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a b s t r a c t
We report on the long-term evolution of Saturn’s sixth Great White Spot (GWS) event that initiated at
northern mid-latitudes of the planet on December 5th, 2010 (Fletcher, L. et al. [2011]. Science 332,
1413–1417; Sánchez-Lavega, A. et al. [2011]. Nature 475, 71–74; Fischer, G. et al. [2011]. Nature 475,
75–77). We ﬁnd from ground-based observations that the GWS formed a planetary-scale disturbance that
encircled the planet in 50 days, covering the latitude band between 24.6° and 44.8°N (planetographic) or
about 22,000 km in meridional extent and 280,000 km in full zonal circumference length. The head of the
GWS was located at an averaged latitude of 40.8 ± 1°N in the peak of a westward jet and showed a mean
linear drift in System III longitude of 2.793 deg/day, equivalent to a mean zonal velocity of
u = 27.9 m s1, with maximum speed ﬂuctuations around this mean of 5.3 to +2.7 m s1. The difference between the undisturbed jet peak velocity and the GWS head was Du = 12 m s1. Assuming the
GWS has a deep origin at the water cloud a vertical extent of Dz  250 km is expected and we can derive
a vertical shear of the zonal winds ou/oz  5  105 s1. The cloud morphology of the disturbance was
sculpted by the winds at this latitude and their latitudinal shears, showing several distinct features:
(1) A long-lived Dark Spot (DS, anticyclone vortex) placed at 41.5 ± 1.1°N with a speed
u = 11.0 ± 0.1 m s1 and a size of 7800 km (East–West) per 6000 km (North–South). (2) Two branches
of zonally periodic features at both sides of the jet peak, a northern branch at 44.4°N (anticyclonic)
and a southern branch at 32°N (cyclonic), with wavelengths in the range  5000–14,000 km. Precise
long-term cloud tracking of disturbance features shows that they moved with speeds close to those of
the prevailing winds, although differences up to 45 m s1 were measured, probably due to wave
motion or to real wind changes produced by momentum transfers induced by the disturbance. Vortex
DS and the GWS head encountered between the 15th and 19th of June 2011, disappearing within the resolution of our images. We present and discuss two simple hypothesis to explain the nature of this phenomenon. Taking into account our results together with previous historical events, we summarize the
mysteries of GWS phenomena: seasonal forcing, occurrence at preferred latitudes only in the Northern
hemisphere, no relation of the outbreaks with the wind proﬁle structure and the existence of a continuous deep moist convection source to feed the disturbance.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
⇑ Corresponding author. Address: Departamento de Física Aplicada I, Escuela
Técnica Superior de Ingeniería, Universidad del País Vasco UPV/EHU, Alameda
Urquijo s/n, 48013 Bilbao, Spain.
E-mail address: agustin.sanchez@ehu.es (A. Sánchez-Lavega).
1
Full list of contributors to the IOPW-PVOL database is located at http://
www.pvol.ehu.es/.
0019-1035/$ - see front matter Ó 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.icarus.2012.05.033

At visible wavelengths, Saturn’s atmosphere shows the presence of convective cloud systems with typical sizes 2000 km,
characterized by their brightness, irregular shape, and rapid evolution in a matter of hours (see e.g. Del Genio et al., 2009). These
features have been observed predominantly at localized symmetric latitudes in both hemispheres around 38°N during the Voyager
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ﬂybys in 1980–1981 (Ingersoll et al., 1984) and at 38°S since
2002 (unless explicitly stated otherwise, all latitudes quoted in
this paper are planetographic). These south-hemisphere storms
have been imaged at high resolution following the arrival of the
Cassini mission to the planet in 2004 (Porco et al., 2005; Vasavada et al., 2006; Dyudina et al., 2007). Apparently, the storms
emerge following the seasonal insolation cycle, occurring with
preference during the summer season. The storms produce radio
emissions known as Saturn Electrostatic Discharges (SEDs), ﬁrst
detected by the Voyagers at Equatorial latitudes (Kaiser et al.,
1983) and surveyed in the Cassini era with the Cassini Radio
and Plasma Wave Science (RPWS) instrument (Fischer et al.,
2007, 2008, 2012) and ground-based radiotelescopes (Zakharenko
et al., 2012). SEDs are associated to lightning occurring in the
storms. The Cassini ISS has also been able to detect lightning
ﬂashes in ISS images captured in 2009 (Dyudina et al., 2010).
Models developed so far indicate that the storms are most probably produced by moist convection in the water cloud layers
(Hueso and Sánchez-Lavega, 2004).
The observations of these regular storms by Voyagers or Cassini
are dwarfed when a rare, bright and rapidly growing spot, known
as a Great White Spot (GWS onwards) erupts in Saturn’s atmosphere, generating a disturbance that encircles the whole latitude
circle in few months (Sánchez-Lavega, 1982, 1994). The epithet
GWS designates a phenomenon that has the following unique
characteristics in Saturn’s atmosphere: (1) Outbreak and rapid
growth of a spot that reaches sizes ten times larger (10,000–
20,000 km) than those of the typical storms described above. (2)
High brightness at optical wavelengths (from 380 nm to 1 lm) relative to surrounding area and also relative to regular storms. (3)
Evolution from a single spot to a global planetary-scale disturbance
that encircles the planet along a whole latitude band. (4) Sustained
convection originating at the initial spot (the head of the GWS) for
months, producing a destabilizing effect at the upper cloud level
that endures for even longer periods.
The last equatorial GWS event in 1990 was the only one extensively studied in the literature (Sánchez-Lavega et al., 1991, 1993,
1996, 1999; Barnet et al., 1992; Beebe et al., 1992; Westphal et al.,
1992). Historical records show evidence of ﬁve cases up to 2010, all
of them in Saturn’s northern hemisphere in coincidence with its
summer season. This suggests a periodicity of about 30 years, quasi
coincident with Saturn’s year of 29.42 years. According to this regularity, the next GWS was expected to occur about the year 2020
Surprisingly, on 5 December 2010, a small spot was detected in
an image obtained by Japanese amateur astronomer T. Ikemura
at planetographic latitude 37.5°N (Sánchez-Lavega et al., 2011).
The cloud was simultaneously imaged by Cassini ISS camera and
the RPWS instrument detected strong radio emissions associated
with this new storm (Fischer et al., 2011). The spot grew rapidly
in size and brightness, and in about one week it initiated a rapid
zonal expansion that unambiguously showed that the spot was
the sixth GWS event recorded in the history of Saturn’s observations. This was the ﬁrst storm of any size to be detected in the
northern hemisphere during the current Saturn year (in the spring
season) and it appeared 10 years earlier than expected from previous GWS cycles.
In our previous paper (Sánchez-Lavega et al., 2011) we described the onset and initial evolution of the 2010 GWS event
(up to February 1, 2011). This paper focuses on the long-term evolution of the disturbance from February to September 2011. We
describe its cloud morphology and main features at visible wavelengths, the motions of particular features in the disturbance, the
evolution of the local winds, and the disappearance of the head
of the storm and ﬁnal demise of the disturbance in mid-June
2011. Finally, we compare and discuss this event in the context
of the previous ones, raising the main ingredients of a major puzzle

in the dynamics of planetary atmospheres that remains to be
solved.

2. Observations
This paper is based on the analysis of about 1200 images submitted either to the International Outer Planet Watch – Planetary
Virtual Observatory database (IOPW-PVOL) (Hueso et al., 2010)
or directly to the authors during the period of our study (February
1–September 1, 2011). Table 1 presents a list of the contributors to
IOPW-PVOL and their instrumentation. Most images were generated from video records of the planet through a color ﬁlter, using
the so-called ‘‘lucky imaging technique’’ (e.g. Law et al., 2006). In

Table 1
List of IOPW-PVOL contributors and their instruments.
Observer

Location

Telescope aperture (cm)

Filters

T. Akutsu
G. Arrillaga
L.M. Azorin
M. Barco
T. Barry
J. Beltran
F. Brandl
S. Buda
J. Camarena
F. Carvalho
P. Casquinha
B. Combs
M. Delcroix
C. Fattinnanzi
A. Gallardo
S. Ghomizadeh
C. Go
Y. Goryachko
J. Hotershall
T. Ikemura
W. Jaeschke
R. Jhonson
G. Jolly
A. Kazemoto
W. Kivits
S. Kowollik
E. Kraaikamp
T. Kumamori
C. Labordena
A. Lasala
M. Lecompte
P. Malinski
F. Martin
P. Maxson
F.J. Melillo
D. Pﬁtzner Milika
M. Mobberley
E. Morales
D. Parker
D. Peach
O. Perez
M.A. Philips
J. Phillips
J.J. Poupeau
J. R. Sanchez
I. Sharp
M. Smrekar
J. Sussenbach
T. Tranter
S. Walker
G. Walker
A. Wesley
F. Willems
T. Wilson
K. Yunoki

Philippines
Spain
Spain
Spain
Australia
Spain
Germany
Australia
Spain
Brazil
Portugal
USA
France
Italy
Spain
Iran
Philippines
Bielorrusia
Australia
Japan
USA
Australia
USA
Japan
Netherlands
Germany
Netherlands
Japan
Spain
Spain
UK
Poland
Spain
USA
USA
Australia
UK
Puerto Rico
USA
UK
Spain
USA
USA
France
Spain
UK
Eslovenia
Netherlands
Australia
USA
USA
Australia
USA
USA
Japan

35.5
30.5
15
25.4
40.6
45.7
28
40.5
30.5
25.4
35.6
35.5
25.4
36
20
23.5
28
23.5
38
38
35.6
30
35.6
30.8
35.6
20
40
28
23.5
25.4
35.5
28
15
25
20.3
28
30
30
40.6
35
18
35.6
25.4
35
19
28
25
28
25
31.8
25.4
40.5
35.6
25.4
26

Lrgb
ir, rgb
Lrgb
rgb
rgb, l, ir
ir, rgb, Lrgb
ir
r, rgb
r
rgb
rgb
Lrgb
rgb, l, ir, ch4
rgb, ir
Ir
rgb
rgb
rgb
R(L)-rgb
rgb
rgb
rgb
rgb
rgb
rgb
rgb
rgb
Lrgb
Irgb
Lrgb, r
rgb, ir
Lrgb
rgb
rgb
rgb
rgb
rgb
rgb
rgb, ir, ch4, uv
rgb
ir, uv
Lrgb
rgb
rgb, r
rgb
r
rgb
rgb, L , Cl
rgb
rgb
Lrgb
rgb, ch4, uv
rgb, Ir
rgb
rgb

The IOPW-PVOL database is located at http://www.pvol.ehu.es/pvol/.
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this technique, the best individual frames are selected and
co-registered to form a single image with high spatial resolution
and signal to noise ratio, largely removing the blurring effects of
atmospheric seeing. The image is then processed to further sharpen the visible features. Most ﬁnal images are color composites
resulting from the addition of single broadband blue (B), green
(G), and red (R) ﬁltered images combined to give an ‘‘RGB’’ image.
The spatial resolution that can be reached by this method is close
to the telescope diffraction limit (0.5 arc sec for a 30 cm telescope
at 600 nm, while Saturn disk is in the range 17–19 arcsec). Direct
measurements on some of the best IOPW-PVOL images indicate
that it is possible to resolve features of about 1.5–2° in zonal extent
(i.e. about 0.5 arcsec in plate scale), corresponding to about 1200–
1500 km at the latitude of the storm. IOPW-PVOL observations
provide an almost daily coverage of Saturn, often reaching a temporal resolution of one Saturn rotation (about 10 h). Fig. 1 shows
the temporal distribution of the number of images used in this
study during the reported period. The maximum temporal density
of observations is reached close to the opposition of the planet
with Earth, on April 3, 2011.
In addition to this large number of images, we also used some
series of images obtained with larger telescopes, in particular the
1-m telescope at Pic-du-Midi Observatory (France) with a conventional CCD video camera and the 1.23 m telescope at the Calar Alto
Observatory (Spain) with the Astralux camera (Hormuth et al.,
2008) that allows an optimal use of the ‘‘lucky imaging technique’’.
Finally, we also used one series of clear ﬁltered images obtained
with the ACS camera onboard the Hubble Space Telescope on
March 12. This last set was obtained by D.A. Golimowski for calibration of the bias shift that affects the ACS camera. Features with
a size 1° (equivalent to 750 km) can be resolved in the HST
images, and slightly larger features with a size 1000 km are resolved in the best frames acquired with the Astralux camera.
The images were analyzed with the purpose of studying the
cloud morphology of the disturbance and its temporal changes,
the motion of features and the retrieval of wind velocities from
their temporal tracking. Images were navigated by ﬁtting an ellipse
to the planet disk, which allowed to transform pixel coordinates
(x, y) to planetary oblate coordinates (longitude L and latitude u).
Measurements were performed independently by two authors on
essentially the same set of IOPW images employing two different
tools: (1) ASL used the LAIA software (Cano, 1998) as in previous
works for Jupiter and Saturn, see e.g., García-Melendo et al.
(2009), where additional details can be found; (2) MD used the
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WinJupos software (WinJupos, 2011). Additional independent
measurements by a third author (TdR), also using the LAIA software, were performed when it was necessary to identify particularly difﬁcult targets. The ASL measurements are taken as a
reference in what follows, but it must be noted that a comparison
of the results obtained by ASL and MD using different software
tools shows a very good agreement between the two sets, strongly
validating the results presented here. All throughout this work,
longitudes are measured in the System III rotation reference frame,
derived from Voyager radio-observations (Seidelman et al., 2007)
and latitudes are planetographic.
Measurement errors in the position of the features are mainly
due to the navigation procedure (i.e. inaccuracies in ﬁxing the planet limb) and uncertainties in the manual pointing of features. A
detailed description of the error sources and their values can be
found in Garcia-Melendo et al. (2009). As a summary, for Saturn
we typically have pointing errors in latitude and longitude of the
order of 1.5°, similar to the values of the standard deviation from
the mean longitude and latitude that we obtain when repeated
measurements of the same feature are available.
3. Disturbance cloud morphology and motions
3.1. Cloud morphology description
Fig. 2 shows the early development of the storm in the course of
the ﬁrst week of its lifetime. In this short period, the spot grew rapidly in area and brightness from a small spot (2000 km) to a large
and well deﬁned sharp-edged cloud (10,000 km). Detailed measurements of the area growth-rate in this period were presented
in Sánchez-Lavega et al. (2011). Following this initial stage, the
GWS evolved into a planet encircling disturbance that propagated
zonally according to the zonal wind velocity proﬁle. The GWS
emerged in the peak of a westward jet, and it moved to the west
faster than the jet peak, whereas the disturbance it produced
drifted eastwards. The morphology of the clouds that formed the
disturbance was sculpted by the meridional shear of the zonal
wind proﬁle. The main features that could be traced at optical
wavelengths were the following (Figs. 3 and 4):
(1) ‘‘Head’’. It corresponds to the bright initial spot. Its mean latitude during the lifetime of the storm was 40.8 ± 1°N. This is
the latitude of the peak of a westward jet, as measured on
images taken in 1980–81 by Voyager 1 and 2 (Sánchez-Lavega

Fig. 1. Daily distribution of the number of images analyzed in this work, extending from December 2010 through July 2011.
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Fig. 2. Early development of the Great White Spot, showing its growth and zonal expansion. From left to right images by (day in December indicated): T. Ikemura (5th), Gh.
Sadegh (8th), T. Kumamori (9th), A. Wesley (10th), C. Go (13rd).

et al., 2000) and in 2004–2010 by Cassini ISS camera (Porco
et al., 2005; García-Melendo et al., 2011). At ground-based resolution the head showed an ‘‘arc-shaped’’ structure that
matched approximately the zonal wind velocity proﬁle and
extended latitudinally about 6000 km. Its shape remained
essentially constant during the storm lifetime, with slight
changes of brightness and morphology. According to our previous models, this head is the manifestation at the visible ammonia cloud level of strong moist convection originating at the
water cloud base (Sánchez-Lavega and Battaner, 1987; Hueso
and Sánchez-Lavega, 2004).
(2) ‘‘Tail’’. It is essentially the wake disturbance behind the
convecting head. Clouds that formed in the tail of the disturbance propagated or were advected eastward by the
prevailing zonal winds at both ﬂanks of the head. As a
result, head and tail drifted in opposite directions in System III longitudes. This differential motion led to the
encounter of the head and southern branch of the tail on
January 29 (Sánchez-Lavega et al., 2011). By this time a
new ‘‘band’’ was formed, consisting of bright and dark
patches of clouds encircling the planet and extending
meridionally  20,000 km from planetographic latitudes
24.6° to 44.8°. Morphologically, the tail was composed
by three main branches (Fig. 3a):
(2a) Northern branch. It extended approximately between latitudes 41°- 45°N. It was essentially formed by a bright
band with distinct spots and an undulating northern edge
with bright lobes of sizes ranging in length from 4500 to
8500 km, suggestive of a wave structure. This region corresponds to the anticyclonic part of the jet, with a mean
meridional wind shear hdu/dyi = 3  106 s1. Its eastward
progression was slower than that of the southern branch.
(2b) Central branch. It extended approximately between latitudes 39° and 41°N. It was formed by large dark spots
with some bright patches of clouds in between. The main
feature in this region was a persistent oval-shaped dark
spot (in what follows we will refer to it as DS, see Figs.
3 and 4) which Cassini high-resolution images showed
to be an anticyclonic vortex (Sayanagi et al., 2011). The
oval DS marked the eastern boundary of the central
branch, and because of its slower speed than the head,
the two separated progressively until their ﬁnal encounter in mid-June. DS was very prominent in thermal infrared images (Fletcher et al., 2011). Its size as measured on
HST images was of 7800 km in zonal length and 6000 km
meridional width.
(2c) Southern branch. It extended approximately between latitudes 30° and 38°N. It was formed by regularly spaced
bright spots with a size of 3000 km. This structure was
visible in some longitude sectors, and is suggestive of a
wave phenomenon, as will be discussed below.

3.2. Long-term motion of the main features: Head and DS
The head of the 2010 GWS was tracked from its outbreak date in
December 5, 2010 to its disappearance in June 15–19, 2011 with a
total of 226 longitude and latitude measurements, each one corresponding to different dates, in many cases with a temporal resolution of one Saturn rotation (about 10 h) (Fig. 5). The mean
planetographic latitude of the head was ug = 40.8 ± 1°N. A linear
ﬁt to its longitudinal motion in System III is given by the equation:

L ðIIIÞ ¼ 2:793  Dt  15218:737

Dt ðdaysÞ ¼ JD  2; 450; 000

ð1Þ

where JD is the Julian Date. The resulting linear drift rate is x = 2.793 deg/
day (longitudes increase in the westward direction), which transforms to a
zonal velocity in System III, u = 27.9 ± 0.06 m s1, following the usual
convention that deﬁnes eastward velocities as positive. However, an analysis of the longitude residuals relative to the linear motion indicates that
the head suffered marked velocity changes, illustrated in Fig. 6. We can
identify at least four evident velocity changes, each one showing a marked
linear drift relative to the mean linear trend. Translated to velocities, they
indicate a variability in the zonal velocity of the GWS head of du = 5.3
to +2.7 m s1. These changes could be related to small latitude migrations
or to interactions of the head with other features, but our precision in latitude measurements, of ±1°, does not allow a conﬁrmation of this point.
Similarly we also tracked the other long-lived feature, the DS
vortex. DS formed by 21 December in the wake of the GWS head,
about 7° eastward of it, as the northern and central branch of the
disturbance progressed in their eastward propagation. Examples
of the early days of this feature are shown in Fig. 3. The mean latitude of DS from a total of 160 measurements was ug = 41.5 ± 1.1°N.
The mean longitudinal motion of DS can be ﬁtted to a straight line
given by

L ðIIIÞ ¼ 0:906  Dt  4740:769

ð2Þ

leading to a linear drift rate of x = 0.906 deg/day, and a zonal velocity in System III, u = 11.0 ± 0.1 m s1. An analysis of the longitude
residuals relative to the linear motion indicates that DS suffered
marked velocity changes (Fig. 6). The residual motion is parabolic
around the mean linear drift, with a best ﬁt

DL ðIIIÞ ¼ 0:00235  ðDtÞ2  26:445Dt þ 74; 519

ð3Þ

We cannot deduce from our data alone which are the causes of
this residual parabolic movement but, again, a coupled latitude
migration is the most plausible explanation.
3.3. Encounter of the head and DS
The GWS head encountered DS between the 15th and 19th of
June 2011 (Fig. 7) and, as a consequence, both vanished at optical
wavelengths. Before the encounter on June 14th, DS was a large
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Fig. 3. (a) Map of the latitude band disturbed by the GWS with identiﬁcation of the main features observed at ground-based resolution. (b) Maps showing the formation and
early evolution of the Dark Spot vortex (DS) westward of the GWS head (up to January 9, 2011).

dark spot at ground based resolution (Fig. 7a and b). DS eastern
edge encountered the head on June 15th and by June 19th the head
split in three spots of lower brightness (Fig. 7c). The relative drift of
the head, DS and the new features is shown in Fig. 8. These three
spots survived for 3–5 days moving at speeds very close to that
of the head. By June 23–24 only two spots, weak in brightness,
were still visible at both sides of the virtual location of the head.
Following that date (up to August 2011) it was not possible to
identify any signature of DS or the head in our images.

4. Zonal winds
We also performed cloud tracking of individual features in the
disturbance in order to retrieve the local winds. Alternative wind
retrieval methods, such as correlation methods in image pairs,
are not well suited for the kind of resolution and temporal sampling we have. However, since we achieved a daily coverage of
the planet over a large part of the observing period (Fig. 1), good
identiﬁcation and tracking of individual features was possible. A
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Fig. 4. Map of the GWS disturbance at high resolution composed from images taken with the ACS camera with clear ﬁlter on the Hubble Space Telescope on March 12, 2011.

Fig. 5. Drift in System III longitude of the GWS head and the Dark Spot (DS) during
their lifetime (from December 5, 2010 to June 24, 2011).

total of about 5000 individual measurements on features with size > 1500 km were performed. From them, we tracked 206 different features. 132 features tracked by one of the authors (ASL),
100 tracks are new to this work while another 32 were already presented in Sánchez-Lavega et al. (2011). Additionally, 73 features
were tracked by another author (MD). Selection of valid tracks
was based on the criterion that each individual tracking had to involve at least 5 measurements over a period longer than 5 days.
Thus, only long-lasting and well identiﬁed features were selected
for wind tracking. We ﬁtted straight lines to each individual tracking, resulting in a zonal velocity for each of them. Examples are
shown in Fig. 9. Additional cloud tracks for the early period between December 5 and January 31 can be found in Sánchez-Lavega
et al. (2011). The new wind speed data extend the coverage in latitude and improve previous results in terms of lower errors and
dispersion. Considering the measurement errors discussed in Section 2, each individual point typically has a highly accurate velocity
determination, within ±1 m/s for a tracking time Dt = 14 days, and
its latitude determined with a precision of ±1°.
The results of our zonal wind velocity measurements are presented in Fig. 10, where they are compared to the mean zonal wind
proﬁles obtained during the Voyager 1–2 period in 1980–1981
(Sánchez-Lavega et al., 2000) and Cassini period from 2004 to
2010 (García-Melendo et al., 2011). We reach the following
conclusions:

Fig. 6. (a) Residuals of the longitude position of the GWS head relative to its mean
linear drift. Different linear motions can be identiﬁed at different epochs. (b) The
same for vortex DS, showing a parabolic motion relative to the mean linear drift.

(1) The GWS head emerged in the peak of the westward jet but
had a westward velocity higher than the peak speed measured in the Voyagers epoch (umax = 14 ± 7 m s1) and during the Cassini period (umax = 18 ± 3 m s1), by an amount
Du = 14 and 10 m s1 respectively. Assuming that the
source of the head of the storm is located in the deep water
clouds at the 10 bar level (Sánchez-Lavega and Battaner,
1987; Hueso and Sánchez-Lavega, 2004) we interpret the
higher velocity of the GWS head as a manifestation of the
speed of the winds at that deep level (Sánchez-Lavega
et al., 2011). Since the difference in altitude between cloud
tops (0.5 bar level) and water clouds (10 bar level) is

A. Sánchez-Lavega et al. / Icarus 220 (2012) 561–576
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Fig. 7. (a) Filtered image of the GWS head and vortex DS approaching each other, obtained with the Astralux camera on the 2.2 m telescope at Calar Alto Observatory in
southern Spain (June 11, 2011). (b) Similar image obtained by E. Morales in Puerto Rico with broadband RGB ﬁlters and a 1200 telescope (June 14, 2011). (c) Maps showing the
details of the encounter. GWS head and vortex DS encountered on June 14th and 15th and by June 19th the GWS head was broken into three spots. By the 23rd and 24th June
no sign of the GWS head or DS was detected.

Dz  250 km, taking a wind speed difference Du of 12 m s1,
we retrieve a vertical zonal wind shear of 0.05 m s1 km1 or
equivalently ou/oz  5  105 s1. This estimation assumes
that the vertical wind shear in the weather layer varies linearly. Given the uncertainty in the actual depth of the water
cloud (which depends on the unknown water abundance),
we think a realistic value of the vertical wind shear at this
latitude is ou/oz = 5 ± 2  105 s1. This value is also supported by our early numerical simulations of the disturbance
(Sánchez-Lavega et al., 2011), which required a low vertical
shear for the zonal wind speed. This result will be used for
model interpretation in Section 5.

(2) The disturbance features moved at velocities close to the
undisturbed ambient winds, although some differences
on the wind speeds relative to the mean Voyagers and
Cassini proﬁles are found, in particular in the northern
branch. There, we ﬁnd lower speeds in some disturbance
elements with differences up to Du = 30 to 60 m s1
in the latitude band between  43° and 45°N where the
shear is anticyclonic. In the central branch (westward jet
peak) the differences are Du = ± 20 m s1 relative to the
mean value. In the southern branch (cyclonic ﬂow) we
ﬁnd that most features matched within ±10 m s1 the
more recent Cassini proﬁle by García-Melendo et al.

568

A. Sánchez-Lavega et al. / Icarus 220 (2012) 561–576

Fig. 8. Left panel: Drift of the GWS head and the Dark Spot (DS) in a System III longitude map, showing their encounter. Triangles mark the East edge of DS and circles indicate
the motion of the GWS head fragments. Right panel: Details of the motion of both features around the date of the encounter and of the split of the GWS head in three spots
following the encounter.

Fig. 9. Examples of the tracking of different cloud elements of the GWS disturbance, corresponding to February 2011, in a longitude–time diagram. The tilt (drift rate) gives
the velocity. Left panel shows cloud tracking of features on the northern branch; right panel displays cloud tracking of features on the southern branch between 32° and 35°N.
The number next to each tracking indicates planetographic latitude.

(2011). These features were placed between latitudes 30°
and 35°N, coinciding with an inﬂexion in the wind proﬁle.
Differences between the undisturbed winds (Voyager and Cassini proﬁles) and the velocity of the disturbance features could
be due to turbulent motions, wave propagation relative to the
mean ﬂow (as discussed in next section) or to differences in the
altitude location of the features under the vertical wind shear. In
principle, this last possibility can be ruled out, since the vertical
wind shear will be small if we assume the vertical wind shear estimated from the GWS head motion. According to our radiative

transfer calculations (Sánchez-Lavega et al., 2011; Sanz-Requena
et al., 2012) and preliminary results from Cassini VIMS data (Baines
et al., 2011), GWS top clouds locate in altitude levels ranging from
P0 = 100 mbar to P1 = 500–1000 mbar, representing an altitude difference of Dz = H ln(P0/P1)  1.5–2.3H. For a scale height H = 38 km
this implies Dz  80 km, and from the derived shear we expect at
most |Du|max = 3–5 m s1.
Another possibility is that the disturbance removes zonal
momentum from the mean ﬂow, as suggested from models of
the equatorial storm of 1990 (Sayanagi and Showman, 2007). This
kind of exchange was also noted in the similar planetary scale
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Fig. 10. Retrived zonal velocities for individual cloud tracers compared to the
averaged wind proﬁles derived in the Voyager epoch (1980–81, red line) and with
Cassini ISS camera and CB2 and CB3 ﬁlters from 2004 to 2010 (blue line). Dots are
measurements by ASL and circles by MD. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

disturbances that occur in Jupiter’s most intense eastward jet
(Sánchez-Lavega et al., 2008; Barrado-Izagirre et al., 2009).
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Another peculiarity of the southern pattern is the color structure of the main patches that form this structure. In the observations with highest spatial resolution, R-band images reveal the
periodic spots as distinctive dark patches surrounded by white
material. The spots appear homogeneously bright in B-band
images and slightly bright in G-band images. In lower resolution
observations, the color structure cannot be retrieved and all the
patches appear white. This can be appreciated in Fig. 11. Thus,
we may conclude that the features forming the southern pattern
have low albedo in the red channel, meaning that they have a bluish color, but appear white due to their B- and G-dominant albedo
when combined as an RGB color image.
The wake of the GWS head has a ‘‘comet-like’’ aspect, with the
southern branch widening in latitudes from 33°N close to the
head longitude (where white features dominate) to 29–30°N
after encircling the planet (where dark features in the red-channel
dominate; see Fig. 11). This widening is probably due to a small
meridional component in the velocity and to the smooth meridional wind shear of the zonal winds. On the other hand, the bright
cloud features forming the periodic pattern in the northern branch
are more concentrated in latitude around 44.5°N.
The features in the northern branch have elongated shapes with
meridional sizes 1600 km and a dominant zonal wavelength of
6.2° (4800 km) but with a high dispersion in longitude, with distances between features ranging from 4500 to 11,000 km (Fig. 12).
In what follows we explore two different mechanisms that could
be involved in the formation of these patterns in the GWS wake,
both within the approximation of a two-dimensional ﬂow. We will
present detailed three-dimensional numerical simulations of the
long term evolution of the disturbance elsewhere (see Sánchez-Lavega et al. (2011) for simulations of the initial stage of the
disturbance).
5.1. Barotropic Instability

5. Global disturbance and periodic structures
The regularly spaced bright spots that formed in some longitude
sectors along the northern and southern branches of the disturbance (Figs. 3 and 4) could be a manifestation of wave phenomena.
As discussed in Section 3, the periodic patterns were more prominent in the South than in the North, probably due to the differences
in the meridional wind shear between both branches. In addition,
these patterns were not present across the whole latitude parallel
but concentrated in some longitude sectors (see Fig. 11). In order to
characterize these features we measured the distance in longitude
between consecutive spot brightness centers, for different observing periods, on maps selected for their relatively high resolution.
Fig. 12 shows histograms of the wavelength distribution for both
patterns and Table 2 gives a summary of their properties.
The southern pattern was mainly formed by white blobs with a
characteristic size 3000 km (in longitude and latitude). It formed
in the latitude band 31–34°N where the undisturbed zonal wind
proﬁle shows a marked inﬂection and a slight oscillations in vorticity, both in Voyager data (Sánchez-Lavega et al., 2000) and in Cassini data (García-Melendo et al., 2011). One peculiar aspect of the
southern pattern is that it apparently changed its wavelength with
time. During the ﬁrst epoch (December–January) the wavelength
was 15.7° (12,250 km) in agreement with the wave pattern observed in the thermal infrared in the same epoch (Fletcher et al.,
2011), but by February it was 8.9° (6950 km) and 5.5° (4300 km)
by March. These differences are beyond the error bars and do not
seem to originate from a bias due to different resolution in images
obtained in different epochs. A possible explanation is that slight
alterations of the wind proﬁle, due to removal/injection of momentum by the disturbance, may modify the instability conditions for
wave formation.

Northern and Southern wave-like patterns formed in regions
with different zonal wind velocity proﬁle and ambient vorticity,
according to the zonal winds obtained from Cassini ISS CB2 images
(García-Melendo et al., 2011). In the northern branch (40–45°N)
the ﬂow is anticyclonic with ambient vorticity (meridional wind
shear) du/dy ranging from +1.5  105 to +4  105 s1. In the
southern branch the ﬂow is cyclonic between 40° and 34°N with
a peak value du/dy = 3  105 s1, but between 34° and 30.5°N
the zonal wind proﬁle, although essentially cyclonic within measurement uncertainties, oscillates with latitude with low vorticities du/dy  106 s1. It is in this latitude band where the white
and dark spots that form the southern pattern locate. If we interpret the periodic pattern formed by the spots as a wave, we ﬁnd
that its phase speed is c 6 10 m s1 relative to the mean ﬂow, as
the spots move with velocities close to those of the undisturbed
wind proﬁle (García-Melendo et al., 2011).
Early wave formation in the GWS disturbance was well simulated using the non-linear EPIC code (Dowling et al., 1998), as presented in Sánchez-Lavega et al. (2011), but the nature of the wave
was not identiﬁed. At Saturn’s mid-latitudes geostrophic balance
applies, since Rossby number Ro  1. In particular, taking
u = 25 m s1, a Coriolis parameter f = 1.87  104 s1 and a characteristic length for these motions L = 5000 km we have,

Ro ¼

u
 0:03
fL

ð4Þ

According to our numerical simulations with the EPIC model
(Sánchez-Lavega et al., 2011), the potential vorticity ﬁeld reproduces
the main aspects of the disturbance cloud morphology if the BruntVäisala frequency in the cloud layers (altitude pressure levels from
0.1 to 10 bar) is N  1.7  103 s1 and the wind increases slightly
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Fig. 11. Map projection of the GWS disturbance in February 19th, 2011 formed with a mosaic of different images to show details of the southern wave features. The RGB
images used in longitudes following the head (170°–40°) depict the generally observed bright spots of the southern wave pattern as a series of dark spots (marked by arrows).
These features appear dark in this image because a luminance channel based in the R-ﬁltered image was used to increase the contrast in the corresponding images rendering
the slightly bluish features dark in these longitudes. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 12. Histograms showing the wavelength distribution of the Southern (a–c) and Northern (d) branch waves: (a) 28 Dec 2010–29 Jan. 2011; (b) February 2011; and (c and
d) 12 March 2011.

Table 2
Periodic patterns properties.
Branch

Dates

Image data

Zonal periodicity

Zonal wavelength

Latitude

South

15 December 2010–31 January 2011
1–28 February 2011
12 March 2011
12 March 2011

IOPW
IOPW
HST
HST

15.7 ± 3°
8.9 ± 0.7°
5.5 ± 1.4°
6.2–14°

14,150 km
8115
5015
4793–11,183

35.7 ± 2°
33.7 ± 0.6°
33.1 ± 1.4°
44.5 ± 1.0°

North

downwards across this layer, consistently with our conclusion in
Section 4. If we adopt an average scale height across the cloud layers
of H = RhTi/g = 85 km (where R = 3898 J kg1 K1 is the speciﬁc gas
constant, hTi = 218 K is a reference temperature across the cloud layers and g = 10 m s2 the acceleration of gravity) the corresponding
Rossby deformation radius (Sánchez-Lavega, 2011) is

LD ¼

NH
¼ 750 km
f

ð5Þ

This scale is a factor of ten below the observed wavelengths. The
vertical shear derived in Section 4 allow us to estimate the Richardson number to be large,
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Ri ¼

N2
ð@u=@zÞ2

 1160
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ð6Þ

The low deformation radius and high Richardson number suggest that barotropic conditions, which are valid for ou/oz = 0
(Ri ? 1), are a reasonable approximation to the dynamic regime
of the ambient atmosphere where the GWS developed. Fig. 13
shows the structure of the undisturbed zonal wind in the latitudes
of interest. According to the Rayleigh–Kuo criterion the ﬂow is
barotropically unstable in both ﬂanks of the westward jet, where
the waves formed, (e.g. Pedlosky, 1979; Sánchez-Lavega, 2011)

@ 2 u=@y2 > b ! @ 2 u=@y2  2  3b

ð7Þ

where b ¼ df =dy ¼ 2X cos u=RS ¼ 4:6  1012 m1 s1 , X is Saturn’s
System III rotation frequency and RS Saturn’s radius at latitude
u = 40°N. Note however that uncertainties in calculating the second
derivative of the zonal wind make this result just tentative. The
characteristic horizontal scales and growing times associated to this
type of instability were reported by Kuo (1949) and incorporated to
the context of Jovian planets by Stone (1974), and are of the order of
(see also Pedlosky, 1979; Sánchez-Lavega, 2011),

pﬃﬃﬃﬃﬃﬃﬃﬃ
Lb  pLb ¼ p u=b
pﬃﬃﬃﬃﬃﬃ

sb  10= ub

ð8aÞ
ð8bÞ

In Eq. (8a) u is the mean zonal velocity, in our case u = 10–
65 m s1 at the latitude where the waves form (Fig. 10), leading
Lb  8400–11,485 km and sb  12–7 days, within the range of the
observed zonal wavelengths of the northern and southern
branches (Table 2). This simple scale analysis indicates that barotropic instability could be a plausible mechanism to form the
waves. Note however that this estimation must be considered heuristic since we have omitted the latitudinal scale of the wind shear,
that of the forcing disturbance (head size), and the vertical structure (N(z), u(z)) of the atmosphere.
5.2. Two-dimensional advection model
The second hypothesis we explore is that the tail structure
represents a manifestation of a classical wake produced when a
ﬂow passes ‘‘an obstacle’’, similar to von Kármán vortex streets
seen in laboratory experiments, numerical simulations (Kundu
and Cohen, 2008) and on atmospheres (Sánchez-Lavega, 2011),
including that of Saturn (Godfrey et al., 1983). However, the situation is different in our case since the ‘‘obstacle’’, the GWS head, is
assumed to be formed by vertically extended convective towers
of warm air masses (Hueso and Sánchez-Lavega, 2004). In addition,
the ﬂow in the GWS head is not uniform, but sheared in the meridional direction, and the ‘‘obstacle’’ has not rigid boundaries, known
to be important ingredients in forming classical von Kármán vortex
streets.
We modeled the GWS head as a round cloud with a characteristic outﬂow at a ﬁxed size and producing a continuous outﬂow of
material to mimic the convective structure. This simple model
incorporates mass continuity and the action of Coriolis forces and
is described in Hueso et al. (2002). In this case the model domain
consists of 2000  400 grid points for longitude and latitude with
an horizontal resolution of 50 km. The zonal wind was introduced
in the model as an initial condition and is constant in the vertical
boundaries while periodic boundary conditions are imposed in
the left and right sides of the model domain. The storm is introduced as an outﬂow perturbation to the wind ﬁeld and a passive
tracer is created in the storm core in each time interval. After each
forward in time integration we minimize locally in an iterative way
the value of the divergence ﬁeld in all points outside of the storm

Fig. 13. Meridional proﬁles of the zonal wind velocity and their ﬁrst and second
derivatives at the latitude of the GWS, from Cassini ISS CB2 and CB3 (GarcíaMelendo et al., 2011). The regions where the GWS waves develop are identiﬁed by
shadowed bands. The dot in the lower panel marks the latitude and zonal velocity
of the storm head, and f and b are, respectively, the Coriolis parameter and its
meridional gradient.

core (Hueso et al., 2002). Boundary conditions at the grid limits are
soft so that material that comes into the grid boundaries can go out
of the numerical domain.
The material from the round cloud is advected by the background wind and the outﬂow is let to interact with the initial wind.
Since the circular cloud is located at the peak of the westward jet
and is a large structure, it invades the cyclonic and anticyclonic
sides of the jet stream, dragging the clouds according to the structure of the zonal wind and its interaction with the outﬂow. We
tested different conditions for the GWS perturbation. We placed
perturbations at 34.0, 34.25 and 34.5 with sizes 100, 200, 500,
1500, 2500, 3500 and 4000 in radius and outward velocities of 1,
5, 10, 30, 60 and 100 m s1. Instead of running a full set of simulations covering the total space of parameters (this would have a cost
of 147 simulations) we observed the behavior of different simula-
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Fig. 14. Time series of snapshots showing the formation of the GWS tail according to a two-dimensional advection model where a meridional sheared ﬂow encounters a
round uniform cloud with continuous mass outﬂow. Compare to Figs. 3 and 4.

Table 3
Summary of Saturn’s Great White Spots.
Year
1876.9
1903.5
1933.7
1960.25
1990.9d
2010.93

Planetographic latitude
8° ± 3°N
36° ± 2°N
2° ± 3°N
58° ± 1°N
12° ? 5° ± 1°Ne
37.7° ? 41.1° ± 1°Ne

Solar longitudea
170°
130°
134°
106°
121°
16°

GWS (head) velocityb
1

396 m s
19 m s1
400 m s1
4 m s1
365 ? 402 m s1
29 m s1

Ambient vorticityc

Reference

4  106 s1
7.4  106 s1
2  105 s1
4  105 s1
1.5  105 s1
0f

(i)
(i)
(i)
(i)
(ii)
(iii)

References: (i) Sánchez-Lavega (1982, 1994). (ii) Sánchez-Lavega et al. (1991, 1993, 1996, 1999), Barnet et al. (1992), Beebe et al. (1992). (iii) Fletcher et al. (2011), Fischer
et al. (2011), Sánchez-Lavega et al. (2011).
a
The solar longitude is the angular position of Saturn in its orbit measured from the spring equinox at 0° (northern hemisphere: 90° summer solstice, 180° fall, 270°
winter).
b
Relative to Saturn’s System III rotation reference frame according to Voyagers radio measurements (10 h 39 min 22.4 s).
c
Ambient vorticity is deﬁned here as the shear of the zonal wind velocity with latitude at the GWS outbreak point (positive vorticity is cyclonic and negative vorticity is
anticyclonic in the northern hemisphere).
d
Activity in the equatorial region was continuous along 1991–1993 following the 1990 storm. In July 1994 a reply occurred with the emergence of a large spot f (it does not
ﬁt the pattern of the GWS) enduring along 1995, that was later followed in 1996 and 1997 by other smaller scale bright spots.
e
The 1990 and 2010 GWS were observed to drift in latitude during the ﬁrst days.
f
The 2010 GWS emerged in the peak of a westward jet. The planetary scale disturbance evolved at both sides of the jet (southward cyclonic and northward anticyclonic).
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Fig. 15. Solar heat ﬂux at the top of Saturn’s atmosphere in W/m2 as a function of latitude and time (Saturn’s orbital position). The location of the six known Great White
Spots and other smaller-scale storms are plotted in the ﬁgure. Red dots mark the GWS events, green dots the Voyager’s 1 and 2 storms (1980–81); blue dots the smaller
Cassini ISS and ground-detected storms during the period 2002–2010. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

tions and quickly found out that the best results were obtained
with simulations including a large size and moderate outward
velocities together with a latitude of 34.0 deg. We launched in total
34 simulations. The best simulation was obtained by placing the
perturbation centered at 34.0 deg with a radial size of 3500 km
and moderate outwards velocities of 5 m s1 (Fig. 14). The simulation resembles the global behavior of the disturbance reasonably
well but does not reproduce the wavelengths we observe since
the model patterns north and south of the head are much more
turbulent at smaller scales. An important conclusion to draw from
this simulation is that advection of a continuous mass source with
outﬂow is one of the basic ingredients for the generation of the
GWS long tail.

6. Discussion and conclusions
The 2010 GWS offered a unique opportunity of studying a giant
Saturn storm in detail after the last event that occurred in the
Equator in 1990. The collection of data gathered is unique both
in its temporal and spatial resolution and in wavelength coverage,
and includes ground-based observations as reported in this paper
and previously by Sánchez-Lavega et al. (2011), measurements in
the infrared with new instrumentation (Fletcher et al., 2011) and
most exceptionally data from a battery of instruments in the Cassini spacecraft (Fischer et al., 2011; Sayanagi et al., 2011; Baines
et al., 2011). This new event is the sixth recorded in 134 years
and allows a comparison with previous ones to better characterize
the GWS phenomenon. Table 3 summarizes the current record and
main properties of the GWS phenomena. We here summarize our
conclusions about the nature of this last GWS.
(1) The rapid growth in area and high brightness of the 2010
GWS during the ﬁrst week of its lifetime reinforce the
hypothesis that GWS events are initiated by a localized
moist convection instability at the water cloud level (10–

12 bar) (Sánchez-Lavega and Battaner, 1987; Hueso and Sánchez-Lavega, 2004). This is also supported by the detection
of intense SED radio-emissions associated to lightning in
the storm head (Fischer et al., 2011). The phenomenon is
similar to the two major planetary-scale disturbances that
occur in Jupiter, namely the North Temperate Belt Disturbances (NTBD) (García-Melendo et al., 2005; Sánchez-Lavega
et al., 2008) and the South Equatorial Belt Disturbances
(SEBD) (Sánchez-Lavega and Gómez, 1996) which have also
been explained in terms of water moist convection (Hueso
and Sánchez-Lavega, 2001; Hueso et al., 2002).
(2) The long lifetime 6.5 months of the 2010 GWS head
requires that its source was active during the whole period,
until the destruction of the storm after its encounter with
anticyclone DS. Our initial non-linear three dimensional
simulations using the EPIC code (Sánchez-Lavega et al.,
2011) and the two-dimensional advection model presented
here, conﬁrm this aspect. In order to maintain the convective
activity, an unknown mechanism must provide the sustained CAPE (Convective Available Potential Energy) and
ﬂow convergence at the deep water clouds (Hueso and Sánchez-Lavega, 2004). The ﬁrst problem is difﬁcult to investigate and is beyond the scope of this work. A sustained
storm transports energy upwards reducing locally the CAPE
until the atmosphere is stable to moist convection but the
length scales (planetary) and temporal evolution (months)
make difﬁcult to simulate the evolution of CAPE in such a
storm. Large-scale simulations of moist convection in Jupiter
tend to produce intermittent convection instead of a sustained one (Sugiyama et al., 2011) requiring new modeling
to advance in the nature of long-lived large-scale storms.
On the other hand sustaining moist convection requires convergence of moisture at the water condensation level. One
possibility is that this convergence is global at the latitude
of the storm, provided by some deep meridional circulation
(see Fig. 6.18 in del Genio et al. (2009)), similarly to Hadley
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Fig. 16. Meridional proﬁles of the zonal wind velocity and its ﬁrst and second derivatives, based on motions tracked in Cassini ISS CB2 and CB3 images (García-Melendo et al.,
2011). The banded areas where different GWSs appeared are marked as 1, 2, 3. Bands 1 and 2 are also the regions where smaller-scale storms were observed during the
Voyager 1 and 2 ﬂybies in 1980–1981. Band 4 is the region nicknamed as the ‘‘storm alley’’ where mid-scale storms were detected during the Cassini period, in 2004–2010.

cells and Earth’s Intertropical Convergence Zone. The enduring life of the GWS head also points to the existence of a

large reservoir of water vapor at 10–12 bar. Since the GWS
outbreaks occurred at particular latitudes (see Table 3) we

A. Sánchez-Lavega et al. / Icarus 220 (2012) 561–576

can speculate that these are the parallel bands along Saturn’s
deep troposphere where water vapor concentration is
enhanced, perhaps by the same meridional cell transport
mechanism.
(3) The GWS and the more common smaller scale storms are not
randomly located in terms of time or latitude. There seems to
be a seasonal dependence of the GWS outbursts, with a tendency to occur in summer season. Fig. 15 shows the available
daily solar ﬂux at Saturn’s top of the atmosphere (TOA) along
a Saturn year together with the appearances of different
storms (historical GWSs and the regular storms observed
by the Voyagers and Cassini). Seasonal temperature changes
are well known in Saturn’s stratosphere (Ingersoll et al.,
1984; Fletcher et al., 2010). The calculation represented in
Fig. 15 includes the planet’s oblateness, orbit ellipticity, and
rings’ effects: sunlight shadowing, sunlight scattering back
to the planet and thermal emission, all following the work
by Barnet et al. (1992) and Pérez-Hoyos and Sánchez-Lavega
(2006). The location of the stormy events correlates with the
location of the maxima of energy ﬂux (i.e. they never happen
in poorly illuminated latitudes/epochs) and, in fact, the average ﬂux at the top of the atmosphere for all events is 7 ± 1 W/
m2. The 2010 event was anomalous in its seasonal behavior
since it occurred 10 years in advance to the date expected
according to previous cases (Fig. 15 and Table 3). In terms
of the temporal gradient of the ﬂux at TOA, this was the only
event known to occur when the ﬂux was increasing in time,
and not decreasing as in the other GWS cases. The 2010
GWS was in that respect more similar to the local storm
events recorded by the Voyager missions. This could be
related to a modulation effect on the energy deposition introduced into the upper atmosphere by the particular distribution of clouds and hazes prior to the 2010 eruption (PérezHoyos et al., 2005; West et al., 2009) or to other unknown
variations in Saturn’s emitted power (Li et al., 2010). Lastly,
it should be noted that when all the effects produced by
the rings and the orbit ellipticity are taken into account, there
is a clear asymmetry between northern and southern hemispheres. The maximum ﬂux available at TOA around summer
solstice is signiﬁcantly higher (about 20%) in the northern
latitudes than in the southern ones. In any case, the forcing
of the GWS by solar irradiation is puzzling since solar photons penetrate only down to the 1–2 bar level (Pérez-Hoyos
and Sánchez-Lavega, 2006) much higher in the atmosphere
than the 10–12 bar depth where water moist convection is
triggered.
(4) Another striking aspect of the GWS phenomena is that the
six cases so far observed have occurred in Saturn’s northern
hemisphere and in the Equator (Table 3), while none has
been detected in the South. In addition, they have occurred
at three latitudes where the ambient winds and vorticity
are very different, as shown in Fig. 16. This is completely
analogous to what happens in Jupiter’s similar planetaryscale disturbances: the NTBDs occur in the peak of the strongest Jovian eastward jet, and the SEBDs occur on a cyclonic
ﬂow at a latitude where the zonal velocity is zero. Looking
at Saturn’s global wind proﬁle at cloud level (Fig. 16), and
to the proﬁles of the ﬁrst and second meridional derivatives
of the zonal wind speed, we see that there are no signiﬁcant
differences in the jet structure between the two hemispheres. Thus, neither the wind proﬁle, nor its meridional
shear point to preferred latitudes for the GWS to emerge.
Similarly, potential vorticity proﬁles and stability analyses
derived by Read et al. (2009) from Cassini data do not show
the GWS mid and sub-polar latitudes as preferred ones for
the onset of atmospheric disturbances. Therefore, the wind
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structure at cloud level seems not to play a role on the
GWS onset, even though it plays a major role in the GWS disturbance evolution. The more frequent smaller storms, also
represented in Figs. 15 and 16, appear to be seasonally controlled and occurring at preferred symmetric latitudes at
both hemispheres, as observed in the Voyager era at
38°N (Ingersoll et al., 1984) and in the 2002–2010 period
at 38°S according to ground-based and Cassini imaging
(Sánchez-Lavega et al., 2003, 2004; Vasavada et al., 2006;
Dyudina et al., 2007; Fischer et al., 2012). Note that the
northern regular storms develop in the same latitude than
the 1903 and 2010 GWS events.
These and other aspects of the GWS phenomenon and its evolution will be further studied in detail from current and ongoing
observations using both ground-based and Cassini instruments.
In any case, these large sets of observations call for a modeling effort to solve the puzzle of how the storm is triggered by seasonal
forcing and why they occur at preferred hemisphere and latitude
locations.
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