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Abstract The giant convective storm that erupted at the end of 2010 generated a large vortex. In this study,
we systematically examine this vortex using long‐term multi‐wavelength observations from the Cassini
spacecraft and the Hubble Space Telescope. Our analysis reveals that the vortex has persisted for more than
14 years. It has evolved into a compact and center‐symmetric structure with a vertical extent of at least 250 km.
A vorticity‐gradient analysis indicates that the beta‐drift effect contributes to its meridional motion, while its
zonal velocity is primarily controlled by the background large‐scale winds. Stability analysis further suggests
that the vortex has migrated to a relatively stable latitudinal band. Together, these findings suggest that the
vortex has entered a stable state and may persist for an extended period, with the potential to become a long‐
lived feature in Saturn's atmosphere. These observations provide the first complete timeline for the origin of a
large and long‐lived anticyclonic vortex produced by a major convective storm in the atmospheres of giant
planets. This observational study not only improves our understanding of Saturn's vortex systems but also offers
critical constraints for developing theoretical and numerical models of vortex dynamics in planetary
atmospheres.

Plain Language Summary In late 2010, a giant convective storm erupted in Saturn's atmosphere,
generating a massive swirling vortex, similar to a gigantic midlatitude anticyclone on Earth but far larger and
longer lasting. Using more than a decade of observations from Cassini spacecraft and the Hubble Space
Telescope, we tracked this vortex and discovered that it has survived for over 14 years. Our study shows that the
vortex began as a relatively convective structure and gradually evolved into a more organized state. The vortex
also developed a large vertical extent stretching over 250 km. We found that its movement is shaped by Saturn's
background winds and vorticity field. Finally, stability analysis suggests the vortex has become stable and
potentially long‐lived in Saturn's atmosphere. This study provides the first complete timeline for the origin of a
large and long‐lived vortex produced by a major convective storm in the atmospheres of giant planets. It gives
scientists a rare and detailed view of how giant storms on gas planets can create long‐lasting weather features. It
also improves our understanding of how atmospheric vortices form, evolve, and persist not only on Saturn but
also on other planets across our solar system.

1. Introduction
Vortices are fundamental features of atmospheric systems on rotating planets, arising from the Coriolis effect
induced by planetary rotation (e.g., Holton & Hakim, 2013; Wallace & Hobbs, 2006). They play a central role in
shaping planetary weather and climate. On Earth, vortical systems such as tropical cyclones, mid‐latitude cy-
clones, anticyclones, and polar vortices are key agents in redistributing air masses, chemical species, momentum,
and energy. Consequently, these vortices influence both short‐term weather events and long‐term climate vari-
ability (e.g., Emanuel, 1991, 2003; Held & Hou, 1980; Hoskins & Hodges, 2002; Waugh & Randel, 1999). In
addition, vortices in planetary atmospheres serve as natural laboratories for testing theories of geophysical fluid
dynamics under different planetary conditions.
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Beyond Earth, vortices are ubiquitous in the atmospheres of gas giant planets. The vortices on Jupiter and Saturn
exhibit scales, lifetimes, and dynamical regimes distinct from those on Earth. Large‐scale vortices such as Ju-
piter's Great Red Spot (GRS) and polar vortices (e.g., Adriani et al., 2018; Dowling & Ingersoll, 1989; Dyudina
et al., 2008; Fletcher et al., 2018; Ingersoll et al., 2004; Marcus, 1993; Sánchez‐Lavega et al., 2024; Sayanagi
et al., 2018; Simon et al., 2018; Wong et al., 2021) play essential roles in shaping the large‐scale circulation and
interacting with other weather systems. Their longevity and vast size make them valuable tracers of atmospheric
stability, vertical structure, and chemical composition over timescales ranging from years to centuries.

The number of long‐lived vortices on Saturn is very limited, and the corresponding studies are relatively few
(e.g., García‐Melendo et al., 2007; del Río‐Gaztelurrutia et al., 2018). A long‐lived anticyclone located at 76◦N,
known as the North Polar Spot, was discovered and studied using Voyager and HST observations (Sánchez‐
Lavega et al., 1993, 1997). However, long‐lived vortices originating from convective storms had not been re-
ported prior to the Cassini era. An important opportunity arose with the giant convective storm that erupted in
December 2010, observed by the Cassini spacecraft and ground‐based telescopes (e.g., Fischer et al., 2011;
Fletcher, Baines, et al., 2011; Fletcher, Hesman, et al., 2011; Sánchez‐Lavega et al., 2011). This storm generated
several vortices (e.g., García‐Melendo & Sánchez‐Lavega, 2017; Sánchez‐Lavega et al., 2012; Sayanagi
et al., 2013). Among these vortices, the largest appears to have an unusually long lifetime, much longer than that
of many other mid‐latitude vortices, whose lifetimes are typically less than one Earth year (e.g., Trammell
et al., 2016).

Figure 1 shows the giant storm, including the largest vortex formed in its aftermath. The vortex, located within the
developed stream of the storm head, evolved into an oval‐shaped structure by January 2011, about one month after
the storm's onset. Previous studies (e.g., García‐Melendo et al., 2013; Sayanagi et al., 2013) suggest that the
vortex is an anticyclone. In this study, we refer to the vortex as the Anticyclone Vortex (AV), following the
nomenclature provided in a previous study (Hueso et al., 2020). Remarkably, the AV has persisted for more than a
decade (2011‐present), surviving through more than one Saturnian season and remaining detectable in recent
observations. Although long‐lived vortices have been discovered on Jupiter, Saturn, and Neptune (Baines
et al., 2019; Dowling & Ingersoll, 1989; García‐Melendo et al., 2007; Marcus, 1993; Sánchez‐Lavega et al., 1993,
1997; Sromovsky et al., 2001, 2002; Wong et al., 2019), the formation of most of these vortices has not been
directly observed. Fortunately, the formation of the long‐lived AV following Saturn's 2010 giant storm was
observed by both ground‐based observatories and the Cassini spacecraft (Fischer et al., 2011; Fletcher, Baines,
et al., 2011; Fletcher, Hesman, et al., 2011; Sánchez‐Lavega et al., 2011). Long‐term observations of the AV since
its formation therefore provide an exceptional case to study vortex dynamics on Saturn.

In this work, we take advantage of extensive observations spanning more than a decade by combining long‐term
multi‐wavelength data sets from Cassini (2010–2017) and HST (2018–2025). These complementary data sets

Figure 1. Overview of Saturn's 2010 giant convective storm highlighting the large anticyclonic vortex (AV) generated by the storm. The map is constructed from raw
Imaging Science Subsystem images obtained using the second continuum filter (CB2, ∼752 nm). The two images used to generate the map were recorded on 25
February 2011 with spatial resolutions of 136 km/pixel (∼0.14 degrees/pixel) and 140 km/pixel (∼0.15 degrees/pixel), respectively. Because the conversion between
km/pixel and degrees/pixel depends on latitude and viewing direction (longitudinal versus latitudinal), the values reported here represent averages over the relevant
latitudes and directions. The storm head and the AV are highlighted by red and yellow rectangles, respectively.
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enable a systematic investigation of the AV's morphology, drift rate, vertical cloud structure, and spectral
properties. By tracing its evolution across atmospheric layers and over many years, we aim to establish the
fundamental characteristics of Saturn's large vortices. Furthermore, comparative studies between Saturn and other
planets may provide a broader perspective for understanding vortex dynamics as a general phenomenon in
planetary atmospheres.

2. Observations and Data Processing
2.1. Cassini Observations

The Cassini spacecraft was an international planetary mission dedicated to exploring the Saturn system (e.g., Jaffe
& Herrell, 1997). During its 14‐year tour of Saturn (2004–2017), Cassini observed the eruption of a giant
convective storm in 2010 and monitored its evolution until the end of the mission. In this study, we analyze
observations from two Cassini instruments: the Imaging Science Subsystem (ISS) (Porco et al., 2004) and the
Visual and Infrared Mapping Spectrometer (VIMS) (Brown et al., 2004).

The ISS is a two‐dimensional imaging system consisting of two framing cameras: a narrow‐angle camera with a
0.35◦ square field of view (FOV) and a wide‐angle camera with a 3.5◦ square FOV (Porco et al., 2004). In this
work, we primarily use images from the wide‐angle camera because its larger FOV provides a more frequent
coverage of the AV. ISS includes more than 12 spectral filters. Here we focus mainly on images obtained with the
continuum filter CB2 (752 nm), which senses the top visible cloud deck (ammonia clouds) and has been widely
used to study Saturn's zonal winds and cloud morphology (Porco et al., 2005; Sánchez‐Lavega et al., 2006, 2007;
Sayanagi et al., 2013; Vasavada et al., 2006). We also analyze images taken with the methane‐absorption filter
MT3 (890 nm), which probes stratospheric hazes above the visible clouds and helps constrain the vertical
structure of the AV.

By searching the complete ISS data set on the Planetary Data System (PDS), we identified 183 CB2 images
containing the AV between 2010 and 2016. We did not find any ISS images capturing the AV in 2017, likely due
to the special observing strategy of the Grand Finale phase, which prioritized high‐resolution regional obser-
vations. We also found 128 MT3 images containing the AV. These selected images were processed with the
Integrated Software for Imagers and Spectrometers (ISIS) (Gaddis et al., 1997) developed by the U.S. Geological
Survey (https://isis.astrogeology.usgs.gov/). The data processing involved three main steps: photometric cali-
bration, navigation, and map projection. Photometric calibration followed the latest version of the Cassini ISS
calibration software (Knowles et al., 2020; West et al., 2010). Image navigation used the camera geometric model
together with the Navigation and Ancillary Information Facility (NAIF) toolkit (Vasavada et al., 2006). The
images were then projected onto cylindrical maps, which are appropriate for the AV located at Saturn's mid‐
latitudes. These procedures are standard and have been described in detail in our previous studies (L. Li
et al., 2004, 2006, 2011, 2018, 2021, 2023).

The regional maps processed from the CB2 images are used to examine the temporal evolution and drift in both
latitude and longitude of the vortex, and the MT3 images are mainly utilized to examine the vertical structure of
the vortex. Among the 183 CB2 regional maps including the AV, many were recorded in groups with short time
intervals ranging from ∼10 min to ∼1 hr. Over such short intervals, the AV showed little change in size and
location, and navigation errors were often larger than any actual changes. For these groups, we selected a single
representative map for further analysis. With this selection criterion, 25 maps were chosen from the 183 CB2
maps. The time intervals between the selected maps ranged from ∼13 to ∼290 days.

Unlike the ISS, which is a framing camera system, the VIMS is an imaging spectrometer that provides both spatial
and spectral information (Brown et al., 2004). The VIMS observed Saturn at 352 wavelengths spanning
∼351–∼5,131 nm, with spectral resolutions ranging from∼4 to∼25 nm. The instrument consists of two channels:
the visible channel (VIS, 351–1,046 nm) and the infrared channel (IR, 892–5,131 nm). To construct continuous
spectra from 351 to 5,131 nm, we follow the method of Filacchione et al. (2007), which showed that bridging the
VIS and IR spectra at 980 nm provides the most reliable results. The VIMS FOV (1.83◦) is smaller than that of the
ISS wide‐angle camera (3.5◦), but the instantaneous FOV (IFOV, the spatial extent of a single spectral sample) is
larger in VIMS than in ISS because of the different spatial sampling (32 or 64 pixels for VIMS compared to 256,
512, or 1,024 pixels for ISS), which is consistent with the lower spatial resolution of VIMS compared with ISS.
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From the complete VIMS data set on the PDS, we identified 10 observations (cubes) containing the AV between
2011 and 2015. Among them, 8 observations have relativley high data quality. No high‐quality VIMS obser-
vations capturing the AV were found during the final two years of the Cassini mission (2016–2017). The VIMS
data were processed using the standard pipeline developed by the instrument team (e.g., Barnes et al., 2007;
Brown et al., 2004; Sromovsky & Fry, 2010), which is implemented in ISIS. ISIS is applied to the selected VIMS
cubes for calibration, navigation, and cylindrical projection (Baines et al., 2005, 2009, 2018; Brown et al., 2004;
Choi et al., 2009; Gaddis et al., 1997; Sromovsky et al., 2013, 2016, 2021). The resulting VIMS maps are
combined with ISS maps to investigate the AV.

2.2. HST Observations

The Cassini ISS and VIMS data provide the primary basis for analyzing the AV from the 2010 giant storm. To
extend the record into the post‐Cassini era, we also use HST observations to investigate the AV's long‐term
evolution and persistence.

The Hubble Space Telescope observations used in this study were obtained with the Wide Field Camera 3
(WFC3), which provides imaging capabilities from the ultraviolet to the near infrared (Kimble et al., 2008;
Marinelli & Green, 2024). WFC3 has been extensively used for planetary observations, particularly through the
Outer Planet Atmospheres Legacy (OPAL) program (Simon et al., 2015), which conducts annual monitoring of
the giant planets to track atmospheric circulation, cloud morphology, and storm evolution. The OPAL obser-
vations of Saturn from 2018 to 2025 are especially important for this study because they provide continuous
monitoring of the AV following the end of the Cassini mission in 2017.

The ultraviolet‐visible (UVIS) channel of WFC3 has multiple filters covering wavelengths from ∼236 nm (ul-
traviolet) to ∼889 nm (near‐infrared). The FOV of UVIS is ∼0.045◦, narrower than the FOVs of Cassini ISS and
VIMS. In principle, this narrow FOV allows high‐resolution imaging, but in practice the great distance between
the HST and Saturn limits the spatial resolution to ∼300 km/pixel. This is comparable to the worst resolution of
the selected Cassini/ISS images (∼350 km/pixel) and the best resolution of the selected Cassini/VIMS images
(∼240 km/pixel). Detailed descriptions of the UVIS filters and image processing are provided in Simon
et al. (2015).

In this study, we mainly use processed global maps from the OPAL program, available at https://archive.stsci.edu/
hlsp/opal. From these maps, we extract regional subsets containing the AV at multiple wavelengths from 2018 to
2025. Themaps recorded with the F763M filter (761 nm) are used to measure the AV's size, latitude, and longitude
each year. The F763M (761 nm) is close in wavelength to the Cassini/ISS CB2 (752 nm). Therefore, images from
both filters (i.e., Cassini/CB2 and HST/F763M) probe the top visible clouds in the upper troposphere, enabling the
tracking of the long‐term evolution of the AV. For each year in the HST epoch, two global maps at F763M are
available, separated by a time interval roughly corresponding to one Saturn rotation (∼10.6 hr).

In addition, we use HST global maps recorded with the F225W (236 nm), F343N (344 nm), and FQ889N
(889 nm) filters to investigate the vertical structure of the AV. The F225W images sense high altitudes in the
stratosphere due to strong Rayleigh scattering by gases. F343N is identical to the Cassini/ISS UV3 filter and is
near the shortest wavelength of Cassini/VIMS (∼351 nm). FQ889N (889 nm) is very close to the Cassini/ISS
MT3 filter (890 nm). Images recorded with F343N and FQ889N of HST/UVIS probe atmospheric layers
including stratospheric hazes. The main characteristics of the Cassini and HST data sets are summarized in
Table 1.

2.3. Other Observations

In addition to Cassini and HST data, ground‐based telescopic observations have contributed to monitoring Saturn.
These observations, often from amateur astronomers, are collected in databases such as the Planetary Virtual
Observatory and Laboratory and its updated version PVOL2 (http://pvol2.ehu.eus), which are integrated into the
Virtual European Solar and Planetary Access (VESPA) project (Erard et al., 2018). These data sets provide
exceptional temporal coverage, complementing spacecraft observations (Hueso et al., 2020).

There are observational gaps in 2017 between the AV observations by Cassini (2011–2016) and HST
(2018–2025). By examining PVOL2 global images and referring to a previous study (Hueso et al., 2020), we
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confirm that the AV seen in HST images is the same one generated by the 2010 storm and captured by Cassini.
These amateur observations, obtained with small telescopes, have lower spatial resolution than those from Cassini
and HST. Therefore, they are not analyzed in this study except to verify the continuity of the AV.

3. Results
Based on the processed long‐term multi‐wavelength data sets from Cassini and HST observations, we examine
the temporal evolution, dynamics, vertical structure, and spectral characteristics of the AV during the period
2010–2025.

3.1. Long‐Term Evolution and Movement of the AV

Figure 2 presents maps of the large AV generated by the 2010 giant storm during 2011–2016. For each year, we
select two representative maps. The images used in Figure 2 were recorded with the CB2 filter at 752 nm, a
wavelength in a continuum band that primarily senses the top visible clouds (ammonia clouds) near
500–1,500 mbar in Saturn's upper troposphere (Atreya et al., 1999; Atreya & Wong, 2005; Fletcher, Baines,
et al., 2011; Fletcher, Hesman, et al., 2011; Pérez‐Hoyos et al., 2005, 2016; Roman et al., 2013; Simon et al., 2022;
West et al., 2009). The time series in Figure 2 shows that the AV generally became smaller over time, while
evolving into a more organized and compact structure. In addition to its longitudinal movement, the AV also
drifted meridionally, which will be further discussed below.

Figure 3 shows maps of the AV from 2018 to 2025, derived from global maps processed by the HST/OPAL
program. The HST maps at F763M and the Cassini/ISS maps at CB2 (Figure 2) both probe the top visible clouds
in the upper troposphere, allowing these datasets to be combined to explore the AV's temporal evolution over an
extended period. The HST maps indicate that the AV's latitude remained nearly constant except for a noticeable
change between 2020 (panel c) and 2021 (panel d). The size of the AV did not change significantly during the
HST observation period.

Figure 4 further examines the temporal variation using the 5000‐nm images recorded by the Cassini/VIMS during
the period of 2011–2015. These VIMS images probe down to the NH4SH cloud layer (∼2,000–5,000 mbar),
inaccessible to ISS or HST observations. The VIMS 5000‐nm images have previously been used to study the AV
(e.g., Sromovsky et al., 2016), but here we conduct an extended analysis, including an examination of the
temporal evolution of the AV after 2012. The time series of 5000‐nm images indicates that the deep structure of
the AV gradually evolved into a more organized form while shrinking in size. In addition, the AV's center shifted
significantly northward during this period. These changes in the deep structure are consistent with the temporal
evolution of the AV at relatively shallow atmospheric layers as observed by the ISS/CB2 images (Figure 2).

To quantitatively examine the temporal evolution the AV's size, we need to determine the boundary of the vortex.
In principle, the wind field and corresponding vorticity of a vortex can be used to determine its boundary.
However, for most of the AV's evolution, such measurements were not possible for two reasons: (a) the spatial
resolution of most observations was insufficient, and (b) there were very few discrete cloud features within the
vortex suitable for wind tracking.

From the literature, we found one study (Sayanagi et al., 2013) that measured the AV's wind and vorticity fields,
based on Cassini/ISS observations of its early stage (January 2011). At that time, the AV was relatively large and
contained more discrete cloud tracers. Their measurements revealed that the vortex is anticyclonic, and the
vorticity measurements can be used to determine the vortex's boundary.

Table 1
Characteristics of Cassini and HST Observations of the Vortex

Mission/Instrument Time Spatial resolution Filter/Spectral characteristic

Cassini/ISS 2011–2016 ∼50–350 km/pixel CB2 (752 nm) and MT3 (890 nm)

Cassini/VIMS 2011–2015 ∼240–1,500 km/pixel 351–5,131 nm at varying spectral resolutions (4–25 nm)

HST/WFC3 2018–2025 ∼300 km/pixel F225W (236 nm), F343N (344 nm), F763M (761 nm), and FQ889N (889 nm)
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Figure 2. Time series of Imaging Science Subsystem (ISS)/CB2 maps illustrating the anticyclonic vortex’s (AV's) evolution into a compact and centrally symmetric
structure. In the two top panels (a) and (b), examples of the AV boundaries (mega‐ellipses) are shown. Between January 2011 (panel a) and December 2012 (panel d),
the AV undergoes major changes in morphology, size, and meridional position. From 2012 to 2014 (panels d–g), the vortex primarily contracts in size, and after 2014
(panels g–l) it remains largely stable in shape, size, and meridional position. Two maps are shown for each year between 2011 and 2016. The latitude range is identical in
all panels to facilitate comparison of meridional drift and vortex size. Longitudes differ due to the AV's longitudinal motion but span the same range (∼19 degrees) to
allow comparison of longitudinal extent. The maps were constructed from ISS images taken with the CB2 filter (∼752 nm) at spatial resolutions ranging from ∼54 to
∼345 km/pixel (∼0.06–0.37 degrees/pixel). Grid lines are spaced every 5 degrees in latitude and longitude to aid identification of the AV location.
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Atmospheric vortices typically have an organized oval shape, visually distinct from the surrounding atmosphere.
This distinction is often identifiable in images. The images of the AV from Saturn's 2010 storm (Figure 2) clearly
show such contrast at the vortex's boundary. Furthermore, a comparison between the wind/vorticity field
(Sayanagi et al., 2013) and visual appearance indicates general consistency in identifying the AV's boundary.
Therefore, we use visual inspection of the images to determine the AV boundary. Examples of AV boundaries
determined by visual inspection are shown in the top two panels of Figure 2.

Figure 3. Time series of HST/Wide Field Camera 3 (WFC3) maps showing that the anticyclonic vortex (AV) remained basically stable from 2018 to 2025, with little
change in morphology, size, or meridional position. The meridional range is identical across all panels to facilitate comparison of meridional drift and vortex size.
Longitudes differ between panels due to the AV's longitudinal movement but span the same range (∼19 degrees) to allow comparison of longitudinal extent. The maps
were constructed from WFC3 images taken with the F763M filter (∼761 nm), which is closest in wavelength to the Cassini Imaging Science Subsystem/CB2 filter
(∼752 nm). The spatial resolution of the WFC3 images is approximately 300 km/pixel (∼0.32 degrees/pixel). Two maps separated by approximately one rotational
period are available for each year of the HST epoch, but only one map per year is shown here. Grid lines are spaced every 5 degrees in latitude and longitude to aid
identification of the AV location.
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It should be noted that uncertainties exist in identifying the AV boundary regardless of the method used. For
visual inspection, we assume an uncertainty of one pixel. Such an assumption is probably appropriate for the late
stage of the AV (2012‐) in which the AV has developed into a regular oval shape with a relatively clear boundary.
But this assumption underestimates the uncertainty of the AV boundary in the early stage of the AV (2011). The
other uncertainty source in determining the AV boundary comes from the navigation process, which typically
introduces an error of approximately one pixel (e.g., L. Li et al., 2004). These two sources of uncertainty, visual
inspection bias and navigation error, are combined to estimate the overall uncertainty in boundary determination.
Since the determinations of AV size, location, and velocity are based on boundary measurements, the un-
certainties in defining the boundary are propagated to those of size, location, and velocity following error
propagation rules (Bevington & Robinson, 2003).

Figure 4. Time series of Cassini/VIMS maps at 5,000 nm illustrating the evolution of the anticyclonic vortex (AV) in deeper
atmospheric layers (∼2,000–5,000 mbar). The AV exhibits significant changes in morphology, size, and meridional position
between February 2011 (panel a) and December 2012 (panel e), similar to the evolution observed in the CB2 images
(Figure 2). The meridional range is identical across all panels to facilitate comparison of meridional drift and vortex size.
Longitudes differ between panels due to the AV's longitudinal movement but span the same range (∼10◦) to allow
comparison of longitudinal extent. Please note that the latitude and longitude ranges in these VIMS regional maps are smaller
than those in the Cassini/Imaging Science Subsystem (ISS) (Figure 2) and HST/Wide Field Camera 3 (WFC3) (Figure 3)
maps because the VIMS has far fewer pixels (32–64 across, compared with 256–1,024 for Cassini/ISS and 4,096 for HST/
WFC3 UVIS) and therefore typically provides smaller spatial coverage when operating at relatively high spatial resolution.
The maps were constructed from raw VIMS images with spatial resolutions ranging from ∼240 to ∼1,500 km/pixel
(∼0.26–1.61 degrees/pixel).
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Figure 5 presents the time series of the northern and southern edges as well as the center of the AV based on
Cassini and HST observations. Assuming that the AV is centrally symmetric, which is valid for most of the time,
the latitudinal position of the AV center is determined by averaging the latitudes of the southern and northern
edges. The northern and southern edges of the AV are also used to determine its size in the meridional direction.
Similarly, the eastern and western edges are used to define the center position and size of the AV in the longi-
tudinal direction. The longitudinal and latitudinal positions of the AV center at different times are used to measure
the zonal and meridional velocities of the AV as well.

Panel (a) of Figure 6 shows the time series of AV sizes in the zonal and meridional directions during both the
Cassini and HST epochs. The zonal size decreased rapidly from ∼9,971 km in January 2011 to ∼4,844 km in
October 2011 and then increased sharply to ∼6,758 km in February 2012. Afterward, it generally followed a
decreasing trend through 2025. The pronounced changes in AV size between early 2011 and early 2012 are also
evident in the regional maps (Figure S1 in Supporting Information S1), which show that the zonal extent of the
vortex decreased substantially from January to October 2011 and then increased from October 2011 to January
2012. In the meridional direction, the temporal variations in AV size follow a pattern similar to that observed in
the zonal direction.

We also investigated the aspect ratio of the AV, defined as the ratio of its zonal size to its meridional size, which
plays an important role in AV stability (e.g., Aubert et al., 2012; Hassanzadeh et al., 2012; Ripa, 1987), with more
circular vortices tending to be more stable (e.g., Carton & McWilliams, 1989; Flierl, 1988; Gent & McWil-
liams, 1986; Kloosterziel & Van Heijst, 1991; Polvani et al., 1989). Panel (b) of Figure 6 shows that the aspect
ratio increased from late 2011 to early 2012, reaching a maximum of ∼2.2, corresponding to the rapid increase in
zonal size (panel a). The subsequent decrease in the aspect ratio from early 2012 to mid‐2013 is mainly due to the
decrease in zonal size during this period. From 2013 to 2025, the aspect ratio oscillated but followed a long‐term
decreasing trend, reaching ∼1.1 in 2025.

Figure 7 presents the time series of the AV's zonal velocity, which suggests that the zonal velocity increased
rapidly from ∼− 11.0 m s− 1 in January 2011 to ∼33.0 m s− 1 in December 2012, then decreased to ∼6.5 m s− 1 by
July 2016. During the HST period, the zonal velocity decreased from ∼21.7 m s− 1 in June 2018 to ∼4.1 m s− 1 in

Figure 5. Time series of the anticyclonic vortex's latitudinal extent illustrating the temporal evolution of the vortex's meridional size and position. Major changes occur
between 2011 and 2012, while after 2012, both the vortex center and its meridional extent remain largely stable with only minor variations. The measurements are
derived from the Imaging Science Subsystem and HST maps (e.g., Figures 2 and 3). The vortex center is defined as the average latitude of its northern and southern
edges. Vertical lines indicate measurement uncertainties.
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October 2023, and then slightly increased to∼6.2 m s− 1 in September 2025. These temporal variations are closely
related to the background zonal winds, as shown in Figure 8. In particular, the rapid increase in velocity from
January 2011 to December 2012 is mainly attributed to the northward drift of the AV during the same period
(Figure 5).

Now let us discuss the AV's meridional drift (i.e., movement). Figure 5 shows that the most significant meridional
movement of the AV, characterized by a northward drift, occurs in 2011 during the early stage of its evolution.
After that, the AV exhibits relatively weak meridional motion: it oscillates in latitude during 2012–2021 and
remains essentially stable near ∼42.2◦ since 2021.

Meridional movement of vortices is generally related to the β‐drift effect (e.g., Anthes &Hoke, 1975; Chan, 2005;
Chan & Williams, 1987; Charney & Stern, 1962; Holland, 1984; X. Li & Wang, 1992; Rossby, 1948; Wang &
Li, 1996). Here, we explore such an effect and its role in the meridional movement of the AV. The β‐drift effect is
generally controlled by the effective beta (βe), which is defined as the meridional gradient of the zonal‐mean
quasi‐geostrophic potential vorticity (also named as Qy). This parameter not only affects the meridional move-
ment of vortices but also plays an important role in large‐scale atmospheric dynamics (e.g., Andrews et al., 1987;
Holton & Hakim, 2013; Pedlosky, 1987; Salby, 1996). The effective beta of Saturn's atmosphere has been
estimated in previous investigations (e.g., L. Li et al., 2021; Read, Conrath, et al., 2009; Read, Dowling, et al.,
2009; Wang et al., 2025).

Figure 6. Time series of the anticyclonic vortex’s (AV's) longitudinal and latitudinal sizes illustrating the temporal evolution of the vortex's horizontal dimensions and
shape. Major changes occur during the early stages between 2011 and 2012, while afterward the sizes and shapes vary only weakly. (a) Longitudinal and latitudinal sizes
representing the zonal and meridional extents of the vortex. (b) Aspect ratio (zonal size divided by meridional size) used to characterize the AV's shape. Vertical lines
indicate measurement uncertainties. The measurements are derived from images recorded with the CB2 filter (∼752 nm) by Cassini/Imaging Science Subsystem
(2011–2016) and with the F763M filter (∼761 nm) by HST/Wide Field Camera 3 (2018–2025).
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The effective beta is expressed as βe = β + βy + βz, where β is the planetary vorticity gradient, βy is the
gradient of zonal‐mean relative vorticity, and βz is the gradient of stretching vorticity. The third term (βz) depends
on the vertical shear of zonal winds, which is generally estimated indirectly from temperature fields via the
thermal wind relation (e.g., L. Li et al., 2021; Read, Conrath, et al., 2009; Read, Dowling, et al., 2009; Wang
et al., 2025). We did not find high‐quality temperature fields at these latitudes, including the AV during the HST
epoch. Additionally, the indirect estimates of βz generally have large uncertainties (e.g., L. Li et al., 2021; Wang
et al., 2025). Thus, we focus on the barotropic beta (βb = β + βy), which includes the planetary vorticity
gradient (β) and the gradient of zonal‐mean relative vorticity (βy) only. The meridional gradient of the planetary
vorticity can be expressed as β = ∂f /∂y = 2Ω cos ϕ, where f is Coriolis parameter ( f = 2Ω sin ϕ), Ω is the
angular velocity of planet's rotation, and ϕ is latitude. When the zonal winds (u) is dominant over the meridional
winds, the meridional gradient of the zonal‐mean relative vorticity is defined as βy = − ∂2u/∂y2 = − uyy.

Because the most pronounced meridional movement occurred in 2011, we compute βb using the 2011 zonal winds
(Sayanagi et al., 2013). The βb values in 2011 were already derived in our earlier work on the asymmetric
expansion of bright clouds from the 2010 storm (L. Li et al., 2021), which is basically consistent with the results
from other Cassini analyses (e.g., Del Genio et al., 2009; Read, Conrath, et al., 2009; Sánchez‐Lavega
et al., 2012). Here, we adopt them for analysis of the AV's meridional movement in the Cassini epoch. For the
HST epoch (2018–2025), we use the zonal winds in 2020, which were measured by a previous study (Simon
et al., 2021) to compute the barotropic beta.

Figure 9 shows the zonal winds and the corresponding βb for the Cassini and HST epochs.

Panel (a) indicates that zonal wind uncertainties were much smaller for the Cassini epoch (2011) than for the HST
epoch (2020) due to the superior spatial resolution of Cassini images. Consequently, βb is much better constrained
for Cassini than for HST (see panel b). Nonetheless, even the less precise HST estimates provide useful insight
into the AV movement and stability. Panel (b) of Figure 9 shows that the Cassini βb (red line) was negative from

Figure 7. Time series of the anticyclonic vortex’s (AV's) zonal velocity illustrating its temporal evolution. The most dramatic change occurs during the early stage
between 2011 and 2012, when the zonal velocity increases from ∼− 11 to ∼33 m/s. This increase is mainly attributed to the AV's northward migration caused by the
β‐drift effect, which moves the vortex from latitudes dominated by westward jets to those dominated by eastward jets. After 2012, the zonal velocity varies relatively
weakly, which is also affected by the β‐drift effect and background zonal jets. Vertical lines indicate measurement uncertainties. The long time intervals between the
selected Cassini CB2 images (∼13–290 days) lead to relatively small uncertainties, whereas the∼10‐hr separation between the two HSTmaps each year results in larger
uncertainties during the HST period.

Journal of Geophysical Research: Planets 10.1029/2025JE009475

WANG ET AL. 11 of 23

 21699100, 2026, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JE

009475 by X
un Jiang - U

niversity O
f H

ouston , W
iley O

nline L
ibrary on [12/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the AV's initial latitude at 40.7◦ up to ∼43.0◦. Because the AV is anticyclonic, this negative gradient implies that
the AVwould drift northward during the latitudinal range of 40.7◦–43.0◦, consistent with the observed meridional
drift in 2011 (Figure 5). However, the AV did not stop at∼43◦, where βb = 0. A possible explanation is an inertial
overshoot from the northward motion during the latitudinal range of 40.7◦–43.0◦. Once the gradient turned
positive above 43◦, the β‐drift effect forced a southward return toward the stable latitude at 43◦, which was
qualitatively consistent with the oscillations in the meridional movement from 2012 to 2016 as seen in Figure 5.

Panel (b) of Figure 9 also shows βb for the HST epoch. It indicates a stable latitude (βb = 0) near 42.6◦ for the AV
(see blue line). The observed stable latitude for the AV at the late times of the HST epoch (2021–2025) is ∼42.2◦

(Figure 5), which is close to this theoretical value. The difference between theoretical prediction and observed
value is probably related to the large uncertainties in estimating βb in the HST epoch. It should be mentioned that
other dynamical processes (e.g., eddies and storms) may also contribute to the meridional drift of the AV.

The β‐drift theory not only predicts the drifting direction of vortices but also helps constrain the velocity of their
meridional motion. Here, we first measure the meridional velocity of the AV and then compare the results with
estimates from the β‐drift theory. Measuring the meridional velocity is somewhat complex because it depends on
the time scale considered. Based on the latitudinal center of the AV measured over long time intervals
(∼13–290 days for Cassini and∼1 year for HST), as shown in Figure 5, we derive long‐term averaged meridional
velocities (Figure 10). These results, obtained from measurements with a long time intervals, generally have
relatively small uncertainties. Figure 10 shows that the rapid meridional motion of the AV during the early stage

Figure 8. Comparison of the anticyclonic vortex’s (AV's) zonal velocity with the background zonal winds. The AV's zonal velocity is basically consistent with the
background zonal winds during the early Cassini stage and most of the HST observation period. (a) Cassini period (2011–2016). (b) HST period (2018–2025). Arrows
indicate the starting points of the AV's zonal movement for each period. Blue shaded areas around the blue lines (background zonal winds) represent the uncertainties in
the zonal‐wind measurements.
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(2011) yields statistically significant meridional winds (i.e., velocities larger than the uncertainties) with a
magnitude of ∼0.46 m/s. However, such long‐term averages may dilute stronger meridional velocities that occur
on the shorter time scales. Our measurements based on two maps separated by approximately one rotation period
(∼10.6 hr) suggest that meridional velocities at the short time scale could be much stronger, reaching a magnitude
of ∼10 m/s. Unfortunately, the short time intervals also lead to large uncertainties, making these measurements at
the short time scale statistically insignificant (i.e., uncertainties are comparable to the measured values).

Next, we discuss the theoretical prediction of the AV's meridional velocity based on the β‐drift theory. The scaling
law of β‐drift (e.g., Charney & Stern, 1962; Holland, 1983; Marcus, 1993; McWilliams & Flierl, 1979;
Rossby, 1948) can be used to estimate the velocity of meridional drifting for an isolated vortex, which is
expressed as Vβ = − cβR2, where c is a constant depending on the vortex structure, β is represented by βb in this
investigation, and R is the vortex radius. Here we focus on the early stage of the AV (early to late 2011), during
which it moved northward from ∼40.7◦ to 43.0◦ with a maximum meridional velocity of ∼0.46 m s− 1 (see
Figure 10). During this early stage, βb was approximately (− 0.32 ± 0.17) × 10− 11 m− 1 s− 1 (panel b of Figure 9)
and R was ∼5,800 km (panel a of Figure 6).

Figure 9. Zonal winds and barotropic stability (βb) illustrating the dynamical environment controlling the anticyclonic vortex’s (AV's) meridional drift. The negative βb
near the initial latitude of the AV during the early Cassini period (2011) indicates that the β‐drift effect should push the vortex northward, consistent with the observed
northward movement in the early stage. In contrast, βb near the final latitude is close to zero, suggesting that the AV migrated into a dynamically stable latitude zone.
(a) Zonal winds based on Cassini/Imaging Science Subsystem CB2 observations in 2011 and HST/Wide Field Camera 3 F631N observations in 2020. (b) βb calculated
from the zonal winds in panel (a). Shaded areas represent uncertainties. The solid horizontal line marks the final stable latitude of the AV (∼42.2 degrees) estimated from
the average vortex location during the HST period (2021–2025). The dotted and dashed horizontal lines indicate the initial latitude (∼40.7 degrees in early 2011) and the
northernmost latitude reached (∼44.0 degrees in late 2012), respectively.
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For typical isolated vortices in Earth's atmosphere, the constant c has values ranging from 0.2 to 0.5 (e.
g., McWilliams & Flierl, 1979; Smith, 1993; Smith et al., 1997). Using the medium value (c = 0.35), the
theoretical β‐drift velocity (Vβ = − cβR2) is estimated as 18–58 m s− 1 for the AV case. This estimate is
significantly larger than the observed average meridional velocity of the AV over longer time scales
(∼0.46 m s− 1), although the short time scale meridional velocities may approach the lower bound of the theo-
retical predictions.

3.2. Vertical Structure and Spectral Characteristics of the AV

After examining the AV's temporal evolution and dynamics based primarily on observations probing the top
visible clouds (NH3), we investigate its vertical structure. Both Cassini and HST observations cover different
wavelengths, allowing them to probe different atmospheric layers. Here we examine the vertical structure of the
vertex, first using Cassini ISS and VIMS observations, and then HST/WFC3 images.

Based on the scattering and absorption properties of Saturn's gases and aerosols (e.g., Sromovsky et al., 2016,
2021; West et al., 2009) as well proposed cloud compositions (e.g., Atreya & Wong, 2005; Atreya et al., 1999;
Simon et al., 2022), radiative transfer analyses have estimated the vertical distribution of hazes and cloud decks in
Saturn's upper atmosphere (e.g., Fletcher, Baines, et al., 2011; Fletcher, Hesman, et al., 2011; Oliva et al., 2016;
Pérez‐Hoyos et al., 2005, 2016; Porco et al., 2004; Roman et al., 2013; Sanz‐Requena et al., 2019; Sromovsky
et al., 2013, 2016, 2021). Although some discrepancies exist among studies, a broadly consistent structure has
emerged: stratospheric hazes at ∼10–100 mbar; tropospheric hazes at ∼100–500 mbar; ammonia (NH3) clouds at
∼500–1,500 mbar; ammonium hydrosulfide (NH4SH) clouds at ∼2,000–5,000 mbar; and water (H2O) clouds at
∼5,000–15,000 mbar.

The stratospheric hazes around 10–100 mbar are primarily sensed by images recorded at ultraviolet wavelengths
and strong methane absorption bands (e.g., ∼890 nm). The pressure levels including NH3 clouds
(500–1,500 mbar) can be probed by images recorded at continuum bands, such as the one around 750 nm. The

Figure 10. Time series of the anticyclonic vortex’s (AV's) meridional velocity illustrating the temporal evolution of the AV's north‐south movement. Significant
meridional velocities occur during the early stage in 2011, whereas during most later times the meridional velocities are not statistically significant (i.e., smaller than the
measurement uncertainties). The meridional velocity is derived from the latitudinal positions of the vortex center shown in Figure 5 using relatively long time intervals
(13–290 days during the Cassini epoch and ∼1 year during the HST epoch). Vertical lines indicate measurement uncertainties. The uncertainties are generally smaller
during the HST epoch than during the Cassini epoch because the time intervals used to derive the velocities are longer.
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pressure levels including NH4SH clouds (5,000–15,000 mbar) are generally investigated using 5000‐nm
observations.

Figure 11 compares the AV in the Cassini/ISS images between CB2 (∼752 nm) and MT3 (∼889 nm) filters. The
presence of the AV in both indicates that it spans from the ammonia‐cloud levels (∼500–1,500 mbar) to the
pressure levels of stratospheric hazes (∼10–100 mbar). In the images recorded at the MT3 filter, the AV appears
brighter than its surroundings, consistent with enhanced scattering from stratospheric haze particles at this
wavelength (e.g., Sromovsky et al., 2016, 2021; West et al., 2009).

The VIMS observations provide more information on the vertical structure of the AV. Although simultaneous
observations between Cassini/ISS and Cassini/VIMS are rare, we identified quasi‐simultaneous observations by
searching the entire Cassini data archive. These quasi‐simultaneous observations provide an opportunity to cross‐

Figure 11. Comparison of the anticyclonic vortex (AV) in Cassini/Imaging Science Subsystem CB2 and MT3 images illustrating its wavelength‐dependent appearance
and vertical structure. The AV appears brighter than its surroundings in the MT3 images, suggesting that the upper portion of the vortex contains stratospheric haze
particles that strongly scatter sunlight at the MT3wavelength. Latitudes and longitudinal ranges are kept the same in each year to facilitate comparison between CB2 and
MT3. The CB2 and corresponding MT3 images in each year are separated by ∼17–23 s, making them quasi‐simultaneous observations. The raw CB2 images used to
generate the maps in panels (a), (c), and (e) have spatial resolutions of 123 km/pixel (∼0.13 degrees/pixel), 118 km/pixel (∼0.13 degree/pixel), and 171 km/pixel (∼0.18
degrees/pixel), respectively. The raw MT3 images used to generate the maps in panels (b), (d), and (f) have spatial resolutions of 123 km/pixel (∼0.13 degrees/pixel),
473 km/pixel (∼0.51 degrees/pixel), and 682 km/pixel (∼0.73 degrees/pixel), respectively. The lower spatial resolutions of the MT3 images in panels (d) and (f) result
from the use of different pixel modes during recording (256 × 256 for MT3 and 1,024 × 1,024 for CB2).
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validate both the ISS and VIMS data sets. Figure S2 in Supporting Infor-
mation S1 compares ISS and VIMS images separated by ∼1.4 days. The
VIMS recorded images at many more wavelengths than the ISS, so for
comparison we selected the VIMS images at wavelengths closest to the ISS
CB2 and MT3 filters. The comparison shows that the AV essentially exhibits
the same appearance in both the ISS and VIMS observations. The relatively
small discrepancies between the two data sets can be attributed to slight
differences in wavelength, viewing geometry, and observation time.

After validating the VIMS observations, we use them to further constrain the
vertical structure of AV. Figure 12 displays the VIMS images at four repre-
sentative wavelengths: 351 nm, the shortest wavelength in the VIMS range
representing the ultraviolet; 892 nm, corresponding to the ISS/MT3 filter for
the strongest methane absorption band; 754 nm, a continuum band corre-
sponding to the ISS/CB2 filter; and 5,000 nm, probing deeper atmospheric
layers. As discussed above, images recorded at ultraviolet wavelengths and
the strong methane absorption band mainly probe pressure levels including
stratospheric hazes (10–100 mbar), whereas images recorded in the contin-
uum bands sense deeper levels with tropospheric clouds. In particular, the
754‐nm images sense atmospheric layers containing NH3 clouds
(∼500–1,500 mbar), while the 5000‐nm images probe even deeper layers with
NH4SH clouds (∼2,000–5,000 mbar).

The AV is clearly visible at all four wavelengths, indicating a substantial
vertical extent from the stratospheric hazes (∼10–100 mbar) down to the deep
NH4SH cloud layer (∼2,000–5,000 mbar). Assuming a constant scale height
of ∼59.5 km (Archinal et al., 2018) from the lower stratosphere to the upper
troposphere, and taking the stratospheric hazes to be centered at ∼55 mbar
(the midpoint of the 10–100 mbar range) and the deep NH4SH cloud layer to
be centered at∼3,500 mbar (the midpoint of the 2,000–5,000 mbar range), the
AV's vertical extent is estimated to be at least ∼250 km.

The HST/WFC3 multi‐filter images can help us better understand the vertical
structure of the vortex. Figure 13 shows HST/WFC3 images at multiple
wavelengths. The FQ889N filter (panel c, 889 nm), analogous to Cassini/
MT3, also reveals a bright vortex. In contrast, ultraviolet images at F343N
(panel b, 344 nm) show the AV as dark. Both filters (FQ889N and F343N)
probe the pressure levels of the stratospheric haze. However, the haze aero-
sols strongly scatter solar radiance at 889 nm (FQ889N) but absorb it at
344 nm (F343N) in the ultraviolet (Sromovsky et al., 2016, 2021; West
et al., 2009). This explains the opposite vortex contrast between the two fil-
ters. At an even shorter wavelength (236 nm; panel a), the HST images probe
higher altitudes than those recorded at 344 nm because Rayleigh scattering is
stronger at shorter wavelengths. The AV is still visible in the 236 nm images,
suggesting that it has a substantial vertical extent in the lower stratosphere.

The HST/WFC3 multi‐wavelength images are also used to derive the Color
Index (CI) and Altitude‐Opacity Index (AOI) to characterize the cloud and haze properties of the AV, following
the methodology of previous studies (de Pater et al., 2010; Sánchez‐Lavega et al., 2013; Wong et al., 2011). We
first define the relative reflectivity at different wavelengths, R(λ), as the reflectivity ratio between the feature of
interest and a reference region that is relatively uniform and lacks identifiable structures (Sánchez‐Lavega
et al., 2013).

In this study, R(λ) is defined as the ratio of reflectivity between the AV center and a reference point at the same
latitude outside the AV, and the CI is defined as the ratio of R(λ) between the HST blue and red wavelengths,
represented by F467M (∼468 nm) and F631N (∼630 nm), respectively. Red features, such as Jupiter's GRS and
Red Oval (RO), typically have CI < 1, while white features generally exhibit CI ≥ 1 (Sánchez‐Lavega

Figure 12. Cassini/VIMS multi‐wavelength maps illustrating the
anticyclonic vortex’s (AV's) large vertical extent. The appearance of the AV
in the 351‐nm images suggests that the top of the AV reaches the
stratospheric haze layers at ∼10–100 mbar, while the detection of the AV in
the 5000‐nm image indicates that the base of the vortex extends at least to
pressure levels near the NH4SH cloud layer (∼2,000–5,000 mbar). (a) The
ultraviolet image at 351 nm primarily probes the stratospheric haze layers at
pressures of ∼10–100 mbar. (b) The image recorded by the strong methane
absorption band at 892 nm samples similar stratospheric haze layers. (c) The
continuum‐band image at 754 nm mainly detects the top NH3 cloud deck at
∼500–1,500 mbar. (d) The image at 5,000 nm probes deeper atmospheric
layers, including the NH4SH clouds around ∼2,000–5,000 mbar. The spatial
resolutions of the raw images used to generate the multi‐wavelength maps
are ∼320 km/pixel (∼0.34 degrees/pixel).
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et al., 2013). The AOI is defined as the ratio of R(λ) between the HSTmethane
absorption and ultraviolet bands, represented by FQ889N (∼889 nm) and
F275W (∼270 nm), respectively. The AOI provides insight into haze layer
characteristics. Typical AOI values are around 1, with smaller values indi-
cating relatively low and thin haze layers, and larger values implying higher
and denser haze layers (Sánchez‐Lavega et al., 2013).

Using the above definitions of CI and AOI with the selected reference points
(see Figure 14), we compute the two indices for the AV, yielding values of 1.0
and 1.4 for CI and AOI, respectively. Jupiter's long‐lived GRS and RO exhibit
AOI values of about 1.4 (Sánchez‐Lavega et al., 2013), suggesting that Sat-
urn's long‐lived AV has a haze structure similar to that of Jupiter's GRS and
RO, with all of these vortices characterized by relatively high and dense haze
layers (Baines et al., 2009; Sánchez‐Lavega et al., 2013). For the CI, Jupiter's
GRS and RO have values less than 1 (0.56 and 0.8 for the GRS and RO,
respectively), whereas the tropical white ovals display relatively large values
of around 1.0. The CI value of the AV (1.0) therefore indicates that it is
analogous to Jupiter's tropical white ovals (CI = 1.04), which are spectrally
flat features (Sánchez‐Lavega et al., 2013).

4. Discussion
As shown in Figures 2–6, the AV changed its size and shape during its
temporal evolution. It developed a compact and quasi‐circular shape with
an aspect ratio close to unity (Figure 6). This suggests that the AV tended to
become more stable over time, because more circular vortices are generally
more stable (e.g., Carton & McWilliams, 1989; Flierl, 1988; Gent &
McWilliams, 1986; Kloosterziel & Van Heijst, 1991; Polvani et al., 1989).
For comparison, the average aspect ratio of Saturn's anticyclones is ∼2.0
(Trammell et al., 2014, 2016; Vasavada et al., 2006). Thus, the small aspect
ratio at the end of our observation period (∼1.1) suggests that this AV is more
stable than typical Saturnian anticyclones.

Analysis of the zonal velocity of the AV (Figures 7 and 8) suggests that the
background zonal winds play a critical role in the longitudinal motion of the
AV. However, the zonal velocity of the AV is significantly smaller than that
of the background zonal winds during the late part of the Cassini epoch. We
do not have a definitive explanation for this discrepancy, although in-
teractions between the AV and the surrounding turbulent environment may
play a role. During the HST epoch, the temporal decrease in the AV's zonal
velocity is generally consistent with the background zonal winds, which re-
sults from the southward drift of the AV. In summary, the combination of the

AV's meridional drift and the background zonal winds plays a critical role in determining the AV's zonal velocity.
This raises an important question: why did the AV drift meridionally?

The β‐drift effect generally plays an important role in the meridional motion of vortices (e.g., Anthes &
Hoke, 1975; Chan, 2005; Chan & Williams, 1987; Charney & Stern, 1962; Holland, 1984; X. Li & Wang, 1992;
Rossby, 1948; Wang & Li, 1996). Examination of the barotropic vorticity gradient (Figure 9) suggests that the
meridional drift of the AV is indeed affected by the β‐drift effect. A quantitative comparison between theoretical
estimates and measured meridional velocities (Figure 10) reveals a discrepancy. This discrepancy may be due to
several factors: (a) the time scale of the wind measurements may play a role; (b) Saturn may have a different
effective value of the constant c compared with Earth; (c) the uncertainty in determining barotropic vorticity
gradient may be underestimated; and (d) interactions between the AV and its surrounding environment
(e.g., clouds and eddies) may play a significant role in its meridional motion, such that the AV cannot be treated as
an isolated system.

Figure 13. HST/Wide Field Camera 3 (WFC3) multi‐wavelength maps
illustrating the anticyclonic vortex’s (AV's) vertical extent. The appearance
of the AV in images at different wavelengths, which probe different
atmospheric altitudes, reveals the substantial vertical extent of the vortex.
The rawWFC3 images used to create the maps in panels (a–d) were recorded
with filters F225W, F343N, FQ889N, and F763M, respectively, which have
central wavelengths of 236, 344, 889, and 761 nm. These images were taken
with time intervals of 4–7 min and have similar spatial resolutions of
∼300 km/pixel (∼0.32 degrees/pixel). Therefore, these maps can be
considered quasi‐simultaneous.
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In the vertical direction, the presence of the AV at different wavelengths (Figures 11–13), which are sensitive to
different pressure levels, suggests that the AV has a substantial vertical extent of more than 250 km. Analysis of
the VIMS images and spectra (Figures S3‐S4 in Supporting Information S1) provides insight into the temporal
evolution of the AV's vertical structure. Figure S3 in Supporting Information S1 shows that the northwest portion
of the AV appears bright at 754 nm (panel a) but dark at 5,000 nm (panel e) in the early stage (2011), indicating the
presence of upper‐tropospheric clouds (NH3, NH4SH, or both) that reflect sunlight at 754 nm and block thermal
emission from the deep atmosphere sensed by the 5000‐nm images. In contrast, the southeast portion is dark at
754 nm and bright at 5,000 nm, suggesting a relatively cloud‐free region.

Figure S3 in Supporting Information S1 also suggests that the cloud distribution evolves from August 2011
(panels a and e) to January 2012 (panels b and f), with clouds shifting from the northwest toward the northeast,
possibly as a result of the rotation of the anticyclone. Between January 2012 (panels b and f) and December 2012
(panels c and g), the upper‐tropospheric cloud structure became more symmetric. By December 2012, the vortex
center appeared dark at 754 nm but bright at 5,000 nm, while the periphery showed the opposite behavior. This
center–periphery contrast remains stable through 2015 (panels d and h), although the relative areas evolve: the
dark central region shrinks while the bright outer region expands at 754 nm (panels c and d), and correspondingly
the bright center shrinks while the dark periphery expands at 5,000 nm (panels g and h). These trends indicate an
increasing spatial extent of upper‐tropospheric clouds within the vortex.

To examine the spectral properties associated with the temporal variations, we select pairs of grid points with
opposite brightness within the AV in the VIMS images and compare their spectra (Figure S4 in Supporting
Information S1). The red lines represent spectra for regions that are bright in the 754 nm images but dark in the
5,000 nm images (see points A, C, E, and G in Figure S3 in Supporting Information S1). In contrast, the blue lines
represent spectra for regions with the opposite appearance: dark in the 754 nm images but bright in the 5,000 nm
images (see points B, D, F, and H in Figure S3 in Supporting Information S1). Here, we focus on the spectral
behavior near 5,000 nm. Figure S4 in Supporting Information S1 shows that the bright regions in the 5000‐nm
images (points B, D, F, and H in Figure S3 in Supporting Information S1), which are associated with cloud‐
free areas, exhibit enhanced radiance (represented by the reflectivity in Figure S4 in Supporting Information

Figure 14. HST/Wide Field Camera 3 maps at four wavelengths were used to derive the Color Index and Altitude‐Opacity Index. (a) F275W with a central wavelength
∼270 nm. (b) F467M with a central wavelength ∼468 nm. (c) FQ889N with a central wavelength ∼889 nm. (d) F631N with a central wavelength ∼630 nm. The four
images displayed in the four panels have similar spatial resolutions of ∼300 km/pixel (∼0.32 degrees/pixel). The red dot in each panel marks the anticyclonic vortex
(AV) center, and the yellow dot indicates the reference area outside the AV. Please refer to the main text for a discussion of the selection of the four filters and their
corresponding wavelengths.
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S1) near 5,000 nm compared with the darker regions (points A, C, E, and G). More importantly, the spectral
analysis reveals a notable temporal trend in this enhanced radiance: the spectral range of enhanced radiance
narrows significantly from ∼4,500 to 5,000 nm in December 2012 (panel c of Figure S4 in Supporting Infor-
mation S1) to ∼4,900–5,000 nm in September 2015 (panel d of Figure S4 in Supporting Information S1). Such a
narrowing likely suggests a reduction in cloud‐free areas, implying an increase in the horizontal coverage, the
vertical extent, or both, of the upper clouds within the AV, although variations in cloud properties may also
contribute to the changes in the spectral shape (Sromovsky et al., 2013). This interpretation is consistent with the
increasing spatial extent of upper‐tropospheric clouds inferred from the images shown in Figure S3 in Supporting
Information S1. Taken together, the VIMS spectral and imaging analyses indicate strengthening cloud formation
as the AV evolves.

5. Conclusions
Based on long‐term multi‐wavelength observations from Cassini and HST, we investigate the temporal evolution,
meridional drift, vertical structure, and spectral characteristics of the AV generated by Saturn's 2010 giant
convective storm.

Our analysis shows that the AV has persisted for more than 14 years (2011–2025). The AV undergoes its most
significant changes in size, morphology, aspect ratio, and velocity during the early stage (2011–2012), followed
by relatively weak variations. In particular, the AV has become basically stable in the late HST epoch
(2022–2025). Over time, the vortex evolved into a more compact and organized structure with a nearly
axisymmetric morphology. Its appearance at multiple wavelengths probing different atmospheric layers indicates
a vertical extent exceeding ∼250 km (∼4.2 scale heights) spanning from the upper troposphere to the lower
stratosphere. Analysis of barotropic vorticity gradients suggests that the AV eventually migrated to latitudes
where meridional drift is weak, suggesting that the vortex has entered a relatively stable stage and may persist for
an extended period.

These observations provide the most complete timeline to date of the formation and long‐term evolution of a large
anticyclonic vortex produced by a major convective storm in a giant planet atmosphere. The origin and persis-
tence of the AV likely reflect the unique dynamic environment of Saturn's atmosphere. Saturnian vortices evolve
within a deep atmosphere lacking a lower solid boundary. In such environments, internal heat, atmospheric
stratification, and vertical coupling between atmospheric layers likely play central roles in controlling vortex
dynamics and long‐term stability. Further theoretical and numerical studies are needed to investigate how these
processes influence the evolution of large vortices generated by moist convection.

Comparisons with vortices observed on other planets provide additional context for interpreting these results.
Long‐lived anticyclones are also present in Jupiter's atmosphere (e.g., Bolton et al., 2021), although differences in
background circulation, thermal structure, and internal heat between Jupiter and Saturn likely contribute to the
distinct vortex populations observed on the two planets (e.g., Trammell et al., 2014). Recent observations of
vortices on Neptune (Wong et al., 2018, 2019, 2022) further demonstrate that large anticyclonic vortices are a
common feature of giant‐planet atmospheres, although the mechanisms controlling their formation and longevity
remain uncertain. Together, these comparisons highlight the importance of cross‐planet studies for identifying
both universal and planet‐specific aspects of vortex dynamics.

In summary, the observational characteristics of Saturn's long‐lived vortex provide important constraints on the
dynamics of giant‐planet atmospheres and offer a valuable reference case for future theoretical and numerical
investigations of vortex evolution in planetary atmospheres.
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the Space Telescope Science Institute: Outer Planet Atmospheres Legacy (OPAL) (Simon, 2015). The processed
data of the vortex's characteristics are available on Zenodo (Wang, 2026).
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