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Deep winds beneath Saturn’s upper clouds from a
seasonal long-lived planetary-scale storm
A. Sánchez-Lavega1, T. del Rı́o-Gaztelurrutia1, R. Hueso1, J. M. Gómez-Forrellad2, J. F. Sanz-Requena3, J. Legarreta4,
E. Garcı́a-Melendo2,5, F. Colas6, J. Lecacheux7, L. N. Fletcher8, D. Barrado-Navascués9, D. Parker10 & the International Outer
Planet Watch Team*

Convective storms occur regularly in Saturn’s atmosphere1–4. Huge
storms known as Great White Spots, which are ten times larger than
the regular storms, are rarer and occur about once per Saturnian year
(29.5 Earth years). Current models propose that the outbreak of a
Great White Spot is due to moist convection induced by water5,6.
However, the generation of the global disturbance and its effect on
Saturn’s permanent winds1,7 have hitherto been unconstrained8 by
data, because there was insufficient spatial resolution and temporal
sampling9–11 to infer the dynamics of Saturn’s weather layer (the layer
in the troposphere where the cloud forms). Theoretically, it has been
suggested that this phenomenon is seasonally controlled5,9,10. Here
we report observations of a storm at northern latitudes in the peak of
a weak westward jet during the beginning of northern springtime, in
accord with the seasonal cycle but earlier than expected. The storm
head moved faster than the jet, was active during the two-month
observation period, and triggered a planetary-scale disturbance that
circled Saturn but did not significantly alter the ambient zonal
winds. Numerical simulations of the phenomenon show that, as on
Jupiter12, Saturn’s winds extend without decay deep down into the
weather layer, at least to the water-cloud base at pressures of
10–12 bar, which is much deeper than solar radiation penetrates.

Ground-based telescopes detected the first signs of the storm on 5
December 2010 at 21:05:22 Universal Time (UT), when a barely visible
bright point emerged on Saturn at planetographic latitude 37.7 6 0.8u N
(Fig. 1). This is nearly simultaneous with the detection of electrical
activity linked to the storm at 19:18 UT by the Radio Plasma Wave
Science (RPWS) instrument on board the Cassini spacecraft13, when
considering the travel time of light from Saturn to Earth (80 min) at
this epoch. As in previous Great White Spot (GWS) outbreaks5,9,14,15, the
spot grew rapidly both in size and brightness, expanding from a length
of ,3,000 km to 8,000 km in just one week. Following this expansion,
the spot was centred at latitude 41.1 6 1.1uN, and had a rotation period
about Saturn of 10 h 41 min 43.6 s, implying a westward zonal wind
speed of 228.7 6 0.2 m s21 in the System III reference frame16. Two
weeks after the outbreak, the GWS disturbance consisted of a bright
compact spot (the ‘storm head’) followed to the east by a zonally
expanding tail of bright clouds between latitudes 30uN and 45uN
(Fig. 2). This tail formed a planetary-scale disturbance that encircled
the planet in 55 days. The shape of the head of the storm and its drift rate
remained unperturbed following its encounter with the disturbance, a
behaviour consistent with the drag of the disturbance clouds by ambient
zonal winds, in a similar way to that observed in the last GWS event on
Saturn’s equator in 19909–11,15.

Tracking individual cloud elements (sizes ,1,000–3,000 km) during
the observing period (5 December 2010 to 19 February 2011) allowed

us to derive their motions (Fig. 3; see also Supplementary Information).
The drift rate of the head of the storm did not change in this period; it
moved westwards 10 m s21 faster than the westward-jet peak velocity.

*Lists of participants and their affiliations appear at the end of the paper.
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Figure 1 | Initial growth of the Great White Spot. a–d, Map projections of
the storm clouds obtained on 5 December (a, by T.I.), 8 December (b, by S.G.), 9
December (c, by T.K.) and 13 December (d, by C.G.). Measurement of the area
occupied by the bright core (without considering the southern tail in the later
images) is shown in e. Solid and dashed lines are respectively linear and
parabolic fits to the area growth rate. During the first 13 days after onset, the
growth rate was dA/dt 5 20 km2 s21; during the next two days, the growth rate
was dA/dt 5 212 km2 s21. The images used in this study were obtained in the
visible range (wavelengths 350 nm–954 nm) by a large number of observers
contributing to the IOPW-PVOL database30 and the ALPO-Japan database
(details are given in Supplementary Information). Multi-spectral photometric
images were obtained at the 1-m telescope at Pic-du-Midi Observatory
(France), the 2.2-m telescope at Calar Alto Observatory (Spain), and a 0.41-m
telescope (D.P.). Error bars show the r.m.s. corresponding to several
measurements of the storm area over each image.
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On the other hand, disturbance features moved in the zonal direction
with speeds very close to those of the ambient winds. Therefore winds
at the upper cloud level, which have remained essentially unchanged
throughout a whole Saturn year1,7, were not altered by the disturbance
at this early stage.

Observations obtained with a variety of filters—from the ultraviolet
(375 nm) to the near-infrared (954 nm), including the deep methane
absorption band at 883 nm—showed that the GWS was brighter than
the adjacent undisturbed area at the same latitude by ,10% at 375 nm,
19% at 450 nm, 25% at 537 nm, 16% at 580 nm and 11% at 630 nm (see
Supplementary Information). At 375 nm, Rayleigh scattering contri-
butes to the brightness, but at the other wavelengths free of the gaseous
methane absorption, brightness is essentially controlled by the storm
particles17, suggesting that the storm injects fresh ice particles into the
tropopause, where they mix with the pre-existing haze. In order to
retrieve the vertical cloud structure of the storm, we used a standard

three-layer radiative transfer model for Saturn18–20. The model atmo-
sphere consisted of a stratospheric haze of thin Mie particles of size
,0.1mm located between 2 and 60 mbar, and a dense tropospheric haze
extending from 0.1 bar down to the ammonia cloud deck at 1.4 bar. We
found that the GWS was embedded within the tropospheric haze, with
its cloud tops located at ,150 mbar—that is, 3 km below the top of the
haze, and 20 km below the tropopause, which is located near 100 mbar,
according to thermal infrared measurements21.

The rapid growth and high brightness of the GWS core, together
with the abundant electric activity detected by Cassini RPWS instru-
ment13, are consistent with previous proposals that these events are
moist convective storms driven by condensation of ammonia and
water (at the 1–2 bar and 10–12 bar levels, respectively)5,6. Flow diver-
gence at the top of the ascending motions can be related to the growing
area A of the storm (Fig. 1) through mass continuity by
+NV~(1=A)(dA=dt)~(1–5) 3 1026 s21 (where V is the horizontal
velocity). This implies a vertical velocity (w) at the cloud top of the
storm of wƒh:+NV<2:5 m s{1, where h 5 260 km is the vertical
length of the path followed by the ascending convective parcels from
altitude (pressure P) levels Pbottom < 10 bar (water clouds) to
Ptop < 0.1 bar (the tropopause). However, deep moist convection
in Saturn is vigorous in the core of the ascending convective
towers5,6, and to first order the maximum vertical velocity wmax

can be related to the convective available potential energy (CAPE)

by CAPE~

ðz2

z1

g
DT

T(z)
dz~

w2
max

2
, where g is the acceleration due to

gravity and DT is the temperature difference between the ascending
parcel and the ambient (which has vertical temperature profile
T(z)). Assuming a constant DT of just 1 K, this results in

wmax~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2CAPE
p

< 2g
DT

vTw

h

� �1=2

<150 m s{1 for g 5 10 m s22

and mean temperature ,T . 5 250 K. Given the high vertical velo-
cities, the large vertical extent of the core of the GWS, and its enormous
horizontal size (of the order of the width of the mid-latitude jets), this
huge disturbance serves as a tool to diagnose the dynamics of Saturn’s
weather layer, which ranges from the deep troposphere (10 bar) to
0.01 bar or higher in the stratosphere.

In order to explain the structure of the disturbance at cloud level, we
ran nonlinear simulations of the response of Saturn’s upper tro-
posphere and stratosphere to a steady vertical heat source that tries
to mimic the GWS convective storm head using the EPIC code22. We
tested the structure of the atmosphere by varying the zonal wind
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Figure 2 | Expansion of the storm clouds and the planetary-scale
disturbance. Maps were made by assembling images from different observers
(see Supplementary Information). The storm head moved westward (left in the
maps), and showed a bow shape consistent with the meridional zonal wind
profile. a–c, The bright clouds forming the southern branch of the disturbance
(between latitudes 38u and 30uN, in a region of cyclonic vorticity) progressed
eastward. Later on 22 December, a northern branch developed (latitudes 40u to
45uN, anticyclonic vorticity), which also progressed eastward (d, e). In about
two months the disturbance encircled the planet, and the southern branch

elements, moving in the opposite direction, encountered the head of the storm
on 29 January, 4u southward in latitude (f). The eastward expansion in
longitude of the disturbance’s central branch (between latitudes 40u and 42u)
formed dark spots, one of which was persistent (probably an anticyclonic
vortex) at latitude 41.9u6 1.3u (s.d.) with a size of ,4,000 km (System III
longitude 308u in e). Small bright spots in the southern part of the disturbance
at latitudes 35u to 38uN showed a periodic distribution with a dominant zonal
wavelength of 15.7u6 3u (b–f) and survived for a maximum of approximately
two weeks.
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Figure 3 | Zonal winds from motions of the disturbance clouds. Data points
correspond to wind speed measured for single tracers pertaining to the
disturbance (Supplementary Information). The storm head corresponds to the
point with the highest westward velocity (228.7 m s21). The lines represent
wind profiles; long-dashed line, obtained during the encounters of the Voyager
spacecraft in 1980–81 (ref. 7); and using Cassini images at two altitude levels
within the tropospheric haze (solid line) and upper cloud (short dashed) in
2004–09. The latitude uncertainty for the points is 61.3u (s.d.); the wind speed
uncertainty is 60.2 m s21 (s.d.) for the storm head, and ranges from 60.5 to
62 m s21 (s.d.) for other features.
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vertical profile and the thermal structure in a forward modelling of the
potential vorticity (PV) field23. As both the PV and the cloud field are
considered to act as passive tracers of the flow, we sought the PV field
evolution that best reproduced the observed cloud morphology.
Figure 4 shows results from a simulation of the first 12 days of the
PV field that closely resembles the evolution of the cloud disturbance
(compare to Fig. 2a–c in this work, and to figure 3 in ref. 13). These
successful simulations require a weather layer with a very low static
stability, N2 5 0.03 3 1024 s22 (N is the Brunt-Väisälä frequency),
which is close to a neutral profile, and winds that increase slightly with
depth across it (from 0.5 to 10 bar). In addition, the wind structure in
our simulation changed very little as the disturbance progressed, in
agreement with what we observe at cloud level.

GWSs have been observed to occur once per Saturnian year in the
northern hemisphere summertime season5,9,10 (see Supplementary
Information). The 2010 event occurred in the much earlier springtime
season within the same westward jet as the 1903 event5,9–11,14, pointing
to seasonal insolation as their triggering mechanism. This is puzzling,
as seasonal temperature changes occur only above ,500 mbar altitude
(as shown by solar radiation penetration in Saturn’s atmosphere24 and
by thermal infrared measurements21,25); this is much higher than the

10–12 bar level of the storm source5,6. The zonal wind profile at the
0.5–1 bar level does not change over one Saturnian year1,7 (Fig. 3),
ruling out a related seasonal dynamical instability. So the deep trigger
could then be induced by seasonal changes in the upper troposphere
temperature gradients directly affecting the deep vertical motions or
indirectly modifying the pattern of meridional cell circulations
between opposed jets proposed to exist at different altitudes in the
weather layer1,26.

The observed properties of the GWS and its modelling suggest that
the storm is fuelled by a reservoir of water vapour at the 10–12 bar level
in the westward jet, together with a sustained strong convergence5,6. The
storm head extends downwards from ,260 km below the cloud tops,
and across the weather layer (0.5–10 bar), where zonal winds stay con-
stant (or increase slightly) with depth, in agreement with both previous
observations and models of mid-latitude Saturnian vortices27,28 and
wind speed measurements at the 2–3 bar level29. The huge planetary-
scale disturbance GWS triggered by the storm did not modify the
westward zonal jet structure substantially; this indicates that Saturn’s
tropospheric winds are robust and extend well below the sunlight
penetration level. Taken together, our data favour the hypothesis that
these tropospheric winds have a deep origin1, as is the case for Jupiter’s
winds12.
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S. Pérez-Hoyos for initial support of this study and M. Alises and A. Guijarro for taking
the Calar Alto Observatory images (CAHA and MPG/CSIC). E.G.-M. used computing
facilities at CESCA (Barcelona) supported by MICIIN. L.N.F. is supported by a Glasstone
fellowship at the University of Oxford. The International Outer Planet Watch (IOPW)
Team and other individual contributors listed in Supplementary Information provided
most of the images used for tracking in this study; these images were complemented in
some cases with images taken from contributors to the ALPO Japan (Association of
Lunar and Planetary Observers) database (http://alpo-j.asahikawa-med.ac.jp/
indexE.htm).

Author Contributions A.S.-L. coordinated the study and performed the motion and
wind measurements and the interpretation. T.d.R.-G. performed the photometric
measurements and filter calibrations. R.H. measured the storm growth rate and with J.
Legarreta coordinated the IOPW database. J.M.G.-F. prepared the map projections and
image search. J.F.S.-R. performed the radiative transfer calculations. E.G.-M. and J.
Legarreta performed the EPIC simulations. F.C. and J. Lecacheux provided the
Pic-du-Midi photometric images. L.N.F. provided data on the thermal structure of the
storm. D.B.-N. provided the photometric images obtained at Calar Alto Observatory,

and D.P. provided photometric images at selected wavelengths. All these authors
discussed the results and commented on the manuscript. Contributors to the
IOPW-PVOL database are listed at the end of this Letter.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of this article at
www.nature.com/nature. Correspondence and requests for materials should be
addressed to A.S.-L. (agustin.sanchez@ehu.es).

The International Outer Planet Watch (IOPW) Team

T. Akutsu1, T. Barry2, J. Beltran3, S. Buda4, B. Combs5, F. Carvalho6, P. Casquinha7, M.
Delcroix8, S. Ghomizadeh1, C. Go9, J. Hotershall10, T. Ikemura1, G. Jolly11, A. Kazemoto1,
T.Kumamori1,M. Lecompte12, P.Maxson13, F. J.Melillo14,D.P.Milika15, E. Morales16, D.
Peach17, J. Phillips18, J. J. Poupeau19, J. Sussenbach20, G. Walker21, S. Walker22, T.
Tranter23, A. Wesley24, T. Wilson25 & K. Yunoki1

1ALPO-Japan (Kansai branch) 520-0242, 4-8-11, Honkatata Otsu-city, Shiga, Japan, and
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