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A. The abundance of impact craters on the Moon demonstrates that Earth too has been
subjected to an influx of near-Earth objects. However, erosion processes have erased all
but the youngest of Earth’s craters. Clementine colorized image showing the full Earth
over the Moon's north pole. The angular distance between the Earth and the Moon has
been reduced for illustration purposes. This image was taken by the UV/visible camera at
the end of mapping orbit 102 on 13 March 1994. The 109 km diameter crater Plaskett is
in the foreground at 82 N, 174 E.

B. Many tons of rocky material rain down upon the Earth daily. Much of it is in the form of
dust and sand-sized particles that strike the Earth’s atmosphere at high velocity and cause
visible meteors. John Pane took this photo during the Leonids meteor storm on Sunday,
November 18, 2001, from Laurel Mountain State Park near Ligonier, PA, USA. The
photo was taken with an ordinary 35mm SLR camera mounted on a tripod, with a
“normal” 50mm {f/1.4 lens. Copyright © 2001 John Pane. All rights reserved.
http://leonids.johnpane.com

C. An aerial view of Meteor Crater, Arizona, one of the Earth’s youngest impact craters.
Just over one kilometer in diameter and 200 meters deep, this crater was formed about
50,000 years ago when an iron mass about 60 meters in diameter struck the Earth’s
surface releasing more than 10 megatons of equivalent energy. From the Smithsonian
Scientific Series (1929), taken by the U.S. Army Air Service. Public domain.
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EXECUTIVE SUMMARY

A Study to Determine the Feasibility of Extending the Search for Near-
Earth Objects to Smaller Limiting Diameters

In recent years, there has been an increasing appreciation for the hazards posed by near-Earth
objects (NEOs), those asteroids and periodic comets (both active and inactive) whose motions
can bring them into the Earth’s neighborhood. In August of 2002, NASA chartered a Science
Definition Team to study the feasibility of extending the search for near-Earth objects to smaller
limiting diameters. The formation of the team was motivated by the good progress being made
toward achieving the so-called Spaceguard goal of discovering 90% of all near-Earth objects
(NEOs) with diameters greater than 1 km by the end of 2008. This raised the question of what, if
anything, should be done with respect to the much more numerous smaller, but still potentially
dangerous, objects. The team was tasked with providing recommendations to NASA as well as
the answers to the following 7 specific questions:

What are the smallest objects for which the search should be optimized?

Should comets be included in any way in the survey?

What is technically possible?

How would the expanded search be done?

What would it cost?

How long would the search take?

Is there a transition size above which one catalogs all the objects, and below which the
design is simply to provide warning?

Nowunhkwde=

Team Membership

The Science Definition Team membership was composed of experts in the fields of asteroid and
comet search, including the Principal Investigators of two major asteroid search efforts, experts
in orbital dynamics, NEO population estimation, ground-based and space-based astronomical
optical systems and the manager of the NASA NEO Program Office. In addition, the
Department of Defense (DoD) community provided members to explore potential synergy with
military technology or applications.

Analysis Process

The Team approached the task using a cost/benefit methodology whereby the following analysis
processes were completed:

Population estimation — An estimate of the population of near-Earth objects (NEOs), including
their sizes, albedos and orbit distributions, was generated using the best methods in the current
literature. We estimate a population of about 1100 near-Earth objects larger than 1 km, leading
to an impact frequency of about one in half a million years. To the lower limit of an object’s
atmospheric penetration (between 50 and 100 m diameter), we estimate about half a million
NEOs, with an impact frequency of about one in a thousand years.



Collision hazard — The damage and casualties resulting from a collision with members of the
hazardous population were estimated, including direct damage from land impact, as well as the
amplification of damage caused by tsunami and global effects. The capture cross-section of the
Earth was then used to estimate a collision rate and thus a yearly average hazard from NEO
collisions as a function of their diameter. We find that damage from smaller land impacts below
the threshold for global climatic effects is peaked at sizes on the scale of the Tunguska air blast
event of 1908 (50-100 m diameter). For the local damage due to ocean impacts (and the
associated tsunami), the damage reaches a maximum for impacts from objects at about 200 m in
diameter; smaller ones do not reach the surface at cosmic speed and energy.

Search technology — Broad ranges of technology and search systems were evaluated to
determine their effectiveness when used to search large areas of the sky for hazardous objects.
These systems include ground-based and space-based optical and infrared systems across the
currently credible range of optics and detector sizes. Telescope apertures of 1, 2, 4, and 8 meters
were considered for ground-based search systems along with space-based telescopes of 0.5, 1,
and 2 meter apertures. Various geographic placements of ground-based systems were studied as
were space-based telescopes in low-Earth orbit (LEO) and in solar obits at the Lagrange point
beyond Earth and at a point that trailed the planet Venus.

Search simulation — A detailed simulation was conducted for each candidate search system, and
for combinations of search systems working together, to determine the effectiveness of the
various approaches in cataloging members of the hazardous object population. The simulations
were accomplished by using a NEO survey simulator derived from a heritage within the DoD,
which takes into account a broad range of “real-world” effects that affect the productivity of
search systems, such as weather, sky brightness, zodiacal background, etc.

Search system cost - The cost of building and operating the search systems described herein was
estimated by a cost team from SAIC. The cost team employed existing and accepted NASA
models to develop the costs for space-based systems. They developed the ground-based system
cost estimates by analogy with existing systems.

Cost/benefit analysis — The cost of constructing and operating potential survey systems was
compared with the benefit of reducing the risk of an unanticipated object collision by generating
a catalog of potentially hazardous objects (PHOs). PHOs, a subset of the near-Earth objects,
closely approach Earth’s orbit to within 0.05 AU (7.5 million kilometers). PHO collisions
capable of causing damage occur infrequently, but the threat is large enough that, when averaged
over time, the anticipated yearly average of impact-produced damage is significant. Thus, while
developing a catalog of all the potentially hazardous objects does not actually eliminate the
hazard of impact, it does provide a clear risk reduction benefit by providing awareness of
potential short- and long-term threats. The nominal yearly average remaining, or residual, risk in
2008 associated with PHO impact is estimated by the Team to be approximately 300 casualties
worldwide, plus the attendant property damage and destruction. About 17% of the risk is
attributed to regional damage from smaller land impacts, 53% to water impacts and the ensuing
tsunamis, and 30% to the risk of global climatic disruption caused by large impacts, i.e. the risk
that is expected to remain after the completion of the current Spaceguard effort in 2008. For land
impacts and all impacts causing global effects, the consequences are in terms of casualties,
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whereas for sub-kilometer PHOs causing tsunamis, the “casualties” are a proxy for property
damage. According to the cost/benefit assessment done for this report, the benefits associated
with eliminating these risks justify substantial investment in PHO search systems.

PHO Search Goals and Feasibility

The Team evaluated the capability and performance of a large number of ground-based and
space-based sensor systems in the context of the cost/benefit analysis. Based on this analysis,
the Team recommends that the next generation search system be constructed to eliminate 90% of
the risk posed by collisions with sub-kilometer diameter PHOs. Such a system would also
eliminate essentially all of the global risk remaining after the Spaceguard efforts are complete in
2008. The implementation of this recommendation will result in a substantial reduction in risk to
a total of less than 30 casualties per year plus attendant property damage and destruction. A
number of search system approaches identified by the Team could be employed to reach this
recommended goal, all of which have highly favorable cost/benefit characteristics. The final
choice of sensors will depend on factors such as the time allotted to accomplish the search and
the available investment (see Figures 9.3 and 9.4).

Answers to Questions Stated in Team Charter

What are the smallest objects for which the search should be optimized? The Team
recommends that the search system be constructed to produce a catalog that is 90% complete for
potentially hazardous objects (PHOs) larger than 140 meters.

Should comets be included in any way in the survey? The Team’s analysis indicates that the
frequency with which long-period comets (of any size) closely approach the Earth is roughly
one-hundredth the frequency with which asteroids closely approach the Earth and that the
fraction of the total risk represented by comets is approximately 1%. The relatively small risk
fraction, combined with the difficulty of generating a catalog of comets, leads the Team to the
conclusion that, at least for the next generation of NEO surveys, the limited resources available
for near-Earth object searches would be better spent on finding and cataloging Earth-threatening
near-Earth asteroids and short-period comets. A NEO search system would naturally provide an
advance warning of at least months for most threatening long-period comets.

What is technically possible? Current technology offers asteroid detection and cataloging
capabilities several orders of magnitude better than the presently operating systems. NEO search
performance is generally not driven by technology, but rather resources. This report outlines a
variety of search system examples, spanning a factor of about 100 in search discovery rate, all of
which are possible using current technology. Some of these systems, when operated over a
period of 7-20 years, would generate a catalog that is 90% complete for NEOs larger than 140
meters (see Figure 9-4).

How would the expanded search be done? From a cost/benefit point-of-view, there are a
number of attractive options for executing an expanded search that would vastly reduce the risk
posed by potentially hazardous object impacts. The Team identified a series of specific ground-
based, space-based and mixed ground- and space-based systems that could accomplish the next
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generation search. The choice of specific systems will depend on the time allowed for the search
and the resources available.

What would it cost? For a search period no longer than 20 years, the Team identified several
systems that would eliminate, at varying rates, 90% of the risk for sub-kilometer NEOs, with
costs ranging between $236 million and $397 million. All of these systems have risk reduction
benefits which greatly exceed the costs of system acquisition and operation.

How long would the search take? A period of 7-20 years is sufficient to generate a catalog 90%
complete to 140-meter diameter, which will eliminate 90% of the risk for sub-kilometer NEOs.
The specific interval depends on the choice of search technology and the investment allocated.

Is there a transition size above which one catalogs all the objects, and below which the design
is simply to provide warning? The Team concluded that, given sufficient time and resources, a
search system could be constructed to completely catalog hazardous objects with sizes down to
the limit where air blasts would be expected (about 50 meters in diameter). Below this limit,
there is relatively little direct damage caused by the object. Over the 7-20 year interval (starting
in 2008) during which the next generation search would be undertaken, the Team suggests that
cataloging is the preferred approach down to approximately the 140-meter diameter level and
that the search systems would naturally provide an impact warning of 60-90% for objects as
small as those capable of producing significant air blasts.

Science Definition Team Recommendations
The Team makes three specific recommendations to NASA as a result of the analysis effort:

Recommendation 1 — Future goals related to searching for potential Earth-impacting objects
should be stated explicitly in terms of the statistical risk eliminated (or characterized) and should
be firmly based on cost/benefit analyses.

This recommendation recognizes that searching for potential Earth impacting objects is of
interest primarily to eliminate the statistical risk associated with the hazard of impacts. The
“average” rate of destruction due to impacts is large enough to be of great concern; however, the
event rate is low. Thus, a search to determine if there are potentially hazardous objects (PHOs)
likely to impact the Earth within the next few hundred years is prudent. Such a search should be
executed in a way that eliminates the maximum amount of statistical risk per dollar of
investment.

Recommendation 2 — Develop and operate a NEO search program with the goal of discovering
and cataloging the potentially hazardous population sufficiently well to eliminate 90% of the risk
due to sub-kilometer objects.

The above goal is sufficient to reduce the average casualty rate from about 300 per year to less

than 30 per year. Any such search would find essentially all of the larger objects remaining
undiscovered after 2008, thus eliminating the global risk from these larger objects. Over a
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period of 7-20 years, there are a number of system approaches that are capable of meeting this
search metric with quite good cost/benefit ratios.

Recommendation 3 — Release a NASA Announcement of Opportunity (AO) to allow system
implementers to recommend a specific approach to satisfy the goal stated in Recommendation 2.

Based upon our analysis, the Team is convinced that there are a number of credible, current
technology/system approaches that can satisfy the goal stated in Recommendation 2. The
various approaches will have different characteristics with respect to the expense and time
required to meet the goal. The Team relied on engineering judgment and system simulations to
assess the expected capabilities of the various systems and approaches considered. While the
Team considers the analysis results to be well-grounded by current operational experience, and
thus, a reasonable estimate of expected performance, the Team did not conduct analysis at the
detailed system design level for any of the systems considered. The next natural step in the
process of considering a follow-on to the current Spaceguard program would be to issue a NASA
Announcement of Opportunity (AO) as a vehicle for collecting search system estimates of cost,
schedule and the most effective approaches for satisfying the recommended goal. The AO
should be specific with respect to NASA’s position on the trade between cost and time to
completion of the goal.
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1 INTRODUCTION

1.1 Background

In a 1992 report to NASA (Morrison, 1992), a coordinated Spaceguard Survey was
recommended to discover, verify and provide follow-up observations for Earth-crossing
asteroids. This survey was expected to discover 90% of these objects larger than one kilometer
within 25 years. Three years later, another NASA report (Shoemaker, 1995) recommended
search surveys that would discover 60-70% of short-period, near-Earth objects larger than one
kilometer within ten years and obtain 90% completeness within five more years. In 1998, NASA
formally embraced the goal of finding and cataloging, by 2008, 90% of all near-Earth objects
(NEOs) with diameters of 1 km or larger that could represent a collision risk to Earth (Appendix
1). The 1 km diameter metric was chosen after considerable study indicated that an impact of an
object smaller than 1 km could cause significant local or regional damage but is unlikely to cause
a worldwide catastrophe (Morrison, 1992). The impact of an object much larger than 1 km
diameter could well result in worldwide damage up to, and potentially including, extinction of
the human race. The NASA commitment has resulted in the funding of a number of NEO search
efforts that are making considerable progress toward the 90% by 2008 goal. At the current
epoch, more than 50% of the expected population included in the goal has been discovered and
the subject objects continue to be discovered at impressive rates. While the current goal covers
the larger objects, which could cause global devastation, it is silent on the much more numerous
smaller objects (between 50 meters and 1 km diameter) that could cause local or regional
damage in an impact. Given the steeply increasing population of near-Earth objects with
decreasing diameter, it is much more likely that civilization will experience the impact of an
object smaller than 1 km than experience an impact from a larger one. Indeed, the significance
of small impactors is beginning to be appreciated by the broad public and by scientists alike.
Current NEO surveys are dedicated to finding the largest objects. They also serendipitously find
some that are sub-kilometer, but are not optimized to do so and, consequently, are inefficient in
finding these objects.

The vast majority of near-Earth objects (NEOs), and the roughly 20% subset of potentially
hazardous objects (PHOs) that can closely approach the Earth’s orbit, are near-Earth asteroids.
However, a small fraction of the NEOs and PHOs are active and inactive short-period comets.
Throughout this report, we will most often refer to NEOs and PHOs, generally meaning the set
of near-Earth asteroids and inactive short-period comets and excluding long-period comets.
However, near-Earth asteroids (NEAs) and potentially hazardous asteroids (PHAs) will also be
used when appropriate. Since it is likely that the numbers of asteroids completely dominates the
cometary members of the NEO and PHO groups, the reader can normally assume that the
populations of NEOs and NEAs are nearly identical, as are the populations of PHOs and PHAs.

1.2 Science Definition Team Formation and Charter

Given the fact that the existing search programs are making good progress toward meeting the
current goal, and the emerging discussion of smaller objects, it is natural to ask what, if any,
action should be taken to catalog or warn against potential impacts of objects smaller than 1 km



in diameter. In August of 2002, NASA initiated the formation of a Science Definition Team
with a charter to develop an understanding of the threat posed by near-Earth objects smaller than
one kilometer and to assess methods of providing warnings of potential impacts. The Team was
instructed to provide recommendations to NASA and to outline an executable approach to
addressing any recommendations made. Specifically, the team was instructed to address the
following questions:

What are the smallest objects for which the search should be optimized?

Should comets be included in any way in the survey?

What is technically possible?

How would the expanded search be done?

What would it cost?

How long would the search take?

Is there a transition size above which one catalogs all the objects, and below which the
design is simply to provide warning?

Nk W=

The complete formal charter for the Science Definition Team is contained in Appendix 2 of this
document.

1.3 Team Membership

The Science Definition Team, henceforth referred to as the “Team”, was chaired by Grant H.
Stokes from MIT Lincoln Laboratory. Vice Chair of the team was Donald K. Yeomans from the
NASA Jet Propulsion Laboratory. The Team members, carefully chosen to represent the breadth
and depth of expertise required to address the questions posed in the charter, are listed in Table
1-1, along with their institutions and technical specialties.

Table 1-1. The Science Definition Team Membership

Name Institution Technical Specialty
Dr. Grant H. Stokes MIT Lincoln Laboratory Asteroid Search, PI for LINEAR
Dr. Donald K. NASA Jet Propulsion Manager, NASA Near-Earth
Yeomans Laboratory Object Program Office
Dr. William F. Bottke, | Southwest Research Asteroid and comet population
Jr. Institute models
Dr. Steven R. Chesley | NASA Jet Propulsion Hazard assessments and search
Laboratory strategies
Jenifer B. Evans MIT Lincoln Laboratory Search system simulations, Co-I
for LINEAR
Dr. Robert E. Gold Johns Hopkins University | Space-based detector systems
Applied Physics Lab
Dr. Alan W. Harris Space Science Institute Hazard assessments and search
strategies
Dr. David Jewitt University of Hawaii Visual detectors and search
strategies




Table 1-1 (cont.). The Science Definition Team Membership

Col. T.S. Kelso

USAF/AFSPC

DoD assets

Dr. Robert S.
McMillan

Spacewatch, University of
Arizona

Ground-based NEO Survey, PI
for Spacewatch

Dr. Timothy B. Spahr

Smithsonian Astrophysical

Small body astrometry and orbit

Observatory determination
Dr./Brig. Gen. S. Peter | USAF/SMC Space-based detectors and DoD
Worden assets
Ex Officio Members:
Dr. Tomas H. Morgan | NASA Headquarters Manager, NASA NEO Program
Lt. Col. Lindley N. NASA Headquarters Surveillance of space and DoD
Johnson (USAF, ret.) space capabilities
Team Support:
Don E. Avery NASA Langley Research | Study Lead
Center
Sherry L. Pervan SAIC Executive Secretary
Michael S. Copeland | SAIC Cost Analyst
Dr. Monica M. Doyle | SAIC Cost Analyst

1.4 Study Approach

Providing authoritative answers to the questions posed for the Team requires an understanding of
the relationships between the costs of implementing a search effort for smaller NEOs and the
benefits accrued. Thus, the study process was constructed along the lines of a cost/benefit
analysis as shown in Figure 1-1.

Population
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size, orbit, At to
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H potential impact)

Object
Risk Cost Benefit
Search
Technology
H Search approach  Recommendation
II and capability And Report
H = f(object type, size)
Search
Strategy

Figure 1-1. Study Process to Develop Cost/benefit Estimate and Recommendations




The five areas that need to be explored to produce the cost/benefit analysis are as follows:

1. The population of asteroids as a function of size, orbital distribution and albedo must be
accurately estimated. This will allow an estimate of the collision rate of asteroids with
the Earth as a function of size and orbital parameters and will provide the basis for an
estimation of the search capabilities of potential systems.

2. The collision damage associated with the impact of an asteroid must be quantified as a
function of impactor size. The damage, including effects for both land and water
impacts, can be combined with a collision rate to yield an expected damage per year as a
function of asteroid size. Assuming that advance warning allows some fraction of the
damage and loss of life to be avoided, this represents an estimate or upper bound for the
“benefit” that can be accrued in return for the cost of conducting a search.

3. The capabilities of potential search technologies, or combinations of technologies, to
execute the search must be assessed as a function of the size, albedo and orbital
parameters of the asteroid population. In addition, the costs of developing and operating
the search system(s) must be quantified. The funds required to build and operate the
search system form the “cost” element of the cost/benefit analysis.

4. The method of operating a particular search system must be defined in order to determine
search effectiveness. The capabilities of a search system to find any particular population
of asteroids will depend not only on the inherent capabilities of the system, but also on
how it is employed with respect to scan pattern, integration time, etc.

5. The benefits, in terms of casualty avoidance and property loss, must be quantified.
The five inputs discussed above provide the basic information required to:

1. Estimate the danger to the Earth from collisions of “smaller” asteroids;
2. Estimate the performance and cost/benefit of a range of search systems intended to
provide notification of impending risk.

An assessment of the productivity for an operating search system is complex and requires a
realistic accounting for real-world effects that degrade its theoretical performance. These effects
include the weather, moonlight, air mass and zodiacal light background. Some of these can be
determined by the geometry of the observations (e.g. the effect of the Moon and air mass, which
are coupled), while others can be estimated only by statistical methods (e.g., the weather). Most
analyses of asteroid search systems to date have either ignored these effects, especially when
proposing a specific system for funding, or treated them with some form of estimated correction
factor. However, the effects of the real-world degradations to a search are intimately related to
the details of the search operation, and will have a large effect on the search productivity. For
the purposes of this study, the performance of a search sensor, or a network of sensors, was
estimated using a much more detailed simulation process, which “displays” the population of
asteroids as a function of time and operates the search sensors in the chosen search modes to see
what is found. This allows the geometry-dependent effects to be modeled specifically for each



search area, resulting in a high fidelity performance estimate. In addition, the simulation
includes realistic noise from the background and from a comprehensive list of sources. Both
ground-based and space-based sensors are modeled, along with backgrounds and noise sources
appropriate to each operating environment. Networks consisting of combinations of various
sensor types and in various locations may be modeled together to assess their combined
performance.

The inputs to the simulation are as follows:

1. The asteroid population - including orbital parameters, size and albedo for each asteroid;
The sensor model(s) — including parameters of the sensor(s) such as sensitivity as a
function of integration time, step and settle time, site location or ephemeris, and site
characteristics;

3. The search pattern(s) for each sensor;

4. The time ranges over which to simulate.

The output of the simulation is a list of detections as a function of time. From these detections,
the performance of the search system and strategy may be compared on a realistic basis with the
performance of other configurations.

The benefits provided by a given search system need to be measured relative to the system costs.
The costs of a given system are governed by the construction and operational expenses, which
can be estimated in a relatively straightforward manner, while the benefit side of the equation is
much more challenging for several reasons. Most importantly, the benefits provided by a system
cannot be described in strictly financial terms due to the potential for casualties and to various
political and emotional considerations that are relevant to the problem. Furthermore the benefit
depends directly upon estimates of the hazard posed by NEOs, and these estimates are plagued
by large uncertainties.

The direct benefit of a search program comes from two sources, cataloging and warning.
“Cataloging” refers to the idea that the statistical impact risk is only posed by the undiscovered
component of the NEO population. Therefore, by discovering and cataloging NEOs and by
verifying that none will impact within the next century, we reduce the potential risk to life and
property on Earth. If an object is actually discovered on a threatening trajectory there will
presumably be many years, even decades, in which to execute a plan to deflect or disrupt the
impactor. Hence the cataloging approach enables the complete mitigation of future impacts,
saving both population and infrastructure.

The term “warning” describes a situation where an impactor is first detected and recognized
some days to months before the event. This “warning period” would afford civil authorities an
opportunity to take actions that would mitigate the impact effects, but there would be insufficient
time to avert the collision. In such a scenario the warning benefit is largely comprised of
causalities avoided through the evacuation of affected areas. Major infrastructure would not be
saved, although, time permitting, some portion of the physical infrastructure could also be
removed to a safe distance.



The balance of this report describes the study process in greater detail, answers the seven specific
questions posed for the Team, and provides the recommendations along with a rationale for each.



2 POPULATION ESTIMATES

This section discusses the methods for generating a synthetic population of near-Earth objects
(NEOs) that is used in the simulation process and described in later sections. The results are
based on the best available estimates of the orbital distribution of the near-Earth objects (e.g.,
Bottke et al. 2002a; Morbidelli et al. 2002a, b).

NEOs are asteroids and comets that, by convention, have perihelion distances g < 1.3 AU and
aphelion distances O > 0.983 AU (e.g., Rabinowitz et al. 1994). Sub-categories of the NEO
population include the Apollos (a > 1.0 AU; ¢ < 1.0167 AU) and Atens (a < 1.0 AU; O > 0.983
AU), which are on Earth-crossing orbits, and the Amors (1.0167 AU < g < 1.3 AU) that are on
nearly-Earth-crossing orbits and can evolve into Earth-crossers over relatively short timescales.
Another group of related objects that are not yet considered part of the “formal” NEO population
are the IEOs, or those objects located inside Earth’s orbit (Q < 0.983 AU). The combined NEO
and IEO populations are comprised of bodies ranging in size from dust-sized fragments to
objects tens of km in diameter (Shoemaker 1983).

2.1 Near-Earth Asteroids

The dynamics of bodies in NEO space are strongly influenced by a complicated interplay
between close encounters with the planets and resonant dynamics. Encounters provide an
impulse velocity to the body's trajectory, causing the semimajor axis, eccentricity, and
inclination to change by an amount that depends on both the geometry of the encounter and the
mass of the planet. Resonances, on the other hand, keep the semimajor axis constant while
changing a body's eccentricity and/or inclination.

Most asteroidal NEOs, or near-Earth asteroids (NEAs), are believed to be collisional fragments
that were driven out of the main belt by a combination of Yarkovsky thermal forces (e.g., see
Bottke et al. 2002b for a review) and secular/mean motion resonances (e.g., J.G. Williams, see
Wetherill 1979; Wisdom 1983). In a scenario favored by many scientists, main belt asteroids
with diameter D < 20-30 km slowly spiral inward and outward via the Yarkovsky effect until
they are captured by a dynamical resonance capable of increasing their orbital eccentricity
enough to reach planet-crossing orbits. Hence, by understanding the populations of asteroids
entering and exiting the most important main belt resonances, we can compute the true orbital
distribution of the NEAs as a function of semimajor axis a, eccentricity e, and inclination i.

The most powerful main belt resonances that provide NEAs are the v¢ secular resonance, which
marks the inner edge of the main belt, and the 3:1 mean motion resonance with Jupiter at ~2.5
AU (e.g., Bottke et al. 2000; 2002a). The v¢ secular resonance occurs when the precession
frequency of the asteroid's longitude of perihelion is equal to the sixth secular frequency of the
planetary system. Numerical results show that main belt asteroids entering the vg secular
resonance reach Earth-crossing orbits in ~500,000 years (or ~0.5 Myr). The median dynamical
lifetime of bodies started in the v¢ resonance is ~2 Myr, with typical end-states being collision
with the Sun (80% of the cases) and ejection onto hyperbolic orbit via a close encounter with
Jupiter (12%) (Gladman et al. 1997). The 3:1 mean motion resonance with Jupiter occurs where



the orbital period of the asteroid is one third of that of the giant planet. For a population initially
uniformly distributed inside the resonance, the median time required to cross the orbit of the
Earth is ~1 Myr, while their median dynamical lifetime is ~2 Myr. Typical end-states for test
bodies include colliding with the Sun (70%) and being ejected onto hyperbolic orbits (28%)
(Gladman et al., 1997). Only a small fraction of objects from either resonance strike the Earth.

NEAs also come from hundreds of tiny resonances that crisscross the main belt. These
resonances are produced by high order mean motion resonances with Jupiter (where the orbital
frequencies are in a ratio of large integer numbers), three-body resonances with Jupiter and
Saturn (where an integer combination of the orbital frequencies of the asteroid, Jupiter and
Saturn is equal to zero; Nesvorny et al. 2002), and mean motion resonances with Mars
(Morbidelli and Nesvorny 1999). The typical width of each of these resonances is on the order
of a few 10*-10° AU. Because of these resonances, many, if not most, main belt asteroids are
chaotic (e.g., Nesvorny et al. 2002). The effect of this chaotic behavior is very weak, with an
asteroid's eccentricity and inclination slowly changing in a secular fashion over time. The time
required to reach a planet-crossing orbit ranges from several 107 years to billions of years,
depending on the resonances and the starting eccentricity. It has been shown that the population
of asteroids solely on Mars-crossing orbits, which is roughly 4 times the size of the NEO
population, is predominately resupplied by diffusive resonances in the main belt (Migliorini et al.
1998; Morbidelli and Nesvorny 1999; Michel et al. 2000; Bottke et al. 2002a). To become
NEAs, Mars-crossing asteroids random walk in semimajor axis under the effect of Martian
encounters until they enter a resonance that is strong enough to decrease their perihelion distance
below 1.3 AU.

2.2 Near-Earth Comets

Comets also contribute to the NEO population. Comets can be divided into two groups: those
coming from the Transneptunian region (the Kuiper belt or, more likely, the scattered disk;
Levison and Duncan 1994; Levison and Duncan 1997; Duncan and Levison 1997) and those
coming from the Oort cloud (e.g., Weissman et al. 2002). Some NEOs with comet-like
properties may come from the Trojan population as well, though it is believed their contribution
is small compared to those coming from the Transneptunian region and Oort cloud (Levison and
Duncan 1997). The Tisserand parameter 7, the pseudo-energy of the Jacobi integral that must be
conserved in the restricted circular three-body problem, has been used in the past to classify
different comet populations (e.g., Carusi et al. 1987). Writing T with respect to Jupiter, the
Tisserand parameter becomes (Kresak 1979):

T=(ayr/ @)+ 2 cos (i) ((a/ ayor )(1 = €*)'?
where ajup is the semimajor axis of Jupiter. Adopting the nomenclature provided by Levison
(1996), we refer to 7 > 2 bodies as ecliptic comets, since they tend to have small inclinations,

and 7 < 2 bodies as nearly-isotropic comets, since they tend to have high inclinations.

Numerical simulations suggest that comets residing in particular parts of the Transneptunian
region are dynamically unstable over the lifetime of the solar system (e.g., Levison and Duncan



1997; Duncan and Levison 1997). Those ecliptic comets that fall under the gravitational sway of
Jupiter (2 < T < 3) are called Jupiter-family comets (JFCs). These bodies frequently experience
low-velocity encounters with Jupiter. Though most model-JFCs are readily thrown out of the
inner solar system via a close encounter with Jupiter (i.e., over a timescale of ~0.1 Myr), a small
component of this population achieves NEO status (Levison and Duncan 1997). The orbital
distribution of the ecliptic comets has been well characterized using numerical integrations by
Levison and Duncan (1997), who find that most JFCs are confined to a region above a = 2.5 AU.
Comets that are gravitationally decoupled from Jupiter (7' > 3), like 2P/Encke, are thought to be
rare. It is believed that comets reach these orbits via a combination of non-gravitational forces
and close encounters with the terrestrial planets.

Nearly-isotropic comets, comprised of the long-period comets and the Halley-type comets, come
from the Oort cloud (Weissman et al. 2002) and possibly the Transneptunian region (Levison
and Duncan 1997; Duncan and Levison 1997). Numerical work has shown that nearly-isotropic
comets can be thrown into the inner solar system by a combination of stellar and galactic
perturbations (Duncan et al. 1987). At this time, however, a complete understanding of their
dynamical source region (e.g., Levison et al. 2001) is lacking.

To understand the population of ecliptic comets and nearly-isotropic comets, an understanding of
more than cometary dynamics is needed. Comets undergo physical evolution as they orbit close
to the Sun. In some cases, active comets evolve into dormant, asteroidal-appearing objects, with
their icy surfaces covered by a lag deposit of non-volatile dust grains, organics, and/or radiation
processed material that prevents volatiles from sputtering away (e.g., Weissman et al. 2002).
Accordingly, if a 7 < 3 object shows no signs of cometary activity, it is often assumed to be a
dormant, or possibly extinct, comet. In other cases, comets self-destruct and totally disintegrate
(e.g., comet C/1999 S4 (LINEAR)). The fraction of comets that become dormant or disintegrate
among the ecliptic and nearly-isotropic comet populations must be understood to gauge the
absolute impact hazard to the Earth.

2.3 Quantitative Modeling of the NEO Population

Although there is currently a good working understanding of NEO dynamics, it is still
challenging to deduce the true orbital distribution of the NEOs. There are two main reasons for
this: (1) it is not obvious which source regions provide the greatest contributions to the steady
state NEO population, and (ii) the observed orbital distribution of the NEOs, which could be
used to constrain the contribution from each NEO source, is biased against the discovery of
objects on some types of orbits. Given the pointing history of a NEO survey, however, the
observational bias for a body with a given orbit and absolute magnitude can be computed as the
probability of being in the field of view of the survey with an apparent magnitude brighter than
the limit of detection (Jedicke 1996; Jedicke and Metcalfe 1998, see review in Jedicke et al.
2002). Assuming random angular orbital elements of NEOs, the bias is a function B(a,e,i,H),
dependent on semimajor axis, eccentricity, inclination and the absolute magnitude /. Each NEO
survey has its own bias. Once the bias is known, in principle the real number of objects NV can be
estimated as:



N(a,e,i,H) = n(a,e,i,H) / B(a,e,i,H)

where 7 is the number of objects detected by the survey. The problem, however, is that there are
rarely enough observations to obtain more than a coarse understanding of the debiased NEO
population (i.e., the number of bins in a 4-dimensional orbital-magnitude space can grow quite
large), though such modeling efforts can lead to useful insights (Rabinowitz 1994; Rabinowitz et
al. 1994; Stuart 2001).

An alternative way to construct a model of the real distribution of NEOs relies on dynamics
(Bottke et al. 2000; 2002a). Using numerical integration results, it is possible to estimate the
steady state orbital distribution of NEOs coming from each of the main source regions defined
above. The method used by Bottke et al. (2002a) is described below. First, a statistically
significant number of particles, initially placed in each source region, is tracked across a network
of (a,e i) cells in NEO space until they are dynamically eliminated. The mean time spent by
these particles in those cells, called their residence time, is then computed. The resultant
residence time distribution shows where the bodies from the source statistically spend their time
in the NEO region. As it is well known in statistical mechanics, in a steady state scenario, the
residence time distribution is equal to the relative orbital distribution of the NEOs that originated
from the source. This allowed Bottke et al. (2002a) to obtain steady state orbital distributions for
NEOs coming from all the prominent NEO sources: the v¢ resonance, the 3:1 resonance, the
population coming from numerous diffusive resonances in the main belt, and the Jupiter family
comets. The overall NEO orbital distribution was then constructed as a linear combination of
these distributions, with the contribution of each source dependent on a weighting function.
(Note that the nearly isotropic comet population was excluded in this model, but its contribution
is discussed in Section 2.5).

The NEO magnitude distribution, assumed to be source-independent, was constructed so its
shape could be manipulated using an additional parameter. Combining the resulting NEO
orbital-magnitude distribution with the observational biases associated with the Spacewatch
survey (Jedicke 1996), Bottke et al. (2002a) obtained a model distribution that could be fit to the
orbits and magnitudes of the NEOs discovered or accidentally re-discovered by Spacewatch. A
visual comparison showed that the best-fit model adequately matched the orbital-magnitude
distribution of the observed NEOs. The resulting best-fit model nicely matches the distribution
of the NEOs observed by Spacewatch (see Figure 10 of Bottke et al. 2002a).

Once the values of the parameters of the model are computed by fitting the observations of one
survey, the steady state orbital-magnitude distribution of the entire NEO population is
determined. This distribution is also valid in regions of orbital space that have never been
sampled by any survey because of extreme observational biases. This underlines the power of
the dynamical approach for debiasing the NEO population.

2.4 The Debiased NEO Population

The model results indicate that 37 = 8% of the NEOs come from the v¢ resonance, 23 + 9% from
the 3:1 resonance, 33 + 3% from the numerous diffusive resonances stretched across the main
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belt, and 6 + 4% come from the Jupiter-family comet region. The model results were
constrained in the JFC region by several objects that are almost certainly dormant comets. For
this reason, factors that have complicated the discussions of previous JFC population estimates
(e.g., issues of converting cometary magnitude to nucleus diameters, etc.) are avoided. Note,
however, that the Bottke et al. (2002a) model does not account for the contribution of comets of
Oort cloud origin. This issue will be discussed in Sections 2.5 and 2.6.

Figure 2-1 displays the debiased (a,e,i) NEO population as a residence time probability
distribution plot. To display as much of the full (a,e,i) distribution as possible in two
dimensions, the i bins were summed before plotting the distribution in (a,e), while the e bins
were summed before plotting the distribution in (a,i). The color scale depicts the expected
density of NEOs in a scenario of steady state replenishment from the main belt and
transneptunian region. Red colors indicate where NEOs are statistically most likely to spend
their time. Bins whose centers have perihelia q > 1.3 AU are not used and are colored white.
The gold curved lines that meet at 1 AU divide the NEO region into Amor (1.0167 AU <q<1.3
AU), Apollo (a> 1.0 AU; q < 1.0167 AU) and Aten (a < 1.0 AU; Q > 0.983 AU) components.
IEOs (Q < 0.983 AU) are inside Earth's orbit. The Jupiter-family comet region is defined using
two lines of constant Tisserand parameter 2 < T < 3. The curves in the upper right show where
T=2 and T=3 for i=0 deg.
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Figure 2-1. A representation of the probability distribution of residence time for the debiased
near-Earth object (NEO) population.
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Figure 2-2 displays the debiased distribution of the NEOs with absolute magnitude H < 18 as a
series of three one-dimensional plots (see Bottke et al. 2002a for other representations of these
data). For comparison, the figure also reports the distribution of the objects discovered up to H <
18, all surveys combined, as of 2003. For objects with an absolute magnitude brighter than
about 18, the object’s diameter would be expected to be larger than one kilometer.
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Figure 2-2. The debiased orbital distribution for NEOs with absolute magnitude H < 18. The
predicted NEO distribution (dark solid line) is normalized to 1200 NEOs. It is compared with
the 645 known NEOs (as of April 2003) from all surveys (shaded histogram).

The absolute magnitude and size-frequency distributions of the NEO population are discussed in
Section 2.7. Most of the NEOs that are still undiscovered have H larger than 16, e larger than
0.4, a in the range 1-3 AU and i between 5-40 degrees. The populations with i >40°, a <1 AU
or a > 3 AU have a larger relative incompleteness, but contain a much more limited number of
undiscovered bodies. Of the total NEOs, 32 + 1% are Amors, 62 + 1% are Apollos, and 6 + 1%
are Atens. Some 49 £ 4% of the NEOs should be in the evolved region (¢ <2 AU), where the
dynamical lifetime is strongly enhanced. As far as the objects inside Earth’s orbit, or IEOs, the
ratio between the IEO and the NEO populations is about 2%. Thus, there are only about 20 IEOs
with H < 18.
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With this orbital distribution, and assuming random values for the argument of perihelion and the
longitude of node, about 21% of the NEOs turn out to have a Minimal Orbital Intersection
Distance (MOID) with the Earth smaller than 0.05 AU. The MOID is defined as the closest
possible approach distance between the osculating orbits of two objects. NEOs with MOID
<0.05 AU are herein defined as Potentially Hazardous Objects (PHOs), and their accurate orbital
determination is considered top priority. About 1% of the NEOs have a MOID smaller than the
Moon's distance from the Earth; the probability of having a MOID smaller than the Earth's radius
1s 0.025%. This result does not necessarily imply that a collision with Earth is imminent since
both the Earth and the NEO still need to rendezvous at the same location, which is unlikely.

2.5 Nearly-Isotropic Comets

We now address the issue of the contribution of nearly-isotropic comets (NICs) to the NEO
population (and the terrestrial impact hazard). Dynamical explorations of the orbital distribution
of the nearly-isotropic comets (Wiegert and Tremaine 1999; Levison et al. 2001) indicate that, in
order to explain the orbital distribution of the observed population, nearly-isotropic comets
(NIC) need to rapidly “fade” (i.e., become essentially unobservable). In other words, physical
processes are needed to hide some fraction of the returning NICs from view. One possible
solution to this so-called “fading problem” would be to turn bright active comets into dormant,
asteroidal-appearing objects with low albedos. If most NICs become dormant, the potential
hazard from these objects could be significant. An alternative solution would be for cometary
splitting events to break comets into smaller (and harder-to-see) components. If most returning
NICs disrupt, the hazard to the Earth from the NIC population would almost certainly be smaller
than that from the NEA population.

To explore this issue, Levison et al. (2002) took several established comet dynamical evolution
models of the NIC population (Wiegert and Tremaine 1999; Levison et al. 2001), created fake
populations of dormant NICs from these models, and ran these fake objects through a NEO
survey simulator that accurately mimics the performance of various NEO surveys (e.g.,
LINEAR, NEAT) over a time period stretching from 1996-2001 (Jedicke et al. 2003). Levison et
al. (2002) then compared their model results to the observed population of dormant comets found
over the same time period. For example, the survey simulator discovered 1 out of every 22,000
dormant NICs with orbital periods > 200 years, H < 18, and perihelion ¢ <3 AU. This result,
combined with the fact that only 2 dormant objects with comparable parameters had been
discovered between 1996-2001, led them to predict that there are a total of 44,000 = 31,000
dormant nearly-isotropic comets with orbital periods P > 200 years, H < 18, and perihelion g < 3
AU.

Levison et al. (2002) then used these values to address the fading problem by comparing the total
number of fake dormant nearly-isotropic comets discovered between 1996-2001 to the observed
number. The results indicated that dynamical models that fail to destroy comets over time
produce ~100 times more dormant nearly-isotropic comets than can be explained by current
NEO survey observations. Hence, to resolve this paradox, Levison et al. (2002) concluded that,
as comets evolve inward from the Oort cloud, the vast majority of them must physically disrupt.
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Assuming there are 44,000 dormant comets with P > 200 years, H < 18, and perihelion ¢ < 3
AU, Levison et al. (2002) estimated that they should strike the Earth once per 370 Myr. In
contrast, the rate that active comets with P > 200 years strike the Earth (both new and returning)
is roughly once per 32 Myr (Weissman 1990; Morbidelli 2001). For comets with P < 200 years,
commonly called Halley-type comets (HTCs), Levison et al. (2002) estimate there are 780 + 260
dormant objects with H < 18 and ¢ < 2.5 AU. This corresponds to an Earth impact rate of once
per 840 Myr. Active HTCs strike even less frequently, with a rate corresponding to once per
3500 Myr (Levison et al. 2001; 2002). Hence, since all of these impact rates are much smaller
than that estimated for / < 18 NEO's (one impact per 0.5 Myr; Bottke et al. 2002a, Morbidelli et
al. 2002a), we conclude that nearly-isotropic comets currently represent a tiny fraction of the
total impact hazard.

In summary, the consequences of the results described above are that asteroids rather than
comets provide most of the present-day impact hazard. This conclusion is discussed further in
the following section.

2.6 The Relative Importance of Long-Period Comets to the Earth’s Impact Flux

Long-period comets, defined as those with orbital periods longer than 200 years, are often
considered the most difficult group of near-Earth objects (NEOs) to deal with should one happen
to be on an Earth-threatening trajectory. The arrival of these objects from the distant Oort cloud
cannot be predicted and, as a rule, they are not discovered until inside the orbit of Jupiter. At the
distance of Jupiter, an inactive cometary nucleus with a diameter of one kilometer and a
geometric albedo equal to 0.04 would have an apparent magnitude fainter than 24 near
opposition and, hence, would be well outside the detection capability of current NEO search
telescopes. Even if a long-period comet should be discovered at the distance of Jupiter’s orbit, it
would take only nine months to reach Earth’s orbit. Hence, warning times for Earth-threatening
long-period comets are measured in months, not years. In addition, the mean Earth impact
velocity for a long-period comet (~55 km/s) is more than twice that for a typical near-Earth
asteroid (~23 km/s) and, for equal masses, it would deliver about six times the impact energy.
To properly allocate the very limited resources available for NEO discoveries and physical
characterization, it is important to understand the relative threat from long-period comets versus
the threat posed by near-Earth asteroids (NEAs).

Estimating the impact flux for long-period comets is particularly difficult because this population
is not well understood. Because the nuclei of active long-period comets are most often hidden
by their gas and dust atmospheres, few reliable measurements are available for their sizes. No
direct measurements of any comet’s mass or bulk density are available. Indirect mass and bulk
density estimates have been made for a number of comets (e.g., Rickman et al., 1987) and these
estimates suggest a bulk density less than 1 g/em’. If we assume the bulk densities for a
cometary nucleus and an S-type NEA are 0.6 and 2.6 g/cm’, respectively, and the mean Earth
impact velocities for long-period comets and NEAs are 55 and 23 km/s, respectively, then the
average impact energy of a long-period comet impact would be only 30% more than a similarly-
sized NEA that impacts the Earth.
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The Earth impact probability for a long-period comet is highest for those objects with perihelia
near the Earth’s orbital distance (q ~ 1 AU) and for those objects whose orbital inclinations are
low with respect to the Earth’s orbit plane (i.e., i ~ 0 or 180 degrees). Since the likelihood of a
comet’s inclination falling within a particular inclination interval is proportional to the sine of the
orbital inclination, one would expect to find relatively few low-inclination, long-period comets
and those that did have a low inclination would be expected to be discovered with the current
NEO discovery surveys that stress observations near opposition and at low ecliptic latitudes
(Marsden and Steel, 1994).

An estimate of the impact flux of long-period comets with the Earth has been attempted by a
number of techniques, all of which include some assumptions or approximations. Sekanina and
Yeomans (1984) plotted the number of actual Earth encounters in history by all comets within a
particular minimum separation distance versus the minimum separation distance itself. For a
sample time of 700 years (1300 - 2000) and taking into account the northern hemisphere
observing bias, the Earth impact rate for all comets was computed to be 2.3 + 0.73 x 10™ impacts
per year or an average of 43 million years between impacts. Assuming the average Earth impact
interval for NEAs with absolute magnitude (H) less than 18 is 0.5 Myr, the relative threat of all
comet impacts versus that due to large NEAs is 0.5/43 ~ 1%. Over the interval from 1700 to
2000, when telescopes and accurate orbit determinations were available, they found the rate of
cometary Earth close approaches remained constant. This suggests that there is a paucity of
small active comets since, were this not the case, the improvement in telescopes and search
techniques over this interval would have resulted in an increasing discovery rate.

Marsden (1992) employed a straightforward technique to arrive at a similar conclusion.
Updating the data used by Marsden, we note that throughout history, until the end of October
2002, there have been 1324 NEAs of all sizes discovered that came to perihelion within 1.05
AU. Their average orbital period is ~3 years so that 441 NEAs arrived at perihelion (and crossed
the Earth’s orbit) each year. During the same interval, 25 short-period comets were discovered
(average orbital period ~ 5 years) that had a perihelion distance of less than 1.05 AU so ~5 of
these short-period comets reached perihelion per year. Again over the same interval, 451 long-
period comets have been discovered that came to perihelion within 1.05 AU. Each of these latter
objects had a minimum orbital period of 200 years, so an upper limit for the number of long-
period comets reaching perihelion each year would be 2.3, with the actual rate likely to be far
less. Using this technique, the relative threat of long-period comets to the NEAs would be
2.3/441 < 0.5%.

Weissman (1997) computed an annual Earth impact rate of 10 for long period comets capable
of causing a crater diameter of 10 km (comets for which the absolute total magnitude Hjy <
16.8). Unlike the total magnitude for asteroids (H), the cometary absolute magnitude (Hio)
contains a significant brightness contribution from the comet’s atmosphere. Weissman (1997)
used Opik’s (1951, 1976) equation to compute the impact probability per return for long-period
comets, Everhart’s (1967) relationship for the number of long-period comets as a function of
their absolute magnitude and his own conversion between absolute magnitude and the mass of
the nucleus. By comparing the annual impact rate for long-period comets (10°) with the rate of
NEAs capable of causing a 10 km crater (9.2 x 10°), he concluded that the threat of long-period
comets is ~11% the threat from NEAs. For this estimate to be correct, some 415 long period

15



comets with H;y < 16.8 must cross the Earth’s orbit each year with 10 of these brighter than Hj,
= 11. Since less than four Earth-crossing comets of any absolute magnitude are actually
observed each year, some 99% of these objects must then go unobserved, which is unlikely.

An early work by Shoemaker and Wolfe (1982) noted an even higher relative threat of long-
period comets but the values provided in this work were meant only to be crude upper bound
estimates. For example, they took as an upper bound on the cratering rate of active comets the
value of the one standard deviation uncertainty for their asteroid cratering rate. They also
concluded that the majority of Earth-crossing asteroids are extinct comets and these were
themselves derived from long-period comets. Both of these ideas have since been abandoned in
the light of more recent results (Levison et al., 2002; Duncan et al., 1988).

Since the estimate by Weissman (1997) is an order of magnitude larger than those by Sekanina
and Yeomans (1984) and the result found using the Marsden (1992) technique, we shall
investigate these estimates using actual Earth close approach data as a reality check. For the
11% estimate to be true, one would expect one close Earth approach by a long-period comet to
come within a certain Earth distance for every ten NEA close approaches to within that distance.
During the interval 1900 — 2002, 155 separate NEAs made Earth close approaches to within 0.1
AU. During the same interval, only two long-period comets have come as close and both of
these approaches occurred in 1983 (1983 J1 Sugano-Saigusa-Fujikawa and 1983 H1 IRAS-Iraki-
Alcock). This comparison, using actual close approach data, suggests the threat of long-period
comets relative to NEAs is 2/155 or ~1%.

The relative constancy of the long-period comet discovery rate over the past 300 years, the
results from the Sekanina and Yeomans (1984) analysis, the Marsden (1992) type analysis and
the above reality check all suggest that the threat of long-period comets is only about 1% the
threat from NEAs. Levison et al. (2002) note that as comets evolve inward from the Oort cloud,
the vast majority of them must physically disrupt rather than fade into dormant comets;
otherwise, vast numbers of dormant long-period comets would have been discovered by current
NEO surveys. This conclusion would strengthen the case against there being a significant
number of dormant long-period or Halley-type comets that annually slip past the Earth
unnoticed. While Earth impacts by long-period comets are relatively rare when compared to the
NEA impact flux, the present number of Earth-crossing asteroids drops very steeply for asteroids
larger than 2 kilometers in diameter, more steeply than the flux of cometary nuclei (Weissman
and Lowry 2003). Hence, it is possible, perhaps even likely, that long-period comets provide
most of the large craters on the Moon (diameter > 60 km) and most of the extinction level large
impacts on Earth (Shoemaker et al., 1990).

The conclusion is that, while a newly discovered Earth-threatening, long-period comet would
have a relatively short warning time, the impact threat of these objects is only about 1% the
threat from NEAs. More generally, the threat from all long-period or short-period comets,
whether active or dormant, is about 1% the threat from the NEA population. The limited amount
of resources available for near-Earth object searches would be better spent on finding Earth-
threatening NEAs with the knowledge that these types of surveys will, in any case, find many of
the Earth-crossing, long-period comets as well. Finally, it has been argued that we currently
enjoy a relatively low cometary flux into the inner solar system and that some future comet
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shower, perhaps due to a passing star in the Oort cloud or a perturbation of our Oort cloud by the
material in the galactic plane, could greatly increase this flux. The time scale for an increased
cometary flux of this type is far longer than one hundred years so that current NEO searches can
afford to concentrate their efforts on the more dangerous NEAs.

2.7 NEA Size-Frequency Distribution

Figure 2-3 summarizes our present knowledge of the population of NEAs. For purposes of
defining populations, we include all NEAs, that is, all asteroids with perihelion ¢ less than 1.3
AU. Included in the figure is a plot of the currently discovered population, believed to be
essentially complete down to about H = 15 or 16. Three main methods have been used to
observationally determine the size-frequency distribution of NEAs. Shoemaker (e.g. 1983) was
perhaps first to estimate the population based on the cratering record of lunar maria. The most
recent attempt to relate the lunar cratering record to the NEA population is by Werner et al.
(2002). When they adopt the usual assumed albedo of 0.11 to relate absolute magnitude to
diameter and then adjust their curve vertically to match the presently discovered population in
the large size range (H < 15), they obtain a very low population at smaller sizes, due to the
pronounced dip in the slope of their population curve in the range 17 < H < 24. They suggest
that maybe there is a systematic increase in albedo with decreasing size, and plot a second curve
shifted to be equivalent to an albedo of 0.25. Thus, they suggest that the dashed curve in the
figure might be appropriate for the small size range, smoothly blending into the solid line at
larger sizes. This brings their estimated population into closer agreement with other methods to
be described next, but still leaves the cratering-derived population estimate well below other
methods.
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Figure 2-3. The population of near Earth Asteroids
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A second method of population estimation is to attempt to estimate what fraction of the
population is expected to be discovered by a given controlled survey, then “bias correct” the
number detected by that survey to obtain an estimate of the total population. Rabinowitz et al.
(2000) employed this method on the small detection samples of Spacewatch and NEAT, using
very coarse size bins two magnitudes in H wide. Bottke et al. (2000; 2002a) used a comparable
bias-correction method to estimate the NEO absolute magnitude distrbution with 13 < H < 22.
This estimate was based on the Spacewatch detections, still a very small sample. Stuart (2001)
was the first to use the much larger LINEAR data sample to attempt a population estimate by the
bias correction method. He used much smaller size bins, 0.5 magnitude wide, to obtain a detailed
size-frequency plot down to H =22.5.

The third method that has been employed is to tabulate the ratio of the number of re-detections of
already known objects to the sum of the number of re-detections plus the number of new
discoveries by a survey in a limited time interval. This should equal the fraction of completeness
of the population in that size range before the start of the controlled time interval. D'Abramo et
al. (2001) used this method to estimate the NEA population using LINEAR discoveries in the
years 1999-2000. In Figure 2-3, updated population estimates using detections in the years
2000-2001 are plotted.

Recently, Harris (2002) has done a relative bias estimate for the LINEAR survey in the size
range 22.0 < H <25.5. In this small size range, the fraction discovered is so small that it takes a
very large computer simulation to make an absolute estimate of detection efficiency. Harris was
able to determine relative detection efficiency in this range with a more limited computer
simulation, and by applying those bias factors to the number of LINEAR discoveries in those
size bins, obtain estimates of the relative population, i.e. the slope of the population line. He
then simply adjusted these vertically to match the Stuart population estimates in his smallest two
overlapping size bins, to extend the population estimate from LINEAR down to H = 25.5, that is,
NEAs only a few tens of meters in diameter and below the size of atmospheric penetration.

One further population estimate is that by Brown et al. (2002), based on infrasound and orbiting
infrared sensors detecting bolide entries into the atmosphere. They estimate the largest NEA
entering the Earth's atmosphere with an annual frequency is about 4 meters in diameter, with an
energy in the range of ~5 KT. This size agrees very well with the smallest size estimate by
Rabinowitz et al. (2000), and a straight-line extrapolation of the Stuart (2001) and Harris (2002)
population estimates.

Considering all of the above estimates, it appears that a single straight line population model
(constant power law in diameter units) fits well enough for this study and is likely within realistic
estimates of current uncertainty. The straight line in the figure is the following function in
logarithmic/magnitude units:

log[NM(<H)] =-5.414 +0.4708H.

In units of diameter, taking an equivalence of H = 18.0 to be equal to D = 1 km, the relation is:

N(>D) = 1148D>***,
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This population model lies slightly above the number currently estimated for the population of
NEAs larger than 1 km, i.e., 1148 rather than the current “best” estimate of ~1000. However, it
is recognized that selection effects tend to work in the direction that population calculations
underestimate the real population, so ~1100-1200 is not an unreasonable guess of the true
population. Technically, this is the estimated number with H < 18. Recently Stuart (2003) has
attempted to estimate a bias-corrected mean albedo for the NEA population and arrives at an
albedo of about 0.14, implying an equivalence of H = 17.75 to D = 1 km. Morbidelli et al.
(2002a), who independently modeled the NEO albedo distribution by combining dynamical data
(Bottke et al. 2002a) with asteroid albedo data from the Sloan Digital Sky Survey (Ivezic et al.
2001), found similar results (i.e., a mean albedo of ~0.13, which leads to an equivalence of H =
17.85 +/- 0.03 to D = 1 km). For our adopted shift in A to diameter, the estimated population is
N(D>1km) = N(H<17.75) = 1090 £ 180. The larger error bar is primarily due to uncertainty in
the albedo calibration.

The above population slightly overestimates, but falls within a factor of 2 or so, of the small
body NEO populations predicted by different groups. By using this model, impact frequencies
may be overestimated somewhat, but this model still lies below earlier population estimates. For
example, this population model predicts an impact interval for Tunguska-sized impactors of
around 500-1000 years, still quite long compared to some previous estimates (See Appendix 4),
and the population of objects larger than one kilometer (1150) is still well below the “traditional”
value of ~2000 in use prior to the Rabinowitz et al. (2000) paper.
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3 THE IMPACT HAZARD: What Remains After the Spaceguard Survey?

At the time of the Spaceguard Survey Report (Morrison 1992), the lower limit to the size of an
impactor that could lead to global environmental consequences was estimated to be around 1.5-2
km. Such events are estimated to occur about once in a million years and could lead to a billion
or more deaths. Thus, the annualized risk is on the order of a thousand deaths per year. In
defining the “Spaceguard Goal”, the intention was to assure that the first generation survey
would discover most near-Earth objects (NEOs) down to 1 km in diameter, thus establishing
with certainty whether or not any such global catastrophe could occur in the next century. As a
public policy, we believe the first step “Spaceguard Survey” is eminently worth the cost. The
purpose of the present study is to assess, in more detail, the benefit to be gained in extending the
survey to smaller NEOs, and to higher levels of completeness among large NEOs. To do this,
the current estimates of the NEO population and impact rate versus size must be evaluated. The
completeness expected of present surveys, over the entire range, from the largest NEOs down to
the smallest size that can penetrate the Earth's atmosphere, must also be assessed. The remaining
risk posed by the undiscovered fraction of the population can then be defined. The impact risk is
broken down into three components: (1) regional damage caused by impacts onto land or, in the
smallest size range, air bursts over land; (2) tsunami damage caused by impacts into the sea; and
(3) global climatic catastrophes from large impacts, largely independent of where they strike.
For each of the three classes of hazard, an attempt is made to assess the uncertainty range of our
estimates by assigning minimum, nominal, and maximum values of risk versus impactor size.

3.1 NEO Population, Impact Frequency, and Expected Completeness

Stuart (2003) obtains an estimate of the cumulative population of near-Earth asteroids (NEAs) of
absolute magnitude 18.0 or brighter of N, (H <18) =1227""". Using various bias-corrections

to relate magnitude to diameter, he finds that the equivalence of 1 km in diameter lies in the
range of absolute magnitude H = 17.62 - 17.83. Morbidelli et al. (2002b) obtain a similar result.
Henceforth, H = 17.75 is taken to be equivalent to D = 1.00 km. Note that this represents a
change from the Spaceguard Report (Morrison, 1992) and several subsequent works where H =
18 was taken to be equivalent to a diameter of one kilometer. For the adopted slope of the
population function of -2.354 (slightly different than that obtained by Stuart), the population
function becomes:

Nxea(>D) = 942073,

where Nxga 1s the cumulative number of NEAs larger than diameter D in km.

In this study, we concentrate only on the population of potentially hazardous objects (PHOs),
which we define as NEAs and extinct short-period comets with a minimum orbit intersection
distance (MOID) < 0.05 AU from the Earth's orbit. For the NEO orbital distribution defined in
the previous section, the ratio of PHOs to NEOs is 0.21 (Bottke et al. 2002). Thus the
cumulative population model for PHOs is:

N(D) = 198D,
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In order to assess the impact hazard over the entire range of size, we break the population up into
size bins. We choose a bin width of a factor of two in mass, or 2" in diameter. Thus, in a size
bin from D; to D, = 21/3D1, and midrange (D) = 2V 6D1, the number of PHOs in that bin is:

n(Dy-Dy) = 82.4Dy7*** = 141.9 D, = 108.1(Dy****

Table 3-1. PHO Population, Impact Frequency, and Projected Completion

Debe 1D g, B NGDy) | n(D-Dy) ’;‘r’f? -0 | 1-On
.0279-.0352 0313 25.0-25.5 | 1.91e+00 9.00e5 3.78e5 3.17e-3 1.000 | 3.75e5
.0352-.0443 .0394 24.5-25.0 | 3.81e+00 5.22e5 2.19e5 1.84e-3 1.000 | 2.19e5
.0443-.0559 .0496 24.0-24.5 | 7.63e+00 3.03e5 1.27e5 1.07e-3 1.000 | 1.27e5
.0559-.0704 .0625 23.5-24.0 | 1.53e+01 1.76e5 7.38e4 6.19¢-4 1.000 | 7.38e5
.0704-.0887 0787 23.0-23.5 | 3.05e+01 1.02e5 4.29¢4 | 3.60e-4 999 | 4.29¢4
.0887-.1117 .0992 22.5-23.0 | 6.10e+01 5.93e4 2.49¢4 | 2.09¢e-4 996 | 2.48e4
1117-.141 125 22.0-22.5 | 1.22e+02 3.44¢e4 1.44¢4 1.21e-4 996 | 1.43e4

141-.177 157 21.5-22.0 | 2.44e+02 2.00e4 8.38¢e3 7.03e-5 .984 8250
177-223 .198 21.0-21.5 | 4.88e+02 1.16e4 4.87e3 | 4.08e-5 979 4770
223-.282 250 20.5-21.0 | 9.77e+02 6.73¢e3 2.83e3 2.37e-5 967 2740
282-.355 315 20.0-20.5 | 1.95e+03 3.91e3 1.64€3 1.38e-5 931 1530
.355-.447 397 19.5-20.0 | 3.91e+03 2.27e3 952 | 7.99e-6 902 859
447-.563 .500 19.0-19.5 | 7.81e+03 1.32¢3 553 4.64e-6 .827 457
.563-.709 .630 18.5-19.0 | 1.56e+04 765 321 2.69e-6 .744 239
.709-.894 794 18.0-18.5 | 3.13e+04 444 186 1.56e-6 .598 111
.894-1.126 1.00 17.5-18.0 | 6.25¢+04 258 108 9.07e-7 472 51.0
1.126-1.42 1.26 17.0-17.5 | 1.25e+05 150 62.8 | 5.26e-7 342 21.5
1.42-1.79 1.59 16.5-17.0 | 2.50e+05 86.8 36.4 | 3.06e-7 246 8.95
1.79-2.25 2.00 16.0-16.5 | 5.00e+05 50.4 21.1 1.77e-7 .159 3.35
2.25-2.84 2.52 15.5-16.0 | 1.00e+06 29.3 12.3 1.03e-7 .048 0.59
2.84-3.58 3.17 15.0-15.5 | 2.00e+06 17.0 7.12 | 5.98e-8 .000 0
3.58-4.50 4.00 14.5-15.0 | 4.00e+06 9.86 4.14 3.47e-8 .000 0
4.50-5.68 5.04 14.0-14.5 | 8.00e+06 5.72 240 | 2.01e-8 .000 0
5.68-7.15 6.35 13.5-14.0 | 1.60e+07 3.32 1.39 1.17e-8 .000 0
7.15-9.01 8.00 13.0-13.5 | 3.20e+07 1.93 .809 6.79¢-9 .000 0

>9.01 <13.0 | >4.5e+07 1.12 - - .000 0

The bin width chosen corresponds to 0.5017 in absolute magnitude, H, of NEOs, assuming
constant albedo with size. Thus, the bin width is almost exactly equal to the half-magnitude bin
widths used in NEO population estimates (e.g., Stuart 2001, D'Abramo et al. 2001). For
convenience, we take (D) = 1.0 km as the center of one of the bins. The equivalent absolute
magnitude associated with that bin center is () = 17.75, and the bin boundaries are H = 17.50
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and 18.00. Table 3-1 lists the size bins from the smallest NEOs that penetrate the atmosphere up
to sizes much larger than any that may remain undiscovered. For each size bin, we tabulate:

D-D;: the range of diameter;

(D): mean diameter within the bin;

H,-H;: the range of absolute magnitude H;

(E): the impact energy in megatons of TNT for an object of size (D), density 2.5 g/cm’
and velocity of 20 km/s;

N(>D,): the total number of NEOs larger than Dy;

6. n(D;-Dy): the number in size range D, to Dy;

7. f(n): the impact frequency expected from that population.

=

9]

In a recent analysis of impact frequency, f(n), based on the currently known population of NEOs
of H < 18.0, Harris (2003) finds a single-object NEO impact frequency of ~1.6 x 10” yr™'. Scaled
to relate only to the PHO population (130 objects), the rate is 8.4 x 10” yr''. The next column
lists the incompleteness, (1 - C), of objects in each size range expected after 5 more years of the
current surveys (i.e., what fraction of PHOs remain undiscovered after the Spaceguard Survey),
and in the final column, the number of objects in the size range that remain undiscovered,
according to that estimate. This estimate of completion is obtained by running the FROSST
simulation (as discussed in Section 6.1 of this report) with LINEAR parameters for 5 years
starting with the present level of completion. This estimate of completion is lower than some
other estimates of expected completion by 2008, perhaps because it ignores the contributions
from other surveys and the inevitable improvements over time. However this only affects our
assessment of remaining risk from the largest, global events. It can be further noted that this
component of the remaining risk will be easily eliminated by even the most modest of the next-
generation surveys. In any case, only a baseline case is established here for the simulations and
not an attempt at a realistic estimate for the completion levels at the end of 2008.

3.2 Regional Damage from Land Impacts

To assess the hazard from land impacts as a function of impactor size we begin with the
estimates of blast damage as a function of impactor size by Hills and Goda (1993). Figure 3-1,
from that paper, is their plot of radius of destruction versus impactor radius (note: their scale is
radius, not diameter), for hard stone impactors of mean density 3 g/cm’.

According to their calculations, objects up to about 150 m in diameter will deposit most of their
energy in the atmosphere rather than hitting the ground at cosmic velocities. Thus, in the range
from about 40 - 150 m in diameter, impact events will be air bursts, like the Tunguska event of
1908, rather than cratering events. Recently Bland and Artemieva (2003) used a similar type of
analysis to obtain an upper limit of 220 meters for an air blast but, given the uncertainties
inherent in these analyses, the Team retained the 150-meter limit established earlier by Hills and
Goda (1993). In Table 3-2, we list the mean impactor diameter for each of our size bins,
followed by the radius of destruction, Rp, for hard stone impactors which was determined from
Figure 3-1, assuming an impact velocity of 20 km/sec. Next, we tabulate the fraction of the
Earth's surface, Fp, represented by the area of the radius of destruction in the previous column,
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followed by that fraction multiplied by the population of the Earth (6 x 10”), which is the
estimated average number of fatalities per event, ;. The next three columns list our estimates of
the minimum, nominal, and maximum number of fatalities per year, Fy, for each size of
impactor. The nominal value is the product of impact frequency f(n) times F;. Note that in
doing this calculation, we do not adjust for the fraction of impacts that occur on land rather than
in the ocean. To do so, the frequency f(n) would be reduced by the ratio of land area to the total
area of the Earth, but we would also have to increase the average population density of the land
area, and hence the fatalities per event, /', by the same factor, so the product, F\,, would be
unchanged. Nevertheless, it is worth remembering that the actual frequency of land impacts is
about a factor of 3 less than given by f(n) in Table 3-1, and the average number of fatalities per
land impact is correspondingly greater than F; by the same factor.
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Figure 3-1. Radius of Destruction versus Impactor Radius, From Hills and Goda (1993)

Because the blast damage from land impacts is similar in nature and scale to blast damage from
nuclear explosions, which have been well studied, the range of uncertainty is not as large as we
will see for tsunami damage or global climatic effects, for which there is no “ground truth”. For
minimum and maximum values of blast damage, we assume an uncertainty of a factor of two in
energy needed to produce a given radius of destruction and number of fatalities. Thus the
minimum and maximum values for Fpp and F; are simply shifted up and down one size bin from
the nominal values tabulated. The two columns of Table 3-2 that list the minimum and
maximum estimates of F\, are obtained from the shifted values of F times the impact frequency
for each size bin. Finally, the last three columns of the table list the remaining hazard, using the
incompleteness (1-C) remaining after 5 more years of the present level survey.
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Table 3-2. Expected Damage from Impacts onto Land

<D> RD F F Fyr Fyr Fyr (l'C)Fyr (l'oFyr (l'oFyr

km km b ! Min. Nom. | Max. | Min. Nom. Max.
0.031 0.00 | 0.00E+00 | 0.00E+00 0.00 0.00 0.00 0.00 0.00 0.00
0.039 0.00 | 0.00E+00 | 0.00E+00 0.00 0.00 3.64 0.00 0.00 3.64
0.050 7.30 3.28E-07 | 1.97E+03 0.00 2.11 11.85 0.00 2.11 11.85
0.062 17.30 1.84E-06 | 1.10E+04 1.23 6.88 14.03 1.23 6.88 14.03
0.079 24.70 3.75E-06 | 2.25E+04 3.99 8.14 12.33 3.99 8.14 12.33
0.099 30.40 5.68E-06 | 3.41E+04 4.73 7.16 9.54 4.72 7.15 9.53
0.125 35.10 7.57E-06 | 4.54E+04 4.16 5.54 7.09 4.14 5.52 7.06
0.157 39.70 9.69E-06 | 5.81E+04 3.22 4.11 531 3.20 4.10 5.29
0.198 45.10 1.25E-05 | 7.50E+04 2.39 3.08 4.34 2.35 3.03 4.27
0.250 53.50 1.76E-05 1.06E+05 1.79 2.52 397 1.75 2.46 3.89
0.315 67.22 2.78E-05 1.67E+05 1.46 2.31 3.66 1.41 2.23 3.54
0.397 84.69 4.41E-05 | 2.64E+05 1.34 2.13 3.37 1.25 1.98 3.14
0.500 106.70 7.00E-05 | 4.20E+05 1.23 1.96 3.11 1.11 1.77 2.80
0.630 134.43 1.11E-04 | 6.66E+05 1.14 1.80 2.87 0.94 1.49 2.37
0.794 169.38 1.76E-04 | 1.06E+06 1.05 1.66 2.64 0.78 1.24 1.96
1.000 213.40 2.80E-04 | 1.68E+06 0.97 1.53 243 0.58 0.92 1.45
1.260 268.87 4.44E-04 | 2.67E+06 0.89 1.41 2.24 0.42 0.67 1.06
1.587 338.75 7.05E-04 | 4.23E+06 0.82 1.30 2.07 0.28 0.45 0.71
2.000 426.80 1.12E-03 | 6.72E+06 0.76 1.20 1.90 0.19 0.29 0.47
2.520 537.73 1.78E-03 1.07E+07 0.70 1.10 1.75 0.11 0.18 0.28
3.175 677.50 2.82E-03 1.69E+07 0.64 1.02 1.62 0.03 0.05 0.08
4.000 853.60 448E-03 | 2.69E+07 0.59 0.94 1.49 0.00 0.00 0.00
5.040 | 1075.47 7.11E-03 | 4.26E+07 0.54 0.86 1.37 0.00 0.00 0.00
6.350 | 1355.01 1.13E-02 | 6.77E+07 0.50 0.80 1.26 0.00 0.00 0.00
8.000 | 1707.20 1.79E-02 | 1.07E+08 0.46 0.73 1.17 0.00 0.00 0.00
10.079 | 2150.94 2.84E-02 | 1.71E+08 043 0.68 1.07 0.00 0.00 0.00
Total all size bins | 35.01 | 60.98 | 106.13 | 2848 | 50.65 | 86.12

From Table 3-2, it can be seen that the total fatality rate from land impacts of NEOs below the
threshold for global catastrophe is only about 60/year, a tiny fraction of the hazard from larger,
globally hazardous events. Figures 3-2 and 3-3 are plots of the total land impact hazard and the
fraction remaining after five more years at the current search survey efficiency.

In performing the above calculations, we have, as noted, ignored the uneven distribution of
population on the Earth. In addition to the simple fact that people live on the land and not on the
sea, the population on land is also very unevenly distributed. As a result, most sub-global events
are unlikely to cause any fatalities, and only the extraordinarily rare events over heavily
populated areas will result in large numbers of fatalities. To investigate this quantitatively, we
obtained a digital population map of the world from data compiled by the National Center for
Geographic Information and Analysis (NCGIA, 2003). This map gives the population within
each cell of 5 arc minutes of latitude and longitude on the Earth's surface from latitude —57° to
+72° (there is essentially no population outside of this range). This works out to about 6.7 x 10°
cells covering most of the Earth's surface.
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Figure 3-2. Total Land Impact Hazard
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Figure 3-3. Residual Land Impact Hazard

To estimate the number of fatalities expected from events of each size, we extend the 5 arc
minute grid over the full latitude range —90° to +90° by inserting zero population in each of the
additional cells, and simulate an impact centered on each of the total of 9.3 x 10° cells. At each
cell location, we map the fraction of neighboring cells included in a circle of radius equal to the
Hills & Goda (1993) radius of destruction for the event size considered, and sum up the total
casualties expected from an event at that location. We then sum over all possible events,
weighted by the cosine of latitude of each event, since the grid with constant steps in longitude
has equal numbers of events at each latitude whereas the actual surface area of the Earth at each
latitude decreases as cosine of latitude. We thus tabulate the fraction of events of a given
impactor size versus expected fatalities. Table 3-3 lists the results, using the same factor-of-two-
in-mass bins as Table 3-1. The first two columns repeat the mean impactor diameter and impact
frequency as in Table 3-1. The remaining pairs of columns list the fraction @y of events of that
impactor size that result in >N fatalities, and the frequency, fy = f(n)®y that such an event is
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expected. The three rows at the bottom list, for the sum over all sizes, the frequencies of events
with >N fatalities; the inverse of this frequency, which is the mean time between such events;
and, finally, the dominant size of impactor responsible for events of that magnitude. A column
for N > 0 is not included because it does not differ from the N > 10 column.

Table 3-3. Distribution of Event Fatalities over Size of Impactor, Land Impacts

(D) fln) Dy Sfio Do S Ok fik Dk Sk Dok Sfiok  [On i Duv  Sfiow [ @room Sioom
km 10! 10%y"! 10°%! 10! 10! 10%! 10! 10! 10%y"!
0.050 1070 24 257 18 193 11 118 .06 64 011 12 - - - - - -
0.062 619 .26 161 25 155 21 130 12 74 036 22 .0023 1.4 le-6  6e-4 |- -
0.079 360 27 97 .26 94 24 86 .16 58 .06 22 006 2.2 le-5 .004 |- -
0.099 209 28 59 27 56 25 52 18 38 075 16 012 25 Se-5 .01 - -

0.125 121 28 34 .28 34 .26 31 19 23 .085 10 017 2.1 .0001 .01 - -

0.157 70.3 29 20 .28 20 .26 18 .20 14 .10 7 022 15 .0003 .02 - -
0.198 40.8 29 12 29 12 27 11 21 9 12 5 028 1.1 .0004 .02 - -
0.250 23.7 .30 7 .30 7 28 7 23 5 13 3 042 1.0 .0015 .04 - -

0.315 13.8 31 4.3 .30 4.1 29 4.0 25 3.5 15 2.1 059 0.8 .004 .06 - -
0.397 7.99 32 2.6 31 2.5 .30 2.4 27 22 .19 1.5 079 0.6 .009 .07 - -
0.500 4.64 33 1.5 .33 1.5 32 1.5 28 1.3 .23 1.1 .10 0.5 014 .07 - -
0.630 2.69 34 0.9 .34 0.9 .33 0.9 .30 0.8 25 0.7 13 035 [.026 .07 - -
0.794 1.56 .36 0.56 |.36 0.56 |[.35 0.56 |[.32 0.50 |[.28 044 |.16 025 [.045 .07 - -
1.000 0.907 |.38 034 |.38 034 (.37 034 [.35 032 .31 028 [.19 0.17 [.062 .056 |- -
1.260 0.526 |.40 0.21 |.40 0.21 (.40 021 |[.36 0.19 (.34 0.18 .23 0.12 {.09 0.05 [.005 0.003
1.587 0.306 |.44 0.13 [.43 0.13 |.43 0.13 (.40 0.12 |.37 0.11 |[.28 0.09 .13 0.04 [.012 0.004
2.000 0.177 |.46 0.08 |.46 0.08 .45 0.08 .45 0.08 |.40 0.07 .33 0.06 |.17 0.04 [.024 0.004

Total 2545 - 658 |- 581 |- 463 |- 294 |- 103 |- 15 - 0.63 |- 0.011
t, yrs 393 1,500 1,700 2,200 3,400 9,700 70K 1.6M 90M
D - 50m 60m 60m 70m 70m 100m 600m 1.5km

The total frequency for all events with N > 0, that is, the frequency of any land impact event
causing even a single fatality, is about one per 1,500 years. Note that only about 1/4 of all events
result in even a single fatality, but this is expected since that is about the fraction that are not
over water or polar regions with no population. It is noteworthy that the average frequency of
events does not fall off much with increasing fatalities up to about 10,000 per event. This again
is not surprising because there are not many highly isolated settlements of fewer than 10,000
individuals. So although the interval between events causing even one fatality is around 1,500
years, an event causing 10,000 fatalities or more is half as frequent. It is perhaps surprising that
the majority of these highly lethal events are expected from small impactors, in the size range
~70-200m in diameter, rather than from the local effects of the larger but less frequent impacts
by km-sized objects. This shifts dramatically in the N > 10 and N > 100 million fatality events,
where the largest impactors are indeed the predominant, or even only, source of such events.
However, the frequency of such events is even less than the expected frequency of events
causing global climatic catastrophe, and the size range of objects causing such events is in the
range of NEOs already being well cataloged by the present surveys. Thus we see that below the
size range of global catastrophe, the next most important size range for land damage is at the far
lower end of the size range that can only just make it through the atmosphere.
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3.3 Tsunami Hazard from Ocean Impacts

Analogous to the above analysis for land impacts, Chesley and Ward (2003) have produced an
analysis of the risk from impact-generated tsunamis as a function of impactor size and including
estimates of model uncertainties. They followed the models of wave size and coastal runup and
penetration of Ward and Asphaug (2000), coupled with a model of coastal population derived
from Small et al. (2000). Following Ward and Asphaug (2000), they used a single power law
model of NEO population, but about a factor of 5 less frequent impacts at a given size than
assumed by Ward and Asphaug. This reduction in frequency is consistent with the population
derived in Section 2.7 of this report and used in the land impact risk analysis in Section 3.2. The
frequency adopted corresponds to one impact per 500,000 years of an asteroid 1 km in diameter
or larger.

In doing their analysis, Chesley and Ward evaluated a number of uncertainties in the analysis.
These include the minimum practical elevation above sea level of population settlement, due to
other natural variations like diurnal tides and frequent storm waves, and “harbor protection”; that
is, much of the world’s population that lives very near sea level occupies land inside of estuaries
and other protected areas. Melosh (2003) has argued, based on the report of Van Dorn et al.
(1968), that short wavelength tsunami waves from small impactors would break upon passing
over continental shelves, thus substantially reducing the coastal run-up of impact generated
tsunami waves. In their paper Chesley and Ward assign lower and upper bounds for all of these
uncertainties and more, to obtain overall limits on the tsunami risk as a function of impactor size.

The results are summarized in Table 3-4. As in Table 3-2 we tabulate the range of the risk for
the total hazard, F\,, and the fraction, (1-C)Fy,, estimated to remain undiscovered after five more
years of a LINEAR-like survey. In each category, the numbers are estimates of the annualized
inundation rate of population, that is the number of people who live close enough to the shoreline
and at low enough elevation to be affected by impact tsunamis, in each impactor size bin.

Chesley and Ward find that the highest risk comes from small (but more frequent) events. Thus
the image of a “killer tsunami” of tens of meters height and moving at tens of km/hr is not likely.
Instead the main risk is from waves of only a few meters height and penetrating only a km or less
inland. We expect that many people affected by such relatively small tsunami will successfully
evacuate. Therefore the numbers (Fy; Tsunami) should be taken as a measure of property damage
rather than expected fatalities. One can suppose, based on historical fatality rates from
earthquake tsunami, that actual fatalities might be only 10% or so of the number of people within
an inundation zone.

Figures 3-4 and 3-5 are histograms of the estimated “lives at risk” (property damage) per year
from impact-generated tsunami, as a function of impactor size. Figure 3-4 is for the total NEO
population and Figure 3-5 is the risk from the estimated fraction remaining undiscovered.
Clearly the current NEO discovery efforts will not significantly address the hazards due to
impact-generated tsunami.
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Table 3-4. Expected Tsunami Damage from Impacts into the Sea

(D) Fyr (I'C)Fyr
km Min Nom Max Min Nom Max
0.062 0.00 0.00 0.00 0.00 0.00 0.00
0.079 0.12 0.37 0.77 0.12 0.37 0.77
0.099 0.74 2.29 4.77 0.74 2.29 4.75
0.125 243 7.51 15.59 242 7.48 15.53
0.157 542 16.78 34.84 5.33 16.51 34.29
0.198 7.79 24.12 50.09 7.63 23.61 49.03
0.250 8.24 25.51 52.97 7.97 24.66 51.23
0.315 7.94 24.59 51.07 7.40 22.89 47.55
0.397 7.10 21.96 45.62 6.40 19.81 41.15
0.500 6.07 18.79 39.03 5.02 15.54 32.28
0.630 474 14.68 30.50 3.53 10.92 22.69
0.794 3.31 10.25 21.29 1.98 6.13 12.73
1.000 2.14 6.64 13.78 1.01 3.13 6.51
1.260 1.33 4.11 8.55 045 1.41 2.92
1.587 0.78 2.40 4.99 0.19 0.59 1.23
2.000 0.40 1.24 2.58 0.06 0.20 0.41
2.520 0.20 0.62 1.29 0.01 0.03 0.06
3.175 0.10 0.31 0.65 0.00 0.00 0.00
4.000 0.05 0.15 0.32 0.00 0.00 0.00
5.040 0.02 0.07 0.15 0.00 0.00 0.00
6.350 0.01 0.03 0.07 0.00 0.00 0.00
8.000 0.00 0.02 0.03 0.00 0.00 0.00
10.079 0.00 0.01 0.02 0.00 0.00 0.00
Total 58.95 182.46 378.96 50.26 155.57 323.11
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Figure 3-4. Tsunami Risk from Total Impactor Population
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Residual Tsunami Hazard
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Figure 3-5. Remaining Tsunami Risk from Undiscovered Impactor Population

3.4 Global Impact Risk from Large Impacts

The risk of a global environmental catastrophe resulting from the impact of an asteroid larger
than 1 km in diameter is what motivated the original Spaceguard Survey. The risk associated
with such an event is so large that the residual risk from even the small fraction of the population
that will remain undiscovered by the present surveys is substantial. The uncertainty in this
category is dominated by (a) what fraction of the remaining impactor population will remain
undiscovered, and (b) the threshold size of impact that can cause a global climatic catastrophe.
The coupling between these two uncertainties exacerbates the range of uncertainty, because the
fraction of undiscovered NEOs increases rapidly with decreasing size.

In Table 3-5 we attempt to quantify the global hazard and the risk that remains following the
present survey. Toon et al. (1997) estimate that an impact energy of ~10° MT is the lower limit
for global environmental effects. From Table 3-1, this energy relates to an impactor slightly
larger than 1 km in diameter. They further estimate that at an energy as great as 10° MT ((D) =
2.5 km), global effects would be major, placing a substantial fraction of the world's population at
risk, and by 10’ MT ((D) = 5 km), most of the world's population would be at risk.

A final touch point is the impact that led to the extinction of the dinosaurs, which is estimated to
have been an object about 10 km in diameter (10° MT). By this size, most of the world's
population would almost certainly perish. To attempt to capture these large impactor fatality rate
estimates quantitatively, and assign an uncertainty range, we adopt as the “nominal” level a
fatality rate (%F) of zero in size bins below (D) = 1.587 km, 10% in that size bin, advancing to

29



20%, 30%, etc. in successive larger size bins. This leads to 90% in the largest size bin for (D) =
10.079 km. It appears from the various graphs and tables in the Toon et al. (1997) paper that
there is an uncertainty of about half an order of magnitude between energy of impact and the
resulting environmental effects. Therefore, we establish the minimum and maximum effect
levels by shifting our percentage “kill curves” up and down by two size bins, or a factor of 4 in
impact energy. This results in an absolute lower bound of global effects falling in the (D) = 1.00
km bin, or for minimum effect, in the (D) = 2.52 km bin. This range reasonably captures the
uncertainty range given by Toon et al. (1997).

Table 3-5. Expected Damage from Global Environmental Effects of Large Impacts

(D) Minimum Nominal Maximum
km %F| Fy |(1-O)Fy| %F Fy, (1-O)F,, | %F Fy, (1-O)Fy,
0.794 0 0 0 0 0.00 0.00 0 0.00 0.00
1.000 0 0 0 0 0.00 0.00 10|  547.61| 258.47
1.260 0 0 0 0 0.00 0.00 20| 635.76| 217.43
1.587 0 0 0 10| 184.53 45.39 30| 55358 136.18
2.000 0 0 0 20| 214.23 34.06 40| 42846 68.12
2.520] 10| 62.18 298| 30| 186.54 8.95 50/ 310.89 14.92
3.175( 20f 72.19 0| 40| 14437 0.00 60| 216.56 0.00
4.000] 30| 62.86 0 50| 104.76 0.00 70|  146.66 0.00
5.040| 40| 48.65 0| 60 72.97 0.00 80 97.30 0.00
6.350 50/ 35.30 0| 70 49.42 0.00 90 63.54 0.00
8.000] 60| 24.59 0 80 32.79 0.00] 100 40.98 0.00
10.079] 70|  16.65 0| 90 21.41 0.00{ 100 23.79 0.00
Total - 32241 2.98 -| 1011.01 88.41 -| 3065.13]  695.13
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Figure 3-6. Risk from Global Environmental Effects of Large Impacts, Total Impactor
Population
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Figure 3-7. Risk from Global Environmental Effects of Large Impacts, Residual Undiscovered
Impactor Population

The uncertainties we have assigned result in a full order of magnitude range in the estimated
hazard from global impacts. Even greater is the range of residual risk, (1-C)F\,, since the
population of undiscovered PHOs is even steeper than the full population. Figures 3-6 and 3-7
are histograms plotting the people affected per year versus impactor size for the total global risk
and for the residual risk from undiscovered PHOs.

3.5 Hazard from Long-Period Comets

The impact hazard from long-period comets is perhaps the most difficult to assess quantitatively,
but a reasonable estimate appears to place the risk at such a low level (< 1% that of NEOs of
comparable size) that further quantification at this time seems unnecessary (see Section 2.6).
The flux of long-period comets in parabolic orbits is essentially isotropic in direction, so
calculating the impact probability per object passing closer than 1 AU from the Sun is
straightforward, and yields an impact probability of 2.2 x 10 per perihelion passage (Weissman,
1997). Weissman (1997) further indicates that the frequency of observed long-period comet
passages closer than 1.05 AU from the Sun is ~2.4 per year. We have confirmed this, finding
that there were 22 (non-SOHO) long-period comets with perihelia less than 1.05 AU discovered
in the past decade (1993-2002). One can imagine that a few comets may escape discovery, so
we adopt a total number of 3/year. It is generally agreed that the size-frequency distribution of
long-period comets is much shallower than the asteroid distribution, with the power law
exponent in the range of -1.3 to -2.0, rather than the NEA value of -2.354. Lamy, et al. (2003)
claims a slope of only -1.23 down to a diameter of 4 km, and further notes that the population of
small nuclei (D < 3.2 km) appears to be seriously depleted. Finally, we note that the frequency
of “great comets”, with nuclei estimated to be ~9 km in diameter or larger, passing closer than 1
AU from the Sun, is very roughly once per decade. From these constraints, we infer a flux of
Earth-crossing long-period comets of:
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Nc(>D)=5.6D"%, D>1.4km;
Ne(>D)=3.0, D<1.4km.

This flux can now be broken up into the same size bins used for asteroids. Using the impact rate
per perihelion passage, we can calculate an impact flux for each size bin. Long-period comets
have a mean impact velocity on the Earth somewhat more than twice that of NEOs, but the
nuclei are expected to be perhaps five times less dense, so overall the impact energy of a comet
nucleus of a given size is only perhaps 30% greater than the same size asteroid, a difference well
below the accuracy of the calculations we are making. Thus, we will simply take the impact
consequences to be equal. In Table 3-6, we list for each diameter the long-period comet flux,
Nc(>D), and the corresponding impact frequency, fc, in impacts per year, along with fatality
estimates following the algorithm we employed for global effects from large NEO impacts. We
compute only a “nominal” curve, although one could impose similar maximum and minimum
estimates by shifting the “kill curve” up or down by two size bins.

Figures 3-8 and 3-9 illustrate the long-period comet impact hazard. In Figure 3-8, we plot the
comet hazard by itself, since it is dwarfed by other components of the impact hazard. In Figure
3-9, we place it in perspective along with the various NEO impact hazards (land, tsunami, and
global), Here we display only the residual hazard levels projected for the end of the ten-year
Spaceguard Survey. We plot only the nominal values of hazard, not the maximum and minimum
ranges.

Table 3-6. Expected damage from global environmental effects of long-period comet impacts

(D)km | Nc(>D1) |nc(D1-D2)|  fc %F Fy,
1.260 3.00 0l 0.00E+0 0 0.00
1.587 3.00 1.04| 2.29E-09 10 1.37
2.000 1.96 0.68| 1.49E-09 20 1.79
2.520 1.28 0.44| 9.76E-10 30 1.76
3.175 0.84 0.29| 6.38E-10 40 1.53
4.000 0.55 0.19| 4.17E-10 50 1.25
5.040 0.36 0.12| 2.73E-10 60 0.98
6.350 0.23 0.08| 1.78E-10 70 0.75
8.000 0.15 0.05| 1.17E-10 80 0.56

10.079 0.10 0.03] 7.62E-11 90 041
Total 3.00| 6.60E-09 - 10.41
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Figure 3-9. Residual impact hazard from all sources, inc




3.6 Summary of the Impact Hazard after Spaceguard

In the previous sections, we have attempted to quantify the impact hazard due to local damage by
land impacts, tsunami damage from impacts into the sea, and from global environmental effects
from the largest impacts into either land or sea. We also considered the frequency of large comet
impacts and conclude that they constitute only a tiny fraction of the impact hazard, even after the
completion of a first generation Spaceguard Survey. For each of these hazards, we estimate the
total hazard and the remaining hazard from undiscovered objects after five more years of the
current surveys. Figures 3-10 and 3-11 are summary plots of the overall hazard, before any
surveys, and after five more years of the current surveys. Table 3-7 summarizes the residual
impact hazard from all sources, assuming the completeness we infer after five more years of the
present survey. It should be remembered that the largest component of the residual hazard, from
the undiscovered large PHOs, is overestimated due to our conservative estimate of completeness
to be achieved by current surveys. The residual hazard from large PHOs may in fact be a factor
of 2 or 3 times less, but in any event will be easily retired by even a modest augmentation to
existing surveys. The estimated hazard from smaller impactors is essentially independent of our
estimate of completion from present surveys because completion is very low, and thus most of
the hazard remains. Finally, it should be noted that in combining all three categories of impacts
in units of “people affected”, we have glossed over the fact that the different categories of impact
“affect” people differently. In the case of local blast damage from small land impacts, both
property and lives are lost, so “people affected” is a measure of fatalities and property loss. For
global environmental catastrophe from the largest impacts, our estimates are of lives lost, and
property destroyed may be minimal outside the blast area. In the case of impact tsunamis
(dominant in the mid-range from 200 m to 1 km diameter), we expect most affected individuals
will escape by evacuation, so the number of “people affected” should be taken as a proxy for
property damage. Actual lives lost could be a small fraction of that number, perhaps 10%.
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Figure 3-10. Summary of Overall Impact Hazard

34



People Affected per Year

300

250

200

150

100

50

Residual Overall Hazard

O Max

B Nom

_‘ @ Min

$

N ©O 9 O P O O > O O o0 O O

<D> - km

o O O O O

Figure 3-11. Residual Hazard after Five More Years of Current Surveys

Table 3-7. Summary of Residual Impact Hazard

Residual hazard Source
Case casualties/year Land Tsunami Global
Minimum 81 34% 62% 4%
Nominal 293 17% 53% 30%
Maximum 1105 8% 29% 63%
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4 CANDIDATE TECHNOLOGIES AND SYSTEMS

In order to estimate the performance achievable by an asteroid search system based on current
technology, the Team chose to implement a detailed search simulation. The simulation,
described in detail in Section 6, takes as input estimates of the asteroid population of interest
(i.e., size, orbital parameters, albedo), and “observes” this population over a simulation time of
years with a variety of search sensors. A critical input to the simulation is the set of
characteristics of the search sensors. This section describes the methodology behind the
selection of potential sensors and the estimation of each sensor’s performance.

The primary objectives of the sensor complement are: (1) the initial discovery of previously
unknown, potentially hazardous asteroids and (2) acquisition of sufficiently accurate astrometric
measurements of the asteroid’s angular position and velocity to enable timely orbit determination
and eventual cataloging of the objects discovered.

The sensor technologies initially chosen for evaluation include:

1. Ground-based visible band search telescopes, which have provided the vast majority of
discoveries and observations to date.

2. Space-based visible band search telescopes, which have potential advantages with respect
to search duty cycle and timely access to a larger portion of the sky (3w solid angle) than
is achievable from the ground. In addition, the seeing and background noise are
favorable due to the lack of an atmosphere. These advantages, however, typically come
at the expense of the higher costs associated with fabricating, launching and operating
space systems.

3. Space-based infrared (IR) search telescopes, which have the advantages associated with
space-based visible band systems, along with potential detection sensitivity advantages,
for a portion of the PHO population. In addition, the background clutter (i.e., stars) is
much less in the far IR band, leading to potential advantages in the asteroid detection
process. The advantage of IR comes at the additional cost of system complexity
associated with cooling the telescope and focal plane. In addition, the maturity of IR
focal plane array technology considerably lags that of visible focal planes. IR detection
from ground-based systems was not considered feasible due to the interference of the
atmosphere.

Other technologies, especially active methods such as radars or lidars, were considered by the
Team to be unsuitable due to their relatively small search volume achievable compared to
passive optical search techniques.

In order to map the cost/benefit potential of each search technology, a series of technically
realizable search systems were defined by the Team. Driven largely by the diameter of the
primary optics, these systems covered the range of capability considered reasonable by the
Team. For purposes of specifying candidate systems, 1 degree per day sky-plane motion was
selected as the maximum target rate-of-motion. Objects moving faster than this will be trailed
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given the expected exposure times. While trailed images are generally easier for a human
observer to detect, they represent more of a difficulty for standard detection software. Additional
problems arise in that once trailing has set in, the peak pixel no longer receives the increased
signal-to-noise benefit one usually enjoys with successively longer exposures. In fact, very
rapidly moving objects will have lower signal-to-noise ratios than untrailed objects. To test the
limitation inherent in this target rate selection, simulations were run using the NEO population
discussed previously, and results were tabulated using both the expected V magnitude and the V
magnitude after correction for trailing losses. At an apparent motion rate of 1 deg/day, ~25% of
objects at any given time would be affected by trailing losses, and all of these objects are at H >
21.8, or diameter < 200 meters. Thus greater than 70% of even the smallest objects will be
unaffected by trailing loss at any given time. This includes objects down to even 30 to 50 meter
sizes. The design methodology for each of the systems, and their expected performance with
respect to search rate and detection sensitivity, are described below.

4.1 Ground-Based Systems

4.1.1 Ground-Based Sensors

Two series of ground-based systems were defined for analysis. Their apertures cover the range
between 1 and 8 meters primary optics. Unlike typical astronomical telescopes, those defined
here are wide field systems designed to achieve the maximum practical product of [collection
area (A)] x [field of view (Q)]. Maximizing 4AQ) provides the most search capability (see
Appendix 3).

The first group of candidate sensors uses a CCD detector array that was designed for near
optimum performance following the prescription contained in Appendix 3. A second group uses
a smaller CCD detector array that would provide good performance, but would be easier to
fabricate and hence a lower cost. Practical telescopes were specified for each of the two CCD
arrays. The optics are aggressive but thought to be realizable within the current state of the art
for telescope optics fabrication. Especially for the large format CCD arrays, the pixel scale is
considerably smaller than the seeing as prescribed by Appendix 3.

A search sensor should have a detector array with a large number of pixels covering a focal plane
area that is large enough not to require an unreasonably low focal ratio (f-number) for a telescope
with an adequate aperture. The focal planes are designed to be fabricated from existing CCD
technology and be consistent with the following constraints:

1. Physical pixels between 10 and 24 micrometers (current limits of CCD fabrication
technology)

2. Site seeing of 0.6 arc seconds (a very good site)

3. NEO apparent motion of 1 deg/day or slower (defines the onset of trailing loss as
integration time increases)
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The parameters of the CCD focal planes resulting from this design process are given in Table 4-
1. The LINEAR CCD, in use since 1996, is also shown for reference as imager number 3 in
Table 4-1.

Table 4-1. CCD Camera Characteristics

Imager 1 2 3
Pixel width (microns) 10 10 24
# pixels 36k x 24k 18k x 12k 2560 x 1960
Basis CCD CCID-34 CCID-34 CCID-16
Basis CCD pixel # ok x 3k 6k x 3k 2560 x 1960
Basis CCD FP area (mm) 60 x 30 60 x 30 61.4x47.0
# basis CCDs for tiling 48 12 1
FP area (mm) 360 x 240 180 x 120 61.4x47.0
Average solar quantum efficiency 0.66 0.66 0.66
QE variation (% rms) 0.3 0.3 0.3
Dark current (e/pixel/s) 5 5 10.5
Dark current variation (% rms) 2 2 2
Data rate (MHz) 2 2 2
Readout noise (e/pixel rms) 5 5 12.7
Well capacity (e/pixel) 200k 200k 200k
# ports/basis CCD 4 4 8
Total # ports 192 48 8
Readout time (s) 1.5 1.5 0.6

N (frame-

Shutter needed? Y Y transfer)

Table 4-2 indicates characteristics of four ground-based sensors using the large CCD array
(column 1 in Table 4-1). While these sensor choices are near “optimum” for detection purposes,
the focal planes have very large pixel counts and physical sizes, and thus will be expensive to
fabricate. Furthermore, it will be costly to provide the large number of high-speed camera
channels required to service them.

The cost/benefit justification for putting such a large focal plane into small optics (i.e., 1 meter)
is arguable. In these tables, FP, FOV, f#, and FWHM denote the focal plane, the field of view,
the focal ratio, and the full width at half maximum. The “straddle factor” is the average fraction
of detected energy that falls in one CCD pixel.

A second series of ground-based systems was defined, following a process of engineering
judgment, to balance the cost/benefit of the focal plane combined with the optics. These
systems, described in Table 4-3, use the CCD array from Column 2 of Table 4-1. The second
series of focal plane options covers the range of primary optics diameter between 1 and 4 meters.
The 8-meter optics system is clearly costly enough to justify the optimal focal plane. Each of the
7 systems was analyzed for performance and achievable cost/benefit.
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Table 4-2. Characteristics of Ground-Based Sensors with 24k x 36k Pixel CCD Camera

System 1 2 3 4
Telescope aperture (m) 1 2 4 8
f# 5 4 2 1.25
Telescope effective aperture (m”2) 0.46 1.8 7.4 29
FOV (diagonal deg) 4.9 3.1 3.1 2.5
FOV (Hx V deg) 41x27126x1.7|26x1.7[2.1x1.4
FOV (square deg) 11.3 4.4 4.4 2.9
CCD imager (# from Table 4-1) 1 1 1 1
Pixel width (arc s) 0.41 0.26 0.26 0.21
1 deg/day pixel traverse time (s) 9.8 6.2 6.2 5
0.6 arc s FWHM seeing disk traverse
time (s) 14.4 14.4 14.4 14.4
Straddle factor 0.28 0.14 0.14 0.094
Improvement with spatial filter (factor) 1.43 1.98 1.98 2.38
Effective straddle factor 0.41 0.28 0.28 0.22
Figures of merit:
(Eff. Aperture m2)(FOV deg2)
/(seeing arc s) 2 14.4 22 90.4 234
(# pixels)(Eff. aperture m2) 4.0+8 1.6+9 6.4+9 2.5+10

Table 4-3. Characteristics of Ground-Based Sensors with 18k x 12k Pixel CCD Camera

System 1 2 3
Telescope aperture (m) 1 2 4
f# 2.5 2 1
Telescope effective aperture (m®) 0.46 1.8 7.4
FOV (diagonal deg) 4.9 3.1 3.1
FOV (Hx V deg) 4.1x2.7 26x1.7 26x1.7
FOV (square deg) 11.3 4.4 4.4
CCD imager (# from Table 4-1) 2 2 2
Pixel width (arc s) 0.83 0.52 0.52
1 deg/day pixel traverse time (s) 19.8 12.5 12.5
0.6 arc s FWHM seeing disk traverse
time (s) 14.4 14.4 14.4
Straddle factor 0.57 0.38 0.38
Improvement with spatial filter (factor) 1.17 1.32 1.32
Effective straddle factor 0.67 0.5 0.5
Figures of merit:
(Eff. Aperture m’)(FOV degz)
/(seeing arc s) > 14.4 22 90.4
(# pixels)(Eff. aperture m?) 1.0+8 4.0+8 1.6+9
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For comparison purposes, Table 4-4 contains the parameters associated with the LINEAR
system, which has contributed more than 50% of the currently known population of PHOs. All
of the systems described above are considerably more capable than the current LINEAR system.

Table 4-4. Characteristics of LINEAR Sensor

System LINEAR

Telescope aperture (m) 1
f# 2.15
Telescope effective aperture (mz) 0.46
FOV (diagonal deg) 2.05
FOV (H x V deg) 1.6x1.2
FOV (square deg) 2
CCD imager (# from Table 4-1) 3
Pixel width (arc s) 2.27
1 deg/day pixel traverse time (s) 53.3
2.5 arc s FWHM seeing disk traverse time (s) 60
Straddle factor 0.4
Improvement with spatial filter (factor) not used
Effective straddle factor 0.4
Figures of merit:

(Eff. Aperture m*)(FOV degz)/(seeing arc s) > 0.15

(# pixels)(Eff. aperture m®) 2.3+6

4.1.2 Ground-Based System Performance Estimation

The detection performance of each of the ground-based systems described above was assessed
using a set of tools developed for the DoD space surveillance applications by Lincoln
Laboratory. The details of the performance estimation process are described in Section 6. The
intent of the performance estimation is to realistically capture all of the sensor and site dependent
parameters, which define the sensitivity achieved by the sensor as a function of the time spent
integrating. The sensor model does not include the pointing-dependent or time-dependent effects
(i.e., air mass, Moon, etc.) that will be accounted for in the simulation process.

Curves that display the limiting magnitude achieved by systems with the large CCD array as a
function of integration time are shown in Figure 4-1. All of the curves are for signal-to-noise
ratio (SNR) equal to 6. The SNR=6 metric has been chosen based on the experience of the
LINEAR system and represents a high threshold of detection.

Figure 4-2 shows similar performance curves for the “engineering optimized” set of sensors in
bold lines, with the original curves maintained as thin lines for comparison. With matched filter
detection, the limiting magnitude of the 1, 2, and 4m engineering optimized systems is the same
as or within about 0.1 magnitude for the same aperture systems with the larger CCDs. While the
performance of the smaller CCD systems is expected to be lower due to fewer pixels in the focal
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plane, and thus the larger angular extent of each pixel, it is not significantly different. As
previously mentioned, the engineering optimized systems in Figure 4-2 have lower cost due to
their less complex focal planes.

The overall capability of each of these systems may be estimated by considering the search rate
achieved by the system as a function of limiting magnitude. This analysis is conducted under a
set of standard conditions, which account for the step and settle time for each telescope but does
not account for any variation in background or other pointing and time-dependent effects. The
results of these analyses are shown in Figure 4-3 for the complete set of ground-based systems.
As expected, if large search rates are desired at faint limiting magnitudes, large optics are
required.
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4.2 Space-Based Systems

4.2.1 Visible versus Infrared Sensors

Studies of the observability of NEOs have shown that objects with low albedo that are close to
the Sun may be brighter in the long-wave infrared than in visible light. However, a visible light
system has been chosen for several reasons primarily traceable to component availability, but
also based on the mass and power implications of these components. Long-wave infrared
(LWIR) focal planes need to be operated at very low temperatures of ~40 K or ~10 K, depending
on the detector technology that is chosen. The telescope optics must also be cooled to ~50 K to
limit their contribution to the detector background. These temperatures require either a large
amount of cryogen, such as the solid hydrogen used by the Spirit III instrument on the Mid-
course Space Experiment mission, or an active cryocooler. Cryogens require a very large
spacecraft and have limited lifetimes. Cryocoolers for these temperature ranges are under
development, but space-qualified devices are not available at this time. The existing designs
work down to about 77 K and their cooling capacity falls off rapidly below that range. When
appropriate cryocoolers are available, they will necessitate a significant spacecraft power system
to deliver the several hundred additional watts they will require.

Cooling the optics can be accomplished by a mix of passive radiators and active cooling. This
would help limit the power burden for the coolers, but it would also require large radiator
surfaces that do not see the Sun, regardless of spacecraft pointing direction. This may be
feasible, but it would significantly complicate the spacecraft and possibly interfere with the size
constraints of the Delta II launch vehicle fairing.

The LWIR focal plane detectors may also be a concern. LWIR detectors exist but focal-plane
arrays with a sufficient number of pixels do not. With the pace of detector developments, this
limitation may be overcome relatively soon.

Since this study is predicated on achieving an operating observing system inside this decade with
a presumed start in 2005, almost all of the required components should be available as space-
qualified items at the time of the new start. Therefore, despite the fact that a LWIR telescope of
a given size may be more sensitive than a visible system, the latter has been chosen as the focus
of this study because almost all of the required components are available today.

4.2.2 Space-Based Visible System Design Methodology

Following a methodology similar to that of the ground-based sensors discussed in Section 4.1.1,
a series of space-based visible sensor systems was defined to cover the range of performance and
affordability. Again, the systems were designed with a view toward optimizing AQ and were
populated with as many pixels as were thought achievable and compatible with processors that
could be launched in the next 5 years. The parameters defining the three space-based visible
systems considered, with apertures of 0.5, 1, and 2 meters, are included in Table 4-5. These
systems use the smaller CCD array shown in Column 2 of Table 4-1, with correspondingly lower
f-number optics, since it is difficult to put such a large array in a space-based sensor, and the
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performance advantage of systems with the larger array were calculated to be only about 0.1

magnitude with matched filter detection.

Table 4-5. Characteristics of Space-Based Sensors with 18k x 12k Pixel CCD Camera

System 1 2 3

Telescope aperture (m) 0.5 1 2
f# 2 2 1.5
Telescope effective aperture (m?) 0.11 0.46 1.8
FOV (diagonal deg) 12.3 6.2 4.1
FOV (Hx V deg) 102x6.8 [51x34|34x23
FOV (square deg) 69.8 17.7 7.9
CCD imager (# from Table 4-1) 2 2 2
Pixel width (arc s) 2 1 0.69
1 deg/day pixel traverse time (s) 48 24 16.5
Seeing disk (arc s FWHM) 1 0.5 0.5
Seeing disk traverse time (s) 24 12 12
Straddle factor 0.69 0.69 0.57
Improvement with spatial filter (factor) 1.15 1.15 1.18
Effective straddle factor 0.79 0.79 0.67
Figures of merit:

(Eff. Aperture m*)(FOV degz)/(seeing arc s) 7.7 32.6 56.9

(# pixels)(Eff. aperture m?) 2.4+7 1.0+8 | 4.0+9

There are several differences between space- and ground-based systems that need to be

considered, as follows:

1. Seeing — The seeing of a ground-based telescope is determined by the atmosphere.

The “seeing” of a space-based system is determined by either the diffraction limit of
the optical aperture (the best case) or the ability of the satellite system to maintain
stable pointing over the integration interval (the more likely case for a search system
with a fast step and settle time).

2. Background and Extinction — Space systems do not suffer degradations due to
atmospheric background or extinction.

3. Duty cycle — The observational duty cycle of a ground-based system is limited by
daylight and weather. Space systems are not fundamentally limited by these effects
and thus have a potential duty cycle advantage of a factor of 4-5.

4.

Access — A ground-based system has access to a bit less than '% of the total sky (4n
steradian) at any time, and much of that sky is at zenith angles unfavorable due to
atmospheric effects. Over the period of a winter night, a bit more than 2 steradian of
the sky is accessible. A space-based system, on the other hand, can have access to
more than 37 of solid angle (depending on the Sun exclusion zone of the sensor).
Thus, for searches requiring observations inside the orbit of the Earth or short lifetime
access to any particular area in the sky, a space-based system is advantageous.
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5. Cost — Space-based systems generally have a higher cost-to-aperture ratio, higher
operations costs, and shorter useful lifetimes than ground-based systems.

6. Upgrades — In general, space system hardware cannot be upgraded on a cost effective
basis after launch. Thus, once launched, a space system is not able to take advantage
of advances in focal plane or processing technology. Furthermore, the hardware is
typically “frozen” well before launch so the system is likely a generation behind the
state-of-the-art at the launch epoch. Finally, the capability of “launch qualified”
processors typically considerably lags the commercial state-of-the-art employable in
ground-based systems.

These effects are included in the sensor design, the performance analysis, and the simulation
process in order to provide a realistic cost/benefit comparison between space- and ground-based
sensor systems, and to show the efficiency of operating networks composed of both types of
systems.

The sensitivity achievable by each space-based system considered is shown in Figure 4-4 and the
search rate as a function of limiting magnitude is provided in Figure 4-5.
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The Team has looked at several mission options to catalog and provide early warning of NEOs.
Both system architectures and possible orbits were examined to evaluate their relative strengths,
weaknesses, and cost implications. These characteristics provide a basis for trade studies. Even
though this is only a preliminary study, many of the tradeoff options were clearly identified by
this comparison.

Examining these options in some detail led to the cost model inputs for the final cost/benefit
analysis. Many of the scientific and engineering implications of each option also feed into the
cost/benefit analysis. As a measure of cost comparison, all of the studied options for a visible
wavelength search mission fit within the cost cap of the NASA Discovery program for low-cost
planetary missions.

4.2.2.1 Space System Assumptions

There are a number of assumptions in the development of these candidate space missions. First,
the selected mission should fly within this decade, perhaps as a FY 05 new start with a launch in
2008. It should be designed for a minimum 3- to 5-year mission, but nothing should preclude a
10-year mission lifetime. To accomplish this, the strawman spacecraft design has fully
redundant electronics and other redundancies, to the extent possible, similar to Discovery-class
planetary missions.
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The baseline for the study assumed a 1m telescope. Designs with 0.5 m and 2.0 m telescopes
were also considered and the differences between these and the 1m design were assessed for both
engineering and cost implications.

A Delta II launch vehicle with a 10-ft fairing was assumed because the various Delta I models
can meet all of the required propulsion needs and the costs are well known.

The data from the telescope images are assumed to be processed on board to reduce the raw
images to only the streaks resulting from objects that are moving relative to the fixed star
background. Star matching against a reference catalog and the generation of astrometric data can
be done onboard the spacecraft. Other characteristics of the observing system lead to additional
requirements for many of the spacecraft subsystems. These will be discussed in the individual
sections describing the subsystems.

4.2.2.2 Telescope Payload

The important requirements that affect the spacecraft design are the mass, required pointing
stability, and the ‘“step-and-settle” time. The mass of a Im telescope and its associated focal
plane and processing electronics are assumed to be 340 kg. This mass is the geometric mean of
the estimates from instrument builders that ranged from 260 to 500 kg.

The various payload descriptions have pixels as small as 1 or 2 arc seconds (5 or 10
microradians). Thus the overall system must be able to hold pointing jitter to significantly less
than 5 prad for the duration of the longest exposure time. To minimize the overall cost, both the
pointing stability and settling time improvement are assumed to be controlled by an auxiliary,
high-speed focal plane detector that actively adjusts the telescope secondary mirror position to
stabilize the image. The readout frequency of this auxiliary detector is about 10 to 20 Hz to
maintain a loop bandwidth higher than 2 Hz. With an angular correction dynamic range greater
than 200 prad, the auxiliary detector has sufficient range to compensate for spacecraft motions
and minimize the settling time. The reaction wheels in the guidance and control system need to
be large enough to limit the step-and-settle time to within 15 seconds to ensure a high rate of sky
coverage.

4.2.2.3 Orbits

Three potential orbits for a NEO spacecraft were studied. The options are low-Earth orbit (LEO),
an Earth-Sun Lagrange point (L), and a 0.7 AU heliocentric orbit. Each orbital choice has
strong scientific and engineering benefits. The tradeoff among them must balance the scientific
advantages of each mission with the required launch vehicle performance, on-board propulsion,
guidance and control system component choice, communications system, and the required on-
board processing power to accommodate the available downlink.
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The Delta II launch vehicle has medium and high-lift models. These come from two-stage and
three-stage rockets with 3, 4, or 9 strap-on boosters. The appropriate Delta Il was chosen for
each mission.

Onboard propulsion may be needed for achieving final orbit and unloading the momentum
wheels. The low-Earth orbit mission may not need onboard propulsion and may use magnetic
torque rods for unloading its momentum wheels. The Lagrange-point orbits need a
monopropellant system to inject into their final orbit and perform periodic orbital corrections.
The 0.7-AU mission could use a Venus flyby to circularize its orbit. Otherwise the spacecraft
and mission requirements are similar to the Lagrange-point orbits. If a Venus flyby were not
used, it would require a much more capable propulsion system for injection into the final orbit
and momentum wheel unloading. This enhanced propulsion requirement could be accomplished
with a dual-mode, bi-propellant and monopropellant system that would use nitrogen tetroxide
and hydrazine bi-propellant for the large delta-V burns, and monopropellant hydrazine for small
maneuvers and momentum wheel unloading. The assumption in this report is that a Venus flyby
would be used along with the simpler propulsion system.

The orbit chosen drives the guidance and control system component choices. The low-Earth
orbit spacecraft would use Earth horizon sensors, while the deep space missions would use star
cameras. Communications system choices of operating frequency band, RF transmitter power,
and antenna type and size vary with each mission.

4.2.2.4 Scientific Implications of Orbit Choice

Sun-synchronous low-Earth orbits at about 800 km altitude have ~ 100 minute orbital periods,
and the spacecraft may view any patch of sky within about = steradians at any time. However, it
must view in opposite hemispheres during each half orbit. It must avoid viewing within ~ 40
degrees of the Sun to prevent a high photon background. The solar exclusion angle would need
to be even greater if the telescope does not have a very high quality baffle. The telescope must
also avoid pointing too close to the sunlit atmosphere and Earth.

Sun-Earth Lagrange point orbits are actually quasi-stable halos about the unstable equilibrium
points. The external Lagrange point L, has the advantage that the Sun and Earth are close to
each other in one direction and therefore the spacecraft can view nearly the full sky except for
the approximately 40 degree half-angle cone centered on the Sun. Spacecraft in Lagrange-point
orbits can view the Earth orbital prograde and retrograde directions at all times, which is vital if
the goal of the mission is early warning.

A spacecraft at the interior Lagrange point L; (between the Sun and Earth) cannot view as much
of the sky as one at the exterior Lagrange point L, because the Earth is in front of the spacecraft
and the Sun is behind so there are two pointing exclusion zones. However, L; is an excellent
position for a warning spacecraft because all Earth-approaching bodies may be viewed
repeatedly and with good phase angles for maximum visibility (see Section 5). Since the
cataloging of PHOs was the primary goal, the Team considered only the L, case in the
cost/benefit analyses (Section 8).
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A spacecraft in a heliocentric orbit at about 0.7 AU probably has the best orbit for discovering
the full population of near-Earth objects. It may view them with a fuller phase near opposition
all the time and it is the only orbital choice that can efficiently discover the Atens that spend
almost all of their time inside 1 AU. In addition, the short orbital period (0.62 years) of a
spacecraft in this orbit ensures nearly constant monitoring of the Earth’s neighborhood and
makes it difficult for objects to pass near the Earth undetected.

The low-Earth orbit mission is the lowest cost option since it does not need on-board propulsion
to get into or maintain its orbit. It also enables high downlink data rates with simple, low-power
communications hardware. The Lagrange-point orbits are more costly because of the need for a
more capable launch vehicle, onboard propulsion to make orbital correction maneuvers every six
months, and large Deep Space Network antennas for tracking and data downlink. The most
costly mission is the heliocentric 0.7 AU orbit since it requires the largest launch vehicle, the
most powerful communications hardware, a large onboard antenna, a more capable processor,
and the use of the Deep Space Network.

4.2.3 Spacecraft System

A 10-year mission life requires a high-reliability spacecraft design with redundant systems
wherever possible. Figure 4-6 shows a strawman block diagram of the spacecraft based on the
MESSENGER mission to Mercury. Although the details of the architecture may vary depending
on the actual spacecraft manufacturer, the key items are fully redundant avionics and
communication systems. This design is based on the redundant Mil-Standard 1553 bus. Besides
redundancy, this bus has automatic retries to replace missing messages and an automatic transfer