200 mbar bound found by Braude et al. (2020). In addition,
Sromovsky et al. (2017) and Baines et al. (2019) found optical depths at 1 um in the 0.1-0.2 range, while we
get much higher values. At the same time, we obtain slightly larger mean effective radii (r,, ~ 0.3 um) when

Table 2
Retrieved Parameter Values for the Studied Regions

Stratospheric haze Tropospheric haze
Region XN 7 (M) Fsh 7(900 nm) 7 (Wm) fsh 7(900 nm) P (t=1)(mbar)
0 0.67 0.29 £ 0.07 0.08 1.8 £ 0.6 2+1 0.34 30 + 20 75
1 0.53 0.33 £ 0.06 0.14 2.5+0.7 0.7 £ 0.5 0.25 40 £ 30 68
2 0.78 0.27 £ 0.06 0.07 0.8 +£0.3 0.52 + 0.07 0.31 25+10 115
3 0.48 0.31 £ 0.07 0.08 0.9 +0.3 0.6 £ 0.1 0.32 30+ 15 107
4 0.54 0.29 £ 0.06 0.09 1.0+ 04 2+1 0.28 62 119
5 0.37 0.32 £ 0.03 0.08 0.6 +£ 0.2 0.7 £ 0.1 0.27 40 £ 30 139
6 0.28 0.30 £+ 0.04 0.08 0.7+ 0.2 0.7 £ 0.2 0.23 30 + 20 176
7 0.45 0.29 £ 0.06 0.08 0.9 £ 0.3 0.7 £ 0.2 0.32 20 £ 10 97
8 0.44 0.29 £+ 0.04 0.09 0.8 +0.2 1.3+0.7 0.26 15+5 156
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Figure 7. Accumulated optical depth as a function of altitude (pressure). The black, blue and red lines represent the
stratospheric, tropospheric and total aerosol optical depths, respectively. The upper and lower gray lines mark the
7, (900 nm) = 0.5 and 7, (900 nm) = 2 pressure levels. The dashed line marks the t_ (900 nm) = 1 pressure level.
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compared to those found by Sromovsky et al. (2017) and Baines et al. (2019) (r; = 0.1-0.2 pm). It must
be noted though that these works used data acquired in late 2000 and early 2001, and thus some temporal
variability may have occurred. Nevertheless, the mass column densities in the GRS interior (20-30 ug/cm?)
are in good agreement with the Baines et al. (2019) values (30-40 pg/cm?). In particular, the column mass
densities of the “Créme Briilée” model and region 1 match at a value of approximately 30 pg/cm?.

5.2. Altitude and Particle Size

In Figure 9, we show an altitude map with the pressure levels where the total aerosol optical haze reaches
unity. The maps in Figure 9 are built by extrapolating the properties retrieved in one region to the areas
that are classified within the same spectral cluster (Figure 4). From the altitude map, we find again that
the GRS is located higher in the atmosphere than the rest of the regions, as expected from the AOI map in
Figure 3. More precisely, we obtain an altitude difference of 14 km between the GRS nucleus and the STrZ.
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Figure 8. Retrieved imaginary refractive indices and spectral slopes s for all the studied regions with a comparison
with Carlson's et al. (2016) laboratory chromophore (black lines).

The retrieved altitudes relative to the 1 bar pressure level show a slight disagreement (by about 8 km) with
the altimetry map given by Carlson et al. (2016) based on Galileo/NIMS observations at wavelengths close
to 2 um. However, we get similar values when extrapolating our retrieved optical depths to the wavelength
range used in that work. We find greater discrepancies with the results given by Grassi et al. (2021), even
using their wavelength (2.7 um) to define the effective cloud top altitude we obtain about a half of the value
found in that work for the altitude differences.
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Figure 9. (a) Map showing the pressure levels (in mbar) where the optical depth at 900 nm equals unity. This map
can also be interpreted as the cloud top effective altitude. (b) Map showing the mean effective radii (in microns) of
tropospheric particles.

In Figure 9 we also show a map of the mean effective radii we retrieve of the tropospheric particles. The
mean particle size in the red oval is of 1.6 um, and it is assumed to be the average of the retrieved radius
in the GRS nucleus and interior (regions 0 and 1). This particle size, together with 1.7 um particles in the
stagnation region (region 4), are the biggest particle sizes found in the current analysis.

5.3. Comparison With Previous GRS Models

De Pater et al. (2010) proposed an atmospheric model for the GRS with three haze layers above an optically
thick NH,-ice cloud. The higher haze layer is located in the 2-200 mbar pressure range, and when compar-
ing this haze to our retrieved stratospheric values we find similar values of particle radius and optical depth.
The two following haze layers (200-650 and 650-700 mbar) present smaller particle radii and lower optical
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depths than our retrieved tropospheric haze in the GRS nucleus (region 0). However, the particle radius of
the tropospheric haze in the GRS red oval (region 1) is in good agreement with the particle radius of the
haze layer located on top of the NH,-ice cloud. It is important to note that a significant fraction of light
extinction in the de Pater's et al. model takes place in the NH,-ice cloud, which plays no role in our model
and, therefore, higher optical depths in the upper levels are to be expected.

Baines et al. (2019) study of the GRS found the main cloud to have a particle size near 1.6 um for their strat-
ospheric chromophore model, quite consistent with this study. However, they favored the “Creme Bralée”
model with the chromophore attached to the main cloud. In that model, the mean particle size for the main
cloud was of 1.1 pm, which is still comparable to our results. Nevertheless, it must be noted that in both
models the tropospheric cloud extends to higher pressure levels (3—4 bar) and the stratospheric haze is lo-
cated higher (0.04 bar) when compared to our results.

Sanchez-Lavega et al. (2021) included a radiative transfer analysis of both the red oval and a detached por-
tion of reddish material (or flake). We have checked that the model used in Sdnchez-Lavega et al. (2021)
and the one applied in this work for the GRS interior are compatible. However, we found a better fitting
of limb-darkening using our description. When applying our model to their GRS and flake spectra, we get
comparable results, as our tropospheric haze considerably reduces its optical depth in the flake to about a
half of its value in the GRS interior. Therefore, the hypothesis that the flakes phenomena is a surface phe-
nomenon affecting the higher atmospheric levels (above the 1-2 bar level) is not refuted.

6. Conclusions

In this work, we have presented a radiative transfer analysis of Jupiter's GRS and surroundings using HST/
WFC3 images obtained in 2016, covering the spectral range from the UV (225 nm) to the near-infrared
(900 nm). We selected and studied nine different regions according to their cloud morphology and spectral
diversity. About 12,000 models were explored in order to obtain an a priori description of the South Tropical
Zone atmosphere. The model showing the best simultaneous fit of both the spectra and their limb-darken-
ing was chosen as the optimal reference for the rest of selected regions. Our main conclusions are:

* All the atmospheric models have three different layers: (a) a stratospheric haze with its base at 100 mbar
and particles of 0.3 um and optical depths of the order of unity, (b) an optically thick (t ~ 10) tropospher-
ic haze based at 500 mbar with micron sized particles. We are insensitive to a possible cloud deck base.

* We have determined the cloud top altitudes in the GRS (level with optical depth 1 at 900 nm). Our results
agree with those of Carlson et al. (2016) though we find differences in relative altitudes with the results
of Grassi et al. (2021). For the GRS nucleus, we obtain an altitude difference of 14 km relative to the
STrZ, that is, about one scale height.

* For the stratospheric haze, the retrieved imaginary refractive index curves seem to be compatible with
the chromophore proposed by Carlson et al. (2016). Our overall lower values may be explained by the
mixture of the chromophore with non-absorbing material present high in the atmosphere.

* We also retrieve the wavelength-dependent imaginary refractive index curves of the tropospheric haze.
Our work points to the existence of two ultraviolet-blue-absorbing chromophores to explain the color-
ation of the clouds and hazes in the GRS area. This is in agreement with the conclusions deduced from
PCA performed in Simon-Miller et al. (2001a) and Ordonez-Etxeberria et al. (2016). At the same time,
it is in disagreement with the 0.35-1.05-um spectral study of the core of the GRS by Baines et al. (2019),
who found excellent fits to the GRS using only the Carlson et al. (2016) chromophore. This may have
been because they do not reach to the 0.25 um region where the tropospheric chromophore found in
this study contributes significantly, as suggested by the increasingly high values of the tropospheric haze
imaginary refractive index for 4 < 350 nm. Our limb-darkening considerations may have also played a
role in favoring the two-chromophore scheme.

The results shown in this work indicate that there is a large spatial variability in the vertical cloud structure
among the regions surrounding the GRS. Furthermore, the GRS has proven to suffer considerable color
changes between different years (Simon et al., 2018). Because of this, an analysis on a longer time basis is
required for a more complete description of the vertical cloud and aerosol structure in the GRS area. This
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