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Presented in this manuscript are observations exploring vortices with diameters larger than 1000 km on
Jupiter and Saturn. These images are taken from the Imaging Science Subsystem onboard the Cassini
Spacecraft. The analyses of Saturn’s vortices show that there are significantly more vortices in the South-
ern Hemisphere (SH) than in the Northern Hemisphere (NH) during the time from 2004 to 2010. In par-
ticular, the concentration of vortices are completely different between the two hemispheres, especially in
the latitude band around 40�N where the 2010 giant storm occurred. In the SH, the latitude band around
40�S has the highest concentration of vortices on Saturn. Contrasting results show that vortices are lack-
ing in the latitudinal band around 40�N in the NH before the eruption of the 2010 giant storm, although
zonal wind characteristics are similar at both locations. Global maps of Saturn at different times suggest
that the total numbers of large vortices dramatically decreased from 29 ± 1 to 11 ± 2 in the SH and from
11 ± 2 to 7 ± 1 in the NH during this time period (2004–2010), just before the eruption of the giant storm
at the end of 2010. The goal here is to present observational trends and evaluate if the temporal variation
in the total number of vortices is related to the eruption of the 2010 giant storm. The comparison of
jovian and saturnian vortices shows that the contrast of the two hemispheres is different between the
two giant planets, likely due to the different obliquities, hence different seasonal cycles on the two plan-
ets. Jovian vortices tend to display a near equal distribution of vortices across hemispheres, while satur-
nian vortices are distributed unevenly. The comparison also reveals that on both planets, there is a
correlation between the highest number of vortices and the westward jet peaks. This suggests that atmo-
spheric instabilities play a critical role in generating vortices on both planets.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

From October 1, 2000 to March 20, 2001, Cassini spent about
half of an Earth year observing Jupiter en route to Saturn (e.g.,
Porco et al., 2003). Jupiter has a very small axial tilt (�3�) and a
faint ring system, creating conditions where the vast majority of
the planet is observable (i.e., sunlit and not occluded) during any
given diurnal cycle. Cassini arrived at Saturn in 2004 and is
expected to collect data until 2017, encompassing nearly one half
of a saturnian year (�29.5 Earth years). Saturn’s tilt is �27.9�
which is similar to Earth’s at �23.5�. Like Earth, the axial tilt of Sat-
urn creates significant variations in the global distribution of solar
flux. Additionally, Saturn’s ring system blocks sunlight from the
planet, creating shadows on the body in the hemisphere tilted
away from the Sun. Therefore, significant seasonal variations in
solar forcing occur between the two hemispheres of Saturn. The
long-term Cassini observations, which include a seasonal transit
in 2009 (northern spring equinox), will help explore the temporal
variation of the atmospheric system of Saturn.

Due to the long-term observations available from Cassini, in this
study we focus on the vortex activity on Saturn and compare these
activities between Saturn and Jupiter. There are many vortices
existing in the atmospheric systems of Jupiter and Saturn. These
highly dynamic structures play important roles in the small and
large scale atmospheric variations on these planets (e.g., Ingersoll
et al., 2004; Vasavada and Showman, 2005; Del Genio et al.,
2009). Analyzing vortices not only enriches our knowledge of the
meteorology (e.g., Smith et al., 1981, 1982; Ingersoll et al., 1981;
Sromovsky et al., 1983; Mac Low and Ingersoll, 1986; Morales-
Juberias et al., 2002; Sánchez-Lavega et al., 2004; Li et al., 2004;
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Salyk et al., 2006; Vasavada et al., 2006; Del Genio et al., 2007), but
also helps better understand the large-scale atmospheric dynamics
on the two Gas Giant Planets (e.g., Ingersoll and Cuong, 1981;
Williams and Yamagata, 1984; Dowling and Ingersoll, 1989;
Marcus et al., 2000; Li et al., 2006a; Showman, 2007; del Rio-
Gaztelurrutia et al., 2010).

The high spatial resolution images recorded by the Imaging Sci-
ence Subsystem (ISS) on Cassini provide a perfect opportunity to
examine saturnian vortex activities in detail over specific time
frames. From the Cassini observations in 2004, Vasavada et al.
(2006) studied Saturn’s vortices in the Southern Hemisphere
(SH). Due to the seasonal ring sunlight blockage and Cassini’s orbi-
tal path, a vast majority of the Northern Hemisphere (NH) of Sat-
urn was shaded or hidden from observation during the 2004-era
observations. Additionally, some specific vortices in the SH (del
Rio-Gaztelurrutia et al., 2010) and NH (Fletcher et al., 2012;
Sayanagi et al., 2013) have been investigated with Cassini observa-
tions. While these studies are considered during this work, a sys-
tematic survey of Saturn’s global vortices is lacking. The
continuous Cassini observations make it possible to systematically
investigate the vortices in the NH as well as the SH, creating a glo-
bal understanding of these prevalent and robust atmospheric
features.

Here, we use the public Cassini ISS observations from 2004 to
2010 to explore these oval spots over the whole globe of Saturn
while emphasizing the temporal variation of these features. These
oval spots are defined as vortices based on previous studies
(Vasavada et al., 2006; del Rio-Gaztelurrutia et al., 2010). These
studies suggested these oval spots on Saturn are characterized as
vortices based on rotation and vorticity measurements. In this
study, planetographic latitudes and western longitudes are utilized
to define the spatial domain of these Cassini ISS processed maps. In
the time domain, we use the solar longitude to track the seasonal
changes on Jupiter and Saturn. Solar longitude is defined as the
longitude of the Sun in the sky as seen from the planet, with 0�
at the point where the Sun crosses the equator going northward
(northern spring equinox). This is equivalent to the angular dis-
tance of the planet in its orbit around the Sun, creating an ideal
time standard.
2. Data and data processing

The current study utilizes Cassini ISS images of Jupiter from
2000 to 2001 and of Saturn from 2004 to 2010 to conduct a global
survey of vortices on the two Gas Giants. The Cassini ISS images are
obtained from the archive on the public Planetary Data System
(PDS). The processing of these Cassini ISS images (e.g., calibration,
navigation, solar-illumination removal, and map projection) are
described in detail in two previously related studies (Li et al.,
2004; Vasavada et al., 2006) and are briefly summarized here.

As described in Porco et al. (2004), the Cassini ISS is equipped
with 12 filters on the narrow-angle camera (NAC FOV 0.35�) and
9 on the wide-angle camera (WAC 3.5�), ranging from ultraviolet
(258 nm) through near infrared (1028 nm) wavelengths (Porco
et al., 2004). The filters focused on our target area are three contin-
uum-band filters (CB1, CB2, and CB3). Data sets here are taken
from the images recorded at the CB2 wavelengths (750 nm in
NAC and 752 nm in WAC). The CB2 wavelength was used because
the largest number of observations has been obtained in this filter
and these images best reveal tropospheric cloud activities. The CB2
images predominantly detects pressure levels around 300–
500 mbar (Perez-Hoyos and Sanchez-Lavega, 2006). However, it
is possible that some individual features in the CB2 images can
probe pressure levels down to the ammonia cloud deck (1–
1.4 bar), depending on the optical thickness of the tropospheric
haze (Sanchez-Lavega et al., 2007). Therefore, the CB2 images are
ideal for the creation of as many complete global maps as possible.
Multiple, high-quality maps are critical in the investigation of Sat-
urn’s global vortices and their temporal variations.

Data processing is conducted using several procedures. The
images are first navigated by deriving the true spacecraft pointing
by fitting, in the image plane, the observed planetary limb. To flat-
ten the solar illumination, we found that a modified formula (Li
et al., 2006b) based on the Minnaert function (Minnaert, 1941)
works well for the ISS images of Jupiter. Ring effects complicate
the solar illumination of Saturn’s images. The classic Minnaert
function does not work well for the ISS images of Saturn due to
the scattering of light from the rings. Therefore, we use a high-pass
filter as suggested by Vasavada et al. (2006) to remove the solar
illumination. The processed images are then projected as cylindri-
cal maps. After processing, each projected map occupies about 50–
70� of longitude. This ideal spacing allows us to develop global
maps by combining 5–7 projected images.

To obtain the highest fidelity global maps of Saturn, we selected
the ISS images based on several criteria for this study. First, we
selected high-quality ISS images with good spatial coverage (cover-
age greater than 70� of latitude) and with spatial resolution better
than 200 km/pixel. The large spatial coverage and high spatial res-
olution are critical for the global analysis of vortices on Saturn. Sec-
ond, the series of images used to produce one global map must be
separated by relatively short time intervals to minimize the move-
ment of features due to strong zonal winds, while also allowing
enough rotation of Saturn to image the entire body in 5–7 images.
In this study, we selected images with a time interval between the
neighboring two images of less than 2.5 h. The strongest zonal
winds (�400 m/s) in the equatorial region will result in a displace-
ment of �3600 km during a period of 2.5 h. The displacement of
3600 km corresponds to �3.4� shift in longitudinal direction in
the equatorial region of Saturn. The longitudinal shift due to the
zonal winds among the series of images drops from the equator
to the middle and high latitudes. This drop can be attributed to
the decreased zonal winds, so the movement is further reduced,
eliminating any associated issues with significant feature move-
ment. Capturing minimal feature movements is critical in quality
map development. It should be mentioned that there are longitude
overlaps on the two neighboring images, which assist in achieving
improved mapping accuracy. We carefully checked features in
regions of longitudinal overlap to correct for possible errors of vor-
tex counting caused by the longitude shift due to the zonal winds.
The last criterion was avoiding the significant ring effects (shading
and blocking in the view field). These images, with shadowing of
less than 20�, are selected to process the global maps in this study.

Using these criteria, we developed two global maps of Saturn
using public ISS images from 2004 to 2010, using the CB2 filter,
which are summarized in Table 1. Fig. 1 shows the first CB2 global
map, composed from the NH map in 2008 and the SH map in 2004.
The time variation between hemispheres is due to the stringent
global map development criteria, explained above. In the NH, the
ring-shaded areas decrease from 2004 to 2008. During 2008, the
ring-shaded latitude bands extended from the equator to �15�N,
allowing for comprehensive NH map development. The second glo-
bal map (Fig. 4) was developed from images from 2010, and incurs
minimal ring shadowing due to the recent equinox. Table 1 sum-
marizes two CB2 global maps of Saturn that were recorded by
ISS before and after the northern spring equinox (September
2009). Therefore, the two global maps can be used to investigate
the temporal variation of vortex behavior on Saturn. Along with
the two CB2 global maps of Saturn, we selected one CB2 global
map of Jupiter from the global maps processed in our previous
studies (Li et al., 2004, 2006b) to conduct a comparative study of
vortices between Jupiter and Saturn.



Table 1
Cassini global maps processed and analyzed in this study.

Planet Time Solar longitude (�) Spatial coverage Spatial resolution (km/pixel) Camera Filter

Saturn September 18, 2004 295.8 SH �98 NAC CB2
Saturn February 26, 2008 341.5 NH �94 WAC CB2
Saturn September 25, 2010 13.8 Global �147 WAC CB2
Jupiter December 7, 2000 108.9 Global �100 NAC CB2

Note: The solar longitude is used to define the seasons of Jupiter and Saturn with 0�, 90�, 180�, and 270� standing for the northern spring equinox, the northern summer
solstice, the northern autumn equinox, and the northern winter solstice, respectively. The resolutions shown here are the spatial resolutions of the raw ISS images, which are
projected to the global maps with a map scale of 0.1�/pixel. The CB2 filter has a central wavelength of 750 nm and 752 nm for NAC and WAC, respectively.

Fig. 1. First global map of Saturn observed in the CB2 filter. The global map in the
NH is composed by 5 WAC images, which were observed by ISS in 2008 with a
spatial resolution of �94 km/pixel and a time separation of �2 h. The global map in
the SH is composed by 7 NAC images, which were observed by ISS in 2004 with a
spatial resolution of �98 km/pixel and a time separation of 1.5 h. These very bright
and black areas in the polar region and in the northern equatorial region are the
observational gaps in these images recorded by ISS.

Table 2
Numbers of observed vortices on Saturn and Jupiter.

Planet Spatial
coverage

Time (solar
longitude)

Category Total

1 2 3 4

Saturn NH 2008 (341.5�) 0 5 0 4 9
2010 (13.8�) 0 2 0 4 6

SH 2004 (295.8�) 16 5 5 2 28
2010 (13.8�) 5 4 0 0 9

Jupiter NH 2000 (108.9�) 17 6* 20 55 98
SH 2000 (108.9�) 16 4* 32 39 91
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The spatial resolution of these global maps varies from�100 km/
pixel to �150 km/pixel (Table 1). To correctly identify the vortices,
we recorded only structures that included at least�10 pixels. There-
fore, only relatively large vortices with east–west diameter larger
than 1000 km are discussed here. Based on the global maps of Saturn
and Jupiter, we recorded basic characteristics of these relatively
large vortices including location and size. We organized these rela-
tively large vortices into different categories by following the cate-
gories suggested in the previous study (Vasavada et al., 2006)
(please also refer to Section 3.1). In regard to the sizes of the vortices,
we considered the oblateness of planets (Sanchez-Lavega et al.,
2007) when calculating the size of vortices in the latitude (north–
south) and longitude (east–west) directions to achieve the most
accurate results. We also examine the vorticity of individual vortices
on Saturn. Most vortices on Jupiter are anti-cyclonic (Li et al., 2004),
but the vortices on Saturn display different vorticities (Vasavada
et al., 2006). Continuous global maps with short time intervals are
lacking, so it is hard to measure individual vortex rotational direc-
tion and vorticity on Saturn. The previous SH study (Vasavada
et al., 2006) suggests that the vorticity of each vortex is correlated
to the vorticity of the local, environmental zonal winds. Here, we
implement the following ideas to estimate individual vorticities:
the vortices sitting in the cyclonic zones of zonal winds (i.e., vorticity
of zonal winds is positive) are assumed to be cyclonic; the vortices
sitting in the anti-cyclonic zones of zonal winds (i.e., vorticity of
zonal winds is negative) are assumed to be anti-cyclonic. It should
be mentioned that it is possible that vortices can exist in the regions
of zonal winds with opposite vorticity (Li et al., 2004; Vasavada et al.,
2006).
Note: The uncertainties in the total numbers of vortices in the observational gaps
are discussed in Section 3.1. The four categories of Saturn’s vortices are shown in
Fig. 7 of Vasavada et al. (2006), and the four categories of Jupiter’s vortices are
shown here in Fig. 8. It should be mentioned that the category 2 of Jupiter’s vortices,
which are marked with asterisks in this table, is different from the category 2 of
Saturn’s vortices.
3. Results

This section summarizes the analyses of the global survey of
vortices on Saturn and Jupiter. We first present the comparison
between the two hemispheres of Saturn and discuss the temporal
variation of Saturn’s global vortices in Sections 3.1 and 3.2, respec-
tively. Finally, the comparison of jovian and saturnian vortices is
presented in Section 3.3.
3.1. Comparison of Saturn’s vortices between hemispheres

Due to NH illumination limitations in the 2004 ISS observations,
the previous study (Vasavada et al., 2006) discussed the vortex
behavior in the SH only. Subsequent Cassini observations make it
possible to explore the vortex activities in the NH. Therefore, we
can conduct a global survey of the vortices on Saturn. Here, we
focus on the CB2 images in the following discussions to compare
Saturn’s vortices between hemispheres.

To be consistent with previous SH analysis (Vasavada et al.,
2006), we also divide Saturn’s vortices into four categories: (1)
dark; (2) dark with a bright margin; (3) bright centered; and (4)
bright. There are some vortices that do not exactly match the four
categories, which Vasavada et al. (2006) referred to as unclassified
vortices. It is worth noting that the appearances of these unclassi-
fied vortices fall close to one of the four categories. Thus we have
placed them into the closest of the four categories to simplify anal-
ysis. The numbers of vortices in the four categories are listed in
Table 2. There are clear trends that can be observed out of this cat-
egorization (i.e. category 1 is dominant in the SH and category 2
and 4 are dominant in the NH). Please see Fig. 7 in Vasavada
et al. (2006) for images of vortex groups.

Fig. 2 shows the ratio between the east–west diameters and the
north–south diameters for the four categories of vortices. Fig. 2
suggests that the larger vortices on Saturn are more oblate. The
comparison between the two hemispheres also suggests that the
average ratio of the east–west diameters to the north–south diam-
eters is larger in the SH (2.19 ± 0.29) than in the NH (1.41 ± 0.23).
The values of linear-fitting ratios and the corresponding uncertain-
ties for Fig. 2 are calculated by the least-squares method
(Bevington and Robinson, 2003). Fig. 3 shows the latitudinal distri-



Fig. 2. Scatter plot of vortices in the two hemispheres of Saturn from 2004/2008.
Circles, squares, triangles, and crosses represent category 1, 2, 3, and 4, respectively.
The blue line and red line are the fitting lines for the ratios of the east–west
diameters to the north–south diameters of the vortices in the NH and in the SH,
respectively. The dashed black line represents the ratio as 1.0 (the east–west
diameters are equal to the north–south diameters). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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bution of vortices with east–west diameters, plus the zonal wind
profile from García-Melendo et al. (2011). Panel A shows that most
of the vortices are concentrated in the middle and high latitudes in
the two hemispheres. Panel A also displays that the category 2 vor-
tices (dark with the bright margin) are the largest and mostly con-
centrated in the middle latitudes of the two hemispheres. Panel B
of Fig. 3 suggests that most of the vortices in the NH are near the
peak of westward zonal jets, a phenomenon previously observed
in the SH (Vasavada et al., 2006). The instability of these jets
around zonal wind minima (Dowling and Ingersoll, 1989; Li
et al., 2004; Vasavada et al., 2006) facilitates the generation of
eddies and vortices, and likely contributes to the observed
Fig. 3. Meridional distribution of vortices on Saturn in 2004/2008. (A) Vortex distribution
concentration and the zonal winds. The shaded areas in panel A represent the observatio
from the averaged zonal winds during a period of 2004–2009, which were measured w
distribution of vortices. The comparison between the two hemi-
spheres in Fig. 3 further suggests a significant difference of vortex
concentration around latitude 40� between the two hemispheres,
even though the latitude band around 40� corresponds to the min-
ima of zonal winds in both hemispheres. In the SH, the latitude
band around 40�S has the largest number of vortices, but there is
no observed vortex around the 40�N latitude band in the NH
(please refer to Figs. 3 and 6 and the corresponding discussions).

Table 2 also shows that there are 28 vortices in the SH (2004),
compared to only 9 large vortices in the NH (2008). When compar-
ing the total numbers of vortices between the two hemispheres,
the observational gaps (areas suffering from ring effects and obser-
vational gaps) in the two hemispheres (Fig. 1) should be consid-
ered. Here, the ratio of the area of the observational gaps to the
total area is used to estimate the uncertainty in the total number
of vortices in each hemisphere. The global surface area of an oblate
planet (Coxeter, 1989) is calculated with

S ¼ 2pa2½1þ ð1� e2Þtanh�1e=e� ð1Þ

where e = 1 � b2/a2. With the Eq. (1), we find that the surface area of
one hemisphere is 2.26 � 1010 km2 (with an equatorial diameter of
60,268 km and a polar diameter of 54,364 km). In addition, the
areas of the observational gaps are integrated over the areas of
these pixels within their gaps, which yield 5.84 � 109 km2 and
6.81 � 108 km2 for the NH and SH, respectively. Assuming that
the areas of the observational gaps have the same concentration
of vortices as the observed areas shown in Fig. 1, the total numbers
of vortices in these observational gaps are 9 � 5.84 � 109/
2.26 � 1010 � 2 and 28 � 6.81 � 108/2.26 � 1010 � 1 for the NH
and SH, respectively. The estimated numbers of vortices in the
observational gaps (2 in the NH and 1 in the SH) are also used to
represent the uncertainty in the total numbers of vortices. There-
fore, the total numbers of vortices with uncertainties are 11 ± 2
and 29 ± 1 for the NH and SH, respectively.

Even considering uncertainties, there are significant differences
in the total numbers of the vortices between the two hemispheres.
Considering the two hemispheres in Fig. 1 were observed during
two different time periods (2004 vs. 2008), we cannot rule out
in the plane of latitude and east–west diameter. (B) Comparison between the vortex
nal gaps in the equatorial region in the NH (Fig. 1). The zonal winds in panel B come
ith the CB2 images in a previous study (García-Melendo et al., 2011).
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the possibility that the difference in numbers between the two
hemispheres in Fig. 1 are related to the temporal variation of the
total numbers of vortices in the two hemispheres (Section 3.2).
However, the comparison of the numbers of vortices between the
two hemispheres (Fig. 4) at the same time suggests that there
are, indeed, more vortices in the SH than in the NH. This implies
a trend in uneven distribution of vortices across saturnian hemi-
spheres over time. Based on the method of estimating the vorticity
of individual vortices by zonal winds introduced in Section 2, we
examined the individual vorticities observed in the first global
map. This method of defining vorticity is a generalized approach,
so the following results may vary. In the SH in 2004, 11 of the 28
tracked vortices reveal cyclonic activity, while the remaining 17
are anti-cyclonic. In the NH, 4 of the 9 tracked vortices display
cyclonic activity and the remaining 5 are anti-cyclonic.

3.2. Temporal variation of the global vortices on Saturn

To explore the temporal variation of the vortices on Saturn, we
examine the public data sets on the PDS to create more global
maps. Unfortunately, the observational mode after the Saturn
Prime Mission (2004–2008) is not conducive to the creation of glo-
bal maps. After Cassini’s Prime Mission, we found only one series of
images from the PDS (2009–2010) that fit the three criteria we
introduced in Section 2 for creation of global maps. Fig. 4 shows
the global map in the CB2 filter in 2010. Saturn was experiencing
early northern spring during 2010; therefore, the equatorial and
SH low latitude regions are in ring shadows.

The comparison of Figs. 4 and 1 show that there are fewer vor-
tices in the second CB2 global map (2010) than in the first global
map (2004/2008). Table 2 lists the numbers of vortices in the four
categories on Saturn in 2010, which suggests that the total num-
bers of the vortices are 6 and 9 for the NH and the SH, respectively.
Likewise, we use the ratio of the area of the observational gaps to
the total area of one hemisphere to estimate the uncertainty in the
total numbers of vortices in the two hemispheres. Such estimates
suggest that the total numbers of vortices with the uncertainties
are 7 ± 1 and 11 ± 2 for the NH and SH, respectively. Table 2 shows
the variation of vortices in the four categories from the first global
map and the second global map. With these uncertainties, the total
numbers of vortices changed from 11 ± 2 to 7 ± 1 and from 29 ± 1
to 11 ± 2 for the NH (2008–2010) and the SH (2004–2010), respec-
tively. The significant temporal variation in the total numbers of
vortices on Saturn provides clues for the seasonal variation of the
global atmosphere on Saturn. Currently, we have no concrete
explanation for the physics behind the significant variation pre-
sented in this study, even though it is suggested that there are pos-
sible relationships between the global variation of vortices and the
eruption of the giant storm in the end of 2010 on Saturn.
Fig. 4. Second global map of Saturn observed in the CB2 filter. The two hemispheric
maps are both composed by 6 WAC images, which were observed by ISS in 2010
with a spatial resolution of �147 km/pixel and a time separation of �2 h. The
observational gaps are shown in blank areas in the global map.
Fig. 5 shows the east–west/north–south diameter ratio of the
vortices in 2010. A comparison between Fig. 2 (2004/2008) and
Fig. 5 (2010) suggests that the average ratio in the SH significantly
decreased from 2.19 ± 0.29 in 2004 to 1.32 ± 0.24 in 2010. In the
NH, the average ratio did not significantly changed from 2008
(1.41 ± 0.23) to 2010 (1.63 ± 0.22). Fig. 6 is the meridional distribu-
tion of vortices in 2010. Panel B shows that the vortices are concen-
trated in the peak of westward zonal jets in the two hemispheres,
consistent with the behavior of the vortex distribution in 2004/
2008 (Fig. 3).

Based on the comparison of the two global maps at different
times (Figs. 1 and 4) and the comparison of the analyses of vortices
in the two global maps (Figs. 2 and 3 and Figs. 5 and 6), it seems that
most of the vortices in the first global map (2004/2008) disappeared
in the second global map (2010) by examining the locations and
appearances of the vortices (size, shape, and color). The only excep-
tion is the vortex near 64�N with the east–west diameters�3100 km
(panel A in Figs. 3 and 6). This vortex in the two global maps appears
nearly identical in size, shape, and location, which suggest that the
two vortices are probably the same, long-lived vortex. However,
we cannot rule out a possibility that the old vortex disappeared
and a similar vortex appeared between 2008 and 2010 because there
is no continuous observation during the period of 2008–2010.

Observed vortices also display possible variations in vorticity
(cyclonic/anti-cyclonic) over time. With the method of estimating
vorticity introduced in Section 2, the 2010 global map suggests
that all 6 vortices in the NH are cyclonic and all 9 vortices in the
SH are anti-cyclonic. The comparison between the first and second
global maps suggests that anti-cyclonic vortices in the NH and the
cyclonic vortices in the SH are probably instable around the obser-
vational time of the second global map (2010). Currently, we do
not have a detailed explanation for the variation in the stability
of vortices displayed in our global observations of Saturn.

3.3. Comparison of the global vortices between Saturn and Jupiter

Cassini not only observed Saturn, but also strategically collected
data at Jupiter during its transit fly-by of the Gas Giant. The obser-
Fig. 5. Scatter plot of vortices in the two hemispheres of Saturn in 2010. Vortices
are classified into the four categories shown in Fig. 7 of Vasavada et al. (2006).
Circles, squares, triangles, and crosses represent category 1, 2, 3, and 4, respectively.
The blue line and red line are the fitting lines for the ratios of the east–west
diameters to the north–south diameters of the vortices in the NH and in the SH,
respectively. The dashed black line represents the ratio as 1.0 (the east–west
diameters are equal to the north–south diameters). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)



Fig. 6. Meridional distribution of vortices on Saturn in 2010. (A) Vortex distribution in the plane of latitude and east–west diameter. (B) Comparison between the vortex
concentration and the zonal winds. The shaded areas in panel A represent the observational gaps in the equatorial region. The zonal winds in panel B come from the averaged
zonal winds during a period of 2004–2009, which was measured with the CB2 images in a previous study (García-Melendo et al., 2011).

Fig. 7. Global map of Jupiter observed in the CB2 filter. The global map is composed
by 7 NAC images, which were observed by ISS in 2000 with a spatial resolution of
�100 km/pixel and a time separation of �1.5 h. The observational gaps, which are
represented by the very bright areas in the polar region, are smaller in the NH than
in the SH.

Fig. 8. Examples of four categories of vortices on Jupiter. (A) Category 1: dark. (B)
Category 2: bright with a bright margin. (C) Category 3: bright centered. (D)
Category 4: bright. Note: there are no jovian vortices belonging to category 2 on
Saturn. On the contrast, there is one new category of vortices (bright with a bright
margin) on Jupiter, which is defined as category 2 for Jupiter.
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vations of the two giant planets by the same spacecraft provide a
perfect opportunity to conduct a comparative study between them.
Fig. 7 is the global map of Jupiter from the CB2 filter, taken by Cas-
sini in 2000, which shows there are far more vortices on Jupiter
than on Saturn. The vortices on Jupiter have already been explored
in detail in our previous study (Li et al., 2004). In this study, we
emphasize the comparison of vortices between Saturn and Jupiter.

To keep the scope of this study uniform, we only recorded those
jovian vortices with east–west diameters larger than 1000 km with
the global map shown in Fig. 7. In addition, we follow the catego-
ries of Fig. 7 in Vasavada et al. (2006), to organize these jovian vor-
tices. However, there was no indication of any second-category
vortices (dark with bright margin) in the global map of Jupiter
shown in Fig. 7. Instead, we found a new category (bright center
and circulated with bright ring) shown in panel B in Fig. 8, which
were not observed in the corresponding ISS images of Saturn. We
replaced the second category with the new category (bright center
and circulated with bright ring) for a total of four categories of vor-
tices on Jupiter. The Great Red Spot around 22�S and the white oval
around 32�S are the two largest observed vortices, with the
east–west longitude larger than 10,000 km; these unique features
are not included in our analysis of jovian vortices as they are major
statistical outliers.

The four categories used to classify jovian vortices are shown in
Fig. 8 and the number of vortices observed in each category is
shown in Table 2. Category 4 vortices (bright) are the most preva-
lent type observed on Jupiter. This observation is quite different
from Saturn where dark vortices (category 1) dominate. Table 2
also shows there are total of 189 vortices with an uncertainty of
±2 by estimating the ratio between the area of the observational
gaps and the global area. Jupiter’s vortices (191 ± 2) are �5 times
and �11 times more abundant than saturnian vortices in the first
global map (40 ± 3) and the second global map (18 ± 3), respec-
tively. Table 2 also shows that the jovian vortices are approxi-



Fig. 9. Scatter plot of vortices in the two hemispheres of Jupiter in 2000. Vortices
are classified into the four categories shown in Fig. 8. Circles, squares, triangles, and
crosses represent category 1, 2, 3, and 4, respectively. The blue line and red line are
the fitting lines for the ratios of the east–west diameters to the north–south
diameters of the vortices in the NH and in the SH, respectively. The dashed black
line represents the ratio as 1.0 (the east–west diameters are equal to the north–
south diameters). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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mately equally distributed between the NH (99 ± 1) and SH
(92 ± 1) of Jupiter. This number is starkly different from Saturn
where we observe more vortices in the SH (29 ± 1 in 2004 and
11 ± 2 in 2010) than the NH (11 ± 2 in 2008 and 7 ± 1 in 2010).

We can also investigate the oblateness of jovian vortices. Fig. 9
shows the ratio of the east–west diameters to the north–south
diameters and suggests that the two hemispheres have approxi-
mately the same ratios. In the NH, the ratio is larger for Jupiter
(1.81 ± 0.17 in 2000) than on Saturn (1.41 ± 0.23 in 2008 and
1.63 ± 0.22 in 2010), which indicates that the vortices in the NH
are more circular on Saturn than on Jupiter during this time frame.
In the SH, the average ratio of vortices on Saturn changed signifi-
cantly with time (Figs. 2 and 5). The average SH ratio on Jupiter
(1.89 ± 0.18) is smaller than the SH ratio on Saturn in 2004
Fig. 10. Meridional distribution of vortices on Jupiter in 2000. (A) Vortex distribution in
concentration and the zonal winds. The zonal winds in panel B (red line) comes from a pr
figure legend, the reader is referred to the web version of this article.)
(2.19 ± 0.29) but larger than the SH ratio on Saturn in 2010
(1.32 ± 0.24). Fig. 10 shows the latitudinal distribution of the vorti-
ces on Jupiter, which are concentrated near the peak of westward
zonal jets. The distribution of the relatively large vortices
(>1000 km) investigated in this study is consistent with the results
in the previous study (Li et al., 2004), in which the relatively small
vortices are also included. The latitudinal distribution of vortices
on Jupiter is also consistent with the observations of Saturn pre-
sented here (Section 3.1) and in Vasavada et al. (2006) and sug-
gests that the atmospheric instability in these regions contributes
to the generation of vortices on both giant planets (Dowling and
Ingersoll, 1989; Li et al., 2004; Vasavada et al., 2006).
4. Conclusions and discussions

In this study, we processed global maps of Saturn and Jupiter
from images recorded by the Cassini ISS. Based on these global
maps, we conducted a global survey of Saturn’s vortices with diam-
eters larger than 1000 km. We also conducted a number of com-
parative studies including: the comparison of vortices between
Saturn’s two hemispheres, the comparison of Saturn’s global vorti-
ces between different observational periods, and the comparison of
the global vortices between Saturn and Jupiter.

The hemispheric comparison of vortices shows similarities (e.g.,
locating around the peak of westward jets) and differences (e.g.,
total numbers of vortices) between the two hemispheres of Saturn.
The examination of the global maps at different times reveals that
there was a significant decrease in the total number of vortices on
Saturn from 2004/08 (40 ± 3) to 2010 (18 ± 3). The comparative
study between Jupiter and Saturn shows that there are many more
vortices on Jupiter (191 ± 2 in 2000) than on Saturn (40 ± 3 in
2004/08 and 18 ± 3 in 2010). The correlation between the concen-
trations of vortices and the peaks of the westward jets is the same
between Jupiter and Saturn, suggesting that the correlation is a
general phenomenon on Gas Giant Planets.

As discussed in Section 3.1, the first global map (Fig. 1 and
Table 2) shows that the total number of vortices in the SH is
29 ± 1 in 2004. This is more than two times the total number of
vortices 11 ± 2 in the NH in 2008, presenting an uneven distribu-
the plane of latitude and east–west diameter. (B) Comparison between the vortex
evious study (Porco et al., 2003). (For interpretation of the references to color in this
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tion between hemispheres. Furthering the study, simultaneous
observations of the two hemispheres (Fig. 4) shows that the total
number of vortices is more than 1.5 times greater in the SH
(11 ± 2) than in the NH (7 ± 1) in 2010. Therefore, it is observed
that there are significantly more vortices in the SH than in the
NH on Saturn during the period of 2004–2010. On the other hand,
Jupiter displays the quasi-equal distribution of vortices between
the two hemispheres, which is most likely related to the small
obliquity (3.1�) and hence relatively small seasonal variation.
Unlike Jupiter, Saturn has a relatively large seasonal solar insola-
tion variation due to its large obliquity (26.7�). However, it seems
that the seasonal cycle is not the only factor contributing to the dif-
ferent numbers of vortices between the two hemispheres on Sat-
urn. The first global map (2004/2008, before the northern spring
equinox) and the second global map (2010, after the northern
spring equinox) both suggest there are more vortices in the SH
than in the NH. Saturn’s upper troposphere, where the vortices
are located, has a long radiative time constant equal to �24 Earth
years (Conrath et al., 1989). The long radiative time constant
results in a time lag in the response of the atmospheric thermal
structure to the varying solar radiance due to the seasonal change
on Saturn (Li et al., 2010). The time lag in the response of thermal
structure and the related dynamical processes in Saturn’s atmo-
sphere also helps explain the fact that there are more vortices in
the SH than in the NH even though Saturn’s season changed from
the northern winter (2004/2008) to the northern spring (2010).

The other factor affecting the number of vortices on Saturn is
the interaction between the vortices and large-scale atmospheric
processes. The comparison of two global maps at different times
(Section 3.2) suggests that the total number of the global vortices
changed from 40 ± 3 to 18 ± 3 during the period of 2004–2010.
The time of the second global map (September, 2010) is about
3 months before the eruption of the giant storm on Saturn (Decem-
ber, 2010) (Sanchez-Lavega et al., 2011; Fischer et al., 2011;
Fletcher et al., 2011). A previous study (Marcus, 2004) suggested
that there are some relationships between the vortex dynamics
and the global-scale thermal structure on Jupiter, in which a
decrease of the total number of vortices will significantly modify
Jupiter’s global thermal structure by 10 K. It is possible that the
global variation of vortices and the related modifications in the
large-scale thermal structure play some roles in the eruption and
development of the 2010 giant storm on Saturn, but some theoret-
ical studies are needed to illuminate such a relationship. On the
other hand, the development of the 2010 giant storm unquestion-
ably affected NH vortex activities on Saturn, as suggested by some
previous studies (Fletcher et al., 2012; Sayanagi et al., 2013). Ana-
lyzing more public Cassini data sets that are becoming available,
future studies will include tracking the temporal variation of global
vortices after the 2010 giant storm. Subsequent analysis will shed
more light on the interaction between the global vortices and the
giant storm on Saturn.
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