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Editor's Summary 

24 January 2008 

Jupiter's fiercest jet 

To coincide with the flyby of the Pluto-bound New Horizons probe, Jupiter was the target of intensive observation, starting in February 2007, from a 
battery of ground-based telescopes and the Hubble Space Telescope (HST). Weeks into the project, on 25 March, an intense disturbance developed in 
Jupiter's strongest jet at 23° North latitude, lasting to June 2007. This type of event is rare — the last ones were seen in 1990 and 1975. The onset of the 
disturbance was captured by the HST, and the development of two plumes was followed in unprecedented detail. The two plumes (bright white spots in 
the small infrared image on the cover) towered 30 km above the surrounding clouds. The nature of the power source for the jets that dominate the 
atmospheres of Jupiter and Saturn is a controversial matter, complicated by the interplay of local and planet-wide meteorological factors. The new 
observations are consistent with a wind extending deep into the atmosphere, well below the level reached by solar radiation. In the larger cover image, 
turbulence caused by the plumes can be seen in the band that is home to the jet. 
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Considering the vast number of optically 
and electronically active organic molecules, 
the organic version of the nanowires could 
reasonably be expected to have similar poten-
tial — and indeed, they are already being 
considered for devices such as transistors, 
LEDs and photovoltaic cells. Their one-
dimensional nanostructures offer the addi-
tional advantage of being mechanically 
flexible, making them particularly appealing for 
flexible optoelectronic applications: a hexathia-
pentacene nanowire transistor, for instance, 
suffers no significant loss in performance 

when placed under mechanical stress5.  
Just as with their inorganic counter-

parts, several important optical properties 
have already been demonstrated in organic 
nanowires, including lasing7, waveguiding8, 
nonlinear optical mixing9 and polarized emis-
sion10. With Zhao et al.1 adding colour tun-
ability to the list, the nanowires seem to have 
a bright, white future ahead.  ■

Melissa Fardy and Peidong Yang are in the 
Department of Chemistry, University of 
California, Berkeley, California 94720, USA.
e-mail: p_yang@berkeley.edu

PLANETARY SCIENCE

Under Jupiter’s pulsing skin
Kunio M. Sayanagi

Fast jet streams blow along the hallmark coloured bands that engirdle 
Jupiter’s surface. By observing how storms erupt in these jet streams and 
disturb them, we can penetrate deeper into what lies beneath.

Just as physicians use outward signs to diag-
nose the conditions inside their patients, so 
planetary scientists get beneath the skin of 
their equally dynamic subjects by looking at 
their surface appearances. Penetrating deep 
into Jupiter, the Solar System’s largest planet, is 
especially difficult, as a thick cloud-deck keeps 
the lower levels of the atmos-
phere hidden from telescopic 
observations. Thus, Sánchez-
Lavega et al. (page 437 of this 
issue)1 study the behaviour of 
giant storms at Jupiter’s visible 
surface to reveal the vertical 
wind and temperature structure 
in the atmosphere beneath.

The vivid stripes of Jupi-
ter make the planet one of the 
most visually appealing objects 
in our Solar System. Observa-
tions by NASA’s two Voyager 
spacecraft, which flew past in 
1979, revealed that these bands 
of cloud are associated with 
atmospheric jet streams2. These 
jet streams are remarkably stable 
compared with their counter-
parts on Earth, which continu-
ally change course and vary in 
speed. Jupiter’s jet streams, by 
contrast, flow essentially along 
lines of constant latitude. Meas-
urements made by the Cassini 
probe3, passing in 2000 on its 
way to Saturn, show no change 
in the jets’ large-scale structure 
since the Voyager observations, 
and only minor differences 
in their locations and peak 
speeds. 

Below this thick deck of cloud, however, 
observational records become scarce. The only 
direct measurements so far were made by the 
Galileo mission’s entry probe4,5 in 1995. This 
probe was designed to reach 140 kilometres 
below the clouds, but in fact entered a small, 
anomalously cloud-free region. Applying the 

information gleaned from this single in situ 
measurement to the rest of the planet is 
therefore not straightforward.  

As part of a campaign of observations to 
coincide with the passing of NASA’s Pluto mis-
sion New Horizons, which swung by Jupiter 
in early 2007, Sánchez-Lavega et al.1 used the 
Hubble Space Telescope to monitor the Jupiter 
system. By chance, in late March 2007 they cap-
tured the onset of two large convective storms 
in a jovian jet stream at a latitude of 23° N. This 
jet stream is particularly notable because it is 
Jupiter’s fastest, with a speed that has varied 
between 140 and 180 metres per second in 
recent years6–8. 

The authors monitored the development of 
the storms using various ground-based tele-
scopes as well as Hubble. The motion of the 

clouds during the outbursts gives 
useful hints about the atmospheric 
structures that lie beneath. In analys-
ing their images, the authors found 
that the convective plumes substan-
tially overshot the tropopause, a hori-
zontal boundary in the atmosphere 
located above most clouds that gen-
erally acts as a stable dynamical lid 
on weather phenomena. The storm 
plumes must be extremely energetic, 
as they seem to extend more than 
100 kilometres vertically from the 
storm’s base below the thick cloud-
deck. Towers of cumulus cloud on 
Earth extend up to only about 10 
kilometres or so in the vertical. 

To explore this observation fur-
ther, Sánchez-Lavega et al.1 per-
formed numerical simulations 
with various background thermal 
stratifications. They show that, for 
a storm to become as energetic as 
those observed, the temperatures 
below the tropopause must be 2–5 
kelvin colder than those measured 
by the Cassini probe on its 2000 fly-
by9. It is as yet unclear whether this 
difference represents a local spatial 
variance or a change in the vertical 
temperature structure throughout 
the latitude band over time. But 
constraining the thermodynamic 

Figure 1 | Storm on camera. An image of Jupiter, obtained on 17 May 2007 
from the island of Cebu in the Philippines by an amateur astronomer, shows 
the planet at the height of its global upheaval of that year. The box indicates 
the region of the 23° N jet, with the dark grey patches inside it representing 
the remnants of the disturbance triggered by the storms studied by Sánchez-
Lavega and colleagues1. The bright spot indicated by the arrow is the onset 
of yet another storm. The frequency and flexibility of amateur observations, 
coupled with the ability to achieve spatial resolutions high enough to 
resolve many major atmospheric features, has made them an integral part 
of Jupiter observation campaigns. (Image courtesy of C. Go1,13.)
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conditions that allow episodic stormy out-
bursts is in itself a significant advance.

The authors’ analysis also shows that the jet 
at 23° N remained robust throughout the storm 
disturbances. Using another numerical model, 
Sánchez-Lavega et al. tested various shapes of 
vertical shear below the clouds to reproduce 
the observed jet behaviour, and concluded that 
the jet stream’s speed must increase with depth. 
This conclusion reaffirms an earlier result10 
reached following studies of a very similar 
disturbance in 1990. 

The disturbance in the 23° N jet marked the 
climax of a global upheaval on Jupiter, with 
changes in the colours of the visible clouds 
in several different latitude bands being seen 
throughout the 2007 observation season. This 
turmoil followed a very similar pattern to 
events in 1975 and 1990 (ref. 11). It is tempting 
to draw an analogy to a beating pulse — albeit 
an irregular one, and of unknown origin. It will 
be interesting to see whether a similar phenom-
enon returns sometime after 2020, following 
another break of a similar length. Saturn, too, 
has recurring giant convective outbursts12; both 
Jupiter and Saturn radiate more heat to space 
than they receive from the Sun, with cumulus 
convection transporting a great deal of heat 
vertically in their tropospheres. The pulsing 
nature of the giant storms on Jupiter and Sat-
urn might even help us to understand how the 
heat flows from the deep interior to the surface 
on these planets. 

A remarkable aspect of Sánchez-Lavega 
and colleagues’ report1 is the increasing part 
now being played by amateur astronomers in 
planetary observation campaigns. The almost 
continuous observational coverage by ama-
teurs around the globe allowed the growth 
and motion of individual large-scale storm 
clouds to be followed for up to 45 days, while 
the Hubble telescope performed occasional 
tracking of fine-scale features for about 10 
hours at a time. In recent years, inexpensive 
digital cameras and access to sophisticated 
image-processing techniques that correct for 
the blurring caused by Earth’s atmosphere have 
enabled advanced amateurs with modest-sized 
telescopes to image planets with resolutions 
high enough to resolve many atmospheric phe-
nomena (Fig. 1). This coverage from around 
the world nicely complements the more power-
ful, but less flexible capabilities of the large 
ground- and space-based telescopes. Undoubt-
edly, as the planetary physicians continue to 
probe deeper under the skin of their subjects, 
the dedicated amateur medic will be on hand 
to supply some of the diagnostic tools.  ■

Kunio M. Sayanagi is in the Comparative 
Planetology Laboratory, University of Louisville, 
Louisville, Kentucky 40292, USA.
e-mail: kunio.sayanagi@louisville.edu
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MATERIALS SCIENCE

Designer pores made easy
Michael J. Zaworotko

Imagine being able to tweak the properties of a compound simply by 
replacing a molecular ‘cartridge’ with a different one. Just such a capability 
has been developed in a new class of porous crystalline materials.

Figure 1 | Blueprints for form and function in porous solids. Metal–organic materials are porous 
crystalline solids, aspects of which are depicted in these paintings by M. C. Escher. a, Cubic Space 
Division (1952) shows a ‘cubic net’ framework. Some metal–organic materials adopt this structure, in 
which each cube is replaced with an appropriate molecular building-block. b, In Symmetry E72 (Fish 
and Boats) (1949), the spaces between the boats match the shape of the fish exactly. Similarly, metal–
organic materials can be designed so that their pores fit exactly around specific target molecules 
— a prerequisite for molecular recognition.

Porous materials are creating quite a stir 
among materials scientists because of their 
many possible uses, which range from gas 
storage to drug delivery. But before certain 
applications are possible, a simple way must 
be found of tweaking the properties of these 
molecular sponges. Reporting in the Journal 
of the American Chemical Society, Kawano 
et al.1 describe just such a method. They 
have prepared a porous material consisting 
of two molecular components, one of which 
can be easily replaced, rather like changing 
the cartridge in a pen. This flexibility allows 
the absorption properties of the solid to be 
fine-tuned.

Metal–organic materials are porous com-
pounds consisting of metals or metal clusters 
bound to organic molecules known as ligands. 
Research into these compounds has undergone 
two bursts of growth over the past couple of 
decades. The first occurred after the publica-
tion of a seminal paper2 in 1990, which outlined 

the design opportunities these compounds 
present for controlling the arrangements of 
atoms in solids. The second burst occurred in 
the late 1990s, when it became clear that such 
compounds combine unprecedented levels of 
porosity with properties such as magnetism, 
catalysis, polarity and luminescence3–5. This 
makes them potentially useful for many appli-
cations, including for gas storage and separa-
tion, as chemical and biological sensors, and 
even for harvesting energy from light.

Metal–organic materials now deservedly lie 
at the forefront of advanced materials, offering a 
synergistic suite of features that gives them sev-
eral advantages over other porous compounds. 
Their first useful property is ease of design. 
Most crystal structures are unpredictable, but 
those of metal–organic materials are control-
lable. They also have structural blueprints simi-
lar to those found in nature. For example, they 
can exist as ‘zero-dimensional’ nanostructures 
based on atomic polyhedra, rather like those 

4. Atkinson, D. H., Pollack, J. B. & Seiff, A. Science 272, 
842–843 (1996).

5. Seiff, A. et al. Science 272, 844–845 (1996). 
6. Rogers, J. H., Metting, H.-J. & Peach, D. Icarus 184, 

452–459 (2006).
7. Flasar, F. M. et al. Nature 427, 132–135 (2004).
8. Simon, A. A. Icarus 141, 29–39 (1999).

9. García-Melendo, E. & Sánchez-Lavega, A. Icarus 152, 
316–330 (2001).

10. García-Melendo, E. et al. Icarus 176, 272–282 (2005).
11. Rogers, J. H. The Giant Planet Jupiter (Cambridge Univ. 

Press, 1995).
12. Sánchez-Lavega, A. Chaos 4, 341–353 (1994).
13. www.christone.net/astro/jupiter 
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LETTERS

Depth of a strong jovian jet from a planetary-scale
disturbance driven by storms
A. Sánchez-Lavega1, G. S. Orton2, R. Hueso1, E. Garcı́a-Melendo3, S. Pérez-Hoyos1, A. Simon-Miller4, J. F. Rojas5,
J. M. Gómez3, P. Yanamandra-Fisher2, L. Fletcher6, J. Joels7, J. Kemerer8, J. Hora9, E. Karkoschka10, I. de Pater11,
M. H. Wong11, P. S. Marcus12, N. Pinilla-Alonso13, F. Carvalho14, C. Go15, D. Parker16, M. Salway17, M. Valimberti18,
A. Wesley19 & Z. Pujic20

The atmospheres of the gas giant planets (Jupiter and Saturn) con-
tain jets that dominate the circulation at visible levels1,2. The power
source for these jets (solar radiation, internal heat, or both) and
their vertical structure below the upper cloud are major open ques-
tions in the atmospheric circulation and meteorology of giant
planets1–3. Several observations1 and in situ measurements4 found
intense winds at a depth of 24 bar, and have been interpreted as
supporting an internal heat source. This issue remains controver-
sial5, in part because of effects from the local meteorology6. Here we
report observations and modelling of two plumes in Jupiter’s atmo-
sphere that erupted at the same latitude as the strongest jet (236 N).
The plumes reached a height of 30 km above the surrounding
clouds, moved faster than any other feature (169 m s21), and left
in their wake a turbulent planetary-scale disturbance containing
red aerosols. On the basis of dynamical modelling, we conclude that
the data are consistent only with a wind that extends well below the
level where solar radiation is deposited.

Jupiter has been intensively surveyed since February 2007 using a
battery of ground-based telescopes and the Hubble Space Telescope
(HST) during the New Horizons spacecraft passage. Fortuitously,
HST images on 25 March 2007 captured the onset of an uncommon
planetary-scale disturbance in the peak of the highest speed jovian jet
at 23.5uN planetographic latitude, whose eastward velocity is typi-
cally between 140 and 180 m s21 relative to the System III radio
rotation period7–11 (Fig. 1). In the peak of the jet, a small, round
bright cloud with a size of 500 km (plume B) grew rapidly, implying
from mass flux conservation an average vertical velocity of ,1 m s21

(ref. 12). The second plume, plume A, emerged less than 9.26 hours
later at a distance of 63,000 km (55u longitude) to the east of plume B.
If plume B had triggered plume A, the required propagation velocity
of the triggering mechanism would have to be 1.9 km s21 or about 1.5
times the sound speed at 6 bar. Plumes A and B moved with speeds of
169 and 164 m s21, respectively. A pattern of slower moving dark
patches and bright features with velocities in the range of 100 to
150 m s21 (Fig. 2) was shed sequentially in the wake westward of both
plumes, forming the north temperate belt disturbance13–16. The sub-
sequent mixing of the clouds and aerosols formed a homogeneous
and redder north temperate belt (Fig. 1).

The broad wavelength coverage (from the ultraviolet at 230 nm to
the thermal infrared at 20.8mm) allowed us to retrieve the physical
properties of the plumes and surrounding clouds before, during and
after the disturbance. Two radiative transfer codes were used to match
the plumes’ reflectivity and radiance—one for the visible and near-
infrared (230 nm–3mm) to retrieve cloud properties and top alti-
tudes, and the other for the thermal infrared (8.7–20.8mm) to retrieve
temperatures, aerosol opacity and gaseous abundances (Fig. 1e).
Particles at the top of the plume heads reached the 60 6 20 mbar
level—that is, about 15 km above the tropopause (which is located
between 100–150 mbar) and 30 km above the 200–400 mbar layer
(where a tropospheric haze containing the cloud features seen in
the visible has its greatest altitude). Above the clouds, a thin stra-
tospheric haze with a base at 40 6 10 mbar extends upward, but
apparently the plumes did not reach this haze. The plumes had high
optical thickness (above 50), and best-fitting models give bright par-
ticles with a typical radius of 7 6 1mm (Supplementary Information).
The 200–400 mbar tropospheric haze is formed by smaller particles
(about 0.5mm). During the disturbance, the tropospheric haze
increased its optical thickness from 5 6 1 to 10 6 2, without changing
its altitude significantly, but producing redder aerosols. We therefore
conclude that the plumes’ tops (Fig. 1d) are formed by fresh icy
particles (probably a mix of Jupiter’s condensable compounds: water,
ammonia and NH4SH) injected high by the virulent upwelling, and
that the disturbance increased the aerosol density and formed a red
chromophore—or mixed in a pre-existing chromophore.

The high temporal sampling of our observations allowed us to
track (with unprecedented resolution) the changes in the jet velocity
profile associated with the disturbance at cloud level: we did this for
the day the disturbance erupted (25 March), during its development
(March–May) and after its cessation (5 June). (The resolution ranged
from 170 to 135 km per pixel on HST frames; Fig. 2.) Disturbance
features from 22u to 26uN showed zonal velocities lower than the pre-
disturbed jet (Fig. 2a), while the plumes moved faster than the jet
peak. We interpret the pattern as the result of instability in the
strongly meridionally sheared jet triggered by the rapidly moving
bright plumes. The jet became more symmetric after disturbance
cessation and the peak velocity decreased by only about 15 m s21

1Departamento de Fı́sica Aplicada I, ETS Ingenieros, Universidad del Paı́s Vasco, Alameda Urquijo s/n, 48013 Bilbao, Spain. 2MS 169-237, Jet Propulsion Laboratory, California Institute
of Technology, 4800 Oak Grove Drive, Pasadena, California 91109, USA. 3Esteve Duran Observatory Foundation, 085330 Seva, Spain. 4NASA Goddard Space Flight Center, Code 693,
8800 Greenbelt Road, Greenbelt, Maryland 2077, USA. 5Departamento de Fı́sica Aplicada I, EUITI, Universidad Paı́s Vasco, Plaza Casilla s/n, 48013 Bilbao, Spain. 6Atmospheric,
Oceanic and Planetary Physics, Department of Physics, Clarendon Laboratory, University of Oxford, Parks Road, Oxford, OX1 3PU, UK. 7Principia College, 1 Maybeck Place, Elsah,
Illinois 62028, USA. 8California State Polytechnic University, 3801 West Temple Street, Pomona, California 91768, USA. 9Harvard-Smithsonian Center for Astrophysics, 60 Garden
Street, Cambridge, Massachusetts 02138, USA. 10University of Arizona, Tucson, Arizona 85721, USA. 11Astronomy Department, 12Department of Mechanical Engineering, University
of California, Berkeley, California 94720-3411, USA. 13Telescopio Nazionale Galileo Galilei (TNG), Roque de Los Muchachos Astronomical Observatory, 38700 Santa Cruz de La
Palma, Spain. 14Centro de Estudos do Universo (CEU), 17380-000 Brotas, Brazil. 15Physics Department, University of San Carlos, Nasipit, Talamban, 6000 Cebu City, Philippines.
16Association of Lunar and Planetary Observers (ALPO), 12911 Lerida Street, Coral Gables, Florida 33156, USA. 17IceInSpace, PO Box 9127, Wyoming, New South Wales 2250,
Australia. 18Astronomical Society of Victoria, GPO Box 1059, Melbourne, Victoria 3001, Australia. 19Mathematics and Computer Science, 82 Merryville Drive, Murrumbateman 2582,
Australia. 2023 Attunga Street, Kingston 4114, Queensland, Australia.
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(Fig. 2b, c), smaller than the change of ,40 m s21 observed between
1979 and 20007–11. Our conclusion is that the jet remained robust
against the turmoil generated by the disturbance evolution, suggest-
ing that it extends deep below the upper clouds where motions are
measured.

To test this hypothesis, we ran two different types of dynamical
models. The first simulated plume formation using a three-
dimensional moist convection code17,18 (Fig. 3a, b), exploring the
atmospheric conditions that can lift the plumes to the high altitudes
observed. Previous extensive simulations showed that solar water
abundance and high humidities can drive storms to the tropopause
but not higher17, and only if they develop in an environment that is
not moist adiabatic19. To reach the 60-mbar level, we tested variations
in the standard vertical temperature–pressure profile20,21, and in
ammonia and water abundances. A single updraft cell powered by
moist water convection (cloud base level at 5–7 bar) requires 2–3
times solar water abundance with nearly 100% relative humidity
and with a thermal profile 3–5 K colder than the reference temper-
ature in the upper troposphere (at 200 mbar, Fig. 3b). The plumes
might be formed by clusters of these cells22. Accordingly, the plumes
are deeply rooted and extend vertically more than 120 km (from
60 mbar to 5–7 bar). Their fast zonal motion (169 and 165 m s21)
reflects that of the wind at their base at 5–7 bar. Comparing the
velocities at 0.3–0.4 and 5–7 bar indicates that the vertical wind shear
below the upper cloud is low (increasing at about 4 m s21 per scale

height of 20 km), consistent with the lifetime of the plumes. Under a
strongly vertically sheared flow, our model shows that the upwelling
is interrupted and the plumes do not develop. The results of the
three-dimensional model were injected into a two-dimensional
model reproducing the tail observed at the visible cloud level
(Fig. 3c inset)22.

A second test of the vertical wind shear used the EPIC23 general
circulation model to simulate the structure and motions of the dis-
turbance turbulent patterns (Fig. 3c). We used as an input the jet
profile that was measured before the disturbance eruption (Fig. 2a).
We tested the formation of the turbulent pattern by introducing a
point heat source in the jet peak24 on an atmospheric channel centred
at the jet peak with two free parameters: the pressure level of the
inflexion point where the vertical wind shear changes, and the value
of this vertical wind shear. Above the clouds (from 0.6 to 0.01 bar), we
assumed that the jet speed decreases as observed during the Cassini
fly-by21. The formation of the turbulent pattern is very sensitive to the
jet shape at cloud level. We tested this sensitivity by performing the
numerical simulations with wind profiles measured at different
epochs. Among them, the Cassini wind profile11 and the 5 June
HST profile were stable against the heat source perturbation. On
the contrary, the jet profile we measured on the outbreak day
(Fig. 2a) becomes rapidly unstable as we introduce the perturbation.
Moreover, the disturbance pattern resembles the observed one when
the inflexion point is at a pressure of 600 mbar (at the predicted

a b

c

23º

0º

f

d

e

Figure 1 | Plume onset, growth and disturbance development (March–May
2007). a, Onset of plume B, 25 March (HST, 410 nm). b, Growth of plumes
A and B, 27 March (IOPW, visible). Both plumes grew in ,1.3 days to a size
of 2,000 km. Plume A was at 23.4u6 0.5u N and moved with a speed of
169.2 6 0.5 m s21, and plume B was at 23.1u6 0.5u N and moved with a
speed of 164.3 6 1.7 m s21 (see Supplementary Information). c, Plumes and
disturbances in their wake, 5 April (IOPW, visible). Both plumes were bright
features in the visible (meridional extent of 2,500 km, 4,000 km zonal) and
particularly prominent at wavelengths sensitive only to high-altitude levels.
d, Plumes and their tails retrieved at high altitude (NASA-IRTF, 2.3mm
methane filter). e, Maps of plume A observed in the thermal infrared on 5
April (IRTF). These excerpts from cylindrical maps show the deviation from
the zonal mean of the indicated parameters in the plume head region (top to
bottom): temperature at 123.4 mbar, temperature at 393 mbar, aerosol

content above 600 mbar and ammonia abundance near 300 mbar. The
plume produced lower temperatures near 392.9 mbar, but marginally higher
temperatures at 123 mbar, as well as increased ammonia-cloud level aerosols
and 300-mbar ammonia gas abundances. The arrows mark the plume head
region. f, Turbulence and wavy patterns in the wake of plume A followed by
the formation of a new north temperate belt as observed on 1 May by the
Hubble Space Telescope (left, 410 nm, magnified view) and IOPW observers
(right; the horizontal bars limit the area of the north temperate belt). The
HST image shows the turbulent pattern formed at latitudes 20–28uN, with a
predominant wavelength of 7,000–12,000 km. Plume B disappeared around
the time the dark patches shed by plume A reached the location of plume B in
about 14 days. The disturbance advanced to the west, encountering plume A
on its eastern side on 11 May (its lifetime was 45 days), when it disappeared.
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a, b, Wet convective three-dimensional model of the plumes. a, Thermal
profiles used to run the simulations and the cloud top level reached by the
convective cell assuming a deep water content of 3 times solar abundance
and 95% of relative humidity above the condensation level. P, pressure; T,
temperature. The continuous line corresponds to the Cassini CIRS thermal
profile at the NTB location19, the dashed line to the Voyager IRIS thermal
profile18 and the dotted line to a synthetic profile with less static stability
from 500 to 200 mbar required for the storms to reach the 60 mbar level. The
inset shows the wet adiabat extension deep in the atmosphere. b, Convective

cell resulting from the model able to fit the observed cloud tops of the plumes
and the domain of simulation. c, The plume brightness distribution (inset)
results from a two-dimensional model of a round cloud placed in the peak of
the jet and evolving as it interacts with the meridional shear of the zonal
wind17 with a spatial resolution of 5 km over a 10,000 3 5,000 km area. The
map (main panel) shows the distribution of Ertel’s potential vorticity (PV;
greyscale) at 650 mbar after 30 days for a simulation where the jet extends
vertically downwards with constant value from the upper cloud layer at
altitude ,0.6 bar down to at least 5–7 bar (the location of the water clouds
and the plume source). Inset and map are at the same scale.
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ammonia cloud level) and the vertical wind shear down from this
altitude to the water cloud base at 5–7 bar is zero or increases slightly
with depth. This result reinforces the conclusion that the jet extends
with low vertical wind shear down along the whole ‘weather layer’ to
at least the 5–7 bar pressure level.

Our 5–7 bar zonal wind speed of 169–165 m s–1 at 23uN is con-
sistent with the 180 m s–1 velocity determined for that depth by the
Galileo probe4 at 7uN, as well as the 240 m s–1 wind speed from
previous EPIC simulations of the long-term behaviour of the 1990
disturbance24. These studies agree that the winds do not decay below
the upper ammonia cloud, and extend deeper than the solar radiation
penetration level at 1–2 bar (see Supplementary Information), in
agreement with previous ideas on the depth and stability of the jovian
jet structure25.

A comparison of this disturbance with two previous events in 1975
and 1990 suggests additional caveats and surprising similarities13,14:
first, the outburst occurred with an interval of ,15–17 years; second,
the plumes always appear in the jet peak within 60.5u; third, the
disturbance erupted with two plumes (not one, three or more);
fourth, the eastern plume, located in longitude east of the other
(taking as a reference the shortest distance between both) is always
the fastest; and last, the plumes moved with a speed in the range
,165–170 m s21 in all three events.
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1. Radiative transfer  

The radiative transfer code26 reproduces the Jovian reflectivity including the 

gaseous absorption by methane27-28, Rayleigh scattering by H2 and He, and absorption and 

scattering by particles modelled with Mie phase functions29. We fitted simultaneously the 

observations to a model of the centre to limb reflectivity in 7 wavelengths ranging from 

ultraviolet (275nm) to near infrared (953 nm), including methane absorption bands at 890 

nm and 2.3 µm. Table S1 summarizes the free and fixed parameters used to reproduce the 

observed pre-, during and after-disturbance reflectivity. Free parameters were scanned 

within the showed ranges at the corresponding modelling step (second column), while 

parameters in the fourth column were assumed to have constant values. We show in Figure 

S1 an example of best-fitting results for June 5 HST observations.  

 

Table S1: Vertical cloud structure model parameters 

Layer Free Parameters Step Fixed Parameters 

Stratospheric haze Pbot= 10–100 mbar 
τ=0 – 1.5 
mi=-0.5 –  -0.0005 
a=0.04 – 0.1 µm 

10mbar
0.01 
10X 

0.01 

Ptop=1 mbar 
mr=1.43 
b=0.1 

Tropospheric haze Ptop=100–500 mbar 
τ=0 – 10 
mi=-0.5 – -0.0005 
a=0.1 – 1.0 µm 

10mbar
1 

10X 

0.1 

Pbot= 700 mbar 
mr=1.43 
b=0.1 

Bottom cloud ϖ0=0.90 – 1.0 0.01 P=700 mbar 

Notes: Ptop=top pressure; Pbot=bottom pressure; τ=optical thickness of the layer; 
mr=real refractive index; mi=imaginary refractive index; a=mean size of the Hansen’s 
distribution; b=width of the Hansen’s size distribution; ϖ0=single scattering albedo of 
the isotropic particles; 10X=ten-fold variation of the parameter . 
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Figure S1: Best-fitting models for June 5 HST observations. Grey points show the absolute 

I/F (reflectivity) measured in HST images and the black line is used for results of a given 

vertical cloud structure model in all available wavelengths. 

 

Figure S2 shows the downward solar radiation flux calculated with a doubling-adding 

technique30 in the 0.25 – 1.0 µm range. The computation assumes a realistic Jupiter vertical 

cloud and haze structure as determined above. This spectral range accounts for about 70% 

of the incident solar flux at the top of the atmosphere. About half of the remaining infrared 

radiation is absorbed by methane also at high altitudes.  This shows that most of the solar 

energy is deposited above the 1 bar level. Only about 15% of the total incident daily flux 

could reach the NH4SH cloud at 2 bar. This constrains the solar radiation deposition level 

to the upper troposphere. 
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Figure S2: Downward daily solar radiation flux in the 0.25 – 1.0 µm range.  

 

2. Wind measurements  

Wind measurements on HST images (mostly at a wavelength of 410 nm) were done by 

visually identifying and tracking cloud features in pair of images separated by a planetary 

rotation (10 hr) and by using an automatic one-dimensional correlator11. The typical rms 

error for the measured jet velocity was 5 ms-1. The IOPW images were used to visually 

measure the disturbance motions with a temporal span from 3 to 45 days .Typical velocity 

errors of the plumes were in the range of 0.5-2 ms-1 (figure S3) while disturbance features 

had errors of 15 ms-1 due to lower tracking time intervals.  
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Figure S3. Plumes track and drift rate in the reference longitude System I (rotation period 

= 9 hr 50 min 30.003 sec). Red = plume A; Blue: plume B. The latitude (planetographic) 

and the zonal wind speed (u) relative to System III (rotation period 9 hr 55 min 29.711 s) is 

indicated for both plumes. JD is the Julian Date time. 

 

The “image stacking” procedure used by the IOPW team consists in shift and adding the 

best images of a series obtained in a short temporal exposure employing CCD “webcams” 

and software such as “RegiStax”. This technique applies successfully to bright objects like 

the planets and improves the image quality in some cases to the diffraction limit31-33. In our 

case the technique was validated from a comparison of simultaneous images obtained with 

the HST and by the IOPW team. 
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3. Convective model  

The convective simulations were run in a domain extending vertically from 15 bar to 2 

mbar with a spatial resolution of 2 km per grid point in a model domain of 170x170 km x 

230 km vertically. Boundary conditions were free-slipping on the lateral sides and the 

bottom boundary while damping of gravity waves was introduced on the upper layers. A 

sub-grid scale parameterization of turbulence was also incorporated17. The simulations 

assumed different abundances of water and a 3 times solar abundance of NH3 and SH2. The 

modeled atmosphere has a relative humidity of 95 % for all condensates and a normal 

ortho-para hydrogen distribution. The thermal profile is extended downward from the 1 bar 

level following a dry adiabat that takes into account the varying atmospheric composition 

with humidity. Convection was triggered by a thermal perturbation of 0.5 K at the water 

condensation level with a gaussian shape and size of 6 km. We considered that all 

condensates fully precipitate. Typical storms grew to a fully convective updraft from the 

water cloud base to the uppermost levels in a time-scale of 2 hours. The average ascending 

velocity in the simulated convective cell was 130 m/s.  

The interaction of the storm with the jet was simulated using a 2D model with a spatial 

resolution of 5 km over a 10,000 x 5,000 km area. The code considers a divergence source 

where material is injected as a passive tracer representing the plume and takes into account 

mass continuity, advection and Coriolis forces to simulate the turbulent material following 

the plume22. The 2D model is initialized with parameters from the 3D simulation (mass 

detrainment at the visible cloud level with outward motions on the order of 50 m/s at 100 

km from the storm central axis). 
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4. EPIC model 

The EPIC model23 solves numerically the primitive equations of meteorology in spherical 

geometry. It gives, among other field variables, the potential vorticity distribution which is 

a dynamical variable that is conserved in an inviscid and adiabatic flow, and can be used as 

a flow tracer.  The free parameters in this model are the vertical profiles of temperature and 

zonal wind. Above the tropospheric cloud (level P0) we used the thermal profile obtained 

from radio occultation experiments19; below cloud tops, the thermal profile was 

extrapolated by a wet adiabat characterized by the value of the static stability of the lower 

levels. The three-dimensional structure of the wind field is separated as a product of two 

functions a(p) u(y) where u(y) is the wind profile at the cloud tops and a(p) is a 

nondimensional amplitude factor.  For a(p), we adopted a two-segment linear approach24. 

Above the P0 level, the winds decrease according to the thermal wind equation21 and below 

P0 (increasing pressure), the profile was extrapolated down to a turning point P1 where the 

wind shear is defined as a(p) = 1 + m ln (p/p1) and becomes positive, negative or zero, 

depending on values of the free parameter m, representing increasing, decreasing or 

constant winds24. Table S2 summarizes the characteristics of the simulations. Results were 

very sensitive to the shape of the initial wind profile shape. Turbulence was easily created 

on the 25 march profile by adding a heat pulse on the model but not on the June 5 profile 

which was stable to the same heat pulses. Only positive values of m (winds increasing in 

depth) resulted in stable simulations for the March profiles.  
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Table S2: Summary of EPIC model simulations. 
 

Model domain and resolution 
Latitude range +16º to +31º 
Longitude range 120º 
Resolution 0.23º/píxel 
Number of vertical layers 7, 8, 10 
Simulated winds structure 
Simulated profiles: u(y) March 25 2007; June 5 2007 
Reference pressure: P0 600 mbar 
Wind inflexion level: P1 600, 1000, 2500 mbar 
Vertical shear: m (e-folding) -0.42, -0.25, -0.1, 0.0, 0.1, 0.25, 0.42 
Thermal structure 
Temperature profile N = 0.0010 s−1 
Notes: The 0.42 value of m corresponds to a prolongation of the vertical shear observed by 
the Voyagers.  
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