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Abstract: Each of the giant planets, Jupiter, Saturn, Uranus, and Neptune, has been observed by at
least one robotic spacecraft mission. However, these missions are infrequent; Uranus and Neptune
have only had a single flyby by Voyager 2. The Hubble Space Telescope, particularly the Wide Field
Camera 3 (WFC3) and Advanced Camera for Surveys (ACS) instruments, and large ground-based
telescopes with adaptive optics systems have enabled high-spatial-resolution imaging at a higher
cadence, and over a longer time, than can be achieved with targeted missions to these worlds. These
facilities offer a powerful combination of high spatial resolution, often <0.05”, and broad wavelength
coverage, from the ultraviolet through the near infrared, resulting in compelling studies of the
clouds, winds, and atmospheric vertical structure. This coverage allows comparisons of atmospheric
properties between the planets, as well as in different regions across each planet. Temporal variations
in winds, cloud structure, and color over timescales of days to years have been measured for all
four planets. With several decades of data already obtained, we can now begin to investigate
seasonal influences on dynamics and aerosol properties, despite orbital periods ranging from 12 to
165 years. Future facilities will enable even greater spatial resolution and, combined with our existing
long record of data, will continue to advance our understanding of atmospheric evolution on the
giant planets.

Keywords: giant planets; atmospheres, dynamics; atmospheres, structure; adaptive optics

1. Introduction

The giant planets have been observed for hundreds of years, first with the naked eye,
and later with telescopes. However, the advent of deep space exploration ushered in a
new era of discovery for the outer planets. The first planetary flybys of Jupiter (Pioneer 10,
1973), Saturn (Pioneer 11, 1979), Uranus (Voyager 2, 1986), and Neptune (Voyager 2, 1989)
offered us our initial very high-spatial-resolution images of those planets and their rings
and satellites. Although the Voyagers, in particular, revealed the dynamic atmospheres
of these planets, we could not routinely observe them at high spatial resolution until the
launch of the Hubble Space Telescope in 1990. Ground-based telescope observations have
also been transformational, helping to fill in time coverage between sparse missions and
Hubble data sets and making discoveries in their own right. Adaptive optics (AO) systems
now rival some space-based observations, allowing truly complementary studies over
many years.

A unique aspect of Hubble is its access to ultraviolet (UV) wavelengths blocked by the
Earth’s atmosphere. Additionally, Hubble, and much of the ground-based AO imaging, can
acquire data at near-infrared (IR) wavelengths that were not available to Voyager and which
provide greatly enhanced imaging contrast, an especially important tool for understanding
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ice giant atmospheres. Here, we review what has been learned from a long baseline of
high-spatial-resolution imaging data, where we define high resolution as 50 milliarcsec
or better. We limit our discussion to atmospheric weather-layer studies in the near-UV
to the near-IR range, as longer wavelengths are discussed in other papers in this volume;
likewise, aurorae and upper atmosphere phenomena are also covered separately, and not
included here. First, we review the history of high-resolution imaging from space-based to
Earth-based observations for each of these planets. In Section 3, we summarize the overall
cloud appearance (banded structure, colors, and major discrete features) for each of these
planets individually. Section 4 discusses comparisons of the zonal winds, waves, and cloud
structure of the gas giants, Jupiter and Saturn, and of the ice giants, Uranus and Neptune.
Lastly, we examine long-term cycles on these planets, some of which are only now being
realized after decades of observations.

2. History of High-Resolution Imaging

The appearance of the giant planets have been monitored on timescales ranging from
decades to centuries, providing us with a substantial observational record of major changes
on these dynamic worlds. For Jupiter, early monitoring included the Great Red Spot, and
changing in the coloration of its bands [1,2]. Owing to its relatively large-scale and high-
contrast cloud systems, estimates could be made of Jupiter’s wind field by the 1960s by
tracking the motion of discrete cloud features [3]. However, Saturn, Uranus, and Neptune
proved to be much more challenging due to their larger heliocentric distances and smaller
cloud contrasts; generally, only the largest planetary-scale cloud changes were observable
from the Earth (e.g., [4]). On the other hand, it was possible to obtain full-disk information
for deriving quantities such as temperature and trace atmospheric composition, which
allowed for inferences about cloud structure (e.g., [5–7]).

NASA’s early solar system exploration missions opened a new era of high-resolution
imaging that changed our perspective by allowing us to see the fine details in each giant
planet atmosphere—revealing many features not observable from the ground, such as
Neptune’s Great Dark Spot, and finer-scale cloud features that allowed for more accurate
wind tracking. The Voyager 2 mission was especially pivotal, in that it passed by all four
giant planets, the only mission to ever do so, owing to a unique planetary alignment that
allowed for rapid transit between the planets [8–13]. Unfortunately, the early frequent
mission cadence of the Pioneers and Voyagers was not sustainable, leaving Uranus and
Neptune largely unexplored, as shown in Table 1. This is especially problematic given the
long seasonal timescales on the outer planets, as seen in Figure 1.

As deep space mission technology evolved, other telescope technologies also contin-
ued to mature. First, the launch of the Hubble Space Telescope allowed detailed planetary
imaging without the blurring effects of the Earth’s atmosphere. Although Hubble’s prime
science area is astrophysics, early scheduling included dedicated planetary observing time.
Indeed, an intensive observing campaign around the impacts of the Comet Shoemaker-
Levy 9 fragments into Jupiter showed the power of having a large telescope that could
image a planet for long periods of time. However, there have been few multi-year, many
observation, programs dedicated to the outer planets, as shown in Table 1, and those are
usually centered around specific predictable events or to provide support context imaging
for other operating missions, such as Galileo, Cassini, and Juno (e.g., [14,15]). The Outer
Planet Atmospheres Legacy (OPAL) program began in 2014 to routinely monitor these
planets and now observes each gas giant once per year, with examples in Figure 2 [16].
Note that while Table 1 presents a summary of major dedicated programs, there are other
data sets from smaller Hubble programs and from other operating spacecraft missions,
some of which use the outer planets as a calibration source.
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Figure 1. Timeline of spacecraft observations relative to planetary season. Solid lines indicate
the subsolar latitude (a proxy for season) for each planet and horizontal dashed lines indicate
equinox crossings; peaks and trough indicate northern and southern hemisphere summer solstices,
respectively. The major missions listed in Table 1 are plotted, demonstrating the lack of coverage for
Uranus and Neptune. The Hubble era began in late 1993 (after the installation of corrective optics)
and is indicated by the shaded area on the right.

Table 1. Dedicated Imaging Campaigns from Robotic Missions.

Planet Year Mission

Jupiter 1973 Pioneer 10 Flyby
1974 Pioneer 11 Flyby
1979 Voyager 1 Flyby
1979 Voyager 2 Flyby
1993–1995 Hubble Shoemaker-Levy 9 Campaign
1995–2003 Galileo Mission
2000–2001 Cassini Flyby
2007 New Horizons Flyby
2015–present Hubble OPAL Program
2016–present Juno Mission

Saturn 1979 Pioneer 11 Flyby
1981 Voyager 1 Flyby
1981 Voyager 2 Flyby
2004–2017 Cassini Mission
2018–present Hubble OPAL Program

Uranus 1986 Voyager 2 Flyby
2006–2010 Hubble Uranus Equinox Campaigns
2014–present Hubble OPAL Program

Neptune 1989 Voyager 2 Flyby
2015–present Hubble OPAL Program
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Meanwhile, ground-based telescope technologies have also advanced to the point
that some rival space-based observation, particularly at near-IR wavelengths. Lower-
resolution data contribute to the long-term record of planetary atmosphere evolution, but
to routinely achieve angular resolutions better than approximately 1” requires adaptive
optics approaches [17,18]. AO systems have now been employed on a number of large
telescopes to correct for wavefront errors introduced by atmospheric turbulence. Table 2
lists a range of AO observations of giant planet atmospheres conducted at professional
observatories. Though most adaptive optics systems can produce images with resolutions
at or near their theoretical diffraction limit (shown in column 1 of Table 2, at a wavelength
of 1.6 micron), achieving this requires a bright guide star in close proximity to the observed
body, which is often not possible. To overcome this limitation, laser guide stars are now
employed at several observatories. Another solution, used at Keck observatory, is to use
the target object itself (for objects with angular extent as large as Uranus) as a guide star
for image correction; this method greatly simplifies the observational complexity and
improves resultant image quality. Adaptive optics techniques have even been used by
some amateur giant planet observers. High resolution can also be achieved using speckle or
lucky imaging techniques, especially when AO is not available at particular observatories
or in the necessary wavelength range.

Table 2. Adaptive Optics Observations of Giant Planet Atmospheres.

Observatory
(Aperture)

Angular
Diffraction
Limit (”)

Targets AO System(s) Imaging Instrument(s)

Keck (10 m) 0.04 Jupiter, Uranus,
Neptune

Shack-Hartmann:
NGS-AO, LGS-AO

NIRC2, NIRSPEC, KCAM
[19–41]

Subaru (8.2 m) 0.05 Jupiter Curvature sensor: AO188 IRCS [42–44]

VLT (8.2 m) 0.05 Jupiter, Saturn,
Uranus, Neptune

Shack-Hartmann and
curvature sensors:
MACAO, MAD,
AOF/GALACSI

CAMCAO, CRIRES,
SINFONI, MUSE [45–51]

Gemini-N (8.1 m) 0.05 Jupiter, Uranus,
Neptune

Shack-Hartmann:
ALTAIR

NIRI, NIFS [24,47,52–55]

Palomar (5.1 m) 0.08 Uranus, Neptune Shack-Hartmann:
PALM-241, PALM-3000

P1640, PHARO [22,56]

CFHT (3.6 m) 0.11 Neptune Curvature sensor:
Hokupa’a

QUIRC [57,58]

Lick (3 m) 0.13 Neptune Shack-Hartmann ShARCS, LIRC2 [22,59]

Starfire (1.5) 0.27 Jupiter, Saturn Shack-Hartmann AOTF camera [60]

The high spatial resolution afforded by Hubble and adaptive optics are enabling to a
number of atmospheric studies. On all four giant planets, high spatial resolution allows the
separation of latitude bands to determine their boundaries, both dynamically and in cloud
structure. Discrete cloud features can be used to track wind fields, both regionally and,
at high resolution, within the largest features. The largest features, such as anticyclonic
vortices, may also drift independently of the wind field, sometimes moving in latitude
as well as longitude [61–64]. Their drift rates are measurable using smaller telescopes,
providing a very long time base of frequent observations for tracking location, motion, and
temporal variability. However, we limit this review to the higher-resolution data, as the
improved location accuracy of fine features in an image series results in higher derived
velocity accuracy [65].
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Figure 2. The giant planets’ appearance at UV and visible wavelengths from Hubble. Quasi-true
color images from WFC3 data from the OPAL program show the differences amongst the planets
with Jupiter and Saturn having shades of red, yellow and brown, while Uranus and Neptune are
bluer. These color composites are comprised of the F631N (R), F502N (G), and 395N (B) filters for
Jupiter (2021) and Saturn (2021) and F657N (R), F547M (G), and F467M (B) filters for Uranus (2015)
and Neptune (2018). Images are not to scale.

At high spatial resolution, it is also possible to measure photometric and spectroscopic
properties of homogeneous areas, rather than blending data with heterogeneous properties
together; this is especially important for the auroral observations [42–44,46], but also
for resolving the properties of individual storm systems. Similarly, the measurement of
morphology and evolution of features with small angular sizes or low contrast, such as
impact scars on Jupiter [66] or Neptune’s and Uranus’s dark vortices [67–69]. In this
review, we focus on the discoveries and characterizations enabled by these high-resolution
Earth-based systems.

3. Cloud Top Appearance

Each of the giant planets is unique in its coloration, convective storm activity, and
zonal wind pattern. Given its size, closer proximity to Earth, and the large number of
missions that have visited, Jupiter is the best observed of the four planets and is also
the easiest to monitor from Earth-based facilities. Nonetheless, all four planets are now
routinely observed at high spatial resolution to discern variations in their atmospheric
activity; vast improvements in imaging technology and methods allow us to now track
changes across all four planets. Here, we summarize the major cloud top features on
each giant planet and their appearance at visible and near-IR wavelengths, with examples
shown in Figures 2 and 3, respectively. Note that most color images of the giant planets are
contrast and color enhanced relative to naked eye viewing to bring out fine details at the
expense of true color.

Aerosol scattering dominates images in the wavelength range from the near UV to
the near IR, although the Rayleigh-scattering component is also important in the UV
and short-wavelength visible range (e.g., [70]). Aerosol types differ, with diffuse layers
of heavy hydrocarbons and other photochemical products predominantly in the higher-
altitude stratosphere, and denser layers of molecular ices found in the deeper troposphere.
Stratospheric aerosols are frequently referred to as “hazes”, and tropospheric aerosols
as “clouds”, although these terms lack a rigorous definition. Distinctions between hazes
and clouds have been made on the basis of the composition of the particles [71], or on
the basis of the optical thickness of the aerosol layers [72]. Thin condensed layers of
hydrocarbons may also form in the stratosphere, particularly for Uranus and Neptune,
and photochemical products are thought to mix into the troposphere. The term aerosol is
most general, including condensed particles of any composition, found in any atmospheric
layer, with either diffuse or thick densities. The stratospheric and tropospheric layers are
separated by a temperature minimum, the tropopause, found at ∼100 mbar in each of the
giant planets [73].
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Figure 3. The giant planets’ appearance at near-IR wavelengths with adaptive optics. This Jupiter
(VLT, 2008) false-color composite at 2.02 (R), 2.14 (G), and 2.16 (B) microns highlights high polar and
equatorial hazes and storms [45]. Saturn (Gemini, 2009) in false color at 2 (B), 2.12 (G), and 2.17 (R)
microns shows equatorial structure [74], credit: Gemini Observatory/AURA/Henry Roe, Lowell
Observatory/Emily Schaller, Insitute for Astronomy, University of Hawai‘i. A Uranus (Keck, 2004)
false-color composite at 1.26 (B), 1.62 (G), and 2.1 (R) microns, highlights both its cloud activity and
its rings [29]. A Neptune (Keck, 2007) false-color composite from observations at 1.65 (B) and 2.1
(R) microns highlights elongated small clouds [41], credit: M. van Dam, E. Schaller and W. M. Keck
Observatory. Images are not to scale.

3.1. Jupiter

Jupiter’s cloud-top appearance is the most complex of the giant planets, with distinct
storms, turbulent clouds, and well-defined latitude bands. These bands are often referred
to as belts (darker, redder regions) and zones (brighter regions), though the boundaries
were defined by historical color rather than dynamics [1,2]. Belt/Zone color variations are
distinct even in small telescopes, but they are also not static; these bands can completely
change color on timescales of months, sometimes lasting for years, and other times reverting
quickly. Events where a colored band becomes whiter are colloquially referred to as
“fading”, while increased coloration events are called “revivals” [2]. These events happen
often, some on a quasi-periodic cadence, and appear to be controlled by changes in moist
convection, from states of relative quiescence, to states with multiple convective plumes
erupting from one or more active longitude sectors (e.g., [75]). Color changes are not
limited to the cyclonic belts (sites of chaotic clouds structures and associated lightning),
but sometimes occur within the more uniform anticyclonic zones as well. When multiple
latitude bands change color consecutively over a short period of time, it is known as a
“Global Upheaval” [2], though the cause is not yet understood. Historically, some of the
southern belts were distinctly dark and red [1], but this has not been observed in the
modern era, with the North Equatorial Belt often appearing darkest/reddest, as is evident
in Figure 2.

Figure 4 shows an example of Jupiter’s typical appearance across visible wavelengths.
Generally, Jupiter is most bland at UV wavelengths, due to Rayleigh scattering, and shows
maximum brightness variation and contrast at blue wavelengths, where an unknown
absorber(s) causes the typical reddish/brownish coloration [49,76–79]. According to theo-
retical models [80,81], the top cloud layer is composed of ammonia ice, with deeper layers
of NH4SH and water ices, none of which contribute any visual color, but do have detectable
near-IR spectral signatures (e.g., [82,83]). Trace amounts of methane gas in Jupiter’s tro-
posphere and stratosphere cause strong absorption bands in the near IR, and images in
those bands (such as the 889 nm filter image in Figure 4) are mostly dark, sensing reflection
from high-altitude clouds (e.g., over vortices, the equatorial zone, and the polar domain).
Conversely, “continuum” images outside of these strong absorption bands sense down to
the topmost cloud deck.
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Figure 4. Jupiter’s appearance at UV and visible wavelengths. September 2021 Hubble data show
variation in Jupiter’s latitude bands with wavelength. Jupiter is dark in the 889 nm methane gas
absorption band, with the highest features (the GRS and the polar haze caps) appearing brightest;
artificial fringing is apparent in that image, and in all long wavelength narrow-band WFC3 filters.

Among the gas giants, Jupiter also boasts the largest number of clearly defined vor-
tices; see Figure 5. Anticyclones, storms with counterclockwise rotation in the southern
hemisphere are often oval shaped and white to beige with the exception of the Great Red
Spot (GRS). Interspersed between the many anticyclones are cyclonic cells. These can be
smooth-edged and oval or oblong shaped, but many have scalloped edges, and they can
also vary in color, from a deep red to a bright white. For example, elongated brown cyclonic
structures are known colloquially as “brown barges”, and can be seen near 30◦N latitude
in Figure 5. High-resolution imaging has revealed cyclonic vortices transitioning from
quiescent states with smooth edges, to turbulent convective states (e.g., [9]). Turbulent
convective cyclones have also been associated with clusters of lightning flashes (e.g., [15]).

Jupiter’s GRS is likely the best-studied storm in the solar system owing to its size and
longevity, having persisted for at least 150 years [1,2]. As Jupiter is observed frequently,
the behavior and characteristics of the GRS are very well documented, allowing precise
tracking of changes in its size, shape, colors, and motions. Over the modern era, it has
decreased in longitudinal width from ∼25,000 to <15,000 km from 1979 to 2021, evolving
from a length to width aspect ratio of ∼1.9 to 1.3, i.e., becoming more round over time [63].
Using high-resolution Hubble data, it was recently confirmed that the GRS’s internal winds
have also increased by approximately 4 to 8% from 2009 to 2020, with average winds
topping 130 m/s and gusts to 180 m/s [65,84].

This anticyclonic storm drifts westward relative to the planet’s rotation and zonal
wind field, with a 90 day oscillation in its apparent speed [62,85]. More recently, it has
been determined that its long-term average drift rate has consistently increased, perhaps in
response to its smaller size; however, its oscillation period remains steady in Hubble and
small telescope tracking data [62–64]. In recent years, the GRS has appeared to interact with
passing storms, but with no lasting changes in size, velocities, or motion, the interactions
appear to only have a superficial effect [65,86]. The GRS also undergoes color changes,
ranging from very pale pink to almost brick red, but we do not yet know if the coloration
corresponds to any particular dynamical event [1,63,84].
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Figure 5. Jupiter’s enduring cloud features in Hubble WFC3 data from September 2021. This map
spans a subset of latitudes and ∼136◦ of longitude; 1◦ of longitude = ∼12,500 km at the equator.
Jupiter’s bands contain multiple closed-circulation vortices, both cyclones and anticyclones, including
the GRS and Oval BA. Waves and turbulent structures are also visible.

Another enduring feature is the Oval BA. This anticyclone is the product of the merger
of three similarly-sized anticyclones in the South Temperate Belt [1,85]. The three “White
Ovals” appeared after this belt faded in 1939 and then developed distinct segments, with
ends labeled A through F. These segments coalesced into distinct anticyclonic vortices,
named FA, BC, and DE. In 1998, BD and DE merged to form BE, and, in 2000, FA and BE
merged [87,88]. This unprecedented example of large-scale vortex interactions was already
unique, when in late 2005 Oval BA became quite red in color, earning the nickname “Red
Spot Jr” [89]. It has since faded to a more typical beige color, as seen in Figure 5.

3.2. Saturn

Saturn’s colors are more muted than Jupiter’s, with a multi-layer extended haze cover-
ing the ammonia ice cloud deck [90]. Saturn does have distinct cloud bands, however, and
these are evident with sufficient spatial resolution, as in Figure 6. Similar to Jupiter, there
are fewer cloud features at UV wavelengths, while at visible wavelengths, the band colors
vary over time. For example, the polar regions tend to be shades of blue in winter months,
gradually turning more yellow as they emerge from the shadows, likely due to changes
in the stratospheric haze [91,92]. Of course, the Cassini mission’s extensive observations
of Saturn in reflected sunlight dominate recent findings of Saturn’s clouds [90,92,93], but
Earth-based observations played a crucial supporting role, and have allowed us to continue
the time series both before and after the mission. Hubble data from 2018 to 2021 also show
that individual bands can change slightly in color from year to year, without much change
in altitude or atmospheric opacity [94].

Saturn has fewer distinct vortices than Jupiter, but a few small spots were seen during
the Voyager flybys [10,11]. In the modern era, several spectacular storm outbreaks have
resulted in remnant long-lived vortices, for example near 65◦ and 41◦N latitudes [95,96].
These are not high contrast and are typically only visible at high spatial resolution. Saturn
does have several very long-lived atmospheric features, however, which can be seen
in Figure 7. First and foremost is the north polar hexagon discovered in 1981 Voyager
imaging data [97]. The near-stationary hexagon is a result of a wind jet pattern at 78◦N
latitude. Laboratory studies have shown that circumpolar jets can organize themselves into
polygonal shapes, or cause vortex streets, depending on the local prevailing conditions [98].
Recent numerical studies confirm that to reproduce both the shape and near-stationary
vertices of the hexagon depends on the vertical wind shear shape of the wind profile at
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depth [99]. The hexagon has persisted until the present and can also be seen in mid-IR
data sensitive to temperatures in the upper troposphere and stratosphere, high above the
clouds [100].

Figure 6. Saturn’s appearance at UV and visible wavelengths. September 2021 Hubble data show
Saturn’s cloud band variations with wavelength. At visible wavelengths, Saturn’s cloud bands are
clearly seen, and the planet is very dark in the 889 nm methane absorption band.

Figure 7. Saturn’s major northern hemisphere cloud features in Hubble WFC3 data from June 2018.
Individual latitude bands have slightly different colors in this contrast- and sharpness-enhanced map
over ∼180◦ of longitude; 1◦ of longitude = ∼10,500 km at the equator. The small vortex near 40◦ is
a remnant of the large 2010 storm, and small thunderstorm-like clouds are visible at mid latitudes.
Inset: The polar hexagon (unmapped) was prominent in 2018, and the boundaries varied at different
wavelengths, giving it a multi-colored border.

Another common feature is the Saturn “ribbon”, an eastward wind jet at 47◦N lati-
tude [11,101]. This feature is unique in that, unlike the majority of Jupiter and Saturn’s
wind jets, it meanders in latitude or appears wavy. Numerical modeling indicates that
instabilities and the creation of eddies causes the jet to meander [102]. As with the hexagon,
and a similar mid-latitude Jupiter ribbon, the wind jet speed, vertical wind shear, and
the atmospheric stability determine if a jet is stable, if a string of vortices occurs, or if the
wind jet meanders around eddies [102,103]. Saturn’s ribbon also shows temporal vari-
ability, changing in cloud color and brightness, bifurcating, and sometimes disappearing
altogether [93].

3.3. Uranus

Uranus is often considered the most featureless of the giant planets, owing to its uni-
form pale blue appearance in early Voyager 2 images [12]. At blue and green wavelengths,
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Uranus is relatively uniform in appearance, as shown in Figure 8. With the improved
imaging capabilities at red and near-infrared wavelengths afforded by Hubble and adap-
tive optics telescopes, however, it was soon realized that Uranus has both zonal structure
and discrete cloud activity, (e.g., [30,104]). At longer wavelengths, Uranus shows banded
structure that was not evident Voyager 2 images, unless strongly enhanced, owing to that
camera’s poor long wavelength sensitivity [105]. Although the planet becomes darker
overall as the wavelength increases, the cloud contrast increases, and storms are most
visible in the near IR. In the weaker methane absorption bands, at 619 and 727 nm, the
banded structure is more muted.

Figure 8. Uranus’s appearance at visible and near-IR wavelengths. September 2015 Hubble and
August 2014 Keck data [24] show Uranus’s cloud band variations with wavelength. The north pole
is to the right. Uranus is more uniform at short wavelengths than at long wavelengths, with banding
and storm contrast increasing at longer wavelengths.

Uranus’s southern pole was illuminated during the 1986 Voyager 2 flyby and a Uranian
year lasts 84 Earth years. However, Uranus fortuitously crossed through equinox in 2007,
allowing a view of the emerging northern pole. With the changing illumination from 1986
(near southern summer solstice) to 2020 (approaching northern summer solstice), the bright
southern polar “cap” faded away and the north polar region brightened dramatically; see
Figure 9 [106,107]. Although both polar regions have been found to be depleted in upper
tropospheric methane [108,109], the best evidence so far indicates that the temporal changes
in brightness are almost entirely due to changes in scattering by polar hazes [106]. These
changes in polar hazes may be an effect of seasonal insolation, dynamical changes, or a
combination of both [110].

Although bright clouds are evident in near-IR data in the H band (1.6 microns), as
in Figure 8, these data can also reveal a wealth of other features. After boosting signal-to-
noise-ratios by averaging multiple exposures in planetary coordinates to remove rotational
smearing, then high-pass filtering, a distinct banding structure and numerous discrete
features become apparent, as shown in the Keck 2012 image in Figure 9 [24]. Additionally,
the polar region is filled with small cloud features and the equator shows a braided structure,
likely tied to waves [24].
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Figure 9. Uranus’s cloud features in Hubble ACS and WFC3 and Keck H-band images from 2004 to
2020 [24,25,69,111–113]. The Hubble ACS color composite in 2006 uses 755, 658, 550 nm in the R, G,
B channels, respectively, and in 2020 the WFC3 845 nm filter is shown [111]. The 2012 Keck image
is a high signal-to-noise, de-rotated, average image, high-pass filtered to show low-contrast cloud
details [24]. Bright clouds are prominent in the H-band images and the south polar region has faded
while the north polar region has brightened with the changing Uranian seasons.

Unlike on Jupiter and Saturn, the Uranian clouds are likely comprised of H2S at
∼6 bars and CH4 ice at 1–2 bars, (e.g., [113,114] and references therein), though spectro-
scopic data indicate that both ice cloud layers are intermixed with (and perhaps dominated
by) hydrocarbon hazes [115]. As the northern hemisphere approached equinox and re-
ceived illumination, small storms were seen in the northern hemisphere, particularly near
∼30◦N [113], including the first detection of a dark spot in 2006 [30,111,116]. The cloud
activity was sporadic and occasionally a small dark spot is seen with bright companion
clouds, but these are typically only visible at longer wavelengths [69]. In 2004, a very
IR bright feature was observed in mid southern latitudes, the first storm to be visible at
2 microns [30]. This feature, later nicknamed The Berg, varied in brightness and oscillated
in latitude, and after reanalysis was found to be present during the Voyager flyby [29].
After equinox, cloud activity increased in the northern hemisphere [25]. Discrete features
have been observed near the polar haze boundary for many years, for example in 2014 and
2020 in Figure 9, but it is not clear if it is the same persistent feature or multiple short-lived
clouds, due to sparse temporal coverage.

3.4. Neptune

Neptune is known for its characteristic deep blue color. Similar to Uranus, it is
somewhat bland at short wavelengths, though it does show some banding at high latitudes,
apparent in Figure 10. At longer wavelengths, the planet gets darker and cloud contrast
again increases, with bands demarcated by elongated small clouds. Neptune’s putative
cloud structure is similar to Uranus’s with differences explained by the thickness of the
different layers and their contribution to photon scattering [115]. They have nearly identical
temperature profiles in the troposphere, though Neptune has a warmer stratosphere and
stronger vertical mixing; this is evident from the high frequency and vertical extent of
high-altitude methane ice clouds, which are rarely seen on Uranus [114,117].
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Figure 10. Neptune’s appearance at visible and near IR wavelengths. November 2018 Hubble and
August 2018 Keck data [118] show Neptune’s cloud band variations with wavelength. Neptune’s
2018 northern great dark spot is visible at shorter wavelengths to the upper left, while companion
clouds are brighter at longer wavelengths.

Neptune’s most notable visible wavelength atmospheric features are its dark spots.
The first of these were seen by Voyager 2 in Neptune’s southern hemisphere, the Great
Dark Spot (GDS) at 20◦S and DS2 at 55◦S [13]. Like Jupiter’s GRS, the GDS was an
anticyclone of similar size, with bright orographic companion clouds [13]. However, it was
not tightly confined by the wind field, and showed a long-term drift towards the equator
with oscillations in size and shape, and possibly latitude and longitude [61,119]. Hubble
observations in 1994 showed that the Voyager GDS had disappeared, perhaps when it
drifted too close to the equator, but a new dark spot was apparent near 30◦N; another was
seen in 1996, though it was unclear if this was the same spot [68,120]. In contrast with
Uranus’s dark spots, Neptune’s dark spots are only visible at the shortest wavelengths
while the companion clouds are visible at long wavelengths.

Figure 11 shows a new small dark spot first observed by Hubble in 2015 at 46◦S, the
first southern hemisphere spot observed since Voyager 2. This spot decreased in size and
slowly diminished until it disappeared around 2018 [121]. Further in 2018, a larger dark
spot was discovered at 23◦N, forming after bright clouds were seen at that latitude in prior
years [122]. Although predicted to disappear as it drifted equatorward, it is still present
in 2022, allowing the first studies of the full life cycle of a dark spot from formation to
eventual demise. With a multi-decade record of dark spots, analyses indicate that a new
vortex forms every 4–6 years and many may simply have been missed due to lack of high
resolution, visible wavelength, coverage [67].

Another common bright cloud is the South Polar Feature (SPF), visible at both red and
near-IR wavelengths and obvious in 2003, 2007, and 2015 in Figure 11. This elongated bright
cloud is seen on many dates, and does not appear to be a single long-lasting feature [13].
Analysis of high-resolution Voyager 2 images of the SPF revealed that it was actually a
region of formation of very small individual cloud elements of short lifetimes that move
at high speed relative to the formation region, typically 8◦ of longitude/hour, forming at
one end and dissipating at the other, while the 170◦ wide formation region was almost
stationary with respect to the interior [123]. In some observations, the SPF is very bright and
distinct, and in others it is faint or absent. The SPF can also have a complex appearance with
multiple spots and structure, suggesting that it is caused by convection in the circumpolar
flow [124]. As Neptune has an obliquity of approximately 30◦, and an orbital period
of 165 years, we have not yet observed its north pole to search for similar circumpolar
features there.
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Figure 11. Neptune’s major cloud features in Hubble WFC3 and Keck H-band images from 2003 to
2021. The Hubble color composite in 2011 uses 845, 631, 467 nm in the R, G, B channels, respectively,
while in 2015 and 2021, the G channel is 547 nm, and contrast and sharpness have been enhanced.
Bright clouds are prominent in the H-band images, both in bands and in dark spot companion clouds,
and the SPF appears on some dates [22,35,124]; dark spots are denoted in 2015 and 2021.

4. Dynamics and Cloud Variability
4.1. Zonal Winds

All four giant planets have high-speed zonal (latitudinally averaged) winds that are
roughly axisymmetric and remarkably stable, changing little in shape or magnitude over
time despite the changes in cloud coloration and opacity described in the previous section.
These are typically measured using time-separated imaging of small clouds that act as wind
tracers. At the spatial resolution of Hubble, Jupiter’s winds can be measured in an image
pair with 5 to 10 m/s accuracy, limited by cloud distortion over a 10 hr rotation period.
Advanced correlation and velocimetry techniques are now routinely used to reduce this
uncertainty and to enable much finer mapping of 2D flow fields (e.g., [65]). For the other
three giant planets, the spatial resolution is lower and there are fewer distinct small cloud
tracers; large features are used with the caveat that they may not fully advect in the wind
field, having internal rotation and drift rates of their own. Additionally, the altitude of the
individual clouds is somewhat uncertain and may vary with the choice of filter, though in
some cases this allows the measurement of vertical wind shear.

Figure 12 shows that Jupiter has the weakest cloud-top winds of the four planets, but
with the largest number of alternating eastward and westward jets. These are in rough
alignment with its traditionally-defined belts and zones, loosely tying the colors to regions
of cyclonic and anticyclonic shear [14,125–127]. Speeds in some jets fluctuate by up to
10 m/s at different longitudes [128], but the zonally-averaged mean speeds are stable over
time at the uncertainty level. Meanwhile, Jupiter’s cloud colors are quite variable, showing
that color is a less reliable indicator of belt/zone boundaries than the wind field itself.
The highest speed eastward jet at 24◦N shows the largest temporal changes of ∼50 m/s.
The majority of the changes in Jupiter’s wind field are tied to convective events, or to
changes in wave activity that may mask the zonal flow [14,15,65,125–127]. Vertical shear
is expected in the winds, as the thermal wind equation implies weakening/decay with
altitude (e.g., [125,129,130]). Attempts have been made to measure change with altitude
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from Earth-based data in visible continuum and methane absorption bands, as well as in
near-IR bands sensitive to tracers in the stratosphere. These studies found mixed results,
with only a few locations where vertical wind shear might be seen, primarily in the strongest
jets (e.g., 24◦N) or in remnant debris from impacts [66,125,129,130].

Figure 12. The giant planets’ zonally-averaged winds measured over time. In all four panels, the black
profile is from Voyager imaging measurements; for Neptune, the best-fit profile for southern latitudes
is mirrored above 50◦N [123]. Jupiter’s winds show only small variations between Voyager (1979),
Cassini (2000), and Hubble (2019) imaging measurements [94,126,131], primarily in the strongest
eastward jet; map from Hubble 2015 data. Saturn shows substantial change at the equator between
the Voyager (1981), Cassini (2004–2006), and Hubble (2020) eras [14,94]; map from Cassini and
Voyager 2 by B. Jonnson. Uranus shows very little variation between Voyager (1986), Keck (2007), and
Keck/Gemini (2012) [24,105,116]; map from Hubble 2021 data, mirrored for southern hemisphere
coverage. Neptune’s winds show large dispersion over from the Voyager (1989) profile and within a
single filter (Keck H-band measurements are shown for 2013 and 2014) [34,123]; map from Voyager 2
up to 50◦, B. Jonnson.

Saturn’s wind speeds are substantially higher than Jupiter’s and the jets are predomi-
nantly eastward with sharp peaks, dominated by a broad, high-speed, equatorial jet; see
Figure 12. There may be a slight speed offset due to uncertainty in the rotation period of
Saturn [132], but this would not materially affect the east-west pattern or the high-speed
equatorial jet. This jet shows substantial variation over time, whether due to cloud tracer
altitude or a top-down adjustment by Saturn’s wave-driven stratospheric equatorial os-
cillation, which might be modulating the wind shears at the tropopause, (e.g., [127] and
references therein). Additionally, features visible at different wavelengths allow direct
measurements of vertical shear on the order of 2.5 m/s per km [133].

In contrast with Jupiter and Saturn, Uranus and Neptune both have only two major
prograde jets, one per hemisphere, with retrograde equatorial jets. For Uranus, there are
few obvious cloud tracers in the visible, unless contrast is enhanced, and the Voyager
profile was limited to southern latitudes. Measurements made around equinox from Keck
and Hubble images showed that the northern hemisphere has a wind jet near 45◦N, roughly
symmetric with the one observed by Voyager near 45◦S, but with some dispersion at several
latitudes [116] seen in the points in Figure 12. Despite the wavelength differences between
data sets, there is no substantial variation observed in the winds. This indicates little vertical
shear is present, even though wind gradients are expected in the 100 to 800 mbar region
based on the latitudinal temperature structure [134,135]. Measurements on images from
2012 to 2014 showed no substantial changes in the zonal wind field, though the increase in
cloud features allowed the extraction of a more complete wind profile [24,105].

Neptune has a larger number of obvious wind tracers than Uranus, though many are
large storms or cloud complexes which may not fully be advected by the winds. Recent
near-IR measurements roughly match the wind profile shape measured from Voyager data;
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however, there is a large spread in the wind values from these features [34,36]. Some of
this is likely due to vertical wind shear, with K’-band (2.2 microns) image measurements
corresponding more closely to the Voyager measurements. H-band winds are substantially
lower and correspond to deeper in altitude [34,36], implying a vertical wind shear of 1
to 2 m/s per km; however, this is opposite of the shear inferred from Voyager measure-
ments [34]. Additionally, large velocity dispersion is still observed even within a single
filter in a data set, (e.g., [34,136]), but this may be due to the latitudinal extent and inherent
motions of the features that are tracked rather than differences in the underlying wind field.

4.2. Waves

Giant planet atmospheres display a wide variety of wave phenomena, ranging from
planetary-scale Rossby waves to very fine gravity-inertia waves. These waves transport
momentum and energy and may help to drive the zonal wind jets [137,138]. Typically,
waves appear at latitudes at the peaks of the wind jets, but some are only present when large
storms occur. Wave properties, including wavelength and phase speed, can be diagnostic
of the atmospheric conditions, and provide insights about conditions below the visible
clouds. As with wind tracers, each planet shows different amounts of wave activity.

For example, on Jupiter, the equatorial region is dominated by large Rossby waves,
demarcated by bright plumes on the north side and labelled in Figure 5, and an occasional
symmetric feature on the southern border called the South Equatorial Disturbance [2]. The
usual appearance of the south equatorial zone is a smaller set of v-shaped clouds, likely a
second wave superimposed on the Rossby wave [139]. Other small gravity-inertia waves
are only visible in spacecraft imagery because of their small spatial scales (300 km and
smaller), but a larger wave (∼1400-km wavelength) has been observed on the border of
the North Equatorial Belt, shown in Figure 13 [16]. Arising near a set of cyclones and
anticyclones, it was observed in 1979, but not again until 2012 [16,140], and has appeared
sporadically at some longitudes through 2021. This wave tends to be most apparent at
violet and mid-IR wavelengths, appearing only faintly in the UV [140,141]. It is nearly
stationary and is likely an inertia-gravity wave triggered by the nearby anticyclones and
cyclones [140].

Even with extensive Cassini coverage, Saturn does not show obvious wave activity at
visual wavelengths with the exception of during large planet encircling storm outbreaks;
see Figure 13. One such equatorial storm in 1990, showed wave-like structure, but attempts
to measure a phase speed were inconclusive [142,143]. A similar, but smaller, storm in 1994
showed velocities much lower than that of the background wind fields, again possibly
attributable to waves, but the feature was compact and short-lived, and could not be
further constrained [144]. However, a large northern hemisphere storm outbreak in 2010
was much better documented than the previous storms. This violent storm led to a long-
lasting vortex near 40◦N, but waves were seen in the initial storm outbreak and its trailing
plumes. Modeling indicated that Rossby waves were present in the storm’s initial outbreak,
depositing energy high into the stratosphere, while the planet-encircling cloud propagation
was due to Kelvin–Helmholtz instability or trapped gravity-Rossby waves [145,146].
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Figure 13. Planetary waves at multiple scales; solid line indicates 10,000 km. Jupiter in 2015 at 395 nm
shows fine-scale waves (dashed arrows) superimposed on a cyclone/anticyclone vortex street at 16◦N
latitude [140]. Saturn in 2011 at 502 nm shows a wavy structure along the edges of the expanding
storm plume at 40◦N latitude. Uranus in 2012 at 1.6 microns, showing braided equatorial waves [24].
Neptune in 2021 at 467 nm shows a wave number 1 feature centered at 55◦S latitude.

Uranus also does not display obvious visible-wavelength waves, but in the near IR,
waves can be seen near the equator, for example in Figure 9, and expanded in Figure 13.
The braided appearance can be explained by two interacting waves and the pattern has
persisted over multiple years [24]. The exact wave properties and wave type are not yet
known, though given their scale and similarities to Jupiter and Saturn’s large equatorial
waves, it is reasonable to assume they are Rossby waves.

The most obvious wave observed on Neptune is a transverse wavenumber 1 feature
centered near 55◦S, visible in F467M and F547M HST images [70,119]. While this per-
sistent feature may have some connection to the SPF, that has not yet been established.
Smaller-spatial-scale waves have not yet been directly observed on Neptune, but there
are some indications that these waves are present. First, the latitudinal oscillation of
some storms is thought to be tied to wave activity. Additionally, the large dispersion in
wind velocities at any given latitude may be due to the presence of waves [34,37]. Future
high-resolution imaging, along with long-term monitoring, will reveal if Neptune also has
smaller-scale waves.

4.3. Vertical Cloud Structure

As mentioned above, the altitude and composition of the cloud layers on each of the
outer planets have long been estimated using thermochemical equilibrium models [80,81].
Figure 14 shows that Jupiter’s NH3 ice cloud base is as deep as 760 mbar, with deeper
NH4SH and H2O clouds. Water cloud layers include pure water ice plus a liquid solution
with dissolved NH3 and H2S [71,80]. Saturn is similar, except the cloud decks reside deeper,
with the NH3 ice cloud base as deep as 1.7 bar. For Uranus, the cloud is CH4 ice, with a cloud
base as deep as 1 bar, assuming a 30 × solar [147] enrichment of condensable species [148].
Neptune has the same cloud layers as Uranus, but at deeper pressure levels due to a higher
volatile enrichment (80 × solar, [148]) and a slightly colder temperature profile.
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Figure 14. Cloud layers on the giant planets. Calculations use composition described in [149] (and
references therein) for non-condensable species and [148] (and references therein) for condensable
species, with adiabatic model temperatures (dashed blue curves) matched to Voyager 2 radio occulta-
tion temperature profiles (solid blue curves, [73]), in the model of [71,149,150]. Cloud condensation
efficiency is plotted for each layer. Qualitative vertical ranges of photochemical hazes are shown by
grey shading for comparison.

The misunderstanding that thermochemical equilibrium models are capable of directly
calculating cloud densities as a function of altitude has persisted for decades (e.g., [80,81]).
Instead, these models can calculate the cloud condensation efficiency (or cloud condensa-
tion rate) [150]; cloud condensation rate, Rx, can be viewed as a cloud density potential,
governed by the local pressure/temperature conditions in a saturated atmosphere. How-
ever, estimating cloud densities, Dx, requires that this potential be multiplied by an updraft
length scale, L; Dx = LRx. The erroneous cloud densities obtained by Equations (19) and
(20) of [80] (instead of Equation (5) of [150]) come from implicitly assuming L = Hp, the
atmospheric-scale height (the distance over which the pressure changes by a factor of
e or 2.718) [149,150]. Setting L = Hp makes it difficult to compare cloud condensation
rates at different levels, even on a qualitative basis, because Hp varies by up to a factor of
5 across the relevant cloud layers. It is also misleading to use cloud densities from [80]
while stating that they are upper limits to actual cloud densities, because in some cases, it is
conceivable that L > Hp. Strong updrafts satisfying L > Hp are consistent with detections
of water ice spectral signatures in Saturn Great White Storm clouds [151] and in Jovian
convective plumes [83], and with the Jupiter mushball scenario in which condensed water
cloud particles lofted to the ammonia condensation level are invoked to explain the very
deep NH3 depletion found by Juno [152].

Equilibrium cloud models do provide an effective starting point for interpreting
visible and near-IR observations, despite the issues interpreting the density values. Results
from these models are sensitive to the deep volatile abundances, which are not known
with high accuracy and are spatially and temporally variable. Actual cloud densities as
a function of altitude would also be affected by microphysics, including supersaturation,
precipitation, aerosol particle interactions, and the availability of condensation nuclei. For
all four planets, in situ measurements are still needed to validate these cloud models; the
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Galileo probe entered a largely cloud-free clearing and could only partially resolve cloud
altitudes for Jupiter [150,153]. Remote sensing is crucial for measuring horizontal, vertical,
and temporal variation in atmospheric composition and cloud properties, providing context
and constraints for both thermochemical equilibrium models and in situ measurements.

Radiative transfer modelling of high-spatial-resolution data over a broad wavelength
range allows us to retrieve the vertical distribution of haze and cloud layers [154]. The
higher the number of filters and viewing angles included, the better these properties are
constrained, so combining Hubble and adaptive optics data is an exceptionally powerful
tool. Spatially-resolved spectroscopy provides another lever arm, as the spectral resolution
can be very high, but often at the expense of spatial resolution. Thus, while spectroscopy is
a valuable tool, we largely limit this review to results from imaging studies.

Radiative transfer models assume a number of atmospheric layers to represent the
cloud deck, tropospheric haze, stratospheric haze, and gas layers, as needed. To limit the
number of free parameters, fewer layers are better, and most models assume three to five,
but some use as many as ten. Center-to-limb brightness scans can be used to constrain
a latitude band’s structure, while retrievals on discrete features, such as the Great Red
Spot, require multiple viewing angles on the same feature; this is obtained with multiple
images as the planet rotates, preferably over as many continuum and absorption-band
wavelengths as possible.

The fitting methods vary by model, but typically an iterative fit is performed, allowing
each layer’s optical depth, particle size, altitude and vertical extent to vary, sometimes while
fixing the values for the other layers to reduce the number of free parameters. Additionally,
some models also fit a single wavelength index of refraction or single-scattering albedo to
determine which species might comprise the aerosols, and where chromophores (cloud-
coloring compounds) reside. Although any particular retrieval model or data sets may
have inherent biases, their true value comes in comparing different locations in the same
data set, or a single location in similar, time separated, data sets.

For Jupiter, many models fit an optically thick, white, cloud layer with a top between
500 and 700 millibars and a base around one bar, though some data sets and retrieval
methods seem to be more sensitive to a uniform cloud layer near 1.5 bars, possibly the
NH4SH cloud (e.g., [49,155]). Regardless of the cloud deck altitude, the models agree that
the GRS has optically thick clouds/haze extending to higher altitudes than the surrounding
clouds, and most find that the coloring compounds may not be the same over the GRS as
over the belts or red cyclones [49,76,155]. Fits from Galileo data (highest spatial resolution,
but limited wavelengths) find the cloud deck in zones reaches a few hundred millibars
higher, with much higher optical depth, than in belts. Both have similar tropospheric
haze optical depth, but with lower short wavelength single-scattering albedo in the belts.
Among discrete features, holes in the clouds had a thin cloud deck, while the GRS had very
thick clouds and haze, and both had low single-scattering albedo [155].

Fits to VLT/MUSE data (higher spectral, but lower spatial, resolution than Hubble),
with a discrete layer of a colored haze, also indicate a thinner cloud deck in the belts than
in the zones, but showed much more variability in the haze optical depth and vertical
distribution [49]. Interestingly, modeling of Hubble data of the South Equatorial Belt during
a fade and revival cycle showed a substantial change in cloud optical depth and haze single-
scattering albedo, but not cloud height [156]. Similarly, modeling of the reddened Oval
BA showed no obvious change in its structure, only in color [157]. Recent modeling of
Hubble data before and after a North Temperature Belt fade event showed a change in
haze opacity, and that an extended colored haze fits better than a discrete layer [158]. In
the equatorial zone, Hubble photometry demonstrated that a large drop in cloud opacity
in the period 2006–2007 was followed by a drop in haze opacity approximately 1200 days
later [159]. Further high-resolution data sets with good temporal sampling of these global-
scale transitions, particularly over an extended wavelength range, will be invaluable for
understanding atmospheric structure.
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Similar modelling has been performed for Saturn from Hubble imaging data. While
dramatic, rapid, color changes are not observed as they are on Jupiter, Saturn does have
apparent latitudinal variation in cloud structure. Hubble data of the southern hemisphere
from 2002 (near southern winter solstice) are best fit with an increased optical thickness of
haze towards the south pole, and with small variations in single-scattering albedo [160].
However, data spanning a decade show significant changes over time, with single-scattering
albedo decreasing, and stratospheric haze increasing from 1995 to 2003. The tropospheric
haze optical depth does not show a constant trend and varies by latitude [160]. As on
Jupiter, modeling finds a difference in the tropospheric haze optical depth over cyclones
and anticyclones, consistent with subsidence and upwelling, respectively [161].

Lacking a dedicated orbital mission, we are entirely reliant on Earth-based data for
radiative transfer retrievals of Uranus and Neptune cloud structure variations. Modelling of
high-resolution Keck and Hubble imaging data before and around equinox found that most
latitudes did not require CH4 clouds at the expected 1 bar level, but rather an extended
haze [27,109]. Some models fit best with a deeper H2S cloud at 6 bars, and southern
latitudes showed scattering at 2 bars, increasing towards the 45◦S bright band [26,27].
Only discrete bright cloud features have been found to have a vertical extent above 1 bar,
reaching to 400–500 mbar [27,28].

On Neptune, most models favor a cloud layer around 3 bars [54,59,162]. However,
this cloud must also be dark in the near IR, having a low single-scattering albedo at
these wavelengths [162]. The tropospheric haze above 1 bar is optically thin, and may be
extended [54,162,163]. Interestingly, discrete bright cloud features seen in the northern
hemisphere reach well into the stratosphere, with upper altitudes from 20 to 100 mbar [39].
In contrast, the bright southern bands and SPF are deeper, reaching only into the upper
troposphere [39]. Spectroscopic data, which have a better sensitivity to the vertical cloud
structure, along with further imaging data, are needed to fully reconcile Uranus and
Neptune with the theoretical cloud structure shown in Figure 14.

5. Discussion

Cycles and long-term trends have long been documented for the outer planets us-
ing ground-based telescopes, although the causes for change were not well constrained
(e.g., [164]). One of the great advantages of high-resolution Earth-based imaging is that
atmospheric properties can be monitored over long periods of time, and with a high ca-
dence, except near solar conjunction. The availability of frequent observations allows
for characterizing quickly evolving storms and events, such as impacts. However, the
combined long time base of both low- and high-resolution data is still important given
the very long seasonal scales for the outer planets shown in Figure 15. The ability to use
high-resolution data to determine which properties are changing over time is crucial to
placing the lower-resolution data into context and to building the complete picture of
seasonality on the outer planets.

For example, Jupiter’s belts and zones change colors with a quasi-periodic cadence,
though these events do not always occur when predicted [2]. Attempts to tie changes in
cloud color with changes in wind velocities or wave-driven equatorial oscillations have
proved elusive, however, in part because of the small magnitude of the wind changes
discussed above [15,126,165]. Furthermore, the cycles of activity in the prominent bands
are more likely to be associated with convective processes initiated at depths where so-
lar influences are unimportant—such as the fade and revival of the South Equatorial
Belt [75], coloration episodes in the equatorial zone [166], expansions of the North Equato-
rial Belt [167], and eruptions in the north temperate belt [168]. The origins of these cyclic
processes remain poorly understood [165,169], and the balance between top-down control
from the stratosphere (e.g., associated with the stratospheric oscillation) and bottom-up
control from the deeper weather layer is a topic of active investigation.

On Saturn, the most episodic events are the Great White storms [95,142]. These occur
predominantly in the northern hemisphere every ∼28 years [146,170], or approximately
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once per Saturn year. While it has been suggested that solar insolation might be modulating
deep convection, studies have found that the solar heat flux peaks at 200 mbars and is
negligible at the cloud deck [146,171]. Additionally, the 2010 northern storm occurred very
close to Saturn’s spring equinox, as shown in Figure 15, only shortly after these latitudes
emerged from ring shadowing. However, Saturn does undergo very rapid haze coloration
changes on both seasonal and more rapid timescales, particularly in the polar regions which
turn blue in winter [92,94]. Saturn’s radiative time constant, τR, or the time to respond to
thermal changes, was recent recalculated with revised atmospheric parameters [172]. At
the cloud deck (1 bar), the value decreased from 28 years to 1.4 years and from 10 years to
4.7 years at the tropopause (0.1 bar) [172,173]. If correct, rapid color changes are conceivable,
particularly in the upper tropospheric hazes, where sunlight can penetrate and the thermal
response time is short; when the radiative time constant is less than the orbital period
(2πτR/τOrb ≤ 1), the seasonal response is larger [173].

Figure 15. Normalized solar insolation patterns from 1970 to 2030, neglecting ring shadows. The
solar insolation pattern is governed by its orbital elements (period, inclination, eccentricity), as well
as axial tilt, as shown in Table 3; black indicates no illumination. Jupiter, the only giant planet with
little tilt, experiences only slight differences between the northern and southern hemispheres and
receives ample equatorial insolation. Saturn has higher insolation at the south pole than at the north
pole at their respective solstices, and ring shadows further block the winter hemisphere. Uranus was
first observed near southern summer solstice and has not yet reached northern summer solstice; large
portions of the planet receive no illumination for decades. Neptune has only been observed with
southern illumination, due to its long orbital period.

We do not yet have a high-resolution record that spans a full Uranian year, as shown in
Figure 15, but disk-averaged ground-based records show its overall brightness has a strong
seasonal component [174,175]. High-resolution data around the 2007 equinox revealed
that the polar haze brightness shifts very suddenly, as on Saturn. Approaching equinox,
the previously bright southern pole darkened and the northern pole began to brighten
quickly [24]. The revised Uranus radiative time constants are ∼9 years at 1 bar and 40 years
at 0.1 bar, as shown in Table 3 [172], which does not explain the rapid shift in polar haze
brightness [24]. Additionally, a small, unexplained, global brightness increase over time
remains after accounting for, and removing, the seasonal component [175].
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Table 3. Planetary Orbital Parameters and Radiative Time Constants [172].

Planet Orbital Orbital Orbital Axial 2πτR/τOrb 2πτR/τOrb
Period Inclination Eccentricity Tilt at 0.1 bar at 1 bar

Jupiter 11.9 years 1.3◦ 0.049 3.1◦ 1 0.2
Saturn 29.5 years 2.5◦ 0.052 26.7◦ 1 0.3
Uranus 84.0 years 0.8◦ 0.047 97.8◦ 3 0.7
Neptune 164.8 years 1.8◦ 0.010 28.3◦ 2 0.3

Similarly, ground-based and Hubble observations indicate that Neptune’s bright-
ness has increased with time. This was originally thought to be a phase-lagged seasonal
effect [164,176], but the 65 year ground-based record shows the brightness increase has
persisted for longer than a seasonal cycle [174,175]. Other higher-frequency brightness
variations are also observed to correlate with solar cycle [174]. These variations can be ex-
plained by solar UV or galactic cosmic rays modulated by solar activity [174,177]. However,
as with Uranus, the steady increase in brightness over time is not yet understood [175].
Of course, seasons also affect photochemistry, as well as the cloud layers considered here,
and [178] provides a review of those properties.

Ultimately, the observed temporal changes in winds, waves, cloud and haze structure,
haze composition, and even active convective outbreaks may each have a seasonal com-
ponent. Disentangling effects caused by deep energy release and atmospheric circulation
from those induced by solar insolation patterns will require many more observations,
and modelling, particularly for Uranus and Neptune due to their long orbital periods.
Continued monitoring from space and Earth-based telescopes, as well as future missions,
will be crucial to our understanding of how these atmospheres evolve.

6. Summary

The Hubble Space Telescope and large ground-based adaptive optics telescopes have
provided us with a wealth of high-resolution data now spanning multiple decades. In
particular, the broad wavelength coverage of these facilities, from the UV to the near IR, is
beyond the capability of early deep space missions, such as Voyager, enabling new analyses
of the clouds, winds, and atmospheric vertical structure on the giant planets. Using these
high-spatial-resolution data sets, we now know that: the overall zonal wind profiles are
relatively constant, but there are variations observed in the wind jets on all four planets;
convective activity and storm outbreaks occur on both periodic and stochastic timescales,
with storms lasting days to years; wave activity is common, but not always observable; and
Jupiter and Saturn’s vertical aerosol distributions appear to match thermochemical models
reasonably well, but Uranus’s and Neptune’s do not.

Given the long timescales involved, we are just beginning to understand some seasonal
aspects on the planets. Continued observations will ensure that the record is complete and
that further analyses, particularly for Uranus and Neptune, are enabled. We also expect
that future facilities and missions will enable ground-breaking discoveries. The successful
launch of the James Webb Space Telescope in 2021 will enable high-resolution near-IR
observations of the planets. Future UV-optical telescopes, both ground-based extremely
large telescopes, and the next space-based telescope advocated in the Astrophysics Decadal
Survey [179], will be invaluable to planetary studies. A space telescope specifically focused
on solar system observations could advance giant planet atmospheric science by measuring
short-timescale variability over long observational campaigns [180]. Finally, future missions
to Uranus or Neptune would allow the ultra-high-spatial-resolution studies that have been
possible for Jupiter and Saturn from their dedicated missions, providing ground truth for
Earth-based observations.
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