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Abstract

Earth risks being struck by a 100‑meter to km‑scale asteroid. Since 1980, astronomers have learned much about the numbers of threatening objects and their diverse physical natures. Environmental effects resulting from impacts of various sized asteroids are known approximately. But this newly recognized, esoteric hazard is poorly integrated into the field of hazards research, including the social and political implications of predicted impacts (whether false alarms, near misses, or actual catastrophes). I introduce the impact hazard to this interdisciplinary workshop by first describing its known features (including uncertainties). Then I outline, from my astronomer's perspective, the hazard's aspects deserving interdisciplinary consideration, including: direct (and delayed) environmental consequences, effects on society's physical and social structure, issues of risk perception/communication, pertinence of "all-hazards" mitigation approaches, and political/philosophical considerations. Among major natural hazards, the impact hazard is almost uniquely susceptible (in many cases) to being wholly averted, by deflecting the threatening asteroid. While components of deflection technology currently exist, considerable research and expenditures are required to ensure reliable implementation. Does the asteroid threat merit the required effort? When? Policy analysis is warranted to foster development of an international consensus about how to address a cosmic reality that has demonstrably affected life's evolution on our planet.
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1 Introduction

Sometime in the foreseeable future, perhaps during this decade or maybe not until our great-great-grandchildren are adults, an asteroid the size of a large building will crash into the Earth's atmosphere, exploding in an air-burst with the force of megatons or more of TNT. Most likely, such an event will happen over an ocean or sparsely populated desert; but, if it occurs over an urban area, the consequences could be very destructive and deadly. Actually, small strikes by cosmic grains of sand happen all the time (witness meteors or "shooting stars," visible in a dark, clear sky several times an hour) and every year many large rocks, called "meteorites", survive their atmospheric plunge to be collected and exhibited in museums.


The unique threat from the skies, however, is the very small but finite chance that a large asteroid or comet, 2 km or more across, will slam into the Earth at 100 times the speed of a jetliner, instantly producing a global environmental crisis unprecedented in human history and threatening the future of civilization as we know it. Half-a-dozen times since the beginning of the Cambrian Period half-a-billion years ago, when large, fossilizable life forms evolved on our planet, giant asteroids or comets 10 or 20 km across have struck Earth, producing a global holocaust that killed almost everything alive and transformed the biosphere. Human civilization is one result of such a mass-extinction, which ended the Cretaceous Period (when dinosaurs reigned) 65 million years ago. Such a mass-extinction could conceivably happen again, although the chance of it happening during our lives is extraordinarily small. In this sense, the impact hazard exceeds any other known natural or man-made threat to civilization's or even our species' future. It is the ultimate low-probability high-consequence hazard.


In this introductory tutorial addressed to the broadly interdisciplinary ICSU Workshop, I begin by outlining the facts, and associated uncertainties, concerning the impact hazard. I consider the astronomical data on asteroids and comets; the physics of impact into and through Earth's atmosphere and subsequent explosive cratering of the land or ocean; and what is known or speculated about the resulting environmental effects. I have recently reviewed these issues at some length, in a fashion accessible by non-physicists:

( My recent review of the impact hazard, emphasizing the physical-scientific features of the hazard, is "The hazard of near-Earth asteroid impacts on Earth," by Clark R. Chapman, Earth & Planetary Science Letters, Vol. 222, Pp. 1-15, 2004, downloadable from:

http://www.boulder.swri.edu/clark/crcepsl.pdf. This is referred to below as CRC04.

( My 2003 report to the Organisation for Economic Cooperation and Development (OECD) on the potential consequences of asteroid impacts of various sizes: "How a Near-Earth Object Impact Might Affect Society," by Clark R. Chapman, commissioned by the OECD Global Science Forum for "Workshop on Near Earth Objects: Risks, Policies, and Actions" (Frascati, Italy, January 2003), downloadable from: http://www.oecd.org/dataoecd/18/40/2493218.pdf or

http://www.boulder.swri.edu/clark/oecdjanf.doc. This is referred to below as CRC03.

Accordingly, I will avoid redundancy with those publications and keep this part of my presentation succinct.


What is practically relevant to society are the less certain extrapolations of the effects of impacts (or predictions of future impacts) on elements of society, including human mortality and the physical infrastructure (which I will assume roughly follows mortality), but more interestingly on the psychology and sociology of different societal institutions (e.g. the military, science, religion, government, business/economy, and media). Whether or not modern civilization can survive a large impact depends on whether these institutions are robust or fragile in the face of unprecedented disaster that threatens sustainability. What does it take to cause collapse of the global economy and disintegration of human communities? But we also need to understand even the potential responses of different societal sectors to predictions of rather modest-scale impacts, because they are most likely to happen "on our watch."


The central thrust of this paper is to translate what is known, and what is not known, about the impact hazard into familiar frameworks that can enable non-astronomers to appreciate this unusual, newly recognized hazard in the context of other more familiar threats with which society is wrestling. In some ways, the impact hazard is as objectively threatening (in a statistical sense) as many other natural hazards that command much news coverage and expenditures by disaster management and recovery agencies. The impact hazard has features that can cause people of different temperaments either (a) to wholly ignore it (after all, almost nobody has been killed by a cosmic object during the past century) or (b) to respond disproportionately to the objective death and damage (e.g. as has been happening in the United States following terrorist killings of ~3000 people on 11 September 2001). Despite the low probabilities of a major impact catastrophe occurring in our lifetimes, the chances are rising -- due to the advancing technology of telescopic searches for threatening asteroids -- that "near misses," misinterpretations of actual "small" impacts, or mistaken/hyped media reports will accelerate during the next few years. Such scares already have posed serious issues for officials and policy-makers and will continue to do so.


 Despite its low-probability high-consequence character, the impact hazard has many features in common with other natural hazards, including the specific effects that cause death and destruction (fire, shaking, hurricane-force winds, flying objects, flooding, etc.). But it also has some other distinct differences, which I review. A crucial one is that it is within the capability of space agencies to devise missions that could divert an on-coming asteroid, causing it to miss the Earth, thus totally preventing the disaster. Given the possibility of 100% protection, unusual in mitigation of natural hazards, policy issues are raised about the degree to which the impact hazard should be treated seriously by individual nations and/or international entities. To date, the impact hazard has achieved scant governmental recognition and almost zero funding, relative to its actuarial cost. Is this implicit down-weighting of the impact hazard (despite its recent prominence in the news, in science education, and in entertainment) the correct decision or not? My prime purpose here is to foster further thinking about the impact hazard in order to inspire a serious evaluation of how, and to what degree if at all, society should become proactive about this threat.

2 Near-Earth asteroids (NEAs)

The Earth resides in a cosmic "shooting gallery." Despite the great emptiness of interplanetary space, objects ranging from dust to cosmic bodies many tens of km in size move around the Sun in paths that can intersect the Earth's orbit. Relative velocities (hence impact velocities) are tens of km per second. The largest objects are called asteroids and comets. Very much smaller ones, generated by the disintegration or collisional fragmentation of the larger ones, are called meteoroids while in space, meteors (or bolides) while passing through the Earth's upper atmosphere, and meteorites if parts of them make it to the ground. Asteroids and comets are remnants of bodies that gathered together to form the planets 4.5 billion years ago. While there are technically interesting patterns to their orbital behavior, the statistical probabilities of Earth being impacted by objects of various sizes can be thought of as a constant, random process that has changed little for at least 3 billion years.


Near Earth Asteroids (NEAs) are defined as those whose perihelia (closest orbital distances to the Sun) are <1.3 Astronomical Units (1 AU ≈ the mean distance of Earth from the Sun). About 20% of NEAS are currently in orbits that can approach the Earth's orbit to within <0.05 AU; these are termed Potentially Hazardous Objects (PHOs). In terms of their origin and physical nature, PHOs are no different from other NEAs; they just happen to come close enough to Earth at the present time so that close planetary encounters could conceivably perturb their orbits so as to permit an actual near-term collision, hence they warrant careful tracking. The Spaceguard search programs (chiefly LINEAR in New Mexico; LONEOS in Flagstaff, Arizona; NEAT in Maui and southern California; Spacewatch on Kitt Peak, Arizona, and the Catalina Sky Survey near Tucson, Arizona, and in Siding Spring, Australia) continue to discover a new NEA every few days. As of mid-2005, over 3400 NEAs are known (of which about 1/5th are PHOs). The census is probably complete for NEAs >3 km diameter. The estimated number of NEAs >1 km in diameter (the size for which NASA established the Spaceguard Goal of 90% completeness by 2008) is ~1100 ±200, of which about 70% have been found; since those are now known not to be dangerous during the next century, any near-term danger from >1 km sized NEAs can come only from the remaining 30% not yet discovered. In this way, the Survey is actually helping to reduce the danger from a global asteroid catastrophe. But since current searches are not optimized for discovering smaller-but-still-dangerous NEAs, and are virtually useless for discovering a large comet headed for Earth from the outer Solar System, those dangers are not significantly lessened by Spaceguard. Plans to survey NEAs down to a few hundred meters are in various degrees of development. Pan-STARRS (pan-starrs.ifa.hawaii.edu/) is being built in Hawaii and may begin searching by 2008. The Large Synoptic Survey Telescope (LSST) is bigger, but farther in the future, and less certain to be built. Other ground- and space-based approaches to NEA-searching have been evaluated by NASA's Science Definition Team (SDT 2003) and by the European Space Agency Near-Earth Object Mission Advisory Team (Harris et al. 2004) Recommen​dations to ESA by the Near-Earth Object Advisory Panel, July 2004, www.esa.int/gsp/NEO/other/NEOMAP_report_June23_wCover.pdf). 


Figure 1 shows the rapid increase in estimated numbers of NEAs with decreasing size, down to the billion-or-so NEAs (4 m diameter; 4 m is the size of NEA that impacts Earth about once per year, exploding harmlessly but frighteningly very high in the atmosphere with an energy equivalent to ~5 kT of TNT. The numbers are least secure (at least a factor of several) for NEAs too rare to be witnessed as bolides (brilliant meteors) but too small to be readily discovered telescopically, e.g. ~10-200 m diameter. This includes objects of the size (~60 m) that produced the dramatic 15 MT Tunguska lower atmospheric explosion in Siberia in 1908. Though uncertain, the expected frequency of Tunguska-like events is less than once per thousand years; possibly the destruction of thousands of sq. km of Siberian forest was accomplished by a blast much less energetic than 15 MT, due to a more common, smaller object (Boslough & Crawford 1997).


Most NEAs originate as fragments of colliding asteroids in the inner half of the main asteroid belt, between Mars and Jupiter. Chaotic processes, associated with the gravitational forces of Mars, Jupiter, and Saturn, combined with heating by sunlight, bring many such fragments into Earth-crossing orbits over some millions of years. As NEAs strike the Sun or terrestrial planets, or are tossed back out of the inner solar system, they are replenished by fresh fragments from the inner asteroid belt. Probably a small fraction of NEAs (~5%) originate as comets in the outer solar system. NEAs that were originally comets, as well as some from the asteroid belt, are believed to be composed of rather fluffy, structurally weak materials (e.g. ices and carbon-rich mud-like substances); the Deep Impact experiment on Comet Tempel 1 found its surface to be unexpectedly weak. Most NEAs are made of harder rocks, like the common ordinary chondrite meteorites. A few are composed of solid metal (nickel-iron alloy), also represented in meteorite collections. NEAs smaller than about 200 m diameter are mostly solid, monolithic rocks -- like a big meteorite. However, most NEAs >200 m are likely to be "rubble piles" -- collections of smaller objects, weakly held together by gravity. Nearly 20% of NEAs are actually double bodies; they often take the form of a larger central body with a smaller satellite revolving about it. When a double NEA strikes a planetary surface, two side-by-side craters may result.


Particularly important as we contemplate the practicalities of deflecting an oncoming NEA away from Earth impact are (a) the nature of the NEA's surface and (b) the structural integrity of the body. The first is important because we have to grab onto the surface of the body, or otherwise interact with its surface. The second is important because we need to have confidence in the outcome of our deflection attempt (whether we are pushing on it or blasting it with a bomb). It is expected that surface and interior attributes of NEAs vary widely from body to body. But we currently have very little information about either trait, even for one body. The NEAR-Shoemaker spacecraft landed on one of the largest NEAs, named Eros, in 2001, but such a landing was not in the mission plan and the spacecraft lacked instruments to study the detailed physical nature of the surface; in any case, Eros has a million times the mass of a 200 m NEA, which is a size we are much more likely to have to deal with, and it is doubtful that Eros' structure is a good analog for such small, nearly gravity-free bodies. Several space missions currently in development or underway (by American, European, and Japanese space agencies) will study small asteroids or comets in ways that may enhance our knowledge of the physical natures of these bodies. The B612 Foundation (Schweickart 2003) has proposed a demonstration mission, based on NASA's Prometheus concept, to measurably move an NEA in a controlled fashion by attaching a plasma engine to a ~200 m NEA.  There is recent interest in the NEA Apophis, which will undergo major tidal forces during its exceptionally close pass to Earth in 2029; it potentially could strike the Earth during the subsequent decade if it happens to pass through a small “keyhole” in 2029, without being deflected from the keyhole beforehand.  Scientific exploration of Apophis before, during, and after its 2029 pass is under consideration.
3 Consequences of NEA impact

If a rocky object strikes the Earth, consequences vary depending on its size (and where it hits). Dust and sand grains burn up in the upper reaches of the Earth's atmosphere (as meteors). Larger objects lose their energy more brilliantly (as bolides), but still high in the atmosphere; small portions may reach the Earth's surface (as meteorites), falling at terminal velocity through the atmosphere. Objects 30-150 m in diameter explode in the lower atmosphere, as dangerous air-bursts. Somewhat larger objects (150-250 m explode at the bottom of the atmosphere but may also excavate the surface (whether land or ocean). Still larger objects explode beneath the surface, like a buried nuclear bomb, forming a crater perhaps 20 times the projectile's diameter, ejecting material to re-impact at great distances. If the ocean is excavated, the transient crater immediately collapses, generating a tsunami that propagates to the edges of the ocean, and runs up onto the shore with potentially devastating effects. In the case of a land impact, the cratering event greatly exceeds even the largest nuclear bomb test; examination of comparatively recent craters on the Moon and other planets provides evidence about the scale of destruction. Impacting NEAs larger than 1 or 2 km approach the threshold for truly global effects, such as pollution of the stratosphere with dust, which could induce global cooling with disastrous consequences for agriculture. The explosive impacts of fragments of Comet Shoemaker-Levy 9 into Jupiter's atmosphere in 1994 had energies in this range, and they resulted in dark patches in Jupiter's atmosphere the size of planet Earth, which lasted for months. The very largest impacts that could conceivably happen, and which have happened several times since larger plants and animals evolved on Earth, generate larger and additional global consequences (e.g. global firestorms, poisoning of the oceans, etc.), which can result in the permanent extinction of numerous species.


Projectiles made of strong metals are not so readily broken up when they penetrate the atmosphere (although smaller ones are greatly slowed down); but only a few percent of NEAs are metallic. Projectiles made of fluffy, icy, and/or under-dense materials (e.g. comets), penetrate the atmosphere less readily. They explode at higher altitudes, or it takes a larger one to reach the ground at cosmic velocities. Actual live comets (as distinct from dead ones described above as constituting a small fraction of NEAs) contribute to the impact hazard at the level of ~1% (SDT 2003), although the very largest objects that could threaten Earth (>3 km diameter) would be comets; all NEAs of such sizes have been discovered and are not an immediate threat.


The energetic interactions of an impacting NEA with the atmosphere, ocean, and land generate various immediate, secondary, and perhaps long-term effects -- physical, chemical, and perhaps biological. The most thorough evaluation of the environmental physical and chemical consequences of impacts is by Toon et al. (1997); more recent research, summarized by the SDT (2003), has begun to elucidate the previously poorly understood phenomena of impact-generated tsunami. I now briefly describe the chief environmental effects, for impacts of NEAs >300 m diameter:

* Total destruction in the crater zone: No structure or macroscopic life form would survive being in or adjacent to the explosion crater, a region roughly 30 times the size of the projectile (falling ejecta could be lethal over far greater distances).

* Tsunami: Flooding of historic proportions along proximate ocean shores would be caused by a >300 m impact, but run-up is highly variable depending on shore topography. An extinction-level impact (by a 10-15 km NEA) could inundate low-lying regions adjacent to oceans worldwide.  (There is considerable debate and uncertainty about the scale and character of impact-caused tsunami.)
* Stratospheric dust obscures sunlight: 300 m impacts would cause noticeable but relatively minor effects similar to those of the largest volcanic explosions (e.g. the "year without summer" caused by the 1815 explosion of Tambora). For a >2 km NEA impact, sunlight would drop to "very cloudy days" nearly worldwide, threatening global food supplies by cessation of agriculture due to prolonged summertime freezing temperatures. Severe immediate effects (permanent "night" globally) and possible catastrophic long-term climate oscillations result from an extinction-level impact.

* Fires ignited by fireball and/or re-entering ejecta: Even the Tunguska impact, which did not reach the ground, caused trees to burn in the center of the zone where trees were toppled. But fires are of only local-to-regional importance even for a >2 km impact that would have global climate effects due to dust. In an extinction-level event, the broiling of the entire surface of our planet by re-entering ejecta -- and the resulting global firestorm -- would be the chief immediate cause of general death of plants and animals on land.

* Poisoning of the biosphere: Immediate atmospheric effects (sulfate production, injection of water into the stratosphere, destruction of the ozone layer, production of nitric acid, etc.) and subsequent poisoning of lakes and oceans augment the effects of stratospheric dust for a >2 km impact and dramatically worsen the already hellish conditions created by an extinction-level impact.  (Birks, at this meeting, suggests that destruction of the ozone layer might be caused by an NEA as small as 0.5 km.)
* Earthquakes: Although local-to-global earthquakes (in response to the cratering explosion of various sized NEAs) would be serious if considered in isolation, they are minor compared with other more damaging and lethal consequences listed above.

These effects are most securely understood for the 300 m case and for even smaller impacts, where man-made and natural explosions provide relevant analogs with only modest extrapolations. The larger impacts not only have never been witnessed (fortunately), but they involve enormous extrapolations from existing knowledge. Of course, there are logical constraints dictated by the laws of physics, and some evidence can be gleaned from actual past impacts (e.g. the Cretaceous-Tertiary [K/T] boundary impact on Earth, giant craters on other worlds). But synergies between the multiple effects are poorly understood. Nevertheless, for the larger impacts, the magnitude of energy released in virtually an instant is so enormous compared with the scale of the biosphere that catastrophic effects are assured.


Table 1, modified from a similar table in CRC03, is an attempt to characterize impacts in terms of their practical consequences. It lists three relevant attributes for impacts by bodies ranging from a 10-15 km extinction-level NEA down to the size of a basketball: (a) the TNT-equivalent energy of the explosion, (b) the chances of such an impact happening this century (or, for frequent events, how many will happen this century, or per year), and (c) a qualitative description of the consequences and potential for mitigation. I amplify on issues related to mitigation below.

Table 1 Frequency of Cosmic Impacts of Various Magnitudes

Asteroid/    
  Energy &   
     Chance this       Potential Damage

Comet Diam. Where Deposited   Century (World)    and Required Response

__________  _______________   ______________    _________________________​_

>10 km    100 million MT   < 1-in-a-million* 
Mass extinction, potential eradica-                   global            


tion of human species; little can be

                           


done about this extraordinarily un-

                           


likely eventuality. 

>3 km    1.5 million MT     < 1-in-50,000*    
Worldwide, multi-year climate/ecol-

              global       


ogical disaster; civilization de-

                          



stroyed (a new Dark Age), most

                          



people killed in aftermath; chances

                          



of having to deal with such a comet

                           


impact are extremely remote; 








miti-gation extremely challenging

>1 km      80,000 MT              0.02%   
Destruction of region or ocean rim;

        major regional             

potential worldwide climate shock --

        destruction; some            

approaches global civilization-

        global atmospher-            

destruction level; consider mitiga-

        ic effects                

tion measures (deflection or planning

                           


for unprecedented world catastrophe)

>300 m     2,000 MT                0.2%   
Crater ~5 km across & devastation of

          local crater,          


region the size of a small nation or
        regional destruction           

unprecedented tsunami; advance warn-

                           


ing or no notice equally likely; de-

                           


flect, if possible; internationally                            



coordinated disaster management                              



required

>100 m      80 MT      
          1%       
Low-altitude or ground burst larger

        lower atmosphere             

than biggest-ever thermonuclear

        or surface ex-      
        
weapon, regionally devastating, shal-

        plosion affecting            

low crater ~1 km across; after-the-

        small region               

fact national crisis management

                           


(advance warning unlikely)

>30 m        2 MT                   40%  
Devastating stratospheric 


explosion;

        stratosphere             


shock wave may topple trees, weak                             



wooden houses, ignite fires within

                           


10 km; deaths likely if in populated

                           


region (1908 Tunguska explosion was

                           


several times bigger); advance warn-

                           


ing very unlikely, all-hazards ad-                            



vanced planning would apply.

>10 m       100 kT            6 per century   
Extraordinary explosion in sky;

        upper atmosphere             

broken windows, but little damage

                           


on ground; no warning

> 3 m        2 kT              2 per year     
Blinding explosion in sky; could be

        upper atmosphere             

mistaken for atomic bomb

>1 m     100 tons TNT         40 per year     
Bolide explosion approaching brilli-

        upper atmosphere             

ance of the Sun for a second or so;                            



harmless, may yield meteorites

>0.3 m     2 tons TNT       1000 per year     
Dazzling, memorable bolide or "fire-

        upper atmosphere             

ball" seen; harmless

* Frequency from Morrison et al. (2002); but no asteroid of this size is in an Earth-intersecting orbit; only comets (a fraction of the cited frequency) contribute to the hazard, hence "<.”


Which of the cases in Table 1 are of greatest consequence? Obviously, cases involving house-sized or smaller NEAs (<20 m) are of little practical concern, notwithstanding the fact that several people have been struck by meteorites and a dog was killed by one. Education about the causes of brilliant explosions in the sky is useful to prevent inappropriate military responses to misinterpreted natural phenomena. It is also difficult to regard extinction-level impacts as meriting any concern; not only is such an impact extremely unlikely to happen in our lifetimes, but there is little to do but wait for the apocalypse (comets cause such events and provide only months of warning time). For NEAs >30 m but less than a few km in size, however, the chances of such an impact happening are within the range regarded as serious for hazards in other walks of life; moreover, there is at least a chance of averting the impact in the first place or at least mounting effective disaster management activities before and after the impact.


Within this range of possible NEA impacts meriting practical concern, which scenario is objectively the most threatening? Although giant impacts are very rare, the potential mortality is unprecedentedly large once the threshold for global disaster is exceeded (NEAs >1.5-3 km diameter); such impacts dominate mortality, perhaps 1,000 deaths per year worldwide. This threat is comparable with mortality from other significant natural and accidental causes (e.g. fatalities in airliner crashes). Of course, this is a statistically averaged mortality; in almost any year there are zero deaths, but a tiny chance that one year a billion people will be killed. This threat motivated implementation of the Spaceguard Survey. Since most of that mortality has been eliminated by discovery of over 2/3rds of NEAs >1 km diameter and demonstration that none of them will strike the Earth in the next century, the remaining global threat is from the 1/3rd of yet-undiscovered large NEAs plus the minor threat from comets. Once the Spaceguard Survey is complete, the residual threat from a globally destructive impact will be <100 annual fatalities worldwide (see Fig. 2).


Two sources of mortality are due to smaller NEAs: (a) impacts onto land, with local and regional consequences analogous to the explosion of a huge nuclear bomb and (b) impacts into an ocean, resulting in inundation of shores by tsunamis. My own interpretation of an analysis by the SDT (2003; see CRC04) is shown in Fig. 2. The post-Spaceguard residual hazard for land impacts is ~50 deaths per year and for tsunami-producing impacts ~15 per year. These are very modest mortality rates compared with most natural hazards (not to mention disease, war, and famine), but exceed the ~5 deaths each year worldwide from shark attacks, which merit much popular and official concern. But the chances are better than 1% that a land-impact by a 70-200 m NEA will kill ~100,000 people during the 21st century. I argue below that various factors may magnify public concern about frequent, modest-scale impacts in ways that may demand greater official attention to the impact hazard than might seem warranted from the modest mortality statistics. 

4 Mitigation: deflection and/or disaster management and response

What can and cannot be done about this threat? First, I describe what is currently being done. Since the impact hazard was first seriously considered by the scientific community 25 years ago, astronomers worldwide have increased NEA searches with ever-better instrumentation. In 1998, NASA committed to the Spaceguard Goal and roughly doubled its funding of NEA searches to several million US$ per year. Funding of NEA research in other countries has been minimal, but widespread interest of amateur astronomers in many nations has enabled most professional discoveries (dominated by the LINEAR telescopes in New Mexico) to be followed up, in order to determine orbits and any possible future impact with Earth. As I showed above, discovering NEAs and demonstrating that they are not hazardous reduces the pool of NEAs that might strike soon and thus reduces the hazard. The surveys also stand some chance (a good chance for NEAs >1 km diameter) of identifying an NEA years or decades before it will strike, which would enable various mitigation options. The popular concept, depicted in movies, that a large NEA would be detected only hours or months before impact, is exceedingly unlikely; false alarms of such a scenario have actually happened, however, and may happen again.


Besides these modest telescopic efforts, little serious research has been devoted to mitigation of an NEA impact. In a series of conferences during the past dozen years, aerospace engineers and physicists have addressed approaches to modifying the path of an NEA, years or decades before a predicted impact, so that it would miss the Earth rather than hit. The latest meeting (the AIAA Planetary Defense Conference, held in Garden Grove CA in February 2004) is thoroughly documented (with video and associated PowerPoint charts for all presentations, http://www.planetarydefense.info/). The proceedings of a late-2002 mitigation conference were published in late 2004 (Belton et al. 2004). Since funding of NEA deflection research has been minimal, mission designs are immature. Even fundamental issues like how much warning is needed to mount a successful deflection, or how soon can we tell whether an NEA will surely hit and where, are only beginning to be studied. The main point is that there are a variety of scenarios -- involving relatively modest-sized NEAs with warning times of >5 years, preferably much longer -- in which it is plausible that a combination of existing technologies could be used to gently, and controllably, move a threatening NEA into a path that would miss the Earth by a comfortable margin, rather than hit it. In other cases, typically involving very large NEAs or comets in which there is inadequate warning for controlled deflection, there is the possibility of altering the object's path with a nuclear bomb or other violent means; the outcomes of such interventions are less readily predictable and even the development of some of these concepts threatens treaty obligations prohibiting use of nuclear weapons in space.


In the event that an oncoming NEA is discovered, but deflection is either impossible or unreliable, conventional disaster management approaches could be employed (or modified) to mitigate the consequences of a major impact. In some cases, regions around ground-zero or shorelines could be evacuated, food reserves augmented, and so on. If the impact were actually to happen, with or without warning, conventional approaches to rescue and recovery could be implemented to reduce casualties.


While conceptually similar to normal disaster management, on-the-ground mitigation of an asteroid impact necessarily has features that differ from conventional practices. Consider evacuation, for example. Through numerous events, public officials have gradually learned who should be evacuated and when, and who should not, during the days before landfall of an approaching typhoon or hurricane. The evolution of predictions of where an asteroid might strike would be very different, and there would be large uncertainties about how large a region would need to be evacuated. Public reactions are much less readily predictable concerning a never-before-experienced event (fewer cases of "I will ride this one out;" some may regard it as the coming of the Apocalypse). Impacts have some features in common with more familiar disaster scenarios (flying objects, fire, smoke), they differ from others (no harmful radiation, no willful perpetrators), and they are unique in still other ways (e.g. likely very long lead times, different tsunami behavior).


The most salient fact about integration of asteroid impact disaster planning into the broader responsibilities of public disaster management agencies is that there has been none. Despite publication of a few papers on the topic (e.g. Garshnek et al. 2000), I am aware of no consideration at all of the impact hazard by United States or international agencies responsible for managing a broad spectrum of other disasters. Theoretically, one might expect that an "all-hazards" approach would suffice for the impact hazard, because of some of the similarities. But I expect that there are sufficient differences between this particular never-before-witnessed kind of disaster and others that a specific focus on the unusual or unique features of the impact hazard is also essential.


Indeed, even as NASA tries to formalize procedures for communications within that agency if the cognizant official is notified by astronomers of an impact prediction, it remains uncertain who the NASA Administrator should notify within the Federal Emergency Management Agency (a part of the U.S. Dept. for Homeland Security) or whether anyone is prepared to receive such information and would know what to do with it. Although Britain has established an NEO Information Centre (http://www.nearearthobjects.co.uk), I am unaware that the British government, any other national agency, or the United Nations has even a rudimentary plan for responding to announcement of an impending impact. The only significant steps that have been taken have been by astronomers: (a) formulation of an impact prediction evaluation process by the Working Group on Near Earth Objects of the International Astronomical Union (a member of ICSU), (b) the development and promulgation of the Torino Scale (Binzel 2000) for articulating the significance of an impact prediction to the public through the news media, and (c) the maintenance of several web sites where up-to-date information is available on NEAs (http://neo.jpl.nasa.gov/, http://newton.dm.unipi.it/cgi-bin/neodys/neoibo?, and http://spaceguard.rm.iasf.cnr.it/; background information is maintained at http://www.nearearthobjects.co.uk and http://impact.arc.nasa.gov/index.html, among other sites. But for an end-to-end disaster management plan to be effective, astronomers constitute only the first link in a lengthy, so-far-undefined chain of communications and responsibilities. 

5 Perceptions of the impact hazard

Above, I outline what is objectively known about asteroids and the direct consequences of an impact with Earth. But there is an enormous leap between such "facts" and what policy makers require to address the issue. I now touch briefly on one of the most important factors, although it is outside the realm of my professional expertise: risk perception. About a decade ago, Paul Slovic (Morrison et al. 1994) polled a small sample of the American public about their perceptions of the impact hazard. This was at a fairly early stage of public awareness of the hazard, before the blockbuster movies "Armageddon" and "Deep Impact.” At the time, about a quarter of respondents had some familiarity with the hazard; surely awareness has increased considerably since then. An interesting aspect of the responses by those who were aware of the hazard and had an opinion is that roughly half considered the impact hazard to be "serious" while the other half considered it to be a "silly" thing to worry about.


Probably the chief reasons a person would consider the impact hazard as "silly" are (a) the extremely low probability of a catastrophic impact happening and (b) lack of personal (or even historical) familiarity with asteroid impacts. There are also several reasons that motivate concern about the impact hazard that are probably responsible for the tendency of some to consider it to be "serious.” In particular, as Slovic (1987) has demonstrated for perceptions of other hazards with which people are especially concerned, NEA impacts have enormous catastrophic potential and are "dreadful.” Moreover, many people probably accept the contention of scientists and engineers that something practical can be done to avert an impact catastrophe; many other natural hazards (e.g. earthquakes) are difficult or impossible to predict in advance or to prevent.


In my own discussions of the impact hazard in public forums during the past two decades, I have learned several things (not all surprising) about perceptions of this issue, both by lay people and scientists:

* There is a common tendency for people to think of long "waiting times" before the next impact rather than in terms of "chances" of a disaster in the near-term. For the same reason people will build in a hundred-year floodplain, thinking (especially in the aftermath of an actual flood) that a flood won't happen for a hundred years, many people believe that an urgent response to the NEA threat isn't required: we can let the next generation deal with it. Yet many people buy lottery tickets (or avoid very low-probability hazards) with odds of winning (or dying) that are much lower than the chances of a large NEA impact happening this decade.

* People have enormous difficulty judging consequences of different degrees. It is very difficult for me to communicate the differences between a civilization-killing impact and a mass-extinction event (although it would take a thousand of the former impacts to equal one of the latter). Should/will people consider 100 deaths per year (roughly the statistically averaged threat from NEAs) to be serious or not? We live in a society that can become very concerned about the life of a single individual highlighted by the news, yet remain oblivious to the plight of millions in a different context. At the peak of the Rwanda genocide killings, newspaper headlines were instead dominated for a week by the impact hazard (when Comet Shoemaker-Levy 9 fragments were crashing into Jupiter). American society felt that "the world had changed" when ~3000 people died on 11 Sept. 2001, yet the ~3000 American traffic fatalities in Sept. 2001 went unnoticed. Since a large NEA impact has never been witnessed, it is difficult to predict how seriously even properly informed people might react to such a predicted impact.

* People are inclined to visualize the problem as involving an NEA that is on its way in and the way to deal with it is to "blow it up" shortly before it hits. The picture of an NEA orbiting the Sun countless times (and for decades, centuries, or longer) before it hits -- all the while remaining in our cosmic neighborhood, where it is accessible by spacecraft -- is difficult to get across.

* The process of NEA discovery and orbit determination is an arcane art, not even well appreciated by non-specialist astronomers, let alone journalists or the public. The reality is that when an NEA is discovered, its track is extremely poorly determined in the first hours and days, so it is likely to have a "chance" (although a very low one) of colliding with Earth. It might take days or even months before additional observations of the NEA's movements in the sky permit refinement of the orbit to the degree that the chances of collision go to zero (which happens for almost every NEA). The NEAs of interest, of course, are those very rare cases where refinement of the orbit results in the chances of impact going up: the body is likely to pass very close to the Earth at some point during the next decades or century. How the uncertainties of impact (e.g. the "error ellipse") behaves as still more observations are made is complicated and non-intuitive. Although simulations of such behavior have been run, it is plausible that if and when the first real prediction of an actual impact (or very near miss) is made, a complete understanding of the uncertainties will elude astronomers, as well as the public officials who will have to make decisions. For accounts of some past examples of misunderstood impact predictions, see accounts by Chapman (2000), Morrison et al. (2004), and Chapman (2004b).

6 Societal impacts

I now address, from an astronomer's perspective, the theme of this Workshop. I attempt to provide a bridge between the "facts" about the impact hazard I have described and what I perceive to be issues about the impact hazard that affect different sectors of society. First I address the aspect of the impact hazard that is most likely to affect society during the near future. Then I briefly discuss four institutions, the news media, religion, the military, and science; then I conclude by focusing on hazards research and disaster management.


I outlined above the most serious, objective threats of mortality (and damage) from NEA impacts. It must be re-emphasized that the major, unique element of the NEA impact hazard (end of civilization, or even extinction of our species) comes from NEAs>1.5 km in size, and that threat is rapidly being reduced by the Spaceguard Survey (though it will never go to zero, because current technology cannot handle the threat from large comets). While impact of a small NEA, say 100 to 300 m across, could be as devastating and lethal as one of the largest natural disasters of the past century, such impacts are rare: hundreds of such floods, earthquakes, and other natural disasters will occur for each NEA impact of comparable seriousness. Certainly the issue that will most likely face society and public officials in the near future are the most frequent, smallest events -- indeed those that directly kill nobody, but which make the news and could result in public response (panic [though Clarke, 2002, argues that such a response is unlikely], political calls for action, etc.). I describe below some recent news stories about "near-misses," actual impacts by harmlessly small bodies, or predictions that a dangerous NEA might impact in the future. Such events in the past have illuminated difficulties in communication between astronomers and the public. Clearly communica​tions channels must be improved if we are to avoid ever-increasing "scares" and ad hoc responses by officials as NEA discoveries accelerate due to Pan-STARRS and other searches coming on-line.


I now focus briefly on four societal institutions.

6.1 The news media

The news media have been a prime route whereby people have learned that the impact hazard exists. Most commonly the stories have concerned three kinds of events: (1) A "near-miss" generates interest, when an NEA is about to pass close to the Earth, or is found to have just passed by (and that fact was discovered only afterwards, incorrectly implying that astronomers weren't looking carefully enough beforehand). The distance may be genuinely close (e.g. the 10-m NEA 2004 FU162 was reported in August 2004 to have passed just 6,500 km above the Earth's surface on 31 March 2004) or many times farther away than the Moon (e.g. news stories in September 2004 before the large NEA Toutatis missed the Earth by 1.5 million km, an event which had been accurately predicted years beforehand). (2) An actual bolide (or "fireball") is reported, an actual meteorite strikes someone's house, or some other phenomenon related to very tiny cosmic objects that are essentially harmless draws attention. (3) A prediction of a very small chance of a catastrophic impact at some time (typically decades) in the future.


One or another such media report, meriting a CNN "crawler" or at least "page-two" coverage, has happened every couple of months during the last five years. The media reports are often inaccurate about the details or use hyped or even wholly fallacious language (a 2002 BBC on-line report that an NEA was "on a collision course with Earth" misrepresented the truth that the astronomers' press release had estimated that it would miss by tens of millions of km and never had an estimated chance of Earth impact higher than 1-in-100,000). There are several science journalists associated with major media who have become well-informed about the topic and whose reports are generally reliable. But most casual viewers/readers hear reports passed along by TV weather forecasters and other reporters who often magnify misunderstandings. Of course, concerns about news media affect risk communication generally, and most other aspects of life. But fears are augmented when the issue involves a relatively new, difficult-to-comprehend hazard and predictions of a frightening catastrophe. I have heard of cases where misleading headlines about an NEA impact have caused citizens to "run into the streets" or schoolchildren to run home crying. How to achieve better, more accurate communications between NEA experts, journalists, and citizens should be part of broader dialogues addressing larger issues affecting science journalism and science literacy generally. (For lengthier discussion of past NEA scares, see Morrison et al. 2004.)

6.2 Religion 

Some researchers believe that the sacred Kaaba stone in Mecca may be a meteorite. In 1910, some people thought that the approach of Halley's Comet signalled the Apocalypse. Perusal of the web with Google uncovers a surprising number of religious sites that are fascinated by asteroid impacts. Surely, many people on the fringe keep asteroid researchers (those who choose to do so) busy answering questions on late-night radio shows. What I cannot predict is the degree to which mainstream religions would become interested in an actual predicted future impact, and what they might do about it.

6.3 The military

There are numerous past and potential connections between the impact hazard and the military. Much of our present knowledge about the frequency of impacts by objects roughly 1 m in size comes (often reported rather belatedly) from military assets deployed in space for other purposes. The U.S. Air Force has partially supported several elements of the Spaceguard Survey, especially the LINEAR project, which currently is the leading NEA detection survey. The U.S. Department of Defense (DoD) has shown other interests in NEAs on occasion, such as development of the Clementine space mission to the Moon and the NEA Geographos (the spacecraft was lost before the asteroid phase of the mission). On the other hand, the DoD has never taken ownership of "planetary defense." NASA, on the other hand, has pointedly never taken ownership of the topic, either, except for telescopic discoveries of NEAs and space missions to comets and asteroids (specifically motivated by planetary science objectives, not by the impact hazard). Most interest in the U.S. concerning military options for deflecting asteroids (using bombs and other technologies developed for the "Star Wars" Strategic Defense Initiative) has emerged from the Dept. of Energy national laboratories (e.g. Los Alamos and Livermore) or occasional individuals within the DoD; such individual interest has never been translated into serious programs. There have been parallel interests on the part of Russian scientists with military backgrounds.


The potential use of bombs in space has important ramifications, of course. This may be one motivation for the occasional interest in the impact hazard by the U.N. Office for Outer Space Affairs (Committee on the Peaceful Uses of Outer Space), which has co-sponsored at least two conferences on the impact hazard, including one held at U.N. Headquarters in New York in 1995 (Remo et al. 1997). But some U.N. involvement has attempted to foster scientific programs in underdeveloped countries, including possible construction of telescopes for NEA follow-up observations. It was reported about a decade ago that the NEO hazard had been used as a bargaining chip by China with regards to nuclear disarmament (the argument was that nuclear weapons had to be maintained for potential use to protect Earth from an NEA strike).


One hazard posed by smaller NEA impacts mentioned above is the possible misinterpretation of the upper atmospheric explosion of an NEA as an offensive military action. This possibility has been recognized for decades, and we must hope and assume that there has been adequate promulgation of information about bolides to preclude inappropriate military responses to bolides in areas of conflict in the world.


All of these minor involvements of military institutions with the impact hazard could sharply crystallize if a specific impact threat were to develop. We would quickly focus on such questions as civilian-versus-military responsibilities for mitigation and national-versus-international approaches to deflection and disaster management. I think it would be prudent to think about these issues in advance.

6.4 Science

There is an uneasy relationship between basic scientific research and the impact hazard. Normally, in the past century at least, astronomy has had little direct, practical applications to the Earth. Until recognition of the impact hazard, solar flares were the only aspect of the heavens with practical effects. Unlike geology, which deals with earthquakes, landslides, and oil reserves, astronomy has been a bastion of "pure science." Thus, when the NEA hazard arose, the question was asked about whether it is "real science." The only recent American National Academy of Sciences/National Research Council evaluation of NEA research priorities explicitly set aside hazard issues and focused on strict science issues. Hemmed in by flat budgets, NASA's Office of Space Science (recently transformed out of existence in NASA's organization charts), took the "high road" and declared that funds would not be carved out from "real astronomy" for practical matters like planetary defense; thus NASA-funded NEA research in the 1990s addressed questions involving the origin and evolution of the solar system. NASA's only forays into the NEA hazard arena have been under pressure from Congress and only in the narrow endeavor of telescopic searches for NEAs. NASA spacecraft missions like NEAR Shoemaker and Deep Impact have some obvious relevance to NEA hazard mitigation issues, but they were funded to meet pure scientific objectives. There has been more willingness, in principle, to address the NEA hazard within the European Space Agency. But there has been little direct funding of NEA hazard research in Europe or by any other national science agency, presumably in part because the budgetary pie has already been sliced up for existing scientific constituencies. The scientific establishment is as conservative as any other human institution and, barring an actual NEA impact, it may prove difficult to shift priorities in order to accommodate the impact hazard.



In another arena of science, the NEA impact hazard has had enormous influence: so-called informal science education (i.e. in TV documentaries, planetarium presentations, etc.). Well over a dozen widely distributed documentaries on the impact hazard have been produced by Nova, National Geographic, NBC, BBC, CBC, the National Film Board of Canada, national television networks in Germany and Japan, and so on. Cosmic impacts have been themes of planetarium shows far out of proportion to research funding of the topic. Thus interest in asteroid catastrophes (and related topics of popular interest, like dinosaurs) has provided a focus for educating the public about a wider range of scientific issues, such as primordial accretionary processes, planetary cratering, and climate change.

7 Hazards research/disaster management

In the last few decades, people have become much more aware of hazards, both in their personal lives and in the news about hazards facing communities and humanity in general. These include natural hazards (whose locally catastrophic effects are compellingly broadcast on 24/7 TV news channels), technological hazards (like Chernobyl and Bhopal), and the threats of war and terrorism (e.g. 9/11 and weapons of mass destruction). Natural hazards research, risk assessment and risk communication, disaster management and recovery, and issues of insuring against unpredictable catastrophes have been growing topics in recent years. There has been a trend, in the last decade, to use an "all-hazards" approach to emergency preparedness and crisis management, in order to take advantage of the many common elements of disasters, to simplify warning systems, and coordinate other elements of mitigation and response. In the United States, Homeland Security Presidential Directive #5, issued in February 2003, orders that such an all-hazards approach be developed to manage all "domestic incidences.” But the NEA hazard has notably been missing from most discussions of "all-hazards" and NEAs have not explicitly been incorporated into discussions of implementing HSPD-5.


One of the chief challenges and opportunities of this ICSU Workshop is to develop an understanding of how NEA impacts might fit within the larger umbrella of risk perception and hazard mitigation. Surely consideration of this extreme low-probability high-consequence hazard may prepare us to deal with other analogous, but less extreme, disasters that face us. And NEA researchers may also learn from the broader hazards fields the ways to more effectively approach implementation -- at whatever level of priority seems to be appropriate -- of the end-to-end processes from discovery of a threatening NEA...through management of mitigation efforts...to response to any NEA disaster that may be required. I believe that a thorough evaluation of the NEA threat, in the context of other hazards, by one or more authoritative national or international scientific advisory bodies is essential to establish the appropriate priorities for researching the NEA hazard, for extending searches, for developing deflection options, and for treating this hazard within the context of other hazards.
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Fig. 1 The size-frequency relationship for NEAs, for the cumulative number larger than a particular size, based chiefly on telescopic search programs. There are two reference curves: The straight, long-dashed line is a power-law; the curve that flattens out to the lower left is the number of NEAs discovered as of early 2002. Courtesy A. Harris
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Fig. 2 Annualized global mortality for NEA impacts of three different types (nominal, SDT 2003, CRC04), applicable after the Spaceguard Survey is completed.  The residual global threat from NEOs >2 km is being reduced, leaving primarily the local or regional threats from land impacts by bodies of order 100 m in size.  The tsunami threat is very uncertain (it pertains to deaths rather than the SDT’s “persons affected”).
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