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Chapter 1
Jupiter
This article is about the planet. For the Roman god, 1.1 Structure
see Jupiter (mythology). For other uses, see Jupiter
(disambiguation).
Jupiter is composed primarily of gaseous and liquid
matter. It is the largest of the four giant planets in the
Jupiter is the ﬁfth planet from the Sun and the largest Solar System and hence its largest planet. It has a diameplanet in the Solar System. It is a giant planet with ter of 142,984 km (88,846 mi) at its equator. The density
a mass one-thousandth of that of the Sun, but is two of Jupiter, 1.326 g/cm3 , is the second highest of the giant
and a half times that of all the other planets in the So- planets, but lower than those of the four terrestrial planlar System combined. Jupiter is a gas giant, along with ets.
Saturn (Uranus and Neptune are ice giants). Jupiter
was known to astronomers of ancient times.* [11] The
Romans named it after their god Jupiter.* [12] When 1.1.1 Composition
viewed from Earth, Jupiter can reach an apparent magnitude of −2.94, bright enough to cast shadows,* [13] and Jupiter's upper atmosphere is composed of about 88–
making it on average the third-brightest object in the 92% hydrogen and 8–12% helium by percent volume of
night sky after the Moon and Venus. (Mars can brieﬂy gas molecules. Because a helium atom has about four
match Jupiter's brightness at certain points in its orbit.)
times as much mass as a hydrogen atom, the composiJupiter is primarily composed of hydrogen with a quar- tion changes when described as the proportion of mass
ter of its mass being helium, although helium only com- contributed by diﬀerent atoms. Thus, the atmosphere is
prises about a tenth of the number of molecules. It may approximately 75% hydrogen and 24% helium by mass,
also have a rocky core of heavier elements,* [14] but like with the remaining one percent of the mass consisting
the other giant planets, Jupiter lacks a well-deﬁned solid of other elements. The interior contains denser materisurface. Because of its rapid rotation, the planet's shape als, such that the distribution is roughly 71% hydrogen,
is that of an oblate spheroid (it has a slight but notice- 24% helium and 5% other elements by mass. The atmoable bulge around the equator). The outer atmosphere sphere contains trace amounts of methane, water vapor,
is visibly segregated into several bands at diﬀerent lat- ammonia, and silicon-based compounds. There are also
itudes, resulting in turbulence and storms along their in- traces of carbon, ethane, hydrogen sulﬁde, neon, oxygen,
atteracting boundaries. A prominent result is the Great Red phosphine, and sulfur. The outermost layer *of the
*
mosphere
contains
crystals
of
frozen
ammonia.
[15]
[16]
Spot, a giant storm that is known to have existed since at
least the 17th century when it was ﬁrst seen by telescope. Through infrared and ultraviolet measurements, trace
Surrounding Jupiter is a faint planetary ring system and a amounts of *benzene and other hydrocarbons have also
powerful magnetosphere. Jupiter has at least 67 moons, been found. [17]
including the four large Galilean moons discovered by The atmospheric proportions of hydrogen and helium are
Galileo Galilei in 1610. Ganymede, the largest of these, close to the theoretical composition of the primordial
has a diameter greater than that of the planet Mercury.
solar nebula. Neon in the upper atmosphere only consists
mass, which is about a tenth as
Jupiter has been explored on several occasions by robotic of 20 parts per million by
*
abundant
as
in
the
Sun.
[18]
Helium is also depleted, to
spacecraft, most notably during the early Pioneer and
about
80%
of
the
Sun's
helium
composition. This depleVoyager ﬂyby missions and later by the Galileo orbiter.
precipitation
of
these elements into the
tion
is
a
result
of
The most recent probe to visit Jupiter was the Pluto*
interior
of
the
planet.
[19]
Abundances
of heavier inert
bound New Horizons spacecraft in late February 2007.
gases
in
Jupiter's
atmosphere
are
about
two
to three times
The probe used the gravity from Jupiter to increase its
that
of
the
Sun.
speed. Future targets for exploration in the Jovian system include the possible ice-covered liquid ocean on the Based on spectroscopy, Saturn is thought to be simimoon Europa.
lar in composition to Jupiter, but the other giant plan1
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ets Uranus and Neptune have relatively much less hydrogen and helium.* [20] Because of the lack of atmospheric entry probes, high-quality abundance numbers of
the heavier elements are lacking for the outer planets beyond Jupiter.
1.1.2
Mass and size
creasing mass would continue until appreciable stellar ignition is achieved as in high-mass brown dwarfs having
around 50 Jupiter masses.* [27]
Although Jupiter would need to be about 75 times as
massive to fuse hydrogen and become a star, the smallest red dwarf is only about 30 percent larger in radius
than Jupiter.* [28]* [29] Despite this, Jupiter still radiates
more heat than it receives from the Sun; the amount of
heat produced inside it is similar to the total solar radiation it receives.* [30] This additional heat is generated by
the Kelvin–Helmholtz mechanism through contraction.
This process causes Jupiter to shrink by about 2 cm each
year.* [31] When it was ﬁrst formed, Jupiter was much
hotter and was about twice its current diameter.* [32]
1.1.3 Internal structure
Jupiter's diameter is one order of magnitude smaller (×0.10045)
than the Sun, and one order of magnitude larger (×10.9733)
than the Earth. The Great Red Spot has roughly the same size as
the circumference of the Earth.
Jupiter's mass is 2.5 times that of all the other planets
in the Solar System combined—this is so massive that
its barycenter with the Sun lies above the Sun's surface
at 1.068 solar radii from the Sun's center. Although this
planet dwarfs the Earth with a diameter 11 times as great,
it is considerably less dense. Jupiter's volume is that
of about 1,321 Earths, but it is only 318 times as massive.* [4]* [21] Jupiter's radius is about 1/10 the radius of
the Sun,* [22] and its mass is 0.001 times the mass of the
Sun, so the density of the two bodies is similar.* [23] A
"Jupiter mass" (M J or M Jup ) is often used as a unit to
describe masses of other objects, particularly extrasolar
planets and brown dwarfs. So, for example, the extrasolar
planet HD 209458 b has a mass of 0.69 M J , while Kappa
Andromedae b has a mass of 12.8 M J .* [24]
Theoretical models indicate that if Jupiter had much more
mass than it does at present, it would shrink.* [25] For
small changes in mass, the radius would not change appreciably, and above about 500 M ⊕ (1.6 Jupiter masses)* [25]
the interior would become so much more compressed under the increased pressure that its volume would decrease
despite the increasing amount of matter. As a result,
Jupiter is thought to have about as large a diameter as
a planet of its composition and evolutionary history can
achieve.* [26] The process of further shrinkage with in-
Jupiter is thought to consist of a dense core with a mixture
of elements, a surrounding layer of liquid metallic hydrogen with some helium, and an outer layer predominantly
of molecular hydrogen.* [31] Beyond this basic outline,
there is still considerable uncertainty. The core is often
described as rocky, but its detailed composition is unknown, as are the properties of materials at the temperatures and pressures of those depths (see below). In 1997,
the existence of the core was suggested by gravitational
measurements,* [31] indicating a mass of from 12 to 45
times the Earth's mass or roughly 4%–14% of the total
mass of Jupiter.* [30]* [33] The presence of a core during
at least part of Jupiter's history is suggested by models of
planetary formation that require the formation of a rocky
or icy core massive enough to collect its bulk of hydrogen and helium from the protosolar nebula. Assuming it
did exist, it may have shrunk as convection currents of
hot liquid metallic hydrogen mixed with the molten core
and carried its contents to higher levels in the planetary
interior. A core may now be entirely absent, as gravitational measurements are not yet precise enough to rule
that possibility out entirely.* [31]* [34]
The uncertainty of the models is tied to the error margin
in hitherto measured parameters: one of the rotational
coeﬃcients (J6 ) used to describe the planet's gravitational
moment, Jupiter's equatorial radius, and its temperature
at 1 bar pressure. The Juno mission, which launched in
August 2011, is expected to better constrain the values
of these parameters, and thereby make progress on the
problem of the core.* [35]
The core region is surrounded by dense metallic hydrogen, which extends outward to about 78% of the radius of the planet.* [30] Rain-like droplets of helium and
neon precipitate downward through this layer, depleting the abundance of these elements in the upper atmosphere.* [19]* [36]
Above the layer of metallic hydrogen lies a transparent interior atmosphere of hydrogen. At this depth, the temperature is above the critical temperature, which for hydro-
1.2. ATMOSPHERE
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gen is only 33 K* [37] (see hydrogen). In this state, there
are no distinct liquid and gas phases—hydrogen is said to
be in a supercritical ﬂuid state. It is convenient to treat
hydrogen as gas in the upper layer extending downward
from the cloud layer to a depth of about 1,000 km,* [30]
and as liquid in deeper layers. Physically, there is no clear
boundary—the gas smoothly becomes hotter and denser
as one descends.* [38]* [39]
The temperature and pressure inside Jupiter increase
steadily toward the core, due to the Kelvin–Helmholtz
mechanism. At the “surface”pressure level of 10 bars,
the temperature is around 340 K (67 °C; 152 °F). At
the phase transition region where hydrogen—heated beyond its critical point—becomes metallic, it is believed
the temperature is 10,000 K (9,700 °C; 17,500 °F) and
the pressure is 200 GPa. The temperature at the core
boundary is estimated to be 36,000 K (35,700 °C; 64,300
°F) and the interior pressure is roughly 3,000–4,500 This view of Jupiter's Great Red Spot and its surroundings was
GPa.* [30]
obtained by Voyager 1 on February 25, 1979, when the spacecraft was 9.2 million km (5.7 million mi) from Jupiter. The white
oval storm directly below the Great Red Spot is approximately the
same diameter as Earth.
color and intensity from year to year, but they have remained suﬃciently stable for astronomers to give them
identifying designations.* [21]
This cut-away illustrates a model of the interior of Jupiter, with a
rocky core overlaid by a deep layer of liquid metallic hydrogen.
1.2 Atmosphere
Main article: Atmosphere of Jupiter
This looping animation shows the movement of Jupiter's counterrotating cloud bands. In this image, the planet's exterior is
mapped onto a cylindrical projection. Animation at larger
widths: 720 pixels, 1799 pixels.
The cloud layer is only about 50 km (31 mi) deep, and
consists of at least two decks of clouds: a thick lower
deck and a thin clearer region. There may also be a
thin layer of water clouds underlying the ammonia layer,
as evidenced by ﬂashes of lightning detected in the atmosphere of Jupiter. This is caused by water's polarity,
which makes it capable of creating the charge separation
needed to produce lightning.* [30] These electrical discharges can be up to a thousand times as powerful as light1.2.1 Cloud layers
ning on the Earth.* [43] The water clouds can form thun*
Jupiter is perpetually covered with clouds composed of derstorms driven by the heat rising from the interior. [44]
ammonia crystals and possibly ammonium hydrosulﬁde. The orange and brown coloration in the clouds of Jupiter
The clouds are located in the tropopause and are ar- are caused by upwelling compounds that change color
ranged into bands of diﬀerent latitudes, known as tropi- when they are exposed to ultraviolet light from the
cal regions. These are sub-divided into lighter-hued zones Sun. The exact makeup remains uncertain, but the suband darker belts. The interactions of these conﬂicting stances are believed to be phosphorus, sulfur or possicirculation patterns cause storms and turbulence. Wind bly hydrocarbons.* [30]* [45] These colorful compounds,
speeds of 100 m/s (360 km/h) are common in zonal known as chromophores, mix with the warmer, lower
jets.* [42] The zones have been observed to vary in width, deck of clouds. The zones are formed when rising
Jupiter has the largest planetary atmosphere in the Solar System, spanning over 5,000 km (3,107 mi) in altitude.* [40]* [41] As Jupiter has no surface, the base of its
atmosphere is usually considered to be the point at which
atmospheric pressure is equal to 1 MPa (10 bar), or ten
times surface pressure on Earth.* [40]
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convection cells form crystallizing ammonia that masks
out these lower clouds from view.* [46]
Jupiter's low axial tilt means that the poles constantly receive less solar radiation than at the planet's equatorial
region. Convection within the interior of the planet transports more energy to the poles, balancing out the temperatures at the cloud layer.* [21]
1.2.2
Great Red Spot and other vortices
Time-lapse sequence (over 1 month) from the approach of
Voyager 1 to Jupiter, showing the motion of atmospheric bands,
and circulation of the Great Red Spot. Full size video here
Jupiter – Great Red Spot is decreasing in size (May 15,
2014).* [47]
The best known feature of Jupiter is the Great Red Spot,
a persistent anticyclonic storm that is larger than Earth,
located 22° south of the equator. Latest evidence by
the Hubble Space Telescope shows there are three “red
spots”adjacent to the Great Red Spot* [48] It is known to
have been in existence since at least 1831,* [49] and possibly since 1665.* [50]* [51] Mathematical models suggest
that the storm is stable and may be a permanent feature
of the planet.* [52] The storm is large enough to be visible through Earth-based telescopes with an aperture of
12 cm or larger.* [53]
times around the planet relative to any possible ﬁxed rotational marker below it.
In 2000, an atmospheric feature formed in the southern hemisphere that is similar in appearance to the Great
Red Spot, but smaller. This was created when several
smaller, white oval-shaped storms merged to form a single feature—these three smaller white ovals were ﬁrst observed in 1938. The merged feature was named Oval BA,
and has been nicknamed Red Spot Junior. It has since
increased in intensity and changed color from white to
red.* [57]* [58]* [59]
1.3 Planetary rings
The oval object rotates counterclockwise, with a period
of about six days.* [54] The Great Red Spot's dimensions
are 24–40,000 km × 12–14,000 km. It is large enough
to contain two or three planets of Earth's diameter.* [55]
The maximum altitude of this storm is about 8 km (5 mi)
above the surrounding cloudtops.* [56]
Storms such as this are common within the turbulent
atmospheres of giant planets. Jupiter also has white
ovals and brown ovals, which are lesser unnamed storms.
White ovals tend to consist of relatively cool clouds within
the upper atmosphere. Brown ovals are warmer and located within the“normal cloud layer”. Such storms can
last as little as a few hours or stretch on for centuries.
Even before Voyager proved that the feature was a storm,
there was strong evidence that the spot could not be as- The rings of Jupiter
sociated with any deeper feature on the planet's surface,
as the Spot rotates diﬀerentially with respect to the rest Main article: Rings of Jupiter
of the atmosphere, sometimes faster and sometimes more
slowly. During its recorded history it has traveled several Jupiter has a faint planetary ring system composed of
1.5. ORBIT AND ROTATION
three main segments: an inner torus of particles known
as the halo, a relatively bright main ring, and an outer
gossamer ring.* [60] These rings appear to be made of
dust, rather than ice as with Saturn's rings.* [30] The main
ring is probably made of material ejected from the satellites Adrastea and Metis. Material that would normally
fall back to the moon is pulled into Jupiter because of its
strong gravitational inﬂuence. The orbit of the material
veers towards Jupiter and new material is added by additional impacts.* [61] In a similar way, the moons Thebe
and Amalthea probably produce the two distinct components of the dusty gossamer ring.* [61] There is also evidence of a rocky ring strung along Amalthea's orbit which
may consist of collisional debris from that moon.* [62]
1.4 Magnetosphere
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magnetosheath—a region between it and the bow shock.
The solar wind interacts with these regions, elongating
the magnetosphere on Jupiter's lee side and extending it
outward until it nearly reaches the orbit of Saturn. The
four largest moons of Jupiter all orbit within the magnetosphere, which protects them from the solar wind.* [30]
The magnetosphere of Jupiter is responsible for intense
episodes of radio emission from the planet's polar regions. Volcanic activity on the Jovian moon Io (see below) injects gas into Jupiter's magnetosphere, producing
a torus of particles about the planet. As Io moves through
this torus, the interaction generates Alfvén waves that
carry ionized matter into the polar regions of Jupiter. As
a result, radio waves are generated through a cyclotron
maser mechanism, and the energy is transmitted out along
a cone-shaped surface. When the Earth intersects this
cone, the radio emissions from Jupiter can exceed the solar radio output.* [64]
Main article: Magnetosphere of Jupiter
Jupiter's magnetic ﬁeld is 14 times as strong as the
1.5 Orbit and rotation
Aurora on Jupiter. Three bright dots are created by magnetic ﬂux
tubes that connect to the Jovian moons Io (on the left), Ganymede
(on the bottom) and Europa (also on the bottom). In addition, the
very bright almost circular region, called the main oval, and the
fainter polar aurora can be seen.
Earth's, ranging from 4.2 gauss (0.42 mT) at the equator
to 10–14 gauss (1.0–1.4 mT) at the poles, making it the
strongest in the Solar System (except for sunspots).* [46]
This ﬁeld is believed to be generated by eddy currents
—swirling movements of conducting materials—within
the liquid metallic hydrogen core. The volcanoes on the
moon Io emit large amounts of sulfur dioxide forming
a gas torus along the moon's orbit. The gas is ionized
in the magnetosphere producing sulfur and oxygen ions.
They, together with hydrogen ions originating from the
atmosphere of Jupiter, form a plasma sheet in Jupiter's
equatorial plane. The plasma in the sheet co-rotates
with the planet causing deformation of the dipole magnetic ﬁeld into that of magnetodisk. Electrons within the
plasma sheet generate a strong radio signature that produces bursts in the range of 0.6–30 MHz.* [63]
At about 75 Jupiter radii from the planet, the interaction of the magnetosphere with the solar wind generates a bow shock. Surrounding Jupiter's magnetosphere is a magnetopause, located at the inner edge of a
Jupiter (red) completes one orbit of the Sun (center) for every
11.86 orbits of the Earth (blue)
Jupiter is the only planet that has a center of mass with
the Sun that lies outside the volume of the Sun, though by
only 7% of the Sun's radius.* [65] The average distance
between Jupiter and the Sun is 778 million km (about
5.2 times the average distance from the Earth to the Sun,
or 5.2 AU) and it completes an orbit every 11.86 years.
This is two-ﬁfths the orbital period of Saturn, forming
a 5:2 orbital resonance between the two largest planets
in the Solar System.* [66] The elliptical orbit of Jupiter
is inclined 1.31° compared to the Earth. Because of
an eccentricity of 0.048, the distance from Jupiter and
the Sun varies by 75 million km between perihelion and
aphelion, or the nearest and most distant points of the
6
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planet along the orbital path respectively.
The axial tilt of Jupiter is relatively small: only 3.13°. As
a result this planet does not experience signiﬁcant seasonal changes, in contrast to Earth and Mars for example.* [67]
Jupiter's rotation is the fastest of all the Solar System's
planets, completing a rotation on its axis in slightly less
than ten hours; this creates an equatorial bulge easily seen
through an Earth-based amateur telescope. The planet is
shaped as an oblate spheroid, meaning that the diameter
across its equator is longer than the diameter measured
between its poles. On Jupiter, the equatorial diameter is The retrograde motion of an outer planet is caused by its relative
9,275 km (5,763 mi) longer than the diameter measured location with respect to the Earth.
through the poles.* [39]
Because Jupiter is not a solid body, its upper atmosphere
undergoes diﬀerential rotation. The rotation of Jupiter's
polar atmosphere is about 5 minutes longer than that
of the equatorial atmosphere; three systems are used as
frames of reference, particularly when graphing the motion of atmospheric features. System I applies from the
latitudes 10° N to 10° S; its period is the planet's shortest,
at 9h 50m 30.0s. System II applies at all latitudes north
and south of these; its period is 9h 55m 40.6s. System III
was ﬁrst deﬁned by radio astronomers, and corresponds
to the rotation of the planet's magnetosphere; its period
is Jupiter's oﬃcial rotation.* [68]
1.6 Observation
Earth overtakes Jupiter every 398.9 days as it orbits the
Sun, a duration called the synodic period. As it does
so, Jupiter appears to undergo retrograde motion with respect to the background stars. That is, for a period Jupiter
seems to move backward in the night sky, performing a
looping motion.
Jupiter's 12-year orbital period corresponds to the dozen
astrological signs of the zodiac, and may have been the
historical origin of the signs.* [21] That is, each time
Jupiter reaches opposition it has advanced eastward by
about 30°, the width of a zodiac sign.
Because the orbit of Jupiter is outside the Earth's, the
phase angle of Jupiter as viewed from the Earth never
exceeds 11.5°. That is, the planet always appears nearly
fully illuminated when viewed through Earth-based telescopes. It was only during spacecraft missions to Jupiter
that crescent views of the planet were obtained.* [70] A
small telescope will usually show Jupiter's four Galilean
moons and the prominent cloud belts across Jupiter's
atmosphere.* [71] A large telescope will show Jupiter's
Great Red Spot when it faces the Earth.
1.7 Research and exploration
1.7.1 Pre-telescopic research
Conjunction of Jupiter and the Moon
Jupiter is usually the fourth brightest object in the sky
(after the Sun, the Moon and Venus);* [46] at times Mars
appears brighter than Jupiter. Depending on Jupiter's
position with respect to the Earth, it can vary in visual
magnitude from as bright as −2.9 at opposition down to
−1.6 during conjunction with the Sun. The angular diameter of Jupiter likewise varies from 50.1 to 29.8 arc
seconds.* [4] Favorable oppositions occur when Jupiter is
passing through perihelion, an event that occurs once per
orbit. As Jupiter approached perihelion in March 2011,
there was a favorable opposition in September 2010.* [69]
The observation of Jupiter dates back to the Babylonian
astronomers of the 7th or 8th century BC.* [72] The Chinese historian of astronomy, Xi Zezong, has claimed that
Gan De, a Chinese astronomer, made the discovery of
one of Jupiter's moons in 362 BC with the unaided eye.
If accurate, this would predate Galileo's discovery by
nearly two millennia.* [73]* [74] In his 2nd century work
the Almagest, the Hellenistic astronomer Claudius Ptolemaeus constructed a geocentric planetary model based on
deferents and epicycles to explain Jupiter's motion relative to the Earth, giving its orbital period around the Earth
as 4332.38 days, or 11.86 years.* [75] In 499, Aryabhata,
a mathematician–astronomer from the classical age of
Indian mathematics and astronomy, also used a geocen-
1.7. RESEARCH AND EXPLORATION
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Model in the Almagest of the longitudinal motion of Jupiter ( )
relative to the Earth ( ).
False-color detail of Jupiter's atmosphere, imaged by Voyager 1,
showing the Great Red Spot and a passing white oval.
the Earth, these events would occur about 17 minutes
tric model to estimate Jupiter's period as 4332.2722 days,
later than expected. Ole Rømer deduced that sight is not
*
or 11.86 years. [76]
instantaneous (a conclusion that Cassini had earlier rejected),* [16] and this timing discrepancy was used to estimate the speed of light.* [80]
1.7.2
Ground-based telescope research
In 1610, Galileo Galilei discovered the four largest
moons of Jupiter—Io, Europa, Ganymede and Callisto
(now known as the Galilean moons)—using a telescope;
thought to be the ﬁrst telescopic observation of moons
other than Earth's. Galileo's was also the ﬁrst discovery
of a celestial motion not apparently centered on the Earth.
It was a major point in favor of Copernicus' heliocentric
theory of the motions of the planets; Galileo's outspoken
support of the Copernican theory placed him under the
threat of the Inquisition.* [77]
In 1892, E. E. Barnard observed a ﬁfth satellite of Jupiter
with the 36-inch (910 mm) refractor at Lick Observatory in California. The discovery of this relatively small
object, a testament to his keen eyesight, quickly made
him famous. This moon was later named Amalthea.* [81]
It was the last planetary moon to be discovered directly
by visual observation.* [82] An additional eight satellites
were discovered before the ﬂyby of the Voyager 1 probe
in 1979.
During the 1660s, Cassini used a new telescope to discover spots and colorful bands on Jupiter and observed
that the planet appeared oblate; that is, ﬂattened at the
poles. He was also able to estimate the rotation period of
the planet.* [16] In 1690 Cassini noticed that the atmosphere undergoes diﬀerential rotation.* [30]
The Great Red Spot, a prominent oval-shaped feature in
the southern hemisphere of Jupiter, may have been observed as early as 1664 by Robert Hooke and in 1665 by
Giovanni Cassini, although this is disputed. The pharmacist Heinrich Schwabe produced the earliest known drawing to show details of the Great Red Spot in 1831.* [78]
The Red Spot was reportedly lost from sight on several
occasions between 1665 and 1708 before becoming quite
conspicuous in 1878. It was recorded as fading again in
1883 and at the start of the 20th century.* [79]
Infrared image of Jupiter taken by ESO's Very Large Telescope.
Both Giovanni Borelli and Cassini made careful tables
of the motions of the Jovian moons, allowing predicof amtions of the times when the moons would pass before or In 1932, Rupert Wildt identiﬁed absorption bands
*
[83]
monia
and
methane
in
the
spectra
of
Jupiter.
behind the planet. By the 1670s, it was observed that
when Jupiter was on the opposite side of the Sun from Three long-lived anticyclonic features termed white ovals
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were observed in 1938. For several decades they remained as separate features in the atmosphere, sometimes
approaching each other but never merging. Finally, two
of the ovals merged in 1998, then absorbed the third in
2000, becoming Oval BA.* [84]
1.7.3
Radiotelescope research
In 1955, Bernard Burke and Kenneth Franklin detected
bursts of radio signals coming from Jupiter at 22.2
MHz.* [30] The period of these bursts matched the rotation of the planet, and they were also able to use this
information to reﬁne the rotation rate. Radio bursts from
Jupiter were found to come in two forms: long bursts (or
L-bursts) lasting up to several seconds, and short bursts
(or S-bursts) that had a duration of less than a hundredth
of a second.* [85]
Scientists discovered that there were three forms of radio
signals transmitted from Jupiter.
• Decametric radio bursts (with a wavelength of tens
of meters) vary with the rotation of Jupiter, and are
inﬂuenced by interaction of Io with Jupiter's magnetic ﬁeld.* [86]
• Decimetric radio emission (with wavelengths measured in centimeters) was ﬁrst observed by Frank
Drake and Hein Hvatum in 1959.* [30] The origin of this signal was from a torus-shaped belt
around Jupiter's equator. This signal is caused by
cyclotron radiation from electrons that are accelerated in Jupiter's magnetic ﬁeld.* [87]
Flyby missions
Beginning in 1973, several spacecraft have performed
planetary ﬂyby maneuvers that brought them within observation range of Jupiter. The Pioneer missions obtained the ﬁrst close-up images of Jupiter's atmosphere
and several of its moons. They discovered that the radiation ﬁelds near the planet were much stronger than expected, but both spacecraft managed to survive in that
environment. The trajectories of these spacecraft were
used to reﬁne the mass estimates of the Jovian system.
Radio occultations by the planet resulted in better measurements of Jupiter's diameter and the amount of polar
ﬂattening.* [21]* [94]
Six years later, the Voyager missions vastly improved
the understanding of the Galilean moons and discovered
Jupiter's rings. They also conﬁrmed that the Great Red
Spot was anticyclonic. Comparison of images showed
that the Red Spot had changed hue since the Pioneer missions, turning from orange to dark brown. A torus of
ionized atoms was discovered along Io's orbital path, and
volcanoes were found on the moon's surface, some in the
process of erupting. As the spacecraft passed behind the
planet, it observed ﬂashes of lightning in the night side
atmosphere.* [15]* [21]
The next mission to encounter Jupiter, the Ulysses solar
probe, performed a ﬂyby maneuver to attain a polar orbit around the Sun. During this pass the spacecraft conducted studies on Jupiter's magnetosphere. Since Ulysses
has no cameras, no images were taken. A second ﬂyby
six years later was at a much greater distance.* [93]
• Thermal radiation is produced by heat in the atmosphere of Jupiter.* [30]
1.7.4
Exploration with space probes
Main article: Exploration of Jupiter
Since 1973 a number of automated spacecraft have visited Jupiter, most notably the Pioneer 10 space probe, the
ﬁrst spacecraft to get close enough to Jupiter to send back
revelations about the properties and phenomena of the
Solar System's largest planet.* [88]* [89] Flights to other
planets within the Solar System are accomplished at a cost
in energy, which is described by the net change in velocity of the spacecraft, or delta-v. Entering a Hohmann
transfer orbit from Earth to Jupiter from low Earth orbit requires a delta-v of 6.3 km/s* [90] which is comparable to the 9.7 km/s delta-v needed to reach low Earth
orbit.* [91] Fortunately, gravity assists through planetary
ﬂybys can be used to reduce the energy required to reach
Jupiter, albeit at the cost of a signiﬁcantly longer ﬂight
duration.* [92]
Cassini views Jupiter and Io on January 1, 2001
In 2000, the Cassini probe, en route to Saturn, ﬂew by
Jupiter and provided some of the highest-resolution images ever made of the planet. On December 19, 2000, the
spacecraft captured an image of the moon Himalia, but
the resolution was too low to show surface details.* [95]
1.8. MOONS
The New Horizons probe, en route to Pluto, ﬂew by
Jupiter for gravity assist. Its closest approach was on
February 28, 2007.* [96] The probe's cameras measured
plasma output from volcanoes on Io and studied all
four Galilean moons in detail, as well as making longdistance observations of the outer moons Himalia and
Elara.* [97] Imaging of the Jovian system began September 4, 2006.* [98]* [99]
9
times Earth normal, at a temperature of 153 °C).* [101]
It would have melted thereafter, and possibly vaporized.
The Galileo orbiter itself experienced a more rapid version of the same fate when it was deliberately steered into
the planet on September 21, 2003, at a speed of over 50
km/s, to avoid any possibility of it crashing into and possibly contaminating Europa—a moon which has been hypothesized to have the possibility of harboring life.* [100]
Data from this mission revealed that hydrogen composes
up to 90% of Jupiter's atmosphere.* [26] The temperaGalileo mission
tures data recorded was more than 300 °C (>570 °F)
and the windspeed measured more than 644 kmph (>400
Main article: Galileo (spacecraft)
*
So far the only spacecraft to orbit Jupiter is the Galileo or- mph) before the probes vapourised. [26]
Future probes
NASA has a mission underway to study Jupiter in detail
from a polar orbit. Named Juno, the spacecraft launched
in August 2011, and will arrive in late 2016.* [102] The
next planned mission to the Jovian system will be the
European Space Agency's Jupiter Icy Moon Explorer
(JUICE), due to launch in 2022.* [103]
Canceled missions
Because of the possibility of subsurface liquid oceans
on Jupiter's moons Europa, Ganymede and Callisto,
there has been great interest in studying the icy moons
in detail. Funding diﬃculties have delayed progress.
NASA's JIMO (Jupiter Icy Moons Orbiter) was cancelled in 2005.* [104] A subsequent proposal for a joint
NASA/ESA mission, called EJSM/Laplace, was developed with a provisional launch date around 2020.
EJSM/Laplace would have consisted of the NASAled Jupiter Europa Orbiter, and the ESA-led Jupiter
Ganymede Orbiter.* [105] However by April 2011, ESA
had formally ended the partnership citing budget issues
at NASA and the consequences on the mission timetable.
Jupiter as seen by the space probe Cassini.
Instead ESA planned to go ahead with a Europeanonly mission to compete in its L1 Cosmic Vision selecbiter, which went into orbit around Jupiter on December tion.* [106]
7, 1995.* [26] It orbited the planet for over seven years,
conducting multiple ﬂybys of all the Galilean moons and
Amalthea. The spacecraft also witnessed the impact of
Comet Shoemaker–Levy 9 as it approached Jupiter in 1.8 Moons
1994, giving a unique vantage point for the event. While
the information gained about the Jovian system from Main article: Moons of Jupiter
Galileo was extensive, its originally designed capacity was See also: Timeline of discovery of Solar System planets
limited by the failed deployment of its high-gain radio and their moons
transmitting antenna.* [100]
A 340-kilogram titanium atmospheric probe was released
from the spacecraft in July 1995, entering Jupiter's atmosphere on December 7.* [26] It parachuted through
150 km (93 mi) of the atmosphere at speed of about
2,575 km/h (1600 mph)* [26] and collected data for 57.6
minutes before it was crushed by the pressure (about 23
Jupiter has 67 natural satellites.* [107] Of these, 51 are
less than 10 kilometres in diameter and have only been
discovered since 1975. The four largest moons, visible
from Earth with binoculars on a clear night, known as the
"Galilean moons", are Io, Europa, Ganymede and Callisto.
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is seen most dramatically in the extraordinary volcanic
activity of innermost Io (which is subject to the strongest
tidal forces), and to a lesser degree in the geological youth
of Europa's surface (indicating recent resurfacing of the
moon's exterior).
1.8.2 Classiﬁcation of moons
Jupiter with the Galilean moons. Seen from Earth at this point in
their orbits, Europa appears closer to Jupiter than does Io.
Jupiter's moon Europa.
1.8.1
Galilean moons
Before the discoveries of the Voyager missions, Jupiter's
moons were arranged neatly into four groups of four,
Main article: Galilean moons
The orbits of Io, Europa, and Ganymede, some of based on commonality of their orbital elements. Since
then, the large number of new small outer moons has
complicated this picture. There are now thought to be
six main groups, although some are more distinct than
others.
A basic sub-division is a grouping of the eight inner regular moons, which have nearly circular orbits near the
plane of Jupiter's equator and are believed to have formed
with Jupiter. The remainder of the moons consist of an
The Galilean moons. From left to right, in order of increasing unknown number of small irregular moons with elliptidistance from Jupiter: Io, Europa, Ganymede, Callisto.
cal and inclined orbits, which are believed to be captured
asteroids or fragments of captured asteroids. Irregular
the largest satellites in the Solar System, form a pattern moons that belong to a group share similar orbital eleknown as a Laplace resonance; for every four orbits that ments and thus may have a common origin, perhaps as a
Io makes around Jupiter, Europa makes exactly two orbits larger moon or captured body that broke up.* [109]* [110]
and Ganymede makes exactly one. This resonance causes
the gravitational eﬀects of the three large moons to distort their orbits into elliptical shapes, since each moon
receives an extra tug from its neighbors at the same point 1.9 Interaction with the Solar Sysin every orbit it makes. The tidal force from Jupiter, on
tem
the other hand, works to circularize their orbits.* [108]
The eccentricity of their orbits causes regular ﬂexing of
the three moons' shapes, with Jupiter's gravity stretching
them out as they approach it and allowing them to spring
back to more spherical shapes as they swing away. This
tidal ﬂexing heats the moons' interiors by friction. This
Along with the Sun, the gravitational inﬂuence of Jupiter
has helped shape the Solar System. The orbits of most
of the system's planets lie closer to Jupiter's orbital plane
than the Sun's equatorial plane (Mercury is the only planet
that is closer to the Sun's equator in orbital tilt), the
1.9. INTERACTION WITH THE SOLAR SYSTEM
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Kirkwood gaps in the asteroid belt are mostly caused by
Jupiter, and the planet may have been responsible for the
Late Heavy Bombardment of the inner Solar System's
history.* [112]
Hubble image taken on July 23 showing a blemish of about 5,000
miles long left by the 2009 Jupiter impact.* [115]
numbers that it accretes or ejects them.* [118] This topic
remains controversial among astronomers, as some believe it draws comets towards Earth from the Kuiper belt
Along with its moons, Jupiter's gravitational ﬁeld con- while others believe* that Jupiter protects Earth from the
trols numerous asteroids that have settled into the re- alleged Oort cloud. [119] Jupiter experiences about* 200
gions of the Lagrangian points preceding and following times more asteroid and comet impacts than Earth. [26]
Jupiter in its orbit around the Sun. These are known A 1997 survey of historical astronomical drawings sugas the Trojan asteroids, and are divided into Greek and gested that the astronomer Cassini may have recorded an
Trojan “camps”to commemorate the Iliad. The ﬁrst impact scar in 1690. The survey determined eight other
of these, 588 Achilles, was discovered by Max Wolf in candidate observations had low or no possibilities of an
1906; since then more than two thousand have been dis- impact.* [120] A ﬁreball was photographed by Voyager 1
covered.* [113] The largest is 624 Hektor.
during its Jupiter encounter in March 1979.* [121] During
Most short-period comets belong to the Jupiter family the period July 16, 1994, to July 22, 1994, over 20 frag—deﬁned as comets with semi-major axes smaller than ments from the comet Shoemaker–Levy 9 (SL9, formally
Jupiter's. Jupiter family comets are believed to form in designated D/1993 F2) collided with Jupiter's southern
the Kuiper belt outside the orbit of Neptune. During close hemisphere, providing the ﬁrst direct observation of a
encounters with Jupiter their orbits are perturbed into a collision between two Solar System objects. This impact
data on the composition of Jupiter's atsmaller period and then circularized by regular gravita- provided useful
*
*
mosphere.
[122]
[123]
tional interaction with the Sun and Jupiter.* [114]
This diagram shows the Trojan asteroids in Jupiter's orbit, as well
as the main asteroid belt.
On July 19, 2009, an impact site was discovered
at approximately 216 degrees longitude in System
1.9.1 Impacts
2.* [124]* [125] This impact left behind a black spot in
Jupiter's atmosphere, similar in size to Oval BA. Infrared
See also: Comet Shoemaker–Levy 9, 2009 Jupiter im- observation showed a bright spot where the impact took
pact event and 2010 Jupiter impact event
place, meaning the impact warmed up the lower atmoJupiter has been called the Solar System's vacuum sphere in the area near Jupiter's south pole.* [126]
cleaner,* [116] because of its immense gravity well and
location near the inner Solar System. It receives the A ﬁreball, smaller than the previous observed impacts,
most frequent comet impacts of the Solar System's plan- was detected on June 3, 2010, by Anthony Wesley, an
ets.* [117] It was thought that the planet served to par- amateur astronomer in Australia, and was later discovtially shield the inner system from cometary bombard- ered to have been captured on*video by another amateur
ment.* [26] Recent computer simulations suggest that astronomer in the Philippines.* [127] Yet another ﬁreball
Jupiter does not cause a net decrease in the number of was seen on August 20, 2010. [128]
comets that pass through the inner Solar System, as its On September 10, 2012, another ﬁreball was degravity perturbs their orbits inward in roughly the same tected.* [121]* [129]
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1.10 Possibility of life
planet along the ecliptic to deﬁne the constellations of
their zodiac.* [21]* [134]
Further information: Extraterrestrial life
The Romans named it after Jupiter (Latin: Iuppiter, Iūpiter) (also called Jove), the principal god of Roman
mythology, whose name comes from the Proto-IndoEuropean vocative compound *Dyēu-pəter (nominative:
*Dyēus-pətēr, meaning “O Father Sky-God”, or “O
Father Day-God”).* [135] In turn, Jupiter was the counterpart to the mythical Greek Zeus (Ζεύς), also referred
to as Dias (Δίας), the planetary name of which is retained
in modern Greek.* [136]
In 1953, the Miller–Urey experiment demonstrated that
a combination of lightning and the chemical compounds
that existed in the atmosphere of a primordial Earth could
form organic compounds (including amino acids) that
could serve as the building blocks of life. The simulated atmosphere included water, methane, ammonia and
molecular hydrogen; all molecules still found in the atmosphere of Jupiter. The atmosphere of Jupiter has a
strong vertical air circulation, which would carry these
compounds down into the lower regions. The higher temperatures within the interior of the atmosphere breaks
down these chemicals, which would hinder the formation
of Earth-like life.* [130]
The astronomical symbol for the planet, , is a stylized
representation of the god's lightning bolt. The original
Greek deity Zeus supplies the root zeno-, used to form
some Jupiter-related words, such as zenographic.* [137]
Jovian is the adjectival form of Jupiter. The older adjectival form jovial, employed by astrologers in the Middle
It is considered highly unlikely that there is any Earth- Ages, has come to mean “happy”or “merry,”moods
like life on Jupiter, as there is only a small amount of wa- ascribed to Jupiter's astrological inﬂuence.* [138]
ter in the atmosphere and any possible solid surface deep
within Jupiter would be under extraordinary pressures. In The Chinese, Korean and Japanese referred to the planet
pinyin: mùxīng),
1976, before the Voyager missions, it was hypothesized as the “wood star”(Chinese: 木星;
*
based
on
the
Chinese
Five
Elements.
[139]
Chinese Taothat ammonia or water-based life could evolve in Jupiter's
ism
personiﬁed
it
as
the
Fu
star.
The
Greeks
called
upper atmosphere. This hypothesis is based on the ecolit
Φαέθων,
Phaethon,
“blazing.”In
Vedic
Astrology,
ogy of terrestrial seas which have simple photosynthetic
plankton at the top level, ﬁsh at lower levels feeding on Hindu astrologers named the planet after Brihaspati, the
these creatures, and marine predators which hunt the religious teacher of the gods, and often *called it "Guru",
which literally means the“Heavy One.”[140] In the Enﬁsh.* [131]* [132]
glish language, Thursday is derived from “Thor's day”,
The possible presence of underground oceans on some of with Thor associated with the planet Jupiter in Germanic
Jupiter's moons has led to speculation that the presence mythology.* [141]
of life is more likely there.
In the Central Asian-Turkic myths, Jupiter called as a
“Erendiz/Erentüz”, which means“eren(?)+yultuz(star)".
There are many theories about meaning of“eren”. Also,
1.11 Mythology
these peoples calculated the period of the orbit of Jupiter
as 11 years and 300 days. They believed that some social
and natural events connected to Erentüz's movements on
the sky.* [142]
1.12 See also
• Hot Jupiter
• Jovian–Plutonian gravitational eﬀect
• Jovian (ﬁction)
Jupiter, woodcut from a 1550 edition of Guido Bonatti's Liber
Astronomiae.
The planet Jupiter has been known since ancient times. It
is visible to the naked eye in the night sky and can occasionally be seen in the daytime when the Sun is low.* [133]
To the Babylonians, this object represented their god
Marduk. They used the roughly 12-year orbit of this
• Juno (spacecraft)
• Jupiter in ﬁction
• Space exploration
• New Horizons
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Chapter 2
Mars
This article is about the planet. For other uses, see Mars
(disambiguation).
Mars is the fourth planet from the Sun and the second smallest planet in the Solar System, after Mercury.
Named after the Roman god of war, it is often referred
to as the “Red Planet”because the iron oxide prevalent
on its surface gives it a reddish appearance.* [15] Mars
is a terrestrial planet with a thin atmosphere, having surface features reminiscent both of the impact craters of
the Moon and the volcanoes, valleys, deserts, and polar
ice caps of Earth. The rotational period and seasonal cycles of Mars are likewise similar to those of Earth, as
is the tilt that produces the seasons. Mars is the site of
Olympus Mons, largest volcano* [16] and second-highest
known mountain in the Solar System and the tallest on
a planet, and of Valles Marineris, one of the largest
canyons in the Solar System. The smooth Borealis basin
in the northern hemisphere covers 40% of the planet and
may be a giant impact feature.* [17]* [18] Mars has two
moons, Phobos and Deimos, which are small and irregularly shaped. These may be captured asteroids,* [19]* [20]
similar to 5261 Eureka, a Mars trojan.
Until the ﬁrst successful Mars ﬂyby in 1965 by Mariner
4, many speculated about the presence of liquid water on
the planet's surface. This was based on observed periodic variations in light and dark patches, particularly in
the polar latitudes, which appeared to be seas and continents; long, dark striations were interpreted by some as
irrigation channels for liquid water. These straight line
features were later explained as optical illusions, though
geological evidence gathered by unmanned missions suggests that Mars once had large-scale water coverage on
its surface at some earlier stage of its life.* [21] In 2005,
radar data revealed the presence of large quantities of water ice at the poles* [22] and at mid-latitudes.* [23]* [24]
The Mars rover Spirit sampled chemical compounds containing water molecules in March 2007. The Phoenix lander directly sampled water ice in shallow Martian soil on
July 31, 2008.* [25]
Mars is host to seven functioning spacecraft: ﬁve in orbit—2001 Mars Odyssey, Mars Express, Mars Reconnaissance Orbiter, MAVEN and Mars Orbiter Mission—and
two on the surface—Mars Exploration Rover Opportunity
and the Mars Science Laboratory Curiosity. Defunct
spacecraft on the surface include MER-A Spirit and several other inert landers and rovers such as the Phoenix
lander, which completed its mission in 2008. Observations by the Mars Reconnaissance Orbiter have revealed
possible ﬂowing water during the warmest months on
Mars.* [26] In 2013, NASA's Curiosity rover discovered
that Mars's soil contains between 1.5% and 3% water by
mass (about two pints of water per cubic foot or 33 liters
per cubic meter, albeit attached to other compounds and
thus not freely accessible).* [27]
Mars can easily be seen from Earth with the naked eye, as
can its reddish coloring. Its apparent magnitude reaches
−3.0,* [10] which is surpassed only by Jupiter, Venus, the
Moon, and the Sun. Optical ground-based telescopes are
typically limited to resolving features about 300 kilometers (190 mi) across when Earth and Mars are closest because of Earth's atmosphere.* [28]
2.1 Physical characteristics
Earth compared with Mars.
Mars - animation (00:40) showing major features.
Mars has approximately half the diameter of Earth. It is
less dense than Earth, having about 15% of Earth's volume and 11% of the mass. Its surface area is only slightly
less than the total area of Earth's dry land.* [6] Although
Mars is larger and more massive than Mercury, Mercury
has a higher density. This results in the two planets having a nearly identical gravitational pull at the surface—
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that of Mars is stronger by less than 1%. The red-orange
appearance of the Martian surface is caused by iron(III)
oxide, more commonly known as hematite, or rust.* [29]
It can also look like butterscotch,* [30] and other common
surface colors include golden, brown, tan, and greenish,
depending on minerals.* [30]
2.1.1
Internal structure
Like Earth, Mars has diﬀerentiated into a dense metallic
core overlaid by less dense materials.* [31] Current models of its interior imply a core region about 1,794 ± 65
kilometers (1,115 ± 40 mi) in radius, consisting primarily of iron and nickel with about 16–17% sulfur.* [32]
This iron(II) sulﬁde core is thought to be twice as rich
in lighter elements than Earth's core.* [33] The core is
surrounded by a silicate mantle that formed many of the
tectonic and volcanic features on the planet, but it now
appears to be dormant. Besides silicon and oxygen, the
most abundant elements in the Martian crust are iron,
magnesium, aluminum, calcium, and potassium. The average thickness of the planet's crust is about 50 km (31
mi), with a maximum thickness of 125 km (78 mi).* [33]
Earth's crust, averaging 40 km (25 mi), is only one third
as thick as Mars's crust, relative to the sizes of the two
planets. The InSight lander planned for 2016 will use a
seismometer to better constrain the models of the interior.* [34]
Geologic Map of Mars (USGS; July 14, 2014)
(full map / video)* [39]* [40]* [41]
that these bands demonstrate plate tectonics on Mars four
billion years ago, before the planetary dynamo ceased to
function and the planet's magnetic ﬁeld faded away.* [43]
During the Solar System's formation, Mars was created
as the result of a stochastic process of run-away accretion
out of the protoplanetary disk that orbited the Sun. Mars
has many distinctive chemical features caused by its po2.1.2 Surface geology
sition in the Solar System. Elements with comparatively
low boiling points, such as chlorine, phosphorus, and sulMain article: Geology of Mars
phur, are much more common on Mars than Earth; these
elements were probably removed from areas closer to the
Mars is a terrestrial planet that consists of minerals conSun by the young star's energetic solar wind.* [44]
taining silicon and oxygen, metals, and other elements
that typically make up rock. The surface of Mars is After the formation of the planets, all were subjected to
primarily composed of tholeiitic basalt,* [35] although the so-called "Late Heavy Bombardment". About 60%
parts are more silica-rich than typical basalt and may be of the surface of Mars shows a record of impacts from
*
*
*
similar to andesitic rocks on Earth or silica glass. Re- that era, [45] [46] [47] whereas much of the remaining
gions of low albedo show concentrations of plagioclase surface is probably underlain by immense impact basins
feldspar, with northern low albedo regions displaying caused by those events. There is evidence of an enormous
higher than normal concentrations of sheet silicates and impact basin in the northern hemisphere of Mars, spanhigh-silicon glass. Parts of the southern highlands in- ning 10,600 by 8,500 km (6,600 by 5,300 mi), or roughly
clude detectable amounts of high-calcium pyroxenes. Lo- four times larger than the Moon's South Pole – Aitken
*
*
calized concentrations of hematite and olivine have also basin, the largest impact basin yet discovered. [17] [18]
*
This
theory
suggests
that
Mars
was
struck
by
a
Pluto-sized
been found. [36] Much of the surface is deeply covered
body about four billion years ago. The event, thought to
by ﬁnely grained iron(III) oxide dust.* [37]* [38]
be the cause of the Martian hemispheric dichotomy, creAlthough Mars has no evidence of a current structured
ated
the smooth Borealis basin that covers 40% of the
global magnetic ﬁeld,* [42] observations show that parts
planet.* [48]* [49]
of the planet's crust have been magnetized, and that alternating polarity reversals of its dipole ﬁeld have occurred The geological history of Mars can be split into many
in the past. This paleomagnetism of magnetically sus- periods, but the following are the three primary peri*
*
ceptible minerals has properties that are similar to the ods: [50] [51]
alternating bands found on the ocean ﬂoors of Earth. One
• Noachian period (named after Noachis Terra):
theory, published in 1999 and re-examined in October
Formation of the oldest extant surfaces of Mars, 4.5
2005 (with the help of the Mars Global Surveyor), is
2.1. PHYSICAL CHARACTERISTICS
billion years ago to 3.5 billion years ago. Noachian
age surfaces are scarred by many large impact
craters. The Tharsis bulge, a volcanic upland, is
thought to have formed during this period, with extensive ﬂooding by liquid water late in the period.
• Hesperian period (named after Hesperia Planum):
3.5 billion years ago to 2.9–3.3 billion years ago.
The Hesperian period is marked by the formation
of extensive lava plains.
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has a basic pH of 7.7, and contains 0.6% of the salt
perchlorate.* [55]* [56]* [57]* [58]
Streaks are common across Mars and new ones appear
frequently on steep slopes of craters, troughs, and valleys. The streaks are dark at ﬁrst and get lighter with
age. Sometimes, the streaks start in a tiny area which then
spread out for hundreds of metres. They have also been
seen to follow the edges of boulders and other obstacles
in their path. The commonly accepted theories include
that they are dark underlying layers of soil revealed after
avalanches of bright dust or dust devils.* [59] Several explanations have been put forward, some of which involve
water or even the growth of organisms.* [60]* [61]
• Amazonian period (named after Amazonis Planitia): 2.9–3.3 billion years ago to present. Amazonian regions have few meteorite impact craters, but
are otherwise quite varied. Olympus Mons formed
during this period, along with lava ﬂows elsewhere
on Mars.
2.1.4
Hydrology
Some geological activity is still taking place on Mars. Main article: Water on Mars
The Athabasca Valles is home to sheet-like lava ﬂows up Liquid water cannot exist on the surface of Mars due to
to about 200 Mya. Water ﬂows in the grabens called
the Cerberus Fossae occurred less than 20 Mya, indicating equally recent volcanic intrusions.* [52] On February 19, 2008, images from the Mars Reconnaissance Orbiter showed evidence of an avalanche from a 700 m high
cliﬀ.* [53]
2.1.3
Soil
Main article: Martian soil
The Phoenix lander returned data showing Martian soil
Photomicrograph taken by Opportunity showing a gray hematite
concretion, indicative of the past presence of liquid water
low atmospheric pressure, which is about 100 times thinner than Earth's,* [62] except at the lowest elevations for
short periods.* [63]* [64] The two polar ice caps appear to
be made largely of water.* [65]* [66] The volume of water
ice in the south polar ice cap, if melted, would be suﬃcient to cover the entire planetary surface to a depth of 11
meters (36 ft).* [67] A permafrost mantle stretches from
the pole to latitudes of about 60°.* [65]
Exposure of silica-rich dust uncovered by the Spirit rover
to be slightly alkaline and containing elements such as
magnesium, sodium, potassium and chlorine. These
nutrients are found in gardens on Earth, and they are
necessary for growth of plants.* [54] Experiments performed by the lander showed that the Martian soil
Large quantities of water ice are thought to be trapped
within the thick cryosphere of Mars. Radar data
from Mars Express and the Mars Reconnaissance Orbiter show large quantities of water ice both at the poles
(July 2005)* [22]* [68] and at middle latitudes (November
2008).* [23] The Phoenix lander directly sampled water
ice in shallow Martian soil on July 31, 2008.* [25]
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Landforms visible on Mars strongly suggest that liquid water has existed on the planet's surface. Huge
linear swathes of scoured ground, known as outﬂow
channels, cut across the surface in around 25 places.
These are thought to record erosion which occurred during the catastrophic release of water from subsurface
aquifers, though some of these structures have also been
hypothesized to result from the action of glaciers or
lava.* [69]* [70] One of the larger examples, Ma'adim
Vallis is 700 km (430 mi) long and much bigger than the
Grand Canyon with a width of 20 km (12 mi) and a depth
of 2 km (1.2 mi) in some places. It is thought to have been
carved by ﬂowing water early in Mars's history.* [71] The
youngest of these channels are thought to have formed
as recently as only a few million years ago.* [72] Elsewhere, particularly on the oldest areas of the Martian surface, ﬁner-scale, dendritic networks of valleys are spread
across signiﬁcant proportions of the landscape. Features
of these valleys and their distribution strongly imply that
they were carved by runoﬀ resulting from rain or snow
fall in early Mars history. Subsurface water ﬂow and
groundwater sapping may play important subsidiary roles
in some networks, but precipitation was probably the root
cause of the incision in almost all cases.* [73]
Along crater and canyon walls, there are also thousands
of features that appear similar to terrestrial gullies. The
gullies tend to be in the highlands of the southern hemisphere and to face the Equator; all are poleward of 30° latitude. A number of authors have suggested that their formation process involves liquid water, probably from melting ice,* [74]* [75] although others have argued for formation mechanisms involving carbon dioxide frost or the
movement of dry dust.* [76]* [77] No partially degraded
gullies have formed by weathering and no superimposed
impact craters have been observed, indicating that these
are young features, possibly even active today.* [75]
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Composition of“Yellowknife Bay”rocks – rock veins are higher
in calcium and sulfur than “Portage”soil – APXS results –
Curiosity rover (March 2013).
Francis McCubbin, a planetary scientist at the University
of New Mexico in Albuquerque looking at hydroxals in
crystalline minerals from Mars, states that the amount of
water in the upper mantle of Mars is equal to or greater
than that of Earth at 50–300 parts per million of water,
which is enough to cover the entire planet to a depth of
200–1,000 m (660–3,280 ft).* [85]
On March 18, 2013, NASA reported evidence from instruments on the Curiosity rover of mineral hydration,
likely hydrated calcium sulfate, in several rock samples
including the broken fragments of “Tintina”rock and
“Sutton Inlier”rock as well as in veins and nodules
in other rocks like “Knorr”rock and “Wernicke”
rock.* [86]* [87]* [88] Analysis using the rover's DAN instrument provided evidence of subsurface water, amounting to as much as 4% water content, down to a depth of
60 cm (24 in), in the rover's traverse from the Bradbury
Landing site to the Yellowknife Bay area in the Glenelg
terrain.* [86]
Other geological features, such as deltas and alluvial fans
preserved in craters, are further evidence for warmer,
wetter conditions at some interval or intervals in earlier
Mars history.* [78] Such conditions necessarily require
the widespread presence of crater lakes across a large proportion of the surface, for which there is also indepen- Some researchers think that much of the low northern
dent mineralogical, sedimentological and geomorpholog- plains of the planet were covered with an ocean hundreds
of meters deep, though this remains controversial.* [89]
ical evidence.* [79]
In March 2015, scientists stated that such ocean might
Further evidence that liquid water once existed on the sur- have been the size of Earth's Arctic Ocean. This ﬁndface of Mars comes from the detection of speciﬁc min- ing was derived from the ratio of water and deuterium
erals such as hematite and goethite, both of which some- in the modern Martian atmosphere compared to the ratimes form in the presence of water.* [80] Some of the tio found on Earth. Eight times as much deuterium was
evidence believed to indicate ancient water basins and found at Mars than exists on Earth, suggesting that anﬂows has been negated by higher resolution studies by the cient Mars had signiﬁcantly higher levels of water. ReMars Reconnaissance Orbiter.* [81] In 2004, Opportunity sults from the Curiosity rover had previously found a high
detected the mineral jarosite. This forms only in the pres- ratio of deuterium in Gale Crater, though not signiﬁcantly
ence of acidic water, which demonstrates that water once high enough to suggest the presence of an ocean. Other
existed on Mars.* [82] More recent evidence for liquid scientists caution that this new study has not been conwater comes from the ﬁnding of the mineral gypsum on ﬁrmed, and point out that Martian climate models have
the surface by NASA's Mars rover Opportunity in De- not yet shown that the planet was warm enough in the
cember 2011.* [83]* [84] Additionally, the study leader past to support bodies of liquid water.* [90]
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Polar caps
Main article: Martian polar ice caps
North polar early summer ice cap (1999)
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The seasonal frosting of some areas near the southern
ice cap results in the formation of transparent 1-metrethick slabs of dry ice above the ground. With the arrival of spring, sunlight warms the subsurface and pressure from subliming CO2 builds up under a slab, elevating and ultimately rupturing it. This leads to geyser-like
eruptions of CO2 gas mixed with dark basaltic sand or
dust. This process is rapid, observed happening in the
space of a few days, weeks or months, a rate of change
rather unusual in geology – especially for Mars. The gas
rushing underneath a slab to the site of a geyser carves
a spider-like pattern of radial channels under the ice, the
process being the inverted equivalent of an erosion network formed by water draining through a single plughole.* [101]* [102]* [103]* [104]
2.1.5 Geography and naming of surface
features
South polar midsummer ice cap (2000)
Main article: Geography of Mars
See also: Category:Surface features of Mars
Although better remembered for mapping the Moon,
Mars has two permanent polar ice caps. During a pole's
winter, it lies in continuous darkness, chilling the surface
and causing the deposition of 25–30% of the atmosphere
into slabs of CO2 ice (dry ice).* [91] When the poles are
again exposed to sunlight, the frozen CO2 sublimes, creating enormous winds that sweep oﬀ the poles as fast
as 400 km/h (250 mph). These seasonal actions transport large amounts of dust and water vapor, giving rise
to Earth-like frost and large cirrus clouds. Clouds of
water-ice were photographed by the Opportunity rover in
A MOLA-based topographic map showing highlands (red and
2004.* [92]
The polar caps at both poles consist primarily (70%) of
water ice. Frozen carbon dioxide accumulates as a comparatively thin layer about one metre thick on the north
cap in the northern winter only, whereas the south cap has
a permanent dry ice cover about eight metres thick.* [93]
This permanent dry ice cover at the south pole is peppered by ﬂat ﬂoored, shallow, roughly circular pits, which
repeat imaging shows are expanding by meters per year;
this suggests that the permanent CO2 cover over the south
pole water ice is degrading over time.* [94] The northern polar cap has a diameter of about 1,000 km (620
mi) during the northern Mars summer,* [95] and contains
about 1.6 million cubic kilometres (380,000 cu mi) of ice,
which, if spread evenly on the cap, would be 2 km (1.2
mi) thick.* [96] (This compares to a volume of 2.85 million cubic kilometres (680,000 cu mi) for the Greenland
ice sheet.) The southern polar cap has a diameter of 350
km (220 mi) and a thickness of 3 km (1.9 mi).* [97] The
total volume of ice in the south polar cap plus the adjacent layered deposits has also been estimated at 1.6 million cubic km.* [98] Both polar caps show spiral troughs,
which recent analysis of SHARAD ice penetrating radar
has shown are a result of katabatic winds that spiral due
to the Coriolis Eﬀect.* [99]* [100]
orange) dominating the southern hemisphere of Mars, lowlands
(blue) the northern. Volcanic plateaus delimit the northern plains
in some regions, whereas the highlands are punctuated by several
large impact basins.
Johann Heinrich Mädler and Wilhelm Beer were the ﬁrst
“areographers”. They began by establishing that most of
Mars's surface features were permanent and by more precisely determining the planet's rotation period. In 1840,
Mädler combined ten years of observations and drew the
ﬁrst map of Mars. Rather than giving names to the various markings, Beer and Mädler simply designated them
with letters; Meridian Bay (Sinus Meridiani) was thus
feature "a".* [105]
Today, features on Mars are named from a variety of
sources. Albedo features are named for classical mythology. Craters larger than 60 km are named for deceased
scientists and writers and others who have contributed to
the study of Mars. Craters smaller than 60 km are named
for towns and villages of the world with populations of
less than 100,000. Large valleys are named for the word
“Mars”or“star”in various languages; small valleys are
named for rivers.* [106]
Large albedo features retain many of the older names, but
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are often updated to reﬂect new knowledge of the nature
of the features. For example, Nix Olympica (the snows
of Olympus) has become Olympus Mons (Mount Olympus).* [107] The surface of Mars as seen from Earth is
divided into two kinds of areas, with diﬀering albedo.
The paler plains covered with dust and sand rich in reddish iron oxides were once thought of as Martian “continents”and given names like Arabia Terra (land of
Arabia) or Amazonis Planitia (Amazonian plain). The
dark features were thought to be seas, hence their names
Mare Erythraeum, Mare Sirenum and Aurorae Sinus.
The largest dark feature seen from Earth is Syrtis Major Planum.* [108] The permanent northern polar ice cap
is named Planum Boreum, whereas the southern cap is
called Planum Australe.
Mars's equator is deﬁned by its rotation, but the location
of its Prime Meridian was speciﬁed, as was Earth's (at
Greenwich), by choice of an arbitrary point; Mädler and
Beer selected a line in 1830 for their ﬁrst maps of Mars.
After the spacecraft Mariner 9 provided extensive imagery of Mars in 1972, a small crater (later called Airy-0),
located in the Sinus Meridiani “
( Middle Bay”or“Meridian Bay”), was chosen for the deﬁnition of 0.0° longitude
to coincide with the original selection.* [109]
Because Mars has no oceans and hence no “sea level”,
a zero-elevation surface also had to be selected as a reference level; this is also called the areoid* [110] of Mars,
analogous to the terrestrial geoid. Zero altitude was deﬁned by the height at which there is 610.5 Pa (6.105
mbar) of atmospheric pressure.* [111] This pressure corresponds to the triple point of water, and it is about
0.6% of the sea level surface pressure on Earth (0.006
atm).* [112] In practice, today this surface is deﬁned directly from satellite gravity measurements.
Map of quadrangles
The following imagemap of the planet Mars is divided
into the 30 quadrangles deﬁned by the United States Geological Survey* [113]* [114] The quadrangles are numbered with the preﬁx “MC”for “Mars Chart.”* [115]
Click on the quadrangle and you will be taken to the corresponding article pages. North is at the top; 0°N 180°W
/ 0°N 180°W is at the far left on the equator. The map
images were taken by the Mars Global Surveyor.
0°N 180°W / 0°N 180°W
0°N 0°W / 0°N −0°E
90°N 0°W / 90°N −0°E
MC-01
Mare Boreum
MC-02
Diacria
MC-03
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Sabaeus
MC-21
Iapygia
MC-22
Tyrrhenum
MC-23
25
ern highlands, pitted and cratered by ancient impacts. Research in 2008 has presented evidence regarding a theory
proposed in 1980 postulating that, four billion years ago,
the northern hemisphere of Mars was struck by an object one-tenth to two-thirds the size of Earth's Moon. If
validated, this would make the northern hemisphere of
Mars the site of an impact crater 10,600 by 8,500 km
(6,600 by 5,300 mi) in size, or roughly the area of Europe, Asia, and Australia combined, surpassing the South
Pole–Aitken basin as the largest impact crater in the Solar
System.* [17]* [18]
Aeolis
MC-24
Phaethontis
MC-25
Thaumasia
MC-26
Argyre
MC-27
Noachis
MC-28
Hellas
MC-29
Eridania
MC-30
Mare Australe
Fresh asteroid impact on Mars 3°20′N 219°23′E / 3.34°N
219.38°E - before/March 27 & after/March 28, 2012
(MRO).* [116]
Mars is scarred by a number of impact craters: a total of
43,000 craters with a diameter of 5 km (3.1 mi) or greater
have been found.* [117] The largest conﬁrmed of these is
the Hellas impact basin, a light albedo feature clearly visible from Earth.* [118] Due to the smaller mass of Mars,
the probability of an object colliding with the planet is
about half that of Earth. Mars is located closer to the
asteroid belt, so it has an increased chance of being struck
by materials from that source. Mars is also more likely to
be struck by short-period comets, i.e., those that lie within
the orbit of Jupiter.* [119] In spite of this, there are far
fewer craters on Mars compared with the Moon, because
the atmosphere of Mars provides protection against small
meteors. Some craters have a morphology that suggests
the ground became wet after the meteor impacted.* [120]
Volcanoes
Impact topography
Main article: Volcanism on Mars
The shield volcano Olympus Mons (Mount Olympus) is an
extinct volcano in the vast upland region Tharsis, which
contains several other large volcanoes. Olympus Mons is
roughly three times the height of Mount Everest, which in
comparison stands at just over 8.8 km (5.5 mi).* [121] It
is either the tallest or second tallest mountain in the Solar
System, depending on how it is measured, with various
sources giving ﬁgures ranging from about 21 to 27 km
(13 to 17 mi) high.* [122]* [123]
Tectonic sites
Bonneville crater and Spirit rover's lander
The large canyon, Valles Marineris (Latin for Mariner
The dichotomy of Martian topography is striking: north- Valleys, also known as Agathadaemon in the old canal
ern plains ﬂattened by lava ﬂows contrast with the south- maps), has a length of 4,000 km (2,500 mi) and a depth
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the“seven sisters”.* [127] Cave entrances measure from
100 to 252 m (328 to 827 ft) wide and they are believed
to be at least 73 to 96 m (240 to 315 ft) deep. Because
light does not reach the ﬂoor of most of the caves, it is
possible that they extend much deeper than these lower
estimates and widen below the surface. “Dena”is the
only exception; its ﬂoor is visible and was measured to be
130 m (430 ft) deep. The interiors of these caverns may
be protected from micrometeoroids, UV radiation, solar
ﬂares and high energy particles that bombard the planet's
surface.* [128]
2.1.6 Atmosphere
Main article: Atmosphere of Mars
Viking orbiter view of Olympus Mons
MOLA colorized shaded-relief map of western hemisphere of
Mars showing Tharsis bulge (shades of red and brown). Tall
volcanoes appear white.
of up to 7 km (4.3 mi). The length of Valles Marineris
is equivalent to the length of Europe and extends across
one-ﬁfth the circumference of Mars. By comparison, the
Grand Canyon on Earth is only 446 km (277 mi) long
and nearly 2 km (1.2 mi) deep. Valles Marineris was
formed due to the swelling of the Tharsis area which
caused the crust in the area of Valles Marineris to collapse. In 2012, it was proposed that Valles Marineris is
not just a graben, but also a plate boundary where 150
km (93 mi) of transverse motion has occurred, making
Mars a planet with possibly a two-plate tectonic arrangement.* [124]* [125]
Holes
Images from the Thermal Emission Imaging System
(THEMIS) aboard NASA's Mars Odyssey orbiter have
revealed seven possible cave entrances on the ﬂanks of
the volcano Arsia Mons.* [126] The caves, named after
loved ones of their discoverers, are collectively known as
Escaping atmosphere on Mars (carbon, oxygen, and
hydrogen) by MAVEN in UV.* [129]
Mars lost its magnetosphere 4 billion years ago,* [130]
possibly because of numerous asteroid strikes,* [131]
so the solar wind interacts directly with the Martian
ionosphere, lowering the atmospheric density by stripping away atoms from the outer layer. Both Mars
Global Surveyor and Mars Express have detected ionised
atmospheric particles trailing oﬀ into space behind
Mars,* [130]* [132] and this atmospheric loss is being
studied by the MAVEN orbiter. Compared to Earth, the
atmosphere of Mars is quite rareﬁed. Atmospheric pressure on the surface today ranges from a low of 30 Pa
(0.030 kPa) on Olympus Mons to over 1,155 Pa (1.155
kPa) in Hellas Planitia, with a mean pressure at the surface level of 600 Pa (0.60 kPa).* [133] The highest atmospheric density on Mars is equal to that found 35 km (22
mi)* [134] above Earth's surface. The resulting mean surface pressure is only 0.6% of that of Earth (101.3 kPa).
The scale height of the atmosphere is about 10.8 km (6.7
mi),* [135] which is higher than Earth's (6 km (3.7 mi))
because the surface gravity of Mars is only about 38%
of Earth's, an eﬀect oﬀset by both the lower temperature
and 50% higher average molecular weight of the atmosphere of Mars.
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Potential sources and sinks of methane (CH4 ) on Mars.
reach.* [145] The ﬁrst measurements with the Tunable
Laser Spectrometer (TLS) indicated that there is less
than 5 ppb of methane at the landing site at the point of
the measurement.* [146]* [147]* [148]* [149] On SeptemThe tenuous atmosphere of Mars visible on the horizon.
ber 19, 2013, NASA scientists, from further measurements by Curiosity, reported no detection of atmospheric
methane with a measured value of 0.18±0.67 ppbv correThe atmosphere of Mars consists of about 96% carbon
sponding to an upper limit of only 1.3 ppbv (95% conﬁdioxide, 1.93% argon and 1.89% nitrogen along with
dence limit) and, as a result, conclude that the probability
traces of oxygen and water.* [6]* [136] The atmosphere
of current methanogenic microbial activity on Mars is reis quite dusty, containing particulates about 1.5 µm in diduced.* [150]* [151]* [152]
ameter which give the Martian sky a tawny color when
seen from the surface.* [137]
Methane has been detected in the Martian atmosphere
with a mole fraction of about 30 ppb;* [14]* [138] it occurs in extended plumes, and the proﬁles imply that the
methane was released from discrete regions. In northern
midsummer, the principal plume contained 19,000 metric tons of methane, with an estimated source strength
of 0.6 kilograms per second.* [139]* [140] The proﬁles
suggest that there may be two local source regions, the
ﬁrst centered near 30°N 260°W / 30°N 260°W and the
second near 0°N 310°W / 0°N 310°W.* [139] It is estimated that Mars must produce 270 tonnes per year of
methane.* [139]* [141]
The implied methane destruction lifetime may be as
long as about 4 Earth years and as short as about
0.6 Earth years.* [139]* [142] This rapid turnover would
indicate an active source of the gas on the planet.
Volcanic activity, cometary impacts, and the presence
of methanogenic microbial life forms are among possible sources. Methane could also be produced by a nonbiological process called serpentinization* [lower-alpha 2]
involving water, carbon dioxide, and the mineral olivine,
which is known to be common on Mars.* [143]
The Martian atmosphere as imaged by the Mars Orbiter Mission
The Curiosity rover, which landed on Mars in August Spacecraft
2012, is able to make measurements that distinguish
between diﬀerent isotopologues of methane,* [144] but The Mars Orbiter Mission by India is currently searching
even if the mission is to determine that microscopic Mar- for methane in the armosphere,* [153] while the ExoMars
tian life is the source of the methane, the life forms Trace Gas Orbiter, planned to launch in 2016, would furlikely reside far below the surface, outside of the rover's ther study the methane as well as its decomposition prod-
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ucts, such as formaldehyde and methanol.* [154]
north, and near aphelion when it is winter in the southern hemisphere and summer in the north. As a result, the
seasons in the southern hemisphere are more extreme and
the seasons in the northern are milder than would otherwise be the case. The summer temperatures in the south
can reach up to 30 K (30 °C; 54 °F) warmer than the
equivalent summer temperatures in the north.* [161]
On 16 December 2014, NASA reported the Curiosity
rover detected a“tenfold spike”, likely localized, in the
amount of methane in the Martian atmosphere. Sample
measurements taken “a dozen times over 20 months”
showed increases in late 2013 and early 2014, averaging
“7 parts of methane per billion in the atmosphere.”Before and after that, readings averaged around one-tenth Mars also has the largest dust storms in the Solar System.
that level.* [155]* [156]
These can vary from a storm over a small area, to gigantic
Ammonia was also tentatively detected on Mars by the storms that cover the entire planet. They tend to occur
Mars Express satellite, but with its relatively short life- when Mars is closest to the Sun,*and have been shown to
time, it is not clear what produced it.* [157] Ammonia is increase the global temperature. [162]
not stable in the Martian atmosphere and breaks down
after a few hours. One possible source is volcanic activity.* [157]
2.2 Orbit and rotation
On 18 March 2015, NASA reported the detection of an
aurora that is not fully understood and an unexplained Main article: Orbit of Mars
Mars's average distance from the Sun is roughly 230 mildust cloud in the atmosphere of Mars.* [158]
2.1.7
Climate
Main article: Climate of Mars
Dust storm on Mars.
November 18, 2012
November 25, 2012
Opportunity and Curiosity rovers are noted.
Of all the planets in the Solar System, the seasons of Mars
are the most Earth-like, due to the similar tilts of the
two planets' rotational axes. The lengths of the Martian
seasons are about twice those of Earth's because Mars's
greater distance from the Sun leads to the Martian year
being about two Earth years long. Martian surface temperatures vary from lows of about −143 °C (−225 °F)
at the winter polar caps* [8] to highs of up to 35 °C (95
°F) in equatorial summer.* [9] The wide range in temperatures is due to the thin atmosphere which cannot store
much solar heat, the low atmospheric pressure, and the
low thermal inertia of Martian soil.* [159] The planet is
also 1.52 times as far from the Sun as Earth, resulting in
just 43% of the amount of sunlight.* [160]
Mars is about 230 million kilometres (143,000,000 mi) from the
Sun; its orbital period is 687 (Earth) days, depicted in red. Earth's
orbit is in blue.
lion kilometres (143,000,000 mi), and its orbital period
is 687 (Earth) days. The solar day (or sol) on Mars is only
slightly longer than an Earth day: 24 hours, 39 minutes,
and 35.244 seconds. A Martian year is equal to 1.8809
Earth years, or 1 year, 320 days, and 18.2 hours.* [6]
The axial tilt of Mars is 25.19 degrees relative to its
orbital plane, which is similar to the axial tilt of Earth.* [6]
As a result, Mars has seasons like Earth, though on Mars,
they are nearly twice as long because its orbital period is
that much longer. Currently, the orientation of the north
pole of Mars is close to the star Deneb.* [11] Mars passed
March 2010* [163] and its perihelion in
If Mars had an Earth-like orbit, its seasons would be sim- an aphelion in
*
[164] The next aphelion came in Februilar to Earth's because its axial tilt is similar to Earth's. March 2011.
*
ary
2012
[164]
and the next perihelion came in January
The comparatively large eccentricity of the Martian orbit
*
[164]
2013.
has a signiﬁcant eﬀect. Mars is near perihelion when it
is summer in the southern hemisphere and winter in the Mars has a relatively pronounced orbital eccentricity of
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about 0.09; of the seven other planets in the Solar System,
only Mercury has a larger orbital eccentricity. It is known
that in the past, Mars has had a much more circular orbit
than it does currently. At one point, 1.35 million Earth
years ago, Mars had an eccentricity of roughly 0.002,
much less than that of Earth today.* [165] Mars's cycle of
eccentricity is 96,000 Earth years compared to Earth's cycle of 100,000 years.* [166] Mars also has a much longer
cycle of eccentricity with a period of 2.2 million Earth
years, and this overshadows the 96,000-year cycle in the
eccentricity graphs. For the last 35,000 years, the orbit of
Mars has been getting slightly more eccentric because of
the gravitational eﬀects of the other planets. The closest
distance between Earth and Mars will continue to mildly
decrease for the next 25,000 years.* [167]
2.3 Search for life
Main articles: Life on Mars and Viking lander biological
experiments
The current understanding of planetary habitability—the
Curiosity rover self-portrait at "Rocknest" (October 31, 2012),
with the rim of Gale Crater and the slopes of Aeolis Mons in the
distance.
Viking 1 Lander - sampling arm created deep trenches, scooping
up material for tests (Chryse Planitia).
ability of a world to develop and sustain life—favors planets that have liquid water on their surface. This most often
requires that the orbit of a planet lie within the habitable
zone, which for the Sun extends from just beyond Venus
to about the semi-major axis of Mars.* [168] During perihelion, Mars dips inside this region, but the planet's thin
(low-pressure) atmosphere prevents liquid water from existing over large regions for extended periods. The past
ﬂow of liquid water demonstrates the planet's potential
for habitability. Some recent evidence has suggested that
any water on the Martian surface may have been too salty
and acidic to support regular terrestrial life.* [169]
The lack of a magnetosphere and extremely thin atmosphere of Mars are a challenge: the planet has little heat
transfer across its surface, poor insulation against bombardment of the solar wind and insuﬃcient atmospheric
pressure to retain water in a liquid form (water instead
sublimes to a gaseous state). Mars is also nearly, or
perhaps totally, geologically dead; the end of volcanic
activity has apparently stopped the recycling of chemicals and minerals between the surface and interior of the
planet.* [170]
Evidence suggests that the planet was once signiﬁcantly
more habitable than it is today, but whether living
organisms ever existed there remains unknown. The
Viking probes of the mid-1970s carried experiments designed to detect microorganisms in Martian soil at their
respective landing sites and had positive results, including a temporary increase of CO2 production on exposure
to water and nutrients. This sign of life was later disputed by some scientists, resulting in a continuing debate,
with NASA scientist Gilbert Levin asserting that Viking
may have found life. A re-analysis of the Viking data,
in light of modern knowledge of extremophile forms of
life, has suggested that the Viking tests were not sophisticated enough to detect these forms of life. The tests
could even have killed a (hypothetical) life form.* [171]
Tests conducted by the Phoenix Mars lander have shown
that the soil has a alkaline pH and it contains magnesium,
sodium, potassium and chloride.* [172] The soil nutrients
may be able to support life, but life would still have to
be shielded from the intense ultraviolet light.* [173] A recent analysis of martian meteorite EETA79001 found 0.6
ppm ClO4 * −, 1.4 ppm ClO3 * −, and 16 ppm NO3 * −, most
likely of martian origin. The ClO3 * − suggests presence
of other highly oxidizing oxychlorines such as ClO2 * −
or ClO, produced both by UV oxidation of Cl and Xray radiolysis of ClO4 * −. Thus only highly refractory
and/or well-protected (sub-surface) organics or life forms
are likely to survive.* [174] In addition, recent analysis
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of the Phoenix WCL showed that the Ca(ClO4 )2 in the
Phoenix soil has not interacted with liquid water of any
form, perhaps for as long as 600 Myr. If it had, the
highly soluble Ca(ClO4 )2 in contact with liquid water
would have formed only CaSO4. This suggests a severely
arid environment, with minimal or no liquid water interaction.* [175]
At the Johnson Space Center lab, some fascinating shapes
have been found in the meteorite ALH84001, which is
thought to have originated from Mars. Some scientists
propose that these geometric shapes could be fossilized
microbes extant on Mars before the meteorite was blasted
into space by a meteor strike and sent on a 15 million-year
voyage to Earth. An exclusively inorganic origin for the
shapes has also been proposed.* [176]
Panorama of Gusev crater, where Spirit rover examined volcanic
basalts
6, 2012 UTC. It is larger and more advanced than the
Mars Exploration Rovers, with a movement rate up to
90 m (300 ft) per hour.* [183] Experiments include a
laser chemical sampler that can deduce the make-up of
rocks at a distance of 7 m (23 ft).* [184] On February 10
the Curiosity rover obtained the ﬁrst deep rock samples
ever taken from another planetary body, using its onboard
drill.* [185]
Small quantities of methane and formaldehyde recently detected by Mars orbiters are both claimed to
be possible evidence for life, as these chemical compounds would quickly break down in the Martian atmosphere.* [177]* [178] Alternatively, these compounds may
instead be replenished by volcanic or other geological
means, such as serpentinization.* [143]
On September 24, 2014, Mars Orbiter Mission (MOM),
launched by the Indian Space Research Organisation,
reached Mars orbit. ISRO launched MOM on Novem2.4 Habitability
ber 5, 2013, with the aim of analyzing the Martian atmosphere and topography. The Mars Orbiter Mission used
The German Aerospace Center discovered that Earth a Hohmann transfer orbit to escape Earth's gravitational
lichens can survive in simulated Mars conditions, mak- inﬂuence and catapult into a nine-month-long voyage to
ing the presence of life more plausible according to Mars. The mission is the ﬁrst successful Asian interplan*
researcher Tilman Spohn.* [179] The simulation based etary mission. [186]
temperatures, atmospheric pressure, minerals, and light Several plans for a human mission to Mars have been proon data from Mars probes.* [179] An instrument called posed throughout the 20th century and into the 21st cenREMS is designed to provide new clues about the sig- tury but no active plan has an arrival date sooner than
nature of the Martian general circulation, microscale 2025.
weather systems, local hydrological cycle, destructive potential of UV radiation, and subsurface habitability based
on ground-atmosphere interaction.* [180]* [181] It landed
on Mars as part of Curiosity (MSL) in August 2012.
2.6 Astronomy on Mars
Main article: Astronomy on Mars
With the existence of various orbiters, landers, and
rovers, it is now possible to do astronomy from Mars.
Main article: Exploration of Mars
Although Mars's moon Phobos appears about one third
In addition to observation from Earth, some of the lat- the angular diameter of the full moon as it appears from
est Mars information comes from seven active probes on Earth, Deimos appears more or less star-like and appears
or in orbit around Mars, including ﬁve orbiters and two only slightly brighter than Venus does from Earth.* [187]
rovers. This includes 2001 Mars Odyssey,* [182] Mars Ex- There are various phenomena, well-known on Earth,
press, Mars Reconnaissance Orbiter, MAVEN, Mars Or- that have been observed on Mars, such as meteors and
biter Mission, Opportunity, and Curiosity.
auroras.* [188] A transit of Earth as seen from Mars
2.5 Exploration missions
will occur on November 10, 2084.* [189] There are also
transits of Mercury and transits of Venus, and the moons
Phobos and Deimos are of suﬃciently small angular
diameter that their partial “eclipses”of the Sun are
best considered transits (see Transit of Deimos from
*
*
The Mars Science Laboratory, named Curiosity, launched Mars). [190] [191]
on November 26, 2011, and reached Mars on August On October 19, 2014, Comet Siding Spring passed exDozens of unmanned spacecraft, including orbiters,
landers, and rovers, have been sent to Mars by the Soviet
Union, the United States, Europe, and India to study the
planet's surface, climate, and geology. The public can request images of Mars via the HiWish program.
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POV: Mars
Phobos transits the Sun (Opportunity; March 10, 2004).
Comet Siding Spring to pass near Mars on October 19, 2014
(Hubble; March 11, 2014).
Close encounter of Comet Siding Spring with the planet
tremely close to Mars, so close that the coma may have
Mars
enveloped Mars.* [192]* [193]* [194]* [195]* [196]* [197]
(composite image; Hubble ST; October 19, 2014).
Comet Siding Spring Mars ﬂyby on October 19, 2014
(artist's concepts)
2.7 Viewing
POV: Universe
POV: Comet
Because the orbit of Mars is eccentric, its apparent magnitude at opposition from the Sun can range from −3.0 to
−1.4. The minimum brightness is magnitude +1.6 when
the planet is in conjunction with the Sun.* [10] Mars usually appears distinctly yellow, orange, or red; the actual
color of Mars is closer to butterscotch, and the redness
seen is just dust in the planet's atmosphere. NASA's
Spirit rover has taken pictures of a greenish-brown, mudcolored landscape with blue-grey rocks and patches of
light red sand.* [198] When farthest away from Earth, it is
more than seven times as far from the latter as when it is
closest. When least favorably positioned, it can be lost in
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days.
Absolute, around the present time
Animation of the apparent retrograde motion of Mars in 2003 as
seen from Earth
the Sun's glare for months at a time. At its most favorable
times—at 15- or 17-year intervals, and always between
late July and late September—a lot of surface detail can
be seen with a telescope. Especially noticeable, even at
low magniﬁcation, are the polar ice caps.* [199]
As Mars approaches opposition, it begins a period of
retrograde motion, which means it will appear to move
backwards in a looping motion with respect to the background stars. The duration of this retrograde motion lasts
for about 72 days, and Mars reaches its peak luminosity
in the middle of this motion.* [200]
2.7.1
Closest approaches
Relative
The point at which Mars's geocentric longitude is 180°
diﬀerent from the Sun's is known as opposition, which is
near the time of closest approach to Earth. The time of
opposition can occur as much as 8.5 days away from the
closest approach. The distance at close approach varies
between about 54* [201] and about 103 million km due
to the planets' elliptical orbits, which causes comparable
variation in angular size.* [202] The last Mars opposition
occurred on April 8, 2014 at a distance of about 93 million km.* [203] The next Mars opposition occurs on May
22, 2016 at a distance of 76 million km.* [203] The average time between the successive oppositions of Mars, its
synodic period, is 780 days but the number of days between the dates of successive oppositions can range from
764 to 812.* [204]
As Mars approaches opposition it begins a period of
retrograde motion, which makes it appear to move backwards in a looping motion relative to the background
stars. The duration of this retrograde motion is about 72
Mars oppositions from 2003–2018, viewed from above the ecliptic with Earth centered
Mars made its closest approach to Earth and maximum
apparent brightness in nearly 60,000 years, 55,758,006
km (0.37271925 AU; 34,646,419 mi), magnitude −2.88,
on August 27, 2003 at 9:51:13 UT. This occurred when
Mars was one day from opposition and about three days
from its perihelion, making it particularly easy to see from
Earth. The last time it came so close is estimated to have
been on September 12, 57 617 BC, the next time being in 2287.* [205] This record approach was only slightly
closer than other recent close approaches. For instance,
the minimum distance on August 22, 1924 was 0.37285
AU, and the minimum distance on August 24, 2208 will
be 0.37279 AU.* [166]
2.8 Historical observations
Main article: History of Mars observation
The history of observations of Mars is marked by the oppositions of Mars, when the planet is closest to Earth and
hence is most easily visible, which occur every couple of
years. Even more notable are the perihelic oppositions
of Mars, which occur every 15 or 17 years and are distinguished because Mars is close to perihelion, making it
even closer to Earth.
2.8. HISTORICAL OBSERVATIONS
2.8.1
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Ancient and medieval observations
The existence of Mars as a wandering object in the night
sky was recorded by the ancient Egyptian astronomers
and by 1534 BCE they were familiar with the retrograde
motion of the planet.* [206] By the period of the NeoBabylonian Empire, the Babylonian astronomers were Mars sketched as observed by Lowell sometime before
making regular records of the positions of the planets and 1914. (South top)
systematic observations of their behavior. For Mars, they
knew that the planet made 37 synodic periods, or 42 circuits of the zodiac, every 79 years. They also invented
arithmetic methods for making minor corrections to the
predicted positions of the planets.* [207]* [208]
In the fourth century BCE, Aristotle noted that Mars
disappeared behind the Moon during an occultation, indicating the planet was farther away.* [209] Ptolemy, a
Greek living in Alexandria,* [210] attempted to address
the problem of the orbital motion of Mars. Ptolemy's
model and his collective work on astronomy was presented in the multi-volume collection Almagest, which
became the authoritative treatise on Western astronomy
for the next fourteen centuries.* [211] Literature from ancient China conﬁrms that Mars was known by Chinese astronomers by no later than the fourth century BCE.* [212]
In the ﬁfth century CE, the Indian astronomical text Surya
Siddhanta estimated the diameter of Mars.* [213] In the
East Asian cultures, Mars is traditionally referred to as the
“ﬁre star”(火星), based on the Five elements.* [214]
Map of Mars from Hubble Space Telescope as seen near
the 1999 opposition. (North top)
Main article: Martian canal
By the 19th century, the resolution of telescopes reached
a level suﬃcient for surface features to be identiﬁed. A
perihelic opposition of Mars occurred on September 5,
1877. In that year, Italian astronomer Giovanni Schiaparelli used a 22 cm (8.7 in) telescope in Milan to help
produce the ﬁrst detailed map of Mars. These maps notably contained features he called canali, which were later
shown to be an optical illusion. These canali were supposedly long, straight lines on the surface of Mars, to which
he gave names of famous rivers on Earth. His term, which
During the seventeenth century, Tycho Brahe measured means “channels”or “grooves”, was popularly misthe diurnal parallax of Mars that Johannes Kepler used translated in English as “canals”.* [220]* [221]
to make a preliminary calculation of the relative distance
to the planet.* [215] When the telescope became avail- Inﬂuenced by the observations, the orientalist Percival
able, the diurnal parallax of Mars was again measured in Lowell founded an observatory which had 30 and 45 cm
an eﬀort to determine the Sun-Earth distance. This was (12 and 18 in) telescopes. The observatory was used
ﬁrst performed by Giovanni Domenico Cassini in 1672. for the exploration of Mars during the last good opporThe early parallax measurements were hampered by the tunity in 1894 and the following less favorable opposiquality of the instruments.* [216] The only occultation of tions. He published several books on Mars and life on the
*
Mars by Venus observed was that of October 13, 1590, planet, which had a great inﬂuence on the public. [222]
*
The
canali
were
also
found
by
other
astronomers,
like
seen by Michael Maestlin at Heidelberg. [217] In 1610,
Henri
Joseph
Perrotin
and
Louis
Thollon
in
Nice,
using
Mars was viewed by Galileo Galilei, who was ﬁrst to see
*
*
it via telescope.* [218] The ﬁrst person to draw a map of one of the largest telescopes of that time. [223] [224]
Mars that displayed any terrain features was the Dutch The seasonal changes (consisting of the diminishing of
astronomer Christiaan Huygens.* [219]
the polar caps and the dark areas formed during Martian
summer) in combination with the canals lead to speculation about life on Mars, and it was a long-held belief that
Mars contained vast seas and vegetation. The telescope
never reached the resolution required to give proof to
2.8.2 Martian “canals”
any speculations. As bigger telescopes were used, fewer
long, straight canali were observed. During an observation in 1909 by Flammarion with an 84 cm (33 in)
telescope, irregular patterns were observed, but no canali
were seen.* [225]
Map of Mars by Giovanni Schiaparelli
Even in the 1960s articles were published on Martian biology, putting aside explanations other than life for the
seasonal changes on Mars. Detailed scenarios for the
metabolism and chemical cycles for a functional ecosys-
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tem have been published.* [226]
2.8.3
Spacecraft visitation
Main article: Exploration of Mars
Once spacecraft visited the planet during NASA's
Foothills of Aeolis Mons (“Mount Sharp”) (white-balanced image).
Mariner missions in the 1960s and 70s these concepts
were radically broken. In addition, the results of the
Viking life-detection experiments aided an intermission
in which the hypothesis of a hostile, dead planet was generally accepted.* [227]
Mariner 9 and Viking allowed better maps of Mars to be
made using the data from these missions, and another major leap forward was the Mars Global Surveyor mission,
launched in 1996 and operated until late 2006, that allowed complete, extremely detailed maps of the Martian
topography, magnetic ﬁeld and surface minerals to be obtained.* [228] These maps are now available online; for
example, at Google Mars. Mars Reconnaissance Orbiter
and Mars Express continued exploring with new instruments, and supporting lander missions.
2.9 In culture
Percival Lowell's books on the subject put forward the
standard notion of a planet that was a drying, cooling,
dying world with ancient civilizations constructing irrigation works.* [230]
Many other observations and proclamations by notable
personalities added to what has been termed “Mars
Fever”.* [231] In 1899 while investigating atmospheric
radio noise using his receivers in his Colorado Springs
lab, inventor Nikola Tesla observed repetitive signals that
he later surmised might have been radio communications
coming from another planet, possibly Mars. In a 1901
interview Tesla said:
It was some time afterward when the
thought ﬂashed upon my mind that the disturbances I had observed might be due to an intelligent control. Although I could not decipher their meaning, it was impossible for me
to think of them as having been entirely accidental. The feeling is constantly growing on me
that I had been the ﬁrst to hear the greeting of
one planet to another.* [232]
Main articles: Mars in culture and Mars in ﬁction
Mars is named after the Roman god of war. In diﬀerent cultures, Mars represents masculinity and youth. Its
symbol, a circle with an arrow pointing out to the upper Tesla's theories gained support from Lord Kelvin who,
right, is also used as a symbol for the male gender.
while visiting the United States in 1902, was reported
The many failures in Mars exploration probes resulted in a to have said that he thought Tesla had picked up Mar*
satirical counter-culture blaming the failures on an Earth- tian signals being sent to the United States. [233] Kelvin
Mars "Bermuda Triangle", a "Mars Curse", or a "Great “emphatically”denied this report shortly before departGalactic Ghoul" that feeds on Martian spacecraft.* [229] ing America:“What I really said was that the inhabitants
of Mars, if there are any, were doubtless able to see New
York, particularly the glare of the electricity.”* [234]
2.9.1
Intelligent “Martians”
In a New York Times article in 1901, Edward Charles
Pickering, director of the Harvard College Observatory,
Main article: Mars in ﬁction
said that they had received a telegram from Lowell Observatory in Arizona that seemed to conﬁrm that Mars was
The fashionable idea that Mars was populated by trying to communicate with Earth.* [235]
intelligent Martians exploded in the late 19th century. Schiaparelli's“canali”observations combined with
Early in December 1900, we received from
2.9. IN CULTURE
An 1893 soap ad playing on the popular idea that Mars was
populated
Lowell Observatory in Arizona a telegram that
a shaft of light had been seen to project from
Mars (the Lowell observatory makes a specialty of Mars) lasting seventy minutes. I wired
these facts to Europe and sent out neostyle
copies through this country. The observer
there is a careful, reliable man and there is no
reason to doubt that the light existed. It was
given as from a well-known geographical point
on Mars. That was all. Now the story has gone
the world over. In Europe it is stated that I
have been in communication with Mars, and all
sorts of exaggerations have spring up. Whatever the light was, we have no means of knowing. Whether it had intelligence or not, no one
can say. It is absolutely inexplicable.* [235]
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Martian tripod illustration from the 1906 French edition of The
War of the Worlds by H.G. Wells
The depiction of Mars in ﬁction has been stimulated by
its dramatic red color and by nineteenth century scientiﬁc
speculations that its surface conditions might support not
just life but intelligent life.* [237] Thus originated a large
number of science ﬁction scenarios, among which is H. G.
Wells' The War of the Worlds, published in 1898, in which
Martians seek to escape their dying planet by invading
Earth. A subsequent US radio adaptation of The War of
the Worlds on October 30, 1938, by Orson Welles was
presented as a live news broadcast and became notorious
for causing a public panic when many listeners mistook it
for the truth.* [238]
Inﬂuential works included Ray Bradbury's The Martian Chronicles, in which human explorers accidentally
destroy a Martian civilization, Edgar Rice Burroughs'
Barsoom series, C. S. Lewis' novel Out of the Silent Planet
Pickering later proposed creating a set of mirrors in
(1938),* [239] and a number of Robert A. Heinlein stories
Texas, intended to signal Martians.* [236]
before the mid-sixties.* [240]
In recent decades, the high-resolution mapping of the surAuthor Jonathan Swift made reference to the moons of
face of Mars, culminating in Mars Global Surveyor, reMars, about 150 years before their actual discovery by
vealed no artifacts of habitation by “intelligent”life,
Asaph Hall, detailing reasonably accurate descriptions of
but pseudoscientiﬁc speculation about intelligent life on
their orbits, in the 19th chapter of his novel Gulliver's
Mars continues from commentators such as Richard C.
Travels.* [241]
Hoagland. Reminiscent of the canali controversy, some
speculations are based on small scale features perceived A comic ﬁgure of an intelligent Martian, Marvin the Marin the spacecraft images, such as 'pyramids' and the 'Face tian, appeared on television in 1948 as a character in
the Looney Tunes animated cartoons of Warner Brothon Mars'. Planetary astronomer Carl Sagan wrote:
ers, and has continued as part of popular culture to the
present.* [242]
Mars has become a kind of mythic arena
onto which we have projected our Earthly
hopes and fears.* [221]
After the Mariner and Viking spacecraft had returned
pictures of Mars as it really is, an apparently lifeless
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and canal-less world, these ideas about Mars had to be
abandoned, and a vogue for accurate, realist depictions
of human colonies on Mars developed, the best known
of which may be Kim Stanley Robinson's Mars trilogy.
Pseudo-scientiﬁc speculations about the Face on Mars
and other enigmatic landmarks spotted by space probes
have meant that ancient civilizations continue to be a popular theme in science ﬁction, especially in ﬁlm.* [243]
The theme of a Martian colony that ﬁghts for independence from Earth is a major plot element in the novels
of Greg Bear as well as the movie Total Recall (based
on a short story by Philip K. Dick) and the television series Babylon 5. Some video games also use this element,
including Red Faction and the Zone of the Enders series.
Mars (and its moons) were also the setting for the popular
Doom video game franchise and the later Martian Gothic.
CHAPTER 2. MARS
ters Phobos (panic/fear) and Deimos (terror/dread), who,
in Greek mythology, accompanied their father Ares, god
of war, into battle. Mars was the Roman counterpart of
Ares.* [245]* [246] In modern Greek, though, the planet
retains its ancient name Ares (Aris: Άρης).* [247]
From the surface of Mars, the motions of Phobos and
Deimos appear diﬀerent from that of the Moon. Phobos
rises in the west, sets in the east, and rises again in just 11
hours. Deimos, being only just outside synchronous orbit
– where the orbital period would match the planet's period of rotation – rises as expected in the east but slowly.
Despite the 30 hour orbit of Deimos, 2.7 days elapse between its rise and set for an equatorial observer, as it
slowly falls behind the rotation of Mars.* [248]
2.10 Moons
Main articles: Moons of Mars, Phobos (moon) and
Deimos (moon)
Orbits of Phobos and Deimos (to scale)
Because the orbit of Phobos is below synchronous altitude, the tidal forces from the planet Mars are gradually
lowering its orbit. In about 50 million years, it could eiEnhanced-color HiRISE image of Phobos, showing a ther crash into Mars's surface or break up into a ring strucseries of mostly parallel grooves and crater chains, with ture around the planet.* [248]
its crater Stickney at right
The origin of the two moons is not well understood. Their
low albedo and carbonaceous chondrite composition have
been regarded as similar to asteroids, supporting the capture theory. The unstable orbit of Phobos would seem to
point towards a relatively recent capture. But both have
circular orbits, near the equator, which is unusual for captured objects and the required capture dynamics are complex. Accretion early in the history of Mars is also plausible, but would not account for a composition resembling
asteroids rather than Mars itself, if that is conﬁrmed.
Enhanced-color HiRISE image of Deimos (not to scale),
showing its smooth blanket of regolith.
Mars has two relatively small natural moons, Phobos
(about 22 km (14 mi) in diameter) and Deimos (about 12
km (7.5 mi) in diameter), which orbit close to the planet.
Asteroid capture is a long-favored theory, but their origin
remains uncertain.* [244] Both satellites were discovered
in 1877 by Asaph Hall; they are named after the charac-
A third possibility is the involvement of a third body
or some kind of impact disruption.* [249] More recent
lines of evidence for Phobos having a highly porous interior,* [250] and suggesting a composition containing
mainly phyllosilicates and other minerals known from
Mars,* [251] point toward an origin of Phobos from material ejected by an impact on Mars that reaccreted in Martian orbit,* [252] similar to the prevailing theory for the
origin of Earth's moon. Although the VNIR spectra of
the moons of Mars resemble those of outer-belt asteroids, the thermal infrared spectra of Phobos are reported
2.13. NOTES
to be inconsistent with chondrites of any class.* [251]
Mars may have additional moons smaller than 50 to 100
metres (160 to 330 ft) in diameter, and a dust ring is predicted between Phobos and Deimos.* [253]
2.11 Gallery
• Streaks - on slopes in Acheron Fossae.
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2.13 Notes
[1] Best ﬁt ellipsoid
[2] There are many serpentinization reactions. Olivine is a
solid solution between forsterite and fayalite whose general formula is (Fe,Mg)2 SiO4 . The reaction producing
methane from olivine can be written as: Forsterite + Fayalite + Water + Carbonic acid → Serpentine + Magnetite +
Methane , or (in balanced form): 18Mg2 SiO4 + 6Fe2 SiO4
+ 26H2 O + CO2 → 12Mg3 Si2 O5 (OH)4 + 4Fe3 O4 + CH4
• Avalanche - down 700 m slope (north pole).
• Nanedi Valles inner channel.
• Valles Marineris (2001 Mars Odyssey).
• Mars - cave entrances (possible).
• Mars - suspected lava-tube skylight.
• Mars - North Pole area.
2.12 See also
• C/2013 A1—a comet passing near Mars in 2014
• Colonization of Mars
• Composition of Mars
• Darian calendar—time-keeping system
• Geodynamics on Mars
• Geology of Mars
• Extraterrestrial life
• Exploration of Mars
• List of artiﬁcial objects on Mars
• List of chasmata on Mars
• List of craters on Mars
• List of mountains on Mars
• List of quadrangles on Mars
• List of rocks on Mars
• List of valles on Mars
• Seasonal ﬂows on warm Martian slopes
• Terraforming of Mars
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Chapter 3
Mercury
3.4 Transportation
Mercury or The Mercury may refer to:
• Mercury (automobile), a marque of automobile produced by the Ford Motor Company (1938–2011)
3.1 Common meanings
• Mercury (cyclecar), an American cyclecar from
1914
• Mercury (element), a metallic chemical element
• Mercury (train), a family of New York Central
streamliner passenger trains (1936–1958)
• Mercury (planet), the planet closest to the Sun
• Blackburn Mercury, British aircraft from 1911
• Mercury (mythology), a Roman god
• Bristol Mercury, a 9-cylinder aircraft engine
• Russian brig Mercury, Russian warship
3.2 Places
• Mercury, Shuttle America's callsign
• Mercury Marine, a major manufacturer of marine
engines, particularly outboard motors
• Mercury Bay, on the North Island of New Zealand
• Mercury Islands, a group of islands oﬀ the northeast
coast of New Zealand
3.5 In entertainment
• Mercury, Nevada, a closed city within the Nevada
Test Site, United States
3.5.1
• Mercury, Savoie, a commune in southeastern France
Music
• Mercury Records, a record label
• Freddie Mercury, the frontman for the rock group
Queen
3.3 In the military
• Daniela Mercury, Brazilian singer, songwriter and
record producer
• Operation Mercury, codename for the German invasion of Crete during World War II
• HMS Mercury, the name of several ships of the
Royal Navy
• USS Mercury, the name of several ships of the
United States Navy
• Boeing E-6 Mercury, an American airborne command post and communications relay introduced in
1989
• Miles Mercury, a British aircraft designed during the
Second World War
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• Mercury (Longview album)
• Mercury (American Music Club album)
• Mercury (Madder Mortem album)
• “Mercury”(song), a 2008 song by Bloc Party
•“Mercury”, a song by Kathleen Edwards from Failer
•“Mercury”, a song by Counting Crows from
Recovering the Satellites
•“Mercury, the Winged Messenger”, a movement in
Gustav Holst's The Planets
• Mercury Prize, an annual music prize awarded for
the best album from the United Kingdom
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Comics
3.7 Sports
• Mercury (Marvel Comics), a Marvel Comics character who can turn herself into a mercurial substance
• Edmonton Mercurys, a 1940s and 50s intermediate
ice hockey team from Canada
• Mercury (Amalgam Comics), a combination of the
characters Impulse and Quicksilver
• Phoenix Mercury, a Women's National Basketball
Association team from Arizona, United States
• Makkari (comics) or Mercury, an Eternal
• Mercury, a member of the Metal Men, a DC comics
team
• Mercury, a member of Cerebro's X-Men
3.5.3
Other
• Mercury (TV series), an Australian TV series
launched in 1996
• Mercury (novel), a 2005 novel by Ben Bova
• Sailor Mercury, a character in the Sailor Moon franchise
• Archer Maclean's Mercury, the ﬁrst in a series of
games developed and/or published by Ignition Entertainment
3.6 Technology
• Toledo Mercurys, a defunct International Hockey
League franchise from Ohio, United States
3.8 Publications
• Mercury (magazine), an astronomy magazine
• Mercury (newspaper), a list
3.9 Radio stations
• 102.7 Mercury FM, a radio station in Surrey, United
Kingdom
• Mercury 96.6, a radio station in Hertfordshire,
United Kingdom
3.10 In business
• Project Mercury, the ﬁrst human spaceﬂight program of the United States
• Mercury Communications, a British telecommunications ﬁrm set up in the 1980s
• Mercury (satellite), a series of three American satellites
• Mercury Insurance Group, an American automobile
and property insurance company
• Mercury (cipher machine), a British cipher machine
used from the 1950s
• The Mercury Mall, a shopping centre in Romford,
England
3.6.1
Computing
• The Mercury Award, an international airline award
for in-ﬂight catering
• Mercury Interactive, software testing tools vendor
• Mercury (programming language), a functional/logical programming language based on
Prolog
3.11 Other uses
• Mercury (name), a given name and surname
• Mercury OS, a real-time operating system for embedded systems
• Mercury dime, a United States coin minted from
1916 through 1945
• Ferranti Mercury, an early 1950s commercial computer
• Mercury (plant), members of the plant genus Mercurialis
• Mercury Autocode, a programming language for the
Ferranti Mercury computer
• Mercury Boulevard, a road in Virginia, United
States
• Mercury Mail Transport System, a standardscompliant donationware mail server
• Mercury Fountain, a fountain in Tom Quad, Christ
Church College, Oxford, England
3.12. SEE ALSO
3.12 See also
• Mercur (disambiguation)
• Mercurius (disambiguation)
• Mercury 1 (disambiguation)
• Mercury 2 (disambiguation)
• Mercury 3 (disambiguation)
• Mercury 4 (disambiguation)
• Mercury House (disambiguation)
• Mercury program (disambiguation)
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Chapter 4
Neptune
This article is about the planet. For other uses, see weather patterns. For example, at the time of the 1989
Neptune (disambiguation).
Voyager 2 ﬂyby, the planet's southern hemisphere had
a Great Dark Spot comparable to the Great Red Spot
on Jupiter. These weather patterns are driven by the
Neptune is the eighth and farthest planet from the Sun in
the Solar System. It is the fourth-largest planet by diam- strongest sustained winds of any planet in the Solar System, with recorded wind speeds as high as 2,100 kilomeeter and the third-largest by mass. Among the gaseous
*
planets in the Solar System, Neptune is the most dense. tres per hour (1,300 mph). [15] Because of its great distance from the Sun, Neptune's outer atmosphere is one
Neptune is 17 times the mass of Earth and is slightly more
massive than its near-twin Uranus, which is 15 times the of the coldest places in the Solar System, with temperamass of Earth, and not as dense as Neptune.* [lower-alpha tures at its cloud tops approaching 55 K (−218 °C). Temcentre are approximately 5,400
3] Neptune orbits the Sun at an average distance of 30.1 peratures at the* planet's
*
K
(5,100
°C).
[16]
[17]
Neptune has a faint and fragastronomical units. Named after the Roman god of the
mented
ring
system
(labelled
“arcs”), which may have
sea, its astronomical symbol is ♆, a stylised version of the
been
detected
during
the
1960s
but was indisputably congod Neptune's trident.
ﬁrmed only in 1989 by Voyager 2.* [18]
Neptune was the ﬁrst and only planet found by mathematical prediction rather than by empirical observation. Unexpected changes in the orbit of Uranus led Alexis Bouvard to deduce that its orbit was subject to gravitational 4.1 History
perturbation by an unknown planet. Neptune was subsequently observed on 23 September 1846* [1] by Johann
4.1.1 Discovery
Galle within a degree of the position predicted by Urbain
Le Verrier, and its largest moon, Triton, was discovered
shortly thereafter, though none of the planet's remaining Main article: Discovery of Neptune
13 moons were located telescopically until the 20th century. Neptune was visited by Voyager 2, when it ﬂew by Some of the earliest recorded observations ever made
the planet on 25 August 1989.* [10]
through a telescope, Galileo's drawings on 28 December
Neptune is similar in composition to Uranus, and both 1612 and 27 January 1613, contain plotted points that
have compositions that diﬀer from those of the larger gas match up with what is now known to be the position of
giants, Jupiter and Saturn. Neptune's atmosphere, like Neptune. On both occasions, Galileo seems to have misclose—
Jupiter's and Saturn's, is composed primarily of hydrogen taken Neptune for a ﬁxed star when it appeared
*
in
conjunction—to
Jupiter
in
the
night
sky;
[19]
hence,
and helium, along with traces of hydrocarbons and possihe
is
not
credited
with
Neptune's
discovery.
At
his
ﬁrst
bly nitrogen; it contains a higher proportion of“ices”such
observation
in
December
1612,
Neptune
was
almost
staas water, ammonia, and methane. Astronomers someretrograde
tionary
in
the
sky
because
it
had
just
turned
times categorise Uranus and Neptune as "ice giants" to
emphasise this distinction.* [11] The interior of Neptune, that day. This apparent backward motion is created when
like that of Uranus, is primarily composed of ices and Earth's orbit takes it past an outer planet. Because Neprock.* [12] Perhaps the core has a solid surface, but the tune was only beginning its yearly retrograde cycle, the
too slight to be detected with
temperature would be thousands of degrees and the at- motion of the planet was far
*
telescope.
[20]
In July 2009, University
Galileo's
small
*
mospheric pressure crushing. [13] Traces of methane in
of
Melbourne
physicist
David
Jamieson
announced new
the outermost regions in part account for the planet's blue
evidence
suggesting
that
Galileo
was
at
least
aware that
*
appearance. [14]
the star he had observed had moved relative to the ﬁxed
In contrast to the hazy, relatively featureless atmosphere stars.* [21]
of Uranus, Neptune's atmosphere has active and visible
In 1821, Alexis Bouvard published astronomical ta50
4.1. HISTORY
bles of the orbit of Neptune's neighbour Uranus.* [22]
Subsequent observations revealed substantial deviations
from the tables, leading Bouvard to hypothesize that
an unknown body was perturbing the orbit through
gravitational interaction.* [23] In 1843, John Couch
Adams began work on the orbit of Uranus using the
data he had. Via Cambridge Observatory director James
Challis, he requested extra data from Sir George Airy,
the Astronomer Royal, who supplied it in February 1844.
Adams continued to work in 1845–46 and produced several diﬀerent estimates of a new planet.* [24]* [25]
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planet), failing to identify it owing to his casual approach
to the work.* [23]* [27]
In the wake of the discovery, there was much nationalistic rivalry between the French and the British over
who deserved credit for the discovery. Eventually an international consensus emerged that both Le Verrier and
Adams jointly deserved credit. Since 1966 Dennis Rawlins has questioned the credibility of Adams's claim to
co-discovery, and the issue was re-evaluated by historians with the return in 1998 of the “Neptune papers”
(historical documents) to the Royal Observatory, Greenwich.* [28] After reviewing the documents, they suggest
that “Adams does not deserve equal credit with Le Verrier for the discovery of Neptune. That credit belongs
only to the person who succeeded both in predicting the
planet's place and in convincing astronomers to search for
it.”* [29]
4.1.2 Naming
Shortly after its discovery, Neptune was referred to simply as “the planet exterior to Uranus”or as “Le Verrier's planet”. The ﬁrst suggestion for a name came from
Galle, who proposed the name Janus. In England, Challis
put forward the name Oceanus.* [30]
Urbain Le Verrier
Claiming the right to name his discovery, Le Verrier
quickly proposed the name Neptune for this new planet,
though falsely stating that this had been oﬃcially approved by the French Bureau des Longitudes.* [31] In October, he sought to name the planet Le Verrier, after himself, and he had loyal support in this from the observatory
director, François Arago. This suggestion met with stiﬀ
resistance outside France.* [32] French almanacs quickly
reintroduced the name Herschel for Uranus, after that
planet's discoverer Sir William Herschel, and Leverrier
for the new planet.* [33]
In 1845–46, Urbain Le Verrier, independently of Adams,
developed his own calculations but aroused no enthusiasm in his compatriots. In June 1846, upon seeing Le
Verrier's ﬁrst published estimate of the planet's longitude
and its similarity to Adams's estimate, Airy persuaded Struve came out in favour of the name Neptune on 29 DeChallis to search for the planet. Challis vainly scoured cember 1846, to the Saint Petersburg Academy of Scithe sky throughout August and September.* [23]* [26]
ences.* [34] Soon Neptune became the internationally acMeanwhile, Le Verrier by letter urged Berlin Observatory cepted name. In Roman mythology, Neptune was the god
astronomer Johann Gottfried Galle to search with the ob- of the sea, identiﬁed with the Greek Poseidon. The deservatory's refractor. Heinrich d'Arrest, a student at the mand for a mythological name seemed to be in keeping
observatory, suggested to Galle that they could compare with the nomenclature of the other planets, all of which,
named for deities in Greek and
a recently drawn chart of the sky in the region of Le Ver- except for Earth, were
*
Roman
mythology.
[35]
rier's predicted location with the current sky to seek the
displacement characteristic of a planet, as opposed to a
ﬁxed star. On the evening of 23 September 1846, the day
Galle received the letter, Neptune was discovered within
1° of where Le Verrier had predicted it to be, and about
12° from Adams' prediction. Challis later realised that
he had observed the planet twice in August (Neptune had
been observed on 8 and 12 August, but because Challis
lacked an up-to-date star map it was not recognised as a
Most languages today, even in countries that have no direct link to Greco-Roman culture, use some variant of the
name “Neptune”for the planet; in Chinese, Japanese
and Korean, the planet's name was translated as “sea
king star”(海王星), because Neptune was the god of the
sea.* [36] In modern Greek, though, the planet is called
Poseidon (Ποσειδώνας: Poseidonas), the Greek counterpart to Neptune.* [37]
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Status
concentrations of methane, ammonia and water are found
in the lower regions of the atmosphere.* [16]
From its discovery in 1846 until the subsequent discovery
of Pluto in 1930, Neptune was the farthest known planet.
Upon Pluto's discovery Neptune became the penultimate planet, save for a 20-year period between 1979
and 1999 when Pluto's elliptical orbit brought it closer to
the Sun than Neptune.* [38] The discovery of the Kuiper
belt in 1992 led many astronomers to debate whether
Pluto should be considered a planet in its own right or
part of the belt's larger structure.* [39]* [40] In 2006,
the International Astronomical Union deﬁned the word
“planet”for the ﬁrst time, reclassifying Pluto as a "dwarf
planet" and making Neptune once again the last planet in
the Solar System.* [41]
4.2 Composition and structure
A size comparison of Neptune and Earth
Neptune's mass of 1.0243×1026 kg,* [6] is intermediate
between Earth and the larger gas giants: it is 17 times
that of Earth but just 1/19th that of Jupiter.* [lower-alpha
4] Its surface gravity is surpassed only by Jupiter.* [42]
Neptune's equatorial radius of 24,764 km* [8] is nearly
four times that of Earth. Neptune and Uranus are often considered a subclass of gas giant termed "ice giants", due to their smaller size and higher concentrations
of volatiles relative to Jupiter and Saturn.* [43] In the
search for extrasolar planets Neptune has been used as
a metonym: discovered bodies of similar mass are often
referred to as“Neptunes”,* [44] just as astronomers refer
to various extra-solar bodies as “Jupiters”.
4.2.1
Internal structure
Neptune's internal structure resembles that of Uranus. Its
atmosphere forms about 5% to 10% of its mass and extends perhaps 10% to 20% of the way towards the core,
where it reaches pressures of about 10 GPa, or about
100,000 times that of Earth's atmosphere. Increasing
The internal structure of Neptune:
1. Upper atmosphere, top clouds
2. Atmosphere consisting of hydrogen, helium and methane gas
3. Mantle consisting of water, ammonia and methane ices
4. Core consisting of rock (silicates and nickel–iron)
The mantle is equivalent to 10 to 15 Earth masses and
is rich in water, ammonia and methane.* [1] As is customary in planetary science, this mixture is referred to as
icy even though it is a hot, dense ﬂuid. This ﬂuid, which
has a high electrical conductivity, is sometimes called
a water–ammonia ocean.* [45] The mantle may consist
of a layer of ionic water in which the water molecules
break down into a soup of hydrogen and oxygen ions, and
deeper down superionic water in which the oxygen crystallises but the hydrogen ions ﬂoat around freely within
the oxygen lattice.* [46] At a depth of 7000 km, the conditions may be such that methane decomposes into diamond crystals that rain downwards like hailstones.* [47]
Very-high-pressure experiments at the Lawrence Livermore National Laboratory suggest that the base of the
mantle may comprise an ocean of liquid diamond, with
ﬂoating solid 'diamond-bergs'.* [48]* [49]
The core of Neptune is composed of iron, nickel and
silicates, with an interior model giving a mass about 1.2
times that of Earth.* [50] The pressure at the centre is 7
Mbar (700 GPa), about twice as high as that at the centre
of Earth, and the temperature may be 5,400 K.* [16]* [17]
4.2.2 Atmosphere
At high altitudes, Neptune's atmosphere is 80% hydrogen
and 19% helium.* [16] A trace amount of methane is
also present. Prominent absorption bands of methane
occur at wavelengths above 600 nm, in the red and infrared portion of the spectrum. As with Uranus, this absorption of red light by the atmospheric methane is part
of what gives Neptune its blue hue,* [51] although Neptune's vivid azure diﬀers from Uranus's milder cyan. Because Neptune's atmospheric methane content is similar
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found at pressures of about 50 bars (5.0 MPa), where the
temperature reaches 273 K (0 °C). Underneath, clouds of
ammonia and hydrogen sulﬁde may be found.* [52]
High-altitude clouds on Neptune have been observed
casting shadows on the opaque cloud deck below. There
are also high-altitude cloud bands that wrap around the
planet at constant latitude. These circumferential bands
have widths of 50–150 km and lie about 50–110 km
above the cloud deck.* [53] These altitudes are in the layer
where weather occurs, the troposphere. Weather does not
occur in the higher stratosphere or thermosphere. Unlike
Uranus, Neptune's composition has a higher volume of
ocean, whereas Uranus has a smaller mantle.* [54]
Combined colour and near-infrared image of Neptune, showing bands of methane in its atmosphere, and four of its moons,
Proteus, Larissa, Galatea, and Despina.
Neptune's spectra suggest that its lower stratosphere
is hazy due to condensation of products of ultraviolet photolysis of methane, such as ethane and
acetylene.* [11]* [16] The stratosphere is also home
to that of Uranus, some unknown atmospheric constituent to trace amounts of carbon monoxide and hydrogen
cyanide.* [11]* [55] The stratosphere of Neptune is
is thought to contribute to Neptune's colour.* [14]
warmer than that of Uranus due to the elevated concenNeptune's atmosphere is subdivided into two main retration of hydrocarbons.* [11]
gions: the lower troposphere, where temperature decreases with altitude, and the stratosphere, where tem- For reasons that remain obscure, the planet's thermoperature increases with altitude. The boundary between sphere is at an anomalously high temperature of about
the two, the tropopause, occurs at a pressure of 0.1 bars 750 K.* [56]* [57] The planet is too far from the Sun for
(10 kPa).* [11] The stratosphere then gives way to the this heat to be generated by ultraviolet radiation. One
thermosphere at a pressure lower than 10* −5 to 10* −4 candidate for a heating mechanism is atmospheric intermicrobars (1 to 10 Pa).* [11] The thermosphere gradually action with ions in the planet's magnetic ﬁeld. Other
candidates are gravity waves from the interior that distransitions to the exosphere.
sipate in the atmosphere. The thermosphere contains
traces of carbon dioxide and water, which may have been
deposited from external sources such as meteorites and
dust.* [52]* [55]
4.2.3 Magnetosphere
Neptune also resembles Uranus in its magnetosphere,
with a magnetic ﬁeld strongly tilted relative to its
rotational axis at 47° and oﬀset at least 0.55 radii, or
about 13500 km from the planet's physical centre. Before
Voyager 2's arrival at Neptune, it was hypothesised that
Uranus's tilted magnetosphere was the result of its sideways rotation. In comparing the magnetic ﬁelds of the
two planets, scientists now think the extreme orientation
may be characteristic of ﬂows in the planets' interiors.
This ﬁeld may be generated by convective ﬂuid motions
Bands of high-altitude clouds cast shadows on Neptune's lower
in a thin spherical shell of electrically conducting liquids
cloud deck
(probably a combination of ammonia, methane and wa*
*
Models suggest that Neptune's troposphere is banded by ter) [52] resulting in a dynamo action. [58]
clouds of varying compositions depending on altitude. The dipole component of the magnetic ﬁeld at the magThe upper-level clouds occur at pressures below one bar, netic equator of Neptune is about 14 microteslas (0.14
where the temperature is suitable for methane to con- G).* [59] The dipole magnetic moment of Neptune is
dense. For pressures between one and ﬁve bars (100 and about 2.2 × 1017 T·m3 (14 μT·RN 3 , where RN is the ra500 kPa), clouds of ammonia and hydrogen sulﬁde are dius of Neptune). Neptune's magnetic ﬁeld has a complex
believed to form. Above a pressure of ﬁve bars, the clouds geometry that includes relatively large contributions from
may consist of ammonia, ammonium sulﬁde, hydrogen non-dipolar components, including a strong quadrupole
sulﬁde and water. Deeper clouds of water ice should be moment that may exceed the dipole moment in strength.
54
By contrast, Earth, Jupiter and Saturn have only relatively
small quadrupole moments, and their ﬁelds are less tilted
from the polar axis. The large quadrupole moment of
Neptune may be the result of oﬀset from the planet's centre and geometrical constraints of the ﬁeld's dynamo generator.* [60]* [61]
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ture,* [67] the cause of which is not understood but which
may be due to the gravitational interaction with small
moons in orbit near them.* [68]
The outermost ring, Adams, contains ﬁve prominent arcs
now named Courage, Liberté, Egalité 1, Egalité 2 and Fraternité (Courage, Liberty, Equality and Fraternity).* [69]
The existence of arcs was diﬃcult to explain because the
laws of motion would predict that arcs would spread out
into a uniform ring over short timescales. Astronomers
now believe that the arcs are corralled into their current
form by the gravitational eﬀects of Galatea, a moon just
inward from the ring.* [70]* [71]
Neptune's bow shock, where the magnetosphere begins
to slow the solar wind, occurs at a distance of 34.9 times
the radius of the planet. The magnetopause, where the
pressure of the magnetosphere counterbalances the solar
wind, lies at a distance of 23–26.5 times the radius of
Neptune. The tail of the magnetosphere extends out to
at least 72 times the radius of Neptune, and likely much Earth-based observations announced in 2005 appeared to
farther.* [60]
show that Neptune's rings are much more unstable than
previously thought. Images taken from the W. M. Keck
Observatory in 2002 and 2003 show considerable decay
4.3 Planetary rings
in the rings when compared to images by Voyager 2. In
particular, it seems that the Liberté arc might disappear
in as little as one century.* [72]
Main article: Rings of Neptune
Neptune has a planetary ring system, though one much
4.4 Climate
Neptune's rings, taken by Voyager 2
less substantial than that of Saturn. The rings may consist
of ice particles coated with silicates or carbon-based material, which most likely gives them a reddish hue.* [62]
The three main rings are the narrow Adams Ring, 63,000
km from the centre of Neptune, the Le Verrier Ring, at
53,000 km, and the broader, fainter Galle Ring, at 42,000
km. A faint outward extension to the Le Verrier Ring has
been named Lassell; it is bounded at its outer edge by the
Arago Ring at 57,000 km.* [63]
The ﬁrst of these planetary rings was detected in 1968
by a team led by Edward Guinan.* [18]* [64] In the early
1980s, analysis of this data along with newer observations led to the hypothesis that this ring might be incomplete.* [65] Evidence that the rings might have gaps ﬁrst
arose during a stellar occultation in 1984 when the rings
obscured a star on immersion but not on emersion.* [66]
Images by Voyager 2 in 1989 settled the issue by showing several faint rings. These rings have a clumpy struc-
The Great Dark Spot (top), Scooter (middle white cloud),* [73]
and the Small Dark Spot (bottom), with contrast exaggerated.
Neptune's weather is characterised by extremely dynamic
storm systems, with winds reaching speeds of almost
600 m/s (2,200 km/h; 1,300 mph) —nearly reaching
supersonic ﬂow.* [15] More typically, by tracking the motion of persistent clouds, wind speeds have been shown to
vary from 20 m/s in the easterly direction to 325 m/s westward.* [74] At the cloud tops, the prevailing winds range
in speed from 400 m/s along the equator to 250 m/s at
the poles.* [52] Most of the winds on Neptune move in a
direction opposite the planet's rotation.* [75] The general
pattern of winds showed prograde rotation at high latitudes vs. retrograde rotation at lower latitudes. The difference in ﬂow direction is believed to be a“skin eﬀect”
and not due to any deeper atmospheric processes.* [11] At
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70° S latitude, a high-speed jet travels at a speed of 300 In 1989, the Great Dark Spot, an anti-cyclonic storm sysm/s.* [11]
tem spanning 13000×6600 km,* [76] was discovered by
Neptune diﬀers from Uranus in its typical level of me- NASA's Voyager 2 spacecraft. The storm resembled the
teorological activity. Voyager 2 observed weather phe- Great Red Spot of Jupiter. Some ﬁve years later, on 2
nomena on Neptune during its 1989 ﬂy-by,* [76] but no November 1994, the Hubble Space Telescope did not see
comparable phenomena on Uranus during its 1986 ﬂy-by. the Great Dark Spot on the planet. Instead, a new storm
similar to the Great Dark Spot was found in the planet's
The abundance of methane, ethane and ethyne at Nep- northern hemisphere.* [80]
tune's equator is 10–100 times greater than at the poles.
This is interpreted as evidence for upwelling at the equa- The Scooter is another storm, a white cloud group farther south than the Great Dark Spot. Its nickname
tor and subsidence near the poles.* [11]
came when it was ﬁrst detected in the months before
In 2007, it was discovered that the upper troposphere the 1989 Voyager 2 encounter it moved faster than the
of Neptune's south pole was about 10 K warmer than Great Dark Spot.* [75] Subsequent images revealed even
the rest of Neptune, which averages approximately 73 K faster clouds. The Small Dark Spot is a southern cyclonic
(−200 °C). The temperature diﬀerential is enough to let storm, the second-most-intense storm observed during
methane, which elsewhere is frozen in the troposphere, the 1989 encounter. It initially was completely dark, but
escape into the stratosphere near the pole.* [77] The rela- as Voyager 2 approached the planet, a bright core develtive “hot spot”is due to Neptune's axial tilt, which has oped and can be seen in most of the highest-resolution
exposed the south pole to the Sun for the last quarter of images.* [81]
Neptune's year, or roughly 40 Earth years. As Neptune
slowly moves towards the opposite side of the Sun, the Neptune's dark spots are thought to occur in the
at lower altitudes than the brighter cloud feasouth pole will be darkened and the north pole illumi- troposphere
tures,* [82] so they appear as holes in the upper cloud
nated, causing the methane release to shift to the north
decks. As they are stable features that can persist for sevpole.* [78]
eral months, they are thought to be vortex structures.* [53]
Because of seasonal changes, the cloud bands in the Often associated with dark spots are brighter, persissouthern hemisphere of Neptune have been observed to tent methane clouds that form around the tropopause
increase in size and albedo. This trend was ﬁrst seen in layer.* [83] The persistence of companion clouds shows
1980 and is expected to last until about 2020. The long that some former dark spots may continue to exist as cyorbital period of Neptune results in seasons lasting forty clones even though they are no longer visible as a dark
years.* [79]
feature. Dark spots may dissipate when they migrate too
close to the equator or possibly through some other unknown mechanism.* [84]
4.4.1
Storms
4.4.2 Internal heating
The Great Dark Spot, as imaged by Voyager 2
Neptune's more varied weather when compared to
Uranus is believed to be due in part to its higher internal
heating. Although Neptune lies half again as far from
the Sun as Uranus, and receives only 40% its amount
of sunlight,* [11] the two planets' surface temperatures
are roughly equal.* [86] The upper regions of Neptune's
troposphere reach a low temperature of 51.8 K (−221.3
°C). At a depth where the atmospheric pressure equals
1 bar (100 kPa), the temperature is 72.00 K (−201.15
°C).* [87] Deeper inside the layers of gas, the temperature
rises steadily. As with Uranus, the source of this heating
is unknown, but the discrepancy is larger: Uranus only
radiates 1.1 times as much energy as it receives from the
Sun;* [88] whereas Neptune radiates about 2.61 times as
much energy as it receives from the Sun.* [89] Neptune is
the farthest planet from the Sun, yet its internal energy is
suﬃcient to drive the fastest planetary winds seen in the
Solar System. Depending on the thermal properties of its
interior, the heat left over from Neptune's formation may
be suﬃcient to explain its current heat ﬂow, though it is
more diﬃcult to simultaneously explain Uranus's lack of
internal heat while preserving the apparent similarity be-
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barycentric orbit since its discovery in 1846,* [92]* [93]
although it did not appear at its exact discovery position
in the sky, because Earth was in a diﬀerent location in
its 365.26-day orbit. Because of the motion of the Sun
in relation to the barycentre of the Solar System, on 11
July Neptune was also not at its exact discovery position
in relation to the Sun; if the more common heliocentric
coordinate system is used, the discovery longitude was
reached on 12 July 2011.* [4]* [94]* [95]
The elliptical orbit of Neptune is inclined 1.77° compared
to that of Earth.
The axial tilt of Neptune is 28.32°,* [96] which is similar
to the tilts of Earth (23°) and Mars (25°). As a result, this
planet experiences similar seasonal changes. The long orbital period of Neptune means that the seasons last for
forty Earth years.* [79] Its sidereal rotation period (day)
is roughly 16.11 hours.* [4] Because its axial tilt is comparable to Earth's, the variation in the length of its day
over the course of its long year is not any more extreme.
Four images taken a few hours apart with the NASA/ESA Hubble
Space Telescope's Wide Field Camera 3* [85]
tween the two planets.* [90]
4.5 Orbit and rotation
Because Neptune is not a solid body, its atmosphere undergoes diﬀerential rotation. The wide equatorial zone
rotates with a period of about 18 hours, which is slower
than the 16.1-hour rotation of the planet's magnetic ﬁeld.
By contrast, the reverse is true for the polar regions where
the rotation period is 12 hours. This diﬀerential rotation is the most pronounced of any planet in the Solar System,* [97] and it results in strong latitudinal wind
shear.* [53]
4.5.1 Orbital resonances
Main articles: Kuiper belt, resonant trans-Neptunian object and Neptune trojan
Neptune's orbit has a profound impact on the region diKuiper belt and orbital resonance
Pluto
1:2
Charon
2:3
Neptune
3:4
3:5 4:7
2:5
plutinos
cubewanos
twotinos
Neptune (red arc) completes one orbit around the Sun (center)
for every 164.79 orbits of Earth. The light blue object represents
Uranus.
The average distance between Neptune and the Sun is
4.50 billion km (about 30.1 AU), and it completes an orbit on average every 164.79 years, subject to a variability
of around ±0.1 years. The perihelion distance is 29.81
AU; the aphelion distance is 30.33 AU.* [91]
A diagram showing the major orbital resonances in the Kuiper
belt caused by Neptune: the highlighted regions are the 2:3 resonance (plutinos), the nonresonant“classical belt”(cubewanos),
and the 1:2 resonance (twotinos).
rectly beyond it, known as the Kuiper belt. The Kuiper
On 11 July 2011, Neptune completed its ﬁrst full belt is a ring of small icy worlds, similar to the asteroid
4.7. MOONS
belt but far larger, extending from Neptune's orbit at 30
AU out to about 55 AU from the Sun.* [98] Much in the
same way that Jupiter's gravity dominates the asteroid
belt, shaping its structure, so Neptune's gravity dominates
the Kuiper belt. Over the age of the Solar System, certain
regions of the Kuiper belt became destabilised by Neptune's gravity, creating gaps in the Kuiper belt's structure.
The region between 40 and 42 AU is an example.* [99]
There do exist orbits within these empty regions where
objects can survive for the age of the Solar System. These
resonances occur when Neptune's orbital period is a precise fraction of that of the object, such as 1:2, or 3:4. If,
say, an object orbits the Sun once for every two Neptune orbits, it will only complete half an orbit by the
time Neptune returns to its original position. The most
heavily populated resonance in the Kuiper belt, with over
200 known objects,* [100] is the 2:3 resonance. Objects
in this resonance complete 2 orbits for every 3 of Neptune, and are known as plutinos because the largest of the
known Kuiper belt objects, Pluto, is among them.* [101]
Although Pluto crosses Neptune's orbit regularly, the 2:3
resonance ensures they can never collide.* [102] The 3:4,
3:5, 4:7 and 2:5 resonances are less populated.* [103]
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suggest that the matter density in the outer regions of the
Solar System was too low to account for the formation of
such large bodies from the traditionally accepted method
of core accretion, and various hypotheses have been advanced to explain their creation. One is that the ice giants were not created by core accretion but from instabilities within the original protoplanetary disc and later
had their atmospheres blasted away by radiation from a
nearby massive OB star.* [43]
An alternative concept is that they formed closer to the
Sun, where the matter density was higher, and then subsequently migrated to their current orbits after the removal of the gaseous protoplanetary disc.* [107] This
hypothesis of migration after formation is favoured,
due to its ability to better explain the occupancy of
the populations of small objects observed in the transNeptunian region.* [108] The current most widely accepted* [109]* [110]* [111] explanation of the details of
this hypothesis is known as the Nice model, which explores the eﬀect of a migrating Neptune and the other
giant planets on the structure of the Kuiper belt.
Neptune has a number of known trojan objects occupying
4.7 Moons
both the Sun–Neptune L4 and L5 Lagrangian points—
gravitationally stable regions leading and trailing Neptune
in its orbit, respectively.* [104] Neptune trojans can be Main article: Moons of Neptune
viewed as being in a 1:1 resonance with Neptune. Some For a timeline of discovery dates, see Timeline of discovNeptune trojans are remarkably stable in their orbits, and ery of Solar System planets and their moons.
are likely to have formed alongside Neptune rather than Neptune has 14 known moons.* [6]* [112] Triton is the
being captured. The ﬁrst and so far only object identiﬁed as associated with Neptune's trailing L5 Lagrangian
point is 2008 LC18.* [105] Neptune also has a temporary
quasi-satellite, (309239) 2007 RW10.* [106] The object
has been a quasi-satellite of Neptune for about 12,500
years and it will remain in that dynamical state for another 12,500 years. It is likely a captured object.* [106]
4.6 Formation and migration
Main articles: Formation and evolution of the Solar System and Nice model
The formation of the ice giants, Neptune and Uranus,
A simulation showing the outer planets and Kuiper belt: a) before Jupiter and Saturn reached a 2:1 resonance; b) after inward
scattering of Kuiper belt objects following the orbital shift of Neptune; c) after ejection of scattered Kuiper belt bodies by Jupiter
has proven diﬃcult to model precisely. Current models
Natural-colour view of Neptune with Proteus (top), Larissa
(lower right) and Despina (left), from the Hubble Space Telescope
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largest Neptunian moon, comprising more than 99.5% of
the mass in orbit around Neptune,* [lower-alpha 5] and it
is the only one massive enough to be spheroidal. Triton
was discovered by William Lassell just 17 days after the
discovery of Neptune itself. Unlike all other large planetary moons in the Solar System, Triton has a retrograde
orbit, indicating that it was captured rather than forming
in place; it was probably once a dwarf planet in the Kuiper
belt.* [113] It is close enough to Neptune to be locked
into a synchronous rotation, and it is slowly spiralling inward because of tidal acceleration. It will eventually be
torn apart, in about 3.6 billion years, when it reaches the
Roche limit.* [114] In 1989, Triton was the coldest object
that had yet been measured in the Solar System,* [115]
with estimated temperatures of 38 K (−235 °C).* [116]
Neptune's second known satellite (by order of discovery),
the irregular moon Nereid, has one of the most eccentric
orbits of any satellite in the Solar System. The eccentricity of 0.7512 gives it an apoapsis that is seven times its
periapsis distance from Neptune.* [lower-alpha 6]
CHAPTER 4. NEPTUNE
Neptune was the Roman god of the sea, Neptune's moons
have been named after lesser sea gods.* [35]
4.8 Observation
Neptune is never visible to the naked eye, having a brightness between magnitudes +7.7 and +8.0,* [6]* [9] which
can be outshone by Jupiter's Galilean moons, the dwarf
planet Ceres and the asteroids 4 Vesta, 2 Pallas, 7 Iris,
3 Juno and 6 Hebe.* [120] A telescope or strong binoculars will resolve Neptune as a small blue disk, similar in
appearance to Uranus.* [121]
Because of the distance of Neptune from Earth, the
angular diameter of the planet only ranges from 2.2 to
2.4 arcseconds,* [6]* [9] the smallest of the Solar System planets. Its small apparent size has made it challenging to study visually. Most telescopic data was
fairly limited until the advent of Hubble Space Telescope and large ground-based telescopes with adaptive
optics.* [122]* [123]
From Earth, Neptune goes through apparent retrograde
motion every 367 days, resulting in a looping motion
against the background stars during each opposition.
These loops carried it close to the 1846 discovery coordinates in April and July 2010 and again in October and
November 2011.* [95]
Observation of Neptune in the radio-frequency band
shows that it is a source of both continuous emission and
irregular bursts. Both sources are believed to originate
from its rotating magnetic ﬁeld.* [52] In the infrared part
of the spectrum, Neptune's storms appear bright against
the cooler background, allowing the size and shape of
these features to be readily tracked.* [124]
4.9 Exploration
Neptune's moon Proteus
From July to September 1989, Voyager 2 discovered
six new Neptunian moons.* [60] Of these, the irregularly shaped Proteus is notable for being as large as a
body of its density can be without being pulled into a
spherical shape by its own gravity.* [117] Although the
second-most-massive Neptunian moon, it is only 0.25%
the mass of Triton. Neptune's innermost four moons
—Naiad, Thalassa, Despina and Galatea —orbit close
enough to be within Neptune's rings. The next-farthest
out, Larissa, was originally discovered in 1981 when it
had occulted a star. This occultation had been attributed
to ring arcs, but when Voyager 2 observed Neptune in
1989, it was found to have caused it. Five new irregular moons discovered between 2002 and 2003 were
announced in 2004.* [118]* [119] A new moon and the
smallest yet, S/2004 N 1, was found in 2013. Because
Main article: Exploration of Neptune
Voyager 2 is the only spacecraft that has visited Neptune.
The spacecraft's closest approach to the planet occurred
on 25 August 1989. Because this was the last major planet
the spacecraft could visit, it was decided to make a close
ﬂyby of the moon Triton, regardless of the consequences
to the trajectory, similarly to what was done for Voyager
1's encounter with Saturn and its moon Titan. The images
relayed back to Earth from Voyager 2 became the basis of
a 1989 PBS all-night program, Neptune All Night.* [125]
During the encounter, signals from the spacecraft required 246 minutes to reach Earth. Hence, for the most
part, the Voyager 2 mission relied on preloaded commands for the Neptune encounter. The spacecraft performed a near-encounter with the moon Nereid before it
came within 4400 km of Neptune's atmosphere on 25 August, then passed close to the planet's largest moon Triton
later the same day.* [126]
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4.11 Notes
[1] Orbital elements refer to the Neptune barycentre and
Solar System barycentre. These are the instantaneous
osculating values at the precise J2000 epoch. Barycentre
quantities are given because, in contrast to the planetary
centre, they do not experience appreciable changes on a
day-to-day basis from the motion of the moons.
[2] Refers to the level of 1 bar (100 kPa) atmospheric pressure
[3] Neptune is more dense and physically smaller than Uranus
because Neptune's greater mass gravitationally compresses the atmosphere more.
[4] The mass of Earth is 5.9736×1024 kg, giving a mass ratio
of:
MN eptune
MEarth
MU ranus
MEarth
In 2003, there was a proposal in NASA's “Vision
Missions Studies”for a "Neptune Orbiter with Probes"
mission that does Cassini-level science. The work is
being done in conjunction with JPL and the California
Institute of Technology.* [127] Another, more recent
proposal was for Argo, a ﬂyby spacecraft that would visit
Jupiter, Saturn, Neptune, and a Kuiper belt object.* [128]
However, the focus would be on Neptune and its largest
moon Triton to help plug a predicted 50-year gap in
exploration of the system.* [128]* [128] New Horizons 2
might have also done a ﬂyby.
4.10 See also
• Hot Neptune
• Neptune in astrology
• Neptune in ﬁction
5.97×10
The mass of Uranus is 8.6810×1025 kg, giving a mass ratio of:
A Voyager 2 mosaic of Triton
The spacecraft veriﬁed the existence of a magnetic ﬁeld
surrounding the planet and discovered that the ﬁeld was
oﬀset from the centre and tilted in a manner similar to
the ﬁeld around Uranus. The question of the planet's rotation period was settled using measurements of radio
emissions. Voyager 2 also showed that Neptune had a
surprisingly active weather system. Six new moons were
discovered, and the planet was shown to have more than
one ring.* [60]* [126]
26
= 1.02×1024 = 17.09
25
= 8.68×1024 = 14.54
5.97×10
The mass of Jupiter is 1.8986×1027 kg, giving a mass ratio
of:
MJupiter
MN eptune
27
= 1.90×1026 = 18.63
1.02×10
Mass values from Williams, David R. (29 November
2007). “Planetary Fact Sheet – Metric”. NASA. Retrieved 13 March 2008.
[5] Mass of Triton: 2.14×1022 kg. Combined mass of 12
other known moons of Neptune: 7.53×1019 kg, or 0.35%.
The mass of the rings is negligible.
[6]
ra
rp
2 −1=2/0.2488−1=7.039.
= 1−e
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Chapter 5
Saturn
This article is about the planet. For other uses, see
Saturn (disambiguation).
Saturn is the sixth planet from the Sun and the second largest in the Solar System, after Jupiter. It is a
gas giant with an average radius about nine times that
of Earth.* [10]* [11] Although only one-eighth the average
density of Earth, with its larger volume Saturn is just over
95 times more massive.* [12]* [13]* [14] Saturn is named
after the Roman god of agriculture, its astronomical symbol (♄) represents the god's sickle.
Saturn's interior is probably composed of a core consisting of iron–nickel and rock (silicon and oxygen compounds), surrounded by a deep layer of metallic hydrogen, an intermediate layer of liquid hydrogen and liquid
helium and a gaseous outer layer.* [15] Saturn has a pale
yellow hue due to ammonia crystals in its upper atmosphere. Electrical current within the metallic hydrogen layer is thought to give rise to Saturn's planetary
magnetic ﬁeld, which is weaker than Earth's, but has a
magnetic moment 580 times that of Earth due to Saturn's
larger size. Saturn's magnetic ﬁeld strength is around
one-twentieth the strength of Jupiter's.* [16] The outer
atmosphere is generally bland and lacking in contrast, although long-lived features can appear. Wind speeds on
Saturn can reach 1,800 km/h (500 m/s), faster than on
Jupiter, but not as fast as those on Neptune.* [17]
Composite image roughly comparing the sizes of Saturn and
Earth
surface, though it may have a solid core.* [20] Saturn's
rotation causes it to have the shape of an oblate spheroid;
that is, it is ﬂattened at the poles and bulges at its equator. Its equatorial and polar radii diﬀer by almost 10%:
60,268 km versus 54,364 km, respectively.* [4] Jupiter,
Uranus, and Neptune, the other giant planets in the Solar
System, are also oblate but to a lesser extent. Saturn is
the only planet of the Solar System that is less dense than
water—about 30% less.* [21] Although Saturn's core is
considerably denser than water, the average speciﬁc density of the planet is 0.69 g/cm3 due to the gaseous atmosphere. Jupiter has 318 times the Earth's mass,* [22]
while Saturn is 95 times the mass of the Earth,* [4] Together, Jupiter and Saturn hold 92% of the total planetary
mass in the Solar System.* [23]
Saturn has a prominent ring system that consists of nine
continuous main rings and three discontinuous arcs and
that is composed mostly of ice particles with a smaller
amount of rocky debris and dust. Sixty-two* [18] moons
are known to orbit Saturn, of which ﬁfty-three are ofﬁcially named. This does not include the hundreds of
moonlets comprising the rings. Titan, Saturn's largest and
the Solar System's second largest moon, is larger than the On 8 January 2015, NASA reported determining the cenplanet Mercury and is the only moon in the Solar System ter of the planet Saturn and its family of moons to within
4 km (2.5 mi).* [24]
to have a substantial atmosphere.* [19]
5.1 Physical characteristics
5.1.1 Internal structure
Despite consisting mostly of hydrogen and helium, most
Saturn is a gas giant because it is predominantly com- of Saturn's mass is not in the gas phase, because hydrogen
posed of hydrogen and helium ('gas'). It lacks a deﬁnite becomes a non-ideal liquid when the density is above 0.01
65
66
CHAPTER 5. SATURN
to the abundance of this element in the Sun.* [25] The
quantity of elements heavier than helium is not known
precisely, but the proportions are assumed to match the
primordial abundances from the formation of the Solar
System. The total mass of these heavier elements is esStandard planetary models suggest that the interior of Sat- timated to be 19–31 times the mass of the Earth, *with a
urn is similar to that of Jupiter, having a small rocky signiﬁcant fraction located in Saturn's core region. [36]
core surrounded by hydrogen and helium with trace Trace amounts of ammonia, acetylene, ethane, propane,
amounts of various volatiles.* [25] This core is similar phosphine and methane have been detected in Satin composition to the Earth, but more dense. Exami- urn's atmosphere.* [37]* [38]* [39] The upper clouds are
nation of Saturn's gravitational moment, in combination composed of ammonia crystals, while the lower level
with physical models of the interior, allowed French as- clouds appear to consist of either ammonium hydrosultronomers Didier Saumon and Tristan Guillot to place ﬁde (NH4 SH) or water.* [40] Ultraviolet radiation from
constraints on the mass of Saturn's core. In 2004, they the Sun causes methane photolysis in the upper atmoestimated that the core must be 9–22 times the mass of sphere, leading to a series of hydrocarbon chemical rethe Earth,* [26]* [27] which corresponds to a diameter of actions with the resulting products being carried downabout 25,000 km.* [28] This is surrounded by a thicker ward by eddies and diﬀusion. This photochemical cycle
liquid metallic hydrogen layer, followed by a liquid layer is modulated by Saturn's annual seasonal cycle.* [39]
of helium-saturated molecular hydrogen that gradually
transitions into gas with increasing altitude. The outermost layer spans 1,000 km and consists of a gaseous at- 5.2.1 Cloud layers
mosphere.* [29]* [30]* [31]
g/cm3 , which is reached at a radius containing 99.9%
of Saturn's mass. The temperature, pressure, and density inside Saturn all rise steadily toward the core, which,
in the deeper layers, cause hydrogen to transition into a
metal.* [23]
Saturn has a hot interior, reaching 11,700 °C at its core,
and it radiates 2.5 times more energy into space than it
receives from the Sun. Most of this extra energy is generated by the Kelvin–Helmholtz mechanism of slow gravitational compression, but this alone may not be suﬃcient to explain Saturn's heat production. An additional
mechanism may be generation of heat through the“raining out”of droplets of helium deep in Saturn's interior.
As the droplets descend through the lower-density hydrogen, the process releases heat by friction and leaves Saturn's outer layers depleted of helium.* [32]* [33] These
descending droplets may have accumulated into a helium
shell surrounding the core.* [25]
5.2 Atmosphere
A global storm girdles the planet in 2011. The head of the storm
(bright area) passes the tail circling around the left limb.
Saturn's atmosphere exhibits a banded pattern similar to
Jupiter's, but Saturn's bands are much fainter and are
much wider near the equator. The nomenclature used to
describe these bands is the same as on Jupiter. Saturn's
ﬁner cloud patterns were not observed until the ﬂybys of
the Voyager spacecraft during the 1980s. Since then,
Earth-based telescopy has improved to the point where
regular observations can be made.* [41]
The composition of the clouds varies with depth and increasing pressure. In the upper cloud layers, with the temperature in the range 100–160 K and pressures extending
The outer atmosphere of Saturn contains 96.3% molec- between 0.5–2 bar, the clouds consist of ammonia ice.
ular hydrogen and 3.25% helium by volume.* [35] The Water ice clouds begin at a level where the pressure is
proportion of helium is signiﬁcantly deﬁcient compared about 2.5 bar and extend down to 9.5 bar, where temperAuroral lights at Saturn’s north pole.* [34]
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atures range from 185–270 K. Intermixed in this layer is a
band of ammonium hydrosulﬁde ice, lying in the pressure
range 3–6 bar with temperatures of 290–235 K. Finally,
the lower layers, where pressures are between 10–20 bar
and temperatures are 270–330 K, contains a region of
water droplets with ammonia in aqueous solution.* [42]
Saturn's usually bland atmosphere occasionally exhibits
long-lived ovals and other features common on Jupiter.
In 1990, the Hubble Space Telescope imaged an enormous white cloud near Saturn's equator that was not
present during the Voyager encounters and in 1994, another, smaller storm was observed. The 1990 storm
was an example of a Great White Spot, a unique but
short-lived phenomenon that occurs once every Saturnian year, roughly every 30 Earth years, around the time
of the northern hemisphere's summer solstice.* [43] Previous Great White Spots were observed in 1876, 1903,
1933 and 1960, with the 1933 storm being the most famous. If the periodicity is maintained, another storm will
occur in about 2020.* [44]
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A persisting hexagonal wave pattern around the north polar vortex in the atmosphere at about 78°N was ﬁrst noted
in the Voyager images.* [48]* [49]* [50]
The sides of the hexagon are each about 13,800 km
(8,600 mi) long, which is longer than the diameter of the
Earth.* [51] The entire structure rotates with a period of
10h 39m 24s (the same period as that of the planet's radio emissions) which is assumed to be equal to the period
of rotation of Saturn's interior.* [52] The hexagonal feature does not shift in longitude like the other clouds in the
visible atmosphere.* [53]
The pattern's origin is a matter of much speculation. Most
astronomers believe it was caused by some standing-wave
pattern in the atmosphere. Polygonal shapes have been
replicated in the laboratory through diﬀerential rotation
of ﬂuids.* [54]* [55]
The winds on Saturn are the second fastest among the So- 5.2.3
lar System's planets, after Neptune's. Voyager data indicate peak easterly winds of 500 m/s (1800 km/h).* [45] In
images from the Cassini spacecraft during 2007, Saturn's
northern hemisphere displayed a bright blue hue, similar
to Uranus. The color was most likely caused by Rayleigh
scattering.* [46] Infrared imaging has shown that Saturn's
south pole has a warm polar vortex, the only known example of such a phenomenon in the Solar System.* [47]
Whereas temperatures on Saturn are normally −185 °C,
temperatures on the vortex often reach as high as −122
°C, believed to be the warmest spot on Saturn.* [47]
5.2.2
South pole vortex
North pole hexagonal cloud pattern
Saturn's south pole storm
Saturn – North polar hexagon and vortex as well as rings (2 April
2014)
Main article: Saturn's hexagon
HST imaging of the south polar region indicates the presence of a jet stream, but no strong polar vortex nor
any hexagonal standing wave.* [56] NASA reported in
November 2006 that Cassini had observed a "hurricanelike”storm locked to the south pole that had a clearly
deﬁned eyewall.* [57]* [58] Eyewall clouds had not previously been seen on any planet other than Earth. For example, images from the Galileo spacecraft did not show
an eyewall in the Great Red Spot of Jupiter.* [59]
The south pole storm may have been present for billions
of years.* [60] This vortex is comparable to the size of
Earth, and it has winds of 550 km/h.* [60]
68
5.2.4
CHAPTER 5. SATURN
Other features
5.4 Orbit and rotation
Cassini has observed a series of cloud features nicknamed
“String of Pearls”found in northern latitudes. These features are cloud clearings that reside in deeper cloud layers.* [61]
5.3 Magnetosphere
Main article: Magnetosphere of Saturn
The average distance between Saturn and the Sun is over
Saturn has an intrinsic magnetic ﬁeld that has a sim- 1.4 billion kilometres (9 AU). With an average orbital
speed of 9.69 km/s,* [4] it takes Saturn 10,759 Earth
days (or about 29 1 ⁄2 years),* [66] to ﬁnish one revolution
around the Sun.* [4] The elliptical orbit of Saturn is inclined 2.48° relative to the orbital plane of the Earth.* [4]
The perihelion and aphelion distances are, respectively,
9.022 and 10.053 au, on average.* [67] The visible features on Saturn rotate at diﬀerent rates depending on latitude and multiple rotation periods have been assigned to
various regions (as in Jupiter's case).
System I has a period of 10 h 14 min 00 s (844.3°/d) and
encompasses the Equatorial Zone, the South Equatorial
Belt and the North Equatorial Belt.
All other Saturnian latitudes, excluding the north and
south polar regions, are indicated as System II and have
been assigned a rotation period of 10 h 38 min 25.4 s
(810.76°/d).
The polar regions are considered to have rotation rates
similar to System I.
HST UV image of Saturn taken near equinox showing both polar
aurorae
ple, symmetric shape – a magnetic dipole. Its strength
at the equator – 0.2 gauss (20 µT) – is approximately one
twentieth of that of the ﬁeld around Jupiter and slightly
weaker than Earth's magnetic ﬁeld.* [16] As a result Saturn's magnetosphere is much smaller than Jupiter's.* [62]
When Voyager 2 entered the magnetosphere, the solar
wind pressure was high and the magnetosphere extended only 19 Saturn radii, or 1.1 million km (712,000
mi),* [63] although it enlarged within several hours, and
remained so for about three days.* [64] Most probably,
the magnetic ﬁeld is generated similarly to that of Jupiter
– by currents in the liquid metallic-hydrogen layer called
a metallic-hydrogen dynamo.* [62] This magnetosphere is
eﬃcient at deﬂecting the solar wind particles from the
Sun. The moon Titan orbits within the outer part of
Saturn's magnetosphere and contributes plasma from the
ionized particles in Titan's outer atmosphere.* [16] Saturn's magnetosphere, like Earth's, produces aurorae.* [65]
System III refers to Saturn's internal rotation rate. Based
on radio emissions from the planet in the period of the
Voyager ﬂybys, it has been assigned a rotation period
of 10 h 39 min 22.4 s (810.8°/d). Because it is close
to System II, it has largely superseded it.* [68] A precise
value for the rotation period of the interior remains elusive. While approaching Saturn in 2004, Cassini found
that the radio rotation period of Saturn had increased
appreciably, to approximately 10 h 45 m 45 s (± 36
s).* [69]* [70] In March 2007, it was found that the variation of radio emissions from the planet did not match
Saturn's rotation rate. This variance may be caused by
geyser activity on Saturn's moon Enceladus. The water
vapor emitted into Saturn's orbit by this activity becomes
charged and creates a drag upon Saturn's magnetic ﬁeld,
slowing its rotation slightly relative to the rotation of the
planet.* [71]* [72]* [72]
The latest estimate of Saturn's rotation (as an indicated
rotation rate for Saturn as a whole) based on a compilation of various measurements from the Cassini, Voyager
and Pioneer probes was reported in September 2007 is 10
hours, 32 minutes, 35 seconds.* [73]
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5.5 Planetary rings
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Atlas cause weak, linear density waves in Saturn's rings
that have yielded more reliable calculations of their
masses.* [81]
Main article: Rings of Saturn
5.6 Natural satellites
Main article: Moons of Saturn
Saturn has at least 150 moons and moonlets, 53 of which
The rings of Saturn (imaged here by Cassini in 2007)
are the most massive and conspicuous in the Solar
System.* [30]
A montage of Saturn and its principal moons (Dione, Tethys,
False-color UV image of Saturn's outer B and A rings; Mimas, Enceladus, Rhea and Titan; Iapetus not shown). This
dirtier ringlets in the Cassini Division and Enke Gap famous image was created from photographs taken in November
show up red.
1980 by the Voyager 1 spacecraft.
Saturn is probably best known for the system of planetary
rings that makes it visually unique.* [30] The rings extend
from 6,630 km to 120,700 km above Saturn's equator, average approximately 20 meters in thickness and are composed of 93% water ice with traces of tholin impurities
and 7% amorphous carbon.* [74] The particles that make
up the rings range in size from specks of dust up to 10
m.* [75] While the other gas giants also have ring systems,
Saturn's is the largest and most visible.
have formal names.* [82]* [83] Titan, the largest, comprises more than 90% of the mass in orbit around Saturn,
including the rings.* [84] Saturn's second largest moon,
Rhea, may have a tenuous ring system of its own,* [85]
along with a tenuous atmosphere.* [86]* [87]* [88]* [89]
There are two main hypotheses regarding the origin of the
rings. One hypothesis is that the rings are remnants of a
destroyed moon of Saturn. The second hypothesis is that
the rings are left over from the original nebular material
from which Saturn formed. Some ice in the central rings
comes from the moon Enceladus's ice volcanoes.* [76] In
the past, astronomers believed the rings formed alongside
the planet when it formed billions of years ago.* [77] Instead, the age of these planetary rings is probably some
hundreds of millions of years.* [78]
Beyond the main rings at a distance of 12 million km from
the planet is the sparse Phoebe ring, which is tilted at an
angle of 27° to the other rings and, like Phoebe, orbits in
retrograde fashion.* [79]
Some of the moons of Saturn, including Pandora and Possible beginning of a new moon of Saturn (15 April 2013).
Prometheus, act as shepherd moons to conﬁne the rings
and prevent them from spreading out.* [80] Pan and Many of the other moons are small: 34 are less than
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10 km in diameter and another 14 less than 50 km but
larger than 10 km.* [90] Traditionally, most of Saturn's
moons have been named after Titans of Greek mythology. Titan is the only satellite in the Solar System with a
major atmosphere* [91]* [92] in which a complex organic
chemistry occurs. It is the only satellite with hydrocarbon
lakes.* [93]* [94]
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suit. (In modern Greek, the planet retains its ancient
name Cronus—Κρόνος: Kronos.)* [109]
The Greek scientist Ptolemy based his calculations of Saturn's orbit on observations he made while the planet was
in opposition.* [110] In Hindu astrology, there are nine astrological objects, known as Navagrahas. Saturn, one of
them, is known as "Shani", judges everyone based on the
good and bad deeds performed in life.* [107]* [110] Ancient Chinese and Japanese culture designated the planet
Saturn as the “earth star”(土星). This was based on
Five Elements which were traditionally used to classify
natural elements.* [111]
On 6 June 2013, scientists at the IAA-CSIC reported
the detection of polycyclic aromatic hydrocarbons in
the upper atmosphere of Titan, a possible precursor for
life.* [95] On 23 June 2014, NASA claimed to have strong
evidence that nitrogen in the atmosphere of Titan came
from materials in the Oort cloud, associated with comets, In ancient Hebrew, Saturn is called 'Shabbathai'.* [112]
and not from the materials that formed Saturn in earlier Its angel is Cassiel. Its intelligence or beneﬁcial spirit is
times.* [96]
Agiel (layga) and its spirit (darker aspect) is Zazel (lzaz).
Saturn's moon Enceladus has often been regarded as a po- In Ottoman Turkish, Urdu and Malay, its name is 'Zuhal',
tential base for microbial life.* [97]* [98]* [99]* [100] Ev- derived from Arabic زحل.
idence of this possibility includes the satellite's salt-rich
particles having an “ocean-like”composition that indicates most of Enceladus's expelled ice comes from the 5.7.2 European observations (17th–19th
centuries)
evaporation of liquid salt water.* [101]* [102]* [103]
In April 2014, NASA scientists reported the possible beginning of a new moon, within the A Ring, of the planet
Saturn.* [104]
5.7 History of exploration
Main article: Exploration of Saturn
There have been three main phases in the observation and
exploration of Saturn. The ﬁrst era was ancient observations (such as with the naked eye), before the invention of
the modern telescopes. Starting in the 17th century progressively more advanced telescopic observations from
Earth have been made. The other type is visitation by
spacecraft, either by orbiting or ﬂyby. In the 21st century
observations continue from the Earth (or Earth-orbiting
observatories) and from the Cassini orbiter at Saturn.
Robert Hooke noted the shadows (a and b) cast by both the globe
and the rings on each other in this drawing of Saturn in 1666.
Saturn's rings require at least a 15-mm-diameter
telescope* [113] to resolve and thus were not known to
exist until Galileo ﬁrst saw them in 1610.* [114]* [115]
He thought of them as two moons on Saturn's
sides.* [116]* [117] It was not until Christiaan Huygens
5.7.1 Ancient observations
used greater telescopic magniﬁcation that this notion
was refuted. Huygens discovered Saturn's moon Titan;
See also: Saturn (mythology)
Giovanni Domenico Cassini later discovered four other
moons: Iapetus, Rhea, Tethys and Dione. In 1675,
Saturn has been known since prehistoric times.* [105] In Cassini discovered the gap now known as the Cassini Diancient times, it was the most distant of the ﬁve known vision.* [118]
planets in the Solar System (excluding Earth) and thus
a major character in various mythologies. Babylonian No further discoveries of signiﬁcance were made unastronomers systematically observed and recorded the til 1789 when William Herschel discovered two further
movements of Saturn.* [106] In ancient Roman mythol- moons, Mimas and Enceladus. The irregularly shaped
with Titan, was
ogy, the god Saturnus, from which the planet takes satellite Hyperion, which has a resonance
*
[119]
discovered
in
1848
by
a
British
team.
*
its name, was the god of agriculture. [107] The Romans considered Saturnus the equivalent of the Greek In 1899 William Henry Pickering discovered Phoebe,
god Cronus.* [107] The Greeks had made the outermost a highly irregular satellite that does not rotate synplanet sacred to Cronus,* [108] and the Romans followed chronously with Saturn as the larger moons do.* [119]
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Phoebe was the ﬁrst such satellite found and it takes more the small Maxwell Gap (a gap within the C Ring) and
than a year to orbit Saturn in a retrograde orbit. During Keeler gap (a 42 km wide gap in the A Ring).
the early 20th century, research on Titan led to the conﬁrmation in 1944 that it had a thick atmosphere – a feature
Cassini–Huygens spacecraft
unique among the Solar System's moons.* [120]
5.7.3
Modern NASA and ESA probes
Pioneer 11 ﬂyby
On 1 July 2004, the Cassini–Huygens space probe performed the SOI (Saturn Orbit Insertion) maneuver and
entered orbit around Saturn. Before the SOI, Cassini had
already studied the system extensively. In June 2004,
it had conducted a close ﬂyby of Phoebe, sending back
high-resolution images and data.
Pioneer 11 image of Saturn
Pioneer 11 carried out the ﬁrst ﬂyby of Saturn in September 1979, when it passed within 20,000 km of the planet's
cloud tops. Images were taken of the planet and a few of
its moons, although their resolution was too low to discern surface detail. The spacecraft also studied Saturn's
rings, revealing the thin F-ring and the fact that dark gaps
in the rings are bright when viewed at high phase angle
(towards the Sun), meaning that they contain ﬁne lightscattering material. In addition, Pioneer 11 measured the
temperature of Titan.* [121]
Voyager ﬂybys
Cassini 's Titan ﬂyby radio-signal studies (artist's concept)
Cassini's ﬂyby of Saturn's largest moon, Titan, has captured radar images of large lakes and their coastlines with
numerous islands and mountains. The orbiter completed
two Titan ﬂybys before releasing the Huygens probe on
25 December 2004. Huygens descended onto the surface
of Titan on 14 January 2005, sending a ﬂood of data during the atmospheric descent and after the landing.* [123]
Cassini has since conducted multiple ﬂybys of Titan and
other icy satellites.
In November 1980, the Voyager 1 probe visited the Saturn system. It sent back the ﬁrst high-resolution images
of the planet, its rings and satellites. Surface features of
various moons were seen for the ﬁrst time. Voyager 1
performed a close ﬂyby of Titan, increasing knowledge
of the atmosphere of the moon. It proved that Titan's atmosphere is impenetrable in visible wavelengths, therefore no surface details were seen. The ﬂyby changed the
spacecraft's trajectory out from the plane of the Solar
System.* [122]
Almost a year later, in August 1981, Voyager 2 continued
the study of the Saturn system. More close-up images
of Saturn's moons were acquired, as well as evidence of
changes in the atmosphere and the rings. Unfortunately,
during the ﬂyby, the probe's turnable camera platform
stuck for a couple of days and some planned imaging was
lost. Saturn's gravity was used to direct the spacecraft's
trajectory towards Uranus.* [122]
Photograph of Earth and the Moon by Cassini, visible in the
bottom-right.
Since early 2005, scientists have been tracking lightning
on Saturn. The power of the lightning is approximately
1,000 times that of lightning on Earth.* [124]
In 2006, NASA reported that Cassini had found evidence
of liquid water reservoirs that erupt in geysers on Saturn's
The probes discovered and conﬁrmed several new satel- moon Enceladus. Images had shown jets of icy particles
lites orbiting near or within the planet's rings, as well as being emitted into orbit around Saturn from vents in the
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At Enceladus's south pole geysers spray water from many locations along the tiger stripes.* [126]
Saturn's north polar vortex seen in (infrared) (animation)
moon's south polar region. According to Andrew Ingersoll, California Institute of Technology, “Other moons
in the Solar System have liquid-water oceans covered by
kilometers of icy crust. What's diﬀerent here is that
pockets of liquid water may be no more than tens of meters below the surface.”* [125] Over 100 geysers have
been identiﬁed on Enceladus.* [126] In May 2011, NASA
scientists at an Enceladus Focus Group Conference reported that Enceladus“is emerging as the most habitable
spot beyond Earth in the Solar System for life as we know
it”.* [127]* [128]
Cassini photographs have led to other signiﬁcant discoveries. They have revealed a previously undiscovered planetary ring, outside the brighter main rings of Saturn and
inside the G and E rings. The source of this ring is
believed to be the crashing of a meteoroid oﬀ two of
the moons of Saturn.* [129] In July 2006, Cassini images provided evidence of hydrocarbon lakes near Titan's
north pole, the presence of which were conﬁrmed in January 2007. In March 2007, additional images near Titan's north pole revealed hydrocarbon seas, the largest
of which is almost the size of the Caspian Sea.* [130] In
October 2006, the probe detected an 8,000 km diameter cyclone-like storm with an eyewall at Saturn's south
pole.* [131]
From 2004 to 2 November 2009, the probe discovered
and conﬁrmed 8 new satellites. Its primary mission ended
in 2008 when the spacecraft had completed 74 orbits
around the planet. The probe's mission was extended
to September 2010 and then extended again to 2017, to
study a full period of Saturn's seasons.* [132]
In April 2013 Cassini sent back images of a hurricane at
the planet's north pole 20 times larger than those found
on Earth, with winds faster than 530 km/h.* [133]
capture an image of the Earth and the Moon (and, as well,
Venus and Mars) as part of a natural light, multi-image
portrait of the entire Saturn system. It was the ﬁrst time
NASA informed the people of Earth that a long-distance
photo was being taken in advance.* [134]
5.8 Observation
Amateur telescopic view
Saturn is the most distant of the ﬁve planets easily visible
to the naked eye, the other four being Mercury, Venus,
Mars and Jupiter. (Uranus and occasionally 4 Vesta are
visible to the naked eye in dark skies.) Saturn appears
to the naked eye in the night sky as a bright, yellowish
point of light with an apparent magnitude of usually between +1 and 0. It takes approximately 29.5 years for the
planet to complete an entire circuit of the ecliptic against
the background constellations of the zodiac. Most people will require an optical aid (very large binoculars or a
small telescope) that magniﬁes at least 30 times to achieve
an image of Saturn's rings, in which clear resolution is
present.* [30]* [113] Twice every Saturnian year (roughly
every 15 Earth years), the rings brieﬂy disappear from
view, due to the way in which they are angled and because
they are so thin.* [135] Such a“disappearance”will next
occur in 2025, but Saturn will be too close to the Sun for
any ring-crossing observation to be possible.* [136]
On 19 July 2013, Cassini was pointed towards Earth to Saturn and its rings are best seen when the planet is at,
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Horner explain the seasonal nature of Saturnian occultations:
This is the result of the fact that the moon’
s orbit around the Earth is tilted to the orbit of
the Earth around the Sun – and so most of the
time, the moon will pass above or below Saturn in the sky, and no occultation will occur. It
is only when Saturn lies near the point that the
moon’
s orbit crosses the“plane of the ecliptic”
that occultations can happen – and then they
occur every time the moon swings by, until Saturn moves away from the crossing point.* [138]
5.9 In culture
Simulated appearance of Saturn as seen from Earth
or near, opposition, the conﬁguration of a planet when
it is at an elongation of 180°, and thus appears opposite
the Sun in the sky. A Saturnian opposition occurs every
year—approximately every 378 days—and results in the
planet appearing at its brightest. However, both the Earth
and Saturn orbit the Sun on eccentric orbits, which means
their distances from the Sun vary over time, and therefore so do their distances from each other, hence varying Saturn, from a 1550 edition of Guido Bonatti's Liber astronothe brightness of Saturn from one opposition to the other. miae
Also, Saturn appears brighter when the rings are angled
such that they are more visible. For example, during the Further information: Saturn in ﬁction
opposition of 17 December 2002, Saturn appeared at its
brightest due to a favorable orientation of its rings relative
to the Earth,* [137] even though Saturn was closer to the
• Saturn in astrology (
) is the ruling planet of
Earth and Sun in late 2003.* [137]
Capricorn and, traditionally, Aquarius.
• Saturn, the Bringer of Old Age is a movement in
Gustav Holst's The Planets.
• The Saturn family of rockets were developed by
a team of mostly German rocket scientists led by
Wernher von Braun to launch heavy payloads to
Earth orbit and beyond.* [139] Originally proposed
as a military satellite launcher, they were adopted as
the launch vehicles for the Apollo program.
Saturn eclipses the Sun, as seen from Cassini.
Also, from time to time Saturn is occulted by the Moon
(that is, the Moon covers up Saturn in the sky). As with
all the planets in the Solar System, occultations of Saturn occur in“seasons”. Saturnian occultations will take
place 12 or more times over a 12-month period, followed
by about a ﬁve-year period in which no such activity is
registered.* [138] Australian astronomy experts Hill and
• The day Saturday is named after the planet Saturn, which is derived from the Roman god of
agriculture, Saturn (linked to the Greek god
Cronus).* [140]* [141]
• In Saturn's Rings is an upcoming movie from director Stephen van Vuuren about Saturn. It features
more than a million photographs of the planet assembled with various techniques. The ﬁlm is expected to be released in late 2014.
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5.10 See also
• Dragon Storm (astronomy)
• Sixth planet (disambiguation)
• Space exploration
5.11 Notes
[1] Orbital elements refer to the barycenter of the Saturn system and are the instantaneous osculating values at the precise J2000 epoch. Barycenter quantities are given because, in contrast to the planetary centre, they do not experience appreciable changes on a day-to-day basis from
the motion of the moons.
[2] Refers to the level of 1 bar atmospheric pressure
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Chapter 6
Uranus
This article is about the planet. For other uses, see bit.* [18] Sir William Herschel announced its discovery
Uranus (disambiguation).
on March 13, 1781, expanding the known boundaries of
the Solar System for the ﬁrst time in history. Uranus was
the ﬁrst planet discovered with a telescope.
Uranus is the seventh planet from the Sun. It has the
third-largest planetary radius and fourth-largest planetary
mass in the Solar System. Uranus is similar in composition to Neptune, and both have diﬀerent bulk chemical 6.1.1 Discovery
composition from that of the larger gas giants Jupiter and
Saturn. Therefore, astronomers increasingly place them Uranus had been observed on many occasions before its
in a separate category called "ice giants". Uranus's at- recognition as a planet, but it was generally mistaken for
mosphere, although similar to Jupiter's and Saturn's in its a star. Possibly the earliest known observation was by
primary composition of hydrogen and helium, contains Hipparchos, who in 128BC may have recorded the planet
more "ices", such as water, ammonia, and methane, along as a star for his star catalogue that was later incorpo*
with traces of other hydrocarbons.* [11] It is the coldest rated into Ptolemy's Almagest. [19] The earliest deﬁnite
planetary atmosphere in the Solar System, with a mini- sighting was in 1690 when John Flamsteed observed it at
mum temperature of 49 K (−224.2 °C), and has a com- least six times, cataloguing it as 34 Tauri. The French
plex, layered cloud structure, with water thought to make astronomer Pierre Lemonnier observed Uranus at least
*
up the lowest clouds, and methane the uppermost layer of twelve times between 1750 and 1769, [20] including on
clouds.* [11] The interior of Uranus is mainly composed four consecutive nights.
of ices and rock.* [10]
Sir William Herschel observed Uranus on March 13,
Uranus is the only planet whose name is derived from a 1781 from the garden of his house at 19 New King Street
ﬁgure from Greek mythology rather than Roman mythol- in Bath, Somerset, England (now the Herschel Museum
*
ogy, from the Latinized version of the Greek god of the of Astronomy), [21] and initially reported it (on April 26,
*
sky, Ouranos. Like the other giant planets, Uranus has a 1781) as a comet. [22] Herschel “engaged in a series of
*
ring system, a magnetosphere, and numerous moons. The observations on the parallax of the ﬁxed stars”, [23] usUranian system has a unique conﬁguration among those ing a telescope of his own design.
of the planets because its axis of rotation is tilted side- He recorded in his journal “In the quartile near ζ Tauri
ways, nearly into the plane of its revolution about the Sun. ... either [a] Nebulous star or perhaps a comet”.* [24] On
Its north and south poles therefore lie where most other March 17, he noted, “I looked for the Comet or Nebuplanets have their equators.* [16] In 1986, images from lous Star and found that it is a Comet, for it has changed
Voyager 2 showed Uranus as an almost featureless planet its place”.* [25] When he presented his discovery to the
in visible light, without the cloud bands or storms associ- Royal Society, he continued to assert that he had found a
ated with the other giant planets.* [16] Observations from comet, but also implicitly compared it to a planet:* [26]
Earth have shown seasonal change and increased weather
activity as Uranus approached its equinox in 2007. The
“The power I had on when I ﬁrst saw the
wind speeds on Uranus can reach 250 metres per second
*
comet
was 227. From experience I know that
(900 km/h, 560 mph). [17]
the diameters of the ﬁxed stars are not proportionally magniﬁed with higher powers, as planets are; therefore I now put the powers at 460
6.1 History
and 932, and found that the diameter of the
comet increased in proportion to the power, as
Though Uranus is visible to the naked eye like the ﬁve
it ought to be, on the supposition of its not being
classical planets, it was never recognized as a planet by
a ﬁxed star, while the diameters of the stars to
ancient observers because of its dimness and slow orwhich I compared it were not increased in the
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same ratio. Moreover, the comet being magniﬁed much beyond what its light would admit of,
appeared hazy and ill-deﬁned with these great
powers, while the stars preserved that lustre and
distinctness which from many thousand observations I knew they would retain. The sequel
has shown that my surmises were well-founded,
this proving to be the Comet we have lately observed”.
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star, which I had the honour of pointing out to them in
March 1781, is a Primary Planet of our Solar System.”
*
[31] In recognition of his achievement, King George III
gave Herschel an annual stipend of £200 on condition that
he move to Windsor so that the Royal Family could look
through his telescopes.* [32]
6.1.2 Naming
Maskelyne asked Herschel to“do the astronomical world
the faver [sic] to give a name to your planet, which is entirely your own, [and] which we are so much obliged to
you for the discovery of”.* [33] In response to Maskelyne's request, Herschel decided to name the object
Georgium Sidus (George's Star), or the“Georgian Planet”
in honour of his new patron, King George III.* [34] He
explained this decision in a letter to Joseph Banks:* [31]
In the fabulous ages of ancient times the
appellations of Mercury, Venus, Mars, Jupiter
and Saturn were given to the Planets, as being the names of their principal heroes and divinities. In the present more philosophical era
it would hardly be allowable to have recourse
to the same method and call it Juno, Pallas,
Apollo or Minerva, for a name to our new heavenly body. The ﬁrst consideration of any particular event, or remarkable incident, seems to
be its chronology: if in any future age it should
be asked, when this last-found Planet was discovered? It would be a very satisfactory answer
to say, 'In the reign of King George the Third'.
Replica of the telescope used by Herschel to discover Uranus
(William Herschel Museum, Bath)
Herschel notiﬁed the Astronomer Royal, Nevil Maskelyne, of his discovery and received this ﬂummoxed reply
from him on April 23: “I don't know what to call it. It is
as likely to be a regular planet moving in an orbit nearly
circular to the sun as a Comet moving in a very eccentric
ellipsis. I have not yet seen any coma or tail to it”.* [27]
Although Herschel continued to describe his new object
as a comet, other astronomers had already begun to suspect otherwise. Russian astronomer Anders Johan Lexell was the ﬁrst to compute the orbit of the new object* [28] and its nearly circular orbit led him to a conclusion that it was a planet rather than a comet. Berlin
astronomer Johann Elert Bode described Herschel's discovery as “a moving star that can be deemed a hitherto
unknown planet-like object circulating beyond the orbit
of Saturn”.* [29] Bode concluded that its near-circular
orbit was more like a planet than a comet.* [30]
The object was soon universally accepted as a new planet.
By 1783, Herschel acknowledged this to Royal Society
president Joseph Banks:“By the observation of the most
eminent Astronomers in Europe it appears that the new William Herschel, discoverer of Uranus
82
CHAPTER 6. URANUS
Herschel's proposed name was not popular outside
Britain, and alternatives were soon proposed. Astronomer Jérôme Lalande proposed that it be named
Herschel in honour of its discoverer.* [35] Swedish astronomer Erik Prosperin proposed the name Neptune,
which was supported by other astronomers who liked the
idea to commemorate the victories of the British Royal
Naval ﬂeet in the course of the American Revolutionary
War by calling the new planet even Neptune George III or
Neptune Great Britain.* [28] Bode opted for Uranus, the
Latinized version of the Greek god of the sky, Ouranos.
Bode argued that just as Saturn was the father of Jupiter,
the new planet should be named after the father of Saturn.* [32]* [36]* [37] In 1789, Bode's Royal Academy colleague Martin Klaproth named his newly discovered element uranium in support of Bode's choice.* [38] Ultimately, Bode's suggestion became the most widely used,
and became universal in 1850 when HM Nautical Almanac Oﬃce, the ﬁnal holdout, switched from using Uranus revolves around the Sun once every 84 Earth years. Its
Georgium Sidus to Uranus.* [36]
average distance from the Sun is roughly 3 billion km (about 20
AU)
6.1.3
Name
Uranus is named after the ancient Greek deity of the sky
Uranus (Ancient Greek: Οὐρανός), the father of Cronus
(Saturn) and grandfather of Zeus (Jupiter), which in Latin
became "Ūranus”.* [1] It is the only planet whose name is
derived from a ﬁgure from Greek mythology rather than
Roman mythology. The adjective of Uranus is“Uranian”
.* [39] The pronunciation of the name Uranus preferred
among astronomers is /ˈjʊərənəs/,* [2] with stress on the
ﬁrst syllable as in Latin Ūranus, in contrast to the colloquial /jʊˈreɪnəs/, with stress on the second syllable and
a long a, though both are considered acceptable.* [loweralpha 4]
Uranus has two astronomical symbols. The ﬁrst to be
proposed, ♅,* [lower-alpha 5] was suggested by Lalande
in 1784. In a letter to Herschel, Lalande described it
as “un globe surmonté par la première lettre de votre
nom”(“a globe surmounted by the ﬁrst letter of your
surname”).* [35] A later proposal, ,* [lower-alpha 6]
is a hybrid of the symbols for Mars and the Sun because Uranus was the Sky in Greek mythology, which was
thought to be dominated by the combined powers of the
Sun and Mars.* [41] In Chinese, Japanese, Korean, and
Vietnamese, its name is literally translated as the “sky
king star”(天王星).* [42]* [43]
6.2 Orbit and rotation
A 1998 false-colour near-infrared image of Uranus showing
cloud bands, rings, and moons obtained by the Hubble Space
Telescope's NICMOS camera.
on Uranus, at about 20 times the distance from the Sun
compared to Earth, it is about 1/400 the intensity of light
on Earth.* [45] Its orbital elements were ﬁrst calculated
in 1783 by Pierre-Simon Laplace.* [46] With time, discrepancies began to appear between the predicted and
observed orbits, and in 1841, John Couch Adams ﬁrst
proposed that the diﬀerences might be due to the gravitational tug of an unseen planet. In 1845, Urbain Le Verrier
began his own independent research into Uranus's orbit.
On September 23, 1846, Johann Gottfried Galle located
a new planet, later named Neptune, at nearly the position
predicted by Le Verrier.* [47]
Uranus orbits the Sun once every 84 Earth years. Its average distance from the Sun is roughly 3 billion km (about
20 AU). The variation of that distance is greater than that
of any other planet, at 1.8 AU.* [44] The intensity of sunlight reduces quadratically with distance, and therefore The rotational period of the interior of Uranus is 17
6.3. INTERNAL STRUCTURE
hours, 14 minutes, clockwise (retrograde). As on all giant
planets, its upper atmosphere experiences strong winds
in the direction of rotation. At some latitudes, such as
about 60 degrees south, visible features of the atmosphere
move much faster, making a full rotation in as little as 14
hours.* [48]
6.2.1
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for Jupiter.* [12] At opposition, Uranus is visible to the
naked eye in dark skies, and becomes an easy target even
in urban conditions with binoculars.* [6] In larger amateur telescopes with an objective diameter of between 15
and 23 cm, Uranus appears as a pale cyan disk with distinct limb darkening. With a large telescope of 25 cm or
wider, cloud patterns, as well as some of the larger satellites, such as Titania and Oberon, may be visible.* [56]
Axial tilt
Uranus has an axial tilt of 97.77°, so its axis of rotation is 6.3 Internal structure
approximately parallel with the plane of the Solar System.
This gives it seasonal changes completely unlike those of
the other major planets. Other planets can be visualized
to rotate like tilted spinning tops on the plane of the Solar System, but Uranus rotates more like a tilted rolling
ball. Near the time of Uranian solstices, one pole faces
the Sun continuously and the other one faces away. Only a
narrow strip around the equator experiences a rapid day–
night cycle, but with the Sun low over the horizon as in
Earth's polar regions. At the other side of Uranus's orbit
the orientation of the poles towards the Sun is reversed.
Each pole gets around 42 years of continuous sunlight,
followed by 42 years of darkness.* [49] Near the time of
the equinoxes, the Sun faces the equator of Uranus giving a period of day–night cycles similar to those seen on
most of the other planets. Uranus reached its most recent
Size comparison of Earth and Uranus
equinox on December 7, 2007.* [50]* [51]
One result of this axis orientation is that, averaged over
the Uranian year, the polar regions of Uranus receive a
greater energy input from the Sun than its equatorial regions. Nevertheless, Uranus is hotter at its equator than
at its poles. The underlying mechanism that causes this
is unknown. The reason for Uranus's unusual axial tilt
is also not known with certainty, but the usual speculation is that during the formation of the Solar System, an
Earth-sized protoplanet collided with Uranus, causing the
skewed orientation.* [52] Uranus's south pole was pointed
almost directly at the Sun at the time of Voyager 2's ﬂyby
in 1986. The labelling of this pole as “south”uses the
deﬁnition currently endorsed by the International Astronomical Union, namely that the north pole of a planet or
satellite is the pole that points above the invariable plane
of the Solar System, regardless of the direction the planet
is spinning.* [53]* [54] A diﬀerent convention is sometimes used, in which a body's north and south poles are
deﬁned according to the right-hand rule in relation to the
direction of rotation.* [55] In terms of this system it was
Uranus's north pole that was in sunlight in 1986.
6.2.2
Visibility
From 1995 to 2006, Uranus's apparent magnitude ﬂuctuated between +5.6 and +5.9, placing it just within the
limit of naked eye visibility at +6.5.* [12] Its angular diameter is between 3.4 and 3.7 arcseconds, compared with
16 to 20 arcseconds for Saturn and 32 to 45 arcseconds
Diagram of the interior of Uranus
Uranus's mass is roughly 14.5 times that of Earth, making it the least massive of the giant planets. Its diameter is slightly larger than Neptune's at roughly four
times that of Earth. A resulting density of 1.27 g/cm3
makes Uranus the second least dense planet, after Saturn.* [8]* [9] This value indicates that it is made primarily of various ices, such as water, ammonia, and
methane.* [10] The total mass of ice in Uranus's interior
is not precisely known, because diﬀerent ﬁgures emerge
depending on the model chosen; it must be between 9.3
and 13.5 Earth masses.* [10]* [57] Hydrogen and helium
constitute only a small part of the total, with between 0.5
and 1.5 Earth masses.* [10] The remainder of the non-ice
84
CHAPTER 6. URANUS
mass (0.5 to 3.7 Earth masses) is accounted for by rocky 6.3.1 Internal heat
material.* [10]
The standard model of Uranus's structure is that it con- Uranus's internal heat appears markedly lower than that
in astronomical terms, it has a
sists of three layers: a rocky (silicate/iron–nickel) core of the other giant*planets;
*
low
thermal
ﬂux.
[17]
[64]
Why Uranus's internal temin the centre, an icy mantle in the middle and an outer
perature
is
so
low
is
still
not
understood.
Neptune, which
*
*
gaseous hydrogen/helium envelope. [10] [58] The core
is
Uranus's
near
twin
in
size
and
composition,
radiates
is relatively small, with a mass of only 0.55 Earth masses
2.61
times
as
much
energy
into
space
as
it
receives
from
and a radius less than 20% of Uranus's; the mantle
*
the
Sun,
[17]
but
Uranus
radiates
hardly
any
excess
heat
comprises its bulk, with around 13.4 Earth masses, and
at
all.
The
total
power
radiated
by
Uranus
in
the
far
inthe upper atmosphere is relatively insubstantial, weigh(i.e.
heat)
part
of
the
spectrum
is
1.06
±
0.08
times
frared
ing about 0.5 Earth masses and extending for the last
*
*
20% of Uranus's radius.* [10]* [58] Uranus's core density the solar energy absorbed in its atmosphere.2 [11] [65]
is around 9 g/cm3 , with a pressure in the center of Uranus's heat ﬂux is only 0.042 ± 0.047 W/m , which is
the internal heat ﬂux of Earth of about 0.075
8 million bars (800 GPa) and a temperature of about lower2than
*
W/m
.
[65]
The lowest temperature recorded in Uranus's
*
*
5000 K. [57] [58] The ice mantle is not in fact comtropopause
is
49 K (−224 °C), making Uranus the coldest
posed of ice in the conventional sense, but of a hot
planet
in
the
Solar
System.* [11]* [65]
and dense ﬂuid consisting of water, ammonia and other
volatiles.* [10]* [58] This ﬂuid, which has a high electri- One of the hypotheses for this discrepancy suggests that
cal conductivity, is sometimes called a water–ammonia when Uranus was hit by a supermassive impactor, which
ocean.* [59]
caused it to expel most of its primordial heat, it was left
*
According to research conducted at the University of with a depleted core temperature. [66] Another hypothCalifornia, Berkeley, the extreme pressure and temper- esis is that some form of barrier exists in Uranus's upper
ature deep within Uranus may break up the methane layers* that prevents the core's heat from reaching the surmolecules, with the carbon atoms condensing into crys- face. [10] For example, convection may take place in a
layers, which may inhibit
tals of diamond that rain down through the mantle like set of compositionally diﬀerent
*
*
the
upward
heat
transport;
[11]
[65] perhaps double dif*
hailstones. [60] Very-high-pressure experiments at the
*
fusive
convection
is
a
limiting
factor.
[10]
Lawrence Livermore National Laboratory suggest that
the base of the mantle may comprise an ocean of liquid
diamond, with ﬂoating solid 'diamond-bergs'.* [61]* [62]
The bulk compositions of Uranus and Neptune are diﬀerent from those of Jupiter and Saturn, with ice dominating
over gases, hence justifying their separate classiﬁcation as
ice giants. There may be a layer of ionic water where the
water molecules break down into a soup of hydrogen and
oxygen ions, and deeper down superionic water in which
the oxygen crystallises but the hydrogen ions move freely
within the oxygen lattice.* [63]
6.4 Atmosphere
Main article: Atmosphere of Uranus
Although there is no well-deﬁned solid surface within
Uranus's interior, the outermost part of Uranus's gaseous
envelope that is accessible to remote sensing is called
its atmosphere.* [11] Remote-sensing capability extends
down to roughly 300 km below the 1 bar (100 kPa) level,
with a corresponding pressure around 100 bar (10 MPa)
and temperature of 320 K.* [67] The tenuous corona of
the atmosphere extends over two planetary radii from the
nominal surface, which is deﬁned to lie at a pressure of
1 bar.* [68] The Uranian atmosphere can be divided into
three layers: the troposphere, between altitudes of −300
and 50 km and pressures from 100 to 0.1 bar (10 MPa to
10 kPa); the stratosphere, spanning altitudes between 50
and 4000 km and pressures of between 0.1 and 10* −10
bar (10 kPa to 10 µPa); and the thermosphere/corona extending from 4,000 km to as high as 50,000 km from the
surface.* [11] There is no mesosphere.
Although the model considered above is reasonably standard, it is not unique; other models also satisfy observations. For instance, if substantial amounts of hydrogen
and rocky material are mixed in the ice mantle, the total mass of ices in the interior will be lower, and, correspondingly, the total mass of rocks and hydrogen will be
higher. Presently available data does not allow science
to determine which model is correct.* [57] The ﬂuid interior structure of Uranus means that it has no solid surface.
The gaseous atmosphere gradually transitions into the internal liquid layers.* [10] For the sake of convenience, a
revolving oblate spheroid set at the point at which atmospheric pressure equals 1 bar (100 kPa) is conditionally
designated as a “surface”. It has equatorial and polar
radii of 25 559 ± 4 and 24 973 ± 20 km, respectively.* [8]
This surface is used throughout this article as a zero point 6.4.1 Composition
for altitudes.
The composition of Uranus's atmosphere is diﬀerent
from its bulk, consisting mainly of molecular hydrogen
and helium.* [11] The helium molar fraction, i.e. the
6.4. ATMOSPHERE
number of helium atoms per molecule of gas, is 0.15 ±
0.03* [14] in the upper troposphere, which corresponds
to a mass fraction 0.26 ± 0.05.* [11]* [65] This value is
close to the protosolar helium mass fraction of 0.275 ±
0.01,* [69] indicating that helium has not settled in its
centre as it has in the gas giants.* [11] The third-mostabundant element in Uranus's atmosphere is methane
(CH4 ).* [11] Methane has prominent absorption bands
in the visible and near-infrared (IR), making Uranus
aquamarine or cyan in colour.* [11] Methane molecules
account for 2.3% of the atmosphere by molar fraction
below the methane cloud deck at the pressure level of 1.3
bar (130 kPa); this represents about 20 to 30 times the
carbon abundance found in the Sun.* [11]* [13]* [70] The
mixing ratio* [lower-alpha 7] is much lower in the upper
atmosphere due to its extremely low temperature, which
lowers the saturation level and causes excess methane to
freeze out.* [71] The abundances of less volatile compounds such as ammonia, water, and hydrogen sulﬁde
in the deep atmosphere are poorly known. They are
probably also higher than solar values.* [11]* [72] Along
with methane, trace amounts of various hydrocarbons are
found in the stratosphere of Uranus, which are thought
to be produced from methane by photolysis induced
by the solar ultraviolet (UV) radiation.* [73] They include ethane (C2 H6 ), acetylene (C2 H2 ), methylacetylene
(CH3 C2 H), and diacetylene (C2 HC2 H).* [71]* [74]* [75]
Spectroscopy has also uncovered traces of water vapor,
carbon monoxide and carbon dioxide in the upper atmosphere, which can only originate from an external source
such as infalling dust and comets.* [74]* [75]* [76]
6.4.2
Troposphere
The troposphere is the lowest and densest part of the atmosphere and is characterized by a decrease in temperature with altitude.* [11] The temperature falls from about
320 K at the base of the nominal troposphere at −300
km to 53 K at 50 km.* [67]* [70] The temperatures in the
coldest upper region of the troposphere (the tropopause)
actually vary in the range between 49 and 57 K depending
on planetary latitude.* [11]* [64] The tropopause region is
responsible for the vast majority of Uranus's thermal far
infrared emissions, thus determining its eﬀective temperature of 59.1 ± 0.3 K.* [64]* [65]
The troposphere is believed to possess a highly complex cloud structure; water clouds are hypothesised to lie
in the pressure range of 50 to 100 bar (5 to 10 MPa),
ammonium hydrosulﬁde clouds in the range of 20 to 40
bar (2 to 4 MPa), ammonia or hydrogen sulﬁde clouds
at between 3 and 10 bar (0.3 to 1 MPa) and ﬁnally directly detected thin methane clouds at 1 to 2 bar (0.1 to
0.2 MPa).* [11]* [13]* [67]* [77] The troposphere is a dynamic part of the atmosphere, exhibiting strong winds,
bright clouds and seasonal changes.* [17]
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6.4.3 Upper atmosphere
The middle layer of the Uranian atmosphere is the
stratosphere, where temperature generally increases with
altitude from 53 K in the tropopause to between 800
and 850 K at the base of the thermosphere.* [68] The
heating of the stratosphere is caused by absorption
of solar UV and IR radiation by methane and other
hydrocarbons,* [78] which form in this part of the atmosphere as a result of methane photolysis.* [73] Heat
is also conducted from the hot thermosphere.* [78] The
hydrocarbons occupy a relatively narrow layer at altitudes of between 100 and 300 km corresponding to a
pressure range of 10 to 0.1 mbar (1000 to 10 kPa) and
temperatures of between 75 and 170 K.* [71]* [74] The
most abundant hydrocarbons are methane, acetylene and
ethane with mixing ratios of around 10* −7 relative to hydrogen. The mixing ratio of carbon monoxide is similar at these altitudes.* [71]* [74]* [76] Heavier hydrocarbons and carbon dioxide have mixing ratios three orders
of magnitude lower.* [74] The abundance ratio of water is around 7×10* −9.* [75] Ethane and acetylene tend
to condense in the colder lower part of stratosphere and
tropopause (below 10 mBar level) forming haze layers,* [73] which may be partly responsible for the bland
appearance of Uranus. The concentration of hydrocarbons in the Uranian stratosphere above the haze is significantly lower than in the stratospheres of the other giant
planets.* [71]* [79]
The outermost layer of the Uranian atmosphere is the
thermosphere and corona, which has a uniform temperature around 800 to 850 K.* [11]* [79] The heat sources
necessary to sustain such a high level are not understood, as neither the solar UV nor the auroral activity can provide the necessary energy to maintain these
temperatures. The weak cooling eﬃciency due to the
lack of hydrocarbons in the stratosphere above 0.1 mBar
pressure level may contribute too.* [68]* [79] In addition
to molecular hydrogen, the thermosphere-corona contains many free hydrogen atoms. Their small mass and
high temperatures explain why the corona extends as
far as 50 000 km, or two Uranian radii, from its surface.* [68]* [79] This extended corona is a unique feature
of Uranus.* [79] Its eﬀects include a drag on small particles orbiting Uranus, causing a general depletion of dust
in the Uranian rings.* [68] The Uranian thermosphere,
together with the upper part of the stratosphere, corresponds to the ionosphere of Uranus.* [70] Observations
show that the ionosphere occupies altitudes from 2 000
to 10 000 km.* [70] The Uranian ionosphere is denser
than that of either Saturn or Neptune, which may arise
from the low concentration of hydrocarbons in the stratosphere.* [79]* [80] The ionosphere is mainly sustained by
solar UV radiation and its density depends on the solar activity.* [81] Auroral activity is insigniﬁcant as compared
to Jupiter and Saturn.* [79]* [82]
• Uranus's atmosphere
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• Temperature proﬁle of the Uranian troposphere and is blue and the other one red.* [89]* [90] One hypothesis
lower stratosphere. Cloud and haze layers are also concerning the outer ring's blue colour is that it is comindicated.
posed of minute particles of water ice from the surface of
Mab that are small enough to scatter blue light.* [89]* [91]
• Zonal wind speeds on Uranus. Shaded areas show In contrast, Uranus's inner rings appear grey.* [89]
the southern collar and its future northern counterpart. The red curve is a symmetrical ﬁt to the data.
• Uranus's rings
6.5 Planetary rings
Main article: Rings of Uranus
The rings are composed of extremely dark particles,
which vary in size from micrometres to a fraction of a
metre.* [16] Thirteen distinct rings are presently known,
the brightest being the ε ring. All except two rings of
Uranus are extremely narrow – they are usually a few kilometres wide. The rings are probably quite young; the dynamics considerations indicate that they did not form with
Uranus. The matter in the rings may once have been part
of a moon (or moons) that was shattered by high-speed
impacts. From numerous pieces of debris that formed as
a result of those impacts, only a few particles survived, in
stable zones corresponding to the locations of the present
rings.* [83]* [84]
William Herschel described a possible ring around
Uranus in 1789. This sighting is generally considered
doubtful, because the rings are quite faint, and in the two
following centuries none were noted by other observers.
Still, Herschel made an accurate description of the epsilon ring's size, its angle relative to Earth, its red colour,
and its apparent changes as Uranus travelled around the
Sun.* [85]* [86] The ring system was deﬁnitively discovered on March 10, 1977 by James L. Elliot, Edward W.
Dunham, and Jessica Mink using the Kuiper Airborne
Observatory. The discovery was serendipitous; they
planned to use the occultation of the star SAO 158687 by
Uranus to study its atmosphere. When their observations
were analysed, they found that the star had disappeared
brieﬂy from view ﬁve times both before and after it disappeared behind Uranus. They concluded that there must
be a ring system around Uranus.* [87] Later they detected
four additional rings.* [87] The rings were directly imaged
when Voyager 2 passed Uranus in 1986.* [16] Voyager 2
also discovered two additional faint rings, bringing the
total number to eleven.* [16]
• Animation about the discovering occultation in
1977. (Click on it to start)
• Uranus has a complicated planetary ring system,
which was the second such system to be discovered
in the Solar System after Saturn's.* [1]
• Uranus's aurorae against its equatorial rings, imaged
by the Hubble telescope. Unlike the aurorae of
Earth and Jupiter, those of Uranus are not in line
with its poles, due to its lopsided magnetic ﬁeld.
1. ^ Cite error: The named reference Esposito2002
was invoked but never deﬁned (see the help page).
6.6 Magnetosphere
The magnetic ﬁeld of Uranus as observed by Voyager 2 in 1986.
S and N are magnetic south and north poles.
Before the arrival of Voyager 2, no measurements of the
Uranian magnetosphere had been taken, so its nature remained a mystery. Before 1986, astronomers had expected the magnetic ﬁeld of Uranus to be in line with
the solar wind, because it would then align with Uranus's
*
In December 2005, the Hubble Space Telescope detected poles that lie in the ecliptic. [92]
a pair of previously unknown rings. The largest is located Voyager's observations revealed that Uranus's magnetic
twice as far from Uranus as the previously known rings. ﬁeld is peculiar, both because it does not originate from
These new rings are so far from Uranus that they are its geometric centre, and because it is tilted at 59° from
called the“outer”ring system. Hubble also spotted two the axis of rotation.* [92]* [93] In fact the magnetic dipole
small satellites, one of which, Mab, shares its orbit with is shifted from the Uranus's center towards the south rothe outermost newly discovered ring. The new rings bring tational pole by as much as one third of the planetary
the total number of Uranian rings to 13.* [88] In April radius.* [92] This unusual geometry results in a highly
2006, images of the new rings from the Keck Observa- asymmetric magnetosphere, where the magnetic ﬁeld
tory yielded the colours of the outer rings: the outermost strength on the surface in the southern hemisphere can
6.7. CLIMATE
be as low as 0.1 gauss (10 µT), whereas in the northern
hemisphere it can be as high as 1.1 gauss (110 µT).* [92]
The average ﬁeld at the surface is 0.23 gauss (23 µT).* [92]
In comparison, the magnetic ﬁeld of Earth is roughly as
strong at either pole, and its“magnetic equator”is roughly
parallel with its geographical equator.* [93] The dipole
moment of Uranus is 50 times that of Earth.* [92]* [93]
Neptune has a similarly displaced and tilted magnetic
ﬁeld, suggesting that this may be a common feature of ice
giants.* [93] One hypothesis is that, unlike the magnetic
ﬁelds of the terrestrial and gas giants, which are generated within their cores, the ice giants' magnetic ﬁelds are
generated by motion at relatively shallow depths, for instance, in the water–ammonia ocean.* [59]* [94] Another
possible explanation for the magnetosphere's alignment is
that there are oceans of liquid diamond in Uranus's interior that would deter the magnetic ﬁeld.* [95]
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Uranus's southern hemisphere in approximate natural colour
(left) and in shorter wavelengths (right), showing its faint cloud
bands and atmospheric “hood”as seen by Voyager 2
tire planet.* [16]* [99] One proposed explanation for this
dearth of features is that Uranus's internal heat appears
markedly lower than that of the other giant planets. The
Despite its curious alignment, in other respects the Uralowest temperature recorded in Uranus's tropopause is 49
nian magnetosphere is like those of other planets: it
K, making Uranus the coldest planet in the Solar System,
has a bow shock at about 23 Uranian radii ahead of it,
colder than Neptune.* [11]* [65]
a magnetopause at 18 Uranian radii, a fully developed
magnetotail, and radiation belts.* [92]* [93]* [96] Overall,
the structure of Uranus's magnetosphere is diﬀerent from
Jupiter's and more similar to Saturn's.* [92]* [93] Uranus's 6.7.1 Banded structure, winds and clouds
magnetotail trails behind it into space for millions of kilometres and is twisted by its sideways rotation into a long In 1986, Voyager 2 found that the visible southern hemisphere of Uranus can be subdivided into two regions: a
corkscrew.* [92]* [97]
bright polar cap and dark equatorial bands.* [16] Their
Uranus's magnetosphere contains charged particles: boundary is located at about −45° of latitude. A narmainly protons and electrons, with a small amount of row band straddling the latitudinal range from −45 to
H2 * + ions.* [93]* [96] No heavier ions have been de- −50° is the brightest large feature on its visible surtected. Many of these particles probably derive from face.* [16]* [100] It is called a southern “collar”. The
the hot atmospheric corona.* [96] The ion and electron cap and collar are thought to be a dense region of methane
energies can be as high as 4 and 1.2 megaelectronvolts, clouds located within the pressure range of 1.3 to 2 bar
respectively.* [96] The density of low-energy (below 1 (see above).* [101] Besides the large-scale banded struckiloelectronvolt) ions in the inner magnetosphere is about ture, Voyager 2 observed ten small bright clouds, most
2 cm* −3.* [98] The particle population is strongly af- lying several degrees to the north from the collar.* [16]
fected by the Uranian moons, which sweep through the In all other respects Uranus looked like a dynamically
magnetosphere, leaving noticeable gaps.* [96] The par- dead planet in 1986. Voyager 2 arrived during the height
ticle ﬂux is high enough to cause darkening or space of Uranus's southern summer and could not observe the
weathering of their surfaces on an astronomically rapid northern hemisphere. At the beginning of the 21st centimescale of 100,000 years.* [96] This may be the cause tury, when the northern polar region came into view, the
of the uniformly dark colouration of the Uranian satel- Hubble Space Telescope (HST) and Keck telescope inilites and rings.* [84] Uranus has relatively well developed tially observed neither a collar nor a polar cap in the
aurorae, which are seen as bright arcs around both mag- northern hemisphere.* [100] So Uranus appeared to be
netic poles.* [79] Unlike Jupiter's, Uranus's aurorae seem asymmetric: bright near the south pole and uniformly
to be insigniﬁcant for the energy balance of the planetary dark in the region north of the southern collar.* [100]
thermosphere.* [82]
In 2007, when Uranus passed its equinox, the southern collar almost disappeared, and a faint northern collar
emerged near 45° of latitude.* [102]
6.7 Climate
Main article: Climate of Uranus
At ultraviolet and visible wavelengths, Uranus's atmosphere is bland in comparison to the other giant planets, even to Neptune, which it otherwise closely resembles.* [17] When Voyager 2 ﬂew by Uranus in 1986, it
observed a total of ten cloud features across the en-
In the 1990s, the number of the observed bright cloud
features grew considerably partly because new highresolution imaging techniques became available.* [17]
Most were found in the northern hemisphere as it started
to become visible.* [17] An early explanation—that bright
clouds are easier to identify in its dark part, whereas in
the southern hemisphere the bright collar masks them
– was shown to be incorrect.* [103]* [104] Neverthe-
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The ﬁrst dark spot observed on Uranus. Image obtained by the
HST ACS in 2006.
less there are diﬀerences between the clouds of each
hemisphere. The northern clouds are smaller, sharper
and brighter.* [104] They appear to lie at a higher altitude.* [104] The lifetime of clouds spans several orders
of magnitude. Some small clouds live for hours; at least
one southern cloud may have persisted since the Voyager
ﬂyby.* [17]* [99] Recent observation also discovered that
cloud features on Uranus have a lot in common with those
on Neptune.* [17] For example, the dark spots common
on Neptune had never been observed on Uranus before Uranus in 2005. Rings, southern collar and a bright cloud in the
2006, when the ﬁrst such feature dubbed Uranus Dark northern hemisphere are visible (HST ACS image).
Spot was imaged.* [105] The speculation is that Uranus is
becoming more Neptune-like during its equinoctial season.* [106]
km/h) and a persistent thunderstorm referred to as
The tracking of numerous cloud features allowed de- “Fourth of July ﬁreworks”.* [99] On August 23, 2006,
termination of zonal winds blowing in the upper tropo- researchers at the Space Science Institute (Boulder, Colsphere of Uranus.* [17] At the equator winds are retro- orado) and the University of Wisconsin observed a dark
grade, which means that they blow in the reverse direc- spot on Uranus's surface, giving astronomers more insight
tion to the planetary rotation. Their speeds are from into Uranus's atmospheric activity.* [105] Why this sud−100 to −50 m/s.* [17]* [100] Wind speeds increase with den upsurge in activity occurred is not fully known, but it
the distance from the equator, reaching zero values near appears that Uranus's extreme axial tilt results in extreme
±20° latitude, where the troposphere's temperature mini- seasonal variations in its weather.* [51]* [106] Determinmum is located.* [17]* [64] Closer to the poles, the winds ing the nature of this seasonal variation is diﬃcult beshift to a prograde direction, ﬂowing with Uranus's rota- cause good data on Uranus's atmosphere have existed for
tion. Wind speeds continue to increase reaching maxima less than 84 years, or one full Uranian year. Photometry
at ±60° latitude before falling to zero at the poles.* [17] over the course of half a Uranian year (beginning in the
Wind speeds at −40° latitude range from 150 to 200 m/s. 1950s) has shown regular variation in the brightness in
Because the collar obscures all clouds below that parallel, two spectral bands, with maxima occurring at the solspeeds between it and the southern pole are impossible stices and minima occurring at the equinoxes.* [109] A
to measure.* [17] In contrast, in the northern hemisphere similar periodic variation, with maxima at the solstices,
maximum speeds as high as 240 m/s are observed near has been noted in microwave measurements of the deep
troposphere begun in the 1960s.* [110] Stratospheric
+50° latitude.* [17]* [100]* [107]
temperature measurements beginning in the 1970s also
showed maximum values near the 1986 solstice.* [78]
The majority of this variability is believed to occur owing
6.7.2 Seasonal variation
to changes in the viewing geometry.* [103]
For a short period from March to May 2004, large
clouds appeared in the Uranian atmosphere, giving it a
Neptune-like appearance.* [104]* [108] Observations included record-breaking wind speeds of 229 m/s (824
There are some reasons to believe that physical seasonal
changes are happening in Uranus. Although Uranus is
known to have a bright south polar region, the north pole
is fairly dim, which is incompatible with the model of
6.9. MOONS
the seasonal change outlined above.* [106] During its previous northern solstice in 1944, Uranus displayed elevated levels of brightness, which suggests that the north
pole was not always so dim.* [109] This information implies that the visible pole brightens some time before the
solstice and darkens after the equinox.* [106] Detailed
analysis of the visible and microwave data revealed that
the periodical changes of brightness are not completely
symmetrical around the solstices, which also indicates a
change in the meridional albedo patterns.* [106] In the
1990s, as Uranus moved away from its solstice, Hubble and ground-based telescopes revealed that the south
polar cap darkened noticeably (except the southern collar, which remained bright),* [101] whereas the northern
hemisphere demonstrated increasing activity,* [99] such
as cloud formations and stronger winds, bolstering expectations that it should brighten soon.* [104] This indeed
happened in 2007 when it passed an equinox: a faint
northern polar collar arose, and the southern collar became nearly invisible, although the zonal wind proﬁle remained slightly asymmetric, with northern winds being
somewhat slower than southern.* [102]
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larger they became; the larger they became, the more gas
they held onto until a critical point was reached, and their
size began to increase exponentially. The ice giants, with
only a few Earth masses of nebular gas, never reached
that critical point.* [112]* [113]* [114] Recent simulations
of planetary migration have suggested that both ice giants
formed closer to the Sun than their present positions, and
moved outwards after formation (the Nice model).* [112]
6.9 Moons
Main article: Moons of Uranus
See also: Timeline of discovery of Solar System planets
and their natural satellites
Uranus has 27 known natural satellites.* [114] The names
The mechanism of these physical changes is still not
clear.* [106] Near the summer and winter solstices,
Uranus's hemispheres lie alternately either in full glare of Major moons of Uranus in order of increasing distance (left to
right), at their proper relative sizes and albedos (collage of Voythe Sun's rays or facing deep space. The brightening of
ager 2 photographs)
the sunlit hemisphere is thought to result from the local
thickening of the methane clouds and haze layers located
in the troposphere.* [101] The bright collar at −45° latitude is also connected with methane clouds.* [101] Other
changes in the southern polar region can be explained
by changes in the lower cloud layers.* [101] The variation of the microwave emission from Uranus is probably
caused by changes in the deep tropospheric circulation,
because thick polar clouds and haze may inhibit convection.* [111] Now that the spring and autumn equinoxes
are arriving on Uranus, the dynamics are changing and
convection can occur again.* [99]* [111]
6.8 Formation
Main article: Formation and evolution of the Solar
System
For details of the evolution of Uranus's orbit, see Nice
model.
The Uranus System (NACO/VLT image)
Many argue that the diﬀerences between the ice giants
and the gas giants extend to their formation.* [112]* [113]
The Solar System is believed to have formed from a giant rotating ball of gas and dust known as the presolar
nebula. Much of the nebula's gas, primarily hydrogen
and helium, formed the Sun, and the dust grains collected together to form the ﬁrst protoplanets. As the
planets grew, some of them eventually accreted enough
matter for their gravity to hold on to the nebula's leftover gas.* [112]* [113] The more gas they held onto, the
of these satellites are chosen from characters in the works
of Shakespeare and Alexander Pope.* [58]* [115] The ﬁve
main satellites are Miranda, Ariel, Umbriel, Titania, and
Oberon.* [58] The Uranian satellite system is the least
massive among those of the giant planets; the combined
mass of the ﬁve major satellites would be less than half
that of Triton (largest moon of Neptune) alone.* [9] The
largest of Uranus's satellites, Titania, has a radius of only
788.9 km, or less than half that of the Moon, but slightly
90
more than Rhea, the second-largest satellite of Saturn,
making Titania the eighth-largest moon in the Solar System. Uranus's satellites have relatively low albedos; ranging from 0.20 for Umbriel to 0.35 for Ariel (in green
light).* [16] They are ice–rock conglomerates composed
of roughly 50% ice and 50% rock. The ice may include
ammonia and carbon dioxide.* [84]* [116]
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In 1986, NASA's Voyager 2 interplanetary probe encountered Uranus. This ﬂyby remains the only investigation
of Uranus carried out from a short distance and no other
visits are planned. Launched in 1977, Voyager 2 made its
closest approach to Uranus on January 24, 1986, coming
within 81,500 kilometres of the cloudtops, before continuing its journey to Neptune. Voyager 2 studied the
structure and chemical composition of Uranus's atmosphere,* [70] including its unique weather, caused by its
axial tilt of 97.77°. It made the ﬁrst detailed investigations of its ﬁve largest moons and discovered 10 new
ones. It examined all nine of the system's known rings
and discovered two more.* [16]* [84]* [123] It also studied the magnetic ﬁeld, its irregular structure, its tilt and
its unique corkscrew magnetotail caused by Uranus's sideways orientation.* [92]
Among the Uranian satellites, Ariel appears to have
the youngest surface with the fewest impact craters
and Umbriel's the oldest.* [16]* [84] Miranda possesses
fault canyons 20 kilometres deep, terraced layers, and a
chaotic variation in surface ages and features.* [16] Miranda's past geologic activity is believed to have been
driven by tidal heating at a time when its orbit was more
eccentric than currently, probably as a result of a former
3:1 orbital resonance with Umbriel.* [117] Extensional
processes associated with upwelling diapirs are the likely
origin of Miranda's 'racetrack'-like coronae.* [118]* [119] The possibility of sending the Cassini spacecraft from
Ariel is believed to have once been held in a 4:1 resonance Saturn to Uranus was evaluated during a mission extenwith Titania.* [120]
sion planning phase in 2009.* [124] It would take about
Uranus possesses at least one horseshoe orbiter occu- twenty years to get to the Uranian system after departpying the Sun–Uranus L3 Lagrangian point —a grav- ing Saturn.* [124] A Uranus orbiter and probe was recitationally unstable region at 180º in its orbit, 83982 ommended by the 2013–2022 Planetary Science Decadal
Crantor.* [121]* [122] Crantor moves inside Uranus's co- Survey published in 2011; the proposal envisages launch
orbital region on a complex, temporary horseshoe orbit. during 2020–2023 and a 13-year cruise to Uranus.* [125]
2010 EU65 is also a promising Uranus horseshoe librator A Uranus entry probe could use Pioneer Venus Multicandidate.* [122]
probe heritage and descend to 1–5 atmospheres.* [125]
The ESA evaluated a “medium-class”mission called
Uranus Pathﬁnder.* [126] A New Frontiers Uranus Orbiter has been evaluated and recommended in the study,
6.10 Exploration
The Case for a Uranus Orbiter.* [127] Such a mission is
aided by the ease with which a relatively big mass can be
sent to the system—over 1500 kg with an Atlas 521 and
12-year journey.* [128] For more concepts see Proposed
Uranus missions.
6.11 In culture
In astrology, the planet Uranus (
) is the ruling planet
of Aquarius. Because Uranus is cyan and Uranus is associated with electricity, the colour electric blue, which is
close to cyan, is associated with the sign Aquarius* [129]
(see Uranus in astrology).
The chemical element uranium, discovered in 1789 by the
German chemist Martin Heinrich Klaproth, was named
after the newly discovered planet Uranus.* [130]
“Uranus, the Magician" is a movement in Gustav Holst's
The Planets, written between 1914 and 1916.
Operation Uranus was the successful military operation in
World War II by the Soviet army to take back Stalingrad
and marked the turning point in the land war against the
Crescent Uranus as imaged by Voyager 2 while en route to Nep- Wehrmacht.
tune
Main article: Exploration of Uranus
The lines “Then felt I like some watcher of the
skies/When a new planet swims into his ken”, from John
6.14. REFERENCES
Keats's "On First Looking Into Chapman's Homer", are
a reference to Herschel's discovery of Uranus.* [131]
6.12 See also
• 2011 QF99, the only known Uranus trojan
• Colonization of Uranus
• Uranus in astrology
• Uranus in ﬁction
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[4] Because, in the English-speaking world, the latter sounds
like“your anus", the former pronunciation also saves embarrassment: as Pamela Gay, an astronomer at Southern
Illinois University Edwardsville, noted on her podcast, to
avoid “being made fun of by any small schoolchildren
... when in doubt, don't emphasise anything and just say
/ˈjʊərənəs/. And then run, quickly.”* [40]
[5] Cf.
(not supported by all fonts)
[6] Cf.
(not supported by all fonts)
[7] Mixing ratio is deﬁned as the number of molecules of a
compound per a molecule of hydrogen.
6.13 Notes
[1] Orbital elements refer to the Uranus barycentre and Solar
System Barycentre. They are the instantaneous osculating
values at the precise J2000 epoch. Barycentre quantities
are given because, in contrast to the planetary centre, they
do not experience appreciable changes on a day-to-day basis from the motion of the moons.
[2] Refers to the level of 1 bar atmospheric pressure.
[3] Calculated using data from Seidelmann, 2007.* [8] omicalCircumference 159354.1 km* [4]
Surface area
8.1156×109 km2* [4]* [lower-alpha 2]
15.91 EarthsVolume 6.833×1013 km3* [6]* [lower-alpha
2]
63.086 EarthsMass (8.6810±0.0013)×1025 kg
14.536 Earths* [9]
GM=5793939±13 km3 /s2
Mean density
1.27 g/cm3* [6]* [lower-alpha 2]
Surface gravity
8.69 m/s2* [6]* [lower-alpha 2]
0.886 g
Escape velocity
21.3 km/s* [6]* [lower-alpha 2]
Sidereal rotation period
0.71833 d (Retrograde)
17 h 14 min 24 s* [8]
Equatorial rotation velocity
2.59 km/s
9,320 km/h
Axial tilt
97.77°* [8]
North pole right ascension
17* h 9* m 15* s
257.311°* [8]
North pole declination
−15.175°* [8]Albedo 0.300 (Bond)
0.51 (geom.)* [6]
Apparent magnitude
5.9* [12] to 5.32* [6]
Angular diameter
3.3″ to 4.1″* [6]Atmosphere* [11]* [13]* [14]covered element [[uranium Calculation of He, H2 and CH4 molar
fractions is based on a 2.3% mixing ratio of methane to
hydrogen and the 15/85 He/H2 proportions measured at
the tropopause.
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Chapter 7
Venus
This article is about the planet. For other uses, see Venus
(disambiguation).
Venus is the second planet from the Sun, orbiting it every
224.7 Earth days.* [10] It has no natural satellite. It is
named after the Roman goddess of love and beauty. After
the Moon, it is the brightest natural object in the night sky,
reaching an apparent magnitude of −4.6, bright enough
to cast shadows.* [11] Because Venus is an inferior planet
from Earth, it never appears to venture far from the Sun:
its elongation reaches a maximum of 47.8°.
Venus is a terrestrial planet and is sometimes called
Earth's “sister planet”because of their similar size,
mass, proximity to the Sun and bulk composition. It
is radically diﬀerent from Earth in other respects. It
has the densest atmosphere of the four terrestrial planets, consisting of more than 96% carbon dioxide. The
atmospheric pressure at the planet's surface is 92 times
that of Earth's. With a mean surface temperature of 735
K (462 °C; 863 °F), Venus is by far the hottest planet in
the Solar System, even though Mercury is closer to the
Sun. Venus has no carbon cycle that puts carbon into
rock, nor does it seem to have any organic life to absorb carbon in biomass. Venus is shrouded by an opaque
layer of highly reﬂective clouds of sulfuric acid, preventing its surface from being seen from space in visible light.
It may have possessed oceans in the past,* [12]* [13] but
these would have vaporized as the temperature rose due
to a runaway greenhouse eﬀect.* [14] The water has most
probably photodissociated, and, because of the lack of
a planetary magnetic ﬁeld, the free hydrogen has been
swept into interplanetary space by the solar wind.* [15]
Venus' surface is a dry desertscape interspersed with slablike rocks and periodically refreshed by volcanism.
Size comparison of Mercury, Venus, Earth and the Moon, Mars,
and Ceres on the far right. This may not be exactly to scale,
because the visual disc of Venus with its atmosphere makes it
look bigger than its solid-body diameter.
Size comparison with Earth.
surface diﬀer radically from those on Earth, owing to its
dense carbon dioxide atmosphere. The mass of the atmosphere of Venus is 96.5% carbon dioxide, with most of
the remaining 3.5% being nitrogen.* [17]
7.1.1 Geography
The Venusian surface was a subject of speculation until some of its secrets were revealed by planetary science
in the 20th century. It was ﬁnally mapped in detail by
Project Magellan in 1990–91. The ground shows evidence of extensive volcanism, and the sulfur in the atmo7.1 Physical characteristics
sphere may indicate there have been some recent erup*
*
Venus is one of the four terrestrial planets in the Solar tions. [18] [19]
System, meaning that, like Earth, it is a rocky body. In About 80% of the Venusian surface is covered by smooth,
size and mass, it is similar to Earth, and is often described volcanic plains, consisting of 70% plains with wrinas Earth's “sister”or “twin”.* [16] The diameter of kle ridges and 10% smooth or lobate plains.* [20] Two
Venus is 12,092 km (only 650 km less than Earth's) and highland“continents”make up the rest of its surface area,
its mass is 81.5% of Earth's. Conditions on the Venusian one lying in the planet's northern hemisphere and the
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other just south of the equator. The northern continent
is called Ishtar Terra, after Ishtar, the Babylonian goddess of love, and is about the size of Australia. Maxwell
Montes, the highest mountain on Venus, lies on Ishtar
Terra. Its peak is 11 km above the Venusian average surface elevation. The southern continent is called
Aphrodite Terra, after the Greek goddess of love, and is
the larger of the two highland regions at roughly the size
of South America. A network of fractures and faults covers much of this area.* [21]
The absence of evidence of lava ﬂow accompanying any
of the visible caldera remains an enigma. The planet
has few impact craters, demonstrating the surface is
relatively young, approximately 300–600 million years
old.* [22]* [23] In addition to the impact craters, mountains, and valleys commonly found on rocky planets,
Venus has some unique surface features. Among these
are ﬂat-topped volcanic features called "farra", which
look somewhat like pancakes and range in size from 20 to
50 km across, and from 100 to 1,000 m high; radial, starlike fracture systems called “novae"; features with both
radial and concentric fractures resembling spider webs,
known as "arachnoids"; and“coronae”, circular rings of
fractures sometimes surrounded by a depression. These
features are volcanic in origin.* [24]
Most Venusian surface features are named after historical
and mythological women.* [25] Exceptions are Maxwell
Montes, named after James Clerk Maxwell, and highland regions Alpha Regio, Beta Regio and Ovda Regio.
The former three features were named before the current system was adopted by the International Astronomical Union, the body that oversees planetary nomenclature.* [26]
The longitudes of physical features on Venus are expressed relative to its prime meridian. The original prime
meridian passed through the radar-bright spot at the center of the oval feature Eve, located south of Alpha Regio.* [27] After the Venera missions were completed, the
prime meridian was redeﬁned to pass through the central
peak in the crater Ariadne.* [28]* [29]
7.1.2
Surface geology
Main article: Geology of Venus
Much of the Venusian surface appears to have been
shaped by volcanic activity. Venus has several times
as many volcanoes as Earth, and it possesses 167 large
volcanoes that are over 100 km across. The only volcanic complex of this size on Earth is the Big Island
of Hawaii.* [24] This is not because Venus is more volcanically active than Earth, but because its crust is
older. Earth's oceanic crust is continually recycled by
subduction at the boundaries of tectonic plates, and has
an average age of about 100 million years,* [30] whereas
the Venusian surface is estimated to be 300–600 million
years old.* [22]* [24]
Maat Mons with a vertical exaggeration of 22.5
Several lines of evidence point to ongoing volcanic activity on Venus. During the Soviet Venera program, the
Venera 11 and Venera 12 probes detected a constant
stream of lightning, and Venera 12 recorded a powerful clap of thunder soon after it landed. The European
Space Agency's Venus Express recorded abundant lightning in the high atmosphere.* [31] Although rainfall drives
thunderstorms on Earth, there is no rainfall on the surface
of Venus (though sulfuric acid rain falls in the upper atmosphere, then evaporates around 25 km above the surface). One possibility is that ash from a volcanic eruption
was generating the lightning. Another piece of evidence
comes from measurements of sulfur dioxide concentrations in the atmosphere, which dropped by a factor of 10
between 1978 and 1986. This may mean the levels had
earlier been boosted by a large volcanic eruption.* [32]
Almost a thousand impact craters on Venus are evenly
distributed across its surface. On other cratered bodies,
such as Earth and the Moon, craters show a range of states
of degradation. On the Moon, degradation is caused by
subsequent impacts, whereas on Earth it is caused by wind
and rain erosion. On Venus, about 85% of the craters
are in pristine condition. The number of craters, together with their well-preserved condition, indicates the
planet underwent a global resurfacing event about 300–
600 million years ago,* [22]* [23] followed by a decay in
volcanism.* [33] Whereas Earth's crust is in continuous
motion, Venus is thought to be unable to sustain such a
process. Without plate tectonics to dissipate heat from
its mantle, Venus instead undergoes a cyclical process in
which mantle temperatures rise until they reach a critical level that weakens the crust. Then, over a period of
about 100 million years, subduction occurs on an enormous scale, completely recycling the crust.* [24] In March
2014, the ﬁrst direct evidence for ongoing volcanism was
located, in the form of infrared “ﬂashes”over the rift
zone Ganiki Chasma, near the shield volcano Maat Mons.
These ﬂashes, ranging from 40 to 320 °C above the ambient, are believed to be either hot gases or lava released
from volcanic eruptions.* [34]
7.1. PHYSICAL CHARACTERISTICS
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Venusian craters range from 3 km to 280 km in diameter. 7.1.4
No craters are smaller than 3 km, because of the eﬀects
of the dense atmosphere on incoming objects. Objects
with less than a certain kinetic energy are slowed down
so much by the atmosphere that they do not create an impact crater.* [35] Incoming projectiles less than 50 metres
in diameter will fragment and burn up in the atmosphere
before reaching the ground.* [36]
7.1.3
Atmosphere and climate
Internal structure
Cloud structure in the Venusian atmosphere in 1979,
revealed by observations in the ultraviolet band by
Pioneer Venus Orbiter
The internal structure of Venus – the crust (outer layer), the mantle (middle layer) and the core (yellow inner layer)
Without seismic data or knowledge of its moment of inertia, little direct information is available about the internal
structure and geochemistry of Venus.* [37] The similarity in size and density between Venus and Earth suggests
they share a similar internal structure: a core, mantle, and
crust. Like that of Earth, the Venusian core is at least
partially liquid because the two planets have been cooling at about the same rate.* [38] The slightly smaller size
of Venus suggests pressures are signiﬁcantly lower in its
deep interior than Earth. The principal diﬀerence between the two planets is the lack of evidence for plate tectonics on Venus, possibly because its crust is too strong
to subduct without water to make it less viscous. This
results in reduced heat loss from the planet, preventing
it from cooling and providing a likely explanation for its
lack of an internally generated magnetic ﬁeld.* [39] Instead, Venus may lose its internal heat in periodic major
resurfacing events.* [22]
Global radar view of Venus (without the clouds) from
the Magellan imaging between 1990 and 1994
Impact craters on the surface of Venus (image reconstructed from radar data)
Main article: Atmosphere of Venus
Venus has an extremely dense atmosphere, which consists mainly of carbon dioxide and a small amount of
nitrogen. The atmospheric mass is 93 times that of
Earth's atmosphere, whereas the pressure at the planet's
surface is about 92 times that at Earth's surface—a pres-
100
sure equivalent to that at a depth of nearly 1 kilometre
under Earth's oceans. The density at the surface is 65
kg/m3 , 6.5% that of water or 50 times as dense as Earth's
atmosphere at 20 °C at sea level. The CO2 -rich atmosphere, along with thick clouds of sulfur dioxide, generates the strongest greenhouse eﬀect in the Solar System, creating surface temperatures of at least 735 K (462
°C).* [10]* [40] This makes the Venusian surface hotter
than Mercury's, which has a minimum surface temperature of 55 K (−220 °C) and maximum surface temperature of 695 K (420 °C),* [41] even though Venus is
nearly twice Mercury's distance from the Sun and thus
receives only 25% of Mercury's solar irradiance. The
surface of Venus is often described as hellish.* [42] This
temperature is higher than temperatures used to achieve
sterilization.
Studies have suggested that billions of years ago the Venusian atmosphere was much more like Earth's than it is
now, and that there may have been substantial quantities
of liquid water on the surface, but after a period of 600
million to several billion years,* [43] a runaway greenhouse eﬀect was caused by the evaporation of that original water, which generated a critical level of greenhouse
gases in its atmosphere.* [44] Although the surface conditions on the planet are no longer hospitable to any Earthlike life that may have formed before this event, it is possible that life exists in the lower and middle cloud layers
of Venus.* [45]* [46]* [47]
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—also minimizes seasonal temperature variation.* [54]
The only appreciable variation in temperature occurs with
altitude. The highest point on Venus, Maxwell Montes, is
therefore the coolest point on the planet, with a temperature of about 655 K (380 °C) and an atmospheric pressure of about 4.5 MPa (45 bar).* [55]* [56] In 1995, the
Magellan probe imaged a highly reﬂective substance at
the tops of the highest mountain peaks that bore a strong
resemblance to terrestrial snow. This substance arguably
formed from a similar process to snow, albeit at a far
higher temperature. Too volatile to condense on the surface, it rose in gas form to cooler higher elevations, where
it then fell as precipitation. The identity of this substance
is not known with certainty, but speculation has ranged
from elemental tellurium to lead sulﬁde (galena).* [57]
The clouds of Venus are capable of producing lightning
much like the clouds on Earth.* [58] The existence of
lightning had been controversial since the ﬁrst suspected bursts were detected by the Soviet Venera
probes. In 2006–2007 Venus Express clearly detected
whistler mode waves, the signatures of lightning. Their
intermittent appearance indicates a pattern associated
with weather activity. The lightning rate is at least half
of that on Earth.* [58] In 2007 the Venus Express probe
discovered that a huge double atmospheric vortex exists
at the south pole.* [59]* [60]
Another discovery made by the Venus Express probe in
2011 is that an ozone layer exists high in the atmosphere
Thermal inertia and the transfer of heat by winds in the of Venus.* [61]
lower atmosphere mean that the temperature of the Venu- On January 29, 2013, ESA scientists reported that the
sian surface does not vary signiﬁcantly between the night ionosphere of the planet Venus streams outwards in a
and day sides, despite the planet's extremely slow rota- manner similar to “the ion tail seen streaming from a
tion. Winds at the surface are slow, moving at a few kilo- comet under similar conditions.”* [62]* [63]
metres per hour, but because of the high density of the
atmosphere at the Venusian surface, they exert a signiﬁ- Atmospheric composition
cant amount of force against obstructions, and transport
dust and small stones across the surface. This alone would
make it diﬃcult for a human to walk through, even if
the heat, pressure and lack of oxygen were not a problem.* [48]
Above the dense CO2 layer are thick clouds consisting mainly of sulfur dioxide and sulfuric acid
droplets.* [49]* [50] These clouds reﬂect and scatter about
90% of the sunlight that falls on them back into space,
and prevent visual observation of the Venusian surface.
The permanent cloud cover means that although Venus is Synthetic stick absorption spectrum of a simple gas mixcloser than Earth to the Sun, the Venusian surface is not as ture corresponding to Earth's atmosphere
well lit. Strong 85 m/s (300 km/h) winds at the cloud tops
circle the planet about every four to ﬁve Earth days.* [51]
Venusian winds move at up to 60 times the speed of the
planet's rotation, whereas Earth's fastest winds are only
10–20% rotation speed.* [52]
The surface of Venus is eﬀectively isothermal; it retains a
constant temperature not only between day and night but
between the equator and the poles.* [1]* [53] The planet's
minute axial tilt—less than 3°, compared to 23° on Earth
7.2. ORBIT AND ROTATION
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Venusian atmosphere composition based on HITRAN mosphere by 150 times compared to the ratio in the lower
data* [64] created using Hitran on the Web system.* [65] atmosphere.* [73]
Green colour – water vapour, red – carbon dioxide, WN
– wavenumber (other colours have diﬀerent meanings,
lower wavelengths on the right, higher on the left).
7.2 Orbit and rotation
7.1.5
Magnetic ﬁeld and core
In 1967, Venera 4 found the Venusian magnetic ﬁeld to
be much weaker than that of Earth. This magnetic ﬁeld is
induced by an interaction between the ionosphere and the
solar wind,* [66]* [67] rather than by an internal dynamo
in the core like the one inside Earth. Venus's small
induced magnetosphere provides negligible protection to
the atmosphere against cosmic radiation. This radiation
may result in cloud-to-cloud lightning discharges.* [68]
The lack of an intrinsic magnetic ﬁeld at Venus was surprising given it is similar to Earth in size, and was expected also to contain a dynamo at its core. A dynamo
requires three things: a conducting liquid, rotation, and
convection. The core is thought to be electrically conductive and, although its rotation is often thought to be
too slow, simulations show it is adequate to produce a
dynamo.* [69]* [70] This implies the dynamo is missing
because of a lack of convection in the Venusian core. On
Earth, convection occurs in the liquid outer layer of the
core because the bottom of the liquid layer is much hotter
than the top. On Venus, a global resurfacing event may
have shut down plate tectonics and led to a reduced heat
ﬂux through the crust. This caused the mantle temperature to increase, thereby reducing the heat ﬂux out of the
core. As a result, no internal geodynamo is available to
drive a magnetic ﬁeld. Instead, the heat energy from the
core is being used to reheat the crust.* [71]
One possibility is that Venus has no solid inner core,* [72]
or that its core is not cooling, so that the entire liquid
part of the core is at approximately the same temperature. Another possibility is that its core has already completely solidiﬁed. The state of the core is highly dependent on the concentration of sulfur, which is unknown at
present.* [71]
The weak magnetosphere around Venus means that the
solar wind is interacting directly with its outer atmosphere. Here, ions of hydrogen and oxygen are being
created by the dissociation of neutral molecules from ultraviolet radiation. The solar wind then supplies energy
that gives some of these ions suﬃcient velocity to escape Venus's gravity ﬁeld. This erosion process results
in a steady loss of low-mass hydrogen, helium, and oxygen ions, whereas higher-mass molecules, such as carbon
dioxide, are more likely to be retained. Atmospheric erosion by the solar wind probably led to the loss of most
of Venus's water during the ﬁrst billion years after it
formed. The erosion has increased the ratio of highermass deuterium to lower-mass hydrogen in the upper at-
Venus orbits the Sun at an average distance of about 108 million
kilometres (about 0.7 AU) and completes an orbit every 224.65
days. Venus is the second planet from the Sun and orbits the Sun
approximately 1.6 times (yellow trail) in Earth's 365 days (blue
trail)
Venus orbits the Sun at an average distance of about 0.72
AU (108,000,000 km; 67,000,000 mi), and completes an
orbit every 224.65 days. Although all planetary orbits are
elliptical, Venus's orbit is the closest to circular, with an
eccentricity of less than 0.01.* [1] When Venus lies between Earth and the Sun, a position known as inferior
conjunction, it makes the closest approach to Earth of
any planet at an average distance of 41 million km.* [1]
The planet reaches inferior conjunction every 584 days,
on average.* [1] Owing to the decreasing eccentricity of
Earth's orbit, the minimum distances will become greater
over tens of thousands of years. From the year 1 to 5383,
there are 526 approaches less than 40 million km; then
there are none for about 60,158 years.* [74]
All the planets of the Solar System orbit the Sun in an
anti-clockwise direction as viewed from above Earth's
north pole. Most planets also rotate on their axes in
an anti-clockwise direction, but Venus rotates clockwise (called "retrograde" rotation) once every 243 Earth
days —the slowest rotation period of any planet. Because its rotation is so slow, it is highly spherical.* [75]
A Venusian sidereal day thus lasts longer than a Venusian year (243 versus 224.7 Earth days). Venus's equator rotates at 6.5 km/h (4.0 mph), whereas Earth's is approximately 1,670 km/h (1,040 mph).* [76] Venus's rotation has slowed down by 6.5 min per Venusian sidereal
day in the 16 years between the Magellan spacecraft and
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Venus Express visits.* [77] Because of the retrograde rotation, the length of a solar day on Venus is signiﬁcantly
shorter than the sidereal day, at 116.75 Earth days (making the Venusian solar day shorter than Mercury's 176
Earth days); one Venusian year is about 1.92 Venusian
(solar) days long.* [78] To an observer on the surface of
Venus, the Sun would rise in the west and set in the east,
though the Sun cannot be seen from the surface due to
Venus's opaque clouds.* [78]
Venus may have formed from the solar nebula with a different rotation period and obliquity, reaching its current
state because of chaotic spin changes caused by planetary
Venus is always brighter than the brightest stars outside the Solar
perturbations and tidal eﬀects on its dense atmosphere, a System, as can be seen here over the Paciﬁc Ocean
change that would have occurred over the course of billions of years. The rotation period of Venus may represent an equilibrium state between tidal locking to the
Sun's gravitation, which tends to slow rotation, and an atmospheric tide created by solar heating of the thick Venusian atmosphere.* [79]* [80] The 584-day average interval
between successive close approaches to Earth is almost
exactly equal to 5 Venusian solar days,* [81] but the hypothesis of a spin–orbit resonance with Earth has been
discounted.* [82]
Venus has no natural satellites,* [83] though the asteroid
2002 VE68 presently maintains a quasi-orbital relationship with it.* [84]* [85] Besides this quasi-satellite, it has
two other temporary co-orbitals, 2001 CK32 and 2012
XE133.* [86] In the 17th century, Giovanni Cassini reported a moon orbiting Venus, which was named Neith
and numerous sightings were reported over the following
200 years, but most were determined to be stars in the
vicinity. Alex Alemi's and David Stevenson's 2006 study
of models of the early Solar System at the California Institute of Technology shows Venus likely had at least one
moon created by a huge impact event billions of years
ago.* [87] About 10 million years later, according to the
study, another impact reversed the planet's spin direction
and caused the Venusian moon gradually to spiral inward
until it collided and merged with Venus.* [88] If later impacts created moons, these were absorbed in the same
way. An alternative explanation for the lack of satellites
is the eﬀect of strong solar tides, which can destabilize
large satellites orbiting the inner terrestrial planets.* [83]
7.3 Observation
Venus is always brighter than any star (apart from the
Sun). The greatest luminosity, apparent magnitude
−4.9,* [8] occurs during crescent phase when it is near
Earth. Venus fades to about magnitude −3 when it is
backlit by the Sun.* [7] The planet is bright enough to be
seen in a mid-day clear sky,* [89] and it can be easy to see
when the Sun is low on the horizon. As an inferior planet,
it always lies within about 47° of the Sun.* [9]
Phases of Venus and evolution of its apparent diameter
Sun.* [1] As it does so, it changes from the “Evening
Star”, visible after sunset, to the “Morning Star”, visible before sunrise. Although Mercury, the other inferior
planet, reaches a maximum elongation of only 28° and
is often diﬃcult to discern in twilight, Venus is hard to
miss when it is at its brightest. Its greater maximum elongation means it is visible in dark skies long after sunset.
As the brightest point-like object in the sky, Venus is a
commonly misreported "unidentiﬁed ﬂying object". U.S.
President Jimmy Carter reported having seen a UFO in
1969, which later analysis suggested was probably Venus.
Countless other people have mistaken Venus for something more exotic.* [90]
As it moves around its orbit, Venus displays phases like
those of the Moon in a telescopic view. The planet
presents a small “full”image when it is on the opposite
side of the Sun. It shows a larger “quarter phase”when
it is at its maximum elongations from the Sun, and is at
its brightest in the night sky, and presents a much larger
“thin crescent”in telescopic views as it comes around to
the near side between Earth and the Sun. Venus is at its
Venus “overtakes”Earth every 584 days as it orbits the largest and presents its “new phase”when it is between
7.4. STUDIES
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Earth and the Sun. Its atmosphere can be seen in a tele- 7.3.2 Ashen light
scope by the halo of light refracted around it.* [9]
A long-standing mystery of Venus observations is the socalled ashen light—an apparent weak illumination of its
dark side, seen when the planet is in the crescent phase.
The ﬁrst claimed observation of ashen light was made in
7.3.1 Transits
1643, but the existence of the illumination has never been
reliably conﬁrmed. Observers have speculated it may result from electrical activity in the Venusian atmosphere,
but it could be illusory, resulting from the physiological
eﬀect of observing a bright, crescent-shaped object.* [97]
7.4 Studies
7.4.1 Early studies
2004 transit of Venus
Main articles: Transits of Venus and Transit of Venus,
2012
The Venusian orbit is slightly inclined relative to Earth's
orbit; thus, when the planet passes between Earth and the
Sun, it usually does not cross the face of the Sun. Transits
of Venus occur when the planet's inferior conjunction coincides with its presence in the plane of Earth's orbit.
Transits of Venus occur in cycles of 243 years with the
current pattern of transits being pairs of transits separated The "black drop eﬀect" as recorded during the 1769 transit
by eight years, at intervals of about 105.5 years or 121.5
years—a pattern ﬁrst discovered in 1639 by the English
Venus was known to ancient civilizations both as the
astronomer Jeremiah Horrocks.* [91]
“morning star”and as the “evening star”, names that
The latest pair was June 8, 2004 and June 5–6, 2012. The reﬂect the early assumption that these were two separate
transit could be watched live from many online outlets objects. The Venus tablet of Ammisaduqa, dated 1581
or observed locally with the right equipment and condi- BCE, shows the Babylonians understood the two were
tions.* [92]
a single object, referred to in the tablet as the “bright
The preceding pair of transits occurred in December queen of the sky”,* and could support this view with de1874 and December 1882; the following pair will occur in tailed observations. [98] The Greeks thought of the two
until the time
December 2117 and December 2125.* [93] Historically, as separate stars, Phosphorus and Hesperus,
*
Pythagoras
in
the
sixth
century
BC.
[99]
The Romans
of
transits of Venus were important, because they allowed
designated
the
morning
aspect
of
Venus
as
Lucifer,
literastronomers to determine the size of the astronomical
Vesper,
ally“Light-Bringer”,
and
the
evening
aspect
as
unit, and hence the size of the Solar System as shown
by Horrocks in 1639.* [94] Captain Cook's exploration both literal translations of the respective Greek names.
of the east coast of Australia came after he had sailed The transit of Venus was ﬁrst observed in 1032 by the
to Tahiti in 1768 to observe a transit of Venus.* [95]* [96] Persian astronomer Avicenna, who concluded Venus is
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closer to Earth than the Sun,* [100] and established Venus
was, at least sometimes, below the Sun.* [101] In the 12th
century, the Andalusian astronomer Ibn Bajjah observed
“two planets as black spots on the face of the Sun”, which
were later identiﬁed as the transits of Venus and Mercury
by the Maragha astronomer Qotb al-Din Shirazi in the
13th century.* [102] The transit of Venus was also observed by Jeremiah Horrocks on 4 December 1639 (24
November under the Julian calendar in use at that time),
along with his friend, William Crabtree, at each of their
respective homes.* [103]
Modern telescopic view of Venus from Earth's surface
7.4.2 Ground-based research
Little more was discovered about Venus until the 20th
century. Its almost featureless disc gave no hint what its
surface might be like, and it was only with the development of spectroscopic, radar and ultraviolet observations
that more of its secrets were revealed. The ﬁrst UV obserEARTH
vations were carried out in the 1920s, when Frank E. Ross
found that UV photographs revealed considerable detail
Galileo's discovery that Venus showed phases (although remainthat was absent in visible and infrared radiation. He suging near the Sun in Earth's sky) proved that it orbits the Sun and
gested this was due to a dense, yellow lower atmosphere
not Earth
with high cirrus clouds above it.* [110]
Spectroscopic observations in the 1900s gave the ﬁrst
clues about the Venusian rotation. Vesto Slipher tried
to measure the Doppler shift of light from Venus, but
found he could not detect any rotation. He surmised the
planet must have a much longer rotation period than had
previously been thought.* [111] Later work in the 1950s
showed the rotation was retrograde. Radar observations
of Venus were ﬁrst carried out in the 1960s, and provided
the ﬁrst measurements of the rotation period, which were
close to the modern value.* [112]
When the Italian physicist Galileo Galilei ﬁrst observed
the planet in the early 17th century, he found it showed
phases like the Moon, varying from crescent to gibbous to
full and vice versa. When Venus is furthest from the Sun
in the sky, it shows a half-lit phase, and when it is closest
to the Sun in the sky, it shows as a crescent or full phase.
This could be possible only if Venus orbited the Sun, and
this was among the ﬁrst observations to clearly contradict
the Ptolemaic geocentric model that the Solar System was
Radar observations in the 1970s revealed details of the
concentric and centered on Earth.* [104]* [105]
Venusian surface for the ﬁrst time. Pulses of radio waves
The atmosphere of Venus was discovered in 1761 by Ruswere beamed at the planet using the 300 m (980 ft) ra*
*
sian polymath Mikhail Lomonosov. [106] [107] Venus's
dio telescope at Arecibo Observatory, and the echoes reatmosphere was observed in 1790 by German astronomer
vealed two highly reﬂective regions, designated the Alpha
Johann Schröter. Schröter found when the planet was a
and Beta regions. The observations also revealed a bright
thin crescent, the cusps extended through more than 180°.
region attributed to mountains, which was called Maxwell
He correctly surmised this was due to scattering of sunMontes.* [113] These three features are now the only ones
light in a dense atmosphere. Later, American astronomer
on Venus that do not have female names.* [114]
Chester Smith Lyman observed a complete ring around
the dark side of the planet when it was at inferior conjunction, providing further evidence for an atmosphere.* [108]
The atmosphere complicated eﬀorts to determine a rota7.5 Exploration
tion period for the planet, and observers such as Italianborn astronomer Giovanni Cassini and Schröter incorrectly estimated periods of about 24 h from the motions Main article: Observations and explorations of Venus
of markings on the planet's apparent surface.* [109]
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Early eﬀorts
Mariner 2, launched in 1962
The ﬁrst robotic space probe mission to Venus, and the
ﬁrst to any planet, began on 12 February 1961, with the
launch of the Venera 1 probe. The ﬁrst craft of the otherwise highly successful Soviet Venera program, Venera
1 was launched on a direct impact trajectory, but contact Pioneer Venus Multiprobe
was lost seven days into the mission, when the probe was
about 2 million km from Earth. It was estimated to have
reading was 18 bar at an altitude of 24.96 km.* [118]
passed within 100,000 km of Venus in mid-May.* [115]
One day later on 19 October 1967, Mariner 5 conducted
The United States exploration of Venus also started badly
a ﬂy-by at a distance of less than 4000 km above the cloud
with the loss of the Mariner 1 probe on launch. The subtops. Mariner 5 was originally built as a backup for the
sequent Mariner 2 mission, after a 109-day transfer orbit
Mars-bound Mariner 4; when that mission was successon 14 December 1962, became the world's ﬁrst successful, the probe was reﬁtted for a Venus mission. A suite
ful interplanetary mission, passing 34,833 km above the
of instruments more sensitive than those on Mariner 2, in
surface of Venus. Its microwave and infrared radiometers
particular its radio occultation experiment, returned data
revealed that although the Venusian cloud tops were cool,
on the composition, pressure and density of the Venuthe surface was extremely hot—at least 425 °C, conﬁrmsian atmosphere.* [119] The joint Venera 4 – Mariner
ing previous Earth-based measurements* [116] and ﬁnally
5 data was analysed by a combined Soviet-American
ending any hopes that the planet might harbour groundscience team in a series of colloquia over the followbased life. Mariner 2 also obtained improved estimates
ing year,* [120] in an early example of space cooperaof its mass and of the astronomical unit, but was unable
tion.* [121]
to detect either a magnetic ﬁeld or radiation belts.* [117]
Armed with the lessons and data learned from Venera 4,
the Soviet Union launched the twin probes Venera 5 and
7.5.2 Atmospheric entry
Venera 6 ﬁve days apart in January 1969; they encountered Venus a day apart on 16 and 17 May. The probes
The Soviet Venera 3 probe crash-landed on Venus on 1 were strengthened to improve their crush depth to 25 bar
March 1966. It was the ﬁrst man-made object to enter the and were equipped with smaller parachutes to achieve a
atmosphere and strike the surface of another planet. Its faster descent. Because then-current atmospheric models
communication system failed before it was able to return of Venus suggested a surface pressure of between 75 and
any planetary data.* [118] On 18 October 1967, Venera 4 100 bar, neither was expected to survive to the surface.
successfully entered the atmosphere and deployed science After returning atmospheric data for a little over 50 minexperiments. Venera 4 showed the surface temperature utes, they were both crushed at altitudes of approximately
was even hotter than Mariner 2 had measured, at almost 20 km before going on to strike the surface on the night
500 °C, and the atmosphere was 90 to 95% carbon diox- side of Venus.* [118]
ide. The Venusian atmosphere was considerably denser
than Venera 4's designers had anticipated, and its slower
than intended parachute descent meant its batteries ran 7.5.3 Surface and atmospheric science
down before the probe reached the surface. After returning descent data for 93 minutes, Venera 4's last pressure Venera 7 represented an eﬀort to return data from the
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planet's surface, and was constructed with a reinforced
descent module capable of withstanding a pressure of
180 bar. The module was precooled before entry and
equipped with a specially reefed parachute for a rapid 35minute descent. While entering the atmosphere on 15
December 1970, the parachute is believed to have partially torn, and the probe struck the surface with a hard,
yet not fatal, impact. Probably tilted onto its side, it returned a weak signal, supplying temperature data for 23
minutes, the ﬁrst telemetry received from the surface of
another planet.* [118]
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separate missions.* [124] The Pioneer Venus Orbiter was
inserted into an elliptical orbit around Venus on 4 December 1978, and remained there for over 13 years, studying the atmosphere and mapping the surface with radar.
The Pioneer Venus Multiprobe released a total of four
probes, which entered the atmosphere on 9 December
1978, returning data on its composition, winds and heat
ﬂuxes.* [125]
180-degree panorama of the Venusian surface from the Soviet
Venera 9 lander
The Venera program continued with Venera 8 sending
data from the surface for 50 minutes, after entering the
atmosphere on 22 July 1972. Venera 9, which entered the
atmosphere of Venus on 22 October 1975, and Venera
10, which entered the atmosphere three days later, sent
the ﬁrst images of the Venusian landscape. The two landing sites presented diﬀerent terrains in the immediate
vicinities of the landers: Venera 9 had landed on a 20degree slope scattered with boulders around 30–40 cm
across; Venera 10 showed basalt-like rock slabs interspersed with weathered material.* [122]
The Pioneer Venus orbiter
In the meantime, the United States had sent the Mariner
10 probe on a gravitational slingshot trajectory past Venus
on its way to Mercury. On 5 February 1974, Mariner 10
passed within 5790 km of Venus, returning over 4000
photographs as it did so. The images, the best then
achieved, showed the planet to be almost featureless in
visible light, but ultraviolet light revealed details in the
clouds that had never been seen in Earth-bound observations.* [123]
The American Pioneer Venus project consisted of two
Position of Venera landing sites returning images form the surface
Four more Venera lander missions took place over the
next four years, with Venera 11 and Venera 12 detecting Venusian electrical storms;* [126] and Venera 13 and
Venera 14, landing on 1 and 5 March 1982, returning
the ﬁrst colour photographs of the surface. All four missions deployed parachutes for braking in the upper atmosphere, then released them at altitudes of 50 km, the
dense lower atmosphere providing enough friction to allow for unaided soft landings. Both Venera 13 and 14
analysed soil samples with an on-board X-ray ﬂuorescence spectrometer, and attempted to measure the compressibility of the soil with an impact probe.* [126] Venera 14 struck its own ejected camera lens cap and its
probe failed to contact the soil.* [126] The Venera program came to a close in October 1983, when Venera 15
and Venera 16 were placed in orbit to conduct mapping of
the Venusian terrain with synthetic aperture radar.* [127]
In 1985, the Soviet Union took advantage of the opportunity to combine missions to Venus and Comet Halley,
which passed through the inner Solar System that year.
En route to Halley, on 11 and 15 June 1985, the two
spacecraft of the Vega program each dropped a Venerastyle probe (of which Vega 1's partially failed) and released a balloon-supported aerobot into the upper atmosphere. The balloons achieved an equilibrium altitude of
around 53 km, where pressure and temperature are comparable to those at Earth's surface. They remained operational for around 46 hours, and discovered the Venusian atmosphere was more turbulent than previously believed, and subject to high winds and powerful convection
cells.* [128]* [129]
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their respective missions to the outer planets, but Magellan was the last dedicated mission to Venus for over a
decade.* [132]* [133]
7.5.5 Current and future missions
NASA's MESSENGER mission to Mercury performed
two ﬂy-bys of Venus in October 2006 and June 2007, to
slow its trajectory for an eventual orbital insertion of Mercury in March 2011. It collected scientiﬁc data on Venus
during both ﬂy-bys.* [134]
Magellan radar topographical map of Venus (false colour)
The Venus Express probe was designed and built by
the European Space Agency. Launched on 9 November 2005 by a Russian Soyuz-Fregat rocket procured
through Starsem, it successfully assumed a polar orbit
around Venus on 11 April 2006.* [135] The probe is undertaking a detailed study of the Venusian atmosphere
and clouds, including mapping of the planet's plasma environment and surface characteristics, particularly temperatures. One of the ﬁrst results from Venus Express is
the discovery that a huge double atmospheric vortex exists at the southern pole.* [135]
Artist's impression of a Stirling cooled Venus Rover.* [136]
Five global views of Venus by Magellan.
Early Earth-based radar provided a basic idea of the surface. The Pioneer Venus and the Veneras provided improved resolution.
The United States' Magellan probe was launched on 4
May 1989, with a mission to map the surface of Venus
with radar.* [26] The high-resolution images it obtained
during its 4½ years of operation far surpassed all prior
maps and were comparable to visible-light photographs
of other planets. Magellan imaged over 98% of the
Venusian surface by radar,* [130] and mapped 95% of its
gravity ﬁeld. In 1994, at the end of its mission, Magellan was sent to its destruction into the atmosphere of
Venus to quantify its density.* [131] Venus was observed
by the Galileo and Cassini spacecraft during ﬂy-bys on
The Japan Aerospace Exploration Agency (JAXA) devised a Venus orbiter, Akatsuki (formerly“Planet-C”),
which was launched on 20 May 2010, but the craft failed
to enter orbit in December 2010. Hopes remain that the
probe can successfully hibernate and make another insertion attempt in six years. Planned investigations included surface imaging with an infrared camera and experiments designed to conﬁrm the presence of lightning,
as well as the determination of the existence of current
surface volcanism.* [137]
The European Space Agency (ESA) hopes to launch a
mission to Mercury in 2016, called BepiColombo, which
will perform two ﬂy-bys of Venus before it reaches Mercury orbit in 2020.* [138]* [139]
NASA will launch the Solar Probe Plus in 2018, which
will perform seven Venus ﬂy-bys during its six-year, 24orbit reconnaissance of the Sun.* [140]
Under its New Frontiers Program, NASA has proposed a
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lander mission called the Venus In-Situ Explorer to land
on Venus to study surface conditions and investigate the
elemental and mineralogical features of the regolith. The
probe would be equipped with a core sampler to drill into
the surface and study pristine rock samples not weathered by the harsh surface conditions. A Venus atmospheric and surface probe mission, “Surface and Atmosphere Geochemical Explorer”(SAGE), was selected by
NASA as a candidate mission study in the 2009 New
Frontiers selection,* [141] but the mission was not selected for ﬂight.
sample return by slowing down and entering then returning, and a surface sample return.* [145]
7.5.8 Spacecraft timeline
This is a list of attempted and successful spacecraft that
have left Earth to explore Venus more closely.* [146]
Venus has also been imaged by the Hubble Space Telescope in Earth orbit, and distant telescopic observations
are another source of information about Venus.
Venera-D is a possible Russian mission in the
2020s* [148]
7.6 In culture
See also Venus (mythology), Venus (astrology) and
Historical observations and impact
Venus aircraft concept
The Venera-D (Russian: Венера-Д) probe is a proposed
Russian space probe to Venus, to be launched around
2016, to make remote-sensing observations around the
planet and deploying a lander, based on the Venera design, capable of surviving for a long duration on the surface. Other proposed Venus exploration concepts include
rovers, balloons, and aeroplanes.* [142]
Throughout history and cultures, the planet has been of
remarkable importance as an especial object of observation, reﬂection and projection. Popular beliefs and observations resulted in diﬀerent and in parts similar patterns
in mythology as well as phenomenological descriptions,
attributions and depictions, e.g. in astrology. Such developments in manifestations of human thought reﬂect the
planet's image as a result of early observations of Venus
and their impact on culture and science.
In late 2013 the Venus Spectral Rocket Experiment took 7.6.1 Etymology
place, which launched a sub-orbital space telescope.
The adjective Venusian is commonly used for items related to Venus, though the Latin adjective is the rarely
7.5.6 Manned ﬂy-by concept
used Venerean; the archaic Cytherean is still occasionally encountered. Venus is the only planet in the Solar
Main article: Manned Venus Flyby
System that is named after a female ﬁgure.* [lower-alpha
1] (Three dwarf planets —Ceres, Eris and Haumea —
*
A manned Venus ﬂy-by mission, using Apollo program along with many of the ﬁrst discovered asteroids [149]
hardware, was proposed in the late 1960s.* [143] The and some moons (such as the Galilean moons) also have
mission was planned to launch in late October or early feminine names. Earth and the Moon also have feminine
November 1973, and would have used a Saturn V to send names in many languages—Gaia/Terra, Selene/Luna—
three men to ﬂy past Venus in a ﬂight lasting approxi- but the female mythological ﬁgures who personiﬁed* them
mately one year. The spacecraft would have passed ap- were named after them, not the other way around.) [150]
proximately 5,000 km (3,100 mi) from the surface of
Venus about four months later.* [143] Inspiration Mars includes a manned Venus ﬂyby in their 2021 mission.* [144] 7.6.2
Venus symbol
Main article: Venus symbol
The astronomical symbol for Venus is the same as that
used in biology for the female sex: a circle with a small
Various concepts for a Venus sample return include a cross beneath.* [151] The Venus symbol also represents
high-speed upper atmosphere collection, an atmosphere femininity, and in Western alchemy stood for the metal
7.5.7
Sample return
7.8. SEE ALSO
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and oxygen) would be a lifting gas in the Venusian atmosphere of mostly carbon dioxide. This has led to
proposals for “ﬂoating cities”in the Venusian atmosphere.* [152] Aerostats (lighter-than-air balloons) could
be used for initial exploration and ultimately for permanent settlements.* [152] Among the many engineering
challenges are the dangerous amounts of sulfuric acid at
these heights.* [152]
7.8 See also
• Aspects of Venus
• Mariner 10 Space probe to Venus
• 2001 CK32
• 2002 VE68
• 2012 XE133
copper.* [151] Polished copper has been used for mirrors from antiquity, and the symbol for Venus has sometimes been understood to stand for the mirror of the goddess.* [151]
• Geodynamics of Venus
• Geology of Venus
• Observations and explorations of Venus
• Venus zone
7.7 Colonization and terraforming
Main articles: Colonization of Venus and Terraforming
of Venus
Owing to its extremely hostile conditions, a surface
7.9 Notes
[1] Goddesses such as Gaia and Terra were named after Earth,
and not vice versa.
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Cartographic resources
• PDS Map-a-Planet & Venus Nomenclature
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• File:Block_Island.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/5f/Block_Island.jpg License: Public domain Contributors: http://photojournal.jpl.nasa.gov/catalog/PIA12165 Original artist: NASA/JPL-Caltech/Cornell University
• File:Comet-C2013A1-SidingSpring-NearMars-Hubble-20141019.jpg Source: http://upload.wikimedia.org/wikipedia/commons/e/
e9/Comet-C2013A1-SidingSpring-NearMars-Hubble-20141019.jpg License: Public domain Contributors: http://www.nasa.gov/sites/
default/files/comet_springs.jpg Original artist: NASA, ESA, PSI, JHU/APL, STScI/AURA
• File:Comet-SidingSpring-Passing-PlanetMars-On-20141019-ArtistConcept-20140905.jpg Source: http://upload.wikimedia.org/
wikipedia/commons/d/df/Comet-SidingSpring-Passing-PlanetMars-On-20141019-ArtistConcept-20140905.jpg License: Public domain Contributors: http://mars.jpl.nasa.gov/msl/images/Comet-Siding-Spring-Mars-Artist-Concept-full.jpg Original artist: NASA/JPLCaltech
• File:CometSidingSpring-HeadingTowardsMars-ArtistConcept-20141006.jpg Source:
http://upload.wikimedia.org/wikipedia/
Public domain Contributors:
commons/6/65/CometSidingSpring-HeadingTowardsMars-ArtistConcept-20141006.jpg License:
http://www.nasa.gov/sites/default/files/mars_comet-full_0.jpg Original artist: NASA
• File:Commons-logo.svg Source: http://upload.wikimedia.org/wikipedia/en/4/4a/Commons-logo.svg License: ? Contributors: ? Original
artist: ?
• File:Conjunction_of_Jupiter_and_Moon.jpg Source:
http://upload.wikimedia.org/wikipedia/commons/c/c2/Conjunction_of_
Jupiter_and_Moon.jpg License: GFDL Contributors: Own work Original artist: Radoslaw Ziomber
• File:Deimos-MRO.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/8d/Deimos-MRO.jpg License: Public domain Contributors: http://marsprogram.jpl.nasa.gov/mro/gallery/press/20090309a.html Original artist: NASA/JPL-caltech/University of Arizona
• File:Different_Faces_Neptune.jpg Source:
http://upload.wikimedia.org/wikipedia/commons/0/0d/The_four_sides_of_Neptune_
%28captured_by_the_Hubble_Space_Telescope%29.tif License: Public domain Contributors: http://hubblesite.org/newscenter/archive/
releases/2011/19/image/a/ (direct link) Original artist: NASA, ESA, and the Hubble Heritage Team (STScI/AURA)
• File:Disambig_gray.svg Source: http://upload.wikimedia.org/wikipedia/en/5/5f/Disambig_gray.svg License: Cc-by-sa-3.0 Contributors:
? Original artist: ?
• File:ESO_-_Uranus_(by).jpg Source: http://upload.wikimedia.org/wikipedia/commons/4/44/ESO_-_Uranus_%28by%29.jpg License:
CC BY 4.0 Contributors: Peering at Uranus's Rings as they Swing Edge-on to Earth for the First Time Since their Discovery in 1977
Original artist: ESO
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• File:Earth-Moon_system_as_seen_from_Saturn_(PIA17171).jpg Source: http://upload.wikimedia.org/wikipedia/commons/3/32/
Earth-Moon_system_as_seen_from_Saturn_%28PIA17171%29.jpg License: Public domain Contributors: http://www.nasa.gov/mission_
pages/cassini/multimedia/pia17171.html (image link) Original artist: NASA/JPL-Caltech/Space Science Institute
• File:El_Capitan_sol27_pancam.jpg Source: http://upload.wikimedia.org/wikipedia/commons/2/26/El_Capitan_sol27_pancam.jpg License: Public domain Contributors: Transferred from en.wikipedia; Transfer was stated to be made by User:Pascal.Tesson. Original artist:
NASA/JPL-Cornell
• File:Enceladus_geysers.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/0e/Enceladus_geysers.jpg License: Public domain Contributors: http://www.jpl.nasa.gov/news/news.cfm?release=2010-061&cid=release_2010-061&msource=n20100223&tr=y&
auid=5974065, http://photojournal.jpl.nasa.gov/catalog/PIA11688 Original artist: NASA/JPL/Space Science Institute
• File:Europa-moon.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/54/Europa-moon.jpg License: Public domain Contributors: ? Original artist: ?
• File:Flag_of_Europe.svg Source: http://upload.wikimedia.org/wikipedia/commons/b/b7/Flag_of_Europe.svg License: Public domain
Contributors:
• File based on the speciﬁcation given at [1]. Original artist: User:Verdy p, User:-xﬁ-, User:Paddu, User:Nightstallion, User:Funakoshi,
User:Jeltz, User:Dbenbenn, User:Zscout370
• File:Flag_of_Japan.svg Source: http://upload.wikimedia.org/wikipedia/en/9/9e/Flag_of_Japan.svg License: PD Contributors: ? Original
artist: ?
• File:Flag_of_the_Soviet_Union.svg Source: http://upload.wikimedia.org/wikipedia/commons/a/a9/Flag_of_the_Soviet_Union.svg License: Public domain Contributors: http://pravo.levonevsky.org/ Original artist: СССР
• File:Flag_of_the_United_States.svg Source: http://upload.wikimedia.org/wikipedia/en/a/a4/Flag_of_the_United_States.svg License:
PD Contributors: ? Original artist: ?
• File:Folder_Hexagonal_Icon.svg Source: http://upload.wikimedia.org/wikipedia/en/4/48/Folder_Hexagonal_Icon.svg License: Cc-bysa-3.0 Contributors: ? Original artist: ?
• File:Great_Red_Spot_From_Voyager_1.jpg Source: http://upload.wikimedia.org/wikipedia/commons/e/ec/Great_Red_Spot_From_
Voyager_1.jpg License: Public domain Contributors: http://photojournal.jpl.nasa.gov/catalog/PIA00014 Original artist: NASA
• File:HerschelTelescope.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/d7/HerschelTelescope.jpg License: Public domain Contributors: Own work Original artist: Mike Young
• File:Hs-2009-23-crop.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/89/Hs-2009-23-crop.jpg License: Public domain
Contributors: Cropped from Hubblesite (STScI-2009-23) Original artist: Credit: NASA, ESA, and H. Hammel (Space Science Institute,
Boulder, Colo.), and the Jupiter Impact Team
• File:Hubble_sees_a_flickering_light_display_on_Saturn.jpg Source:
http://upload.wikimedia.org/wikipedia/commons/2/2e/
Hubble_sees_a_flickering_light_display_on_Saturn.jpg License: ? Contributors: http://www.spacetelescope.org/images/potw1420a/
Original artist: NASA, ESA Acknowledgement: J. Nichols (University of Leicester)
• File:InnerSolarSystem-en.png Source: http://upload.wikimedia.org/wikipedia/commons/f/f3/InnerSolarSystem-en.png License: Public
domain Contributors: Transferred from en.wikipedia to Commons. Original artist: Mdf at English Wikipedia
• File:Jupiter-bonatti.png Source: http://upload.wikimedia.org/wikipedia/commons/c/cb/Jupiter-bonatti.png License: Public domain
Contributors: Guido Bonatti, De Astronomia Libri X (Basel, Nicolaus Pruknerus, 1550) Original artist: Nicolaus Pruknerus, Guido Bonatti
• File:Jupiter.Aurora.HST.UV.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/8e/Jupiter.Aurora.HST.UV.jpg License:
Public domain Contributors:
http://hubblesite.org/newscenter/archive/releases/2000/38/image/a/, http://apod.gsfc.nasa.gov/apod/
ap001219.html Original artist: John T. Clarke (University of Michigan), ESA, NASA
• File:Jupiter_MAD.jpg Source: http://upload.wikimedia.org/wikipedia/commons/7/70/Jupiter_MAD.jpg License: CC BY 4.0 Contributors: http://www.eso.org/public/outreach/press-rel/pr-2008/images/phot-33-08-fullres.jpg Originally uploaded 16:14, 19 November 2008
(UTC) by Lars Lindberg Christensen (talk • contribs) to en:wiki. Original artist: ESO/F. Marchis, M. Wong, E. Marchetti, P. Amico, S.
Tordo
• File:Jupiter_New_Horizons.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/c1/Jupiter_New_Horizons.jpg License:
Public domain Contributors: National Aeronautics and Space Administration Original artist: NASA/Johns Hopkins University Applied
Physics Laboratory/Southwest Research Institute
• File:Jupiter_and_Galilean_moons.jpg Source: http://upload.wikimedia.org/wikipedia/commons/b/b0/Jupiter_and_Galilean_moons.
jpg License: CC BY 2.0 Contributors: Jupiter Original artist: stewartde
• File:Jupiter_by_Cassini-Huygens.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/5a/Jupiter_by_Cassini-Huygens.jpg
License: Public domain Contributors: http://photojournal.jpl.nasa.gov/catalog/PIA02873 Original artist: NASA/JPL/University of Arizona
• File:Jupiter_diagram.svg Source: http://upload.wikimedia.org/wikipedia/commons/b/b5/Jupiter_diagram.svg License: CC BY-SA 3.0
Contributors: Own work Original artist: Kelvinsong
• File:Jupiter_from_Voyager_1.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/c8/Jupiter_from_Voyager_1.jpg License: Public domain Contributors: http://www.jpl.nasa.gov/releases/2002/release_2002_166.html Original artist: NASA, Caltech/JPL
• File:Jupiter_from_Voyager_1_PIA02855_thumbnail_300px_max_quality.ogv Source:
http://upload.wikimedia.org/wikipedia/
commons/0/0e/Jupiter_from_Voyager_1_PIA02855_thumbnail_300px_max_quality.ogv License:
Public domain Contributors:
http://photojournal.jpl.nasa.gov/browse/PIA02855.gif linked from http://photojournal.jpl.nasa.gov/animation/PIA02855 converted to
PNG images, downscaled to half size, then converted at maximum quality (10) and each frame forced to be a keyframe using programs
MPlayer for Windows (version 0.6.9+SVN-r3532 using Qt 4.6.2 using MPlayer SVN r31170) and png2theora (version 1.1 binary build
from 20100523) as follows: Original artist: NASA
• File:Jupiter_symbol.svg Source: http://upload.wikimedia.org/wikipedia/commons/2/26/Jupiter_symbol.svg License: Public domain
Contributors: Own work Original artist: Lexicon
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• File:Karte_Mars_Schiaparelli_MKL1888.png
Source:
http://upload.wikimedia.org/wikipedia/commons/d/dd/Karte_Mars_
Schiaparelli_MKL1888.png License: Public domain Contributors: Meyers Konversations-Lexikon (German encyclopaedia), 1888.
Original artist: Unknown
• File:Kirks_Soap_Yerkes_Mars.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/5f/Kirks_Soap_Yerkes_Mars.jpg License: Public domain Contributors: Contemporary Astronomy â
second edition, by Jay M. Pasachoﬀ, published by Saunders College
Publishing 1981. ISBN 0-03-057861-2 Original artist: Further attribution given within to “American Institute of Physics, Niels Bohr
Library”. 1893 ad its self is attributed in text to an unnamed Chicago newspaper.
• File:Lhborbits.png Source: http://upload.wikimedia.org/wikipedia/commons/0/0f/Lhborbits.png License: CC BY-SA 3.0 Contributors:
Own work Original artist: en:User:AstroMark
• File:Looking_saturn_in_the_eye.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/57/Looking_saturn_in_the_eye.jpg
License: Public domain Contributors: http://www.nasa.gov/images/content/162349main_pia08332-516.jpg on http://www.nasa.gov/
mission_pages/cassini/multimedia/pia08332.html Original artist: NASA
• File:Lowell_Mars_channels.jpg Source: http://upload.wikimedia.org/wikipedia/commons/f/f3/Lowell_Mars_channels.jpg License:
Public domain Contributors: Яков Перельман - "Далёкие миры". СПб, типография Сойкина (English transliteration: Yakov Perelman
- “Distant Worlds”. St. Petersburg, Soykin printing house), 1914. Original artist: Percival Lowell
• File:MESSENGER_-_Venus_630_nm_stretch.jpg Source: http://upload.wikimedia.org/wikipedia/commons/3/3b/MESSENGER_-_
Venus_630_nm_stretch.jpg License: Public domain Contributors: http://messenger.jhuapl.edu/gallery/sciencePhotos/image.php?page=1&
gallery_id=2&image_id=327 Original artist: NASA / JHU/APL
• File:Maat_Mons_on_Venus.jpg Source: http://upload.wikimedia.org/wikipedia/commons/1/16/Maat_Mons_on_Venus.jpg License:
Public domain Contributors: ? Original artist: ?
• File:Mackinac_Island.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/5d/Mackinac_Island.jpg License: Public domain
Contributors: Transferred from ru.wikipedia; transferred to Commons by User:Bulwersator using CommonsHelper. Original artist: . Original uploader was Neck at ru.wikipedia
• File:Magellan_Venus_globes.jpg Source: http://upload.wikimedia.org/wikipedia/commons/a/a1/Magellan_Venus_globes.jpg License:
Public domain Contributors: http://solarviews.com/cap/venus/venview.htm (image link) Original artist: NASA/JPL
• File:Mariner_2_in_space.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/02/Mariner_2_in_space.jpg License: Public domain Contributors: http://photojournal.jpl.nasa.gov/catalog/PIA04594 Original artist: NASA Jet Propulsion Laboratory (NASA-JPL)
• File:Mars-express-volcanoes-sm.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/9d/Mars-express-volcanoes-sm.jpg
License: Public domain Contributors: http://marsprogram.jpl.nasa.gov/express/gallery/artwork/marsis-radarpulses.html (image link) Original artist: NASA/JPL/Corby Waste
• File:Mars.jpg Source: http://upload.wikimedia.org/wikipedia/commons/1/1b/Mars.jpg License: Public domain Contributors: [1] [2] (imported from English Wikipedia) Original artist: NASA and The Hubble Heritage Team (STScI/AURA) [3] Acknowledgment: J. Bell
(Cornell U.)
• File:Mars.ogv Source: http://upload.wikimedia.org/wikipedia/commons/d/dd/Mars.ogv License: Public domain Contributors: Goddard
Multimedia Original artist: NASA/Goddard Space Flight Center
• File:MarsCuriosityRover-CoronationRock-N165-20120817-crop.jpg Source: http://upload.wikimedia.org/wikipedia/commons/f/
f8/MarsCuriosityRover-CoronationRock-N165-20120817-crop.jpg License: Public domain Contributors: http://mars.jpl.nasa.gov/msl/
images/msl_twirly20120817-660-full.jpg Original artist: NASA/JPL-Caltech/MSSS/LANL
• File:MarsViking1Lander-BigJoeRock-19780211.jpg
Source:
http://upload.wikimedia.org/wikipedia/commons/1/1b/
MarsViking1Lander-BigJoeRock-19780211.jpg License: Public domain Contributors: Crop/Resize/JPG-Convert (using JASC
Paint Shop Pro v 6.02) of ﬁle at https://en.wikipedia.org/wiki/File:Mars_Viking_11h016.png Original artist: NASA/Van der Hoorn
• File:Mars_23_aug_2003_hubble.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/58/Mars_23_aug_2003_hubble.jpg
License: Public domain Contributors: http://hubblesite.org/newscenter/archive/releases/2005/34/image/j/ (image link) Original artist:
NASA, ESA, and The Hubble Heritage Team (STScI/AURA)
• File:Mars_Earth_Comparison_2.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/93/Mars_Earth_Comparison_2.jpg
License: Public domain Contributors: NASA/JPL/MSSS based on the [#Sources these sources]. Original artist: NASA/JPL/MSSS &
User:DrLee
• File:Mars_HST_Mollweide_map_1999.png Source: http://upload.wikimedia.org/wikipedia/commons/d/da/Mars_HST_Mollweide_
map_1999.png License: Public domain Contributors: http://hubblesite.org/gallery/album/entire_collection/pr1999027f/ (Original Tif, resaved as PNG].) Original artist: NASA.
• File:Mars_Hubble.jpg Source: http://upload.wikimedia.org/wikipedia/commons/7/76/Mars_Hubble.jpg License: Public domain Contributors: http://hubblesite.org/newscenter/archive/releases/2001/24/image/a/ (direct link)
Original artist: NASA and The Hubble Heritage Team (STScI/AURA)
• File:Mars_Viking_11d128.png Source: http://upload.wikimedia.org/wikipedia/commons/1/1b/Mars_Viking_11d128.png License: Public domain Contributors: Own work based on images in the NASA Viking image archive Original artist: “Roel van der Hoorn (Van der
Hoorn)"
• File:Mars_atmosphere_2.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/cd/Mars_atmosphere_2.jpg License: Public
domain Contributors: http://solarsystem.nasa.gov/multimedia/gallery/Mars__atmosphere.jpg Original artist: NASA
• File:Mars_oppositions_2003-2018.png Source: http://upload.wikimedia.org/wikipedia/commons/4/48/Mars_oppositions_2003-2018.
png License: Public domain Contributors: Own work Original artist: self
• File:Mars_rock_Mimi_by_Spirit_rover.jpg Source: http://upload.wikimedia.org/wikipedia/commons/2/28/Mars_rock_Mimi_by_
Spirit_rover.jpg License: Public domain Contributors: http://mars.nasa.gov/mer/gallery/press/spirit/20040213a.html (image link) Original artist: NASA/JPL/Cornell
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• File:Mars_symbol.svg Source: http://upload.wikimedia.org/wikipedia/commons/b/b7/Mars_symbol.svg License: Public domain Contributors: Own work Original artist: This vector image was created with Inkscape by Lexicon, and then manually replaced by sarang.
• File:Mars_topography_(MOLA_dataset)_with_poles_HiRes.jpg Source: http://upload.wikimedia.org/wikipedia/commons/2/2c/
Mars_topography_%28MOLA_dataset%29_with_poles_HiRes.jpg License: Public domain Contributors: http://mola.gsfc.nasa.gov/
images.html and http://photojournal.jpl.nasa.gov/catalog/PIA02993 Original artist: NASA / JPL / USGS
• File:Marsorbitsolarsystem.gif Source: http://upload.wikimedia.org/wikipedia/commons/5/54/Marsorbitsolarsystem.gif License: CC
BY-SA 3.0 Contributors: Own work Original artist: Lookang many thanks to author of original simulation = Todd K. Timberlake author of
Easy Java Simulation = Francisco Esquembre
• File:Martian_atmosphere_photographed_by_Mars_Orbiter_Mission_Spacecraft.jpg Source:
http://upload.wikimedia.org/
wikipedia/en/7/78/Martian_atmosphere_photographed_by_Mars_Orbiter_Mission_Spacecraft.jpg License: Public domain Contributors:
Check out @MarsOrbiter's Tweet: https://twitter.com/MarsOrbiter/status/515132968939954177?s=09 Original artist:
Indian Space and Research Organisation
• File:Martian_north_polar_cap.jpg Source: http://upload.wikimedia.org/wikipedia/commons/6/62/Martian_north_polar_cap.jpg License: Public domain Contributors: http://www.msss.com/mars_images/moc/may_2000/n_pole/ ﬁle Original artist: NASA/JPL/Malin
Space Science Systems
• File:Mgn_p39146.png Source: http://upload.wikimedia.org/wikipedia/commons/b/bb/Mgn_p39146.png License: Public domain Contributors: ? Original artist: ?
• File:Msl20110526_MSL_Artist_Concept_PIA14164-full.jpg Source:
http://upload.wikimedia.org/wikipedia/commons/2/27/
Msl20110526_MSL_Artist_Concept_PIA14164-full.jpg License: Public domain Contributors: http://marsprogram.jpl.nasa.gov/msl/
multimedia/images/?ImageID=3511 Original artist: NASA
• File:NASA-14090-Comet-C2013A1-SidingSpring-Hubble-20140311.jpg Source: http://upload.wikimedia.org/wikipedia/commons/
a/ac/NASA-14090-Comet-C2013A1-SidingSpring-Hubble-20140311.jpg License: Public domain Contributors: http://www.nasa.gov/
sites/default/files/14-090-hubble-comet_0.jpg Original artist: NASA, ESA, and J.-Y. Li (Planetary Science Institute)
• File:NASA-Cassini-Saturn-TitanFlybyTests-20140617.jpg
Source:
http://upload.wikimedia.org/wikipedia/commons/3/3a/
NASA-Cassini-Saturn-TitanFlybyTests-20140617.jpg License: Public domain Contributors: http://www.jpl.nasa.gov/images/cassini/
20140617/cassini20140617-full.jpg Original artist: NASA/JPL-Caltech
• File:NASA-MarsRock-Yogi-SuperRes.jpg
NASA-MarsRock-Yogi-SuperRes.jpg License:
Original artist: NASA/JPL/Dr. Timothy Parker
Source:
http://upload.wikimedia.org/wikipedia/commons/c/c4/
Public domain Contributors: http://mars.jpl.nasa.gov/MPF/ops/Yogi_super_res.jpg
• File:NASA14135-Jupiter-GreatRedSpot-Shrinks-20140515.jpg Source:
http://upload.wikimedia.org/wikipedia/commons/3/30/
NASA14135-Jupiter-GreatRedSpot-Shrinks-20140515.jpg License: Public domain Contributors: http://www.nasa.gov/sites/default/
files/14-135-jupiter2_0.jpg Original artist: NASA, ESA, and A. Simon (Goddard Space Flight Center)
• File:NASA_Curiosity_rover_-_Link_to_a_Watery_Past_(692149main_Williams-2pia16188-43).jpg
Source:
http:
//upload.wikimedia.org/wikipedia/commons/7/79/NASA_Curiosity_rover_-_Link_to_a_Watery_Past_%28692149main_
Williams-2pia16188-43%29.jpg License: Public domain Contributors: Link to a Watery Past Original artist: NASA/JPL-Caltech/MSSS
• File:Nasa_mars_opportunity_rock_water_150_eng_02mar04.jpg Source: http://upload.wikimedia.org/wikipedia/commons/2/29/
Nasa_mars_opportunity_rock_water_150_eng_02mar04.jpg License: Public domain Contributors: http://photojournal.jpl.nasa.gov/
catalog/pia05474 Original artist: NASA/JPL/US Geological Survey
• File:Neptune'{}s_Great_Dark_Spot.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/df/Neptune%27s_Great_Dark_
Spot.jpg License: Public domain Contributors: http://photojournal.jpl.nasa.gov/catalog/PIA00052 Original artist: NASA / Jet Propulsion
Lab
• File:Neptune,_Earth_size_comparison.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/d5/Neptune%2C_Earth_size_
comparison.jpg License: Public domain Contributors: This image was made from NASA Earth America 2010.jpg and Neptune Full.jpg
Original artist: ?
• File:Neptune-Methane.jpg Source: http://upload.wikimedia.org/wikipedia/commons/6/6a/Neptune-Methane.jpg License: Public domain Contributors: frame from video on Hubblesite: STScI-2005-22 Original artist: Hubble Space Telescope
• File:Neptune-visible.jpg Source: http://upload.wikimedia.org/wikipedia/commons/6/63/Neptune-visible.jpg License: Public domain
Contributors: ? Original artist: ?
• File:Neptune_Full.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/56/Neptune_Full.jpg License: Public domain Contributors: JPL image Original artist: NASA
• File:Neptune_Orbit.gif Source: http://upload.wikimedia.org/wikipedia/commons/6/66/Neptune_Orbit.gif License: CC BY-SA 3.0 Contributors: Own work Original artist: Lookang many thanks to author of original simulation = Todd K. Timberlake author of Easy Java
Simulation = Francisco Esquembre
• File:Neptune_clouds.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/c8/Neptune_clouds.jpg License: Public domain
Contributors: http://photojournal.jpl.nasa.gov/catalog/PIA00058 Original artist: NASA / Jet Propulsion Lab
• File:Neptune_diagram.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/fd/Neptune_diagram.svg License: CC BY-SA
3.0 Contributors: http://solarsystem.nasa.gov/multimedia/gallery/Neptune_Int-browse.jpg, which is in the public domain Original artist:
NASA; Pbroks13 (redraw)
• File:Neptune_storms.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/8c/Neptune_storms.jpg License: Public domain
Contributors: http://antwrp.gsfc.nasa.gov/apod/ap010821.html Original artist: NASA/Voyager 2 Team
• File:Neptune_symbol.svg Source: http://upload.wikimedia.org/wikipedia/commons/4/47/Neptune_symbol.svg License: Public domain
Contributors: Own work Original artist: Amit6
• File:Neptunerings.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/87/Neptunerings.jpg License: Public domain Contributors: Transferred from en.wikipedia; transfer was stated to be made by User:Cocu. Original artist: Original uploader was Serendipodous
at en.wikipedia
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• File:Office-book.svg Source: http://upload.wikimedia.org/wikipedia/commons/a/a8/Office-book.svg License: Public domain Contributors: This and myself. Original artist: Chris Down/Tango project
• File:Olympus_Mons_alt.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/00/Olympus_Mons_alt.jpg License: Public domain Contributors: Edited version of File:Olympus Mons.jpg originally from http://nssdc.gsfc.nasa.gov/photo_gallery/photogallery-mars.
html#features. Original artist: Image by NASA, modiﬁcations by Seddon
• File:Orbits_of_Phobos_and_Deimos.gif Source:
http://upload.wikimedia.org/wikipedia/commons/d/db/Orbits_of_Phobos_and_
Deimos.gif License: CC BY-SA 2.5 Contributors: ? Original artist: ?
• File:P11saturnb.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/c7/P11saturnb.jpg License: Public domain Contributors:
? Original artist: ?
• File:PIA00819left-MarsRock-BarnacleBill.gif
Source:
http://upload.wikimedia.org/wikipedia/commons/2/2f/
PIA00819left-MarsRock-BarnacleBill.gif License: Public domain Contributors: http://photojournal.jpl.nasa.gov/figures/PIA00819left.gif
Original artist: NASA/JPL
• File:PIA01482_Saturn_Montage.jpg Source: http://upload.wikimedia.org/wikipedia/commons/7/7d/PIA01482_Saturn_Montage.jpg
License: Public domain Contributors: JPL image PIA01482 Original artist: NASA
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• File:Uranus_symbol.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/f1/Uranus_symbol.svg License: Public domain
Contributors: Own work Original artist: Lexicon
• File:Uranusandrings.jpg Source: http://upload.wikimedia.org/wikipedia/commons/e/e4/Uranusandrings.jpg License: Public domain
Contributors: http://www.astronomy.com/asy/default.aspx?c=a&id=1226 : from http://hubblesite.org/newscenter/archive/releases/2002/
28/image/k/ or http://hubblesite.org/newscenter/archive/releases/1998/35/image/a/ Original artist: Hubble Space Telescope - NASA Marshall Space Flight Center
• File:Uranuscolour.png Source: http://upload.wikimedia.org/wikipedia/commons/f/fa/Uranuscolour.png License: Public domain Contributors: ? Original artist: ?
• File:Urbain_Le_Verrier.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/89/Urbain_Le_Verrier.jpg License: Public domain Contributors: Originally from en.wikipedia; description page is (was) here Original artist: User Magnus Manske on en.wikipedia
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• File:Venus2_mag_big.png Source: http://upload.wikimedia.org/wikipedia/commons/4/48/Venus2_mag_big.png License: Public domain
Contributors: Image from NASA website, and converted to PNG format Original artist: Magellan Team, JPL, NASA.
• File:VenusLanderTopo.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/98/VenusLanderTopo.jpg License: CC BY-SA
3.0 Contributors:
• Pioneer Original artist: Zamonin
• File:Venus_Drawing.jpg Source: http://upload.wikimedia.org/wikipedia/commons/7/73/Venus_Drawing.jpg License: Public domain
Contributors: Philosophical Transactions of the Royal Society Original artist: Captain James Cook and Charles Green
• File:Venus_Rover.jpg Source: http://upload.wikimedia.org/wikipedia/commons/1/15/Venus_Rover.jpg License: Public domain Contributors: ? Original artist: ?
• File:Venus_airplane.JPG Source: http://upload.wikimedia.org/wikipedia/en/f/f7/Venus_airplane.JPG License: PD Contributors: ? Original artist: ?
• File:Venus_globe.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/85/Venus_globe.jpg License: Public domain Contributors: http://photojournal.jpl.nasa.gov/catalog/PIA00104 Original artist: NASA
• File:Venus_structure.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/cc/Venus_structure.jpg License: CC-BY-SA-3.0
Contributors: ? Original artist: ?
• File:Venus_symbol.svg Source: http://upload.wikimedia.org/wikipedia/commons/6/66/Venus_symbol.svg License: Public domain Contributors: Own work Unicode U+2640 (♀). Original artist: Kyle the hacker
• File:Venusorbitsolarsystem.gif Source: http://upload.wikimedia.org/wikipedia/commons/b/b7/Venusorbitsolarsystem.gif License: CC
BY-SA 3.0 Contributors: Own work Original artist: Lookang many thanks to author of original simulation = Todd K. Timberlake author of
Easy Java Simulation = Francisco Esquembre
• File:Venuspioneeruv.jpg Source: http://upload.wikimedia.org/wikipedia/commons/b/bc/Venuspioneeruv.jpg License: Public domain
Contributors: NSSDC Photo Gallery Venus direct link to the big TIFF Version:ftp://nssdcftp.gsfc.nasa.gov/photo_gallery/hi-res/planetary/
venus/pvo_uv_790226.tiff Original artist: NASA
• File:Venustransit_2004-06-08_07-49.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/db/Venustransit_2004-06-08_
07-49.jpg License: CC-BY-SA-3.0 Contributors: photo taken by Jan Herold (German Wikipedian) Original artist: de:Benutzer:Klingon
• File:Vénus_télescope.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/cc/V%C3%A9nus_t%C3%A9lescope.jpg License: GFDL Contributors: http://astrosurf.com/lecleire/2007/venuscolor_100907_05h22.jpg Original artist: Marc Lecleire
• File:War-of-the-worlds-tripod.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/5a/War-of-the-worlds-tripod.jpg License: Public domain Contributors: ? Original artist: Henrique Alvim Correa
• File:Wikibooks-logo.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/fa/Wikibooks-logo.svg License: CC BY-SA 3.0
Contributors: Own work Original artist: User:Bastique, User:Ramac et al.
• File:Wikinews-logo.svg Source: http://upload.wikimedia.org/wikipedia/commons/2/24/Wikinews-logo.svg License: CC BY-SA 3.0
Contributors: This is a cropped version of Image:Wikinews-logo-en.png. Original artist: Vectorized by Simon 01:05, 2 August 2006 (UTC)
Updated by Time3000 17 April 2007 to use oﬃcial Wikinews colours and appear correctly on dark backgrounds. Originally uploaded by
Simon.
• File:Wikiquote-logo.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/fa/Wikiquote-logo.svg License: Public domain
Contributors: ? Original artist: ?
• File:Wikisource-logo.svg Source: http://upload.wikimedia.org/wikipedia/commons/4/4c/Wikisource-logo.svg License: CC BY-SA 3.0
Contributors: Rei-artur Original artist: Nicholas Moreau
• File:Wikiversity-logo-Snorky.svg Source: http://upload.wikimedia.org/wikipedia/commons/1/1b/Wikiversity-logo-en.svg License: CC
BY-SA 3.0 Contributors: Own work Original artist: Snorky
• File:Wiktionary-logo-en.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/f8/Wiktionary-logo-en.svg License: Public domain Contributors: Vector version of Image:Wiktionary-logo-en.png. Original artist: Vectorized by Fvasconcellos (talk · contribs), based
on original logo tossed together by Brion Vibber
• File:William_Herschel01.jpg Source: http://upload.wikimedia.org/wikipedia/commons/3/36/William_Herschel01.jpg License: Public
domain Contributors:
National Portrait Gallery: NPG 98
Original artist: Lemuel Francis Abbott
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