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Abstract We measured the horizontal winds in Jupiter's Great Red Spot (GRS) using data from the
WFC3/UVIS instrument on board the Hubble Space Telescope (HST). The data cover 11 epochs from
2009 to 2020. Long-term monotonic trends in size and shape previously noted from the visible cloud
appearance are paralleled by changes in the high-speed ring around the vortex. The circularization of the
GRS cannot be explained by changes in the horizontal wind shear of the surrounding environment. The
velocity fields suggest no long-term trend in the static stability inside or outside the vortex. Instead, the
changes are accompanied by a 4%-8% increase in the mean wind speeds of the high-speed ring from 2009
to 2020. Changes in the wind field coincided with the South Equatorial Belt Outbreak storms of 2016-
2017, but not with 2019 "flaking” events involving detachment of red material from the main oval.

Plain Language Summary We measured the horizontal winds in Jupiter's Great Red Spot
(GRS) using data from the WFC3/UVIS instrument on board the Hubble Space Telescope (HST). The
data cover 11 time periods from 2009 to 2020. Winds blow fastest in a high-speed ring around the outside
of the GRS. Previous pictures of the clouds showed that the GRS was shrinking and becoming more

like a circle and less like an oval. We measure similar changes in the high-speed ring. We rule out some
possible causes for the changes: changes in the wind shear of the surrounding atmosphere, or changes in
how temperature varies with height. As the GRS shrinks and circularizes, the average wind speed in the
high-speed ring gets faster. Some changes in the GRS wind patterns happened at the same time as a giant
nearby storm in 2016/2017, but we did not find changes at the same time as flaking events in 2019. By
"flaking” we mean pictures showing that small areas of red, normally kept inside the GRS, detached and
blew away from the spot.

1. Introduction

The Great Red Spot is an enduring large anticyclone in Jupiter's atmosphere, situated in the South Tropical
Zone (Figure 1). Anticyclonic flow in this zone is perturbed over the northern edge of the GRS so that it
locally protrudes into the typically dark and reddish South Equatorial Belt (SEB) to the north. The SEB
features dramatic global-scale changes in coloration, cloud properties, and convective activity (e.g., Fletcher
et al., 2011, 2017; Rogers, 1995; Sinchez-Lavega & Gomez, 1996), but the most notable change in the GRS
itself is more monotonic in nature: a continuous decrease in size over more than 100 years of accurate ob-
servations (Simon et al., 2018).

The size and longevity of the GRS make it unique among outer solar system vortices, yet it also serves
as an archetype of a class of “pancake vortices”—anticyclones embedded in stably stratified fluids—also
including vortices like the dark spots on Neptune and salt lens eddies in the Earth's oceans (e.g., Dowl-
ing, 1995; Hassanzadeh et al., 2012; Yim et al., 2016). Pancake vortices have a thickness much smaller than
their horizontal dimensions, like the GRS whose horizontal scale is some 50 times greater than vertical
scale, according to theoretical arguments based on laboratory experiments and Jovian vortex velocity fields
(Lemasquerier et al., 2020). Terrestrial ocean eddies transport heat meridionally by both stirring (turbulent)
and trapping (bulk transport) mechanisms (Sun et al., 2018). Trapping is limited on Jupiter because major
vortices are bounded by jets that limit meridional migration, although trapping could be significant on
Saturn, where poleward migration of the anticyclone created by the 2,010 Great White Storm was observed
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Figure 1. Jupiter data spanning one Jupiter year of HST/WFC3 observations, with zonal wind (blue) and Great Red Spot east-west (red) wind profiles overlaid.
Arrows at right mark the latitude ranges of the South Equatorial Belt (SEB), South Tropical Zone (STrZ), and South Temperate Belt (STB). Color contrast has
been maximized. Some subtle remaining color differences are due to different filter sets available at each epoch.

(Hueso et al., 2020; Sayanagi et al., 2013). Marcus (2004) suggested that the stirring mechanism—driven
by the chaotic behavior of Jupiter's three white ovals near 34°S—would change after the ovals merged in
1997-2000, possibly leading to a temperature change at that latitude. The color change of merged Oval BA
in 2006 might have resulted from a temperature change (e.g., de Pater et al., 2010; Wong et al., 2011), but
the evidence is inconclusive in light of later changes in Oval BA back to white coloration (Simon, 2015),
plus the general lack of high-resolution photometric time-series color information covering the white ovals
in the decades prior to their mergers. Studying vortex evolution over time may allow comparison between
planetary fluid environments from the atmospheres of the giant planets to the terrestrial oceans.

2. Data and Methodology

Data were acquired by HST/WFC3 (Dressel, 2021) over the 2009-2020 time period by programs listed in
Table S2. Additional 2014 data were not included because satellite-shadowing of the GRS region prevented
high-precision velocity fields from being derived (Simon et al., 2014). Red wavelength (631-763 nm) filters
optimize both spatial resolution and cloud tracer contrast. These “continuum?” filters are sensitive to cloud
opacity throughout the P < 10 bar region, but most of the clouds trace velocities at P < 1 bar in the GRS
(Banfield et al., 1998). Image processing (Wong et al., 2020) consisted of correction for cosmic rays and de-
tector distortion, and transformation from sky coordinates to Jovian latitude/longitude coordinates. We use
planetographic latitudes and System III longitudes.

We retrieve the velocity field using the Advection Corrected Correlation Image Velocimetry technique (AC-
CIV), which was specifically developed to measure velocities along curved paths in Jupiter's anticyclones
(Asay-Davis et al., 2009; Asay-Davis, 2015). In a two-pass approach, we use data with a typical time separa-
tion of 1.6 h for the initial pass, and 10.8 h for the final pass. At each iterative step, the velocity field from the
previous iteration is used to advect the images to a common time point, and correlations are found between
these advected images to refine the velocity field and to characterize the final uncertainties. We estimate an
average “correlation velocity uncertainty” (Asay-Davis et al., 2009) of 3.6 + 1.2 m s~* among all the velocity
fields (Table S4). The final output of ACCIV consists of one velocity field data set with the full set of scat-
tered velocity vectors, and one sampled on a regular grid. Velocity fields and related data files are available
in a public archive (Wong, 2021). The Supporting Information S1 discusses the error budget for uncertainty
estimation, the archived data, and the ACCIV control parameters.

The overall dynamical structure of the GRS is defined by a ring of high-speed winds, which we use as a
definition of the vortex dynamical boundary (even though the area just outside the high-speed ring is also
part of the vortex; see Figure S3). Two alternate methods characterize the velocities in this ring:
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1. We used an automated process to fit a symmetric ellipse to the data (see Supporting Information S1),
thereby defining the vortex center location. Within the symmetric ellipse, we measured azimuthal ve-
locities Vepipse-

2. We defined a series of 100 “spokes” radiating from the center of the GRS with equal angular spacing,
measuring the maximum azimuthal velocity vyy.es along each spoke. The path connecting maxima along
each spoke defines a lumpy ring, deviating from a perfect ellipse (Figure S2).

Figure 2 shows the 2020.72 velocity field, including the symmetric ellipse fit to the high-speed ring, gridded
and scattered-vector velocity fields, the relative vorticity map, and cuts through the principal axes of the vor-
tex. The global-average zonal wind field was subtracted to emphasize features of the velocity field specific
to the vortex (except in Figure 2f).

3. Results

The relative vorticity map of the GRS, and the size and shape of the high-speed ring, are shown for
each epoch in Figure 3. An outer region with a hollow core (Figure S3) can be seen at every epoch. The
mean absolute value of the relative vorticity in the outer region remained in the 4 X 107 to 5 x 107> s™"
range throughout the timeline. Both the morphology and the unchanging constant relative vorticity are
consistent with the study of Shetty and Marcus (2010), which found constant potential vorticity (a differ-
ent quantity) within uncertainties, using a model of GRS velocity fields spanning 1979-2006. Constant
relative vorticity implies constant potential vorticity only if static stability does not change over time,
which we demonstrate below in the discussion of Figure 4c. Static stability can be expressed in terms
such as the Brunt-Viisild frequency, the deformation radius, or the lapse rate (e.g., Equation 1 of Wong
et al., 2011).

Changes in the size of the vortex (Figure 4a and Table 1) extend the trends described in Simon et al. (2014,
2018). Extrapolating the linear decrease in size leads to an estimate that the GRS will reach a circular shape
in 2035 based on HST/WFC3 data alone, or in 2039 if data extending back to Voyager are included.

Figure 4b shows that the mean wind speeds in the high-speed ring have increased over time. Weighted least
squares fits give a rate of increase of 0.69 + 0.25 m st yr"1 using Veyjipse 0 0.38 = 0.25 m s~ yr_1 using Vspokes-
Two separate statistical tests show that the increase is significant:

1. The Pearson's r values (Press et al., 1992, p.636), which are independent of measurement uncertainty,
are r = 0.674 (with a false-alarm probability for linear correlation of 3.5%) for vejipse, and r = 0.579 (with
a false-alarm probability for linear correlation of 8.2%) for Vgpokes.

2. Reduced yx,* values (which depend on measurement uncertainties) are 0.79 (for Vellipse) OF 0.77 (for
Vspokes)s With X% > 0.5 indicating that a linear slope is a good model for the variation (Bevington & Rob-
inson, 1992, p.197).

The spatial variability in values of Vejipse OF Vgpores measured around the GRS circumference for a typical ve-
locity field is shown by the shaded bars on the left side of Figure 4b, with magnitudes on the order of +15m
s~'. The variability in velocities (also visible as lumps in the red ring in Figure 2b) is probably a real char-
acteristic of the velocity field, rather than a result of errors in the retrieval process. We calculate x,” for the
linear trend in Figure 4b, using the variability around the ring at each epoch (shaded bars) as an estimate
of the mean speed uncertainty, rather than the error bars shown at each point based on the “correlation
velocity uncertainty” described in Asay-Davis et al. (2009). The resulting y,” of 0.04 is unreasonably small,
meaning that if the variability around the ring were truly due to measurement uncertainty (noise), then it is
highly improbable that the data points would adhere so closely to the fitted lines shown.

Characteristics of the GRS flow field that are sensitive to the static stability (i.e., the vertical temperature
profile) inside and outside of the vortex did not show strong trends (Figure 4c). To quantitatively constrain
changes in the static stability (although we do not directly measure the static stability itself), we follow
the work of Shetty et al. (2007), which found that the shape of east-west and north-south velocity profiles
through the vortex center were sensitive to the potential vorticity. Potential vorticity is a nonlinear function
of both the relative vorticity (velocity field gradient) and the static stability (expressed as the deformation
radius Ly in Shetty et al., 2007). Thus, if we could show that the relative vorticity in the GRS was unchanged,
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Figure 2. Great Red Spot velocity field data for the 2020.72 epoch, which is part of the OPAL program (Simon et al., 2015). The mean zonal wind field has
been subtracted from the 2D velocity fields. (a) Color composite map, with a blue ring indicating the best-fit symmetric ellipse of high-speed velocities. (b)
Wind speed, after subtraction of the mean zonal wind profile. (c) Velocity vectors (10* vectors drawn from the full set of 5.9 x 10° vectors). (d) Relative vorticity,
showing the “hollow” core. (e) Northward velocities along an east-west profile through the center of the ellipse. Individual north-south vector components
within +0.25° of the east-west line are shown in light red, with the mean profile shown in blue. A parameterized fit to the profile is shown in light gray. (f) As
panel E, for eastward velocities along a north-south profile through the center.

and the shape of the velocity profile across the vortex was unchanged, we could conclude that the static
stability in the vortex was unchanged. Figure 4c shows fluctuations of about +25% in the GRS relative
vorticity (gold points) and the decay factors characterizing the flow inside (blue points) and outside (pink
points) of the high-speed ring, which are respectively sensitive to the potential vorticity inside and outside
the ring. The overall trend in the mean speed is not reflected in these data.

To rule out the possibility that changes in the GRS velocity field were due to changes in the environment
of the vortex, we measured the mean wind shear (applying a linear fit to the zonal wind profile) over the
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Figure 3. Relative vorticity maps (as in Figure 2d) for all epochs. At lower right, the evolution of the high-speed ring over the 2009-2020 period (shown at the
same horizontal scale as the map panels) includes changes in shape and size on both short and long timescales.

20-25°S range (Figure 4d). Methodology for the zonal wind retrievals is described in Asay-Davis et al. (2011)
and Tollefson et al. (2017). There is no monotonic change in the wind shear (with the 2009 data point in-
cluded) that parallels the long-term trends in vortex size, shape, and average wind velocity in the high-speed
ring. Similarly, we found that the Rossby number of the GRS did not follow the long-term trends. The
non-dimensional Rossby number Ro = U/fL characterizes the relative strength of inertial versus Coriolis
forces, where U is the horizontal velocity scale, fis the Coriolis parameter, and L is the horizontal length
scale.

The GRS Ro and the SEB wind shear did feature sudden changes in the 2016-2017 time period. The Rossby
number increased from 0.105 + 0.002 prior to 2016 to 0.127 + 0.002 in 2016 and later, while there was a
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Figure 4. Evolution of the great red spot (GRS) velocity field. (a) There is a long-term decrease in size and aspect ratio of the high-speed ring, along with
short-timescale variability. Data include previously published velocity fields from Voyager, Galileo, Cassini, and other HST instruments (Asay-Davis et al., 2009;
Dowling & Ingersoll, 1988; Mitchell et al., 1981; Vasavada et al., 1998). (b) Two different methods produce a small but statistically significant increase in the
mean wind speed in the high-speed ring of the GRS (see text). (c) Neither relative vorticity in the GRS outer region nor traits of the velocity field sensitive to
atmospheric static stability showed long-term trends. Velocity field traits quantify the decay of wind speed inside (blue) and outside (pink) the high-speed ring
as simple linear/exponential functions (thick gray line in Figure 2e). Data shown are averages of parameters for the east and west vertices of the GRS. (d) The
STrZ windshear and the Rossby number characterizing the flow of the GRS high-speed ring both intensified around the time of the SEB Outbreak convective
event in 2016/2017.

transient intensification of the SEB wind shear in 2017. The increase in the GRS Ro means that the flow of
the vortex became slightly less “large scale” (i.e., less sensitive to planetary rotation, Pedlosky, 1987), but the
vortex remains very much in the geostrophic regime.

;:::’::vtd Velocity Field Parameters Pertaining to the High-Speed Ring Around the Great Red Spot

Fractional Major width Major width ~ Minor width ~ Minor width Mean speed Mean speed
UT Date (series midpoint) year (deg) (10° km) (deg) (10° km) Aspectratio  Vejjipse (M s Vspokes (1T s
2009-09-22 16:37 2009.72 13.27 £ 0.48 15.59 £ 0.56 9.05 + 0.48 11.21 £ 0.60 1.39 + 0.09 92 + 14 103 + 12
2012-09-20 15:42 2012.72 13.17 £ 0.66 15.44 + 0.77 9.20 + 0.74 11.40 = 0.91 1.35+0.13 89 + 24 102 + 17
2015-01-19 13:53 2015.05 12.99 + 0.92 15.23 +£1.08 8.80 + 0.86 10.90 + 1.07 1.40 + 0.17 84 +£19 97 £ 17
2016-02-09 16:03 2016.11 12.05 + 0.76 14.17 £ 0.89 8.30 £ 0.72 10.28 + 0.89 1.38 £ 0.15 92 +13 102 £ 11
2016-12-11 19:42 2016.94 11.11 £ 0.82 13.11 £ 0.97 7.20 £+ 0.49 8.93 £ 0.61 1.47 £ 0.15 95+ 18 100 + 14
2017-02-01 22:50 2017.09 11.12 + 0.84 13.02 + 0.99 9.05 + 0.76 11.21 + 0.94 1.16 £ 0.13 97 £ 17 107 £ 16
2017-04-03 08:08 2017.25 11.77 = 0.70 13.88 £+ 0.83 8.25 £ 0.50 10.23 + 0.62 1.36 + 0.12 97 £ 13 105 £ 8
2018-04-17 07:49 2018.29 11.74 £ 0.51 13.82 £ 0.59 8.20 £ 0.43 10.16 £ 0.54 1.36 + 0.09 95 + 17 105 £ 15
2019-04-09 18:44 2019.27 10.43 £ 0.66 12.21 £ 0.78 8.50 + 0.71 10.52 + 0.88 1.16 £ 0.12 100 + 12 108 = 11
2019-06-26 12:46 2019.48 11.93 + 1.02 13.96 + 1.19 8.20 + 0.81 10.15 + 1.01 1.37 £ 0.18 96 + 17 107 £ 11
2020-09-20 08:15 2020.72 10.59 + 0.49 12.41 £ 0.57 9.10 + 0.67 11.27 £ 0.83 1.10 = 0.10 99 + 12 106 =9
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4. Discussion

Long-term change in the aspect ratio could be explained if there were a decrease in the magnitude of the
anticyclonic shear in the surrounding flow, because shear in the environment of vortices causes departures
from circular shape (e.g., Marcus, 1990; Moore & Saffman, 1971). The environmental wind shear over the
2009-2020 timeframe did not weaken. It is unclear whether the wind shear is intensifying over time (which
would elongate rather than circularize the GRS in the absence of any other influences), or whether it is
varying in a more complex way.

The velocity fields also rule out a long-term variation in static stability, through comparison of relative
vorticity in the GRS outer region with the shape of the velocity profile across the ring (represented by
“decay factors”). Shetty et al. (2007) showed that the east-west cut through the vortex center had a simpler
shape compared to the north-south cut, where interactions with the zonal jet. also affect the velocity pro-
files. Although Galileo Probe measurements and theoretical analyses suggest static stability varies with
height (Magalhaes et al., 2002; Sugiyama et al., 2006; Wong, 2009), quasi-geostrophic models such as Shetty
et al. (2007) treat it as vertically uniform. Likewise, velocity fields reveal the horizontal wind field only cover
a limited altitude range compared to the full vertical extent of the vortex. Subject to these types of limita-
tions, vortex models constrained by imaging and wind field data have been extensively used to estimate
atmospheric static stability on Jupiter, with many finding a deformation radius of about 2,000 km (e.g.,
Brueshaber & Sayanagi, 2021; Brueshaber et al., 2019; Cho et al., 2001; Shetty & Marcus, 2010).

Wind speeds vary azimuthally by about +15 m s™* around the circumference of the high-speed ring. This
variability may include a time-dependent component, as suggested by Choi et al. (2007) to explain tra-
jectory curves that did not converge in their velocity field analysis of Galileo imager data. Velocity fields
from spacecraft and HST observations of Jovian vortices also varied as a function of azimuthal position
angle, with effects seen in the derived relative vorticity maps and profiles (e.g., Choi et al., 2010; Mitchell
et al., 1981; Sanchez-Lavega et al., 2021). These variations could result from perturbations within the high-
speed ring such as Rossby waves (Choi et al., 2007).

Evolutionary processes in terrestrial ocean eddies may help explain the changes in the GRS, despite key
differences between Jovian and terrestrial vortices such as compressibility. Measurements of the evolution
of a “meddy” in the Atlantic Ocean between 1984 and 1985 showed a decrease in size accompanied by a
slight increase in peak velocity (Schultz Tokos & Rossby, 1991), which may be explained by a redistribu-
tion of angular momentum after erosion of the vortex core (Sutyrin, 2020). “Flaking” events in mid-2019
(Sanchez-Lavega et al., 2021), in which regions of red material were seen to detach from the GRS and persist
outside the oval itself for some time, were not associated with significant deviation from the long term evo-
lutionary trends. So even if long term trends (in vortex size, shape, and peak windspeeds) are attributed to
vortex erosion, we agree with the findings of Sdnchez-Lavega et al. (2021) that the flakes did not represent
an increase in erosive activity.

Although we lack theoretical insight into the cause of significant velocity field changes seen in 2016, it is no-
table that a major convective event at nearby latitudes—the South Equatorial Belt Outbreak (SEBO)— be-
gan in December 2016 and persisted into 2017 (Rogers, 2018; de Pater et al., 2019). The GRS Rossby number
had already begun to increase in February 2016, indicating a several-month development timescale prior
to the outbreak of convective activity on 29 December 2016. A previous SEBO event occurred in November
2010 (Fletcher et al., 2017), but there were no velocity field data to determine if that event also affected the
global wind shear over 20-25°S or the GRS Ro.

On the other hand, the GRS velocity field seems to be insensitive to an interaction with a large triangu-
lar (STrD) phenomenon in 2017-2018. The STrD feature originated near a large cyclonic vortex (Rogers
et al., 2018), supporting ideas that STrDs are visible manifestations of stagnation points in the interacting
flow field of jets and vortices (Marcus et al., 2008). Features like the 2019 GRS flakes also were produced
near stagnation points (Marcus et al., 2019). Perhaps stagnation point interactions are able to produce
conspicuous changes in cloud appearance, but do not perturb a large span of pressure levels (i.e., by chang-
ing the stratification) and thus do not affect properties like the GRS Ro and the zonal wind shear.
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Vortex oscillations—in both shape and location—were seen in Voyager Neptune imaging (Smith et al., 1989;
Sromovsky et al., 1993, 2002), and oscillations provide a major constraint for dynamical models (LeBeau
& Dowling, 1998; Hadland et al., 2020; Polvani et al., 1990). A triple-vortex system on Saturn oscillated in
longitude (del Rio-Gaztelurrutia et al., 2018), although long-lived single Saturnian vortices did not oscillate
in Voyager observations (Sanchez-Lavega et al., 2000). The GRS has a well-known 90-day oscillation in
longitudinal position (Trigo-Rodriguez et al., 2000), which was perturbed during the flaking events of 2019
(Sanchez-Lavega et al., 2021). Short timescale variations in the GRS size/shape (Figure 3, Table 1) could be
due to periodic oscillations or transient changes, but future high-cadence datasets are needed to compare
this dynamical aspect of anticyclones in outer planet atmospheres.
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Introduction

This Supporting Information file provides more information on the parameters
controlling ACCIV velocity field retrievals, an expanded description of the analysis
methods used, and a catalog of the datasets available on the archive node as well as the
individual elements contained in each of these datasets.

The main paper presents one velocity field per epoch of observation. For some epochs,
the archive node includes multiple candidate velocity field datasets for a single epoch.
These multiple attempts were made to address flaws in the final long time-separation
velocity fields, such as bald spots or erroneously high velocities. Selection of the best
final velocity field for a given image series involves subjective evaluation. We have
selected the best dataset for each epoch for presentation in the main article, but we
retain the less favored candidate velocity fields in the archive so that interested readers
may independently assess the robustness of the methodology and results. Those wishing
to use ACCIV on their own data may also find the additional candidate velocity fields to
provide valuable comparisons.

Discussion of ACCIV parameters

The algorithms of the ACCIV code are fully described in Asay-Davis, et al. (2009). The
GitHub repository containing the code (Asay-Davis 2015; https://github.com/xylar/acciv)
also includes extensive documentation of the parameters used to control the velocity
field retrievals. As input to ACCIV, we provided image data mapped to a cylindrical grid
at a latitude/longitude resolution of 0.05° per map pixel. In most cases, three iterations
were performed to measure the initial velocity field from short time-separation data. This
initial velocity field was then used to correlate long time-separation data from
consecutive Jupiter rotations.

We used a standard set of ACCIV parameters in most cases. The parameters with
perhaps the largest effect on the results govern the correlation box size and spacing. Our
default values for these parameters are shown in Table S1.

In some retrievals, parameters were modified slightly from the values in Table S1,
additional passes were added, or other minor parameters not listed in the table were
further varied. We mention some exceptions in the last column of Table S3, but all
exceptions can be discovered in the full ACCIV parameter files as used in the actual code
runs: a defaultParameters.ascii file containing common parameters for the
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dataset, and a parameters.ascii file corresponding to each pass of the iterative
process (Table S6). These parameter files include in-line comments helping to make the
function of each parameter more transparent to human readers.

Table S1. Standard set of ACCIV parameters.

short time separations long time separations

passl pass2 pass3 passl pass2 pass3 pass4 pass5

box 60 50 30 80 60 50 40 40
range 15 7 5 40 20 10 5 5
stride 4 4 8 8 6 4 2 2

Catalog of all velocity fields and epochs

The GRS-WFC3 MAST archive node created for this project (Wong 2021;
https://archive.stsci.edu/hlsp/grs-wfc3) contains velocity fields and associated
input/output data for each dataset listed in Table S3. The appearance of the GRS and its
surroundings at each epoch is shown in Fig. S1. For epochs with multiple candidate
velocity fields, the candidates are distinguished by a label suffix ("Dataset label" in Table
S3). Suffixes such as "d12" relate to the relative timing of the data used to construct
velocity fields. Suffix d12 means the initial short time-separation velocity field was based
on the first Jupiter rotation/day (d1), and the final long time-separation velocity field
then included data from the second Jupiter rotation (d2). In most cases, a single short
time-separation velocity field was used as input to the first long time-separation velocity
field retrieval pass. The “long” suffix is an exception meaning that two separate short
time-separation velocity fields were combined in the first pass of the long time-
separation velocity field retrieval: the d1 short time-separation velocity field was used to
advect the rotation 1 data to a common time, and the d2 short time-separation velocity
field was used to advect the rotation 2 data to the same common time.

Some minor label inconsistencies exist, in that velocity fields from 2015 and 2020 are
from the OPAL program, even though the labels do not end in the string “opal”. HST
Program IDs corresponding to each epoch (Table S2) can be used to identify the actual
source of each dataset.



Table S2. Summary of observational data used for GRS velocimetry.

UT Date Pairs Max At Geocentric
(series Fractional short/ short/long?2 distance WFC3 Program Program
midpoint) year long? (hours) (AU) filter IDsP Pls

2009-09-22 16:37  2009.72 3/2 1.34/9.60 4.24 FQ634N 11559 de Pater
2012-09-20 15:42  2012.72 5/12 1.59/9.94 4.73 F763M 13067 Schneider
2015-01-19 13:53  2015.05 6/11 1.59/19.10 4.39 F631N 13937 Simon
2016-02-09 16:03  2016.11 3/4 1.59/9.97 4.56 F631N 14334 Simon
2016-12-11 19:42  2016.94 3/9 1.59/12.09 5.86 F631N 14661 Wong
2017-02-01 22:50  2017.09 6/6 1.64/11.13 5.04 F631N 14661 Wong
2017-04-03 08:08  2017.25 3/6 1.59/11.80 4.46 F631N 14756 Simon
2018-04-17 07:49  2018.29 3/6 1.59/11.13 4.48 F631N 15262 Simon
2019-04-09 18:44  2019.27 1/2 1.39/11.16 4.82 F631N 146?513’616551 < d\évgg?ér
2019-06-26 12:46  2019.48 3/3 1.59/9.82 4.32 F631N 15502 Simon
2020-09-20 08:15  2020.72 4/4 1.97 /11.57 4.71 F631N 15929 Simon

Number of image pairs used for the initial short time-separation velocity field and

the final long time-separation velocity field derived by the ACCIV method (Asay-

Davis et al., 2009). Each image pair has a specific time separation. We list the

maximum time separations for all the pairs used to derive each short and long time-
separation velocity field.

Raw and calibrated data from the MAST archive can be accessed using HST program
IDs. Data from programs 13937, 14334, 14756, 15262, 15502, and 15929 were

acquired as part of the Outer Planet Atmospheres Legacy (OPAL) program (Simon et
al., 2015). Data from 11559 are described in Wong et al. (2011), data from 13067 are

described in Karalidi et al. (2015), and data from 14661, 15159, and 15665 are

described in Wong et al. (2020).



Table S3. List of all velocity fields available at the MAST archive node.

Fractional Selected
year Dataset label for paper Exceptions and candidate evaluation notes
2009.72 grs09 X Used '11 passes (5 is stanFiard) to clear bald spots in
long time-separation vel. field
2012.72 grs12 X
Vertex points closer to symmetric ellipse, only used 4
grs15-p4 . : . .
2015.05 passes in long time-separation vel. field
grs15-p5 X Smoother vel. field, less streaky
grs16opal-d12 X Bald sppt at south verte>.<, gopd corre§pondenqe betw.
lumpy ring and symmetric ellipse, typical vel. histogram
2016.11
Low velocity at south vertex, x/y cuts have malformed
grs16opal-d21 .
peaks, large low-vel. shoulder on histogram
2016.94 grs16pj03 X Used stride=4 in short/pass3, 5px larger range in long
passes 1-3
grs17pjo4-di12 East vertex anomalously far south
2017.09 grs17pjo4-d21 Bald spot near core in y-cut plot
grs17pjo4-long X Lowest high-vel. shoulder in histogram
2017.25 grs17opal-long
grs18opal-d12 X Smoother ring defined by max(vspokes), Smoother x-cut
2018.29 3 L )
grs18opal-d21 X Low-vel. Iymp within ring defined by max(vspokes),
sharper histogram, smoother y-cut
2019.27 grs19pj19 X
grs19opal-d12 X
2019.48 ; ; ;
grs19opal-d23 Bald spptg in x/y cuts, ring Fjeflned by max(vspokes) falls
too far inside symmetric ellipse
2020.72 grs20 X
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Figure S1. Reflectivity maps of the GRS at our 11 observational epochs. Color bars give
limb-darkening corrected I/F scales for the filters used; only the 2012.72 epoch used the
F763M filter (second color bar). There are signs of convective activity just to the
northwest of the GRS in all maps except for 2009.72.



Parameter fitting methodology

Uniform processes were used to measure traits of each of the retrieved GRS velocity
fields. Here we describe the detailed steps of the uniform processes.

A “sector fit” was the first step to locate the ellipse vertices. Human input was used to
begin the process by graphically drawing a rectangle to fully enclose the high speed ring
of the GRS, simplifying the procedure to find the GRS center within the velocity field
domain. The user rectangle was divided into sectors. Each of the four sectors (north,
west, south, and east) was defined in the radial direction as the half of the full user
rectangle, bounded on one side by a line bisecting the center. Perpendicular to the radial
direction, the sectors were bounded to the central 1/3 of that half of the rectangle. For
example, the search sector for the northern vertex was defined by east-west segments at
the top of the user rectangle and across the center of the rectangle, and by north-south
segments located 1/3 of the east-west length of the user rectangle from its east and
west limits. Within each search sector, the scattered (not the gridded) velocity vectors
were divided into 25 groups with equal numbers of vectors, in the direction
perpendicular to the radial direction for that sector (for example, 25 groups in the east-
west direction for the north sector, whose radial direction is north). Each of these 25
groups was further divided into 51 bins in the radial direction (for example, the north-
south direction for the north sector). The maximum velocity component in the direction
perpendicular to the radial direction was then found and its location recorded for the 25
groups, defining a “sector trace” for each vertex.

The east and west vertex points from the sector fit were defined first, and most easily,
because they rely on north-south velocities and are thus less affected by interactions
between the vortex and its surroundings. These east-west vertex points were simply
defined by the locations along the sector traces with the farthest radial distances from
the initial vortex center approximated by the center of the user ellipse. Uncertainties in
the positions of the east-west vertex points were estimated for latitudes as 1/2 the
difference between the east and west point latitudes. For longitudes, uncertainties were
estimated as the mean of two numbers: the longitude of the vertex point itself, and the
longitude corresponding to the sector maximum north-south velocity at the latitude of
the other vertex point. For example, for the east vertex point, the longitude uncertainty
was estimated as the mean of the longitude of the east vertex point itself and the
longitude along the eastern sector trace (a series of 25 points) corresponding to the
latitude of the western vertex point.

The north and south vertex points from the sector fit were assigned to the longitude of
the midpoint of the east and west sector vertex points. In fact, the center of the vortex is
defined at this point as the mean of the east and west vertices from the sector fit. The
latitudes for the north and south vertex points were taken as the median of latitudes
along the sector trace, and latitude uncertainties were estimated as the standard
deviation of latitudes along the sector trace.
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Most of the quantities described above are available from the GRS-WFC3 MAST archive
node in text and graphical form. For example, quantities related to the user-defined box
enclosing the GRS are tabulated with keywords BOX_* (e.g., BOX_ELON for the longitude
of the east edge of the box) in the *report. txt file for each velocity field, and the
vertices from the sector fits are plotted as purple points with error bars in the *fit-

map . pdf file for each velocity field (Table S8). Many of these parameters were output for
validation and debugging purposes, and may not be of use to the majority of readers.
Although we do not individually describe all ~140 parameters available in the
*report.txt files here, the most useful parameters are listed in Table S3, and the lead
author will provide additional description upon request from interested readers.

A symmetric ellipse was defined with semimajor diameter 2a = the distance between
the sector fit east/west vertices, and semiminor diameter 2b = the distance between the
north/south vertices. Figures 3 and S1 show the symmetric ellipse fits for each epoch.
The center of the symmetric ellipse thus has the same longitude as the sector-fit center,
but there is a latitude offset because the symmetric ellipse central latitude is defined
using the north/south vertices, while the sector-fit central latitude is defined by the
east/west vertices. Given prior analyses (e.g., Asay-Davis et al. 2009) describing the GRS
velocity field in terms of an asymmetric ellipse (different values for b in the north and
south directions), we used the sector-fit central latitude to define the GRS central
latitude.

Coordinates and velocity data are listed in tabular form in the *report. txt files, for
the symmetric ellipse fits, for the "lumpy" ring where vspores data were obtained, and for
the sector fits used to initially locate the vertices of the vortex. Spokes along which
velocity maxima Vspokes Were found were separated by 3.6° azimuth for 100 evenly spaced
spokes. Figure S2 shows an example of the lumpy Vspokes ring for the 2020 data set.
Equivalent data for the other velocity fields are available on the GRS-WFC3 MAST archive
node.

Mean wind speeds in the high-speed ring: Wind speeds in Fig. 4B and Table 1 are
average values around the entire circumference of the GRS. In Fig. 4B, we include
average values from both vspokes and Veiiipse for two reasons: (1) they have different
systematic errors due to the shape of the velocity field, and (2) even so, they both show
the same overall increasing trend, so the trend is robust despite the systematic errors. By
systematic errors, we mean that Vspokes Can sometimes mistakenly pick up fast vectors
outside the high-speed ring, but it will never underestimate the speed in the ring. On the
other hand, Veliipse Will never pick up fast vectors well outside the vortex, but it may miss
fast vectors in the high speed ring when the shape of the fitted symmetric ellipse
deviates from the actual shape of the vortex velocity field. In Tables S4 and S5, we show
for comparison the maximum speeds in the cardinal directions near the vertices of the
ellipse are listed. Trends are much more difficult to see in these tables, because real
azimuthal variation in the wind speeds (see Figs. 2B and S2) contribute to the
measurements.
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Figure S2. LEFT: The symmetric ellipse (blue curve), lumpy ring of Vspokes (green curve),
and vertices from sector fit (purple points with error bars) are shown against a map of
the GRS for the 2020.72 epoch. Similar maps are available on the GRS-WFC3 MAST
archive node with filenames *fit-map.pdf inside the * output-analysis.tar.gz
bundle for all velocity fields. When purple error bars are not visible, the uncertainty
estimates are smaller than the point. RIGHT: Velocities Vspokes are shown as a function of
azimuth, with both similarities and differences to the velocities along the symmetric
ellipse. For example, the vspokes method jumped well outside the symmetric ellipse in the
20°-30° azimuth range (a green extension in the left panel, and a small sharp spike in the
right panel). But the low speeds in Vspokes (<100 m/s) at azimuth 225° is shared with
velocities in the symmetric ellipse (see Fig. 2B). It is a real feature of the velocity field,
rather than an artifact of the velocity field fitting method.



What is actually the dynamical boundary of the GRS? In this paper we use the high-
speed ring to define a dynamical size/shape of the vortex and treat it as the dynamical
boundary of the GRS, but other features of the velocity/vorticity fields could be chosen
to represent the dynamical boundary, but we use the high-speed ring as the basis for the
size/shape information shown in Fig. 4 and Table 1 of the main text. These contrast with
the more familiar boundary from visible color (the red region). Another important
aerosol/photometric boundary is defined by the upper tropospheric haze enhancement
over the GRS.

In Fig. S3 we show regions of the GRS for the 2020 data. Just inside the high-speed ring
is an outer region (dark purple) of nearly uniform relative vorticity (the basis for yellow
points in Fig. 4C). Unlike smaller Jovian vortices, the GRS maintains a "hollow core” (light
purple) where relative vorticity is near zero (and may even be cyclonic; see Fig. 3 of the
main text). Just outside the high-speed ring, winds decrease rapidly with radial distance
from the GRS center, in a region of cyclonic shear (Valcke and Verron, 1997; Showman,
2007; Li et al.,, 2020; Brueshaber and Sayanagi, 2021). This outer cyclonic ring present at
every epoch (Fig. 3), and should be considered part of the GRS itself. But its outer limit is
difficult to quantitatively define, so the high-speed ring serves as a more useful
dynamical boundary definition for comparing data at different epochs.

Blue absorption (Fig. S3D) is strongest near the hollow core region, but there appears to
be a small offset from the location of the hollow core from the velocity field data. Haze
opacity, from the methane-band data, closely matches the same morphology as the
chromophore map (although areas outside the GRS show widespread differences
between the haze and chromophore maps). The core/outer region are more distinct in
the chromophore map, but more uniform in the haze map. This may be due to lower
cloud opacity in the hollow core.
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Figure S3. A: Important parts of the GRS include the outer anticyclonic region inside the
high-speed ring, and a “hollow” core region with near-zero vorticity in the center.
Outside of the high-speed ring, wind speeds decrease with radial distance (giving
cyclonic shear). The ring of cyclonic shear is part of the GRS despite lying outside the
high-speed ring we use as the dynamical boundary. B: The high-speed ring location is
defined as described in the text; boundaries of the hollow core and the cyclonic shielding
are drawn by hand based on the vorticity map shown in this panel. C: Color map shows
the second Jupiter rotation (and thus differs from the first Jupiter rotation, shown in Fig.
2A). D: Blue absorption (i.e., chromophore distribution) is shown by the ratio of
reflectivity (I/F) in the F658N and F395N filters. E: Composite map of three near-UV
filters. F: Haze opacity from the methane-band map closely resembles the chromophore
map, although the contrast between the core and outer region differs.
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Table S4. Additional velocity field characteristics.

Uncertainty (m/s)2

Max. wind speed (m/s, along orthogonal axes)®

Fractional
year 1-c Correl. North ¢ West South East
2009.72 2.3 25 1229 +18 1044 +29 131.3 +3.5 109.5 +1.7
2012.72 29 3.7 1315 +33 1238 +36 1565 =+3.6 1220 +3.5
2015.05 6.2 7.2 1486 +20 1127 +34 1540 =+11.5 1114 +5.8
2016.11 2.6 3.4 131.0 +34 1011 +12 1699 +28 1155 +28
2016.94 3.0 3.5 105.7 +1.7 1091 +38 151.8 +3.1 1135 +3.7
2017.09 2.8 3.3 1451 +28 1118 +42 166.7 =+3.5 119.8 +3.9
2017.25 2.7 3.2 1314 +24 1054 +22 1406 <+3.6 1131 +£1.7
2018.29 25 3.0 161.5 +3.7 1259 +3.1 1381 3.0 1005 +23
2018.29 2.4 3.0 1656 +2.7 1160 +33 1315 +3.2 103.0 +2.0
2019.27 29 3.3 1458 +27 1022 +20 1626 +3.3 1085 +3.1
2019.48 3.6 4.0 1440 +42 129.7 +34 1436 +33 1141 +3.1
2020.72 3.0 3.4 1447 +32 1038 +28 153.2 +3.1 1281 +2.7

Uncertainties for each epoch are averaged over the full spatial domain of the velocity
field. The first column gives 1-c uncertainties, which are the root-mean-square (RMS)

averages of the deviations between the scattered velocity vectors in the final field
and the velocity vector interpolated to that exact location from the gridded velocity
field. This uses the inherent scatter in the velocity data to estimate uncertainty. The
second column gives correlation velocity uncertainties, which are based on
correlation displacements found using image data advected by the velocity field to a

common time point. Both methods are described in greater detail in Asay-Davis et al.

(2009), and in the next section of the Supplementary Information.

Maximum wind speeds along the east-west and north-south cuts through the vortex
center.

Column heads give the location of the measurement with respect to vortex center.

For example, in the 2009.72 velocity field, the maximum westward velocity to the
north of the vortex center along the north-south minor axis was 122.9 m/s.
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Table S5. Alternate measurement of maximum velocities in the cardinal directions.

Max. wind speed and position (m/s, degrees CCW from north) 2

Fractional
year North?t West South East

2009.72 1452 336° 111.0 87° 111.0 167° 118.7 264°
2012.72 110.1 7° 148.2 78° 143.1 205° 1314  271°
2015.05 1476  330° 124.1 93° 1359 186° 127.1 287°
2016.11 1004 0° 109.0 101° 161.7 166° 122.1 269°
2016.94 83.1 337° 138.6 87° 126.0 185° 1255 268°
2017.09 143.7 346° 1245  93° 1534 172° 129.2  265°
2017.25 126.4 339° 1120 93° 121.7 186° 126.4  258°
2018.29 130.1 350° 1355 93° 128.2 198° 1147  255°
2018.29 139.1 2° 1284  93° 122.1 207° 113.0 254°
2019.27 113.7  3° 1075 85° 1340 195° 116.7 278°
2019.48 1240 11° 138.6  88° 113.6 174° 1227 277°
2020.72 110.1 353° 113.3 86° 149.7 197° 136.7 265°

Maximum wind speeds in the cardinal directions were found within the set of vspokes
velocities (see right panel of Fig. S2).

Column heads give the approximate location with respect to the vortex center, with
azimuth measured in degrees counterclockwise from north. If the vortex were a
perfect, uniform ellipse, the north, west, south, and east azimuth angles would be 0°,
90°, 180°, and 270°, but the data show that maximum values are often found off of
the exact cardinal points. For example, in the 2009.72 velocity field, the maximum
velocity in the westward direction was found along a spoke extending from the GRS
center in the direction 336° east of north (i.e., 24° west of north or NNW), with a
westward component of 145.2 m/s.
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Uncertainty estimation

We follow a methodology for using dense velocity vector fields, and their associated
source images, to self-consistently estimate the uncertainty in the final velocity field (see
Section 3 of Asay-Davis et al. 2009, and the footnote for Table S4 above). For our GRS
velocity fields, two separate estimates (the 1-c uncertainty and the correlation velocity
uncertainty) give very similar results. We favor the estimate provided by the correlation
velocity uncertainty (slightly larger than the 1-c uncertainty), which has an average value
of 3.6 £ 1.2 ms™ among all the final velocity fields in Table S4, or 3.3 + 0.3 m s when
the 2015.05 dataset is omitted. For the short-time separation velocity fields (not listed in
the tables), the correlation velocity uncertainty was 19.9 + 3.3 ms™' (omitting the 2015.05
dataset).

We suggest that the correlation velocity uncertainty represents an effective limit on the
systematic precision of quantities derived from the final velocity fields, rather than a
noise level that can be reduced by averaging together many velocity vectors. For
example, consider the uncertainty in the mean speed within the high-speed ellipse, as
shown by the blue error bars in Fig. 4B of the main text. These error bars show the
standard deviation of velocity vectors near the high-speed ring (value MNELAZSG in the
*report.txt files available on the archive), with MNELAZSG = 12-24 m s™' depending
on the individual dataset. The true uncertainty in the mean velocity over the high-speed
ring should be (MNELAZSG? + (correlation velocity uncertainty)?)®*, but we have plotted
MNELAZSG only in order to show the spatial variation over the ring. Thus the true
uncertainty in the mean speed can never be lower than the correlation velocity
uncertainty, which is the precision limit for the overall velocity field.

Systematic contributions to the velocity uncertainties include the limited resolution of
the HST imaging data, the coherence/evolution of cloud tracer shapes over the duration
of the time series used to measure velocities, and the curvature of paths traced by cloud
tracking features. We address these systematic contributions here in response to
concerns raised during peer review of this paper.

The spatial resolution of HST/WFC3 imaging data can be characterized in terms of the
rectified pixel size of 0.0394 arcsec. We use this as a basis for estimating velocity
uncertainty due to image resolution, although this simple number does not account for
additional effects such as changes in the HST PSF (not Nyquist-sampled) due to
breathing and shutter vibration, non-square pixel shape, target position angle, and
resolution-dependent image navigation accuracy (typically smaller than a WFC3 pixel,
see for example Wong et al. 2020, Inurrigarro et al. 2020). The corresponding velocity
uncertainty due to limited spatial resolution is the 1-pixel size divided by the time
separation. The 1-pixel size corresponds to an average of 132.7 km (see geocentric
distances in Table S2), and our average time separations are 1.6 hours for the initial
velocity fields and 10.8 hours for the final velocity fields (omitting the 2015 dataset,
which included time separations up to 19.1 hours). The uncertainty due to spatial
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resolution is thus about 23.2 m s~ for short time separations, and 3.4 m s for long time
separations.

The spatial resolution error values are very close to the correlation velocity uncertainties,
neglecting the 2015 case which is discussed separately below. This suggests that the
ACCIV method is accurately estimating the uncertainties in the velocity field, because
ACCIV actually does not know what the HST/WFC3 pixel size is. All of our maps are
sampled at 0.05° latitude/longitude resolution, or about 57 km / map pixel (at the center
of the GRS, 22°S). But the correlation velocity uncertainty is sensitive to the effective
resolution of the images rather than the pixel or sampling resolution.

Cloud coherence timescales affect the time separations in image sequences that can be
effectively used for velocity field measurements. Coherence timescales vary spatially. Our
team has previously shown that cloud coherence timescales at HST spatial resolution are
at least 10 hours for major anticyclones (Asay-Davis et al. 2009, Wong et al. 2011), but
shorter than 10 hours for some features in the turbulent wake to the northwest of the
GRS (Orton et al. 2020, Wong 2020).

The 2015.05 velocity field measurement included some unique aspects that validate
our estimation of uncertainties, including the effects of image resolution and cloud
coherence timescale.

Input maps to ACCIV for the 2015.05 observations were processed using an unsharp
mask filter (radius 0.8° latitude/longitude). Figure S1 shows the original data, not the
sharpened version used in ACCIV. All other epochs were not filtered to sharpen the map
or image data. The resulting correlation velocity uncertainty for the short-timestep data
in the 2015.05 dataset was 7.2 m s™', much smaller than the average uncertainty of 19.9 +
3.3 ms™" for the unfiltered short-timestep datasets. It is not clear whether the filtering
operation actually improves the accuracy of the short-timestep velocity fields. The
unsharp mask filter takes information on larger spatial scales and concentrates it at
shorter spatial scales, simulating an image at a higher effective resolution. However, the
method is not capable of generating additional information about Jupiter’s clouds
beyond what is contained in the original observation. We therefore suspect that the
smaller correlation velocity uncertainty for the sharpened 2015 data corresponds to a
more precise velocity field, but not one with improved accuracy.

Cloud coherence time was also tested in our 2015 dataset analysis by the inclusion of
maps separated by about two Jupiter rotations (19.1 hours; Table S2). If cloud features
remained perfectly coherent over this time separation, then the resulting uncertainty
(based on spatial resolution divided by image time separation) should be close to 1.9 m
s™' (compared to 3.4 m s™' for 10.8-hr separated data). Instead, the correlation
uncertainty of 7.2 m s for 19.1-hour separated data was more than twice as large as for
the average 10.8-hr separated data (Table S4). We interpret the uncertainty values to
mean that many cloud features at HST resolution are not coherent over ~20 hours. Thus,
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velocity fields from data on a single Jupiter rotation are strongly limited by spatial
resolution, velocity fields from data separated by two Jupiter rotations are limited by
cloud coherence, and velocity fields from data separated by a single Jupiter rotation are
ideal.

Streamline curvature becomes significant at the speed and length scales relevant to
Jupiter's large anticyclones, for data separated by one Jupiter rotation. The ACCIV
method treats curved paths in two ways. First, the method works by iteratively improving
the curved paths traced by cloud features. In Fig. 8 of Asay-Davis et al. (2009), errors in
position are shown for correlated features advected forward and backward in time
between an image pair. These displacement errors are used to estimate the uncertainty
in the velocity field (the correlation velocity uncertainty), but they are also used to
iteratively improve the velocity field by tracing a new curved trajectory that is
interpolated between the original forward and backward paths. The second curvature
treatment in ACCIV is that this new interpolated path is used to seed new velocity
vectors (Fig. 29 of Asay-Davis et al. 2009) in the next iteration of the velocity field
retrieval. Once the correlation velocity uncertainty stops decreasing with additional
iterations, the method is considered to have converged on a velocity field.

Visual control and validation of the results can be conducted by viewing Movie S1.
Errors in the velocity field would produce uncanny motion artifacts. Indeed, motion
artifacts can be seen in the southeast area of Oval BA, but not in the GRS itself. The
image maps were not optimized to measure velocities in Oval BA, which lies near the
edge of the map domain, so the existence of velocity field errors there is not surprising.
The velocity field errors produce motion artifacts seen as cloud features that exit to the
southeast across the high-speed ring of Oval BA, then vanish and reappear in the
northeast sector of the oval.

Movie S1. A movie simulating the flow in the GRS based on 2020 data is available just
for fun on YouTube at https://youtu.be/G3 IcgHB1ik. It spans a duration of about 10
hours. In reality, the Great Red Spot would have rotated from day to night to day over
this time period, so this movie would be impossible to record directly. The movie was
created using the makeMovie.exe program included as part of the ACCIV distribution.
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Catalog of data types included in the archive

On the GRS-WFC3 MAST archive node, each velocity field data set contains a collection
of ACCIV input files, binary ACCIV output data, and summary/analysis output in image
and text formats. Binary data are stored in HDF5 format. To facilitate working with the
large number of individual files, we bundled related files into gzipped tarballs, with one
bundle each for input data (Table S6), output velocity fields (Table S7), and output
analysis plots and text files (Table S8). In a complete ACCIV run, a large number of
intermediate output files is created. These intermediate files are not preserved on the
archive node because we do not anticipate they will be useful to readers. The ACCIV
parameter files and input map data files are sufficient to reconstruct all of these
intermediate files if desired. In the main paper, Fig. 4 and Table 1 were constructed using
the data stored in the *report. txt file for each epoch (Table S8).

Table S6. Catalog of input data files for each data set included at the MAST archive
node. Files listed in this table are available from the * _inputs.tar.gz bundle for each
epoch.

Element Filename/ extension File type
input map grs*_nn.h5 HDF5 format, cylindrical map projection
ACCIV parameters *parameters.ascii Text format, ACCIV parameter files, one for each pass +

one for each dataset

HDF5 format, grid files used to configure ACCIV

et Gl recognition of map dimensions

Table S7. Catalog of output data files for each data set included at the MAST archive
node. Files listed in this table are available from the * output-data.tar.gz bundle
for each epoch.

Element Filename/ extension File type

HDF5 format, collection of velocity vectors from final long

velocity vector file outScatteredVelocity.h5 time-separation velocity field
HDF5 format, gridded velocities from final long time-
velocity grid file outGridVelocity.h5 separation velocity field (derived from scattered vector

field)
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Table S8. Catalog of analysis output data files for each data set included at the MAST
archive node. Files listed in this table are available from the *_output-
analysis.tar.gz bundle for each epoch.

Element

Filename/ extension

File type

fit map

vector map

velocity magnitude

relative vorticity

major axis profile

major axis profile

minor axis profile

minor axis profile

azimuthal velocities

azimuthal velocities

velocity histogram

velocity histogram

summary

*fit-map.pdf

*salvo.pdf

*vmag.pdf

*RV.pdf

*xcut.pdf

*xcut.txt

*yeut.pdf

*ycut.txt

*azi-ring.pdf

*azi-ring.txt

*ring-histo.pdf

*ring-histo.txt

*report.txt

PDF format, map showing GRS visible appearance, with
overlays of the symmetrical ellipse location, the locus of
maximum azimuthal velocities along radial spokes, and
vertices of the vortex ellipse (ex., Fig. 2A in the main

paper)

PDF format, map showing a selection of 10,000 velocity
vectors sampled from the scattered vector field, after
subtraction of the zonal wind field (ex., Fig. 2C in the main

paper)

PDF format, map showing absolute magnitude of velocities
from the gridded velocity field, after subtraction of the zonal
wind field (ex., Fig. 2B in the main paper)

PDF format, map showing relative vorticities calculated
from the gridded velocity field after subtraction of the zonal
wind field (ex., Fig. 2D in the main paper)

PDF format, profile of north-south velocities along a cut
through the vortex major axis including parameterized fit to
the profile (ex., Fig. 2E in the main paper)

Text format, profile of north-south velocities along a cut
through the vortex major axis (ex., pink curve in Fig. 2E in
the main paper)

PDF format, profile of east-west velocities along a cut
through the vortex minor axis (ex., Fig. 2F in the main

paper)

Text format, profile of east-west velocities along a cut
through the vortex minor axis (ex., pink curve in Fig. 2F in
the main paper)

PDF format, plot of the maximum azimuthal velocity along
100 spokes radiating from the vortex center, scatter in the
measurements, and maximum individual velocity vector

Text format, tabular information needed to recreate *azi-
ring.pdf and the locus shown in *fit-map.pdf

PDF format, plot of velocity histogram within the envelope
of the symmetrical ellipse

Text format, tabular information needed to recreate *ring-
histo.pdf

Text format, list of GRS velocity field characteristics for
each epoch/velocity field, including tabular data describing
results from different fitting methods for characterizing the
ring of high-speed velocities
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