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Executive Summary News

Repaorls

Background. Impacts by Earth-approaching asteroids and comets

. . AlAA Positioh Paper
pose a significant hazard to life and property. Although the annual

probability of the Earth being struck by a large asteroid or comet is WT-:I-Ir?-:gNrELi- Sﬁiﬁ&’
extremely small, the consequences of such a collision are so The Spaceguard
catastrophic that it is prudent to assess the nature of the threat and Survey Feport
prepare to deal with it. The first step in any program for the prevention .S, Congress

or mitigation of impact catastrophes must involve a comprehensive
search for Earth-crossing asteroids and comets and a detailed MECs
analysis of their orbits. At the request of the U.S. Congress, NASA
has carried out a preliminary study to define a program for NASA Programs
dramatically increasing the detection rate of Earth-crossing objects, Gallery
as documented in this Workshop Report.

Helated Materials
Impact Hazard. The greatest risk from cosmic impacts is associated _
with objects large enough to perturb the Earth's climate on a global \ontact
scale by injecting large quantities of dust into the stratosphere. Such Presentation Materials
an event could depress temperatures around the globe, leading to
massive loss of food crops and possible breakdown of society. Such
global catastrophes are qualitatively different from other more
common hazards that we face (excepting nuclear war), because of
their potential effect on the entire planet and its population. Various
studies have suggested that the minimum mass impacting body to
produce such global consequences is several tens of billions of tons,
resulting in a groundburst explosion with energy in the vicinity of a
million megatons of TNT. The corresponding threshold diameter for
Earth-crossing asteroids or comets is between 1 and 2 km . Smaller
objects (down to tens of meters diameter) can cause severe local
damage but pose no global threat.

Search Strategy Current technology permits us to discover and track
nearly all asteroids or short-period comets larger than 1 km diameter
that are potential Earth-impactors. These objects are readily detected
with moderate-size ground-based telescopes. Most of what we now
know about the population of Earth-crossing asteroids (ECAS) has
been derived over the past two decades from studies carried out by a
few dedicated observing teams using small ground-based telescopes.
Currently several new ECAs are discovered each month. At this rate,
however, it will require more than a century to approach a complete
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survey, even for the larger objects. What is required to assess the
population of ECAs and identify any large objects that could impact
the Earth is a systematic survey that effectively monitors a large
volume of space around our planet and detects these objects as their
orbits repeatedly carry them through this volume of space. In addition,
the survey should deal with the long-period comets, which are thought
to constitute about 10 percent of the flux of Earth impacts.
Long-period comets do not regularly enter near-Earth space;
however, nearly all Earth-impacting long-period comets could be
detected with advance warning on the order of a year before impact
with the same telescopes used for the ECA survey. Finally, it is
desirable to discover as many of the smaller potential impactors as
possible.

Lead Time. No object now known has an orbit that will lead to a
collision with our planet during the next century, and the vast majority
of the newly discovered asteroids and comets will also be found to
pose no near-term danger. Even if an ECA has an orbit that might
lead to an impact, it will typically make hundreds of moderately near
passes before there is any danger, providing ample time for
response. However, the lead time will be much less for a new comet
approaching the Earth on a long-period orbit, as noted above.

Spaceguard Survey Network. The survey outlined in this report
involves a coordinated international network of specialized
ground-based telescopes for discovery, confirmation, and follow-up
observations. Observations are required from both the northern and
southern hemispheres, monitoring about 6000 square degrees of sky
per month. In order to provide reliable detection of objects as small as
1 km diameter over a suitably large volume of space, the telescopes
should reach astronomical magnitude 22. The telescopes that are
suitable to this survey have apertures of 2-3 meters, moderately wide
fields of view (2-3 degrees), focal-plane arrays of large-format CCD
detectors, and automated signal processing and detection systems
that recognize the asteroids and comets from their motion against the
background of stars. The technology for such automated survey
telescopes has been demonstrated by the 0.9-m Spacewatch
telescope of the University of Arizona. For purposes of this study, we
focus on a Spaceguard Survey network of six 2.5-m aperture, /2
prime focus reflecting telescopes each with four 2048x2048 CCD
chips in the focal plane.

Follow-up and Coordination. In addition to the discovery and
verification of new Earth-approaching asteroids and comets, the
Spaceguard Survey program will require follow-up observations to
refine orbits, determine the sizes of newly-discovered objects, and
establish the physical properties of the asteroid and comet population.



Observations with large planetary radars are an especially effective
tool for the rapid determination of accurate orbits, but are not useful
as a primary search method because of their limited range. Potentially
hazardous objects will require radar data in order to ensure that they
will miss the Earth or, if this is not the case, to determine the exact
time and location of the impact. Desirable for this program would be
increased access to currently operational planetary radars in
California and Puerto Rico, and provision of a suitable
southern-hemisphere radar in the future. We anticipate that much of
the optical follow-up work can be accomplished with the survey
telescopes themselves if they are suitably instrumented, although one
or more dedicated follow-up telescopes would greatly improve our
ability to study faint and distance asteroids and comets. The survey
program also requires rapid international electronic communications
and a central organization for coordination of observing programs and
maintenance of a database of discovered objects and their orbits.

Expected Survey Results. Numerical modeling of the operation of
the Spaceguard Survey network indicates that as many as a
thousand ECAs will be discovered per month. Over a period of two
decades we will identify more than 90 percent of potentially
threatening ECAs larger than 1 km in diameter, as well as detecting
most incoming comets about a year before they approach the Earth.
At the same time, tens of thousands of smaller asteroids (down to a
few meters in diameter) will also be discovered, although the
completeness of the survey declines markedly for objects smaller
than about 500 m. The advantage of this survey approach is that it
achieves the greatest level of completeness for the largest and most
dangerous objects; however, if continued for a long period of time, it
will provide the foundation for assessing the risk posed by smaller
iImpacts as well. Continued monitoring of the sky will also be needed
to provide an alert for potentially hazardous long-period comets.

Cost of the Spaceguard Survey. The survey can begin with current
programs in the United States and other countries, which are
providing an initial characterization of the ECA population and can
serve as a test bed for the technologies proposed for the new and
larger survey telescopes. A modest injection of new funds into current
programs could also increase current discovery rates by a factor of
two or more, as well as provide training for personnel that will be
needed to operate the new survey network. For the new telescopes,
we assume the use of modern technology that has, over the past
decade, substantially reduced the construction costs of telescopes of
this aperture. The initial cost to build six 2.5-m telescopes and to
establish a center for program coordination is estimated to be about
$50M (FY93 dollars), with additional operating expenses for the
network of about $10M per year. If construction were begun in FY93,



the survey could be in operation by about 1997. Over the first decade
of operation (to 2007), the survey would require appropriations
approaching $100M, perhaps half of which could be provided by the
United States and half by international partners.

Conclusions. The international survey program described in this
report can be thought of as a modest investment to insure our planet
against the ultimate catastrophe. The probability of a major impact
during the next century is very small, but the consequences of such
an impact, especially if the object is larger than about 1 km diameter,
are sufficiently terrible to warrant serious consideration. The
Spaceguard Survey is an essential step toward a program of risk
reduction that can reduce the risk from cosmic impacts by up to 75
percent over the next 25 years.
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1.1 Background

The Earth resides in a swarm of comets and asteroids that can, and
do, impact its surface. The solar system contains a long-lived
population of asteroids and comets, some fraction of which are
perturbed into orbits that cross the orbits of the Earth and other
planets. Spacecraft exploration of the terrestrial planets and the
satellites of the outer planets has revealed crater-scarred surfaces
that testify to a continuing rain of impacting projectiles. Additional
evidence concerning cosmic projectiles in near-Earth space has
accumulated since the discovery of the first Earth-crossing asteroid
nearly sixty years ago, and improvements in telescopic search
techniques have resulted in the discovery of dozens of near-Earth
asteroids and short period comets each year. The role of impacts in
affecting the Earth's geological history, its ecosphere, and the
evolution of life itself has become a major topic of current
interdisciplinary interest.

FIGURE 1.1. Earth resides in a swarm of comets and asteroids, as this series of

plots graphically shows: (a) the locations of the inner planets an January 1,
1992, (b) the orbits of the 100 largest known near-Earth asteroids, and (c)
composite of (a) and (b).

Art courtesy of R. P. Binzel

Significant attention by the scientific community to the hazard began
in 1980 when Luis Alvarez and others prposed that such an impact,
and the resulting global pall of dust, resulted in the mass extinctions
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of lifeforms on Earth, ending the age of dinosaurs (Alvarez and
others, 1980). Additional papers and discussion in the scientific
literature followed, and widespread public interest was aroused. In
1981, NASA organized a workshop "Collision of Asteroids and
Comets with the Earth: Physical and Human Consequences" at
Snowmass, Colorado (July 13-16, 1981). Asummary of the principal
conclusions of the workshop report appeared in the book Cosmic
Catastrophes (Chapman and Morrison, 1989a) and in a presentation
by Chapman and Morrison(1989b) at an American Geophysical Union
Natural Hazards Symposium. In response to the close passage of
asteroid 1989FC, the American Institute of Aeronautics and
Astronautics (AIAA, 1990) recommended studies to increase the
detection rate of near-Earth asteroids, and how to prevent such
objects striking the Earth. The AIAA brought these recommendations
to the attention of the House Committee of Science, Space, and
Technology, leading to the Congressional mandate for this workshop
included in the NASA 1990 Authorization Bill. In parallel with these
political developments, a small group of dedicated observers
significantly increased the discovery rate of Near-Earth asteroids and
comets, and several of these discoveries were highlighted in the
international press. Other recent activity has included the 1991
International Conference on Near-Earth Asteroids (San Juan
Capistrano, California, June 30 - July 3), a meeting on the "Asteroid
Hazard" held in St. Petersburg, Russia (October 9-10, 1991), and a
resolution endorsing international searches for NEO's adopted by the
International Astronomical Union (August 1991).

Despite a widespread perception that asteroid impact is a newly
recognized hazard, the basic nature of the hazard was roughly
understood half a century ago. In 1941, Fletcher Watson published an
estimate of the rate of impacts on the Earth, based on the discovery
of the first three Earth-approaching asteroids (Apollo, Adonis, and
Hermes). A few years later, Ralph Baldwin (1949), in his seminal
book The Face of the Moon, wrote

...since the Moon has always been the companion of the Earth,
the history of the former is only a paraphrase of the history of
the latter... [Its mirror on Earth] contains a disturbing factor.
There is no assurance that these meteoritic impacts have all
been restricted to the past. Indeed we have positive evidence
that [sizeable] meteorites and asteroids still abound in space
and occasionally come close to the Earth. The explosion that
formed the [lunar] crater Tycho...would, anywhere on Earth, be
a horrifying thing, almost inconceivable in its monstrosity.



FIGURE 1.2
. An aerial view of Meteor Crater, Arizona, one of the
Earth's youngest impact craters. Field studies indicate
that the crater was formed some 50,000 years ago by an
iron mass(es) traveling in excess of 11 km/s and
releasing 10 to 20 megatons of energy. The result was
the formation of a bowl-shaped crater approximately 1
km across and over 200 m deep, surrounded by an
extensive ejecta blanket.
Photograph courtesy of R.J. Roddy and K.A. Zeller, U.S.
Geological Survey

Watson and Baldwin (both of whom are still alive) were prescient, but
in their time few other scientists gave much thought to impacts on the
Earth. Recently, however, there has been a gestalt shift that
recognizes extraterrestrial impact as a major geological process and,
probably, an important influence on the evolution of life on our planet.
Also new is our capability to detect such objects and to develop a
space technology that could deflect a potential projectile before it
struck the Earth.

Chapter 1: Introduction
1.1[1.2]1.3

1.2 The International NEO Detection Workshop

The United States House of Representatives, in its NASA Multiyear
Authorization Act of 1990 (26 September 1990), included the
following language:

"The Committee believes that it is imperative that the detection

rate of Earth-orbit-crossing asteroids must be increased
substantially, and that the means to destroy or alter the orbits of
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asteroids when they threaten collision should be defined and
agreed upon internationally.

"The chances of the Earth being struck by a large asteroid are
extremely small, but since the consequences of such a collision
are extremely large, the Committee believes it is only prudent to
assess the nature of the threat and prepare to deal with it. We
have the technology to detect such asteroids and to prevent
their collision with the Earth.

"The Committee therefore directs that NASA undertake two
workshop studies. The first would define a program for
dramatically increasing the detection rate of Earth-orbit-crossing
asteroids; this study would address the costs, schedule,
technology, and equipment required for precise definition of the
orbits of such bodies. The second study would define systems
and technologies to alter the orbits of such asteroids or to
destroy them if they should pose a danger of life on Earth. The
Committee recommends international participation in these
studies and suggests that they be conducted within a year of
the passage of this legislation."

FIGURE 1.3. The heavily cratered highlands of
the Moon record the period of heavy
bombardment that marked the first 500 million
years of lunar history.

Photograph courtesy of NASA Johnson Space
Center

The present report of the NASA International Near-Earth Object
Detection Workshop is the direct result of this Congressional request
to NASA. A second NASA workshop on the question of altering
asteroid orbits is scheduled for 1992.

The NASA International Near-Earth Object Detection Workshop was
organized in the spring of 1991 and held three formal meetings: on
June 30 - July 3 at the San Juan Capistrano Research Institute, on



September 24-25 at the NASA Ames Research Center, and on
November 5 in Palo Alto, California. The group has the following
membership of 24 individuals from four continents.

« Richard Binzel (Massachusetts Institute of Technology, USA)
« Edward Bowell (Lowell Observatory, USA)

« Clark Chapman (Planetary Science Institute, USA)

o Louis Friedman (The Planetary Society, USA)

« Tom Gehrels (University of Arizona, USA)

« Eleanor Helin (Caltech/NASA Jet Propulsion Laboratory, USA)

« Brian Marsden (Harvard/Smithsonian Center for Astrophysics,
USA)

« Alain Maury (Observatoire de la Cote d'Azur, France)

« Thomas Morgan (NASA Headquarters, USA)

« David Morrison (NASA Ames Research Center, USA)

« Karri Muinonen (Helsinki University, Finland)

« Steven Ostro (Caltech/NASA Jet Propulsion Laboratory, USA)
« John Pike (Federation of American Scientists, USA)

« Jurgen Rahe (NASA Headquarters, USA)

« R. Rajamohan (Indian Institute of Astrophysics, India)

« John Rather (NASA Headquarters, USA)

« Ken Russell (Anglo-Australian Observatory, Australia)

« Eugene Shoemaker (U.S. Geological Survey, USA)

« Andrej Sokolsky (Institute for Theoretical Astronomy, USSR)
« Duncan Steel (Anglo-Australian Observatory, Australia)

« David Tholen (University of Hawaii, USA)

« Joseph Veverka (Cornell University, USA)

« Faith Vilas (NASA Johnson Space Center, USA)

« Donald Yeomans (Caltech/NASA Jet Propulsion Laboratory,
USA)

Chapter 1: Introduction
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1.3 Approach to the Problem

As described in the following chapters of this report, the workshop
group has analyzed the nature of the hazard and defined a practical
program for the detection of potentially catastrophic impacts. The
greatest risk is from the impact of the largest objects -- those with
diameters greater than 1 km. Such impacts, which occur on average
from once to several times per million years, are qualitatively as well
as quantitatively different from any other natural disasters in that their
consequences are global, affecting the entire planet. How, then,
should we approach the problem of discovering and tracking these
objects?

FIGURE 1.4. Approximately 130 terrestrial impact
craters have been identified. They range up to 140 to
200 km in diameter and from recent to about two billion
years in age. More craters have been identified in
Australia, North America, and eastern Europe partly
because these areas have been relatively stable for
considerable geologic periods, thus preserving the
early geologic record, and because active search
programs have been conducted in these areas.

Art courtesy of R.A.F. Grieve, Geological Survey of Canada

About 90 percent of the potential Earth-impacting projectiles are
near-Earth asteroids or short-period comets, called collectively NEOs
(Near Earth Objects). The other 10 percent are intermediate or
long-period comets (those with periods longer than 20 years), which
are treated separately since they they spend so little time in
near-Earth space. The NEOs have orbits that closely approach or
intersect that of the Earth. Their normal orbital motion brings them
relatively near the Earth at intervals of a few years, permitting their
discovery. The objective of an NEO survey is to find these objects
during their periodic approaches to the Earth, to calculate their
long-term orbital trajectories, and to identify any that may impact the



Earth over the next several centuries. If any appear to be on
Earth-impact trajectories, there will generally be a period of at least
several decades during which to take corrective action. It should be
emphasized that we are not discussing either a short-range search
nor a quick-response defense system. The chance that an NEO will
be discovered less than a few years before impact is vanishingly
small. The nature of the NEO orbits allows us to carry out a
deliberate, comprehensive survey with ample time to react if any
threatening NEO is found. In contrast, however, the warning time for
Impact from a long-period comet might be as short as two years,
requiring a different class of response.

In order to carry out a deliberate and comprehensive search, we must
detect, over a period of a decade or more, the NEOSs larger than our
1-km size threshold that pass near the Earth. This requires that we
monitor a region of space extending outward from the orbit of the
Earth approximately as far as the inner edge of the main asteroid belt,
at a distance of 200 million kilometers. The easiest way to detect
these NEOs is by observing their reflected sunlight, although they can
also be seen in the infrared using their emitted thermal radiation.
More exotic technologies are not appropriate; radar, in particular, is
limited to targets close to the Earth, and so is unsuitable to a survey
extending 200 million kilometers into space. In principle, the survey
could be carried out either from the ground or from orbit. The
brightness of a 1-km NEO at 200 million kilometers, assuming a
reflectivity of 3 percent or more, corresponds to stellar magnitude 22.
Although they are quite faint, such objects are readily detectable with
conventional ground-based telescopes and can be distinguished from
background stars by their characteristic motion. Thus there is no
requirement for a more expensive space-based system. This
brightness limit also determines the minimum telescope aperture of
about 2 m that is required for a complete survey. Thus we have it
within our current capability to construct a network of survey
telescopes at relatively modest cost that can discover and track
essentially all of the NEOs greater than 1 km in diameter. In addition,
this same network of optical survey telescopes will be capable of
detecting most incoming intermediate- or long-period comets and
determining if any of them is has the potential to strike the Earth.
However, the time between detection and possible impact will be
much shorter for the long-period comets, probably no more than two
years.

The survey program described in this report has the potential to alter
fundamentally the way we view the threat of cosmic impacts. To date
we have talked about a relatively undefined threat, to be discussed in
terms of probabilities or statistical risks. While we know that such
iImpacts must take place from time to time, we do not know if there
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are any specific bodies in space might impact the Earth over the next
few centuries. If this search program is carried out, however, we can
answer this question to at least the 75 percent confidence level. If
such an object is found, then we can turn our attention to dealing with
the threat it poses. In other words, we have the capability for at least
a 75 percent reduction in the hazard posed by cosmic impacts.

Next Chapter
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2.1 Introduction Reparls
AlAA Position Paper

Throughout Its history, the Earth has been impacted by countless

asteroids and comets. Smaller debris continually strike Earth's upper W?ﬁé“ﬁﬁgﬁiﬁ&’
atmosphere where they burn due to friction with the air; meteors The Spaseguard
(which are typically no larger than a pea and have masses of about a Survey Rizpott
gram) can be seen every night from a dark location if the sky is clear. U.S. Congress
Thousands of meteorites (typically a few kilograms in mass) penetrate
the atmosphere and fall harmlessly to the ground each year. On rare MEOCs
occasions, a meteorite penetrates the roof of a building, although to

. MNASA Programs
date there are no fully documented human fatalities. A much larger
event, however, occurred in 1908 when a cosmic fragment Gallery

disintegrated in the atmosphere over Tunguska, Siberia, with an

explosive energy of more than 10 megatons TNT. But even the Reldted Materals

Tunguska impactor was merely one of the smallest of Earth's Contact
neighbors in space. Of primary concern are the larger objects, at least _ _
one kilometer in diameter. Although very rare, the impacts of these Presentation Materials

larger objects are capable of severely damaging the Earth's
ecosystem with a resultant massive loss of life.

In the following discussion, we examine the risks posed by impacting
objects of various sizes. These projectiles could be either cometary or
asteroidal. In terms of the damage they do, it matters little whether
they would be called comets or asteroids by astronomical observers.
We term these objects collectively NEOs (Near Earth Objects).

Every few centuries the Earth is struck by an NEO large enough to
cause thousands of deaths, or hundreds of thousands of deaths if it
were to strike in an urban area. On time scales of millennia, impacts
large enough to cause damage comparable to the greatest known
natural disasters may be expected to occur (Pike 1991). Indeed,
during our lifetime, there is a small but non-zero chance (very roughly
1 in 10,000) that the Earth will be struck by an object large enough to
destroy food crops on a global scale and possibly end civilization as
we know it (Shoemaker and others 1990).

As described in Chapter 3, estimates of the population of NEOs large
enough to pose a global hazard are reliable to within a factor of two,
although estimates of the numbers of smaller objects are more
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uncertain. Particularly uncertain is the significance of hard-to-detect
long-period or new comets, which would generally strike at higher
velocities than other NEO's (Olsson-Steel 1987), although asteroids
(including dead comets) are believed to dominate the flux. However,
the resulting environmental consequences of the impacts of these
objects are much less well understood. The greatest uncertainty in
comparing the impact hazard with other natural hazards relates to the
economic and social consequences of impacts. Little work has been
done on this problem, but we summarize the consequences -- to the
degree they are understood -- in this chapter.

Chapter 2: Hazard of Cosmic Impacts
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2.2 The Relationship of Risk to Size of Impactor

Small impacting objects that produce ordinary meteors or fireballs
dissipate their energy in the upper atmosphere and have no direct
effect on the ground below. Only when the incoming projectile is
larger than about 10 m diameter does it begin to pose some hazard to
humans. The hazard can be conveniently divided into three broad
categories that depend on the size or kinetic energy of the impactor:

1. Impacting body generally is disrupted before it reaches the
surface; most of its kinetic energy is dissipated in the
atmosphere, resulting in chiefly local effects.

2. Impacting body reaches ground sufficiently intact to make a
crater; effects are still chiefly local, although nitric oxide and
dust can be carried large distances, and there will be a tsunami
if the impact is in the ocean.

3. Large crater-forming impact generates sufficient globally
dispersed dust to produce a significant, short-term change in
climate, in addition to devastating blast effects in the region of
impact.
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FIGURE 2.1. On August 10, 1972, an alert photographer
in Grand Teton National Park recorded the passage of
an object estimated at 10 m diameter and weighing
several thousand tons. The object narrowly missed
colliding with Earth's surface, although it burned in our
atmosphere for 101 seconds as it travelled over 1,475
km at about 15 km/s.

Photograph by James M. Baker, courtesy of Dennis Milon.

The threshold size of an impacting body for each category depends
on its density, strength, and velocity as well as on the nature of the
target. The threshold for global effects, in particular, is not well
determined.

Category 1: 10-m to 100-m diameter impactors

Bodies near the small end of this size range intercept Earth every
decade. Bodies about 100 m diameter and larger strike, on average,
several times per millennium. The kinetic energy of a 10-m projectile
traveling at a typical atmospheric entry velocity of 20 km/s is about
100 kilotons TNT equivalent, equal to several Hiroshima-size bombs.
The kinetic energy of a 100-m diameter body is equivalent to the
explosive energy of about 100 megatons, comparable to the yield of
the very largest thermonuclear devices.

For the 10-m projectiles, only rare iron or stony-iron projectiles reach
the ground with a sufficient fraction of their entry velocity to produce
craters, as happened in the Sikhote-Alin region of Siberia in 1947.
Stony bodies are crushed and fragmented during atmospheric
deceleration, and the resulting fragments are quickly slowed to
free-fall velocity, while the kinetic energy is transferred to an
atmospheric shock wave. Part of the shock wave energy is released
in a burst of light and heat (called a meteoritic fireball) and part is
transported in a mechanical wave. Generally, these 100-kiloton
disruptions occur high enough in the atmosphere so that no damage
occurs on the ground, although the fireball can attract attention from
distances of 600 km or more and the shock wave can be heard and



even felt on the ground.

With increasing size, asteroidal projectiles reach progressively lower
levels in the atmosphere before disruption, and the energy transferred
to the shock wave is correspondingly greater. There is a threshold
where both the radiated energy from the shock and the pressure in
the shock wave can produce damage. A historical example is the
Tunguska event of 1908, when a body perhaps 60 m in diameter was
disrupted in the atmosphere at an altitude of about 8 km. The energy
released was about 12 megatons, as estimated from airwaves
recorded on meteorological barographs in England, or perhaps 20
megatons as estimated from the radius of destruction. Siberian forest
trees were mostly knocked to the ground out to distances of about 20
km from the end point of the fireball trajectory, and some were
snapped off or knocked over at distances as great as 40 km.
Circumstantial evidence suggests that fires were ignited up to 15 km
from the endpoint by the intense burst of radiant energy. The
combined effects were similar to those expected from a nuclear
detonation at a similar altitude, except, of course, that there were no
accompanying bursts of neutrons or gamma rays nor any lingering
radioactivity. Should a Tunguska-like event happen over a densely
populated area today, the resulting airburst would be like that of a
10-20 megaton bomb: buildings would be flattened over an area 20
km in radius, and exposed flammable materials would be ignited near
the center of the devastated region.

An associated hazard from such a Tunguska-like phenomenon is the
possibility that it might be misinterpreted as the explosion of an actual
nuclear weapon, particularly if it were to occur in a region of the world
where tensions were already high. Although it is expected that
sophisticated nuclear powers would not respond automatically to such
an event, the possible misinterpretation of such a natural event
dramatizes the need for heightening public consciousness around the
world about the nature of unusually bright fireballs.




FIGURE 2.2. On June 30, 1908, at 7:40 AM, a
cosmic projectile exploded in the sky over
Siberia. It flattened 2,000 square kilometers of
forest in the Tunguska region. If a similar event
were to occur today, hundreds of thousands of
people would be killed, and damage would be

measured in hundreds of billions of dollars.

Photograph courtesy of Smithsonian Institution, Art
courtesy of John Pike

Category 2: 100-m to 1-km diameter impactors

Incoming asteroids of stony or metallic composition that are larger
than 100 m in diameter may reach the ground intact and produce a
crater. The threshold size depends on the density of the impactor and
its speed and angle of entry into the atmosphere. Evidence from the
geologic record of impact craters as well as theory suggests that, in
the average case, stony objects greater than 150 m in diameter form
craters. They strike the Earth about once per 5000 years and -- if
impacting on land -- produce craters about 3 km in diameter. A
continuous blanket of material ejected from such craters covers an
area about 10 km in diameter. The zone of destruction extends well
beyond this area, where buildings would be damaged or flattened by
the atmospheric shock, and along particular directions (rays) by flying
debris. The total area of destruction is not, however, necessarily
greater than in the case of atmospheric disruption of somewhat
smaller objects, because much of the energy of the impactor is
absorbed by the ground during crater formation. Thus the effects of
small crater-forming events are still chiefly local.

Toward the upper end of this size range, the megaton equivalent
energy would so vastly exceed what has been studied in nuclear war
scenarios that it is difficult to be certain of the effects. Extrapolation
from smaller yields suggests that the "local" zones of damage from
the impact of a 1-km object could envelop whole states or countries,
with fatalities of tens of millions in a densely populated region. There
would also begin to be noticeable global consequences, including
alterations in atmospheric chemistry and cooling due to atmospheric
dust -- perhaps analogous to the "year without a summer" in 1817,
following the explosion of the volcano Tambora.

Comets are composed in large part of water ice and other volatiles
and therefore are more easily fragmented than rocky or metallic
asteroids. In the size range from 100 m to 1 km, a comet probably
cannot survive passage through the atmosphere, although it may
generate atmospheric bursts sufficient to produce local destruction.



This is a subject that needs additional study, requiring a better
knowledge of the physical nature of comets.

Category 3: 1 km to 5 km diameter impactors

At these larger sizes, a threshold is finally reached at which the
impact has serious global consequences, although much work
remains to be done to fully understand the physical and chemical
effects of material injected into the atmosphere. In general, the crater
produced by these impacts has 10 to 15 times the diameter of the
projectile; i.e., 10-15 km diameter for a 1-km asteroid. Such craters
are formed on the continents about once per 300,000 years. At
Impactor sizes greater than 1 km, the primary hazard derives from the
global veil of dust injected into the stratosphere. The severity of the
global effects of large impacts increases with the size of the impactor
and the resulting quantity of injected dust. At some size, an impact
would lead to massive world-wide crop failures and might threaten the
survival of civilization. At still larger sizes, even the survival of the
human species would be put at risk.

What happens when an object several kilometers in diameter strikes
the Earth at a speed of tens of kilometers per second? Primarily there
Is @ massive explosion, sufficient to fragment and partially vaporize
both the projectile and the target area. Meteoric phenomena
associated with high speed ejecta could subject plants and animals to
scorching heat for about half an hour, and a global firestorm might
them ensue. Dust thrown up from a very large crater would lead to
total darkness over the whole Earth, which might persist for several
months. Temperatures could drop as much as tens of degrees C.
Nitric acid, produced from the burning of atmospheric nitrogen in the
impact fireball, would acidify lakes, soils, streams, and perhaps the
surface layer of the oceans. Months later, after the atmosphere had
cleared, water vapor and carbon dioxide released to the stratosphere
would produce an enhanced greenhouse effect, possibly raising
global temperatures by as much as ten degrees C above the
pre-existing ambient temperatures. This global warming might last for
decades, as there are several positive feedbacks; warming of the
surface increases the humidity of the troposphere thereby increasing
the greenhouse effect, and warming of the ocean surface releases
carbon dioxide which also increases the greenhouse effect. Both the
initial months of darkness and cold, and then the following years of
enhanced temperatures, would severely stress the environment and
would lead to drastic population reductions of both terrestrial and
marine life.
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2.3 Threshold Size for Global Catastrophe

The threshold size of impactor that would produce one or all of the
effects discussed above is not accurately known. The geochemical
and paleontological record has demonstrated that one impact (or
perhaps several closely spaced impacts) 65 million years ago of a
10-km NEO resulted in total extinction of about half the living species
of animals and plants (figure 2.3) (Sharpton and Ward, 1990). This
so-called K-T impact may have exceeded 100 megatons in explosive
energy. Such mass extinctions of species have recurred several times
in the past few hundred million years; it has been suggested, although
not yet proven, that impacts are responsible for most such extinction
events. We know from astronomical and geological evidence that
iImpacts of objects with diameters of 5 km or greater occur about once
every 10 to 30 million years.

FIGURE 2.3. A thin, bright layer of clay less than an inch
wide (toward the end of the rock-hammer handle,
separated from the thick bright sandstone by a narrow
seam of coal) marks debris from the catastrophic event
that ended the Cretaceous era 65 million years ago.
Here the boundary is shown in an outcrop near Madrid,

Colorado. Photograph by Alan Hildebrand
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Death by starvation of much of the world's population could result
from a global catastrophe far less horrendous than those cataclysmic
impacts that would suddenly render a significant fraction of species
actually extinct, but we know only very poorly what size impact would
cause such mortality. In addition to all of the known variables (site of
impact, time of year) and the uncertainties in physical and ecological
consequences, there is the question of how resilient our agriculture,
commerce, economy, and societal organization might prove to be in
the face of such an unprecedented catastrophe.

These uncertainties could be expressed either as a wide range of
possible consequences for a particular size (or energy) of impactor or
as a range of impactor sizes that might produce a certain scale of
global catastrophe. We take the second approach and express the
uncertainty as a range of threshold impactor sizes that would yield a
global catastrophe of the following proportions:

« It would destroy most of the world's food crops for a year, and
lor

« It would result in the deaths of more than a quarter of the
world's population, and/or

« It would have effects on the global climate similer to those
calculated for "nuclear winter", and/or

« It would threaten the stability and future of modern civilization.

A catastrophe having one, or all, of these traits would be a horrifying
thing, unprecedented in history, with potential implications for
generations to come.

To appreciate the scale of global catastrophe that we have defined, it
Is important to be clear what is not. We are talking about a
catastrophe far larger than the effects of the great World Wars; it
would result from an impact explosion certainly larger than if 100 of
the very biggest Hydrogen bombs ever tested were detonated at
once. On the other hand, we are talking about an explosion far
smaller (less than 1 percent of the energy) the the K-T impact 65
million years ago. We mean a catastrophe that would threaten
modern civilization, not an apocalypse that would threaten the
survival of the human species.

What is the range of impactor sizes that might lead to this magnitude
of global catastrophe? At the July 1991 Near-Earth Asteroid
Conference in San Jaun Capistrano, California, the most frequently
discussed estimate of the threshold impactor diameter for globally
catstrphic effects was about 2 km. An estimate of the threshold size
was derived for this Workshop in September 1991 by Brian Toon, of
NASA Ames Research Center. Of the various enviromental effects of



a large impact, Toon believes that the greatest harm would be done
by the sub-micrometer dust launced into the stratosphere. The very
fine dust has a long residence time, and global climate modeling
studies by Covey and others (1990) imply significant drops in global
temperature that would threaten agriculture worldwide. The quanity of
sub-micrometer dust required for climate effects equivalent to those
calculated for nuclear winter is estimated at about 10,000 Teragrams
(Tg) (1 Tg = 1012g). For a 30 km/s impact, this translate to a threshold
impacting body diameter of between 1 and 1.5 km diameter.

The threshold for an impact that causes widespread global mortality
and threatens civilization almost certainly lies between about 0.5 and
5 km diameter, perhaps near 2 km. Impacts of objects this large occur
from one to several times per million years.

Chapter 2: Hazard of Cosmic Impacts
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2.4 Risk Analysis

If this estimate of the frequency of threshold impact is correct, then
the chances of an asteroid catastrophe happening in the near future --
while very low -- is greater than the probablility of other threats to life
that our society takes very seriously. For purposes of discussion, we
adopt the once-in-500,000 year estimate for the globally catastrophic
impact. It is important to keep in mind that the frequency could be
greater than this, although probably not by more than a factor of two.
The frequency could equally well be a factor of ten smaller.

Because the risk of such an impact happening in the near future is
very low, the nature of the impact hazard is unique in our experience.
Nearly all hazards we face in life actually happen to someone we
know, or we learn about them from the media, whereas no large
Impact has taken place within the total span of human history. (If such
an event took place before the dawn of history roughly 10,000 years
ago there would be no record of the event, since we are not
postulating an impact large enough to produce a mass extinction that
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would be readily visible in the fossil record). But also in contrast to
more familiar disasters, the postulated impact would produce
devastation on a global scale. Natural disasters, including tornadoes
and cyclones, earthquakes, tsunamis, volcanic eruptions, firestorms,
and floods often kill thousands of people, and occasionally several
million. But the civilization-destroying impact exceeds all of these
other disasters in that it could kill a billion or more people, leading to
as large a percentage loss of life worldwide as that experienced by
Europe from the Black Death in the 14th century. It is this
juxtaposition of the small probability of occurrence balanced against
the enormous consequences if it does happen that makes the impact
hazard such a difficult and controversial topic.

Frequency of Impacts of different sizes

We begin to address the risk of cosmic impacts by looking at the
frequency of events of different magnitudes. Small impacts are much
more frequent than large ones, as is shown in Figure 2.4. This figure
illustrates the average interval between impacts as a function of
energy, as derived from the lunar cratering record and other
astronomical evidence. For purposes of discussion , we consider two
cases: The threshold globally catastrophic impact discussed above,
and for comparison, a Tunguska-class impact from a smaller object
perhaps 100 m in diameter. In all of the examples given below, the
numbers are approximate and are used only to illustrate the general
magnitudes involved.

For the globally catastrophic impact:
« Average interval between impacts: 500,000 years
For the Tunguska-class impacts:

« Average interval between impacts for total Earth: 300 years

« Average interval between impacts for populated area of Earth:
3,000 years

« Average interval between impacts for world urban areas:
100,000 years

« Average interval between impacts for U.S. urban areas only:
1,000,000 years
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FIGURE 2.4. Estimated frequency of impacts on the
Earth from the present population of comets and
asteroids, and evidence from lunar craters. The
megaton equivalents of energy are shown, as are
possible and nearly certain thresholds for global
catastrophe. (based on Shoemaker 1983)

We see from this simple calculation that even for a large country such
as the U.S., the Tunguska-class impacts on urban areas occur less
often than the globally catastrophic impact, emphasizing the fact that
the large impacts dominate the risk. This point is also made in Figure
2.5, which plots the expected fatalities per event as a function of
diameter (and energy) of the impacting object. The figure shows
schematically the transition in expected fatalities per impact event that
takes place as the global threshold is reached for objects between 0.5
and 5 kilometers in diameter.

Annual risk of death from impacts

One way to address the risk is to express that risk in terms of the
annual probability that an individual will be killed as a result of an
impact. This annual probability of mortality is the product of (a) the
probability that the impact will occur and (b) the probability that such
an event will cause the death of any random individual.

For the globally catastrophic impact:
« Average interval between impacts for total Earth: 500,000 years
« Annual probability of impact: 1/500,000
« Assumed fatalities from impact: one-quarter of world population
« Probability of death for an individual: 1/4
« Annual probability of an individuals death: 1/2,000,000
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FIGURE 2.5. Large impacts dominate the risk, as
seen in this schematic indication of expected
fatalities per event as a function of diameter
(and energy) of the impacting object. (C.
Chapman)

For the Tunguska-class impact:
« Average interval between impacts for total Earth: 300 years

« Assumed area of devastation and total mortality from impact:
5,000 sqg km (1/10,000 of Earth's surface)

« Annual probability of an individual's death: 1/30,000,000

Thus we see that the annualized risk is about 15 times greater from
the large impact than from the Tunguska-class impact.

Equivalent annual deaths as a measure of risk

An alternative but equivalent way to express the risks is in terms of
average annual fatalities. While such an index is convenient for
comparison with other risks, we stress the artificiality of applying this
approach to the very rare impact catastrophes. The concept of
equivalent annual deaths strictly applies only in a static world in which
the population and the mortality rate from other causes do not vary
with time. This figure is obtained by multiplying the population of the
Earth by the total annual probability of death calculated above. In the
case of the U.S equivalent deaths, we allow for the higher than
average population density in the U.S.

For the globally catastrophic impact:
« Total annual probability of death: 1/2,000,000

« Equivalent annual deaths for U.S. population only: 125
« Equivalent annual deaths (worldwide population):2,500



For the Tunguska-class impact:
« Total annual probability of death: 1/30,000,000
« Equivalent annual deaths for U.S. population only: 15
« Equivalent annual deaths (worldwide population): 150

These figures can be compared with the mortality rates from other
natural and man-made causes to obtain a very rough index of the
magnitude of the impact-catastrophe hazard. For example, the U.S.
numbers can be compared with such other causes of death as food
poisoning by botulism (a few per year), tornadoes (100 per year), and
auto accidents (50,000 per year).

Qualitative difference for the impact catastrophe

The above analysis is presented to facilitate comparison of impact
hazards with others with which we may be more familiar. However,
there is a major qualitative difference between impact catastrophes
and other more common natural disasters. A global impact
catastrophe could lead to a billion or more fatalities and an end to the
world as we know it. No other natural disasters, including the
Tunguska-class impacts, have this nature. They represent just one
among many causes of human death. In contrast, the potential
consequences of a large impact set it apart from any other
phenomenon with the exception of full-scale nuclear war.

Chapter 2: Hazard of Cosmic Impacts
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2.5 Conclusions

The greatest risk from cosmic impacts is associated with asteroids a
few kilometers in diameter; such an impact would produce an

environmental catastrophe that could lead to billions of fatalities. We
do not know the threshold diameter at which the impact effects take


javascript:history.go(-1)

on this global character, but it is probably near 2 km, and it is unlikely
to be less than 1 km. As a first step toward significant reduction of this
hazard, we need to identify potential asteroidal impactors larger than
1 km diameter. In addition, attention should be given to the inherently
more difficult problem of surveying as many potential "new" cometary
impactors of similar equivalent energy as is practical. As noted in
Chapter 5, the comets account for 5-10 percent of impactors in this
size range. However, because of their greater impact speeds, these
comets could contribute as much as 25 percent of the the craters
larger than 20 km in diameter.

Finally, because of the higher frequency and nonetheless significant
consequences of impact of objects with diameters in the range of 100
m to 1 km, the survey should include bodies in this size range as well.
There are wide differences among people in their response to
hazards of various types. We have concentrated on the globally
catastrophic case because of its qualitatively dreadful nature. But
some people consider the threat of the more frequent Tunguska-like
events to be more relevant to their concerns, even though the
objective hazard to human life is much less. In order to protect
against such events (or at least mitigate their effects), impactors as
small as 100 m diameter would need to be located with adequate
warning before impact to destroy them or at least evacuate local
populations. Fortunately, as will be described in Chapter 7, the survey

network designed to detect and track the larger asteroids and comets
will also discover tens of thousands of Earth-approaching objects in
the 100-m to 1-km size range.

Next Chapter
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5.1 Introduction Reporls

AlAA Position Paper
It is feasible to conduct a survey for NEOs that will identify a large

fraction of the asteroids or comets that are potentially hazardous to W?ﬁé“ﬁﬁgﬁiﬁ&’
Earth (defined, for our purposes, as those that can come within about The Spaseguard
0.05 AU, or about 20 times the distance to the Moon). Our objective in Survey Rizpott
this chapter is to describe survey strategies that will yield a high U.S. Congress
percentage of potentially hazardous ECAs and short-period comets
larger than 1 km diameter, and will provide adequate warning for MEOCs
some fraction of hazardous long period comets. This same approach

: : ) . ) : MNASA Programs
will also yield many discoveries of smaller bodies, some of which are
potential hazards on a local or regional basis. Gallery
A comprehensive survey requires monitoring a large volume of space Related Malerials
to discover asteroids and comets whose orbits can bring them close Contact

to the Earth. Such bodies can be distinguished from main-belt
asteroids by their differing motions in the sky and, in the case of Presentation Materials
comets, by visible traces of activity. To ensure reasonable levels of

completeness, the volume within which we can find a 1-km or larger

asteroid should extend as far as the inner edge of the main asteroid

belt. Such a search could be carried out in the visible or infrared part

of the spectrum, using telescopes on the Earth or in space. The

analysis in this Chapter is directed toward detection of the visible

sunlight reflected from these NEOSs, with no distinction made between

telescopes on the ground or in orbit. However, since the least

expensive option -- ground-based astronomical telescopes with CCD

detectors -- is capable of meeting our survey requirements, we

recommend this simple and cost-effective approach.

In this chapter we define a search strategy and use computer
modeling to explore its quantitative implications. In Chapter 6 we will
describe the follow-up observations required to refine the orbits of
newly discovered objects, and in Chapter 7 we will present a
proposed plan for an international network of survey telescopes to
carry out this program.
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limited funding resources has resulted in a current program to find
and track NEOs that is quite fragmentary. Generally it has been
possible, in recent years, for discoveries made by one team to be
followed up by other observers, but this has not always been the
case, allowing some newly-discovered NEOs to be lost. For the
program planned here this must not be allowed to occur, emphasizing
the need for an international effort with close cooperation and
priorities to be set by a central organization. The present level of our
knowledge of NEO's has only been possible because of the services
of the staff of the Central Bureau for Astronomical Telegrams and the
Minor Planet Center (Cambridge, Massachussetts) who coordinate
the analysis of observations of NEO's and make every effort to ensure
that sufficient coverage occurs. A continuation of such a service on a
larger scale will be necessary if the proposed program is to be
brought to fruition.

There have in the past been some efforts made at formally organizing
a search program on an international scale, quite apart from the
informal links and communications made possible by personal
contacts. The most prominent of these organizations has been INAS,
the International Near-Earth Asteroid Survey, coordinated by E.F.
Helin (Helin and Dunbar, 1984, 1990). INAS has resulted in increased
cooperation between observatories in various countries, and hence
an increase in the discovery rates. Apart from the U.S., scientists from
the following countries have been involved in INAS: France, Italy,
Denmark, Sweden, Bulgaria, Czechoslovakia, Yugoslavia, Germany,
China, Japan, Russia, Ukraine, United Kingdom, Canada, Australia,
and New Zealand.

The major thrust of INAS has been to coordinate the efforts of the
large wide-field photographic instruments with regard to temporal and
sky coverage. An immediate expansion of this effort can increase the
current discovery rate, thus providing valuable information on the true
statistical nature of the NEO population and associated impact
hazards before the full network of survey telescopes becomes
operational. Such a program will also serve as a training ground for
new personnel and provide valuable experience with improved
international communication and coordination.

A Spacewatch-type telescope is currently under development in India
with the joint support of the U.S. Smithsonian Institution and the
Government of India. Another international effort is being proposed by
the Institute for Theoretical Astronomy in St. Petersberg, Russia,
under the direction of A.G. Sokolsky. This group organized an
international conference The Asteroid Hazard in October 1991, which
endorsed the idea that NEOs "represent a potential hazard for all
human civilization and create a real threat of regional c