Neptune

Neptune, the eighth planet in average distance from the Sun, was named for the Roman god of the sea. The sea-god's three-pronged trident ({Neptune}) serves as its astronomical symbol. Neptune's distance from the Sun varies between 29.8 and 30.4 astronomical units (AUs). Its diameter is nearly four times that of the Earth ( Table 20), but because of its great distance Neptune cannot be seen from the Earth without the aid of a telescope. Neptune's deep blue colour is due to the absorption of red light by methane gas in its atmosphere. It receives less than half as much sunlight as Uranus, but heat escaping from its interior makes Neptune slightly warmer than the latter. The heat liberated may also be responsible for Neptune's stormier atmosphere, which exhibits the fastest winds seen on any planet in the solar system. 

PRINCIPAL CHARACTERISTICS

Neptune's orbital period is 164.8 Earth years. It has not completely circled the Sun since its discovery in 1846, so some refinements in its orbital size and shape are still expected. Voyager 2's encounter with Neptune in 1989 resulted in an upward revision of about 0.17 percent in its estimated mean distance from the Sun, which is now thought to be 4,504,300,000 kilometres. Its orbital eccentricity of 0.009 means that Neptune's orbit is very nearly circular; among the nine planets in the solar system, only Venus has a smaller eccentricity. Neptune's seasons (and the seasons of its moons) are therefore of nearly equal length, each more than 41 Earth years in duration. The tilt of Neptune's equator relative to its orbit is 29.6o, somewhat larger than the Earth's 23.4o. 

The length of Neptune's day, as determined by Voyager 2, is 16.11 hours. Its equatorial diameter, measured at the one-bar pressure level (the pressure of the Earth's atmosphere at sea level), is 49,528 kilometres. Because of polar flattening, Neptune's polar diameter is only 48,680 kilometres. Neptune's volume is equivalent to 57.7 Earth volumes; Uranus is slightly larger with a value of 63 Earth volumes. Owing to its greater density (1.64 grams per cubic centimetre), however, Neptune's mass is 18 percent higher than the mass of Uranus. Neptune has a mass equivalent to that of 17.15 Earth masses.  

THE ATMOSPHERE

As with the other giant planets of the outer solar system, Neptune's atmosphere is composed predominantly of hydrogen and helium. Near the one-bar pressure level in the atmosphere, these two gases contribute nearly 98 percent of the atmospheric molecules. Most of the remaining molecules consist of methane gas. Hydrogen and helium are nearly invisible, but methane strongly absorbs red light. Sunlight reflected off Neptune's clouds therefore exits the atmosphere with most of its red colours removed: this effect is responsible for Neptune's blue appearance (see Figure 29). 

The temperature of Neptune's atmosphere varies with altitude. A minimum temperature of about 50 K occurs at pressure near 0.1 bar. The temperature increases with altitude to about 750 K at 2,000 kilometres (corresponding to a pressure of 10-11 bar) and remains uniform above that altitude. Temperatures increase with depth below the 0.1-bar level to about 7,000 K near the centre of the planet, where the pressure may reach 5,000,000 bars. The effective temperature of Neptune (the temperature of a perfect blackbody emitter of the same cross section) is 59.3 K. 

Neptune is more than 50 percent farther from the Sun than is Uranus. Neptune consequently receives less than half as much sunlight as the latter. Yet the effective temperatures of these two giant gaseous planets are nearly equal. Uranus and Neptune each reflect (and hence also absorb) about the same proportion of the sunlight that reaches them. For reasons not fully understood, Neptune emits more than twice as much energy as it receives from the Sun. The added energy is generated in Neptune's interior. Uranus, by contrast, has little energy escaping from its interior.  

At the reference level of one bar, the mean temperature of Neptune's atmosphere is roughly 74 K. Atmospheric temperatures are a few degrees warmer at the equator and poles than at mid-latitudes. This is probably an indication that air currents are rising near mid-latitudes and descending near the equator and poles. This vertical flow may extend to great heights within the atmosphere. A more vertically confined horizontal wind system exists near the cloud tops. As with the other giant planets of the outer solar system, the winds are constrained to blow generally along lines of constant latitude and are relatively invariable with time. Winds on Neptune vary from about 100 metres per second (m/s) in an easterly (prograde) direction near latitude 70oS to as high as 700 m/s in a westerly (retrograde) direction near latitude 20oS. These 700-m/s atmospheric winds are the highest measured anywhere in the solar system. 

The high winds and relatively large contribution of escaping internal heat may be responsible for the observed turbulence in Neptune's visible atmosphere. Two large dark ovals are clearly visible in images of Neptune's southern hemisphere (Figure 29). The largest, called the "Great Dark Spot" because of its similarity in latitude and shape to Jupiter's Great Red Spot, is comparable to the entire Earth in size. It is near this Great Dark Spot that the highest wind speeds were measured. A somewhat smaller "Small Dark Spot" circles the planet near latitude 55oS. These two atmospheric storms may be centres where strong upwelling of gases from the interior takes place. A bright feature, dubbed the "Scooter," consists of a series of small streaks that vary in number and size over time, causing the Scooter to change in shape. Several other bright features, such as the bright white companions of the two dark spots, may be attributable to methane ice clouds created by strong upward motions of pockets of methane gas to higher, colder altitudes in the atmosphere. 

Neptune is the only one of the giant planets of the solar system to display cloud shadows cast by high dispersed clouds on a lower, more continuous cloud bank. The higher clouds, probably composed of methane ice crystals, are generally located from 50 to 100 kilometres above the main cloud deck, which may be composed of ammonia or hydrogen sulfide ice crystals. As with the other gas giants, deeper cloud layers, invisible to the remote sensing instruments carried by the Voyager spacecraft, are thought to exist, but their composition is dependent on the relative amounts of gases composed of compounds of sulfur and nitrogen. Clouds of water ice are expected to occur at depths within Neptune's atmosphere where the pressure is in excess of 100 bars. 

INTERIOR STRUCTURE AND COMPOSITION

Neptune's mean density is slightly less than 30 percent that of the Earth; nevertheless, it is the densest of the giant planets. Neptune's greater density implies that a larger percentage of its interior is composed of melted ices and molten rocky materials than is the case for the other gas giants. 

The distribution of these heavier elements and compounds is poorly known at present. Voyager 2 data suggest, however, that the planet is unlikely to have a distinct inner core of molten rocky materials surrounded by an outer core of melted ices of methane, ammonia, and water. The relatively long rotational period of Neptune (16.11 hours) was about one hour longer than would be expected from such an interior model. Scientists have concluded that the heavier compounds and elements must not be centrally condensed; instead, they may be spread almost uniformly throughout the interior. In this respect, as in many others, Neptune resembles Uranus far more than the larger giants Jupiter and Saturn. 

The large fraction of Neptune's total heat budget derived from the planet's interior may not necessarily imply that Neptune is hotter at its centre than Uranus. Multiple stratified layers in the deep atmosphere of Uranus may serve to insulate the interior, trapping within Uranus the radiation that more readily escapes from Neptune. 

MAGNETIC FIELD AND MAGNETOSPHERE

Neptune, like most of the planets in the solar system, possesses an internal magnetic field. The Earth's magnetic field is thought to be generated by electrical currents flowing in its liquid iron core, and electrical currents flowing within the outer cores of liquid metallic hydrogen in Jupiter and Saturn may similarly be the source of their magnetic fields. All three have magnetic fields relatively well centred within the planets and aligned within about 10o of their rotation axes. Uranus and Neptune, by contrast, have magnetic fields that are tilted with respect to their rotation axes by 59o and 47o, respectively. Furthermore, these magnetic fields are not well centred within their planets. Uranus' field is offset 30 percent of the distance from its centre to its cloud tops. Neptune's field, with an offset of 55 percent of Neptune's radius, originates in a portion of the interior that is actually closer to the cloud tops than to the centre. The unusual configurations of the magnetic fields of Uranus and Neptune have led scientists to speculate that these fields may be generated in processes occurring in the upper layers of the planetary interiors rather than near their centres. 

Because of the high tilt of Neptune's magnetic field, charged particles (predominantly protons and electrons) trapped in the magnetosphere are repeatedly swept past the orbits of the satellites and rings. Many of these charged particles may be absorbed by the satellites and rings, effectively emptying from the magnetosphere a large fraction of its charged particle content. Neptune's magnetosphere is populated with fewer protons and electrons per unit volume than that of any of the other gas giant planets. 

THE SATELLITES AND RINGS

Satellites.

Prior to the Voyager 2 encounter in August 1989, Neptune's only known satellites were Triton and Nereid. Triton is the lone large moon in the solar system to travel backward (in a direction opposite to the planet's rotation) around its primary. Among the largest satellites in the solar system, inclinations are less than about 5o; Triton's orbit, however, is tilted 157o  to Neptune's equator. Nereid is very distant from the planet and has the most eccentric orbit of any known natural satellite. At its apoapsis (greatest distance), Nereid is nearly seven times as far from Neptune as at its periapsis (smallest distance). Even at its closest approach, Nereid is nearly four times the distance of Triton, Neptune's second most distant satellite. 

Voyager 2 observations added six previously unknown satellites to Neptune's system. All are less than half Triton's distance from Neptune and travel in nearly circular orbits that are prograde and in or near Neptune's equatorial plane. The names of the satellites selected by the International Astronomical Union are all derived from Greek and Roman mythology and correspond to minor gods who served Neptune. These names, in order of increasing distance from Neptune, are Naiad, Thalassa, Despina, Galatea, Larissa, and Proteus. Physical data on the eight satellites are summarized in Table 21. 

Five of the six recently discovered satellites (all but Proteus) orbit Neptune in less time than the 16.11-hour rotational period of the planet. Hence, to an observer positioned near Neptune's cloud tops, these five would appear to rise in the west and set in the east. Only two of the six "new" satellites were seen from close enough range to detect both their size and approximate shape. Proteus and Larissa are irregular in shape and appear to have heavily cratered surfaces. The sizes of the other four are estimated from their integrated brightness by assuming that their surface reflectances are similar to those of Proteus and Larissa--namely, about 7 percent. Proteus, with a radius of approximately 208 kilometres, is slightly larger than Nereid (with a radius of about 170 kilometres). The other five new satellites are much smaller, each having an average radius of less than 100 kilometres. 

Nereid was not observed from close range, but Voyager 2 data indicate a nearly spherical shape for the outermost of Neptune's satellites. Voyager detected no large variations in brightness as Nereid rotates. The highly elliptical orbit makes it unlikely that Nereid's rotational and orbital periods are equal, but Voyager 2 was not able to determine a rotational period. Rotational periods for all the other satellites (including Triton) are probably equal (or very nearly equal) to their orbital periods. 

Pre-Voyager estimates of Triton's size made from the Earth were based on an erroneously high mass determination and assumption of low surface reflectivity. Triton's mass is now known to be only a small fraction of the previously accepted value, and the average surface reflectivity is high. Triton's radius as measured by Voyager 2 is 1,350 kilometres. Triton has a highly reflective icy surface, in contrast to the Moon's dark surface devoid of volatile components. Triton's low mass is likely a consequence of a predominantly water-ice interior surrounding a denser rocky core, while the Moon's composition is that of almost exclusively rocky materials. Nevertheless, Triton's mean density of 2.07 grams per cubic centimetre is higher than that measured for any of the satellites of Saturn or Uranus and is surpassed among large satellites only by the Moon and Jupiter's satellites Io and Europa. 

Triton's visible surface is covered by methane and nitrogen ices. Evidence of trace amounts of carbon monoxide and carbon dioxide ices also has been revealed in spectroscopic studies conducted from the Earth. Even at the remarkably low 38 K surface temperature, sublimation of nitrogen ice is sufficient to form a tenuous atmosphere whose near-surface pressure is less than 0.00002 bar. A polar ice cap, presumably composed of nitrogen ice deposited in the prior winter, covered most of the southern hemisphere of Triton during Voyager 2's flyby in 1989. At that time Triton was nearly three-quarters of the way through its 41-year southern springtime. Equatorward of the polar cap, much of the terrain had the appearance of a cantaloupe rind, consisting of dimples crisscrossed with a network of fractures. This unique terrain is shown in Figure 30. 

Within the polar cap region, numerous darker streaks provide evidence of surface winds. At least two of the streaks, and perhaps dozens, are the result of active, geyser-like plumes erupting during the Voyager 2 flyby. Nitrogen gas, escaping through vents in the overlying ice, carries entrained dust particles to heights of about 8 kilometres, where the dust is then transported downwind to distances of up to 150 kilometres. The energy sources and mechanisms for driving these plumes are not yet well understood, but their preference for latitudes illuminated vertically by the Sun has led to the conclusion that incident sunlight is an important factor in the process. 

Near the equator on the Neptune-facing side of Triton exist at least two and perhaps several frozen lakelike features with terraced edges. The terraced edges are probably the result of multiple epochs of melting, with each successive melt involving a somewhat smaller surface area of ice. The vertical extent of some of the cliffs (terrace edges) is more than one kilometre. Even at Triton's low surface temperature, nitrogen or methane ices are not strong enough to support a structure of that height without structural failure. It is assumed that the underlying material supporting these structures is water ice, although no direct evidence for water ice is seen in the spectra of Triton. A thin veneer of nitrogen or methane ice could effectively hide the spectral signature of water ice. 

Triton is similar in size, density, and surface composition to the planet Pluto. It is thought to be a captured satellite, perhaps formed originally as an independent planet in the outer solar system. At some point in Neptune's early history, Triton's orbit may have carried it too near the gas giant. Gas drag in Neptune's extended atmosphere, or a collision with an existing satellite of Neptune, slowed Triton enough to place it in an elongated orbit, backward and tilted with respect to the orbits of the previously existing satellites. As Triton raised tides in Neptune's atmosphere, these tides in turn selectively retarded Triton in the closer portions of its orbit, eventually circularizing its path around Neptune. This process from capture to circular orbit may have taken more than one billion years, during which time the enormous tidal forces most likely melted the entire interior of Triton. The molten body would have undergone differentiation, with the denser material sinking into a core region and the more volatile materials rising to the surface. 

It is thought that Triton's surface cooled faster than its interior and formed a thick layer of predominantly water ice. As subsurface water froze, it expanded, fracturing the outer ice layer and flowing through and filling the cracks. The intersecting fractures visible in Voyager images of Triton's surface provide strong corroborating evidence for the existence of water ice inside this satellite, since no other compositional candidates for Triton's subsurface expand as they freeze. 

The process of capture and circularization of Triton's orbit would have severely disrupted any previously existing satellite system formed at the same time as Neptune. Nereid's radical orbit may be one consequence of this process. Satellites orbiting between Nereid and the six satellites discovered by Voyager 2 would have been ejected from the Neptune system, thrown into Neptune itself, or absorbed by the molten Triton. Those satellites orbiting at a distance of less than half Triton's present distance from Neptune would not have been close enough to the planet to avoid some disruption. Thus, the present orbits of the six small inner satellites are probably very different from their original orbits, and they may only be fragments of original satellites formed along with Neptune. Subsequent bombardment of these satellites by Neptune-orbiting debris and by meteorites may have further altered their sizes, shapes, and orbits. 

Rings.

Neptune's system of narrow rings (Figure 31), which may be a relatively new addition to the planet's family, displays a quite unusual feature. Although narrow rings have been seen around each of the other three gas giants, none have displayed the striking nonuniformity of particle density of Neptune's outermost ring, provisionally called 1989N1R. Material is clumped in at least five brighter regions, called arcs, that are found within a 45o segment of the ring. They range in length from about 1,000 kilometres to more than 10,000 kilometres. Although Galatea may gravitationally interact with 1989N1R to temporarily trap ring particles in such arclike regions, collisions between ring particles should eventually spread the constituent material relatively uniformly around the circumference of 1989N1R. Azimuthal uniformity is characteristic of almost all the known planetary rings, although some of the elliptical rings of Uranus exhibit smooth variations in width. 1989N1R's enigmatic arcs may be the result of the breakup of a small satellite within the past few thousand years.  

The inner rings of Neptune (1989N2R, 1989N3R, and 1989N4R) lack the unusual azimuthal nonuniformity exhibited by 1989N1R. 1989N2R is narrow--less than 15 kilometres in radial width--and closely resembles the nonarc regions of 1989N1R. The small satellites Galatea and Despina orbit Neptune just planetward of 1989N1R and 1989N2R, respectively, and may gravitationally repel particles near the inner edges of these rings. 1989N3R is much broader and fainter than either 1989N1R or 1989N2R, possibly owing to the absence of any strong particle-shepherding action from a nearby satellite. 1989N4R consists of a faint plateau of ring material that extends outward in radial distance from 1989N2R about halfway to 1989N1R. 

None of Neptune's rings were detected at radio wavelengths, indicating that they are nearly devoid of particles in the centimetre or larger size range. The fact that the rings are most visible when backlighted by sunlight implies that they are largely populated by dust-sized particles. Their chemical makeup is not known, but, like the rings of Uranus, the ring-particle surfaces (and possibly the particles in their entirety) may be composed of radiation-darkened methane ices. Physical data on the rings are summarized in Table 22. 

HISTORY OF OBSERVATION

Neptune is the only giant gaseous planet that is not visible without a telescope. With an apparent brightness of +7.8 in stellar magnitudes, it is approximately one-fifth as bright as the faintest stars visible to the naked eye. Hence, it is relatively certain that there were no observations of Neptune prior to the use of telescopes. Galileo is credited as the first to view the heavens with a telescope in 1609. His sketches made a few years later suggest that he may have seen Neptune when it passed near Jupiter. He failed, however, to recognize it as a planet and therefore cannot be credited with its discovery. 

Prior to the discovery of Uranus by William Herschel in 1781, the consensus among astronomers and philosophers alike was that all the planets in the solar system were those six that had been observed since ancient times. The discovery of a seventh planet almost immediately led astronomers and others to suspect the existence of still more planetary bodies. Additional impetus was given by a mathematical curiosity that has come to be known as Bode's law or the Titius-Bode law. In 1766 Johann Daniel Titius of Germany noted that the then-known planets formed an orderly progression in distance from the Sun that could be expressed as a simple mathematical equation. In astronomical units (AU), Mercury's distance is very nearly 0.4; the distances of Venus, the Earth, Mars, Jupiter, and Saturn are approximately 0.4 + (0.3 ( 2n), where n is 0, 1, 2, 4, and 5, respectively, for the five planets. The astronomer Johann Elert Bode, also of Germany, published the law in 1772 in a popular introductory astronomy book, proposing that the missing 3 in the progression might indicate that a planet between Mars and Jupiter remained to be discovered. 

The suggestion was met with little enthusiasm until it was discovered that Uranus was at a distance (19.2 AU) very nearly equal to that predicted by Bode's law (19.6 AU) for n = 6. It was found, however, that a group of asteroids orbiting between Mars and Jupiter, rather than a new planet, satisfied the n = 3 case of the equation (see below Other constituents of the solar system: Asteroids: Historical survey of major asteroid discoveries). 

Some astronomers were so impressed by the seeming success of Bode's law that they proposed the name Ophion for a large planet predicted to lie beyond Uranus at a distance of 38.8 AU. In addition to the scientifically unfounded prediction from Bode's law, observations of Uranus provided more direct evidence for the existence of another planet. Uranus was not following the path predicted by the laws of motion and the gravitational forces exerted by the Sun and the known planets. Furthermore, more than 20 prediscovery sightings of Uranus dating back as far as 1690 also disagreed with the calculated positions of Uranus for the respective time at which each observation was made. 

In 1843 the British mathematician John Couch Adams began a serious study to see if he could predict the location of a more distant planet that could account for the strange motions of Uranus. Adams succeeded and communicated the results of his study to the astronomer royal, Sir George B. Airy, but Airy did not take them seriously. In 1846 Urbain-Jean-Joseph Le Verrier of France, unaware of Adams' efforts in Britain, began a similar study of his own. 

By mid-1846 the astronomer John Herschel, son of William Herschel, expressed his opinion that the mathematical studies under way could well lead to the discovery of a new planet. Airy, convinced by Herschel's arguments, sent Adams' calculations to James Challis at the Cambridge Observatory. Challis began a systematic search of a large area of sky surrounding Adams' predicted location. The search was slow and tedious, because Challis had no detailed maps of the dim stars in the area where the new planet was predicted. He would draw charts of the stars he observed and then compare them with the same region several nights later to see if any of the "stars" had moved. 

Le Verrier also had difficulty convincing astronomers in his country that a telescopic search of the skies in the area he predicted for the new planet was not a waste of time. On Sept. 23, 1846, he communicated his results to the Berlin astronomer Johann Gottfried Galle. Galle and his assistant Heinrich Louis d' Arrest had access to detailed star maps of the sky painstakingly constructed to aid in the search for new asteroids. Galle and d'Arrest identified Neptune as a noncharted star that same night and verified the next night that it had moved relative to the background stars. 

Although Galle and d'Arrest have the distinction of being the first individuals to identify Neptune in the night sky, credit for its "discovery" more properly belongs to Adams and Le Verrier for their accurate calculations of Neptune's position. At first the French attempted to proclaim Le Verrier as the sole discoverer of the new planet, suggesting that the planet be called Le Verrier in his honour. The suggestion was not favourably received outside France, both because of the studies by Adams and because of the general reluctance to name a major planet after a living individual. Neptune's discovery was eventually credited to both Adams and Le Verrier, and the more traditional practice of using names from ancient mythology for planets eventually prevailed. 

It is interesting to note that Bode's law, which played a significant role in the search for additional planets, was finally laid to rest by the discovery of Neptune. Instead of being near the predicted 38.8 AU, Neptune was found to be only 30.1 AU from the Sun. This discrepancy, combined with the lack of any scientific foundation, discredited the law. The subsequent discovery of Pluto at a distance of 39.6 AU was even more at variance with the formula's prediction of 77.2 AU for n = 8. Not even the proximity of Pluto's mean distance to the 38.8 AU predicted for n = 7 could resurrect the credibility of Bode's law. 

Pre-Voyager observations of Neptune often suffered greatly as a consequence of the planet's enormous distance from both the Earth and the Sun. Its distance of 30.1 AU from the Sun means that the brightness of sunlight incident upon its satellites and upon its upper atmosphere is barely 0.1 percent of that at the Earth. Telescopic viewing of Neptune from the bottom of the Earth's atmosphere cannot resolve features smaller than about one-tenth of Neptune's diameter, even under the best observing conditions. Most of the early telescopic observations concentrated on determining Neptune's size and orbital parameters and searching for satellites. 

From time to time astronomers would report seeing visual markings in the Neptunian atmosphere, but not until the use of high-resolution infrared charge-coupled device (CCD) cameras in the 1980s could such observations be repeated with enough consistency to permit determination of an approximate rotational period for Neptune. Hence, measurements of the planet prior to the 1980s were limited to properties integrated from measurements of the planet's disk. Nothing was known about Neptune's magnetic field or charged-particle environment. 

Spectroscopic observations revealed the presence of hydrogen and methane in Neptune's atmosphere. By analogy with the other gas giants, helium was also expected to be present. Infrared and visual studies revealed that Neptune was emitting more than twice as much energy as it absorbed from the Sun. Thus the presence of a substantial internal heat source was established. Infrared and microwave measurements provided approximate temperatures at various levels in the atmosphere. 

The mass of Neptune was estimated from the orbital size and orbital period of Triton. Neptune's size had been measured by several means, the most accurate of which was the timing of the disappearance and reappearance of stars as the planet moved in front of them. These stellar occultation measurements also provided information on Neptune's degree of polar flattening. From these measurements an approximate density was determined. 

Triton was discovered by William Lassell in Liverpool, Eng., less than one month after the Sept. 23, 1846, discovery of Neptune, although it was not confirmed until July 1847. Nereid was discovered in 1949 when Gerard P. Kuiper detected it in photographs he obtained at the McDonald Observatory in Texas. The chance occultation of a star by Larissa revealed the presence of a third satellite of Neptune in 1981, but verification of Larissa's existence and its orbit were not achieved until the Voyager 2 encounter with Neptune in 1989. 

Following the successful detection of rings around Uranus in 1977, similar attempts were made to use stellar occultations to find rings around Neptune. These met with limited success in the mid-1980s. About 10 percent of the observed stellar occultations showed starlight blockage on one side of Neptune or the other, but never on both sides. This gave rise to the speculation that Neptune had a series of partial rings (ring arcs) occupying 10 percent or less of their orbit(s). Voyager showed these ring arcs to be denser collections of ring particles in Neptune's continuous outermost ring, as discussed above. 

Voyager 2 is the only spacecraft to have encountered Neptune and its system of rings and satellites. Plans are presently being made to launch another spacecraft and place it in orbit around Neptune early in the 21st century. The spacecraft may have a design based on the planned Cassini (a Saturn orbiter/Titan probe) spacecraft that is scheduled to be launched by NASA in 1997. No other spacecraft are presently planned for Neptune, although the Hubble Space Telescope and other Earth-orbiting spacecraft will continue to make many valuable contributions to scientific knowledge of this distant giant for decades to come.  

