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Abstract

The giant planets, Jupiter, Saturn, Uranus, and Neptune, all have vibrant and dynamic
atmospheres. The iconic belt–zone structure of Jupiter, together with the Great Red Spot,
is instantly recognizable. Saturn, with its dramatic ring system and more muted atmosphere,
is a formidable jewel in the Solar System. In the outer reaches, the pale blue Uranus and
Neptune are found, worlds about which ultimately very little is known. The atmospheres
of these planets are dominated by hydrogen and helium, and unlike the Earth, they do not
have a solid surface. These differences generate inherently different types of atmospheres, but
there are also similarities. For example, the condensation of water, which forms the familiar
clouds on Earth, also occurs on the giant planets. Broadly speaking, the atmosphere can be
divided into different regimes defined by their temperature gradients. In the troposphere,
where weather occurs, the temperatures decrease as a function of increasing altitude as
convection moves internal heat upward; the rising material expands and cools. Above this
region lies the stratosphere, defined by a positive temperature gradient, where hydrocarbons
are heated by ultraviolet radiation from the Sun (analogous to ozone heating in the terrestrial
stratosphere), which also drives substantial photochemistry. This is followed by a mesosphere
that cools as a function of altitude, a region that is ill-defined at the giant planets. Finally,
the upper atmosphere connects to the space environment and is heated by both solar extreme
ultraviolet light and auroral processes. The giant planets are energized both by internal heat
and by solar heating. These energy inputs, along with the fast rotation rates of these planets,
drive dynamics by establishing global circulation patterns and generating both waves and
instabilities. They also drive chemistry within the atmosphere, which alters composition and
can influence the temperature structure, particularly in the stratosphere. The atmospheres
of these planets can be observed using telescopes on the ground and in space, which can
reveal composition, dynamics, and long-term changes. Much of the detailed knowledge of
these planets comes from spacecraft such as the iconic Grand Tour of Voyager 1 and 2 in
the 1970s and 1980s, as well as the Galileo and Juno missions to Jupiter and the Cassini
mission to Saturn. In the 2030s, both the European Space Agency’s Jupiter Icy Moons
Explorer (JUICE) mission and the NASA Europa Clipper mission will arrive at Jupiter,
and momentum within the planetary science community is building toward a mission to
Uranus that would arrive at some point in the 2040s.

Keywords: giant planets, atmospheres, Jupiter, Saturn, Uranus, Neptune, circulation,
turbulence

1 Introduction

An atmosphere is a gaseous envelope confined by the gravitational forces of a body. From the
very thin and unstable atmosphere of Mercury to the dense and vigorously churning atmosphere
that envelops Jupiter, there is an extraordinary variety of atmospheres observed throughout the
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Solar System. The nature of the atmospheres of the planets (and moons) in the Solar System
is shaped by processes such as solar forcing, internal heating, and rotation rates, along with
the way these planets have evolved since their formation some 4.6 billion years ago. The giant
planets, Jupiter, Saturn, Uranus, and Neptune (Figure 1), differ from the terrestrial planets
in that they do not have a distinct surface, have fast rotation rates, and are much larger and
heavier. The sheer size of these planets means that the strong gravitational field can retain
lighter species, and so the outer layers are dominated by hydrogen and helium.

The giant planets orbit far from the Sun and therefore receive little sunlight: Jupiter receives
about 4% and Neptune 0.1% of the sunlight received on Earth. Despite this, the energy provided
by the Sun plays an important role, especially in the stratosphere and the thermosphere. Here,
photochemistry can drive heating and complex chemistry, which can exhibit strong seasonal
behavior. The tilt of Jupiter’s spin axis is small, only 3◦, which means it has very muted
seasonal behavior, whereas the tilts of Saturn (27◦), Uranus (97◦), and Neptune (28◦) are larger,
making seasonal geometry important for the thermal structure and dynamics of the stratosphere
and upper atmosphere, just as it is for Earth’s atmosphere.

Figure 1: A giant planet family portrait: Jupiter, Saturn, Uranus, and Neptune, obtained with the
Hubble Space Telescope in 2021. Source: NASA, ESA, A. Simon (Goddard Space Flight Center), and
M. H. Wong (University of California, Berkeley) and the OPAL team.

The giant planets get their name by virtue of being very large, as summarized in Table 1, and
they contain 99.6% of the total planetary mass. By virtue of their size and fast rotation rates,
they also dominate the bulk angular momentum within the Solar System, accounting for ∼90%
of it, with Jupiter alone contributing ∼60%. Ultimately, their size, distance from the Sun, and
composition provide constraints on the formation of the Solar System, and by understanding
the atmospheres of these planets, they can be placed in the context of planetary evolution. The
fact that observations of these atmospheres occur at a particular point on their evolutionary
journey must also be considered. The distance at which a planet forms from its host star, the
amount of mass that accretes in the protoplanetary nebula, along with its evolution as a function
of distance from the star, are all important factors in determining what type of planet it will
become millions or billions of years down the line.

For a protoplanetary nebula to retain any chemical elements, the temperature must be low
enough for these species to condense into a solid state. Consequently, a planet that forms close
to its parent star will experience high temperatures, and so volatile gases, such as water (H2O)
and methane (CH4), are unable to condense and will escape the system. This means that only
elements with higher melting points, such as iron, sodium, and silicates, can exist as solids.
This explains why the terrestrial planets are rich in heavy elements but lacking lighter ones.
Conversely, the farther a planet forms from its parent star, the more condensable species it can
retain. The distance beyond which volatile icy compounds remain solid during the formation of
planets is known as the frost line, which sits at ∼5 AU (Jewitt et al., 2007).

The purpose of this article is to provide the reader with an overview of the atmospheres of the
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giant planets, the processes that occur within them, and the general lexicon used to describe
the relevant physics. Detailed mathematical descriptions are omitted here, and the reader is
referred to more comprehensive works (Irwin, 2009; Sanchez-Lavega, 2011). Section 2 describes
the basic vertical structure of these atmospheres, followed by the processes that can alter the
atmosphere over long timescales in Section 3. Section 4 describes the basic dynamics of these
atmospheres, including convection and turbulence triggered by instabilities. In Section 5, the gas
giants (Jupiter and Saturn) will be discussed, followed by the ice giants (Uranus and Neptune)
in Section 6. Finally, Section 8 contains a brief conclusion.

Table 1: Basic Physical Characteristics of the Giant Planets

Planet Distance Radius Mass Density Orbital Period Rotation
(AU) (R⊕) (M⊕) (g cm−3) (years) (hours)

Jupiter 5.2 11.0 318 1.3 11.9 9.9
Saturn 9.5 9.1 95 0.7 29.5 10.7
Uranus 19.2 4.0 14 1.3 84.1 17.2
Neptune 30.0 3.9 17 1.6 164.8 16.1

2 Structure of an Atmosphere

An atmosphere can be divided into separate layers, delineated by distinct boundaries largely
defined by the behavior of the vertical temperature profile, which in turn is driven by the
different physical, dynamical, and chemical processes within each region. These regions are
categorized in the same way on the giant planets as they are on Earth, as illustrated in Figure 2.
This section summarizes these regions, moving upward in altitude toward decreasing pressures.
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Figure 2: (a) The vertical temperature profile of Earth. (b) The temperature profiles of the giant
planets. Source: Adapted from O’Donoghue and Stallard (2022).

2.1 Deep Interior

On Earth, the solid surface absorbs sunlight, which in turn heats the atmosphere at ground level.
The giant planets do not have solid surfaces; however, there is still a source of heat available in
the deep atmosphere. This is energy left from the formation of these bodies, and the continuing
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slow collapse of these planets constantly releases heat, which warms their atmospheres at depth,
through a process known as the Kelvin–Helmholtz mechanism. Jupiter, Saturn, and Neptune
all radiate strong internal heat, whereas Uranus has very little to no internal heat (Pearl et al.,
1990).

The basic interior structure of the giant planets is shown in Figure 3. The cores are thought to be
made up of dense rocky materials, followed by an envelope of ices, metallic hydrogen and helium
in a highly compressed environment, followed by the gaseous atmospheric envelope, containing
mostly hydrogen and helium. The convective metallic envelopes of the cores are believed to be
the origin of the powerful magnetic fields of these planets, and if the convection changes over
time, the observed magnetic fields above the surface may also change on convective timescales.
Therefore, these types of observations of secular change in the magnetic field can reveal long-
term change deep inside the planet. Another way to sample the deep interior of a planet is to
observe how the gravitational force exerted on a spacecraft flying close to the planet changes
with position, revealing the gravity moments of the planet and, therefore, the internal structure.
On Jupiter, such measurements by the Juno spacecraft have revealed that it has an extended
region enriched in heavy elements (Wahl et al., 2017).
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Rock
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Figure 3: The basic interior composition of the giant planets.

2.2 Troposphere

The visual appearance of the giant planets is defined by sunlight reflected from the clouds and
hazes in the troposphere, the lower part of the atmosphere. This is the weather layer, which is
largely opaque and dominated by convection and turbulence. Internal heat provides a source
of heat at low altitudes, and as parcels of air rise toward higher altitudes and lower pressures,
the atmosphere cools, producing a temperature profile that decreases sharply with altitude. At
the upper boundary of the troposphere lies the tropopause, the coldest part of a giant planet
atmosphere.

In the troposphere, as species rise in altitude toward cooler temperatures, certain species will
condense into solids and ices to form clouds, in a similar way to how water vapor rises in Earth’s
troposphere and condenses to form clouds at higher altitudes. Convection in the presence of
these condensable species is called moist convection (as opposed to dry convection). In the
molecular nitrogen- and oxygen-dominated atmosphere of Earth, the lighter water vapor is
naturally buoyant, whereas in the hydrogen- and helium-dominated atmosphere of the giant
planets, the condensable species tend to sink, and therefore the formation of clouds becomes
dependent on convection moving these molecules toward higher, cooler altitudes at which they
can condense. At the giant planets, condensable species include water, ammonia, methane, as
well as more complex molecules such as ammonium hydrosulfide (NH4SH). The formation of
clouds releases heat, which modifies the vertical temperature profile, because clouds can absorb
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and scatter radiation.

In addition to clouds, higher-altitude hazes and aerosols can also form in the upper troposphere
and lower stratosphere. Hazes are evenly dispersed and relatively uniform layers of small parti-
cles (<1µm in size), whereas aerosols are more complex hydrocarbon compounds, products of
methane photochemistry, that coagulate and condense. Aerosols can absorb significant amounts
of solar energy (Zhang et al., 2015).

Uranus and Neptune, and to some extent Saturn, are shrouded in hazes in the lower stratosphere
that obscure the planet, hiding the intricate weather occurring below. Strong convective events
can lift clouds through this haze, making them visible. Neptune is strongly convective and has
bright storms that appear and disappear on timescales of days and appear to be associated with
the solar cycle (Chavez et al., 2023). On Saturn, during northern spring, a massive storm can
develop, like a hurricane on Earth. The latest of these events occurred in 2010–2011 and was
tracked by the Cassini spacecraft in orbit.

As the atmosphere becomes less dense with altitude, radiation becomes more efficient at trans-
porting energy, as opposed to convection, and the boundary between these regimes is called the
radiative–convective boundary, which occurs in the upper troposphere.

2.3 Stratosphere

Above the temperature inversion at the tropopause lies the stratosphere, in which the tem-
perature increases as a function of altitude. This is driven by the absorption of solar extreme
ultraviolet photons by hydrocarbons, predominantly methane, which can set off chains of com-
plex photochemistry (Moses et al., 2000), generating species such as acetylene (C2H2) and ethane
(C2H6), which in turn provide a source of radiative cooling. A similar temperature structure is
seen on Earth, where absorption of sunlight by ozone (O3) drives the heating. In other words,
the temperature profile in the radiative domain of the stratosphere is governed largely by the
solar-driven chemistry that takes place within it.

Because temperatures rise with altitude, vertical transport is strongly inhibited, and therefore
the movements within it tend to be very slow. In the lower stratosphere, eddy, or turbulent, dif-
fusion dominates, whereas in the upper stratosphere, where the mean free path of the atmosphere
becomes larger, molecular diffusion becomes more important (Moses et al., 2007).

At high latitudes, auroral processes provide an additional source of energy that can produce
heating and chemical reactions in the stratosphere, which can penetrate deep into the polar
atmosphere (Sinclair et al., 2017).

2.4 Mesosphere

On Earth, as the ozone concentration decreases with altitude and carbon dioxide (CO2) radiative
cooling becomes more important, the temperature also decreases with altitude. This defines the
mesosphere, containing the coldest temperatures seen in the telluric atmosphere. This decrease
is not seen at the giant planets, or if it exists, the mesosphere is extremely limited. This is
because the photochemical products of methane are distributed across a broad range of altitudes,
reaching the homopause.

2.5 Upper Atmosphere

The upper atmosphere has two components: the neutral thermosphere and the charged particle
ionosphere, produced by the ionization of the atmospheric constituents either by solar extreme
ultraviolet (EUV) radiation or by charged particles delivered along magnetic field lines as part
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of the auroral process (e.g., see Achilleos et al., 2021; Miller, 2021). The lower boundary of
the upper atmosphere is the homopause, at which eddy diffusion equals molecular diffusion. In
other words, this is the boundary above which turbulent mixing is no longer dominant, and the
species fall out according to their scale heights, which in turn are governed by their molecular
weights. This means that the heavier elements (i.e., hydrocarbons) are distributed very close to
the homopause, whereas lighter species, such as atomic and molecular hydrogen, can extend for
thousands of kilometers at very low densities.

The upper atmospheres of the giant planets are all observed to be very hot, and it is unknown
why. For Earth, the temperature of the upper atmosphere can be accounted for by solar EUV
radiation. In contrast, the upper atmospheres of the giant planets are hundreds of Kelvins hotter
than solar input alone can account for, and this discrepancy between observations and models
has been dubbed the energy crisis. Suggested solutions are the global redistribution of auroral
energy (O’Donoghue et al., 2021) and the breaking of gravity waves (O’Donoghue et al., 2016),
but to date, no clear consensus exists.

2.6 Exosphere

The exosphere, delineated from the upper atmosphere by the exobase, marks the boundary
between the atmosphere and the space environment. Here, the density is extremely low, and at
the exobase the mean free path of a molecule is equal to that of the scale height.

3 Atmospheric Evolution

Once a planet is formed out of the protoplanetary disk, there are a number of processes that
can change the composition of its atmosphere over long timescales:

• Jeans’ escape: The kinetic energy of a molecule can be increased by several processes
within an atmosphere, the strongest of which are absorption of solar radiation and dis-
sipation of gravity waves. A molecule with sufficiently large velocity can overcome the
gravitational forces that confine it and escape the atmosphere. This process is clearly
more efficient for lighter molecules. This escape can, over time, significantly alter the
composition of terrestrial planets and moons, but since the giant planets are so massive,
this process is unlikely to have significantly shaped the evolution of these systems since
their formation.

• Impacts: For Earth, the bombardment by icy planetesimals delivered large amounts of
water early in the history of the Solar System that radically changed the atmospheric
composition and ultimately enabled the germination of life. This highlights how impacts
can fundamentally alter atmospheric composition. The deep gravitational wells of the giant
planets mean that they can easily attract small interplanetary bodies, such as comets and
asteroids. The most famous example of this is the Shoemaker–Levy 9 impact on Jupiter
in July 1994, where the large, fragmented comet (the largest fragment being 1.8 km in
diameter) slammed into the southern hemisphere of Jupiter. These types of events can
deliver new materials, eject materials already present, as well as drive localized chemistry.

• Stellar Luminosity: Both the evolution of a star and the process of planetary migration,
where the orbital distance of a planet changes, can modify the amount of stellar flux that
a planet receives. This in turn provides a variable energy input into a planet’s atmosphere,
which can drive changes in Jeans’ escape and increase or decrease photochemistry, which
can, for example, alter the stratospheric temperature profile.
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• Ionospheric Escape: On Earth, the charged ionosphere is magnetically connected to
plasma in the magnetic field. Since the pressure is high in the ionosphere compared to the
magnetic tail downstream of the planet, there is a tendency for plasma to move from the
ionosphere to the tail, known as the polar wind. A similar process is thought to occur at
the giant planets, and modeling has suggested that ∼1.5×1028 protons per second could
be lost at Jupiter (Martin et al., 2020), which is a similar number of charged particles
sourced from the volcanic plumes of Io (Bagenal, 1997).

4 Atmospheric Dynamics

The motion of an atmosphere is highly complex and can sometimes appear to be chaotic and
random. This section will discuss the broadscale movements of the atmospheres of the giant
planets and the general principles that can be applied.

4.1 Description of the Mathematical Toolkit

Consider a self-contained parcel of air in which energy does not leave or enter (i.e., it is adiabatic)
and that has a constant entropy (i.e., it is isentropic). The foundations of circulation within an
atmosphere can then be explored using the ideal gas law :

PV = nRT (1)

where P is the pressure, V is the volume, n is the number density, R is the ideal gas constant
(R = 8.314 JK−1 mol−1), and T is the temperature. The fundamental driver of atmospheric
circulation at the giant planets is the heating of the atmosphere at depth. A parcel of air deep
in the atmosphere that is being heated will grow in volume and thus decrease in density. This
change will drive the parcel to move upward in altitude toward lower pressures. As it moves
upward, the decreasing pressures will act to further increase the volume, cooling it. Once the
parcel has equilibrated with its surroundings in the upper troposphere, the reverse process can
take place: a cold parcel contracts and moves toward higher pressures, completing the convection
pattern of upwelling and downwelling.

The rate at which the temperature of an adiabatic parcel of air changes as a function of altitude
is described by either the dry or moist adiabatic lapse rate, which refers to the absence or
presence of condensable species within the parcel. These expressions provide a tool with which
to calculate idealized vertical temperature profiles.

There are a number of equations that govern the motion of an atmosphere. The principal of
these is the Navier–Stokes equation, which balances the forces exerted on a parcel of air, namely
gravity, friction, the pressure gradient, and centrifugal forces. The pressure gradient is a result
of differing pressures between different or within parcels of air, with the flow of air moving from
low pressure toward higher pressures. The centrifugal forces give rise to Coriolis forces, which
restrict movement of the atmosphere in the meridional (north–south) direction. Due to the size
and fast rotation of the giant planets, the Coriolis force places strict limits on the meridional
mixing of the atmosphere.

The geostrophic equations describe the motion of the atmosphere, which is dependent on the
pressure gradient in each direction. This description requires the Coriolis force to be significantly
larger than the pressure gradient force, and satisfying this condition is called the geostrophic
approximation. The condition can be parameterized into a single number called the Rossby
number, where values much less than one indicate that the Coriolis forces dominate. In these
conditions, winds flow along lines of constant pressure, rather than from low to high pressures, as

7



would be expected due to pressure gradient forces. The rapid rotation of these planets suggests
that this approximation holds.

The thermal wind equations relate the vertical shear of the geostrophic wind to the vertical
temperature gradients. If the zonal velocity is known at a particular altitude (see Section 4.2),
then this relationship can be used to derive the vertical wind field based on the observed vertical
temperature gradients.

There are two types of vortices in an atmosphere: cyclones, which form over a region of low
pressure, and anticyclones, which form over a region of high pressure. They have opposite
senses of rotation, and the direction of motion is dependent on the hemisphere in which they
appear. The most famous anticyclone is the Great Red Spot (GRS) on Jupiter. These can
be characterized in terms of vorticity, which is a measure of rotational speed and is related to
angular momentum, which is a conserved quantity. Potential vorticity is a related concept that
is also conserved and that can predict the behavior of vortical flows as they evolve (e.g., change
in size).
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Figure 4: The observed zonal wind velocities on Jupiter (Porco et al., 2003), Saturn (García-Melendo
et al., 2011), Uranus (Hammel et al., 2001), and Neptune (French et al., 1998).

4.2 Zonal Winds

The observed zonal (i.e., east–west) winds in the troposphere for the four giant planets are shown
in Figure 4. These are derived from cloud tracking, observing the relative motion of clouds or
other features between successive rotations. Observations have shown that these winds are very
stable over time, and how these extremely strong winds can be sustained over very long timescales
is not known. Their stability indicates that they are driven by internal processes rather than
external solar forcing. The equators of Jupiter and Saturn have prograde (superrotating) zonal
winds, whereas the equators of Uranus and Neptune have retrograde (subrotating) zonal winds.
The strongest winds are seen on Neptune, followed by Saturn and then Uranus, all of which
have faster winds than Jupiter.

On Jupiter, the zonal wind structure is present at great depth (>105 bar; Kaspi et al., 2023),
suggesting that the observed winds may be a signature of processes that occur deep inside the
planet. By using the thermal wind equation, the way the winds decay with height can be
calculated, and on all four giant planets they become zero at ∼4 scale heights above the cloud
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tops. At Jupiter and Saturn, the peak velocities in the zonal flows coincide with the boundaries
between belts and zones.

a) Taylor-Proudman EÆect b) Taylor-Proudman EÆect with a Core

Figure 5: An illustration of the Taylor–Proudman effect of a rotating liquid sphere (black), with and
without a core (green). The liquid tends to organize into rotating cylinders (red), with each cylinder
rotating in an opposite sense compared to the one next to it. While cylinders occupy the entire volume
of the sphere, only a cross-section is shown here for clarity. The presence of a core will disconnect the
cylinders that emanate at high latitudes. This is known as the deep model of atmospheric dynamics.

4.3 Circulation Cells

The banded structure of Jupiter is nontrivial to explain, and it is helpful to first consider
Earth. On Earth, the Hadley cell features upwelling from the equator and downwelling at
midlatitudes (∼30◦ latitude), forming a closed loop driven by solar heating, known as thermally
direct circulation. At around 60◦ latitude, warm air rises and is transported toward the pole,
where it cools and sinks, completing the loop. Between the Hadley cell and the polar cell sits the
Ferrel cell, whereby part of the air driven upward at 60◦ moves equatorward until it encounters
the downwelling of the equatorial Hadley cell. While a similar stack of circulation cells could be
generating the banded structure of Jupiter, the scenario is made more complicated by the fact
that the planet lacks a solid surface and spins much more rapidly.

There are two basic models that describe how the observed zonal winds develop with depth.
The first model describes the weather observed at the top of the atmosphere as shallow, which
is closely analogous to that on Earth, where the winds are naturally bound by a lower boundary
(i.e., the surface). At the giant planets, such a boundary would move at an angular velocity equal
to the interior rotation period, and there could exist strong vertical velocity gradients within
the shallow weather layer. While this model works well for the terrestrial planets, it has several
shortcomings at the giant planets: (a) In order to maintain a banded structure that remains
largely invariant over long timescales, energy is required to be pumped into the system. (b)
These models predict that the midlatitude circulation cells are the same size as the equatorial
cell, which is not the case. (c) They predict strong westward equatorial jets at the gas giants
(Jupiter and Saturn), whereas the jets are observed to be eastward.

The second model is the deep model, where the observed wind at the top of the troposphere
extends deep into the interior. According to the Taylor–Proudman effect (Taylor, 1923), a rapidly
rotating fluid sphere will organize into many rotating concentric cylinders that are aligned along
the rotational axis (Ingersoll and Pollard, 1982). This is illustrated in Figure 5. In this scenario,
the belts and zones at low to midlatitudes are physically connected to their counterparts in the
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opposite hemisphere via these cylinders, which would explain the symmetric nature of Jupiter’s
banded structure. At higher latitudes, however, the presence of a liquid helium core intersects
the cylindrical flow, and so the symmetric banded structure would break down in these regions
and create a more stochastic atmosphere. The boundary between the two regimes of connected
and disconnected cylinders is known as the critical latitude. This simple idea largely agrees
with what is observed, particularly on Jupiter. The size of these cylinders, and therefore the
resultant banded structures of a planet, are governed by both the size and rotation rate, and
smaller planets with a longer rotation rate generate larger cylinders and therefore fewer belts
and zones. The deep model predicts that the zonal winds observed at the top of the cloud deck
would continue very deep into the atmosphere, which was indeed observed by the Galileo probe
down to the 240-atmosphere pressure level (Young, 2003).

4.4 Turbulence and Instabilities

The basic circulation pattern outlined in Section 4.3 provides an understanding of the broadscale
movement of the atmosphere. However, superposed on this are smaller-scale movements that
depart from the mean flow, known as eddy motions. These take the form of turbulence, vortices,
and waves, which arise from instabilities produced by gradients in temperature, motion, or
pressure. Turbulence is ultimately a consequence of instabilities in the atmosphere, and the
Richardson number provides a measure of the stability of turbulence; if the number is less
than one, the turbulent behavior will persist. There are several instabilities relevant to the
atmospheres of the giant planets:

• Static instability occurs when a rising parcel cools more quickly than the surrounding
atmosphere (i.e., the adiabatic lapse rate), which in turn makes it less buoyant, disrupting
the convective flow.

• Inertial (or dynamic) instability occurs when the pressure gradient force and the centrifugal
forces are not evenly balanced inside a vortex, and the frictional forces can generate heat
that drives instabilities.

• Barotropic instability happens in a regime where the vertical temperature across a region
remains constant along lines of constant pressure (which is the barotropic condition).
Here, instabilities can arise from a shear in the horizontal velocity field, which in turn can
generate vortices.

• Baroclinic instability occurs in conditions where the barotropic condition does not hold
(i.e., temperatures do not remain constant along lines of constant pressure). Consequently,
instabilities can be generated by changing vertical temperature gradients.

• Kelvin–Helmholtz instability is produced when two adjacent regions have different wind
speeds, creating a shear between the two.

4.5 Waves

Different types of waves play important roles in the atmospheres of the giant planets. They
can alter the temperatures and densities along their path, and they can transfer energy and
momentum from one atmospheric layer to another or within an atmospheric layer. Waves are
simply characterized by their amplitude, wavelength, and phase, which can evolve over time. At
the giant planets, there are three types of waves that are particularly important:

Gravity waves (not to be confused with the astrophysical “gravitational waves”) are generated at
the boundaries of atmospheric parcels with different motion (e.g., in turbulent regions). Gravity
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waves, generated in the troposphere, are divided into two categories: high-frequency internal
gravity waves and low-frequency inertia gravity waves. These can propagate both vertically
and horizontally. When they travel upward in altitude, they can break in the stratosphere and
upper atmosphere, coupling these different regions. In the stratosphere, these waves provide the
primary energy source for eddy mixing (Strobel et al., 1985). These waves can also reach the
upper atmosphere, and fine-scale ionospheric disturbances observed above the GRS on Jupiter
were linked to the deposition of multiple gravity waves (Melin et al., 2024).

Rossby waves have long wavelengths and large amplitudes, undulating horizontally along lines
of constant longitude in rotating systems. They are a type of inertial wave and arise from the
conservation of potential vorticity. On Earth, Rossby waves are believed to be responsible for the
quasibiennial oscillation, and on Jupiter, a similar phenomenon is observed—the quasiquadren-
nial oscillation, which manifests as a temperature perturbation in the stratosphere that slowly
moves down in altitude with a period of about 4 years (Leovy et al., 1991).

The Kelvin–Helmholtz instability outlined in Section 4.4 is generated at the interface between
two different flow regimes. If the shear flow is large enough, Kelvin–Helmholtz waves form along
the boundary, and they provide a mechanism for transferring energy and momentum between
the two regions.

4.6 Lightning

Electrification is the build-up of charge within a parcel of the atmosphere and is a common
process. On Earth, clouds contain water in different phases (i.e., liquid, solid, and ice). Light
ice crystals are transported upward in altitude in the convective core of a cloud, while larger
and heavier soft hail, known as graupel, moves downward. Collisions between them transfer
electrons to the heavier particles, rendering the top of the cloud positively charged and the
bottom negatively charged.

Lightning is the electrostatic discharge between two regions with different electric charges that
have undergone electrification. Its physical manifestation is a bright flash caused by electrons
tearing through the atmosphere, followed by thunder associated with the shock wave produced
by the movement of the electrons, producing compressional waves in the atmosphere. Lightning
has been directly observed on Jupiter (Cook et al., 1979) and Saturn (Warwick et al., 1981)
and has been indirectly detected on Uranus (Zarka and Pedersen, 1986) and Neptune (Gurnett
et al., 1990). This process is believed to be similar to what is seen on Earth, generated in the
low-altitude water clouds. Instead of the terrestrial graupel, the term mushball has been used,
where soft hail is enriched with ammonia (Guillot et al., 2020b).

4.7 Disequilibrium Species

For a particular molecular species, there is a temperature and pressure at which it can exist in
chemical equilibrium, where the molecular abundance remains constant and the production and
destruction chemical reactions are equally balanced. Molecules can also exist in a disequilibrium
state, whereby the destruction or production processes will dominate over the other, leading to
reduced or increased abundances relative to their equilibrium state. Molecules are transported
vertically from altitudes at which they are in equilibrium to a state of disequilibrium by the strong
overturning of the dynamic atmosphere. Therefore, observing species in a state of disequilibrium
will provide essential information about the dynamics and circulation of the atmosphere. At the
giant planets, important disequilibrium species are nitrogen, carbon, germane, arsine, ammonia,
and phosphine, as well as different spin states of atoms in the hydrogen molecule.

The first observation of how a disequilibrium species is distributed at great depth on Jupiter came
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Figure 6: The deep vertical ammonia abundance as measured by the Juno Microwave Radiometer
(MWR). Source: Adapted from Moeckel et al. (2023).

from the Juno MWR, which observed the deep abundance of ammonia (Li et al., 2017; Moeckel
et al., 2023), as shown in Figure 6. It shows significant variations in the abundance at high
pressures (>10 bar) and a significant enhancement throughout the entire atmospheric column
at the equator, with a depletion just north of this enhancement. This curious distribution may
be related to the presence of thunderstorms, where the formation of mushballs efficiently removes
ammonia from that column of atmosphere. The absence of thunderstorms at the equator then
allows an enrichment in the Equatorial Zone (Guillot et al., 2020a).

5 Gas Giants

Jupiter and Saturn are classed as gas giants because their bulk composition consists mainly of
hydrogen and helium, and this composition makes them different from the ice giants, Uranus
and Neptune.

5.1 Jupiter

The visual appearance of Jupiter is dominated by the bright zones and dark belts, which appear
in pairs across the planetary disk. The zones are regions in which convective upwelling occurs,
bringing material from the deep atmosphere, such as condensable and disequilibrium species,
and the subsequent downwelling occurs in the belts. As a result of this convection, the zones are
hotter than the belts, since deeper tropospheric altitudes experience lower temperatures. There
is a strong east–west (i.e., zonal) wind shear between the belts and the zones, creating instabilities
(see Section 4.4) that can produce vortices or cyclonic storms. The zones closest to the Equatorial
Zone (EZ) are called the North and South Equatorial Belts (NEB and SEB), followed by the
North and South Tropical Zones (NTrZ and STrZ). Apart from the turbulent behavior at the
boundaries of these regions, they appear stable on timescales of decades. However, they routinely
undergo dramatic changes, some of which are cyclic (e.g., Antuñano et al., 2018).

The belt-zone structure is broadly compatible with the circulation patterns outlined in Sec-
tion 4.3, with upwelling at the EZ and downwelling in the Equatorial Belts, forming a Hadley
cell, followed by belts and zones produced by the deep Taylor–Proudman circulation. However,
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observations by the Juno microwave radiometer, which penetrates deep into Jupiter’s tropo-
sphere, have hinted that this simple single-cell behavior may be more complex. Instead of one
cell, Jupiter may have stacked circulation cells, whereby at depth, the EZ experiences down-
welling (Fletcher et al., 2021; Ingersoll et al., 2000). The boundary at which the cylinders switch
direction has been termed the jovicline. Toward the poles, above latitudes of ∼70◦, this pat-
terned behavior is replaced with a more chaotic, asymmetric atmosphere, and stable circumpolar
cyclones have been detected by the Juno spacecraft in both the north and the south (Adriani
et al., 2018).

Figure 7: A JunoCam observation of Jupiter’s Great Red Spot (GRS) from September 7, 2023. Source:
NASA/JPL-Caltech/SwRI/MSSS, image processing by Kevin M. Gill, © CC BY.

The most striking feature in the atmosphere of Jupiter is the GRS, as shown in Figure 7. It is
the largest and longest-lived vortex in the Solar System. The center of the storm shows large
amounts of aerosol reflectance and relatively modest wind speeds. The bulk of the motion is
confined to a ring surrounding the storm that prevents any mixing with the surrounding regions
(Fletcher et al., 2010). The storm is relatively shallow, extending only about 500 km in altitude
(Parisi et al., 2021), which means that its vertical extent is only 0.5% of its horizontal extent and
that it is disconnected from the deep zonal flows that surround it. The distinct reddish color of
the storm is thought to be due to some hitherto unknown chromophore, likely a photochemical
product of ammonia and acetylene (Baines et al., 2019).

5.2 Saturn

The international Cassini mission to Saturn spent 13 years orbiting the planet, completing 294
orbits. This hugely successful mission made many significant discoveries, including cryovolcanic
geysers on the moon Enceladus (Dougherty et al., 2006), methane lakes on Titan (Stofan et al.,
2007), and the fact that measurements of the rotation rate appear to yield different results in
the northern and southern hemispheres (Gurnett et al., 2009). Additionally, Cassini carried the
European Huygens probe, which became the first probe to land on a moon in the outer Solar
System (Lebreton et al., 2009).

Saturn has an axial tilt of ∼27◦, which produces strong seasonal behavior. The changing solar
illumination alters the stratospheric photochemistry, and at the northern solstice, increased
absorption of sunlight by methane drives increased temperatures in the upper troposphere and
lower stratosphere (Fletcher et al., 2018).

The tropospheric zonal wind speeds at Saturn show a similar intricate structure to that of
Jupiter (Figure 4), also associated with broadscale belt and zone structures (Figure 8). Saturn
exhibits much larger velocities than Jupiter, especially at the equator, where winds can reach
up to 400ms−1, and these are likely linked to the deep motion of the atmosphere in the form of
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Taylor–Proudman-type cylinders. Using radio observations from the ground, the stratospheric
wind speeds can also be measured, showing that the equatorial jet extends up to the 10 µbar
level (Benmahi et al., 2022).

Figure 8: The hexagon in Saturn’s northern hemisphere obtained by Cassini at 728 nm. Source:
NASA/JPL-Caltech/Space Science Institute.

One of the more remarkable features of Saturn’s troposphere is the presence of a persistent
polar hexagon in the northern hemisphere (Godfrey, 1988), as shown in Figure 8. This six-sided
feature is very stable and remains fixed in longitude (Godfrey, 1990) and is believed to be formed
by a Rossby wave generated by instabilities in the nearby zonal jet at 78◦N (Allison et al., 1990).
The Cassini spacecraft acquired remarkable views of this feature, and midinfrared observations
show that it extends well up into the stratosphere, altering the temperature structure (Fletcher
et al., 2018).

A semiregular occurrence at Saturn is the emergence of an intense convective bright storm in the
northern spring (McKim, 2011) that eventually extends and envelops the northern hemisphere.
The instability that generates the intense moist convection of these events is likely linked to the
fact that the stratospheric temperature is strongly driven by the seasonal illumination, but the
preference for the northern hemisphere remains unknown (Sanchez-Lavega et al., 2018).

6 Ice Giants

The ice giants, Uranus and Neptune, are smaller and denser than the gas giants (see Table 1).
While the outer envelopes of these planets are dominated by hydrogen and helium, they have a
higher proportion of heavier elements at depth. The term ice giants derives from the fact that,
at depth, they may well be dominated by “icy” materials, such as water and methane, though
in a hot and fluid state (Hubbard et al., 1995; Podolak et al., 1991). However, considerations
of the distribution of carbon monoxide and its sources (i.e., external or internal) have led to
the suggestion that the interiors may be more dominated by rock than by ices, and perhaps the
term rock giant would be more appropriate (Teanby et al., 2020).
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The atmospheres of these planets are very cold (see Figure 2), which means that the thermal
emission features from their atmospheric constituents emit weakly, and their distance from the
Sun also renders reflected light very weak, with both effects making them challenging to observe.
Uranus and Neptune have only been visited by a single spacecraft—both were visited by the
Voyager 2 spacecraft in 1986 and 1989, respectively. Hence, scientific understanding of these two
planets is much more limited than that of Jupiter and Saturn. Thus, it is certain that a new
interplanetary spacecraft mission to either of these planets would provide invaluable information
about these worlds.

Figure 9: Uranus imaged by NIRCam on the James Webb Space Telescope (JWST) in the infrared.
Source: NASA, ESA, CSA, STScI.

6.1 Uranus

Uranus is unique in many ways. It effectively rotates “on its side,” generating extreme seasons,
during which the northern pole is sunlit all the time at northern solstice (Figure 9). The planet
also has very little internal heat (Pearl et al., 1990). Models have suggested that the rotational
geometry and lack of internal heat could be linked: a large collision in the early Solar System
could have knocked the planet on its side and at the same time released most of its stored
internal heat (Ida et al., 2020). The strange nature of Uranus’s orbital geometry makes it an
interesting laboratory for understanding planetary atmospheres.

The lack of internal heat should, in principle, produce a very sluggish atmosphere, with the
lack of energy available at the bottom of the troposphere severely limiting convection. However,
there are several indications that despite the lack of an internal heat source, significant dynamics
are present on the planet. First, with limited internal heat, solar forcing may be expected to
dominate as a heat source, which would produce a warmer atmosphere at the subsolar point
and a cooler atmosphere toward the limb. However, Voyager 2 measured very little variability in
the temperature at the top of the troposphere (Flasar et al., 1987; Hanel et al., 1986). Second,
just like on Jupiter, condensable species on Uranus, such as methane and hydrogen sulfide,
are important tracers of tropospheric circulation. These are observed to have strong gradients

15



indicative of equator-to-pole circulation that appears independent of solar irradiation (Moses
et al., 2020). Third, the extreme and long seasons on Uranus should generate strong seasonal
behavior if sunlight dominates as an energy source. This is not observed, however, and the
structure of the temperatures in the upper troposphere and lower stratosphere has remained
largely constant over the 40 years since the Voyager 2 flyby (Orton et al., 2015; Roman et al.,
2020).

The zonal wind speeds of Uranus in Figure 4 show retrograde winds at the equator and prograde
winds at midlatitudes. Analysis of the higher-order moments of the gravity field suggests that
these winds are relatively shallow, extending 1,000 km in altitude (Kaspi et al., 2013). In the
troposphere, the broadscale circulation is believed to be upwelling at the equator and down-
welling at the pole (Conrath et al., 1998), painting a much simpler picture than what is seen on
Jupiter and Saturn. However, Uranus does not lack complexity. For example, Uranus is likely
to have intricate cloud structures where cold temperatures allow methane to condense to form
clouds in the troposphere (Lindal et al., 1987), along with clouds of water, hydrogen sulfide, and
ammonia hydrosulfide (Hueso et al., 2020).

In the stratosphere of Uranus, methane photochemistry drives heating, just like on Jupiter.
However, the limited internal heat limits the vertical mixing by eddy diffusion, which produces
a relatively deep methane homopause (Herbert et al., 1987; Moses et al., 2018), which in turn
produces an extended upper atmosphere (Melin, 2020).

6.2 Neptune

Figure 10: Neptune imaged by NIRCam on the JWST. Source: NASA, ESA, CSA, STScI, image
processing by Joseph DePasquale (STScI) and Naomi Rowe-Gurney (NASA-GSFC).

The visual appearance of Neptune is dominated by bright clouds that disappear within days of
appearing (Figure 10). The rapidly changing nature of these outbreaks is likely primarily driven
by the large internal heat flux of the planet, which drives strong moist convection in the lower
atmosphere. A similar complex set of cloud decks as is expected on Uranus is likely present on
Neptune.

The tropospheric zonal winds of Neptune are the fastest observed among the giant planets
(Figure 4). The equator is strongly retrograde with wind speeds of up to 400ms−1, with
weaker prograde winds of ∼250ms−1 at higher latitudes. The planet is thought to have a
similar tropospheric convection pattern to that of Uranus, with upwelling at the equator and
downwelling at the poles. Using radio observations, the stratospheric winds can be directly
measured (Carrión-González et al., 2023) and decay significantly with altitude, in line with
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what is derived by applying the thermal wind equation to the tropospheric winds (Fletcher
et al., 2014). As the winds decay with altitude, a drag force is inferred, which may be in the
form of breaking gravity waves. Ultimately, the mechanisms that drive these extreme and largely
unchanging winds remain unknown.

While the lower stratospheric temperature of Uranus seems to change very little with time, the
stratosphere of Neptune can change on timescales much shorter than the long seasons (Roman
et al., 2022). These changes may in part be related to the 11-year solar cycle, which modulates
the solar ultraviolet emissions, which in turn regulate stratospheric photochemistry. There is
also a solar cycle dependence on the emergence of bright clouds (Chavez et al., 2023), which
may indicate that even at a great distance from the Sun, it still governs fundamental aspects of
Neptune’s atmosphere.

The large internal heat flux of Neptune drives vigorous eddy diffusion in the stratosphere, which,
in turn, has the effect of producing a very high methane homopause (Moses et al., 2018), which
in turn produces a very compact thermosphere and ionosphere, in stark contrast to Uranus,
whose methane homopause and distribution of hydrocarbon daughter products are very shallow
(Orton et al., 2014).

7 Tools of the Trade

Most understanding of the atmospheres of the giant planets is derived from remote sensing
observations, where the planets are observed at great distances. The one exception to this is the
Galileo Probe, which provided in situ measurements and is discussed later in this section.

The atmospheres of these planets can be explored both with imaging and spectroscopy tar-
geting different wavelength regions. Since the observed radiances from molecular bands are
dependent on temperature, separate observations are often obtained at wavelength regions from
which the temperature can be determined. For example, to investigate the abundances of the
methane photochemical products acetylene and ethane in the stratosphere of Jupiter, which can
be observed at 13.4µm and 12.2µm, respectively, the temperature at these altitudes can be con-
strained by observing the methane emission at 8.0µm (e.g., Melin et al., 2018). The midinfrared
contains a plethora of emission and absorption features from giant planet atmospheres and is
therefore commonly used, but other wavelength bands also contain important information, from
the ultraviolet to the microwave.

7.1 Ground-Based Telescopes

Telescopes on the ground provide important constraints on the atmospheres of the giant planets.
However, they are limited by Earth’s atmosphere, which effectively sits between the telescope and
the planet in question, in two basic ways. First, the turbulent motion of the telluric atmosphere
introduces a blurring of the observations, known as seeing. This can be corrected by using
adaptive optics, available at some telescopes, which correct for this by deforming the primary or
secondary mirror at a very high rate. Second, the molecules in Earth’s atmosphere absorb light
at certain wavelengths, making certain parts of the electromagnetic spectrum inaccessible from
the ground. For example, water, carbon monoxide, and methane absorb across broad bands in
the near and midinfrared. Further complexity is added if one studies these species at the giant
planets: the planets must be observed at an appropriate time when the relative motion between
the Earth and the planet effectively Doppler shifts these lines away from the molecular features
in Earth’s atmosphere.

Most of the world’s premier observatories are found at high altitude, above Earth’s tropospheric
inversion layer. For example, Mauna Kea in Hawaii is an ideal site for infrared astronomy
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because of its dry and stable atmosphere, sitting 4,100 m above sea level.

7.2 Space Telescopes

By placing telescopes in space, the limitations introduced by observing through Earth’s atmo-
sphere can be eliminated. The first operational space telescope was the Orbiting Astronomical
Observatory-2, launched in 1968, which operated until 1973. Since then, there have been a
number of space telescopes, but arguably the most important is the Hubble Space Telescope,
launched in 1990. Long-term programs like the Outer Planet Atmospheres Legacy program have
provided invaluable monitoring of the four giant planets since 2015.

The James Webb Space Telescope (JWST) was launched on Christmas Day 2021 and is the
largest and most complex infrared observatory ever constructed. It orbits far away from Earth
(unlike the Hubble Space Telescope) and was designed to sense the first stars and galaxies formed
in the very early universe. Therefore, it has four extremely sensitive instruments, covering a
wavelength range between 0.6 and 28.5µm for both imaging and spectroscopy. All four of the
giant planets have been observed, and the early results have revealed Jupiter’s Great Red Spot
in great detail (Harkett et al., 2024), narrow jets in Jupiter’s equatorial stratosphere (Hueso
et al., 2023), complex patterns in Jupiter’s ionosphere (Melin et al., 2024), and seasonal changes
in Saturn’s polar atmosphere (Fletcher et al., 2023). This is only the advent of exploring the
giant planets with JWST, and as more data are gathered, especially at the ice giants where the
molecular features are very weak, scientists are poised to gain a much deeper understanding of
these systems.

7.3 Spacecraft Missions

Even with the best telescopes in the world, the finer details of atmospheric structure and dy-
namics can only be resolved by spacecraft flying close to the planet. The first close-up views of
Jupiter in the visible and infrared were provided by Pioneer 10 in 1973, followed by Pioneer 11 in
1974, with the latter reaching Saturn in 1979. These missions were the preamble to the Voyager
1 and 2 Grand Tour, with the Voyager 2 spacecraft going on to visit all four giant planets, thanks
to a fortuitous planetary alignment that only occurs once every 175 years. Voyager 1 flew by
Jupiter in 1979 and Saturn in 1980 and included a flyby of Titan, Saturn’s largest moon. The
orbital constraints required for the Titan flyby took the probe out of the orbital plane. Voyager
2 went on to visit both Uranus in 1986 and Neptune in 1989. These bold missions laid the
foundation for the modern-day exploration of the giant planets, and their importance cannot
be overstated. Amazingly, both Voyager 1 and 2 are still operational, exploring the heliospheric
boundary.

The Galileo mission to Jupiter launched aboard Space Shuttle Atlantis in 1989, following a
five-year delay caused by the Challenger disaster. The mission was severely hampered by the
fact that the high-gain antenna did not deploy properly, probably related to the degradation
of lubricants during the extended period that the spacecraft sat in storage. Nonetheless, the
spacecraft delivered the Galileo Entry Probe upon arrival in 1995 and deorbited in 2003. Despite
the limited data rates that Galileo could transmit back to Earth, the mission achieved most of its
science objectives: besides being the first to deliver a direct probe of an outer-planet atmosphere,
it was the first to make spectral images of Jupiter in the near-infrared.

NASA’s Juno mission, launched in 2011, entered orbit around Jupiter in 2016. The highly
inclined orbits pass above the poles and skim the top of the equatorial atmosphere during each
pass. The prime mission was highly targeted to study the auroral process and the magnetic and
gravity fields of Jupiter. The mission was, as of 2025, in its extended phase, which continues its
close flybys of Jupiter, as well as flybys of Jupiter’s moons.
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The very successful Cassini mission to Saturn, which also flew by Jupiter in late 2000, set a gold
standard for international collaboration. These large flagship missions are very expensive and
complex, and by involving expertise and funding from multiple space agencies, the considerable
challenges of these projects can be solved. This is clearly good for the scientific outcome of these
missions, but it also brings international communities together.

200 400 600 800

Temperature (K)

0

200

400

600

800

1000

A
lt
it
u
d
e

(k
m

ab
ov

e
1

b
ar

)

a) Galileo probe temerature profile

240 0 20

System III Longitude

−40

−20

0

20

40

P
la

n
et

o
ce

n
tr

ic
L
at

it
u
d
e

Entry path

b) HST 1995-10-05 14:01:16

200

400

600

800

1000

A
lt
it
u
d
e

(k
m

ab
ov

e
1

b
ar

)

Figure 11: (a) The vertical temperature profile as measured by the Galileo probe (Seiff et al., 1996) on
December 7, 1995. (b) A Hubble Space Telescope Wide Field Camera 3 image taken on October 5, 1995,
using the F410M filter. The entry path of the probe while traversing the upper atmosphere is shown,
where the color indicates the altitude of the spacecraft measurement.

7.4 Entry Probes

There are distinct advantages to sending a probe into an atmosphere to measure the composition,
temperature, and pressure as it descends. First, it provides a “ground truth” for remote sensing
observations. Second, there are certain important species that cannot easily be measured via
remote sensing at high atmospheric pressures. In particular, the noble gases (helium, neon,
argon, krypton, and xenon) provide critical constraints on the formation and evolution of these
planets.

The only in situ observations of a giant planet atmosphere came from the Galileo probe, which
entered Jupiter’s atmosphere on December 7, 1995, and descended to pressures of 24 bar before
the signal was lost. It carried a suite of instruments that measured the vertical composition
and temperature structures. Figure 11 shows the measured vertical temperature profile along
with a reference HST WFC3 image obtained about a month before the probe descent, showing
the path the probe took through the atmosphere. The temperature measurements are from the
Atmosphere Structure Instrument and were reported by Seiff et al. (1996). The probe traversed
several degrees of longitude toward the east during the descent, skirting the North Equatorial
Belt, a region where downwelling occurs. The probe measured a very dry atmosphere, with
very little water, which was ultimately attributed to the probe entering a dry “hot spot” of the
atmosphere (Orton et al., 1998; Wong et al., 2008). This illustrates the potential problem with
an entry probe—a single-point measurement may not be representative of the entire atmosphere.

7.5 Radiative Transfer Calculations

The various types of observations of the atmospheres of the giant planets are often interpreted
using radiative transfer modeling. These models calculate the way light propagates through an
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atmosphere, subject to solar illumination, deep thermal radiation, and absorption and scattering
by the atmospheric constituents as well as clouds, aerosols, and hazes. They require inputs such
as vertical profiles of temperature and abundance and the optical properties of the clouds,
aerosols, and hazes.

In general, radiative transfer can be applied in two ways. First, a forward model will take the
vertical profiles of abundances, temperature, and any cloud and aerosol structure to produce
a spectrum as it would appear at the top of the atmosphere. This can be thought of as a
prediction of what a particular instrument would observe. The second way is a retrieval, whereby
the opposite takes place, and based on an observed spectrum, the calculations will provide the
composition, temperature, clouds, and aerosol structures that best fit the observed data. This
is a powerful technique that allows constraints on the vertical profiles.

7.6 Future Prospects

Both the ESA JUICE mission and the NASA Europa Clipper mission are on their way to Jupiter,
which will provide up-close views of Jupiter’s atmosphere in the 2030s. Ultimately, JUICE will
go into orbit around Ganymede, and Europa Clipper will go into orbit around Europa to explore
these enigmatic moons.

The last visit to Uranus and Neptune was by Voyager 2 in 1986 and 1989, respectively. There is
growing consensus in the planetary science community that a new, Cassini-style flagship mission
to either of these planets would provide significant scientific value, and a Uranus mission was
ranked the highest in the National Academy of Sciences Decadal Strategy for Planetary Science
and Astrobiology 2023–2032 (National Academies of Sciences, Engineering, and Medicine, 2023).
In order to perform a gravity assist on Jupiter, a launch date by 2031 would be required, with an
estimated arrival in 2044. To operate a spacecraft over these long durations, far away from the
Sun, a radioisotope thermoelectric generator is required to provide power and heating for the
subsystems. While there is a plutonium shortage, other alternatives are being explored at ESA
using americium (Am). The Uranus Orbiter and Probe mission concept (Simon et al., 2021)
outlines a payload that includes a descent probe to be dropped into the atmosphere, providing
a ground truth for future measurements, in a similar way to the Galileo probe on Jupiter.

Lastly, there are a number of 30-m-class telescopes under construction or in the planning phase.
Generally, these offer limited fields of view but provide high sensitivity and so will be well suited
to observing the ice giants, which are often challenging to observe with smaller telescopes. One
example of this new class of telescope is the Extremely Large Telescope in Chile, which is a
39-m-diameter telescope that can achieve diffraction-limited spatial resolution.

8 Conclusion

The thermal structure, composition, and behavior of the atmospheres of the giant planets have
been outlined in broad strokes. While similarities exist, especially within the subsets of gas
giants and ice giants, significant differences are present. These differences mean that the four
planets exhibit different atmospheres, and each atmosphere provides a unique laboratory in
which to understand how these systems behave.

Broadly speaking, the atmospheres of the giant planets are convectively driven at depth by the
latent internal heat, and as the atmosphere gets more rarefied and less opaque with increasing
altitudes, radiative processes become more important, including solar-driven photochemistry in
the stratosphere and upper atmosphere. Instabilities, vortices, and waves are all important for
understanding the small-scale behavior, the generation of convective outbreaks, and the transfer
of energy and momentum within these atmospheres.
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A great number of fundamental questions about the atmospheres of the giant planets remain,
and outlined here is a (subjective) list of some of the more pressing ones:

• What drives the fast zonal winds? How can they remain stable over time? How (and
why) do they decay with altitude? How deep do they penetrate? Why does Neptune have
strong retrograde winds, while Jupiter is dominated by prograde winds?

• How are the different atmospheric layers coupled on the giant planets? How do energy
and momentum move within and between different layers?

• Why does Uranus have so little internal heat?

• What are the abundances of noble gases? They provide important constraints on the
formation process of the Solar System, and so how do these abundances compare with
different formation scenarios?

• Where do the giant planets sit on the spectrum of giant extrasolar planets? Are they
“typical” of this larger sample?

Acknowledgments

HM was supported by an STFC James Webb Fellowship (ST/W001527/2) at Northumbria
University, UK.

References

N. Achilleos, L. C. Ray, and J. N. Yates. Magnetosphere–ionosphere coupling,
08 2021. URL https://oxfordre.com/planetaryscience/view/10.1093/acrefore/
9780190647926.001.0001/acrefore-9780190647926-e-227.

A. Adriani, A. Mura, G. Orton, C. Hansen, F. Altieri, M. L. Moriconi, J. Rogers, G. Eichstädt,
T. Momary, A. P. Ingersoll, G. Filacchione, G. Sindoni, F. Tabataba-Vakili, B. M. Dinelli,
F. Fabiano, S. J. Bolton, J. E. P. Connerney, S. K. Atreya, J. I. Lunine, F. Tosi, A. Migliorini,
D. Grassi, G. Piccioni, R. Noschese, A. Cicchetti, C. Plainaki, A. Olivieri, M. E. O’Neill,
D. Turrini, S. Stefani, R. Sordini, and M. Amoroso. Clusters of cyclones encircling Jupiter’s
poles. Nature, 555(7695):216–219, March 2018. doi: 10.1038/nature25491.

M. Allison, D. A. Godfrey, and R. F. Beebe. A Wave Dynamical Interpretation of Saturn’s Polar
Hexagon. Science, 247(4946):1061–1063, March 1990. doi: 10.1126/science.247.4946.1061.

Arrate Antuñano, Leigh N. Fletcher, Glenn S. Orton, Henrik Melin, John H. Rogers, Joseph
Harrington, Padraig T. Donnelly, Naomi Rowe-Gurney, and James S. D. Blake. Infrared
Characterization of Jupiter’s Equatorial Disturbance Cycle. Geophys. Res. Lett., 45(20):
10,987–10,995, October 2018. doi: 10.1029/2018GL080382.

Fran Bagenal. The ionization source near Io from Galileo wake data. Geophys. Res. Lett., 24
(17):2111–2114, September 1997. doi: 10.1029/97GL02052.

K. H. Baines, L. A. Sromovsky, R. W. Carlson, T. W. Momary, and P. M. Fry. The vi-
sual spectrum of Jupiter’s Great Red Spot accurately modeled with aerosols produced by
photolyzed ammonia reacting with acetylene. Icarus, 330:217–229, September 2019. doi:
10.1016/j.icarus.2019.04.008.

21

https://oxfordre.com/planetaryscience/view/10.1093/acrefore/9780190647926.001.0001/acrefore-9780190647926-e-227
https://oxfordre.com/planetaryscience/view/10.1093/acrefore/9780190647926.001.0001/acrefore-9780190647926-e-227


B. Benmahi, T. Cavalié, T. Fouchet, R. Moreno, E. Lellouch, D. Bardet, S. Guerlet, V. Hue,
and A. Spiga. First absolute wind measurements in Saturn’s stratosphere from ALMA obser-
vations. A&A, 666:A117, October 2022. doi: 10.1051/0004-6361/202244200.

Óscar Carrión-González, Raphael Moreno, Emmanuel Lellouch, Thibault Cavalié, Sandrine
Guerlet, Gwenaël Milcareck, Aymeric Spiga, Noé Clément, and Jérémy Leconte. Doppler
wind measurements in Neptune’s stratosphere with ALMA. A&A, 674:L3, June 2023. doi:
10.1051/0004-6361/202346621.

Erandi Chavez, Imke de Pater, Erin Redwing, Edward M. Molter, Michael T. Roman, An-
drea Zorzi, Carlos Alvarez, Randy Campbell, Katherine de Kleer, Ricardo Hueso, Michael H.
Wong, Elinor Gates, Paul David Lynam, Ashley G. Davies, Joel Aycock, Jason Mcil-
roy, John Pelletier, Anthony Ridenour, and Terry Stickel. Evolution of Neptune at near-
infrared wavelengths from 1994 through 2022. Icarus, 404:115667, November 2023. doi:
10.1016/j.icarus.2023.115667.

Barney J. Conrath, Peter J. Gierasch, and Eugene A. Ustinov. Thermal Structure and Para
Hydrogen Fraction on the Outer Planets from Voyager IRIS Measurements. Icarus, 135(2):
501–517, October 1998. doi: 10.1006/icar.1998.6000.

A. F. Cook, II, T. C. Duxbury, and G. E. Hunt. First results on Jovian lightning. Nature, 280
(5725):794, August 1979. doi: 10.1038/280794a0.

M. K. Dougherty, K. K. Khurana, F. M. Neubauer, C. T. Russell, J. Saur, J. S. Leisner, and M. E.
Burton. Identification of a Dynamic Atmosphere at Enceladus with the Cassini Magnetometer.
Science, 311:1406–1409, March 2006. doi: 10.1126/science.1120985.

F. M. Flasar, B. J. Conrath, P. J. Gierasch, and J. A. Pirraglia. Voyager infrared observations
of Uranus’ atmosphere: Thermal structure and dynamics. J. Geophys. Res., 92(A13):15011–
15018, December 1987. doi: 10.1029/JA092iA13p15011.

L. N. Fletcher, G. S. Orton, J. A. Sinclair, S. Guerlet, P. L. Read, A. Antuñano, R. K. Achterberg,
F. M. Flasar, P. G. J. Irwin, G. L. Bjoraker, J. Hurley, B. E. Hesman, M. Segura, N. Gorius,
A. Mamoutkine, and S. B. Calcutt. A hexagon in Saturn’s northern stratosphere surrounding
the emerging summertime polar vortex. Nature Communications, 9:3564, September 2018.
doi: 10.1038/s41467-018-06017-3.

L. N. Fletcher, F. A. Oyafuso, M. Allison, A. Ingersoll, L. Li, Y. Kaspi, E. Galanti, M. H. Wong,
G. S. Orton, K. Duer, Z. Zhang, C. Li, T. Guillot, S. M. Levin, and S. Bolton. Jupiter’s
Temperate Belt/Zone Contrasts Revealed at Depth by Juno Microwave Observations. Journal
of Geophysical Research (Planets), 126(10):e06858, October 2021. doi: 10.1029/2021JE006858.

Leigh N. Fletcher, G. S. Orton, O. Mousis, P. Yanamandra-Fisher, P. D. Parrish, P. G. J. Irwin,
B. M. Fisher, L. Vanzi, T. Fujiyoshi, T. Fuse, A. A. Simon-Miller, E. Edkins, T. L. Hayward,
and J. De Buizer. Thermal structure and composition of Jupiter’s Great Red Spot from high-
resolution thermal imaging. Icarus, 208(1):306–328, July 2010. doi: 10.1016/j.icarus.2010.01.
005.

Leigh N. Fletcher, Imke de Pater, Glenn S. Orton, Heidi B. Hammel, Michael L. Sitko, and
Patrick G. J. Irwin. Neptune at summer solstice: Zonal mean temperatures from ground-based
observations, 2003-2007. Icarus, 231:146–167, March 2014. doi: 10.1016/j.icarus.2013.11.035.

Leigh N. Fletcher, Oliver R. T. King, Jake Harkett, Heidi B. Hammel, Michael T. Roman, Henrik
Melin, Matthew M. Hedman, Julianne I. Moses, Sandrine Guerlet, Stefanie N. Milam, and
Matthew S. Tiscareno. Saturn’s Atmosphere in Northern Summer Revealed by JWST/MIRI.

22



Journal of Geophysical Research (Planets), 128(9):e2023JE007924, September 2023. doi: 10.
1029/2023JE007924.

Richard G. French, Colleen A. McGhee, and Bruno Sicardy. Neptune’s Stratospheric Winds
from Three Central Flash Occultations. Icarus, 136(1):27–49, November 1998. doi: 10.1006/
icar.1998.6001.

E. García-Melendo, S. Pérez-Hoyos, A. Sánchez-Lavega, and R. Hueso. Saturn’s zonal wind
profile in 2004-2009 from Cassini ISS images and its long-term variability. Icarus, 215(1):
62–74, September 2011. doi: 10.1016/j.icarus.2011.07.005.

D. A. Godfrey. A hexagonal feature around Saturn’s north pole. Icarus, 76(2):335–356, Novem-
ber 1988. doi: 10.1016/0019-1035(88)90075-9.

D. A. Godfrey. The Rotation Period of Saturn’s Polar Hexagon. Science, 247(4947):1206–1208,
March 1990. doi: 10.1126/science.247.4947.1206.

Tristan Guillot, Cheng Li, Scott J. Bolton, Shannon T. Brown, Andrew P. Ingersoll, Michael A.
Janssen, Steven M. Levin, Jonathan I. Lunine, Glenn S. Orton, Paul G. Steffes, and David J.
Stevenson. Storms and the Depletion of Ammonia in Jupiter: II. Explaining the Juno Ob-
servations. Journal of Geophysical Research (Planets), 125(8):e06404, August 2020a. doi:
10.1029/2020JE00640410.1002/essoar.10502179.1.

Tristan Guillot, David J. Stevenson, Sushil K. Atreya, Scott J. Bolton, and Heidi N. Becker.
Storms and the Depletion of Ammonia in Jupiter: I. Microphysics of “Mushballs”. Jour-
nal of Geophysical Research (Planets), 125(8):e2020JE006403, August 2020b. doi: 10.1029/
2020JE006403.

D. A. Gurnett, W. S. Kurth, I. H. Cairns, and L. J. Granroth. Whistlers in Neptune’s magneto-
sphere: Evidence of atmospheric lightning. J. Geophys. Res., 95(A12):20967–20976, December
1990. doi: 10.1029/JA095iA12p20967.

D. A. Gurnett, A. Lecacheux, W. S. Kurth, A. M. Persoon, J. B. Groene, L. Lamy, P. Zarka,
and J. F. Carbary. Discovery of a north-south asymmetry in Saturn’s radio rotation period.
Geophysical Research Letters, 36:L16102, August 2009. doi: 10.1029/2009GL039621.

H. B. Hammel, K. Rages, G. W. Lockwood, E. Karkoschka, and I. de Pater. New Measurements
of the Winds of Uranus. Icarus, 153(2):229–235, October 2001. doi: 10.1006/icar.2001.6689.

R. Hanel, B. Conrath, F. M. Flasar, V. Kunde, W. Maguire, J. Pearl, J. Pirraglia, R. Samuelson,
D. Cruikshank, D. Gautier, P. Gierasch, L. Horn, and P. Schulte. Infrared Observations of
the Uranian System. Science, 233(4759):70–74, July 1986. doi: 10.1126/science.233.4759.70.

Jake Harkett, Leigh N. Fletcher, Oliver R. T. King, Michael T. Roman, Henrik Melin, Heidi B.
Hammel, Ricardo Hueso, Agustín. Sánchez-Lavega, Michael H. Wong, Stefanie N. Milam,
Glenn S. Orton, Katherine de Kleer, Patrick G. J. Irwin, Imke de Pater, Thierry Fouchet,
Pablo Rodríguez-Ovalle, Patrick M. Fry, and Mark R. Showalter. The Thermal Structure
and Composition of Jupiter’s Great Red Spot From JWST/MIRI. Journal of Geophysical
Research (Planets), 129(10):e2024JE008415, October 2024. doi: 10.1029/2024JE008415.

Floyd Herbert, B. R. Sandel, R. V. Yelle, J. B. Holberg, A. L. Broadfoot, D. E. Sheman-
sky, S. K. Atreya, and P. N. Romani. The upper atmosphere of Uranus: EUV occulta-
tions observed by Voyager 2. J. Geophys. Res., 92(A13):15093–15109, December 1987. doi:
10.1029/JA092iA13p15093.

23



W. B. Hubbard, M. Podolak, and D. J. Stevenson. The interior of Neptune. In Dale P. Cruik-
shank, Mildred Shapley Matthews, and A. M. Schumann, editors, Neptune and Triton, pages
109–138, January 1995.

R. Hueso, T. Guillot, and A. Sánchez-Lavega. Convective storms and atmospheric vertical
structure in Uranus and Neptune. Philosophical Transactions of the Royal Society of London
Series A, 378(2187):20190476, December 2020. doi: 10.1098/rsta.2019.0476.

Ricardo Hueso, Agustín Sánchez-Lavega, Thierry Fouchet, Imke de Pater, Arrate Antuñano,
Leigh N. Fletcher, Michael H. Wong, Pablo Rodríguez-Ovalle, Lawrence A. Sromovsky,
Patrick M. Fry, Glenn S. Orton, Sandrine Guerlet, Patrick G. J. Irwin, Emmanuel Lel-
louch, Jake Harkett, Katherine de Kleer, Henrik Melin, Vincent Hue, Amy A. Simon, Statia
Luszcz-Cook, and Kunio M. Sayanagi. An intense narrow equatorial jet in Jupiter’s lower
stratosphere observed by JWST. Nature Astronomy, 7:1454–1462, December 2023. doi:
10.1038/s41550-023-02099-2.

Shigeru Ida, Shoji Ueta, Takanori Sasaki, and Yuya Ishizawa. Uranian satellite formation by
evolution of a water vapour disk generated by a giant impact. Nature Astronomy, 4:880–885,
March 2020. doi: 10.1038/s41550-020-1049-8.

A. P. Ingersoll and D. Pollard. Motion in the interiors and atmospheres of Jupiter and Saturn:
scale analysis, anelastic equations, barotropic stability criterion. Icarus, 52(1):62–80, October
1982. doi: 10.1016/0019-1035(82)90169-5.

A. P. Ingersoll, P. J. Gierasch, D. Banfield, A. R. Vasavada, and Galileo Imaging Team. Moist
convection as an energy source for the large-scale motions in Jupiter’s atmosphere. Nature,
403(6770):630–632, February 2000. doi: 10.1038/35001021.

Patrick G. J. Irwin. Giant Planets of Our Solar System. Springer, 2009. doi: 10.1007/
978-3-540-85158-5.

D. Jewitt, L. Chizmadia, R. Grimm, and D. Prialnik. Water in the Small Bodies of the Solar
System. In Bo Reipurth, David Jewitt, and Klaus Keil, editors, Protostars and Planets V,
page 863, January 2007.

Y. Kaspi, E. Galanti, R. S. Park, K. Duer, N. Gavriel, D. Durante, L. Iess, M. Parisi, D. R.
Buccino, T. Guillot, D. J. Stevenson, and S. J. Bolton. Observational evidence for cylindrically
oriented zonal flows on Jupiter. Nature Astronomy, 7:1463–1472, December 2023. doi: 10.
1038/s41550-023-02077-8.

Yohai Kaspi, Adam P. Showman, William B. Hubbard, Oded Aharonson, and Ravit Helled.
Atmospheric confinement of jet streams on Uranus and Neptune. Nature, 497(7449):344–347,
May 2013. doi: 10.1038/nature12131.

Jean-Pierre Lebreton, Athena Coustenis, Jonathan Lunine, François Raulin, Tobias Owen, and
Darrell Strobel. Results from the Huygens probe on Titan. A&A Rev., 17(2):149–179, June
2009. doi: 10.1007/s00159-009-0021-5.

Conway B. Leovy, A. J. Friedson, and Glenn S. Orton. The quasiquadrennial oscillation of
Jupiter’s equatorial stratosphere. Nature, 354(6352):380–382, December 1991. doi: 10.1038/
354380a0.

Cheng Li, Andrew Ingersoll, Michael Janssen, Steven Levin, Scott Bolton, Virgil Adumitroaie,
Michael Allison, John Arballo, Amadeo Bellotti, Shannon Brown, Shawn Ewald, Laura Jewell,
Sidharth Misra, Glenn Orton, Fabiano Oyafuso, Paul Steffes, and Ross Williamson. The
distribution of ammonia on Jupiter from a preliminary inversion of Juno microwave radiometer
data. Geophys. Res. Lett., 44(11):5317–5325, June 2017. doi: 10.1002/2017GL073159.

24



G. F. Lindal, J. R. Lyons, D. N. Sweetnam, V. R. Eshleman, D. P. Hinson, and G. L. Tyler. The
atmosphere of Uranus: Results of radio occultation measurements with Voyager 2. J. Geo-
phys. Res., 92(A13):14987–15001, December 1987. doi: 10.1029/JA092iA13p14987.

C. J. Martin, L. C. Ray, D. A. Constable, D. J. Southwood, C. T. S. Lorch, and M. Felici.
Evaluating the Ionospheric Mass Source for Jupiter’s Magnetosphere: An Ionospheric Outflow
Model for the Auroral Regions. Journal of Geophysical Research (Space Physics), 125(7):
e27727, July 2020. doi: 10.1029/2019JA027727.

R. J. McKim. Great White Spots on Saturn: current and historical observations. Journal of the
British Astronomical Association, 121:270–273, October 2011.

Henrik Melin. The upper atmospheres of Uranus and Neptune. Philosophical Transactions of
the Royal Society of London Series A, 378(2187):20190478, December 2020. doi: 10.1098/
rsta.2019.0478.

Henrik Melin, L. N. Fletcher, P. T. Donnelly, T. K. Greathouse, J. H. Lacy, G. S. Orton, R. S.
Giles, J. A. Sinclair, and P. G. J. Irwin. Assessing the long-term variability of acetylene and
ethane in the stratosphere of Jupiter. Icarus, 305:301–313, May 2018. doi: 10.1016/j.icarus.
2017.12.041.

Henrik Melin, J. O’Donoghue, L. Moore, T. S. Stallard, L. N. Fletcher, M. T. Roman, J. Har-
kett, O. R. T. King, E. M. Thomas, R. Wang, P. I. Tiranti, K. L. Knowles, I. de Pater,
T. Fouchet, P. H. Fry, M. H. Wong, B. J. Holler, R. Hueso, M. K. James, G. S. Orton,
A. Mura, A. Sánchez-Lavega, E. Lellouch, K. de Kleer, and M. R. Showalter. Ionospheric
irregularities at Jupiter observed by JWST. Nature Astronomy, 8:1000–1007, June 2024. doi:
10.1038/s41550-024-02305-9.

Steve Miller. Planetary aurorae, 06 2021. URL https://oxfordre.com/planetaryscience/
view/10.1093/acrefore/9780190647926.001.0001/acrefore-9780190647926-e-228.

Chris Moeckel, Imke de Pater, and David DeBoer. Ammonia Abundance Derived from Juno
MWR and VLA Observations of Jupiter. Planet. Sci. J., 4(2):25, February 2023. doi: 10.
3847/PSJ/acaf6b.

J. I. Moses, B. Bézard, E. Lellouch, G. R. Gladstone, H. Feuchtgruber, and M. Allen. Pho-
tochemistry of Saturn’s Atmosphere. I. Hydrocarbon Chemistry and Comparisons with ISO
Observations. Icarus, 143:244–298, February 2000. doi: 10.1006/icar.1999.6270.

J. I. Moses, T. Fouchet, R. V. Yelle, A. J. Friedson, G. S. Orton, B. Bezard, P. Drossart, G. R.
Gladstone, T. Kostiuk, and T. A. Livengood. The Stratosphere of Jupiter. In Fran Bage-
nal, Timothy E. Dowling, and William B. McKinnon, editors, Jupiter, page 129. Cambridge
University Press, 2007.

J. I. Moses, T. Cavalié, L. N. Fletcher, and M. T. Roman. Atmospheric chemistry on Uranus
and Neptune. Philosophical Transactions of the Royal Society of London Series A, 378(2187):
20190477, December 2020. doi: 10.1098/rsta.2019.0477.

Julianne I. Moses, Leigh N. Fletcher, Thomas K. Greathouse, Glenn S. Orton, and Vincent
Hue. Seasonal stratospheric photochemistry on Uranus and Neptune. Icarus, 307:124–145,
June 2018. doi: 10.1016/j.icarus.2018.02.004.

National Academies of Sciences, Engineering, and Medicine. Origins, Worlds,
and Life: A Decadal Strategy for Planetary Science and Astrobiology 2023-2032.
The National Academies Press, Washington, DC, 2023. ISBN 978-0-309-47578-
5. doi: 10.17226/26522. URL https://nap.nationalacademies.org/catalog/26522/
origins-worlds-and-life-a-decadal-strategy-for-planetary-science.

25

https://oxfordre.com/planetaryscience/view/10.1093/acrefore/9780190647926.001.0001/acrefore-9780190647926-e-228
https://oxfordre.com/planetaryscience/view/10.1093/acrefore/9780190647926.001.0001/acrefore-9780190647926-e-228
https://nap.nationalacademies.org/catalog/26522/origins-worlds-and-life-a-decadal-strategy-for-planetary-science
https://nap.nationalacademies.org/catalog/26522/origins-worlds-and-life-a-decadal-strategy-for-planetary-science


J. O’Donoghue, L. Moore, T. S. Stallard, and H. Melin. Heating of Jupiter’s upper atmosphere
above the Great Red Spot. Nature, 536:190–192, August 2016. doi: 10.1038/nature18940.

J. O’Donoghue, L. Moore, T. Bhakyapaibul, H. Melin, T. Stallard, J. E. P. Connerney, and
C. Tao. Global upper-atmospheric heating on Jupiter by the polar aurorae. Nature, 596
(7870):54–57, August 2021. doi: 10.1038/s41586-021-03706-w.

James O’Donoghue and Tom Stallard. What the Upper Atmospheres of Giant Planets Reveal.
Remote Sensing, 14(24):6326, December 2022. doi: 10.3390/rs14246326.

G. S. Orton, J. I. Moses, L. N. Fletcher, A. K. Mainzer, D. Hines, H. B. Hammel, J. Martin-
Torres, M. Burgdorf, C. Merlet, and M. R. Line. Mid-infrared spectroscopy of Uranus from
the Spitzer infrared spectrometer: 2. Determination of the mean composition of the upper
troposphere and stratosphere. Icarus, 243:471–493, November 2014. doi: 10.1016/j.icarus.
2014.07.012.

G. S. Orton, L. N. Fletcher, T. Encrenaz, C. Leyrat, H. G. Roe, T. Fujiyoshi, and E. Pantin.
Thermal imaging of Uranus: Upper-tropospheric temperatures one season after Voyager.
Icarus, 260:94–102, November 2015. doi: 10.1016/j.icarus.2015.07.004.

Glenn S. Orton, Brendan M. Fisher, Kevin H. Baines, Sarah T. Stewart, A. James Friedson,
Jose Luis Ortiz, Milena Marinova, Michael Ressler, Aditya Dayal, William Hoffmann, Joseph
Hora, Sasha Hinkley, Viswanathan Krishnan, Milan Masanovic, Jelena Tesic, Andreas Tziolas,
and Kartik C. Parija. Characteristics of the Galileo probe entry site from Earth-based remote
sensing observations. J. Geophys. Res., 103(E10):22791–22814, September 1998. doi: 10.1029/
98JE02380.

Marzia Parisi, Yohai Kaspi, Eli Galanti, Daniele Durante, Scott J. Bolton, Steven M. Levin,
Dustin R. Buccino, Leigh N. Fletcher, William M. Folkner, Tristan Guillot, Ravit Helled,
Luciano Iess, Cheng Li, Kamal Oudrhiri, and Michael H. Wong. The depth of Jupiter’s Great
Red Spot constrained by Juno gravity overflights. Science, 374(6570):964–968, November
2021. doi: 10.1126/science.abf1396.

J. C. Pearl, B. J. Conrath, R. A. Hanel, J. A. Pirraglia, and A. Coustenis. The albedo, effective
temperature, and energy balance of Uranus, as determined from Voyager IRIS data. Icarus,
84(1):12–28, March 1990. doi: 10.1016/0019-1035(90)90155-3.

M. Podolak, W. B. Hubbard, and D. J. Stevenson. Models of Uranus’ interior and magnetic
field. In Jay T. Bergstralh, Ellis D. Miner, and Mildred S. Matthews, editors, Uranus, pages
29–61. University of Arizona Press, 1991.

Carolyn C. Porco, Robert A. West, Alfred McEwen, Anthony D. Del Genio, Andrew P. In-
gersoll, Peter Thomas, Steve Squyres, Luke Dones, Carl D. Murray, Torrence V. John-
son, Joseph A. Burns, Andre Brahic, Gerhard Neukum, Joseph Veverka, John M. Barbara,
Tilmann Denk, Michael Evans, Joseph J. Ferrier, Paul Geissler, Paul Helfenstein, Thomas
Roatsch, Henry Throop, Matthew Tiscareno, and Ashwin R. Vasavada. Cassini Imaging of
Jupiter’s Atmosphere, Satellites, and Rings. Science, 299(5612):1541–1547, March 2003. doi:
10.1126/science.1079462.

Michael T. Roman, Leigh N. Fletcher, Glenn S. Orton, Naomi Rowe-Gurney, and Patrick G. J.
Irwin. Uranus in Northern Midspring: Persistent Atmospheric Temperatures and Circulations
Inferred from Thermal Imaging. AJ, 159(2):45, February 2020. doi: 10.3847/1538-3881/
ab5dc7.

26



Michael T. Roman, Leigh N. Fletcher, Glenn S. Orton, Thomas K. Greathouse, Julianne I.
Moses, Naomi Rowe-Gurney, Patrick G. J. Irwin, Arrate Antuñano, James Sinclair, Yasumasa
Kasaba, Takuya Fujiyoshi, Imke de Pater, and Heidi B. Hammel. Subseasonal Variation in
Neptune’s Mid-infrared Emission. Planet. Sci. J., 3(4):78, April 2022. doi: 10.3847/PSJ/
ac5aa4.

A. Sanchez-Lavega. An Introduction to Planetary Atmospheres. Taylor & Francis, 2011. ISBN
9781420067354. URL https://books.google.co.uk/books?id=lCXYQ4phwbwC.

Agustin Sanchez-Lavega, Georg Fischer, Leigh N. Fletcher, Enrique Garcia-Melendo, Brigette
Hesman, Santiago Perez-Hoyos, Kunio M. Sayanagi, and Lawrence A. Sromovsky. The Great
Saturn Storm of 2010–2011. In Kevin H. Baines, F. Michael Flasar, Norbert Krupp, and Tom
Stallard, editors, Saturn in the 21st Century, pages 377–416. Cambridge University Press,
2018. doi: 10.1017/9781316227220.013.

A. Seiff, D. B. Kirk, T. C. D. Knight, J. D. Mihalov, R. C. Blanchard, R. E. Young, G. Schubert,
U. von Zahn, G. Lehmacher, F. S. Milos, and J. Wang. Structure of the Atmosphere of Jupiter:
Galileo Probe Measurements. Science, 272:844–845, May 1996. doi: 10.1126/science.272.5263.
844.

AA Simon, F Nimmo, and RC Anderson. Uranus orbiter & probe: Journey to an ice giant
system. planetary mission concept study for the 2023-2032 decadal survey, 2021.

J. A. Sinclair, G. S. Orton, T. K. Greathouse, L. N. Fletcher, J. I. Moses, V. Hue, and P. G. J.
Irwin. Jupiter’s auroral-related stratospheric heating and chemistry I: Analysis of Voyager-
IRIS and Cassini-CIRS spectra. Icarus, 292:182–207, August 2017. doi: 10.1016/j.icarus.2016.
12.033.

E. R. Stofan, C. Elachi, J. I. Lunine, R. D. Lorenz, B. Stiles, K. L. Mitchell, S. Ostro,
L. Soderblom, C. Wood, H. Zebker, S. Wall, M. Janssen, R. Kirk, R. Lopes, F. Paganelli,
J. Radebaugh, L. Wye, Y. Anderson, M. Allison, R. Boehmer, P. Callahan, P. Encrenaz,
E. Flamini, G. Francescetti, Y. Gim, G. Hamilton, S. Hensley, W. T. K. Johnson, K. Kelle-
her, D. Muhleman, P. Paillou, G. Picardi, F. Posa, L. Roth, R. Seu, S. Shaffer, S. Ve-
trella, and R. West. The lakes of Titan. Nature, 445(7123):61–64, January 2007. doi:
10.1038/nature05438.

D. F. Strobel, J. P. Apruzese, and M. R. Schoeberl. Energy balance constraints on gravity wave
induced eddy diffusion in the mesosphere and lower thermosphere. J. Geophys. Res., 90(D7):
13,067–13,072, December 1985. doi: 10.1029/JD090iD07p13067.

G. I. Taylor. Experiments on the Motion of Solid Bodies in Rotating Fluids. Proceedings of
the Royal Society of London Series A, 104(725):213–218, September 1923. doi: 10.1098/rspa.
1923.0103.

N. A. Teanby, P. G. J. Irwin, J. I. Moses, and R. Helled. Neptune and Uranus: ice or rock
giants? Philosophical Transactions of the Royal Society of London Series A, 378(2187):
20190489, December 2020. doi: 10.1098/rsta.2019.0489.

S. M. Wahl, W. B. Hubbard, B. Militzer, T. Guillot, Y. Miguel, N. Movshovitz, Y. Kaspi,
R. Helled, D. Reese, E. Galanti, S. Levin, J. E. Connerney, and S. J. Bolton. Comparing
Jupiter interior structure models to Juno gravity measurements and the role of a dilute core.
Geophys. Res. Lett., 44(10):4649–4659, May 2017. doi: 10.1002/2017GL073160.

J. W. Warwick, J. B. Pearce, D. R. Evans, T. D. Carr, J. J. Schauble, J. K. Alexander, M. L.
Kaiser, M. D. Desch, M. Pedersen, A. Lecacheux, G. Daigne, A. Boischot, and C. H. Barrow.

27

https://books.google.co.uk/books?id=lCXYQ4phwbwC


Planetary Radio Astronomy Observations from Voyager 1 near Saturn. Science, 212(4491):
239–243, April 1981. doi: 10.1126/science.212.4491.239.

Michael H. Wong, Jonathan I. Lunine, Sushil K. Atreya, Torrence Johnson, Paul R. Mahaffy,
Tobias C. Owen, and Thérèse Encrenaz. Oxygen and other volatiles in the giant planets
and their satellites. Reviews in Mineralogy and Geochemistry, 68(1):219–246, 01 2008. ISSN
1529-6466. doi: 10.2138/rmg.2008.68.10. URL https://doi.org/10.2138/rmg.2008.68.10.

Richard E. Young. The Galileo probe: how it has changed our understanding of Jupiter. New
A Rev., 47(1):1–51, March 2003. doi: 10.1016/S1387-6473(02)00272-5.

P. Zarka and B. M. Pedersen. Radio detection of uranian lightning by Voyager 2. Nature, 323
(6089):605–608, October 1986. doi: 10.1038/323605a0.

Xi Zhang, Robert A. West, Patrick G. J. Irwin, Conor A. Nixon, and Yuk L. Yung. Aerosol
influence on energy balance of the middle atmosphere of Jupiter. Nature Communications, 6:
10231, December 2015. doi: 10.1038/ncomms10231.

28

https://doi.org/10.2138/rmg.2008.68.10

	Introduction
	Structure of an Atmosphere
	Deep Interior
	Troposphere
	Stratosphere
	Mesosphere
	Upper Atmosphere
	Exosphere

	Atmospheric Evolution
	Atmospheric Dynamics
	Description of the Mathematical Toolkit
	Zonal Winds
	Circulation Cells
	Turbulence and Instabilities
	Waves
	Lightning
	Disequilibrium Species

	Gas Giants
	Jupiter
	Saturn

	Ice Giants
	Uranus
	Neptune

	Tools of the Trade
	Ground-Based Telescopes
	Space Telescopes
	Spacecraft Missions
	Entry Probes
	Radiative Transfer Calculations
	Future Prospects

	Conclusion

