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Meteor

The luminous streak lasting seconds or fractions of a
second and seen at night when a solid, natural body
plunges into the Earth’s (or another planet’s) atmo-
sphere. The entering object is called a meteoroid
and, if any of it survives atmospheric passage, the
remainder is called a meteorite. Cosmic dust parti-
cles (with masses of micrograms) entering the atmo-
sphere and leaving very brief, faint trails are called
micrometeors, with the surviving pieces known as
micrometeorites. If the apparent brightness of a me-
teor exceeds that of the planet Venus as seen from
Earth, it is called a fireball; and when a bright me-
teor is seen to explode, it is called a bolide. See ME-
TEORITE; MICROMETEORITE.

Visual observation. Under normal, clear atmosphe-
ric conditions and dark skies (no moonlight or artifi-
cial lights), an observer will see an average of five me-
teors per hour. The spatial distribution of meteoroid
orbits relative to the Sun, and the circumstances of
their intersections with the moving Earth are respon-
sible for pronounced variations in meteor rates.

As the Earth moves in its orbit, its velocity points
toward that part of the sky (sometimes called the
apex of meteor velocities) which is visible from
local midnight through morning to local noon, and
points away from that part of the sky which is vis-
ible from local noon through evening to local mid-
night. On average, an observer sees more meteors
during the early morning hours as the Earth sweeps
up objects in its path than in the early evening hours
when meteor-producing objects must catch up with
the Earth.

Physical characteristics. The heights of appearance
and disappearance of a meteor depend on meteoroid
initial velocity, angle of entry with respect to the
vertical, initial meteoroid mass, and meteoroid ma-
terial strength. The average meteor seen by the un-
aided eye starts with a meteoroid velocity of 18 mi/s
(30 km/s) and leaves a luminous trail from 67 to
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50 mi (110 to 80 km) high. The fainter is the me-
teor (the smaller the meteoroid mass), the shorter is
the meteor length. The faster the meteoroid travels
just before hitting the atmosphere, the higher in the
atmosphere the meteor trail occurs.

In the end, most, if not all, of the meteoroid
material is vaporized, leaving a deposit of metallic
atoms (predominantly sodium, calcium, silicon, and
iron) in the upper atmosphere. This deposition is an
important mechanism in the wind-shear formation
of certain types of highly ionized, radio-reflecting,
upper-atmospheric phenomena called the sporadic
E layers. See IONOSPHERE.

The meteor trails themselves are rapidly expand-
ing columns of atoms, ions, and electrons dislodged
from the meteoroid by collisions with air molecules,
and can be excited to temperatures of several thou-
sand degrees Celsius. For a time after trail formation,
the free electrons are dense enough to reflect radio
waves in the very high frequency range, and there-
fore can be used to transmit radio messages that are
brief (0.1-15 s) but high in information content (on
account of their large bandwidth) for up to 1300 mi
(2200 km). Since meteor-reflected signals are not as
subject to ionospheric and other disturbing influ-
ences as are other means of radio communications,
there has been interest in using meteors for certain
military and commercial purposes. See RADIO-WAVE
PROPAGATION.

Under the right circumstances, particularly with
high-power ultrahigh-frequency (UHF) radars, the
ionization right around and moving with the mete-
oroid itself is seen. This is known as the head echo,
and a determination of its velocity is the most ac-
curate way to determine radar meteor speeds. If the
radar beam is very narrow, such as that at the Arecibo
National Observatory, the radiant and the orbit
around the Sun can also be accurately determined.
See RADAR; RADAR ASTRONOMY.

Some meteors show relatively long-lasting glows
along their paths. The glows are called meteor trains.
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Novice observers often confuse this glow with the
brief meteor wake that is sometimes seen just behind
the luminous gases surrounding the meteoroid itself.
These trains are subject to winds in the upper atmo-
sphere, and for many years their apparent motions
(twisting and drifting) were the only probes of wind
velocities in the mesosphere, or middle atmosphere
(42-72 mi or 70-120 km high). The motions of me-
teor trains and trails detected through the Doppler ef-
fect on reflected radar signals have been extensively
studied, and global mesospheric wind patterns have
been derived. See DOPPLER EFFECT; MESOSPHERE.
Meteoroid orbits and velocities. The Earth moves
around the Sun with an average speed of 18 mi/s
(30 km/s). According to the laws of celestial me-
chanics, if a meteoroid comes from beyond the solar
system, its velocity at the Earth’s distance from the
Sun must be greater than 26 mi/s (42 km/s). If
such a meteoroid hits the Earth head-on, indica-
tions of preatmospheric speeds in excess of 45 mi/s
(72 km/s) would be observed. The fact that the vast
majority of observed meteoroids have orbits with
Earth-approaching velocities of less than 45 mi/s in-
dicates that most of these are comet and asteroid
fragments, and are therefore long-term members of
the solar system. Early velocity measurements were
quite crude, and the large errors led to the belief
that a sizable fraction of meteoroids actually had
speeds great enough to escape the solar system or
come from the outside. Once these errors were re-
duced, the number of hypervelocity orbits decreased
dramatically, with doubts expressed that any mete-
oroids could come from beyond the solar system.

Leonid meteor shower observed at the Modra Astronomical Observatory in Slovakia
through a fisheye lens. The exposure on November 16-17, 1998, lasted 4 h. About 150
bolides brighter than magnitude —2 can be seen; the brightest fireball is about magnitude
—8. Zenithal hourly rate of the shower estimated from visual observations was about 400.
Positions of some well-known constellations and features are indicated. Meteors appear
to radiate from the head of Leo. (Modra Astronomical Observatory)

However, in the 1980s and 1990s, a combination of
spacecraft and high-power radar observations indi-
cated that hypervelocity micrometeoids do indeed
exist with seeming interstellar dust connections. An
even more curious connection is the discovery of
similarly sized particles with peculiar isotopic abun-
dances within meteorites of presumed asteroidal ori-
gin. These micrometeorites appear to predate the
solar system with an apparent origin in early super-
novae, novae, or supergiant stars. See COSMOCHEM-
ISTRY; INTERSTELLAR MATTER.

The slowest velocity of Earth-meteoroid encoun-
ter occurs when the meteoroid has to catch up with
the Earth. The gravitational attraction of the Earth
keeps such an encounter from producing a zero
atmospheric velocity. The velocity that an object will
achieve by falling toward the Earth from an infinite
distance and in the absence of the Sun’s gravitational
attraction is 7 mi/s (11 km/s). High-power ultrahigh-
frequency radars detect a considerable number of
micrometeors with velocities well below the Earth-
attraction limit. These are either artificial satellite
debris or natural debris captured by the Earth from
a large, co-moving interplanetary dust zone that has
been discovered in the Earth’s orbit. See CELESTIAL
MECHANICS; ESCAPE VELOCITY; INTERPLANETARY
MATTER; ORBITAL MOTION.

Radiants and showers. A combination of the meteo-
roid’s and Earth’s velocities of travel around the Sun
makes the meteor itself seem to originate from a spe-
cific direction in the sky called the radiant. If there
are numerous meteoroids in nearly the same orbit
(sometimes incorrectly called meteor streams), the
Earth sweeps them up at specific times of the year
and a so-called meteor shower is observed. Meteor
showers are named after the constellation or single
star in the sky from which they appear to radiate.
While shower meteoroids are really moving nearly
parallel through space and result in nearly parallel
meteor trails, the effects of perspective make the me-
teors appear to diverge from the radiant (see illus-
tration). If the meteor shower is particularly long-
lasting, the radiant will appear to drift slowly in posi-
tion from night to night as the relative directions of
the Earth-meteoroid velocities change. Radiants are
not geometric points, but areas in the sky that can
be several degrees in diameter. Hence, quoted radi-
ant positions are averages over such areas and often
differ somewhat from one compilation to another.
Meteors that cannot be shown to be associated with
a known shower are termed sporadic meteors.

While all meteor showers show both day-to-day
and year-to-year variations, some are more reliable
than others, and these are called annual or major
showers (Table 1). There are over 100 minor show-
ers, some of which are of special interest (Table 2).
Many minor showers have hourly rates so low that
they are often not noticed except by experienced
observers or when there is an unusual burst of ac-
tivity. Some showers have been discovered by radio
or radar methods to occur only during the hours of
daylight, with no visible counterpart seen at night.
Most of the radiants listed refer to geocentric radi-
ants where the effects of the Earth’s gravitational
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TABLE 1. Major meteor showers
Approx. radiant
coordinates, degrees* Meteoroid
Approx. orbital speed
date of Right — Suggested
Shower Duration maximum  ascension Declination  mi/s km/s Strength’ parent body Notes
Quadrantids Jan. 1-6 Jan. 3 230 +49 27 42 M 2003 EH 1 = Sharp maximum
extinct (?) nucleus
of comet
C1490 Y1 (?)
Lyrids Apr. 20-23 Apr. 22 271 +34 30 48 M-W 1861 | Good in 1982
n Puppids Apr. 16-25 Apr. 23 110 —-45 — — W-M Grigg-Skjellerup Highly variable
n Aquarids Apr. 21-May 12 May 4 336 -2 40 64 M Halley Second peak May 6
Arietids May 29-June 19 June 7 44 +23 24 39 S — Daytime shower
{ Perseids June 1-17 June 7 62 +23 18 29 S — Daytime shower
B Taurids June 24-July 6 June 29 86 +19 20 32 S Encke Daytime shower
S. 8 Aquarids July 21-Aug. 25 July 30 333 -16 27 43 M — Primary radiant
S. o Aquarids July 15-Aug. 25 Aug. 6 333 -15 19 31 W — Primary radiant
Perseids July 23-Aug. 23 Aug. 12 46 +57 37 60 S 1862 Il Best-known shower
Orionids Oct. 2-Nov. 7 Oct. 21 94 +16 41 66 M Halley Trains common
S. Taurids Sept. 15-Nov. 26 Nov. 3 50 +14 17 27 M Encke Known fireball producer
Leonids Nov. 14-20 Nov. 17 152 +22 45 72 W-S 1866 | Many peaks seen 1996
to 2003
Puppids-Velids  Nov. 27-Jan. Dec. 9 135 -48 = = M 2102 Tantalus? Many radiants in region
Geminids Dec. 4-16 Dec. 13 112 +32 23 36 S 3200 Phaethon Many bright meteors
;When the stream velocity is unknown or poorly known, the radiant coordinates are those of the apparent radiant rather than the geocentric radiant.
"Estimate of relative meteor hourly rate for visual observers: S = strong (sometimes above 30 per hour at peak); M = moderate (10 to 30 per hour at peak); W = weak (5 to 10 per hour at
peak).

attraction have been removed. Radiant positions that
have not been corrected for the Earth’s attraction
(usually because the meteoroid velocities are un-
known) are called apparent radiants.

Stationary meteors. Occasionally, a meteor is seen
coming directly toward an observer and shows a
bright point of light rather than a trail. Such me-

teors are called, somewhat inaccurately, stationary
meteors. The positions of these head-on meteors de-
fine the radiant precisely and are quite important
to observe, particularly during showers. However,
short glints of light from Earth-orbiting spacecraft
and space debris are sometimes mistaken for sta-
tionary meteors. It has been suggested that a certain

TABLE 2. Minor meteor showers*

Approx. radiant

coordinates, degrees’ Meteoroid
Approx. orbital speed
date of Right S Suggested

Shower Duration maximum ascension  Declination mi/s km/s parent body Notes
Coma Berenicids Dec. 12-Jan. 23 Jan. 17 186 +20 40 65 19131 Uncertain radiant position
o Centaurids Jan. 28-Feb. 23 Feb. 8 209 -59 — — — Colors in bright meteors
4 Leonids Feb. 5-Mar. 19 Feb. 26 159 +19 14 23 — Slow, bright meteors
Virginids Feb. 3-Apr. 15 Mar. 13? 186 +00 21 35 = Other radiants in region
& Normids Feb. 25-Mar. 22 Mar. 14 245 -49 — — — Sharp maximum
& Pavonids Mar. 11-Apr. 16 Apr. 6 305 -63 — — Grigg-Mellish Rich in bright meteors
G Leonids Mar. 21-May 13 Apr. 17 195 -05 12 20 = Slow, bright meteors
o Scorpids Apr. 11-May 12 May 3 240 -22 21 35 — Other radiants in region
T Herculids May 19-June 14 June 3 228 +39 9 15 — Very slow meteors
Ophiuchids May 19-July June 10 270 -23 — — — One of many in region
Corvids June 25-30 June 26 192 -19 6 11 — Very low speed
June Draconids June 5-July 19? June 28 219 +49 8 14 Pons-Winnecke Maximum only 1916
Capricornids July-Aug. July 8 311 -15 — — — May be multiple
Piscis-Australids July 15-Aug. 20 July 31 340 -30 = = = Poorly known
o Capricornids July 15-Aug. 25 Aug. 2 307 -10 14 23 1948 XIlI (1948n) Bright meteors
N. o Aquarids July 14-Aug. 25 Aug. 12 327 -06 26 42 — Secondary radiant
k Cygnids Aug. 9-Oct. 6 Aug. 18 286 +59 15 25 — Bursts of activity
N. Aquarids July 15-Sept. 20 Aug. 20 327 -06 19 31 — Secondary radiant
S. Piscids Aug. 31-Nov. 2 Sept. 20 6 +00 16 26 — Primary radiant
Andromedids Sept. 25-Nov. 12 Oct. 3 20 +34 11 18 — “Annual” version
October Draconids  Oct. 10 Oct. 10 262 +54 14 23 Giacobini-Zinner  Can be spectacular
N. Piscids Sept. 25-Oct. 19 Oct. 12 26 +14 18 29 = Secondary radiant
Leo Minorids Oct. 22-24 Oct. 24 162 +37 38 62 1739 Probable comet association
u Pegasids Oct. 29-Nov. 12 Nov. 12 335 +21 7 11 1819 IV Probable comet association
Andromedids Nov. 25 Nov. 25 25 +44 10 17 Biela Once only, 1885
Phoenicids Dec. 5 Dec. 5 15 -50 — — — Once only, 1956
Ursids Dec. 17-24 Dec. 22 217 +76 20 33 — Good in 1986

“Peak strength for visual observers usually less than 5 per hour. Only showers of special interest are listed here.
“When the stream velocity is unknown or poorly known, the radiant coordinates are those of the apparent radiant rather than the geocentric radiant.
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number of visible light pulses from cosmic x-ray and
gamma-ray sources are also mistaken for stationary
meteors. Such cosmic-ray events are, however, far
too brief to be seen with conventional meteor equip-
ment or by the unaided eye. See GAMMA-RAY ASTRON-
OMY; X-RAY ASTRONOMY.

Bright meteors. Extremely bright meteors rivaling
even the full moon (often bolides with associated
sonic phenomena) are usually not associated with
the major showers. Instead, they have meteoroid or-
bits that are more characteristic of those minor plan-
ets and short-period comets that are in highly eccen-
tric orbits in the inner solar system. If the observed
luminous-trail end points of these events are less than
12 mi (20 km) high in the atmosphere, there is a good
chance that recognizable fragments (meteorites) will
fall to Earth and perhaps be recovered. Most fire-
balls that drop meteorites occur in the afternoon or
early evening, when velocities are low. For example,
both a meteorite fall on October 9, 1992, which de-
posited a stone in Peekskill, New York, and one on
June 14, 1994, which scattered numerous fragments
over Quebec province, east of Montreal, appeared
in the early evening. Thus most types of meteorites
are believed to be samples of minor planets and pos-
sibly certain short-period comets. This connection
with minor planets is verified by the fact that the re-
flecting properties of many minor planets resemble
reflections from known meteoritic materials.

It is usually very difficult to detect even the bright-
est meteors in the atmospheres of other planets, al-
though there have been several instances of space-
craft detection. An exception occurred July 16-22,
1994, when over 20 fragments of Comet Shoemaker-
Levy 9 crashed into Jupiter in one of the most
spectacular astronomical events ever observed. Even
though the impacts happened only on the night side
of Jupiter, several of their flashes were seen by re-
flection from the Jovian satellites. Several spacecraft
were able, because of their offset position from the
Earth, to view a larger portion of the Jovian night
side than was visible from Earth and hence saw
the impacts directly. Numerous observatories with
large telescopes, including the Hubble Space Tele-
scope, watched as hot plumes of material rotated into
view at Jupiter’s edge. Most impacts left mysterious
dark clouds in Jupiter’s atmosphere, several of which
were visible for months even in small telescopes. Sim-
ilar impacts on the Earth are thought to be respon-
sible for the extinction of the dinosaurs 65 million
years ago, and several other bioextinctions. See AS-
TEROID; COMET; JUPITER.

Origins of shower meteors. A number of meteor
showers have been observed to be in orbits that
are similar to those traveled by known comets. Thus
an association between shower meteors and comets
has gradually become a firmly entrenched concept
(Tables 1 and 2). There are numerous theoretical
scenarios where vaporization of the more volatile
cometary ices ejects small solid particles from the
surface of the nucleus. A fair proportion of these
fragments, particularly the smaller dust-sized ones,
escape and take up their own orbits as meteoroids.

Cometary nuclei have been known to split into two
or more pieces and, when this occurs, it is likely that
particles larger than dust size are released as well.

Gravitational attractions of the major planets and
the disturbing effect of solar radiation pressure on
individual particles tend to spread meteoroids out
from the parent object position. Thus “young” show-
ers are those that last only briefly (some as short as
an hour or less), while “old” showers may show a
few meteors per night but last a month or more.
Many showers have a nonuniform structure along
their orbits with highest meteoroid densities near
the parent body. Lacking orbital synchronism with
the Earth’s position, these showers do not have an
annual appearance at a reliable level. Instead, they
show a tendency for strong showings to be sepa-
rated by intervals roughly equal to the meteoroid or-
bital periods. The concentration of particles in these
orbiting clumps can be relatively high, giving rise
to brief deluges called meteor storms, where equiv-
alent rates of thousands of meteors per hour have
been noted for times that are at most an hour or so
long. These numbers, however, give a false impres-
sion of the actual number density of meteoroids in
space. With relative velocities on the order of tens
of miles per second and a collecting area for each
observer of a few hundreds of miles in diameter, the
average separation between individual meteoroids is
still a few thousand miles. Away from these maxima,
however, the meteoroid number densities and hence
the observed meteor hourly rates are quite low.

There are some instances where the Earth crosses
the meteoroid stream twice per year, giving rise to
two separate meteor showers. For example, Comet
Halley gives rise to the May Aquarids and the
October Orionids, while Comet Encke gives rise to
the June Taurids and the November Taurids. See HAL-
LEY’S COMET.

While the parent comet idea nicely explains many
features of meteor showers, there are problems with
this simple picture. First, certain minor planets re-
semble what might be termed extinct comet nuclei.
Some of these have been observed at times with faint
atmospheres, a main characteristic of comets. These
identifications have been strengthened by the space-
craft observation of the properties of the nucleus of
Comet Halley. Second, a perfectly respectable minor
planet, 3200 Phaethon, which was discovered by the
Infrared Astronomical Satellite (IRAS), has an orbit
nearly the same as the prominent Geminid annual
shower visible in December. A minor planet, 2003
EH 1 (designated for now as a minor planet, but
possibly the extinct nucleus of an ancient comet),
has been suggested as the parent of the Quadrantid
stream (Table 1). Evidence has also been found for
several other minor planet connections with a small
number of minor meteor showers. There is convinc-
ing evidence that a major source of micrometeoroids
with orbits that go out through the asteroid belt is a
relatively small number of asteroidal parent objects.
There is also accumulating evidence that much of
whatis termed the sporadic meteor background is re-
ally a superposition of millions of ancient meteoroid



streams of various origins—asteroidal, cometary,
outer solar system, and possibly interstellar. The me-
teoroid parent body question is apparently more
complicated than previously thought.

The mechanisms that convert cometary or minor-
planet fragments into meteoroid streams are not well
understood either. The simplistic picture assuming
that such fragments are in symmetrical swarms about
the parent object are, at best, crude approximations.
Thus the prediction of intense meteor storms must
be treated with some suspicion. In 1992, when peri-
odic comet Swift-Tuttle, the assumed parent object
of the Perseid shower, was again sighted coming in
toward the Sun, some astronomers predicted a brief
but spectacular Perseid meteor storm for August
1993. In fact, it was nowhere near “storm” level.

Photographic and electronic observations. The strat-
egy of photographic or electronic measurements is
to place at least two cameras 10-52 mi (15-85 km)
apart over a known baseline, but arranged to exam-
ine the same volume of space at a height of about
56 mi (90 km). Each camera has a rotating shutter
so that the meteor trail consists of a line of bright
dashes (see illustration). Since meteor durations are
fairly short, the shutters must spin at speeds of up to
10 times per second to accurately determine the
meteor speed. While the early techniques utilized
photographic film, ultrasensitive television and other
electronic imaging devices have been increasingly
used. It has also been customary to place a prism
or grating over the front aperture of at least one
of the shutter-equipped cameras, so that spectro-
scopic information can be obtained as well. Televi-
sion observation of the evolution of meteor trains
and wakes has led to a better understanding of upper-
atmosphere photochemistry. See CAMERA.

Meteor imaging is one of the most difficult areas
of astronomical detection, even with ultrafast cam-
eras. Chances for getting an image are better during
major showers, because bright meteors are generally
more numerous then. Meteor spectroscopy is even
more difficult since the light is spread out over areas
hundreds of times larger than the meteor trail itself.
In spite of these difficulties, several amateur and pro-
fessional astronomy groups worldwide operate suc-
cessful bright meteor patrols using photography, but
electronic imaging is gaining considerable favor with
both professionals and amateurs. See ASTRONOMICAL
PHOTOGRAPHY; ASTRONOMICAL SPECTROSCOPY.

Radio and radar observations. Radio and radar ob-
servations depend on the fact that the initial ion-
electron densities in a meteor trail are considerably
higher than the average for the ionosphere at an al-
titude of 56 mi (90 km). For a very high frequency
(VHF) or somewhat lower-frequency radar system,
the maximum reflected signal occurs when the me-
teor trail is at right angles to the outgoing wave,
with head echoes rarely seen. For a forward-scatter
system where the transmitter and receiver are sep-
arated, the maximum signal occurs when the me-
teor trail makes equal angles with the transmitter
and receiver lines of sight. As the meteor trail forms,
the meteor speed can be inferred from the changing

diffraction pattern that results from reflections by dif-
ferent parts of the ionized trail. At ultrahigh frequen-
cies (UHF), radar reflections from the head-echo pre-
dominate. From these, high-accuracy radial velocities
are determined directly, using the Doppler effect.
Thus, original meteoroid speeds can be estimated
and, in certain cases, meteoroid radiants and orbits
can be determined without reference to optical im-
ages. Radio and radar observations generally require
a considerable amount of expertise to obtain scien-
tifically valuable results. See DOPPLER EFFECT; RADIO
ASTRONOMY.

Nontraditional meteor studies and research. Scien-
tific interest in ground-based meteor studies gener-
ally declined in North America for three decades
from around 1970, when spacecraft methods of di-
rectly investigating interplanetary dust became avail-
able. In the late 1990s, however, renewed interest in
meteor science was generated in the United States
with the impending appearance of the Leonid me-
teor shower produced by comet 1866 I on another of
its periodic (33-year intervals) approaches to the Sun.
This was due in part to the perceived danger of mete-
oroids to spacecraft, and in part to rapid advances in
applicable research techniques. Along with the usual
Leonid ground-based preparations were the increas-
ing professional use of high-power high-frequency
(HF), very-high-frequency, and ultrahigh-frequency
radars to observe hypervelocity micrometeors, the
use of military spy satellites to observe giant bolides,
and the increasing use of large jet aircraft as astro-
nomical and geophysical observing platforms.

The 1990s saw claims of interstellar meteors based
on ground-based radar investigations, but these par-
ticles appeared to have properties greatly different
from those seen by the spacecraft instruments. In
2001, it was possible to show that the properties of
interstellar micrometeors detected using the Arecibo
UHF radar were actually very similar to those of in-
terstellar dust particles observed by the Ulysses and
Galileo space probes, extrapolated to higher masses.
See SPACE PROBE.

Leonids in 1996-2003. With the appearance of the
Leonid comet, it was expected that the strong me-
teor storm that happened last in 1966 would again
make a brief but spectacular appearance. However,
perturbations by the outer planets (particularly by
Neptune) once again played a significant role in this
shower’s behavior. Fortunately, this time was unlike
the shower’s failure to live up to the early predic-
tions in 1899, when virtually nothing happened. The
perturbations moved a number of thin meteoroid
streams produced by the comet many orbit peri-
ods in the past into intersection range of the Earth.
This circumstance produced a unique succession
of strong peaks covering a span of 7 years. There
was a steady increase in the levels of the Leonids
starting in 1996, then peaking with an extraordinary
number of fireballs in 1999. In those first years (see
illustration), a steady rain of fireballs was seen for
more than a day worldwide. After 1999, when early
predictions had forecast a return to pre-1995 levels,
the Leonids kept coming back. They appeared to
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decline a bit in 2000, but in 2001 they rose to two
spectacular peaks, one rivaling the 1999 peak in Asia,
to put on a very spectacular display for both coasts
of North America. There was a repeat of two peaks
in 2002, but this was not seen in North America. In
2003 two peaks separated by 3 days were predicted,
but the observed levels were more modest than those
in prior years. The scientific results of this extended
display were much greater than anyone had hoped.

Scientific results from the Leonids. While meteor
trails had been previously recorded from the space
shuttles and other spacecraft, in 1997 the first above-
atmosphere, far-ultraviolet spectrum of a bright me-
teor was recorded during the Leonid shower. Reso-
nance emission lines due to magnesium and ionized
magnesium were most prominent in the spectrum.

Spectra obtained from the ground also yielded new
information. Both the hydroxyl radical (OH) in the
near-ultraviolet and the oxygen molecule in the near-
infrared were positively identified for the first time.
However, since these are both seen in the airglow of
the Earth’s upper atmosphere, both may represent
the “air” radiation commonly seen in the radiation of
high-speed meteors. Such radiation is thought to be
produced by constituents in the air surrounding the
incoming bodies, rather than from the meteoroids
themselves. Searches for the cyanogen radical (CN)
have been negative, but now they allow rather strict
limits to be placed on its presence and its production
in the meteor plasma. In the meteor wake left after
the meteoroid passes through the air, infrared spec-
tra show the presence of iron monoxide (FeO). This
is likely to have been formed due to the passage of
hot meteoric iron through the part of the atmosphere
where oxygen is in atomic form (in the mesosphere).

For a number of years, there have been claims of
the direct observation of meteoric impacts on the
lunar night side, but during several of the 1997-
2003 Leonid peaks the number of such claims arose
dramatically. For such a claim to be considered seri-
ously, it is not enough to simply record a flash on the
Earth-lit side of the Moon. Such flashes can be eas-
ily produced by cosmic rays hitting image surfaces
of charge-coupled-device (CCD) cameras or photo-
graphic film even at ground level. What is needed is
confirmation by another image of the same lunar sur-
face, taken simultaneously by another instrument at
a different geographic location, showing the flash at
the same location on the Moon. During the Leonids,
several events satisfying this minimum criterion were
reported and so must be considered seriously. What
must be sorted out is whether such events were pe-
culiar to the Leonid periods or not. It is possible that
detection will not be easily duplicated with other
showers with a lesser percentage of fireballs and at
a much lesser impact velocity.

The large number of fireballs in the Leonid streams
enabled many details of the ablation processes at me-
teoroid incoming velocities that were higher than
average to be recorded with high-speed cameras.
Among the more important results is the discovery
of a previously unseen shock-wave structure that has
little or no “stand-off” distance in front of the mete-

oroid itself. A second surprising result is that the me-
teor wake is really two separate structures subject to
local air turbulence effects rather than being a single
structure with a hollow central zone. The split wakes
seen at high resolution appear to be the result of me-
teoroid fragmentation into two nearly equal parts at
heights far above where wake formation takes place.
David D. Meisel
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Meteorite

A naturally occurring solid object from interplane-
tary space that survives impact on a planetary sur-
face. While in space, the object is called a meteoroid,
and a meteor if it produces light or other visual ef-
fects as it passes through a planetary atmosphere.
Various sounds, including hissing and thunderous
detonations, have also been reported for large me-
teors arriving at Earth. Explosive surface impacts by
large meteorites are believed to have created the
plethora of craters on the solid planets and moons
of the solar system. Meteor Crater, Arizona, is Earth’s
most famous example of an impact crater. See ME-
TEOR; MICROMETEORITE.

A meteorite seen to strike a surface is known as
a fall, whereas a meteorite discovered by chance is
known as a find. In both cases, meteorites are named
after their geographic places of recovery.

The major classification of meteorites is into chon-
drites and nonchondrites (or nonchondritic mete-
orites), and major classes of the nonchondrites are
achondrites, stony-irons, and irons, in recognition
of their compositions that are dominated by silicate
minerals and iron-nickel alloys either alone or as ad-
mixtures. Within each of the major categories, de-
tailed classifications are based on distinctive min-
eralogical and chemical compositions and physical
structures (Table 1). Group names for unusual types
have been chosen based on the established names
of first-recognized specimens. For example, shergot-
tites are so named because they belong to the same
variety as the meteorite that fell at Shergotty, India,
in 1865.

Meteorites represent the most ancient rocks
known. Their ages, as determined by radiometric
dating, extend to more than 4.5 x 10° years, which
is thought to be near the time of solar system
formation. As samples of primordial material, stony
meteorites known as chondrites are studied for clues
about how the solar system formed. In contrast,



TABLE 1. Classification of meteorites’

Nonchondrites?®

Igneous or differentiated

Chondrites Primitive Achondrites Stony-irons Irons
Carbonaceous Acapulcoites® HED’ Pallasites® IAB®
Cl(1)® Lodranites® Howardites Mesosiderites IC
CM (1,2) Winonaites® Eucrites IIAB
CO (3) Diogenites I[e]
CR(1,2) Angrites IID
CB (3) Aubrites IE
CH (3) Brachinites IIF

CV (3,4) Ureilites IIAB
CK (3-6)* Martian nep?
Enstatite Shergottites NE
EH (3-6) Nakhlites INF
EL (3-6) Chassignites IVA®
Ordinary Orthopyroxenites IVB
H (3-6) Lunar Ungrouped
L (3-6) Feldspathic highlands
LL (3-6) breccias
Other Mare basalts
R (3-6) Mixed breccias
K@)

85 irons, and a few other igneous meteorites.
2Also called nonchondritic meteorites.

“There are also numerous C (8-6) samples that are not CK.
5These meteorites probably come from the same asteroid.
8Closely related to IAB irons with silicate inclusions.

"HED meteorites probably come from the asteroid Vesta.

9Includes several silicate-rich irons.

1Compiled by Edward R. D. Scott; modified by Michael E. Lipschutz. Not listed are the ungrouped meteorites including 14 carbonaceous chondrites,

3Chondrites are also assigned numbers 1-6 called petrologic types, which provide a measure of the degree of low-temperature (0-100°C), aqueous
alteration (1,2) or high-temperature, thermal metamorphism (4-6). Type 3 chondrites are the least modified.

8pallasites are divided into the main group, which are probably related to IlIAB irons, the Eagle Station types, and pyroxene pallasites.

achondrites, stony-irons, and irons are samples of
melt products formed during processing of solid ma-
terial in planetary or preplanetary bodies. Chemical
analyses of meteorites by geochemists in the 1930s
through 1950s supplied first knowledge about abun-
dances of chemical elements (other than hydrogen
and helium) in the solar system. Research now in-
cludes dissection of meteorites into their many com-
plex components and subsequent analyses of their
mineral, microchemical, and isotopic compositions,
with the aim of learning when, where, and how
the meteorites formed. See DATING METHODS; SOLAR
SYSTEM.

Meteorite specimens have been recovered from
glacial “blue ice” localities in Antarctica that seem
to favor surface concentration of meteorites that
have fallen on that continent over the past million
years. Asteroids are believed to be the sources of
most meteorites. In 1982, however, it was conclu-
sively demonstrated that a small achondrite found in
Antarctica in 1981 was from the Moon—apparently
propelled to Earth at some undetermined time by
a large lunar impact event. Since then, many spec-
imens of lunar rocks have been recovered as me-
teorites from Antarctica and elsewhere, and identi-
fied (as of early 2006) with at least 39 meteoroids
(many of which fragmented into two or more of
the recovered stones on passage through the atmo-
sphere). Even more exciting is the prospect that 34
(as of early 20006) closely related achondrites (24

shergottites, seven nakhlites, two chassignites, and
one orthopyroxenite), from various recovery loca-
tions around the world, are from Mars; one of them
contains trapped gases that are nearly identical to
those measured for the Martian atmosphere by the

Viking lander in 1976. See ASTEROID; MARS; MOON.
Meteoritics, the study of meteors and mete-
orites, is a premier example of interdisciplinary sci-
ence, involving chemists, physicists, geologists, and
astronomers allied through international research
projects. Many advanced laboratory methods, espe-
cially for isotope-ratio measurements, have been mo-
tivated in large part by meteorite research problems.
James L. Gooding

Chondrites

Chondrites are the most abundant sort of meteorite,
over 15,000 being known. They constitute about
82% of all meteorites. Chondrites include three main
categories: ordinary, carbonaceous (C), and enstatite
(B). (A few Kakangari- and Rumuruti-like chondrites
exist; what is known of these 3 K and 19 R chon-
drites does not modify the overall chondrite pic-
ture.) Chondrite categories are based on mineral
abundances and compositions; mineral shapes, sizes,
and relationships (that is, textures); and bulk chemi-
cal compositions. Chondrites are so-named because
nearly all contain small (generally 0.5-2 mm) bead-
like chondrules. Only CI chondrites are essentially
chondrule-free; their matrix texture and chemical
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Fig. 1. Typical unequilibrated chondrite: many chondrules
are present in a fine-grained mineral matrix.

composition closely relate them to the other
chondrule-containing carbonaceous chondrites. The
melting of chondrite-like material in parent bodies,
followed by segregation and solidification of the re-
sulting iron-nickel metal and silicates, produced the
igneous meteorites.

Ordinary chondrites. These constitute 94% of all
classified chondrites. Their main constituent miner-
als are olivine [(Mg,Fe),SiOy4], low-calcium pyroxene
[(Mg,Fe)SiO;], plagioclase [(Na,Ca)Al(Si,ADSi,Os],
iron-nickel (Fe-Ni) metal, and troilite (FeS). They may
contain silicate glass. See FELDSPAR; OLIVINE; PYROX-
ENE; PYRRHOTITE.

Chondrules and chondrite matrixes consist of the
same minerals: the difference is textural. Chondrule
minerals crystallized within molten droplets, and
show a variety of shapes consistent with a molten
origin involving very rapid (minute-scale) heating
and cooling. Matrix minerals are small and granular
(Fig. D).

Olivine and low-calcium pyroxene are iron (Fe*")
and magnesium (Mg?") solid-solution minerals (that
is, homogeneous crystalline phases with Fe?' or
Mg?** ions located at random lattice points and exist-
ing in a range of concentrations). Their compositions
in ordinary chondrites vary from fayalite (Fe,SiO4) 16
[olivine with 16% Fe** ions by number of moles, sym-
bolized Fal6] to Fa33, and from ferrosilite (FeSiO3)
15 (low-calcium pyroxene with 15 mole % Fe**, sym-
bolized Fs15) to Fs25. The variation is discontinuous,
and two distinct 1-2% Fa gaps in olivine composition
separate ordinary chondrites into three groups: the
H group (Fal6 to Fa20; high total and metallic iron),
the L group (Fa22 to Fa25; low iron), and the LL group
(Fa26 to Fa33; low-low iron). In addition to olivine
composition, these groups are characterized by the
ratio of iron in metallic minerals (iron-nickel metal
and troilite) to total iron (including iron in silicate
and oxide minerals). This ratio is 0.6 in the high-iron
group, 0.3 in the low-iron group, and 0.1 in the low-
low-iron group. High-iron and low-iron chondrites
each constitute 40-44% of all chondrites; low-low-
iron chondrites are about 9%. See SOLID SOLUTION.

Within each ordinary chondrite group, a sequence
of textural and mineralogical changes suggesting
metamorphism are designated numerically: H3-HO,

L3-L6, and LL3-LL6. Each subgroup number con-
notes similar characteristics. For example, type 3
ordinary chondrites exhibit abundant, very sharply
defined chondrules containing fine-grained miner-
als (olivine, low-calcium pyroxene, with or without
metal and troilite) aggregated in silicate glass (Fig. 1).
Compositionally, the glass varies from chondrule to
chondrule; however, it is plagioclase-like. Within
chondrules, and in the surrounding granular matrix,
olivine and low-calcium pyroxene exhibit large grain-
to-grain compositional differences. Since adjacent
grains have different fayalite and ferrosilite contents,
these meteorites are called unequilibrated, a charac-
teristic of type 3 ordinary chondrites. The nickel con-
tents of metal grains also vary. Crystalline feldspar is
absent; only chondrule glass, compositionally similar
to plagioclase, exists.

The characteristics of each subgroup grade into
those of the next subgroup. This is particularly ap-
parent in type 3 ordinary chondrites, the subgroups
with the most disparate properties. Each subgroup
(H3, L3, and LL3) is divided into 10 subtypes (3.0-
3.9) using thermoluminescence sensitivity (a mea-
sure of plagioclase crystallization from glass), vari-
ability of fayalite in olivine and of cobalt in metal,
extent of matrix recrystallization, and fayalite and
ferrosilite values in matrix relative to whole-rock av-
erages. Thus, subtype 3.0 chondrites, which differ
most from those of type 4, have the lowest thermolu-
minescence, greatest fayalite and cobalt variabilities
in olivine and metal, respectively, least-recrystallized
matrix, and highest fayalite and ferrosilite values
in matrix relative to whole-rock. Ultimately, type 6
chondrites contain no glass but contain crystalline
plagioclase. Olivine or low-calcium pyroxene grains
are compositionally uniform; thus, type 5 and 6
chondrites are equilibrated. Average grain sizes are
larger in such chondrites and chondrules become
nearly unrecognizable (Fig. 2). Dominant subgroups
differ: H5 and LL6 are the most common high-iron
and low-low-iron chondrites, respectively, while L6
are the majority of the low-iron group.

Only collisional impacts can disrupt asteroids or
planets. A variety of textural alterations, including
localized or generalized melting, serve as barome-
ters to estimate peak shock pressures. These can

Fig. 2. Typical equilibriated chondrite. No complete
chondrules are evident, and the matrix consists of relatively
coarse mineral grains with possible poorly defined
chondrule fragments.



exceed 500,000 atm (50 GPa), with resultant resid-
ual temperatures up to 1500°C (2730°F), persisting
for months to years because collisional debris can be
large, cooling slowly. About one-third of L4-L6 chon-
drite falls have been strongly shocked (300,000-
500,000 atm); H4-HG6, LL4-LL6, and other chon-
drites exhibit smaller percentages (<14%).

Carbonaceous chondrites. These constitute less
than 5% of chondrite falls and are the least evolved
meteorites. The same major chemical elements com-
pose all chondrites, but carbonaceous chondrites
can contain substantial carbon, hydrogen, and nitro-
gen, present at trace levels in ordinary chondrites.
In addition to chondrules, they contain many other
types of inclusions. Most important, the constituent
minerals of chondrules and inclusions in carbona-
ceous chondrites differ in composition and kind
from those composing the surrounding matrix.

In carbonaceous (C) chondrite classification, pro-
totypical resemblance is important, occasioning a
second letter. Most carbonaceous chondrites belong
to classes CI (mainly types 1 and 2), CV (mainly types
3 and 4), CM, and CO (whose prototypes are mete-
orites named Ivuna, Vigarano, Mighei, and Ornans,
respectively), so these classes are the best studied.

In normal type 1 chondrites, chondrules are ex-
tremely rare. Their matrix is 99% clay minerals and
similar layer-lattice silicates with water as a structural
component; CI chondrites average about 20% water
by weight. See CLAY MINERALS; SILICATE MINERALS.

The CI matrix contains about 1% small (<100 mi-
crometer) olivine and pyroxene crystals that are re-
fractory minerals formed at high temperatures (750-
1500°C or 1380-2730°F). Metal is entirely absent.
The clay matrix necessarily formed at low tem-
peratures (less than 120°C or 250°F). Thus, these
meteorites are extremely unequilibrated. Epsomite
and gypsum veins run through the CI matrix. The
matrix includes a complex of organic molecules,
most being poorly characterized polymers (des-
ignated kerogen), formed nonbiologically. These
compounds and graphite account for the high CI
carbon content, 3.6%. See EPSOMITE; GRAPHITE; GYP-
SUM; KEROGEN.

CM chondrites consist of about 50% clay and layer-
lattice silicates (like those in CI chondrites) con-
taining water, associated with organic compounds.
The remaining half are refractory minerals in sev-
eral forms, including single crystals, crystal frag-
ments, chondrules as sharply defined as those in
type 3 chondrites, and irregularly shaped inclusions
(Fig. 1 and Fig. 3). Olivine and low-calcium pyroxene
are the most common refractory minerals, and chon-
drules constitute only about 2% by volume. Metal is
very rare. The textures of some inclusions suggest
that they were loose grains aggregated before incor-
poration into the matrix. A small number of inclu-
sions consist of extremely refractory minerals, com-
posed of titanium, aluminum, and calcium oxides
and silicates, formed at temperatures above 1500°C
(2730°F). The combination of clay-rich matrix and re-
fractory inclusions means these meteorites are highly
unequilibrated (Fig. 3).

C3 chondrites, mainly CO and CV, contain much

less water (~1%) and carbon (~0.5%) than do C1
or C2 chondrites, because clays and layer-lattice sili-
cates are rare in them. Instead, 35-40% (by volume)
of their matrix consists of submicrometer blades of
high-fayalite olivine (~Fa50). The remaining 60-65%
consist of larger single crystals, fragments, chon-
drules, and inclusions of refractory minerals (olivine
and low-calcium pyroxene). Highly refractory inclu-
sions are relatively abundant. Thus, these meteorites
are also unequilibrated. C4-C6 chondrites are rare,
they constitute less than 15% of all carbonaceous
chondrites, mainly metamorphosed CK chondrites.

Enstatite chondrites. These make up not more than
2% of all chondrites and consist of 60-80% enstatite
(Fs0, that is, MgSiO3) with 10-30% metal and 5-15%
troilite. Enstatite chondrites range from those with
many distinct chondrules to those having nearly un-
recognizable chondrules. Thus, like ordinary chon-
drites, they fall into subgroups E3-EG. Contents of
major elements differ, with EH (mainly types 3 and
4) containing more iron, and so forth, than EL (mainly
types 5 and 6). E3 chondrites contain glass but no pla-
gioclase, while ES and E6 chondrites contain plagio-
clase but no glass; E4 is transitional. Common minor
components are cristobalite, tridymite, and quartz.
See ENSTATITE.

Minor and trace minerals in the matrix are
quite extraordinary. Enstatite chondrites contain
oldhamite (CaS), sinoite (Si,ON,), and osbornite
(TiN) while, in other chondrites, calcium, silicon,
and titanium are always combined with oxygen as
silicate and oxide minerals. These unusual minerals
can exist only under conditions of low oxygen
activity, that is, extremely reducing environments.
This is consistent with low-calcium pyroxene in
them being Fe*'free (Fs0). The matrix contains
abundant microscopic graphite (0.4-0.8% by
weight): organic compounds are absent.

Origin. Chondrites contain components from two
genetic environments: nebular (those formed from
dispersed materials in space) and planetary (those
formed within parent bodies).

Carbonaceous chondrites contain the most obvi-
ous nebular components. Refractory mineral inclu-
sions in them formed by direct condensation from a
hot gas cloud surrounding the primitive Sun. During

Fig. 3. Type 2 carbonaceous chondrite: numerous small
grains of refractory minerals occur in a dense matrix of clay
and other layer-lattice silicate minerals.
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late-formation stages, as temperatures in the nebu-
lar gas fell, lower-temperature minerals formed and
accreted as matrix, into asteroidal bodies together
with refractory minerals. Thus, of all meteorites,
carbonaceous chondrites are generally richest in
volatile chemical elements. Most (about 90%) were
not subsequently metamorphosed at high temper-
atures in their parent bodies, which would have
erased their primitive characteristics. Carbonaceous
chondrites, however, are not entirely pristine. Many
experienced some low-temperature aqueous alter-
ation; how much was nebular and how much was
planetary is unknown.

Petrologic and chemical alterations in artificially
heated chondrites demonstrate that about 10% of the
C1-C3 chondrites were thermally metamorphosed
at temperatures up to 900°C (1650°F) as open sys-
tems (CKs as closed systems) in parent body inte-
riors. Impacts excavated these materials and trans-
ported them elsewhere. Spectroscopic studies show
that such metamorphosed material comprise sur-
faces of four asteroid types (C, G, B, and F). A textu-
rally and compositionally unique Cl-like chondrite
that fell on January 18, 2000, in the Yukon is spec-
troscopically linked to previously unsampled D-class
asteroids. Its orbit could be determined because it
was imaged from two locations during atmospheric
passage. Like orbits determined previously for an en-
statite and five ordinary chondrites, its maximum
solar distance was in the asteroid belt.

No consensus exists about the nebular conden-
sation and accretion histories of ordinary and en-
statite chondrite parent materials into asteroid-
sized bodies but accretion (planetary) processes
are broadly understood. The progressive equilibra-
tion from type 3 through type 6 apparently reflects
planetary metamorphism that obscured chondrules
and homogenized mineral grain compositions.
Most ordinary chondrites and some enstatite chon-
drites exhibit brecciation or more severe impact-
shock effects caused by parent-body collisions. The
one or more collisions involving the one or more
L chondrite parents occurred 500 million years ago
and must have been exceptionally severe, since ra-
diogenic “He and “°Ar were lost then as were many
volatile trace elements. See BRECCIA.

Spectroscopically, only the rare S IV type aster-
oids seem viable parents for the plentiful ordinary
chondrites. By consensus, this paradoxical situation
seems due to space weathering, mineral spectral al-
teration by solar particle impacts on asteroid sur-
faces.

Each chondritic group contains minerals with
characteristic stable oxygen isotopic compositions
so that each derives from its own batch of nebular
material. It is not known how the very numerous LL,
L, H, and E (or very rare R and K) groups are specifi-
cally related to each other. The LL-chondrite minerals
formed under the highest oxygen activity, and the
E-chondrite minerals, the lowest. It is tempting to
interpret this as indicating formation at different dis-
tances from the primitive Sun: E-chondrites formed
nearest the Sun, and the H, L, LL, and carbonaceous
chondrites formed progressively farther away. While

this is hypothetical, contents of volatile trace ele-
ments are lower in mildly shocked (less than 300,000
atm or 30 GPa) H4-H6 chondrites than in analogous
L4-L6 samples, suggesting that H4-HG parent mate-
rial condensed at higher temperatures, that is, closer
to the Sun. Two conclusions are certain: all chon-
drites could not have come from a single parent, and
chondritic groups record different dominant genetic
episodes. Michael E. Lipschutz

Chondrules. These are the most abundant particles
in chondrites, with diameters up to about 1 mm
(0.04 in.). They are distinguished from other par-
ticles (such as unmelted aggregates and calcium-
aluminum-rich inclusions or CATs) in the chon-
drite matrix by textural and compositional criteria,
being iron-magnesium silicate spherules with ig-
neous textures. Chondrites themselves, when not
modified much by heating in their asteroidal parent
bodies, have sedimentary textures. The chondritic
asteroids are aggregates of melted droplets, which
cooled in the protoplanetary accretion disk (solar
nebula). Some major astrophysical (or possibly geo-
logical) process clearly operated in the early solar sys-
tem and caused extensive melting. Chondrules are
therefore a key to preplanetary history, but under-
standing them is complicated by the fact that there
are several different kinds, which may not all have
formed in the same way.

Mineralogy and textures. The most abundant miner-
als in chondrules are magnesian to intermediate
olivine (fayallite 0 to Fa60), pyroxene (mainly in-
verted protopyroxene), glass rich in a feldspar
component, iron metal, and iron sulfide (FeS). Chon-
drules are called type I if they have magnesian sili-
cates (Fa < 10) and type II if the have more ferroan
silicates (Fa > 10). The less common chondrules
with compositions intermediate between the com-
mon iron-magnesium-rich kind and refractory inclu-
sions (CAls) have one or more aluminum-rich min-
eral such as spinel, plagioclase feldspar, or aluminum-
rich pyroxene (fassaite). Many olivine crystals in
chondrules are compositionally zoned, with enrich-
ment in iron, calcium, and other elements toward
their rims. Some pyroxene solid solutions exsolved
on cooling, but the precipitates can be observed only
in the electron microscope.

The main textural types (Fig. 4) are granular
(including porphyritic on a submicroscopic scale),
porphyritic (more strictly, microporphyritic), barred
(parallel-plate crystals), radial/excentroradial, and
cryptocrystalline/glassy, based on abundance, size,
and shape of crystals. (Porphyritic texture is char-
acterized by relatively large crystals dispersed in a
matrix of finer-grained or glassy material.) A short-
hand notation for chondrules combines the texture
and one or more dominant minerals; thus there
are BO (barred olivine), RP (radial pyroxene), and
POP (porphyritic olivine-pyroxene) chondrules. The
presence of glass, euhedral and skeletal crystals, and
inhomogeneous crystals indicates crystallization of
liquids at moderate cooling rates, on a time scale of
hours, similar to thin lava flows. See IGNEOUS ROCKS.

Chondrules were not all single totally melted
droplets. There are rare CAIs and forsteritic



(a)

(b)

Fig. 4. Examples of chondrules, showing different textures.
(a) Barred olivine chondrule. (b) Type IlA porphyritic olivine
chondrule.

ameboid olivine aggregates inside chondrules. Some
chondrules enclose other chondrules. Others are ag-
gregates of patches of somewhat different grain size.
Some are layered in a way that suggests accretion.
Some have igneous rims. Whether chondrule forma-
tion generally involved dustballs that were melted, or
a spray of fine droplets and grains that accreted, the
occurrence of these complexities on the whole sug-
gests formation of chondrules by incomplete melting
of preexisting solids. However, a number of cryp-
tocrystalline chondrules may have formed by con-
densation of liquid from the gas.

Some chondrules contain grains not crystallized
from the chondrule melt. Forsteritic (type I) olivine
grains are common in type II chondrules and rela-
tively ferroan (type ID) olivine with iron metal inclu-
sions in type I chondrules. The two types of relict
olivine grains suggest several generations of type I
and type II chondrules, whose debris is incorporated
into later chondrules.

Chemical and isotopic data. Type II chondrules, besides
being ferroan, have approximately chondritic ele-
mental abundances, with the volatile sodium and
potassium present in higher concentrations relative
to silicon than in the solar or CI chondrite compo-
sition. Type I chondrules are depleted in volatiles
and enriched in refractory elements. They have a
composition very similar to the primitive Earth man-
tle and may have been important in its accretion.
Both type I and type II chondrules exist in silicon-

poor and silicon-rich forms, that is, in olivine-rich
and pyroxene-rich varieties, given the suffixes A and
B, respectively. Thus, there are type IA and IIA PO
chondrules, type IAB POP chondrules, and so forth.
Some cryptocrystalline chondrules are depleted in
both refractory and volatile elements relative to the
major element, silicon. Chondrule compositions do
not vary like those of planetary igneous rocks, but
are controlled by volatility-related processes, such as
evaporation and condensation.

The occurrence of very fine grained type I chon-
drules rich in sulfur and other volatile elements
whose concentrations decrease in coarser-grained
similar chondrules suggests evaporative loss with
more extended heating. However, the occurrence
of olivine-rich cores in some chondrules, surrounded
by pyroxene-rich mantles and sometimes silicon-rich
rims, suggests condensation of silicon. At chondrule
melting temperatures, silicate vapor rather than melt
is stable, and chondrules formed in the solar neb-
ula would therefore be expected to at least begin
to evaporate. Free evaporation into a vacuum causes
isotopic (Rayleigh) mass fractionation, and this pro-
cess is observed in some refractory inclusions, but
not in chondrules. Condensation at the pressures of
the solar nebula would normally produce crystals
rather than liquids.

The age of the solar system is given by the lead iso-
topic age of CAls to be 4567.2 + 0.6 million years.
Similar measurements, and also the 2°A1-*°Mg relative
ages, indicate that chondrule formation continued
for about 2 million years after this. See COSMOCHEM-
ISTRY.

Chondrules in carbonaceous chondrites are en-
riched in '°O relative to the Earth but less so than
CAIs and ameboid olivine inclusions. Those in ordi-
nary chondrites are depleted. The highest °O con-
tents in chondrules may be related to the presence
of forsteritic olivine relict grains, which have been
less modified than the rest of the chondrules by ex-
change with the nebular gas.

Crystallization experiments. Chondrule simulation has
been concerned mostly with duplicating their tex-
tures and olivine zoning by melting pellets of pressed
mineral powder suspended on platinum wires. Cool-
ing at 10-100°C/h (18-180°F/h) from temperatures
a little lower than those which give total melting,
about 1500-1600°C (2700-2900°F), is ideal for grow-
ing porphyritic textures. The grain size of the syn-
thetic chondrule is very sensitive to the grain size of
the starting material, because partial melting leaves a
number of nuclei proportional to the initial number
of crystals. Chondrule textures have also been pro-
duced after total melting of the charge by injecting
mineral grains into the melt and inducing crystalliza-
tion, and by spraying mineral dust into the hot zone
of the furnace and collecting the resulting droplets
on wire holders.

When chondrule analog are heated at low pres-
sures, about 10~% atm (1 Pa), as in the protoplanetary
disk, sulfur is lost almost immediately, and sodium is
severely depleted in the first few minutes, but fer-
rous oxide (FeO) is lost over a period of about 18 h.
Iron-poor chondrules would therefore be expected
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to be free of sodium, but they are not. At these low
pressures, evaporative loss reproduces part of the
composition trend of natural chondrules: we get first
type IIA compositions, then IAB, and finally IA with
up to 18 h heating at about 1550°C (2800°F), all with
porphyritic textures. However, the charges show iso-
topic mass fractionation due to this free evapora-
tion, while natural chondrules do not. When chon-
drule analog are heated in an atmosphere containing
sodium, potassium, or silicon, loss of these elements
has been stopped or even reversed. Pyroxene-rich
rims on olivine-rich charges were formed by silicon
condensation, as in some type I chondrules. Evap-
oration in the presence of a vapor containing the
lithophile (rock-forming) elements greatly reduces
their isotopic mass fractionation.
Texture-composition-temperature relationships. Chondrules
with skeletal crystals can be reproduced in ex-
periments with melting at near-liquidus tempera-
tures (temperatures of total melting), and porphyritic
chondrules with temperatures about 50°C (90°F)
below the liquidus. Chondules have a wide range
of bulk compositions and therefore a wide range
of liquidus temperatures (~1200-1800°C), but are
dominantly porphyritic. If chondrules had formed
by closed-system melting, this would be surprising:
the melting temperature would appear to have been
chosen to be always about 50°C (90°F) below the
liquidus for each composition. Open-system melting
resolves this problem. A porphyritic texture is estab-
lished during heating and the composition changes
during evaporation, giving a liquidus about 200°C
(360°F) higher than the peak heating temperature.
Origin. Chondrules formed either by the melting
of rock, dustballs, or free dust grains, or by the
condensation of gas, and possibly by all of these
mechanisms. Melting in the nebula should give mass-
fractionated residues and condensation should give
crystals. Condensation of liquid and evaporation to
yield isotopically normal residues are both possible
in the presence of an atmosphere highly enriched
(about 100-fold) in rock-forming elements. Such an
atmosphere may be achieved by concentrating solids
into small domains and then evaporating them. Dust
would be totally evaporated before larger aggregates,
and both evaporation and condensation or recon-
densation would be expected. The concentration
may possibly be due to accretion of planetesimals,
to convection currents in the nebula that concen-
trate grains in stagnant zones between eddies, or to
the delivery of mass to the inner edge of the disk
as part of solar accretion. It seems that chondrules
must form in less than 1% of the nebula in order to
achieve the nonnebular gas composition. This local
rather than nebula-wide formation is consistent with
the relatively rapid cooling rates of chondrules.
Formation of a solar system involves numerous
sources of energy that could have been responsi-
ble for chondrule melting. Mechanisms that have
been considered include flares from the young Sun,
lightning in the nebula, and collisions between hot
planetesimals. During solar accretion, much mass is
ejected in bipolar outflows, and particles melted by

solar radiation might have been thrown back into the
disk. The physical conditions during these events are
not sufficiently known to see the implications for the
properties of chondrules formed in this way. Chon-
drules might have been formed by heating when
shock waves propagated through the disk encoun-
tered concentrations of chondrule precursors. This
process has been modeled in detail and is the mech-
anism whose temperature distributions best explain
the relative proportions of different kinds of chon-
drules. How these shocks were generated needs to
be established; spiral arms in an unstable massive
disk may provide the mechanism.  Roger H. Hewins

Achondrites

These are stony meteorites that have few, if any, chon-
drules and differ chemically from chondrites. They
constitute about 8% of all meteorite falls and 1% of all
finds. Although achondrites can be divided into sev-
eral distinct groups based on chemical and isotopic
composition, they are generally believed, based on
aspects of their textures and composition, to have
formed as the result of igneous processes on aster-
oidal or planetary bodies. Much of the interest in
these meteorites derives from the fact that they pro-
vide clues into the nature of igneous processes and
planetary differentiation early in the history of the
solar system on planetary bodies outside the Earth-
Moon system and on bodies presumed to be much
smaller than the Earth and Moon.

Basaltic achondrites. The eucrites, howardites,
and diogenites—often collectively referred to as the
basaltic achondrites—are the most abundant achon-
dritic meteorites. They appear to be samples of a
series of related igneous rocks and of regolith brec-
cias composed of fragments of these igneous rocks.
They (along with the stony-iron meteorites, that is,
mesosiderites and certain pallasites, and the iron me-
teorites) define a coherent group in terms of their
oxygen isotope compositions, suggesting they are
closely related. With ages near 4.5 billion years, they
are products of igneous activity from the earliest
history of planetary bodies in the solar system.
They have been studied vigorously since the early
days of the Apollo program, for they contain the
most detailed record of early planetary differentia-
tion, of igneous activity outside the Earth-Moon sys-
tem, and of igneous activity on asteroid-sized bod-
ies, from which they are presumed to have been
derived.

Eucrites are dominantly composed of low-calcium
pyroxene (usually pigeonite) and anorthitic pla-
gioclase, with subordinate amounts of chromite,
iron-rich metal, high-calcium pyroxene, silica poly-
morphs, and other minor phases. They are often,
but not invariably, brecciated; most of the brec-
ciated samples are monomict, but many of the more
recently discovered samples from Antarctica are
polymict. Many of the eucrites have pyroxene and
plagioclase in ophitic and subophitic textures simi-
lar to those observed in terrestrial and lunar basalts.
The textures of most of these eucrites and aspects
of their chemical compositions, which cover a small



range compared to terrestrial and lunar basalts, sug-
gest that they are samples of crystal-poor magmas.
Some of these eucrites have vesicles, suggesting an
extrusive or hypabyssal origin. A small number have
gabbroic textures and appear to be cumulates from
liquids related to the more common eucrites. Many
eucrites show features attributed to shock metamor-
phism and to thermal metamorphism. See METAMOR-
PHISM; PIGEONITE.

The diogenites are composed nearly entirely
of magnesian orthopyroxene, with subordinate
amounts of olivine, silica polymorphs, plagioclase,
metal, chromite, and other minor phases. They are
typically monomict breccias, but some are unbrec-
ciated, and others contain minor amounts of eucritic
material. They range texturally from coarse- to fine-
grained and show evidence of thermal metamor-
phism. They are generally believed to represent cu-
mulates from magmas related to, but more magne-
sian than, known eucrites.

Based on comparison with lunar regolith brec-
cias, with which they have some similarities, the
howardites are generally considered to be samples
of the regoliths of the parent planets of the eucrites
and diogenites. They are polymict breccias that con-
sist dominantly of angular to subrounded basaltic
and pyroxenitic clasts and mineral fragments set in a
finer matrix. They also contain chondritic fragments
and rare glass beads (presumed to result from im-
pact melting). Most of the fragments found in the
howardites resemble eucritic and diogenitic mate-
rial, and howardite bulk chemical compositions can
be approximated as mixtures of these two types
of meteorites. However, howardites also contain ig-
neous fragments with textures and chemical com-
positions unknown among eucrites and diogenites.
Many lithic and mineral clasts in howardites experi-
enced a complex range of shock and metamorphic
processes prior to incorporation into howardites.
Ages of clasts in howardites extend from close to
those of the oldest eucrites to 2 x 10° years younger;
the young ages are usually interpreted as due to sec-
ondary, nonigneous processes.

The eucrites, diogenites, and individual fragments
in howardites contain the record of extensive early
igneous activity on what are generally assumed to be
asteroidal parent bodies. The magmas from which
this series of igneous rocks formed are thought to
have been produced by partial melting of volatile-
depleted, metal-depleted, olivine-rich planetary in-
teriors. Although the relative roles of differing de-
grees of partial melting and fractional crystallization
in the formation of the suite of igneous rocks sam-
pled by these meteorite groups are controversial, it
is clear that igneous processes as they are known
from study of terrestrial and lunar rocks were active
on small bodies very soon after their formation. The
heat source for such igneous activity is still under
investigation, but it could be the decay of the alu-
minium isotope 2°Al or perhaps heating by electric
currents induced in small planets by the passage of
an intense solar wind associated with a very active
early Sun (T-Tauri phase). The reflectance spectrum

of the surface of the asteroid 4 Vesta closely resem-
bles those of eucritic meteorites, and it has been sug-
gested that this could be the source of the basaltic
achondrites, although there are dynamical difficul-
ties with such a source. See BASALT; IGNEOUS ROCKS;
SOLAR WIND.

Shergottites, nakhlites, and chassignites. These are
rare meteorites, but there is considerable interest in
them because it has been suggested that they may
have come from Mars. The 24 shergottites (as of
early 20006) are composed primarily of pigeonite and
augite pyroxenes plus glass with the composition
of an intermediate plagioclase feldspar. The plagio-
clase glass is known as maskelynite, formed from
crystalline plagioclase by shock metamorphism. The
shergottites also contain titanomagnetite and rare hy-
drous amphibole; some contain olivine. The textures
are similar to terrestrial diabases, and they have been
interpreted as partial cumulates. Determination of
their ages is controversial and may be complicated
by the effects of shock metamorphism, but the ages
are generally between 1.8 x 10® years and 1.3 x
10° years. Aspects of the chemical and isotopic com-
position of the shergottites suggest that they are de-
rived from a parent body that experienced a com-
plex, multistage history extending over much of the
history of the solar system. Although they are basaltic
like the eucrites, the shergottites are distinguished
by their much higher volatile contents, the presence
in them of iron(IIl) ion (Fe3*, as opposed to metallic
iron in the eucrites), and their much younger ages.
In these respects the shergottites are more similar to
terrestrial basaltic rocks. See AMPHIBOLE; DOLERITE;
ROCK AGE DETERMINATION.

The seven nakhlites (as of early 2006) are augite-
rich rocks whose textures strongly suggest they are
cumulates. Augite appears to be the only cumulus
phase; other phases include iron-rich olivine, pi-
geonite, sodic plagioclase feldspar, alkali feldspar,
and titanomagnetite. The nakhlites contain hydrous
alteration phases that may be preterrestrial in origin.
Like the shergottites, the nakhlites have relatively
young crystallization ages (~1.3 x 10° years) and ap-
pear to have formed in oxidizing, volatile-rich, Earth-
like environments compared to the basaltic achon-
drites. Unlike the shergottites, the nakhlites show
only minor effects of shock metamorphism.

The Chassigny meteorite (the prototype of the
two chassignites, as of early 20006) is a lightly to
moderately shocked dunite. Like the shergottites and
nakhlites, it is volatile-rich and oxidized and also con-
tains hydrous amphibole. Its age is not well con-
strained, but a single potassium-argon age is con-
sistent with the young ages of the shergottites and
nakhlites. See DUNITE.

The young ages of the shergottite, nakhlite, and
chassignite meteorites (often referred to as the SNC
group), plus the similarity of the bulk compositions
of the shergottites to that of the Martian soil as de-
termined by the Viking landers, first led to the sug-
gestion that these meteorites could be derived from
Mars. It is difficult to conceive of a heat source for en-
dogenous igneous activity (these meteorites have no
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features resembling known impact melts) on an as-
teroidal parent body at about 1.3 x 10° years ago; and
given the limited choice of available larger planets,
Mars seemed the most likely choice. The similarity
of relative noble gas and nitrogen abundances and
isotopic ratios in the Martian atmosphere and shock-
produced glass in one shergottite provide strong sup-
port for this hypothesis. The very low paleomag-
netic intensities of the shergottites are also consis-
tent with a Martian origin. It is still a subject of con-
troversy whether fragments of sufficient size to ex-
plain measured cosmic-ray exposure ages could be
ejected more or less intact from Mars by impact and
subsequently delivered to Earth. It is generally ac-
cepted that the question of whether or not these
meteorites are from Mars will be resolved only after
a sample-return mission to Mars. See PALEOMAGNE-
TISM.

Angrites. Until the discovery of two additional ex-
amples of this class of meteorite in Antarctica, Angra
dos Reis was the only meteorite of this type. Nev-
ertheless, it has been of great interest because of
its unusual mineralogy and very primitive isotopic
characteristics. Angra dos Reis is composed nearly
entirely of an iron-bearing, aluminous clinopyrox-
ene (fassaite), with minor amounts of plagioclase,
spinel, calcic olivine, and a variety of other phases.
The more recently discovered members of this group
are less enriched in fassaite, but their mineralogies
are similar. Angra dos Reis is generally interpreted
as having formed by accumulation of fassaite from a
relatively silica-poor magma, while the Antarctic ex-
amples have been interpreted as more closely resem-
bling magmatic compositions. With an age of 4.55 x
10° years and evidence for extinct shortlived ra-
dionuclides, Angra dos Reis provides another case
of magmatic activity from the very earliest history
of the solar system. However, based on the inferred
characteristics of the parent liquids of the angrites,
this igneous activity was distinct from that recorded
by the basaltic achondrites. Due to their rarity, it has
been difficult to constrain the details of their petro-
genesis, but efforts to do so have generally suggested
complex igneous histories. See MAGMA.

Ureilites. The dominant silicates of this strange me-
teorite type are olivine and low-calcium pyroxene
(typically pigeonite), usually present as millimeter-
sized mosaic aggregates. The silicates are enclosed
in a dark matrix that consists mainly of metallic
iron, graphite, diamond, lonsdaleite (another high-
pressure form of carbon), plus other minor phases.
Where the matrix and silicates are in contact, they
have reacted at low pressures to form iron-rich metal
and more magnesian silicates. Some of the ureilites
also exhibit long, oriented cracks or voids. In terms
of their oxygen isotopic compositions, the ureilites
are distinct from other achondrites, but are similar
to certain carbonaceous chondrites.

The silicates often are preferentially oriented. This,
along with their relatively coarse grain size, suggests
that they are plutonic rocks. However, it is gener-
ally difficult to distinguish between accumulations
of crystals settled from a magma chamber and resid-
ual crystals left behind after the extraction of par-

tial melts from planetary interiors, and both origins
have been suggested for the ureilites. In either case,
aspects of their trace-element and isotopic compo-
sitions suggest a complex igneous history for the
ureilites if these features are all igneous in origin.
The carbon in the ureilites could be a primary ig-
neous feature, or it could have been introduced sub-
sequent to their igneous history, perhaps during the
shock events that led to the mosaicism of the sili-
cates and the presence of the high-pressure phases
diamond and lonsdaleite in the matrix. Aspects of
the textures of these meteorites tend to favor the for-
mer possibility. If so, the coexistence of graphite plus
iron-bearing silicates during igneous activity suggests
somewhat elevated pressures (that is, more than a
few hundred bars). Although no direct connection
has been made, many researchers in this field believe
that the parent bodies of the ureilites were related
to those of carbonaceous chondrites.

Aubrites. These meteorites, also known as en-
statite achondrites, are composed almost entirely of
polymorphs of enstatite (MgSiO3), with grain sizes
sometimes exceeding several centimeters. Most are
monomict breccias, but unbrecciated and polymict
examples are known. At least some of these mete-
orites appear to be regolith breccias, based on their
textures and the presence of foreign meteorite clasts
and solar rare gases. Like the enstatite chondrites,
they contain silica polymorphs, metallic iron with
dissolved silicon, and an assortment of rare, highly re-
duced minerals, some of which are known only from
these meteorites. The assemblages found in these
meteorites indicate that they formed under condi-
tions more reducing than expected in a gas of solar
composition.

Itis generally accepted that the aubrites are related
to the enstatite chondrites, but the relationship is not
clear. They are chemically similar to enstatite chon-
drites, but they are distinctive; in most cases they
extend to the more extreme fractionations the same
trends observed among the enstatite chondrites. The
very coarse grain size of the aubrites suggests that
they formed as cumulates, perhaps during differenti-
ation of an enstatite chondrite parent body. Alterna-
tively, it has been suggested that they originated by
fractionation processes occurring in the solar nebula
and that they represent a continuation of the same
processes by which the various nonigneous enstatite
chondrites are related. According to this view, the
coarse grain size of the aubrites would have resulted
from annealing in high-temperature nebular environ-
ments. See NEBULA. Edward Stolper

Iron and Stony-Iron Meteorites

Iron and stony-iron meteorites are made largely or
partly of metallic iron-nickel and come from deep
inside asteroids that were melted around 4560 mil-
lion years ago. In most of these bodies, the metal
formed dense cores that were surrounded by silicate
mantles. Iron and stony-iron meteorites are much
stronger than other meteorites, so they can survive
longer in space. At least 12 of the 20 craters on Earth
under 1.2 km (0.75 mi) in diameter were made by
iron or stony-iron meteoroids.



Iron meteorites. Iron meteorites are pieces of
once molten metallic cores and pools in aster-
oids that were fragmented by impacts after they
cooled slowly. About 700 different iron meteorites
have been identified; 40 were seen to fall, and the
rest fell during the last million years. The smallest
iron meteorites, which weigh only 5-30 g (0.18-
1.1 0z), were found in Antarctica and are aerodynam-
ically shaped like certain tektites. The largest single
iron meteorite weighs about 60 metric tons (66 tons)
and still lies in Namibia. The second largest is from
Greenland and weighs 31 metric tons (34 tons). It is
on display in the American Museum of Natural His-
tory in New York. See TEKTITE.

Nine much larger iron masses hit the Earth dur-
ing the last million years, forming numerous craters
50 to 1200 m (150 to 3900 ft) in diameter. How-
ever, the surviving fragments from these meteoroids
weigh less than a ton. The largest crater, which is in
Arizona, was formed about 50,000 years ago by the
impact of a meteoroid measuring about 50 m (150 ft)
across. The impact released energy equivalent to
about 20-60 megatons of TNT.

Mineralogy. When iron meteorites are sawed,
ground, polished, and etched, they typically show a
striking geometrical array of oriented crystals known
as a Widmanstitten pattern. This pattern results from
the crystallographically controlled formation of ka-
macite plates parallel to the four sets of octahedral
planes in the precursor taenite crystals (Fig. 5). Ka-
macite and taenite are the mineral names for the
body-centered cubic and face-centered cubic crystal
structures of iron alloys. Iron meteorites that show
such an oriented array of kamacite plates in taen-
ite are called octahedrites and contain 6-15% nickel.
A few iron meteorites known as hexahedrites con-
tain 5-6% nickel and are almost entirely composed
of kamacite. Even rarer are the ataxites, which have
more than 15% nickel and contain only microscopic
kamacite plates. See CRYSTAL STRUCTURE.

The large sizes of the precursor taenite crystals
and the oriented kamacite plates indicate that iron
meteorites were hot when they formed and that
they cooled at an extremely slow rate. Thus at one
time iron meteorites must have been buried deep
inside a large volume of poorly conducting rocky
material. The cooling rate in the temperature range
700-400°C (1290-750°F) can be estimated from the
thickness of the kamacite plates, the bulk nickel con-
centration, knowledge of the stability fields of ka-
macite and taenite, and the rate at which iron and
nickel atoms diffuse in these minerals. From these
data, computer models have been developed for the
diffusion-controlled growth of kamacite plates; these
models yield typical cooling rates of 10-100°C (18-
180°F) per million years. Therefore, most iron mete-
orites must have been buried under tens of kilome-
ters of rocky material when they cooled from 700 to
400°C (1290 to 750°F).

Most iron meteorites contain small amounts of a
wide variety of other minerals; sulfides, phosphides,
carbides, oxides, phosphates, and silicates together
make up no more than a few percent by volume of
most iron meteorites (Table 2).
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Fig. 5. A piece of the Edmonton (Kentucky) iron meteorite that has been sliced, polished,
and etched to show the Widmanstétten pattern. The plates of kamacite 0.3 mm (0. 01 in.)

wide are oriented parallel to the faces of an octahedron. (Smithsonian Institution)

Although the mineralogy of iron meteorites largely
reflects slow cooling at depth, some features re-
sult from shock waves of high intensity caused
by impacts between asteroids at speeds of sev-
eral kilometers (1 km = 0.6 mi) per second.
Kamacite in many iron meteorites has a distorted
structure caused by transient formation of a hexago-
nal close-packed structure at shock pressures above
13 gigapascals (130 kilobars). Two iron meteorites
contain diamonds formed from graphite by shock.
Those in the Canyon Diablo iron formed during the
impact responsible for the 1200-m (3900-ft) crater
in Arizona, whereas diamonds in a closely related
octahedrite from Antarctica probably formed during
an impact on the parent asteroid. Another iron me-
teorite contains stishovite, which formed from silica
during a collision between asteroids. See DIAMOND;
SHOCK WAVE; STISHOVITE.

Chemical composition. The chemical compositions of
iron meteorites provide important clues to their clas-
sification and the manner in which they solidified
in molten asteroids. The trace elements gallium and
germanium, which are present at concentrations be-
tween 0.01 and 1000 parts per million by weight, are

TABLE 2. Common minerals in iron meteorites
Mineral Composition

Kamacite Fe-Ni; Ni <7.5%
Taenite Fe-Ni; Ni >30%
Tetrataenite FeNi (ordered)
Troilite FeS
Daubreelite FeCryS,
Schreibersite (Fe,Ni)sP
Cohenite FesC
Haxonite Feo3Cs
Graphite
Carlsbergite CrN
Chromite FeCry,O4
Whitlockite Ca3(POy)2
Chlorapatite Cas(POy)sCl
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Fig. 6. A slice of the Four Corners (southwestern United
States) iron meteorite showing angular black silicate
inclusions separating regions with independently oriented
Widmanstétten patterns. Like other group IAB members,
this meteorite did not form in the core of an asteroid. A
large impact probably mixed silicate with molten metallic
iron-nickel long before the Widmanstatten pattern formed.
(Smithsonian Institution)

especially useful in classifying iron meteorites. Most
iron meteorites (84%) belong to one of 13 chem-
ical groups, all but two of which have concentra-
tions of gallium and germanium that vary by less
than a factor of 2. Each of the 13 groups, which
are identified as IAB, IC, IIAB, and so forth, has be-
tween 5 and 210 members. This chemical classifi-
cation of iron meteorites has not made the older,
structural classification obsolete, because most iron
meteorites (perhaps 70%) can be classified into
chemical groups on the basis of structure alone. For
example, nearly all hexahedrites belong to group
ITA, the medium octahedrites (those having kamacite
bandwidths of 0.5 to 1.3 mm or 0.02 to 0.068 in.)
largely belong to group IIIAB, and ataxites to
group IVB.

Fig. 7. A part of a slice of the Brenham (Texas) pallasite, showing a cluster of rounded,
dark crystals of olivine enclosed in iron-nickel metal that shows a Widmanstétten pattern.
Pallasites formed at the core-mantle boundary of asteroids that melted. (Smithsonian

Institution)

Analyses for other trace elements, such as iridium,
gold, and tungsten, and the minor elements phos-
phorus and nickel can also be used to classity iron
meteorites, but they show larger variations within
groups. For example, iridium concentrations vary
by a factor of 6000 in group IIAB alone. The irid-
ium variations within groups, which are very much
larger than the variation in chondritic metal, were
produced when molten metal solidified. Thus irid-
ium, tungsten, and other elements that preferentially
concentrate in solid metal were enriched in the first
metal to solidify, whereas elements that are concen-
trate in molten metal, such as nickel, phosphorus,
and gold, were enriched in the last metal that solidi-
fied.

Laboratory measurements of the concentrations of
these elements in coexisting solid and liquid metallic
iron-nickel allow the chemical trends found within
the groups to be accurately modeled. Thus, nearly all
of the 13 groups of iron meteorites formed from sep-
arate asteroids; the approximately 100 ungrouped
iron meteorites probably come from another 40-odd
bodies. Cooling rates for samples from a single metal-
lic pool should be uniform, and this is observed for
most groups.

Origins. The chemical and mineralogical evidence
discussed above shows that iron meteorites formed
from molten pools of metal that solidified and then
cooled over many millions of years. This evidence
is consistent with an origin for iron meteorites in
the cores of asteroids that melted and differentiated.
When an asteroid is partly melted, iron-nickel and
iron sulfide, being denser than the associated sili-
cates, will begin to sink to the center. With sufficient
heating, a core of molten sulfur-rich metal will form.
Since most iron meteorites contain no silicates and
most achondrites have only trivial amounts of metal,
it is likely that metallic cores are the source of many
iron meteorites.

Two groups of iron meteorites (IAB and IIE) con-
tain several volume percent of silicate inclusions and
probably did not form in cores of asteroids. Instead
these meteorites are probably derived from many
metallic pools distributed within asteroids. Group
IAB iron meteorites have angular silicate inclusions
(Fig. 6), and it is likely that impacts mixed their metal
and silicate components while they were hot. In ad-
dition, if the planetesimals from which the asteroids
formed by accretion had already melted and solidi-
fied, it is possible that several metallic cores could
have been combined into one asteroid.

At least one group of irons, IVA, formed in an as-
teroid that probably suffered a catastrophic impact
before it had cooled below ~900°C (1600°F). Evi-
dence for the timing and nature of more recent im-
pacts comes from the cosmic-ray exposure ages of
the meteorites. Since galactic cosmic rays can pen-
etrate only to depths of about a meter, meteoroids
or asteroidal fragments are not significantly exposed
to cosmic rays until they are a meter or less in size.
Exposure ages of most iron meteorites are 0.1-1 x
10° years, but two groups show a significant clus-
tering of ages: group IIIAB and IVA iron meteorites



have ages of 6.5 x 10% and 4.5 x 10® years, respec-
tively. Thus about 40% of all irons are fragments of
two giant impacts in the asteroid belt that occurred
in the last billion years. See COSMIC RAYS.

Astronomers believe they have identified many
metallic asteroids 1 to 200 km (0.6 to 120 mi) in
diameter, but none has been linked yet to a specific
group of iron meteorites.

Stony-iron meteorites. There are two major types of
stony-iron meteorites: pallasites and mesosiderites.
They are among the rarest groups of meteorites, to-
gether constituting 1% of meteorite falls. About 50
specimens of each type have been found.

Pallasites consist of 5-80% by volume of olivine
[(Mg,Fe),Si0O4] embedded in metallic iron-nickel,
with minor amounts of chromite (FeCr,0y), troilite
(FeS), and pyroxene [(Mg,Fe)SiOs] (Fig. 7). Three
groups are distinguished: the main group, the Eagle
Station types, and the pyroxene-rich pallasites. All
three groups formed at the core-mantle boundaries
of differentiated asteroids when molten metal was
intruded into the surrounding olivine-rich mantle.
Most pallasites, which belong to the main group,
have metal compositions that match those of the
nickel-rich members of the IIIAB group of iron mete-
orites, implying that they formed in the same aster-
oid. Molten metal and silicates were largely mixed
at the core-mantle boundaries of asteroids possi-
bly as a result of impacts that gouged holes in the
crust about 4500 million years ago. Impacts between
large asteroids were common in the asteroid belt
then as there were vastly more bodies than exist
today.

Mesosiderites are enigmatic breccias consisting of
fragments of basalt and gabbro mixed with roughly
equal amounts of iron-nickel and troilite (FeS). About
50 specimens are known including the Eltanin sam-
ples, which came from a 1-5 km (0.6-3 mi) asteroid
that was one of the largest to hit the Earth in the last 2
million years. The Eltanin samples were identified in
cores of sediment drilled from the southeast Pacific
Ocean.

Mesosiderites, like pallasites, formed by mixing
of molten metallic iron and nickel with solid sili-
cate. But the impact that created the mesosiderites
caused vast quantities of molten metal to spew over
fragments of rock from the surface and interior. The
silicate-metal mixtures were deeply buried after the
impact and cooled at a rate of about 0.4 K per million
years, slower than any other group of meteorites.

Olivine-rich meteorites from the mantles of as-
teroids that melted are much rarer than stony-
iron meteorites. Similarly, olivine-rich asteroids are
rarer than metal-rich ones. The impacts that exca-
vated the deeply buried iron and stony-iron me-
teorites and brought fragments to Earth probably
crushed most of the olivine-rich mantles to fine dust.

Edward R. D. Scott

Isotopic Anomalies in Meteorites

Primitive meteorites show a large variety of isotopic
anomalies, that is, deviations from the average solar
system composition (called “normal” composition)

that cannot be explained by chemical fractionation
and radioactive decay taking place today. They are
rather of presolar origin or the result of irradiation
from an early active Sun or in interplanetary space.
These anomalies provide information about the nu-
cleosynthetic sources of the material that formed the
solar system. See ISOTOPE.

Itis well established that carbon and all the heavier
elements are produced in stars by nuclear processes
(stellar nucleosynthesis). These elements are ejected
into the interstellar medium either from explosions
of massive stars (supernovae) or as stellar winds and
planetary nebulae from low-to-intermediate mass
stars at the end of their evolution. Stars of differ-
ent masses and ages produce elements with very dif-
ferent isotopic ratios. The solar system was formed
from material originating from many stars. However,
until the early 1970s it was believed that all this ma-
terial was thoroughly homogenized into a mix of
uniform isotopic composition in a hot solar nebula.
Isotopic measurements of samples from the Earth,
the Moon, and various meteorites seemed to con-
firm this belief. Exceptions were well-understood ex-
cesses of certain isotopes that were the daughters
of long-lived (they still exist today) radioactive iso-
topes or isotopic fractionation effects as the result
of physical and chemical processes. See NUCLEOSYN-
THESIS.

This belief in isotopic homogeneity was shattered
by the discovery of isotopic anomalies in several ele-
ments in 1973; and today, thanks to increases in the
precision of isotopic analysis and the capability to
measure small samples, a plethora of isotopic anoma-
lies are known in meteorites. The largest anomalies
are found in small samples, where the effects are not
diluted by isotopically normal material.

Isotopic anomalies in meteorites and interplane-
tary dust particles (IDPs) can be divided into four
classes.

(1) Mass-dependent fractionation caused by
physicochemical processes (diffusion, evaporation,
condensation, and chemical reactions). Certain
physical and chemical processes can also lead to
non-mass-dependent fractionation that might mimic
effects of nuclear origin.

(2) Effects from the decay of radioisotopes. In
addition to effects from the decay of long-lived
isotopes, meteorites show also the effects of short-
lived, now extinct isotopes.

(3) Nuclear effects reflecting nucleosyntbetic pro-
cesses in stellar sources. These effects are found in
samples that formed in the solar system but inher-
ited some nucleosynthetic components, as well as
in presolar grains, bona fide stardust, that formed in
stellar atmospheres and thus represent the isotopic
compositions of their parent stars.

(4) Effects due to irradiation of material by an
early active Sun or irradiation of meteorites by
galactic and solar cosmic rays. These effects pro-
vide information on the exposure history of mete-
orites, both on their parent bodies and in interplan-
etary space during their travel between their aster-
oidal sources and the Earth.
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TABLE 3. Short-lived radioisotopes'
Half-life, Daughter Reference Initial
Radioisotope million years isotope isotope abundance
“1ca 0.10 K 4Ca 1.5 x 1078
264 0.74 Mg 27A| 5x 107°
°Be 15 o8 Be ~5x 1074
60Fg 1.5 60N S6Fe ~1.5 x 1078
5Mn 3.7 S3cr 55Mn ~2 x 107°
107pq 6.5 107ag 187pg 45x10°°
1824 9 1820/ 1804 2% 104
129) 16 129y o 127) 1% 104
244py 81 Fission Xe 2y (4-7) x 1073
146Sm 103 42Nd 448m 8 x 1078
TShort-lived radioisotopes for which evidence has been found in meteorites.

Isotopic fractionation effects. Refractory inclusions
(CAIls) from primitive meteorites (mostly carbona-
ceous and unequilibrated ordinary chondrites) ex-
hibit mass-dependent fractionation effects in the ele-
ments oxygen, magnesium, silicon, calcium, and tita-
nium. These effects must be due to evaporation and
condensation during the formation of the CAls and
in some cases indicate multistage processing. Frac-
tionation effects are largest in a class of CAls named
FUN inclusions because, in addition to fractionation
(B), they show nuclear effects (called UN effects, be-
cause they were unknown at the time of discovery)
in many elements. It is still not clear, however, why
F and UN effects are associated with one another.

Interstellar cloud material. Carbonaceous and un-
equilibrated ordinary chondrites and interstellar dust
particles have large excesses in deuterium (ranging
up to 50-fold in certain interstellar dust particles) and
I>N. These anomalies appear to be associated with or-
ganic matter. Because deuterium is destroyed in stars
(it was produced only in the big bang), deuterium ex-
cesses cannot be of nucleosynthetic origin. They and
the N excesses are most likely due to the incorpora-
tion of interstellar cloud material into meteorites and
interstellar dust particles. This material acquired its
isotopic anomalies through fractionation during ion-
molecule exchange reactions that took place at very
low temperatures (10 to 30 K or —442 to —405°F) in
dense molecular clouds. Extremely large deuterium
excesses (up to 1 million-fold) relative to the inter-
planetary medium are observed astronomically in
simple molecules from interstellar clouds. See DEU-
TERIUM; INTERSTELLAR MATTER; MOLECULAR CLOUD.

Oxygen. The discovery of large '°O excesses in
refractory minerals from the Allende carbonaceous
chondrite in 1973 refuted the hot solar nebula
model. Large '°O variations dominate the oxygen iso-
topic effects in meteorites with only minor variations
in the 170/'80 ratio. CAIs were formed from a reser-
voir enriched in '°0 by about 5% relative to the aver-
age isotopic composition of other solar system mate-
rials. This enrichment might have a nucleosynthetic
origin (supernovae produce huge amounts of '°O);
however, among presolar grains (discussed below)
almost no oxygen-rich grains with a supernova origin
have been detected. Alternatively, the '°O excesses
could be the result of non-mass-dependent physi-
cochemical processes or of self-shielding, a photo-

chemical effect in the early solar system that sepa-
rated '°O from the other two isotopes because of
the large difference in the abundance of '°O from
those of 170 and '80. In the case of self-shielding,
the Sun is predicted to be enriched in °O relative
to the inner planets and asteroids. Analysis of solar
wind samples collected by the Genesis mission may
settle this issue, despite contamination caused by its
crash landing in September 2004. See SUPERNOVA.

Short-lived isotopes in the early solar system. Mete-
orites contain evidence of the presence of short-
lived isotopes. These isotopes have half-lives so short
that today they are extinct. The initial presence of a
short-lived isotope is indicated by excesses in the
daughter isotope that are proportional to the parent-
to-daughter elemental ratios. There is now solid evi-
dence for a series of short-lived isotopes (Table 3).
Aluminum-26 has been studied most thoroughly. Its
initial presence has been established for many CAlIs,
most of which have an initial inferred 2°Al/?>’Al ratio
of 5 x 107°. Like other shortlived isotopes (*Mn
and '®I are prominent examples), 2°Al can in prin-
ciple serve as a fine-scale chronometer of relative
ages of early solar system events. It (and °°Fe) also
has been considered as a possible heat source for
melting small planetesimals. Both of these functions
require its widespread and uniform distribution in
the solar nebula. The fact that relative ages between
CAls and other meteoritic samples determined with
the 2°Al clock agree with age differences obtained
with the absolute uranium-lead chronometer indi-
cates that this is indeed the case.

The abundances of the radioisotopes >*Mn, 82Hf,
and those with longer half-lives can be explained by
continuous equilibrium production by supernovae
in the Galaxy. However, the presence of 2°Al and *°Fe,
and especially that of “'Ca with its much shorter life-
time, in early solar system solids requires production
in a stellar event immediately (less than a million
years) before solar system formation. The possible
candidates are a supernova, whose explosion could
have triggered the collapse of the molecular cloud
from which the solar system formed, or an asymp-
totic giant branch (AGB) star, a low-to-intermediate
mass (with a mass of less than 8 solar masses) star
in the late stages of its evolution. Beryllium-10 is
the only short-lived isotope that is not produced by
stellar nucleosynthesis but by irradiation of heavier



elements (carbon and oxygen) by energetic nuclear
particles, most likely from an early active Sun. See RA-
DIOISOTOPE (GEOCHEMISTRY); STELLAR EVOLUTION.

Nuclear anomalies. Many CAls were found to carry
nuclear anomalies. These anomalies are especially
large in FUN inclusions. These inclusions show iso-
topic patterns in the heavy elements (elements heav-
ier than iron) that carry the signatures of distinct nu-
clear processes. The heavy elements are made either
by neutron capture starting from iron, either in the
s process (slow neutron addition in stellar environ-
ments with low neutron density) or in the » process
(rapid neutron addition in a high-neutron-density en-
vironment), or by the p process that is responsible
for the production of proton-rich isotopes. Whereas
the solar (normal) isotopic composition represents
a mixture of these different components, FUN in-
clusions show isotopic signatures of individual com-
ponents. Figure 8 shows the isotopic ratios of bar-
ium, neodymium, and samarium measured in one
FUN inclusion, EK 1-4-1. The patterns show excesses
in the isotopes that are produced by the r process,
and for samarium also an excess in a p-process iso-
tope. These patterns are compared with the isotopic
patterns measured in presolar silicon carbide (SiC)
grains (discussed below). The latter are the inverse
of the r-process patterns of the FUN inclusions; they
indicate production by the s-process. These com-
plementary patterns are clear evidence that differ-
ent stellar sources contributed material to the solar
system.

Refractory inclusions have also anomalies in the
neutron-rich isotopes of elements in the vicinity of
iron in the chart of nuclides (iron-peak elements).
These isotopes include **Ca, °Ti, >*Cr, 5®Fe, *Ni,
and ®°Zn. Correlated excesses and depletions are ob-
served. Effects are pronounced for FUN inclusions
but, for ¥Ca and 3°Ti, are largest in inclusions contain-
ing the refractory mineral hibonite (CaO[Al;O3]¢).
The elements of the iron peak are all produced in
supernovae, but the correlated excesses and deple-
tions of the neutron-rich isotopes indicate contribu-
tions from different types of these stellar explosions.
Different supernova types are distinguished by astro-
nomical observations.

Improvements in analytical capabilities have led
to the discovery of numerous isotopic anomalies
in different meteorites and in their chemical sepa-
rates (components obtained through chemical treat-
ment with acids or other solvents). Although nucle-
osynthetic components for these anomalies have not
been identified in all cases, it is clear that different
stellar sources produced the elements and that these
components were not completely mixed in the solar
system.

Presolar dust grains. Whereas all the solids with
isotopic anomalies mentioned so far formed in the
solar system and contain only surviving traces of
presolar isotopic signatures, primitive meteorites
contain also true stellar grains. These grains formed
in stellar atmospheres, were ejected into the inter-
stellar medium, survived the formation of the solar
system, and were incorporated into meteorites. They
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Fig. 8. Isotopic anomalies in (a) barium (Ba), (b) neodymium
(Nd), and (c) samarium (Sm) measured in the FUN inclusion
EK 1-4-1 and in presolar silicon carbide (SiC). Production of
isotopes in the nuclear s, r, or p processes is indicated by
letters at the bottoms of the graphs. Whereas EK 1-4-1
exhibits r-process patterns, presolar SiC exhibits
complementary s-process patterns. (Adapted from F.
Begemann, Isotope abundance anomalies and the early
solar system: MuSiC vs. FUN, in N. Prantzos, E. Vangioni-
Flam, and M. Cassé, eds., Origin and Evolution of the
Elements, pp. 517-526, Cambridge University Press, 1993)

can be located in and extracted from their parent
meteorites and studied in detail in the laboratory.
Their stellar origin is indicated by their isotopic
compositions, which are completely different from
those of the solar system and, for some elements,
cover extremely wide ranges. For example, in Fig. 8
the anomalies carried by presolar silicon carbide are
more than a factor of 100 larger than those in the
FUN inclusion EK 1-4-1.

The first presolar grains were discovered because
they carry anomalous noble gas components in neon
(Ne-E, almost pure ?*Ne) and xenon (Xe-S, exhibiting
an s-process pattern in the form of excesses in '**Xe,
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TABLE 4. Presolar grain types
Grain type Abundance’, parts per million Size, um Stellar sources?

Silicates in IDPs* ~400 <1 RG, AGB
Silicates in meteorites 180 <0.5 RG, AGB
Spinel (MgAl,Oy,) 1.5 0.15-2 RG, AGB, SNe
Corundum (Al,O3) 0.15 0.15-3 RG, AGB, SNe
Nanodiamonds 1500 0.002 SNe
Mainstream SiC 14 0.3-20 AGB
SiCtype A+ B 0.5 0.5-5 J stars
SiC type X 0.2 0.3-5 SNe
Graphite 1 1-20 SNe, AGB
Nova grains 0.001 ~1 Novae
Silicon nitride (SizN4) 0.002 <1 SNe
Titanium carbide (TiC) ~0.001 0.01-0.5 SNe, AGB

*Silicates are pyroxene [(Mg,Fe)»Si»Og] and olivine [(Mg, Fe)2SiO4]. IDPs = interplanetary dust particles.

TAbundances vary with meteorite type. Shown here are the maximum values.

fRG = red giants; AGB = asymptotic giant branch stars; SNe = supernovae; J stars are carbon stars with very low 126/13G ratios.

130Xe, and '¥*Xe; and Xe-HL, exhibiting excesses in
the heavy xenon isotopes '3?Xe, 3*Xe, and '3°Xe, and
the light Xe isotopes '*Xe, '*°Xe, and '?*Xe). These
grains turned out to be of carbonaceous nature: dia-
mond, graphite, and silicon carbide. With the excep-
tion of diamonds, which are too small, single grains
can be analyzed for their isotopic compositions by
secondary ion mass spectrometry (SIMS) in the ion
microprobe or by resonance ionization mass spec-
trometry (RIMS), and were found to be anomalous
in all their isotopic ratios. This, in addition to the
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Fig. 9. Nitrogen and carbon isotopic ratios measured in individual presolar SiC grains.
The enormous ranges spanned by these ratios are evidence for a stellar, presolar origin of
these grains. The nitrogen and carbon isotopic ratios (shown here) and silicon isotopic
ratios (shown in Fig. 10) are used to distinguish between different types of grains. The
relative abundances of these types are indicated in the key.

size of the anomalies, identifies them as samples of
stellar material. Subsequently, other presolar grain
types, not tagged by exotic noble gases, were iden-
tified by isotopic analysis of individual grains in the
ion microprobe. See INERT GASES; RESONANCE ION-
IZATION SPECTROSCOPY; SECONDARY ION MASS SPEC-
TROMETRY (SIMS).

Table 4 lists the types of presolar grains for which
isotopic ratio measurements have been obtained.
The laboratory study of these grains has developed
into a new branch of astrophysics because it provides
information on stellar evolution and nucleosynthe-
sis, galactic chemical evolution, stellar atmospheres,
conditions in interstellar space, the early solar sys-
tem, and meteorite parent bodies.

Silicon carbide has been studied in greatest de-
tail because it can relatively easily be isolated from
meteorites, many grains are several micrometers in
size, and it contains many trace elements. The iso-
topic compositions of the noble gases from helium
to xenon, and of the elements carbon, nitrogen,
magnesium, silicon, potassium, calcium, titanium,
strontium, zirconium, molybdenum, ruthenium, ru-
bidium, barium, neodymium, samarium, and dyspro-
sium, have been measured in presolar silicon car-
bide. Figure 9 shows the nitrogen and carbon and
Fig. 10 the silicon isotopic ratios of individual sili-
con carbide grains. These ratios have been used to
classify the grains into different types whose relative
abundances are indicated in Fig. 9. Different stellar
sources have been identified for these grains. Main-
stream grains are from carbon stars, asymptotic giant
branch stars that became carbon-rich during their
evolution. Y and Z grains are likely also from carbon
stars but from stars with low metallicity, that is, de-
pleted in the elements heavier than helium. Grains
of type X are from supernovae. Proof of such an ori-
gin comes from evidence of initial *Ti in many X
grains. Titanium-44, which has a half life of only 60
years and decays into “/Ca, is produced only in su-
pernovae in an interior layer that consists of almost
pure %8Si, in agreement with the 2%Si excesses (de-
pletions in 2°Si and 3°Si) found in X grains (Fig. 10).
The low '2C/'3C ratios defining A + B grains are ob-
served in J-type carbon stars, but it is presently not
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Fig. 10. Silicon isotopic ratios measured in individual presolar SiC grains. The ratios are expressed as delta values, that is,

deviations (6) from the solar values in parts per thousand (%o).

understood how these stars acquired their isotopic
compositions. Finally, a handful of silicon carbide
grains come from novae, white dwarf stars onto
which a companion star dumps material that peri-
odically ignites in a nuclear explosion. See CARBON
STAR; CATACLYSMIC VARIABLE; NOVA.

Low-density graphite grains also have large “‘Ca
excesses from *Ti decay, indicating a supernova ori-
gin. Many of these grains have large '®0 excesses,
which is also a supernova signature originating from
a layer where N, the product of hydrogen burning
(capture of protons) in the carbon-nitrogen-oxygen
(CNO) cycle, is turned into '¥O by helium burning
(capture of helium nuclei). See CARBON-NITROGEN-
OXYGEN CYCLES.

Whereas all silicon carbide grains found in primi-
tive meteorites are of presolar origin, this is the case
for only a small fraction of oxygen-rich grains. The
reason is that in the solar system the abundance of
oxygen is higher than that of carbon, leading to the
formation of oxygen-rich minerals such as silicates,
but not to the formation of carbonaceous phases.
As a consequence, oxygen-rich presolar grains have
to be identified from isotopic measurements in the
ion microprobe. The presolar minerals discovered
in this way include corundum, spinel, hibonite, and
the silicates olivine and pyroxene (Table 4). Most
oxygen-rich presolar grains have excesses in 'O and
depletions in 0. This signature has been explained
by hydrogen burning in deep, hot layers during the
main-sequence phase of the parent star. After ex-
haustion of hydrogen in the interior of the star, a

special mixing process, called the first dredge-up,
brought material from these layers to the stellar sur-
face, where grains formed during the subsequent red
giant phase when the expanding star lost material in
the form of a stellar wind. Some oxygen-rich preso-
lar grains have 'O depletions that are much larger
than those that can be explained by the first dredge-
up. They indicate additional circulation of envelope
material to hot regions close to the thin layer where
hydrogen burns during the red giant or asymptotic
giant branch phase of evolution. This is one exam-
ple of isotopic measurements of presolar grains in
the laboratory leading to new insights into stellar
processes.

Cosmogenic nuclides. During travel from their par-
ent bodies to Earth, meteorites are bombarded
by galactic and solar cosmic rays. In some cases,
when the meteorites were not buried deeply be-
fore their ejection, bombardment also took place
on the parent asteroids. This bombardment pro-
duces various isotopes, called cosmogenic nuclides,
through nuclear reactions. Cosmogenic nuclides in-
clude both radionuclides and stable nuclides. Their
measurement provides information on exposure
ages of meteorites in interplanetary space, terres-
trial ages (time between Earth entry and collection),
burial history on parent asteroids, and preterrestrial
meteorite sizes (most stony meteorites break up
upon entry into the terrestrial atmosphere). Whereas
the concentrations of radionuclides used to be
determined by detecting their radioactive decay,
nowadays isotopes such as '°Be, 2°Al, 3°Cl, and **Mn
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are measured by accelerator mass spectrometry. Sta-
ble radionuclides are detected as isotopic anomalies.
For example, the three neon isotopes *°Ne, 2!Ne, and
2Ne are produced by cosmic rays in approximately
equal amounts. However, because in the solar system
the abundance ratio of 'Ne/?*°Ne is only 2.4 x 1073,
any cosmogenic neon shows up as an excess in ?'Ne
relative to the other two neon isotopes. Similarly,
low-abundance isotopes of other noble gases (for ex-
ample, *He and *°Xe) are identified as cosmogenic
nuclides from isotopic anomalies. See COSMOGENIC
NUCLIDE. Ernst Zinner

Meteorite Impact

The process of impact cratering was of fundamental
importance for the accumulation of planets in the
early solar system, the formation of planetary land-
scapes, and the Archean geology of the Earth. In addi-
tion, meteorite impacts are implicated in the Moon’s
origin and the extinction of the dinosaurs. However,
recognition of the importance of impacts has been
achieved only since the 1970s. The dominant role of
impact cratering in sculpting the Moon’s surface was
not widely understood until after the Apollo land-
ings in 1969. The spectacular plumes raised above
Jupiter’s cloud decks by the impact of fragments
of Comet Shoemaker-Levy 9 in July 1994 have led
to new investigations of the interaction between
meteorites and atmospheres. In July 2005, the Na-
tional Aeronautics and Space Administration’s Deep
Impact mission created an artificial crater about
200 m (650 ft) in diameter on Comet Tempel 1.
See COMET.

Cratering mechanics. The precise outcome of a
planetary collision depends on the size of the mete-
orite and conditions on the target planet. Small me-
teorites striking planets such as the Earth or Venus
dissipate most of their energy in the atmosphere and
do not strike the surface at high speed. In general, if
the mass of the meteorite is small compared to the
mass of atmospheric gases displaced during its entry,

it will not create an impact crater. On airless bodies
such as the Moon, there seems to be no lower limit on
impact crater size: Craters as small as a few microm-
eters in diameter have been discovered on the lunar
rocks. On Earth, the atmosphere prevents stony me-
teorites or comets from making craters smaller than a
few kilometers in diameter, and even iron meteorites
cannot make high-speed impact craters smaller than
a few hundred meters in diameter.

Penetration of large meteorites into the Earth’s at-
mosphere is limited by two effects. The less impor-
tant is slowing by air drag. More important is crush-
ing and dispersion of incoming objects by the large
difference in pressure between the front of the fast-
moving meteorite and its rear. Objects ranging in size
from about 10 cm (4 in) to 100 m (300 ft) in diameter
are broken into many fragments in the atmosphere.
‘When they do finally fall to the surface, these frag-
ments form a characteristic “strewn field” of small
craters created by the impact of decelerated frag-
ments that fall at their terminal velocity. Craters in
strewn fields on the Earth spread over an elliptical
region a few kilometers wide and up to 10 km (6 mi)
long, with the largest crater at the downrange end.
(On Venus, with its much denser atmosphere, the
pattern is the same, but these dimensions are multi-
plied by a factor of 10.) Most meteorites recovered
on Earth originally fell in clusters of this type.

When a large meteorite does penetrate a planet’s
atmosphere, it initiates a series of swift but orderly
processes that eventually create a characteristic land-
form, an impact crater. Three principal stages are
recognized in this process.

Stage 1: contact and compression. The meteorite first
plunges into the surface rocks at high speed, com-
pressing the underlying rocks and converting its ini-
tial kinetic energy into both heat and kinetic energy
of the surface rocks. The high pressures produce a
series of characteristic mineralogical changes in the
surrounding rocks (Table 5) that often permit verifi-
cation of the impact origin of a suspected crater. The

TABLE 5. Peterographic shock indicators
Material Indicator Pressure, GPa

Tonalite (igneous rock) Shatter cones 2-6

Quartz Planar elements and fractures 5-35
Stishovite 15-40
Coesite 30-50
Melting 50-65(7?)

Plagioclase Planar elements 13-30
Maskelynite 30-45
Melting 45-65(7?)

Olivine Planar elements and fractures 5-45
Ringwoodite 45
Recrystallization 45(?)-65(?)
Melting <70

Clinopyroxene Mechanical twinning 5-40(?)
Majorite 13.5
Planar elements 30(?)-45
Melting 45(?)-65(?)

Graphite Cubic diamond 13
Hexagonal diamond 70-140
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Fig. 11. Cratering by a meteorite. (a) Expanding shock
wave and excavation flow following a meteorite impact;
contours represent pressure at some particular time after
impact, with the region of high shock pressure isolated or
“detached” on an expanding hemispherical shell. (b) Profile
of particle velocity and (c) profile of pressure along the
section AA'. The broken lines show particle velocity and
pressure some time later than those shown by the solid
lines, and the solid curves connecting the peaks are
portions of the “envelopes” of peak particle velocity and
peak pressure.

duration of this compression stage is short, however,
lasting only as long as it takes the meteorite to travel
a distance equal to its own diameter.

Stage 2: excavation. Subsequently, the pent-up pres-
sures in the compressed rocks create an explosion,
blasting aside the surrounding rocks as a strong
shock wave radiates away from the impact site
(Fig. 11). The explosive nature of impacts was first
recognized in 1924 by A. C. Gifford, who realized
that the kinetic energy per unit mass of a meteorite
striking at only 3 km/s (1.8 mi/s) is equivalent to
the chemical energy of TNT. Because kinetic energy
increases as the square of velocity, faster impacts re-
semble powerful explosions. This explains why most
impact craters are circular, even though the most
probable angle of impact is 45°. Only very oblique
impacts, at angles of less than about 6° to the surface,
produce elliptical craters.

The nearly hemispherical shock wave from the im-
pact expands and weakens as time passes, leaving
behind outward-moving rock debris that eventually
excavate the crater. The time required for a crater of
diameter D to open is given roughly by (D/9)"?
where g is the surface acceleration of gravity. Thus,
the 1-km diameter (0.6-mi) Arizona Meteor Crater

(also known as Barringer Crater) was excavated in
about 10 s, whereas the 1000-km diameter (600-mi)
Imbrium basin on the Moon took about 13 min to
open.

Impact craters are not very efficient at excavating
deeply buried material. Although most fresh craters
have depth/diameter ratios of about 1/5, the max-
imum depth of excavation is only about 10% of
the crater’s diameter, so even the 180-km diameter
(110-mi) Chicxulub crater in Yucatan did not ex-
cavate rocks from the Earth’s mantle. Most debris
ejected from an impact crater falls within about one
crater diameter of the crater rim, although small
quantities of material may be flung thousands of
kilometers, or even entirely off the target planet,
as demonstrated by the SNC meteorites that were
ejected from the surface of Mars by large impacts.

The immediate result of crater excavation is called
the transient crater. This is a relatively deep, steep-
walled crater that begins to collapse as soon as it
forms. The diameter of a transient crater is a func-
tion of the velocity of the impact, the angle between
the approaching meteorite and the ground, the di-
ameter of the meteorite, and the density of the pro-
jectile and of the target surface. Several websites use
well-established mathematical relations among these
variables to quickly compute transient crater sizes.

Stage 3: modification. Small transient craters are
quickly filled by a lens of broken rock that forms
from debris that slides down from the rim and pools
at the bottom of the crater. Such bowl-shaped craters
floored by broken rock are called simple craters.

In larger craters the floor rises as the rim sinks, pro-
ducing craters with central mounds that are thinly
veneered with broken and melted rock. The rims of
such craters are scalloped and terraced with great
blocks of slumped rock. Termed complex craters,
they form at diameters greater than a certain transi-
tion size that depends on the gravity and composi-
tion of the target planet. The transition from simple
to complex craters occurs at about 3 km (1.8 km)
on the Earth and about 15 km (9 mi) on the Moon.
Still larger craters exhibit circular mountainous rings
instead of central peaks.

The very largest impact structures, particularly on
the Moon, are surrounded by inward-facing, roughly
circular (but often incomplete) mountain rings that
probably formed well outside the crater cavity by
a process of inward flow and slumping in the fluid
asthenosphere beneath the crater. They are termed
multi-ring basins, and the ratio between the diame-
ters of the rings is often said to be close to a multiple
of /2. Multi-ring basins on the Moon range in size
from the 410-km-diameter (250-mi) basin Grimaldi to
the 2600-km-diameter (1600-mi) South Polar basin.
These enormous structures dominate the Moon’s sur-
face and form the principal stratigraphic markers on
that body. A somewhat different variant of multi-ring
basin, in which the center is surrounded by dozens
of rings, is observed on the Jovian satellites Callisto
and Europa, where the impact occurred in a rela-
tively thin water ice layer overlying a liquid water
ocean.
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Impact cratering and planetary evolution. It is now
believed that the planets formed out of the same
cloud of gas and dust from which the Sun formed
4.5 billion years ago. Dust settled toward the mid-
plane of the early solar nebula and accreted into
kilometer-scale clumps by some still poorly under-
stood process. The kilometer-size clumps were large
enough to perturb each other gravitationally and col-
lide. These collisions were at first gentle, but became
more violent as the objects grew and gravitational
perturbations became stronger. The last stages of
planetary growth are thought to have been charac-
terized by truly titanic collisions between the early
protoplanets and objects up to half their diameter.
Such collisions must have caused widespread melt-
ing and vaporization of the protoplanets and could
have blasted material from the surface of the proto-
planet, or the colliding object into orbit. One such
collision is thought to have created the Moon, when a
Mars-size protoplanet (most of which is now merged
with the Earth) struck the protoearth and ejected
a Moon-sized quantity of material into close orbit
about it. Study of extinct radionuclide chronome-
ters dates this event to about 30 million years after
the first meteorites formed. The Moon subsequently
receded from the Earth as a result of tidal friction, to
take up its present orbit about 60 Earth radii away.

The rain of cosmic debris onto the surfaces of
the planets diminished after accretion was largely
complete, but did not end completely. Many of the
most heavily cratered surfaces in the solar system—
on the Moon, the southern highlands of Mars, and
Mercury—were created during the era of late heavy
bombardment, a time between 4.6 and about 3.8 bil-
lion years ago, when the cratering rate was hundreds
of times larger than at present. Many lunar geologists
believe that most of the craters dating from this era
formed during a brief but intense cratering event
called the terminal cataclysm about 3.9 billion years
ago.

In the present era, comets from the outer solar
system and asteroids straying from the main asteroid
belt occasionally cross the path of the major plan-
ets and collide. There are about 170 impact craters
currently recognized on the Earth, and new ones are
discovered each year. The current cratering rate for
the whole Earth is about 2.5 craters greater than 20
km (12 mi) in diameter per million years.

The most dramatic impact event in recent geo-
logic history occurred 65 million years ago, when
a 15-km-diameter (9-mi) asteroid or comet struck
what is now the northern Yucatan Peninsula and cre-
ated the 180-km-diameter (110-mi) Chicxulub crater.
The impact sprayed vaporized projectile material to a
thickness of a few millimeters over the entire Earth,
rained melted rock debris over most of North and
South America, initiated massive tsunamis and un-
derwater landslides, ignited global wildfires, and may
have produced long-term climatic changes by intro-
ducing massive amounts of water, carbon dioxide,
and sulfates into the upper atmosphere. These sud-
den and extreme environmental changes caused a
tremendous number of animal species to become ex-
tinct: Dinosaurs disappeared forever, along with the

marine ammonites and many other groups. Marine
planktonic communities changed drastically, with
the disappearance of many species of foraminifera.
See EXTINCTION (BIOLOGY); TSUNAMI.

Because at least one major biological extinction
was caused by an impact, a vigorous debate has en-
sued about how large a hazard they pose to human-
ity. Efforts have begun to detect and chart the or-
bits and sizes of all asteroids larger than about 1 km
(0.6 mi) in diameter that cross the Earth’s orbit. To
date, about 600 asteroids larger than 1 km in diame-
ter have been charted, and it is estimated that there
are another 600 yet to be discovered. Whether or not
asteroid or comet impacts are an immediate threat to
humanity, it is clear that meteorite impact is far more
important than previously supposed for the ancient
development of the solar system, the origin of plan-
etary landscapes, and the evolution of life on Earth.

H. J. Melosh
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Meteorological instrumentation

Devices that measure or estimate properties of the
Earth’s atmosphere. Meteorological instruments take
many forms, from simple mercury thermometers and
barometers to complex observing systems that re-
motely sense winds, thermodynamic properties, and
chemical constituents over large volumes of the at-
mosphere.

The method for monitoring the atmosphere de-
pends strongly on the application. The atmosphere is
observed in order to unravel the mysteries of storms,
to describe current weather for aviation operations,
to provide warnings of tornadoes, hail, and floods, to
predict the occurrence of wind-driven oceanic
waves, to estimate monsoon precipitation, to an-
ticipate abrupt climate change, as well as to deal
with other issues. Types of instruments include ther-
mometers, barometers, hygrometers, anemometers,
rain gages, rawinsondes, radiometers, spectrome-
ters, radars, and lidars.

The atmosphere is observed on time scales from
millennia (climate change) to milliseconds (aircraft
turbulence) and on spatial scales from planetary
waves down to the microstructure of ice crystals
and the specks of dust (nuclei) on which ice crystals
form. A very important middle scale, or mesoscale, of
atmospheric circulations contains organized patches
of fair or foul weather. At this scale, circulations
are particularly adept at suppressing or producing
precipitation, large temperature changes, and rapidly
varying winds. Mesoscale weather events include
temperature fronts, rain and snow storms, thun-
derstorms, hurricanes, tornadoes, downbursts,
mountain-valley circulations, and sea breezes. See
HURRICANE; MESOMETEOROLOGY; THUNDERSTORM.

Most weather is confined to the troposphere,
which is nominally the lowest 8-16 km (5-10 mi)
of atmosphere. Just above the Earth’s surface and
within the lower troposphere is the planetary bound-
ary layer, with unique properties that require special
meteorological instrumentation. Most routine atmo-
spheric observations are made near the surface, and
most of these are located over land. To fill the data
voids, meteorologists use mobile and remote plat-
forms on which to place instrumentation. Examples
include satellites, balloons, crewed aircraft, robotic
aircraft, ships, buoys, and even oil rigs. See TROPO-
SPHERE.

Variables, processes, and phenomena. The standard
meteorological variables are air temperature, air
pressure, humidity, winds, and precipitation. Tem-
perature is a measure of molecular kinetic energy.
Air pressure is the columnar weight of atmosphere
per unit area extending from the altitude of observa-
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tion to the outer limits of the Earth’s atmosphere; it
is usually expressed in kilopascals (kPa) or columnar
inches of mercury (in. Hg). Humidity is the amount of
water vapor in the air, expressed in several ways. Ab-
solute humidity is the mass of water vapor per unit
volume of air. Specific humidity is a dimensionless
mass known as mixing ratio; for example, X grams
(Ib) of water vapor per Y grams (Ib) of air mixture.
The most familiar expression of atmospheric water
vapor content is relative humidity, the percentage of
water vapor in the air compared to the maximum
possible. Instruments measure humidity several
ways, including absolute, specific, and relative hu-
midity. See AIR PRESSURE; AIR TEMPERATURE; HUMID-
ITY.

Precipitation is measured as a flux of water mass
from the atmosphere to the surface. The water-mass
flux is referred to as rainfall rate (mm/h or in./h). The
density of ice-phase precipitation is highly variable,
depending on the conditions of ice-particle growth
in clouds and in the air below. Therefore, when pre-
cipitation is in the form of snow or hail, the mass flux
is weighed and converted to a rainfall depth equiva-
lent. See PRECIPITATION (METEOROLOGY); SNOW SUR-
VEYING.

Wind measurements are critical to nearly all mete-
orological research and societal applications of me-
teorology. Measurement of the vertical wind speed,
combined with information on humidity and tem-
perature, allows computation of cloud condensate
production. Estimating vertical air speed is crucial
to quantitative forecasts of precipitation. Horizontal
wind is much easier to measure than vertical wind,
typically being of order 100 times larger. Precise
knowledge of the horizontal wind field allows ac-
curate computation of the vertical wind field. See
WIND.

Beyond these basic variables, there are many other
atmospheric quantities of interest which are mea-
sured. Among these are gases that vary in concentra-
tion, such as carbon dioxide, methane, ozone, oxides
of nitrogen and sulfur, and hydrocarbons.

Particle measurements, including dry aerosols and
hydrometeors, are an important category of meteo-
rological instrumentation. Such particles affect the
fair-weather electric field and determine the prop-
erties of clouds. Nearly all cloud droplets and ice
crystals begin their growth on aerosols. Only a small
fraction of aerosols are active as cloud condensation
nuclei or ice nuclei. See AEROSOL.

Hydrometeor measurements are at the heart of
meteorology. Types of hydrometeors include cloud
waterdroplets, raindrops, individual ice crystals,
snowflakes (which are aggregates of crystals), frozen
cloud droplets, sleet (which is frozen raindrops),
graupel (which are aggregates of frozen cloud
droplets), and hail. Measuring the mass of hydrome-
teors is an extremely important piece of information
for reasons related to buoyancy and determining
the amount of heat released into the atmosphere by
the processes of condensation from vapor to water,
freezing from water to ice, and deposition from
vapor to ice. See CLOUD PHYSICS; HAIL; SNOW.

In weather forecasting and in meteorological
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research, the object of individual variable measure-
ments is often the detection, quantification, and
understanding of complex phenomena, such as
storms, temperature fronts, sea breezes, jet streams,
and a host of terrain-induced circulations. To detect
and understand the evolution of such phenomena,
it is necessary to measure the air motions, kinemat-
ics, and to estimate the thermodynamic structure,
including temperature deviations, pressure perturba-
tions, and humidity inhomogeneities. When storms
produce precipitation, hydrometeor or microphysi-
cal measurements complete the characterization of
weather systems. The combination of kinematic,
thermodynamic, and microphysical information pro-
vides the meteorologist with a basis to detect, quan-
tify, understand, and forecast weather events. See
WEATHER FORECASTING AND PREDICTION.

Sampling considerations. There is no instrument
designed to cover the full range of atmospheric tem-
poral or spatial scales. If the purpose is to detect
evidence of abrupt global climate warming, it might
be sufficient to place mercury thermometers at 50
representative locations throughout the world and
measure temperature at a few standard times per
day for 20 years. Choosing representative locations
is a challenge because of the effects of urbanization
and heat island effects. If the purpose is to directly
measure the fluxes of sensible heat inside a thun-
derstorm, independent measurements of tempera-
ture might be made from several research aircraft
every 0.01 s for a period of 1-2 h. Both objectives
require about one million measurements of temper-
ature with similar accuracy and precision. Since the
frequency, spacing, duration, and sampling domains
differ radically, so do the measurement technologies.
See URBAN CLIMATOLOGY.

Some research measurements are best conducted
under highly controlled conditions in the labora-
tory, such as detailed microphysical measurements of
water and ice nucleation, vapor deposition growth
of ice crystals, and rime growth of graupel from the
collection of supercooled cloud droplets. Other char-
acteristics such as hydrometeor terminal fallspeed,
orientation, and binary interactions among particles
are also measured in laboratories. Slowly reacting
trace gases and aerosol distributions are spectroscop-
ically analyzed in the laboratory after air samples are
collected from research aircraft.

Instruments, observing systems, and platforms. A
few broad categories of apparatus are traditional and
modern immersion devices and passive and active
remote sensors. Traditional immersion devices make
contact with the air and are nearly always mechani-
cal. They rely on the expansion properties of mate-
rials, on the wind pushing parts, and on mechan-
ical or volumetric measurement of mass. Modern
immersion instruments are less mechanical and typi-
cally rely on the electrically resistive, capacitive, and
radiative properties of sensor materials and of the at-
mosphere itself (Fig. 1). Passive remote-sensing de-
vices usually receive naturally emitted electromag-
netic radiation from the atmosphere. Most often,
these instruments are referred to as radiometers. Ac-
tive remote-sensing devices, such as radars, transmit

Fig. 1. Portable, automated weather station which operates
on solar power. Propeller anemometers are at the top of the
mast (10 m or 33 ft). The thermometer/psychrometer is
located in a beehive radiation shield. Sensor electronics,
including aneroid barometer, are in the white box. The
geostationary satellite data uplink antenna is above the
solar panels. (National Center for Atmospheric Research)

electromagnetic or acoustic radiation at specific fre-
quencies. After a brief delay to allow for electromag-
netic wave propagation, these instruments receive
a small fraction of the transmitted energy, reflected,
refracted, or scattered by the atmosphere. The in-
tensity, frequency, phase, and polarization of the
received energy reveal various microphysical, kine-
matic, and thermodynamic properties of the atmo-
sphere. See ACOUSTIC RADIOMETER; METEOROLOGI-
CAL RADAR; METEOROLOGICAL SATELLITES.
Traditional weather station measurements provide
a description of conditions near the ground. In
addition to the average regional conditions, these
measurements also provide local information on
mesoscale phenomena such as cold fronts, sea
breezes, and disturbed conditions resulting from
nearby thunderstorms. Traditional thermodynamic
instruments are mechanical or heat-conductive de-
vices relying on the expansion and contraction of
metallic and nonmetallic liquids or solid materials as
a function of temperature, pressure, and humidity.
Among these are the mercury, alcohol, and bimetal-
lic thermometers for measurement of temperature,
mercury and metallic bellow (aneroid) barometers
for measurement of pressure, human hair hygrom-
eters, and wet/dry-bulb thermometers (called psy-
chrometers) for measurement of relative humidity.
Mercury barometers are simply weighing devices
that balance the mass of the atmospheric column
against the mass of a mercury column. On average, a
column of atmosphere weighs the same as 76 cm
(29.92 in.) of mercury. Psychrometers measure
humidity by means of the wet-bulb depression tech-
nique. A moist thermometer is cooled by evapora-
tion when relative humidity is less than 100%. The



temperature difference between wet and dry ther-
mometers is referred to as the wet-bulb depression,
a well-known function of relative humidity at stan-
dard airflow speeds. A related method of humidity
measurement is the chilled mirror technique (dew-
pointer). A polished surface is cooled to the tem-
perature of water vapor saturation, at which point
the cooled surface becomes fogged. Dewpoint
saturation uniquely defines humidity at a known tem-
perature and pressure. See BAROMETER; DEW POINT;
HYGROMETER; PSYCHROMETER; TEMPERATURE MEA-
SUREMENT; THERMOMETER.

Modern in-place thermodynamic measurements
usually employ electrical responses to temperature
and humidity. A so-called thermocouple naturally
generates electric current in a loop between the
junctions of two dissimilar metals at two locations of
different temperature. The temperature dependence
of electrical resistance in metals, such as platinum,
or semiconductors is often employed for accurate
and fast measurement of temperature. Because water
vapor is absorbed by porous materials, electrical re-
sistance or capacitance of substances, such as carbon
or thin film polymers, is a strong function of relative
humidity. Increasingly, pressure is measured by thin
silicon piezo-resistive membranes, which stretch in
response to pressure change, thereby changing their
electrical resistance properties. Quasi-spectroscopic
methods are employed for very fast response appli-
cations in measurement of water vapor fluxes, den-
sity, and temperature. Energy from calibrated sources
of infrared or ultraviolet radiation are absorbed by
water vapor along short transmission paths. The en-
ergy losses are in direct proportion to the number of
water vapor molecules in the path, and these are
measured at the receiver. See THERMOCOUPLE.

Traditional precipitation measurement devices
may be described as precision buckets, which mea-
sure the depth or weight of that which falls into
them. These gages work best for rainfall, but they are
also used in an electrically heated mode for weighing
snow. Rulers are routinely used for measurement of
snow depth. Time-resolved measurements of rainfall
are traditionally made by counting quantum amounts
(0.01 in. or 0.25 mm) of rain with a small, mechan-
ically controlled tipping bucket located beneath a
large collecting orifice. Modern rain measuring is
sometimes performed along short paths via drop-
induced scintillations of infrared radiation, which is
emitted by a laser. When the raindrop size distribu-
tion is needed, optical-shadowing spectrometers are
employed, as are momentum-measuring impact dis-
trometers, devices that measure the number density
versus the size distribution of raindrops or other hy-
drometeors (Fig. 2). See SNOW GAGE.

Traditional wind measurements are performed by
anemometers, some of which use wind-driven spin-
ning cups for wind speed determination. Vanes are
used in conjunction with cups for indication of
wind direction. Alternatively, three-axis propeller
anemometers may be employed to provide orthog-
onal components of the three-dimensional wind
vector. Many hybrids of these basic approaches con-
tinue to be successfully employed. Fast-response
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Fig. 2. Hydrometeor optical spectrometers and
temperature sensors on a research aircraft. Optical
spectrometers use lasers to create particle shadow images
in two dimensions. Particles are imaged as they flow
between the blunt arms ahead of the electronics pod
beneath the wing. (University of Wyoming)

sonic anemometers employ ultrasound transmission,
where the apparent propagation speed of sound
is measured (Fig. 3). The difference between this
measured speed and the actual speed for a fluid at
rest is the wind speed. Such measurements are made
on a time scale 0.01 s and are used to determine
the fluxes of momentum, water vapor, sensible heat,
and other scalars in the planetary boundary layer. See
ANEMOMETER; WIND MEASUREMENT.

Balloon-borne vertical profiles or soundings of
temperature, humidity, and winds are central to com-
puterized (numerical) weather prediction. Such ob-
servations are made simultaneously or synoptically
worldwide on a daily basis. The temperature and hu-
midity sensors are lightweight expendable versions
of traditional surface station instruments. Balloon
drift during ascent provides the wind measurement.
The preferred method of tracking these rawinson-
des is to use global navigation aid systems such as
Omega, Loran-C, and the Global Positioning System.

sonic

anemometer \ psychrometers

surface-energy-

budget instrument 4 5
package 1 5 3
suite of
fast-response
instruments

Fig. 3. Atmospheric turbulent energy exchange research facility. Tower 3 makes
psychrometric profiles of mean temperature and humidity. Tower 4 measures mean wind
profiles with propeller vanes. Towers 1, 2, and 5 support sonic anemometers for
high-speed turbulent wind components together with various fast scaler measurements,
including temperature, humidity, O3z, and CO,. The black stand in the background
supports visible/infrared radiation measurements. (After W. F. Dabberdt et al.,
Atmosphere-surface exchange measurements, Nature, 260:1472-1481, 1993)
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Parachute-borne dropsondes are often released from
aircraft in data-sparse regions. See LORAN; SATELLITE
(ASTRONOMY).

Remote sensing. Remote sensing, principally via
electromagnetic radiation, is a mainstay of modern
meteorology. Such devices typically operate in the
optical, infrared, millimeter-wave, microwave, and
high-frequency radio regions of the electromagnetic
spectrum.

Passive radiometers typically operate at infrared
and microwave frequencies; they are used for esti-
mates of temperature, water vapor, cloud heights,
cloud liquid water mass, and trace-gas concentra-
tions. These observations are made from the ground,
aircraft, and satellites, usually measuring naturally
emitted radiation. Passive instruments are especially
effective in Earth orbit because electrical power con-
sumption is low and global coverage is unique. Some
radiometers simply estimate columnar amounts of
water vapor averaged over the whole troposphere.
Multiple-frequency infrared and millimeter-wave ra-
diometers can resolve smoothed profiles of water
vapor. More complex radiometers are able to scan
and image a horizontal field of view. Advanced ra-
diometers are able to resolve radiation over nar-
row frequency bands that correspond to molecular
absorption lines for various gases, including water
vapor, ozone, and methane. Other radiometers can
receive radiowaves from human sources that are
transmitted by the Global Positioning System of
satellites to estimate temperature and water vapor
from wave propagation characteristics such as signal
phase and angles of refraction over known distance.
Microwave radiometers can be tuned to oxygen

absorption lines to measure temperature profiles,
because the mixing ratio of oxygen in the free
troposphere is essentially uniform and known with
high precision. Imaging optical radiometers are more
commonly known as cameras, and these are rou-
tinely mounted on satellites to track the movement
of clouds and storm systems. See SATELLITE NAVIGA-
TION SYSTEMS.

Radarlike, active remote-sensing devices are
among the most powerful tools available to mete-
orology. Collectively, these instruments are capable
of measuring kinematic, microphysical, chemical,
and thermodynamic properties of the troposphere at
high spatial and temporal resolution. Active meteo-
rological remote sensors are principally deployed on
land, ships, and aircraft platforms, as well as aboard
satellites. Unlike passive instruments, active remote
sensors can precisely resolve the distance at which
a measurement is located.

At optical frequencies, lidars measure conditions
in relatively clear air. Capabilities include determin-
ing the properties of tenuous clouds; determin-
ing concentrations of aerosol, ozone, and water
vapor; and measuring winds through the Doppler
frequency-shift effect. Millimeter-wave radars are
used to probe opaque, nonprecipitating clouds.
Polarimetric and Doppler techniques reveal hy-
drometeor type, water mass, and air motions.
See LIDAR.

The best-known meteorological remote sensor is
the microwave weather radar. In addition to measur-
ing rainfall and tracking movement of storms, power-
ful and sensitive meteorological radars can measure
detailed flow fields in and around storms by using

g radio-acoustic GOSN
stand sound-system
transmitters

integrated- 10-m (30-ft)

sounding-  meteorological

system tower
base station

Fig. 4. Integrated sounding/profiling system which contains an ultrahigh-frequency radar wind profiler, acoustic
transmission for radio-acoustic air density profiling, a conventional Omega balloon sonde capability (in seatainer), and
tower-mounted meteorological instruments. (After D. W. Parsons et al., The sounding system: Description and preliminary

from TOGA COARE, Bull. Amer. Meteorol. Soc., 75:553-567, 1994)



hydrometeors, insects, and blobs of water vapor as
reflective targets. Employing polarimetric methods,
these radars can also distinguish between rain, hail,
and snow. When Doppler measurements are com-
bined with the atmospheric equations of motion,
thermodynamic perturbation fields, such as buoy-
ancy, are revealed inside violent convective storms.
At ultrahigh and very high radio frequencies, radars
known as wind profilers measure the mean wind as a
function of height in the clear and cloudy air (Fig. 4).
Superior to infrequent weather balloons, radio wind
profiling methods permit continuous measurement
of winds with regularity and high accuracy. When
radio wind profilers are colocated with acoustic
transponders, the speed of sound is easily measured
through radar tracking of the acoustic wave. This
permits the computation of atmospheric density and
temperature profiles, on which the speed of sound
is strongly dependent. See DOPPLER RADAR; METE-
OROLOGY; RADAR METEOROLOGY; REMOTE SENSING.
Richard E. Carbone
Bibliography. D. Atlas (ed.), Radar in Meteorol-
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D. H. Lenschow (ed.), Probing the Atmospberic
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The study of optical phenomena occurring in the at-
mosphere. Many light effects can be seen by looking
skyward, and all of them, resulting from the interac-
tion of light with the atmosphere, lie in the province
of atmospheric optics or meteorological optics. The
subject also includes the effect of light waves too
long or too short to be detected by the human eye—
light-type radiation in the infrared or ultraviolet re-
gions of the spectrum. Light interacts with the dif-
ferent components of the atmosphere by a variety of
physical processes, the most important being scat-
tering, reflection, refraction, diffraction, absorption,
and emission. Some other processes involving pho-
tochemistry and ionization are not considered in this
article. See ATMOSPHERE; OPTICS.

Scattering. An observer of light in the sky, while
looking in a direction away from the Sun, will see
evidence that some process has changed the path
of the sunlight to direct it to the observer’s eye. For
most of the light in the sky this process is that of
scattering, by which some of the incident light is
sent off in all directions. Scattering by dust in the
air makes visible the beam of light coming into a
room through a window. Scattering by dust parti-
cles or liquid droplets in the atmosphere can add
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to the brightness of the sky, but the sky would ap-
pear light even if the atmosphere were free of all
such particles. On a submicroscopic scale, air is
not a continuous, uniform fluid but is composed of
molecules, which are smaller than the wavelength
of visible light by a factor of about a thousand. Such
small particles scatter light but do not scatter all
wavelengths with equal efficiency. They scatter the
short light waves (blue) more strongly than the long
waves (red), with the result that the clear sky appears
blue.

The Sun’s disk, seen high in the sky on a clear
day, appears white. As it moves closer to the hori-
zon, its color changes to yellow, and to orange, and
perhaps to red. When the low Sun is observed, the
light rays that reach the eyes travel a much longer
path through the Earth’s atmosphere than when the
Sun is overhead. Throughout this path, the shorter
(blue) wavelengths are selectively scattered in all di-
rections, with the result that the unscattered light
that reaches the observer from the Sun is depleted
in the blue end of the spectrum and appears orange
or red. Thus the blue sky and the red setting Sun are
both consequences of the same scattering process.

Larger particles in the atmosphere scatter light
more strongly than the gas molecules. If they are of
sizes less than the wavelength of visible light, they
will selectively scatter the shorter, visible wavelength
and contribute to red sunsets. Smoke from large for-
est fires or fine ejected material from volcanic erup-
tions can enhance the colors of sunsets thousands of
miles away. In fact, following major volcanic explo-
sions, sunsets may be enhanced over the entire Earth
as fine ejected material mixes with the atmosphere
and circles the Earth with a fallout time of up to a
few years.

White clouds are composed of either small trans-
parent waterdroplets or small transparent ice crys-
tals, but cloud particles are small on a scale differ-
ent from the scatterers of the blue sky. The droplets
are typically 50 times larger than the wavelength of
visible light, and so would be considered large par-
ticles in light scattering. Such large particles scatter
light of all visible wavelengths equally well so that
the scattered light would have the same spectral dis-
tribution as the incident sunlight, which is known
as white light. Even if there is some wavelength de-
pendence of the scattered light from one particle,
multiple scattering from many particles in a cloud of
the appropriate thickness will result in the scattered
light appearing white. If the atmosphere of the Earth
were made thicker (that is, if air were added), the sky
would appear whiter. This effect can be seen even on
a clear day: the sky near the horizon is whiter than
the sky overhead. There is more air along a sight-
ing path near the horizon than along a vertical path
through the atmospheric layer.

The blue color of distant mountains, hazes, or
smogs demonstrates the wavelength dependence of
light scattering from small particles. Because red or
infrared radiation is scattered less by some hazes,
red filters or infrared-sensitive film or detectors are
sometimes used in aerial photography or satellite
image recording for better penetration of haze layers.

29



30

Meteorological optics

See AERIAL PHOTOGRAPH; REMOTE SENSING; SCATTER-
ING OF ELECTROMAGNETIC RADIATION.

Reflection. When light encounters the smooth sur-
face of an ice crystal, some of the light is reflected
from the surface and some is transmitted. Sometimes
many small ice crystals grow in the atmosphere and
slowly fall through the air. Their presence is seen as
clouds oras a haze or (ice) fog. The very complicated,
many branched ice crystals known as snowflakes
usually occur at ground level in temperate regions;
simple ice-crystal forms can be found at higher ele-
vation in the sky.

As hexagonal flat-plate crystals fall through the air,
they tend to orient with their wide, flat surfaces
nearly horizontal. Reflection of sunlight from the
nearly horizontal surfaces of such crystals can give
rise to a vertical column of light that appears above
or below the Sun (or both), when the Sun is near
the horizon. These sun pillars are similar in origin
to the streak of sunlight (called a glitter path) re-
flected from the slightly rough surface of a lake or
ocean.

Sun pillars can also be produced by hexagonal-
column crystals that have the shape of a wooden
pencil (before sharpening). Such crystals tend to fall
with their long axes horizontal, and light reflection
from the long side faces produce sun pillars. Reflec-
tion from the vertically oriented faces of falling crys-
tals (the side faces of falling plates or the end faces
of falling pencils) can result in the parhelic circle, a
band of light parallel to the horizon, passing through
the Sun and extending all the way around the sky.
Many other effects can result from a combination
of reflection and refraction in falling ice crystals or
raindrops.

A particular form of a sun pillar, called the sub-
sun, can be seen when looking down from an air-
plane flying over a layer of ice-crystal clouds (see
illustration). When the Sun is high in the sky and
the crystals are well oriented, a somewhat elon-
gated, bright spot can be seen. It is just a reflected
image of the Sun in the nearly horizontal ice-crystal
surfaces. See REFLECTION OF ELECTROMAGNETIC RA-
DIATION.

Refraction. When a ray of light passes from one
transparent medium to another, it is refracted at the
surface, that is, its direction changes abruptly. Light
from the Sun is thus refracted as it enters an ice crys-
tal and again as it leaves. As a result of these two
refractions, light deviates from its original direction.
For a hexagonal ice crystal the deviation can bring
sunlight to an observer’s eye from different direc-
tions, producing a variety of spots, arcs, or streaks of
light intensity in the sky. Sun dogs and the 22° halo
are two of the more commonly observed effects that
result from light refracted by falling ice crystals. Light
that enters an ice crystal and is internally reflected
from one or more crystal faces before emerging can
produce a wide variety of halo effects that are ob-
servable with the naked eye. See HALO; SUN DOG.

In the case of water, where surface tension acts as
an elastic skin, squeezing a small falling drop into a
spherical shape, light rays that enter the transparent

The subsun, resulting from sunlight reflected off the nearly
horizontal faces of falling flat-plate ice crystals. (From R.
Greenler, Rainbows, Halos, and Glories, Cambridge
University Press, 1980)

sphere are reflected internally before they emerge to
produce a rainbow. See RAINBOW.

When a light ray passes through air whose den-
sity is not uniform but changes gradually with po-
sition, the ray gradually changes its direction, trav-
eling in a smooth curve. The normal variation in
atmospheric pressure (and hence of air density) with
height causes stars near the horizon to appear ele-
vated above their true position. The curved paths
of the light rays enable observation of the Sun, ap-
parently sitting just above the horizon, when it actu-
ally is located geometrically just below the horizon.
The density of air also changes as a result of the air
temperature. Temperature variation of air near the
Earth’s surface can produce a number of optical dis-
tortions that are referred to as mirages. Small-scale
variations and temporal fluctuations of air density re-
sulting from air turbulence or temperature variations
result in the twinkling of stars or the shimmering of
distant scenes. See MIRAGE; REFRACTION OF WAVES;
TWINKLING STARS.

Diffraction. Diffraction depends on both the wave-
length of the light and the size of the particles. If
the Moon is viewed through a thin cloud containing
waterdroplets or small ice crystals, it seems to be sur-
rounded by colored rings. The rings are a diffraction
effect, with the long (red) wavelengths giving rise
to a larger set of rings than the shorter (blue) wave-
lengths. The resulting display is called the corona. A
similar display, called the glory, can be seen by look-
ing in exactly the opposite direction from the Sun



or Moon; an observer flying in the sunlight over a
cloud layer can see the colored rings of glory around
the shadow of the airplane on the clouds below. See
DIFFRACTION; SOLAR CORONA.

Emission and absorption. Small particles in the air,
and the gas molecules that constitute the air, can
absorb and emit light. In a heavily polluted atmo-
sphere the color of the sky may be affected by the
selective color absorption of smoke particles, but in
general there is not much absorption or emission of
visible light in the atmosphere. The absorption and
emission of infrared radiation, however, are very im-
portant processes in establishing the temperature of
the Earth’s atmosphere and the Earth’s surface. See
ABSORPTION OF ELECTROMAGNETIC RADIATION; AIR
POLLUTION; GREENHOUSE EFFECT. Robert Greenler

Bibliography. C. E Bohren and D. R. Huffman, Ab-
sorption and Scattering of Light by Small Parti-
cles, 1983; K. L. Coulson, Polarization and Inten-
sity of Light in the Atmospbere, 1988; R. Greenler,
Rainbows, Halos, and Glories, 1989; K. N. Liou, Ra-
diation and Cloud Physics Processes in the Atmo-
sphere, 1992; M. Minnaert, Light and Colour in the
Open Air, 1954; W. Tape, Atmospheric Halos, 1994;
W. Tape and ] Moilanen, Atmospheric Halos and the
Search for Angle X, 2005; R. A. R. Tricker, Introduc-
tion to Meteorological Optics, 1970.
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Meteorological radar

A remote-sensing device that transmits and receives
microwave radiation for the purpose of detecting and
measuring weather phenomena. Radar is an acronym
for radio detection and ranging. Today, many types of
sophisticated radars are used in meteorology, rang-
ing from Doppler radars, which are used to deter-
mine air motions (for example, to detect tornadoes),
to multiparameter radars, which provide informa-
tion on the phase (ice or liquid), shape, and size
of hydrometeors. Airborne Doppler radars play a
vital role in meteorological research. Additionally,
weather radar is now orbiting the Earth on the NASA
Tropical Rainfall Measuring Mission satellite,
launched in November 1997. Radars are also used
to detect hail, estimate rainfall rates, probe the clear-
air atmosphere to monitor wind patterns, and study
the electrification processes in thunderstorms that
generate lightning discharges.

Doppler radar. Commonly used, pulsed Doppler
radar operates in the microwave region, with stan-
dard wavelengths of 10, 5, and 3 cm, referred to as
S-, C-, and X-band radars, respectively. The electro-
magnetic radiation is focused into a narrow beam
by illuminating a parabolic dish reflector with mi-
crowave energy provided by the radar transmitter.
S-band radars require the use of large antennas
(Fig. 1) to generate a narrow beam of microwave
energy; transmit high power (peak power of
1 megawatt); and suffer relatively little attenuation
as the radar beam passes through regions of heavy
rain and hail. X-band radars use much smaller anten-
nas to achieve similar narrow beams, and are highly

Meteorological radar

portable. However, X-band radars suffer from atten-
uation when used to probe precipitation, which sig-
nificantly limits their range. Attenuation results when
the radar energy is either absorbed by the raindrops
or reemitted from the raindrops in directions other
than toward the radar. See ANTENNA (ELECTROMAG-
NETISM); DOPPLER RADAR; MICROWAVE.

A pulsed Doppler radar typically emits 1000 elec-
tromagnetic pulses per second. These individual
pulses are typically 1 microsecond (107° s) in du-
ration. The pulsing rate defines the pulse repetition
frequency (PRF) of the radar, which in turn deter-
mines its maximum unambiguous range. For a PRF
of 1000 Hz, the maximum range is 150 km (90 mi).
Strong echoes beyond this range can still be ob-
served, but are said to be range-folded. The Doppler
radar also provides information on the target’s ve-
locity, either toward or away from the radar when
viewed along the radar beam. The Doppler shift,
which is measured as a small difference between
the frequency of the transmitted pulse and the fre-
quency of the energy backscattered to the radar,
provides a measure of the scatterer’s radial motion.
The Doppler shift frequency Af is given by Eq. (1),

Af = 20/A D

where A is the wavelength of the radar expressed
in meters and v is the radial velocity. Scatterers in
the case of meteorological radar include raindrops,
ice particles (snowflakes), hailstones, and even in-
sects, providing clear air returns. A Doppler radar

Fig. 1. Parabolic dish antenna of the CSU-CHILL 11-cm
multiparameter Doppler radar operating at Colorado State
University. The antenna is housed within a large, inflatable
radome. (P. Kennedy, Colorado State University)
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also detects the amplitude of the backscattered sig-
nal, which can be used as a measure of storm in-
tensity and as a means of estimating rainfall rates.
When the radar wavelength is large compared to
the diameter of the meteorological targets, Rayleigh
scattering conditions occur, and thus the energy
backscattered from a raindrop or ice particle is pro-
portional to the sixth power of the particle diameter.
Under Rayleigh scattering conditions, the reflectivity
factor Z is defined by Eq. (2), where N(D)AD is the

Z = Z ND°AD 2
0

concentration of scatterers (m~>) and D is the
particle diameter expressed in millimeters (mm®°).
See PRECIPITATION (METEOROLOGY); SCATTERING
OF ELECTROMAGNETIC RADIATION; STORM; STORM
DETECTION.

Airborne Doppler radar. In the early 1980s, re-
searchers began using aircraft equipped with
Doppler radar to study storms. Several advantages
are provided by airborne Doppler systems compared
to surface-based systems, including portability and
the immediate integration of other meteorological
sensors with the Doppler data, thereby providing
comprehensive sampling of storms. However, be-
cause of limitations of weight and antenna size, air-
borne Doppler radars operate at wavelengths of 3 cm
or smaller. Since attenuation is significant at these
ranges, airborne Doppler radars provide usable data
out to about 50 km (30 mi). Currently, airborne
Doppler radars are used for meteorological research
on aircraft operated by the National Oceanic and
Atmospheric Administration (NOAA), NASA, the
National Center for Atmospheric Research (NCAR),
and the University of Wyoming (the last two facili-
ties are under the sponsorship of the National Sci-
ence Foundation). NCAR maintains a sophisticated
airborne Doppler radar, known as ELDORA (Elec-
tra Doppler Radar). ELDORA actually consists of two
complete radars (each transmitting five different fre-
quencies) driving a dual-antenna system to direct
radar beams both forward and rearward of a line
perpendicular to the aircraft’s flight path. The an-
tennas are housed within a large, rotatable radome
affixed to the tail of the aircraft (Fig. 2). These
forward- and rearward-looking beams intersect at

Fig. 2. Electra aircraft; the antenna radome. (R. Carbone,
National Center for Atmospheric Research)

various distances from the aircraft, and at these
points of intersection, both the east-west () and
north-south (v) components of the horizontal wind
can be determined. When the horizontal gradients
of # and v are combined with the equation of mass
continuity, the vertical wind speed may also be esti-
mated. In this way, a single airborne radar can pro-
vide information on the three-dimensional airflow
and precipitation structure in storms. The resolution
of the ELDORA radar is about several hundred me-
ters, providing unprecedented views of tornadoes
and other severe weather.

Multiparameter radar. During the late 1970s and
early 1980s, researchers began to experiment with
more advanced Doppler radar systems involving
dual-wavelength and polarimetric techniques. Dual-
wavelength radar transmits electromagnetic energy
at two wavelengths, and it also receives energy at
both wavelengths. Typically, S- and X-band wave-
lengths are used. Dual-wavelength techniques were
originally proposed to detect large hail. At S-band,
hail is usually a Rayleigh target, whereas at X-band,
hail is considered a Mie scatterer. Since radar energy
is scattered in various directions by a Mie target,
the power returned at the X-band wavelength is
reduced relative to that at S-band. The presence
of large hail is interpreted on the basis of the
ratio of backscattered power at X-band to that at
S-band. Dual-wavelength techniques are also used to
estimate rainfall rates by comparing the backscat-
tered power at a nonattenuating wavelength
(S-band) to that at attenuating wavelengths (X-band).
See HAIL.

Considerable research is being done with radars
that use polarization diversity. Dual-polarization
radar is able to transmit and receive both horizontally
and vertically polarized radiation (the polarization
of a radar beam is defined by the orientation of
the electric field vector that comprises an elec-
tromagnetic wave). These radars are now used in
meteorological research and have largely superseded
dual-wavelength radars. A suite of multiparameter
variables is being used to infer information on
particle phase (ice or water), size, orientation,
and shape. One key variable is the differential
reflectivity Zy, (decibels, dB), defined by Eq. (3),

Zye = 10108,o(Zin/Zv) (€))

where Zj, is the reflectivity for horizontal transmit
to horizontal receive and Z,, is the reflectiv-
ity for vertical transmit to vertical receive. For
raindrops larger than 1 mm in diameter (D),
aerodynamic drag forces act to distort the drops
into flattened spheres. Since the reflectivity is
proportional to D°, a flattened raindrop is larger, and
therefore backscatters more power, when viewed
with horizontally polarized radiation compared to
vertical radiation. For raindrops 4 mm (0.16 in.)
in diameter, the ratio of the horizontal axis to
the vertical axis is about 1.2, which results in a
differential reflectivity of approximately 5 dB. Ice
particles such as graupel and hail do not deform,
and therefore Zy. = 0. By examining reflectivity and



differential reflectivity simultaneously, it is possible
to distinguish hail from heavy rain, and locate water
and ice regions within storms. See POLARIZATION
OF WAVES.

Another important multiparameter variable is the
differential phase ®g,, and the gradient in range
of differential phase, Kq;,, which is called the specific
differential phase. Differential phase is large when
flattened targets are present. Differential phase is a
measure of the phase shift (measured in degrees)
between horizontal and vertical polarization as the
waves pass through a region containing flattened par-
ticles (such as raindrops). The specific differential
phase (degrees per kilometer) is used to provide ac-
curate estimates of intense rainfall rates in storms
containing both rain and hail. Since the hail can
dominate the reflectivity signature by virtue of its
large size, reflectivity alone can overestimate rainfall
rates. However, hail does not contribute to differen-
tial phase due to its quasi-spherical nature (only ori-
ented particles or flattened raindrops contribute to
differential phase shifts). Irregularly shaped hail tum-
bles as it falls, and appears to the radar as if it were
spherical. Multiparameter radars provide a powerful
means to study cloud, precipitation, and electrifica-
tion processes in storms.

Space-borne radar. Radar operating at a wave-
length of 2 cm is in low Earth orbit (350 km or 210 m
above the surface) and is used for mapping tropical
precipitation. Understanding the amount and distri-
bution of tropical rainfall is crucial for better under-
standing the Earth’s climate. This space-borne radar
and associated satellite was jointly developed by
the United States (NASA) and Japan (National Space
Development Agency); it is known as the Tropical
Rainfall Measuring Mission (TRMM) satellite
(Fig. 3). Space-borne radar presents many challeng-
ing problems, including cost, size constraints, relia-
bility issues, and temporal sampling. It is obviously
impossible to continuously sample every precipitat-
ing cloud in the tropics from radar orbiting the Earth.
But the TRMM satellite will help scientists develop
a statistical distribution of rain rates within a cer-
tain area, and calculate the probability of a specific

Fig. 3. Tropical Rainfall Measuring Mission (TRMM)
satellite. (O. Thiele, National Aeronautics and Space
Administration)
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rain rate occurring. Based on this information, it will
be possible to generate monthly mean rain amounts
within areas of 10° km?. Such information will be vital
for the verification of climate models. See SATELLITE
METEOROLOGY.

Clear-air and optical radars. Radars used to probe
the clear air, or regions devoid of clouds, are known
as profilers. A profiler is essentially a Doppler radar
that operates at much longer wavelengths compared
to weather radar. Wavelengths of 6 m, 70 cm, and
33 cm are commonly used. In the case of a profiler,
the reflected power is not only from hydrometeors
but also from gradients in the index of refraction of
air, which are caused by turbulent motions in the
atmosphere. These turbulent motions in turn cause
small fluctuations in air temperature and moisture
content, which also change the index of refraction.
A profiler can determine the airflow in the cloud-free
atmosphere, roughly up to 10 km above the Earth’s
surface. Optical radars, called lidars, use lasers as the
radiation source. At these short wavelengths (0.1-
10 pm), the laser beam is scattered by small aerosol
particles and air molecules, allowing air motions to
be determined, especially in thin, high tropospheric
clouds and in the Earth’s boundary layer (approxi-
mately the lowest 1 km or 0.6 mi of the Earth’s atmo-
sphere). See AEROSOL; HYDROMETEOROLOGY; LASER;
LIDAR.

Operational radars. In the late 1990s, the weather
radars used by the National Weather Service to pro-
vide warnings of impending severe weather were
updated from antiquated WSR-57 and WSR-74
noncoherent radars to NEXRADs (Next Generation
Weather Radars). NEXRAD (WSR-88D) radars are
state-of-the-art Doppler radars operating at a wave-
length of 10 cm. Using NEXRAD’s Doppler capabil-
ity, weather forecasters are able to warn the public
sooner of approaching tornadoes and other severe
weather. In severe storms, a mesocyclone first de-
velops within the storm. The mesocyclone may be
10 km (6 mi) or more wide, and represents a deep
rotating column of air within the storm. Severe
and long-lasting tornadoes are often associated with
mesocyclones. The mesocyclone is readily detected
by a Doppler radar such as NEXRAD. The entire con-
tinental United States is covered by the NEXRAD net-
work, consisting of more than 100 radars. NEXRADs
along the Gulf Coast, in Florida, and along the east-
ern seaboard provide warning information on land-
falling hurricanes. About 60 of the nation’s busi-
est airports are also equipped with Doppler radars.
These radars (operating at a wavelength of 5 cm,
known as Terminal Doppler Weather Radars) pro-
vide weather-related warnings to air-traffic con-
trollers and pilots. One particularly dangerous
weather condition is wind shear, which often occurs
as a microburst or intense downdraft. Microbursts
can severely affect the flight of landing and departing
aircraft, and have been identified as a factor in many
aircraft accidents. See RADAR; RADAR METEOROLOGY;
TORNADO; WEATHER FORECASTING AND PREDICTION.

Steven A. Rutledge
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Meteorological rocket

A small rocket system used for extending observa-
tions of the atmosphere above feasible limits for
balloon-borne and telemetering instruments. Synop-
tic exploration of the middle-atmospheric circulation
(20-95 km or 12-60 mi altitude) through use of these
systems (also known as rocketsondes) matured in the
1960s into a highly productive source of informa-
tion on atmospheric structure and dynamics. Many
thousands of small meteorological rockets have been
launched in a coordinated investigation of the wind
field and the temperature and ozone structures in the
middle atmosphere region at 25-55 km (16-34 mi)
altitude.

These data produced dramatic changes in the sci-
entific view of this region of the atmosphere, with
a resulting alteration of the structural concepts—
which had previously developed without adequate
measurements—into a space-age atmospheric model
that is primarily characterized by intense dynamics.

The availability of inexpensive, small meteorolog-
ical rocket systems prompted the idea for simulta-
neous observations from the many different North
American rocket ranges. These simultaneous, or syn-
optic, observations were scheduled for only a few
days each season, but rapidly evolved into three to
five launchings a week from many launch ranges.
The coordination of these rocket launchings began
in 1959 with the formation of the Meteorological
Rocket Network (MRN). As other countries (for ex-
ample, France, Japan, the United Kingdom, and the
Soviet Union) developed their particular rocket sys-
tem and capability, the launch activity became more
specific and followed the schedule recommended
by recognized scientific organizations such as the
Committee on Space Research of the International
Council of Scientific Unions.

Meteorological Rocket Network. The Meteorologi-
cal Rocket Network and other international launch
ranges have been very important and extremely ef-
fective in obtaining the much-needed temperature
and wind data in the middle atmosphere. These data
contributed significantly to the knowledge of strato-
spheric (15-55 km or 10-34 mi) and mesospheric
(55-80 km or 34-50 mi) climatology, and they have
been used widely in the development of reference at-
mosphere models. Reference atmospheres have im-
portant engineering applications for the design and
testing of large launch vehicles such as the space
shuttle.

Fig. 1. Transmitter-bead thermistor payload for the Starute.

The development of the small meteorological
rocket began in 1959 with a rocketsonde system
known as ARCAS. ARCAS permitted a relatively large
payload volume to be employed, but its low initial ac-
celeration and slow speed made its trajectory sensi-
tive to low-level winds during launch. The maximum
altitude reached by this system was about 60 km
(37 mi). A less wind-sensitive rocketsonde system,
the Loki-Datasonde (PWN-8B), replaced the ARCAS
system during the early 1970s. It was soon replaced
with the Super Loki-Datasonde (PWN-11D). The
PWN-11D rocketsonde motor burns for 2 s before
separation from its inert dart and payload, which
are thereby propelled to about 80 km (50 mi) alti-
tude, where the payload is ejected. The payload con-
sists of a small bead thermistor temperature sensor
attached to a radio transmitter (Fig. 1) that sends the
temperature data to a ground receiver, and a Starute
parachute. The meteorological measurements are
made during payload descent. At launch, the Super
Loki-Datasonde (Fig. 2) has an overall weight of
31 kg (68 1b), and its length is approximately 4 m
13 fo.

The validity of rocketsonde measurements is
highly dependent on the instrument precision. Tests
show that the Datasonde measurements have a pre-
cision of 1°C (1.8°F) up to 55 km (34 mi) and about
1.5°C (2.7°F) at 60 km (37 mi). Wind speed accuracy
is dependent on the quality of the radar tracking sys-
tem, but it usually is better than 3 m/s (6.6 mi/h).

The total observational system includes a ground
station composed of a radar for tracking the met-
allized Starute and a receiving station for the tem-
perature telemetry data. Again, the equipment of
these stations over the Meteorological Rocket Net-
work is highly variable, the best being the precision
tracking and telemetry systems found at the missile
range.

Because of the increasing cost of rocket mo-
tors and payloads, launch equipment, and launch
range operations, the Meteorological Rocket Net-
work slowly was dissolved as funds needed to



maintain a viable launch schedule no longer were
available. By the latter half of the 1980s, only nine
launch ranges remained active. By 1998 only five
facilities were still launching small meteorological
rockets, but they were no longer using a coordinated
schedule. As the number of launch sites was reduced,
the coordinated launch schedule was replaced with
launch schedules designed to meet unique launch
range requirements or to further special research.
Meteorological rocket data continue to be needed for
verification and calibration check of remotely mea-
suring instruments, that is, satellites and lidar. See LI-
DAR; METEOROLOGICAL INSTRUMENTATION; TELEME-
TERING.

Results. Meteorological Rocket Network synoptic
exploration of the stratospheric circulation revealed
an upper atmosphere markedly different from the
quiescent, static, drab, and uninteresting place char-
acterized in early models.

A prime example of the synoptic-scale dynamical
systems that originate in the stratospheric region is il-
lustrated by the “explosive warmings” first detected
in high-altitude balloon flights over Berlin. Explosive
warmings are wintertime phenomena, and they ap-
pear strongest in the upper stratosphere (30-40 km
or 18-24 mi) where large temperature increases of
50°C (90°F) or more occur within a few days. Another
phenomenon observed was the 26-month, or quasi-
biennial oscillation. This oscillation is noticeable in
the east-west wind flow over the Equator. The wind
flows from the west for approximately 13 months
and then reverses direction and flows from the east
for about 13 months. This phenomenon was first ob-
served with balloon soundings; but the rocketsonde
observations were, and still are, the only method
possible to define its vertical dimension and wind
speeds.

Possibly of equal significance at the other end of
the turbulence spectrum is the fact that the sensitive
sensors of the rocketsonde have revealed a tremen-
dous amount of small-scale variability in the upper
atmosphere. These data make clear that assumptions
of an inviscous fluid in the atmosphere are highly sus-
pect; the values of the viscous terms in the equations
of motion are probably larger than assumed in prior
analysis.

Observational data have shown that the small-scale
variability is largest in high latitudes during the win-
ter. Temperature variations larger than 10°C (18°F)
have been observed to occur within 2-4 h. The
source of these extreme perturbations still is vague,
but