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Abstract

To prevent catastrophic asteroid-Earth collisions, it has been proposed to use nuclear explosives
to deflect away Earthbound asteroids. However, this policy of nuclear deflection could
inadvertently increase the risk of nuclear war and other violent conflict. This article conducts
risk-risk tradeoff analysis to assess whether nuclear deflection results in a net increase or
decrease in risk. Assuming nonnuclear deflection options are also used, nuclear deflection may
only be needed for the largest and most imminent asteroid collisions. These are low-frequency,
high-severity events. The effect of nuclear deflection on violent conflict risk is more ambiguous
due to the complex and dynamic social factors at play. Indeed, it is not clear whether nuclear
deflection would cause a net increase or decrease in violent conflict risk. Similarly, this article
cannot reach a precise conclusion on the overall risk-risk tradeoff. The value of this article comes
less from specific quantitative conclusions and more from providing an analytical framework and
a better overall understanding of the policy decision. The article demonstrates the importance of
integrated analysis of global risks and the policies to address them, as well as the challenge of
quantitative evaluation of complex social processes such as violent conflict.
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1. INTRODUCTION
Earthbound asteroids and comets can pose a significant risk to humanity and the environment.
The risk is illustrated by the 2013 collision at Chelyabinsk, Russia, which injured approximately
1,500 people and damaged thousands of buildings (Popova, 2013). More rarely, large collisions
can be globally catastrophic, such as the Chicxulub collision implicated in the Cretaceous-
Paleogene extinction event 66 million years ago (Alvarez, Alvarez, Asaro, & Michel, 1980).
The response to this risk has primarily been twofold. First, for several decades, there have
been programs to detect near-Earth objects (NEOs)' and assess whether they are on trajectory to
collide with Earth. These include the Spaceguard Survey (Harris, 2008) and NEOWISE project
(Mainzer et al., 2011; 2014). Thus far, all detected NEOs are not Earthbound. The search is not
yet complete, though there has been detection of over 90% of the largest NEOs (Mainzer et al.,
2014). Second, there have been studies of techniques for deflecting away Earthbound NEOs.?
These techniques may be used in the event that an Earthbound NEO is detected.’

! NEOs are defined by convention as asteroids and comets that approach within 1.3 astronomical units of the

Sun.
2 NEO deflection is defined as changing the orbit of the NEO; the terms disruption and fragmentation are
used for breaking the NEO into smaller pieces (Ahrens & Harris, 1992; National Aeronautics and Space
Administration [NASA], 2007); National Research Council [NRC], 2010).

: A third policy response, which has received less attention, is for post-collision disaster response

(Garshnek, Morrison, & Burkle, 2000).
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A promising but controversial deflection technique uses nuclear explosives, henceforth
referred to as nuclear deflection. Nuclear deflection is promising because of the high energy
density of nuclear explosives, enabling a stronger deflection than other techniques. Deflection
studies find nuclear deflection to be the most effective technique, especially for large NEOs and
imminent collisions (Ahrens & Harris, 1992; NASA, 2007; NRC, 2010). Governments have
likewise indicated interest in nuclear deflection, including China (Tyler, 1996) and reportedly
also Russia (Gerrard & Barber, 1997) in the 1990s and the United States in the 2010s.* The US
has taken at least one initial step toward a nuclear deflection program, with its National Nuclear
Security Administration retaining an important nuclear explosives component for “potential use
in planetary defense against earthbound asteroids” (GAO, 2014).

Nuclear deflection is controversial because it intersects with nuclear weapons issues and
related issues of violent conflict. The most commonly expressed concern is that nuclear
deflection may violate certain international treaties on nuclear weapons, including the Partial
Test Ban Treaty, the Comprehensive Nuclear-Test-Ban Treaty (CTBT), and the Outer Space
Treaty.” (Nuclear deflection could also violate the new—as of July 2017—Treaty on the
Prohibition of Nuclear Weapons.) Other concerns expressed about nuclear deflection include that
it is politically difficult and contentious (Bucknam & Gold, 2008; Koenig & Chyba, 2007;
Packer et al., 2013), that it could be geopolitically destabilizing (Chapman, 1999), and that it
could impede nuclear disarmament (Graham & Schweickart, 2008). On the other hand, some
have expressed the view that nuclear deflection would be good because it diverts nuclear
explosives away from military purposes, thereby “beating swords into ploughshares” (Mellor,
2007).

This article evaluates the merits of nuclear deflection of Earthbound asteroids in
consideration of its potential effects on both asteroid and violent conflict risks.® The primary goal
of nuclear deflection is to keep Earth safe from potential harm. Any increase in violent conflict
risk caused by nuclear deflection programs would go against this goal. The question is whether
the decrease in asteroid risk from nuclear deflection programs is large enough to offset any
increase in violent conflict risk. To make progress on this question, the article conducts risk-risk
tradeoff analysis (Graham & Wiener, 1995; Lave, 1981; Lofstedt & Schlag, 2017) of asteroid
and nuclear weapons risks to inform policy decisions about whether and how nuclear deflection
programs should proceed.

This article is framed in terms of violent conflict risk more generally, and not violent nuclear
conflict risk more specifically, in deference to the possibility that nuclear deflection can also
affect the risk of non-nuclear violent conflict. For example, nuclear deflection programs could
impede nuclear disarmament. If nuclear weapons are fully disarmed, then there may be greater
risk of non-nuclear war (more on this below). Thus, this article might be more precisely
described as a risk-risk-risk tradeoff analysis, with the three risks being asteroid collision, violent
nuclear conflict, and violent nonnuclear conflict.
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6 Comets are rarer, harder to detect, and harder to deflect, and thus are excluded from this study, as has been
done for other studies, e.g. Stokes et al. (2003).



This article makes several original contributions. First, it contributes risk and policy analysis
to a broader literature on the intersection of nuclear deflection and nuclear weapons issues.” As
elaborated below, prior studies in this literature have not considered the risk-risk tradeoff in
substantial detail. Second, it provides an example of risk-risk tradeoff analysis in the context of
global catastrophic risk. Global catastrophic risk is an important class of risk and an emerging
field of study.® However, these risks can be difficult to study due to their complex global nature
and their inherent data problem—modern global human civilization has never previously been
destroyed. This article shows that some policy decisions involve global catastrophic risk-risk
tradeoffs, which require quantification to resolve, though rigorous quantification may be difficult
to achieve. Evaluation of these decisions requires an integrated analysis of multiple global
catastrophic risks (Baum & Barrett, 2017).

The article is organized as follows. Section 2 surveys prior literature on the nuclear
deflection risk-risk tradeoff. Section 3 presents theory and assumptions concerning the
underlying evaluative framework and the nuclear deflection decision. Section 4 assesses asteroid
and violent conflict risks. Sections 5 and 6 assess the effects of nuclear deflection on asteroid and
violent conflict risks. Section 7 analyzes policy implications. Section 8 concludes.

2. PRIOR LITERATURE

Several studies have noted the existence of a nuclear deflection risk-risk tradeoff. Remo (1996)
worries that nuclear deflection could “inadvertently trigger another nuclear arms race which
could create a short-term peril far greater than the NEOs themselves”. Sweet (1999) postulates
that “the mere existence of such a nuclear arsenal could constitute a danger to human life that
may be much greater than the threat it is intended to mitigate”. Gerrard and Barber (1997) state
that “It seems obvious that the deployment of a nuclear weapons system in China, Russia, or
anywhere else poses a threat of accidental or malevolent mass destruction that dwarfs the odds
that such a system will be suddenly needed to beat back a long-period comet or another atypical
threat that arises with too little warning for us to develop a defensive system from scratch”.
However, the studies do not provide any analysis in support of these assertions.

Graham and Schweickart (2008) argue that nuclear deflection is not important enough to
factor into nuclear weapons policy decisions. They emphasize the low probability of the large
NEO collisions that require nuclear deflection, claiming that this probability is too low to be
counted. However, this analysis neglects the large severity of large collisions and does not
attempt to compare the effect of NEO deflection on NEO collision risk to its effect on risks
posed by nuclear weapons.

Remo (2015) argues that nuclear deflection reduces long-term risks to human civilization,
accounting for both NEO collision and nuclear war risks. Remo emphasizes the point that over
long time scales, large NEO collisions are highly probable, perhaps inevitable, and thus human
survival requires a mechanism for deflecting large NEOs. In contrast, Remo argues that nuclear
war is not inevitable, and can be avoided by eliminating humanity’s “aggressive, self-destructive
tendencies”. However, this analysis overlooks the possibility that over such long time scales,
humanity will have developed other, nonnuclear means for deflecting large NEOs, or will
become more able to survive NEO collisions. Future policymakers can consider such matters;

! Baum (2015); Bucknam & Gold (2008); Chapman (1999); Gerrard & Barber (1997); Graham &
Schweickart (2008); Koenig & Chyba (2007); Kunich (1997); Mayer (2015); Mellor (2007); Packer et al. (2013);
Remo (1996; 2015); Schweickart et al. (2008) Su (2015); Sweet 1999).

Baum & Tonn (2015); Bostrom & Cirkovi¢ (2008); Garrick (2008); Higgstrdm (2016).



today’s policymakers arguably should focus on the potential benefits and risks of nuclear
deflection over the shorter time horizons of near-term nuclear deflection programs.

Finally, Baum (2015) argues that the benefits of nuclear deflection for NEO risk reduction do
not outweigh the downsides for the risk of nuclear war, except perhaps if the nuclear deflection
is governed by the international community. This analysis is based on the notion that nuclear war
is a larger risk than NEO collision. However, the analysis does not provide support for the claim
that nuclear war is the larger risk. It also errs in comparing the size of two risks instead of
comparing the size of the effect of nuclear deflection on the two risks. Even if nuclear war is the
larger risk, nuclear deflection may still provide a net risk reduction if it has relatively little effect
on nuclear war risk.

This article improves on this prior literature by providing a more detailed and theoretically
sound analysis of the nuclear deflection risk-risk (or risk-risk-risk) tradeoff.

3. THEORY AND ASSUMPTIONS

This article only considers the potential human consequences of nuclear deflection. All other
factors are excluded. In the context of nuclear deflection, other factors could include impacts on
natural environments, legal and political considerations, scientific insights from deflection
missions, and mission cost. Other factors are excluded strictly to focus the analysis. The article
does not claim that other factors are irrelevant to nuclear deflection policy. The sole claim is that
human consequences are one important factor.

To assess the potential human consequences, the article uses an undiscounted expected utility
decision parameter, in which decision makers base their decision at least in part on the effect that
decision option(s) have on the expected value of human welfare integrated across space and
time, with all units of welfare counted equally:
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In Equation (1), D, is the decision parameter for utility, x is the decision option being
evaluated, E is the expected value operator, T is the time horizon, and u(x,t) is the total welfare
(utility) of the population alive at time t if decision option x is pursued. Each element of {x} is a
specific potential nuclear deflection program; {x} includes having no nuclear deflection at all.
The decision parameter D, is taken as one factor in decision making; other factors are not
evaluated in this article. A decision option X, is taken to be better in terms of expected utility than
another decision option X; if Dy(x;)> Dy(Xz), though x; is not necessarily better overall than x,
once any other factors besides expected utility are accounted for. In Equation (1), utility can be
interpreted as either the satisfaction of human preferences or the quality of life experienced by
humans (Broome, 1991; Kahneman & Sugden, 2005; Ng, 2003). Additionally, Equation (1) can
be interpreted as being risk-neutral in the sense that possible changes in utility are weighted
according to their probability. Although it is possible that utility definitions and probability
weighting could have some effect on the analysis, that is beyond the scope of this article. As with
any decision parameter, expected utility is subject to normative critique, but it also has
substantial philosophical support and is transparent and easy to interpret.



To simplify the analysis, the article assumes that expected utility is only affected by the risk
of asteroid collision and the risk of violent (nuclear or non-nuclear) conflict. Thus, the decision
parameter can be rewritten as:

D,(x) == p(x,a)s(x,a) =D p(x,¢)s(x,c) 2)

a=1

In Equation (2), A and C are the sets of potential asteroid collisions and violent conflicts,
while p and s are their probabilities and severities, with severity defined as loss of utility. Thus,
decision options with larger asteroid collision risk and larger violent conflict risk yield lower
values of D,.

The article further assumes that non-nuclear deflection is used to the extent that it reduces
asteroid collision risk. Prior studies have found that non-nuclear deflection can succeed for
sufficiently small and non-imminent asteroid collisions (Ahrens & Harris, 1992; NASA, 2007;
NRC, 2010). Non-nuclear deflection technologies pose much weaker risk-risk tradeoffs and also
have legal and political advantages (Koenig & Chyba, 2007). Given this assumption, the effect
of nuclear deflection on expected utility is evaluated in terms of (1) the additional reduction in
asteroid collision risk it brings beyond what is already achieved from non-nuclear deflection and
(2) any change in violent conflict risk it causes:

D, (x)= —AW,Zp(x, a)s(x,a)—A,, Zp(x, c)s(x,c) (3)

a=1

In Equation (3), A, is the change in expected utility due to nuclear deflection. If a nuclear
deflection program causes a net decrease in risk to human utility, then D, will be positive and the
nuclear deflection program will be a good decision option in terms of expected utility, though, as
elaborated above, whether it is a good decision option overall may also depend on other factors.

Finally, the article assumes that all deflection technologies will be used strictly to deflect
Earthbound asteroids away from Earth. Harris et al. (1994) propose that asteroid deflection
technology could be used to intentionally redirect non-Earthbound asteroids into Earthbound
trajectories. However, it is unlikely that such a feat would be attempted. Globally catastrophic
asteroid collisions are broadly undesirable. There are extremely few people who wish to cause
global catastrophe—the rare exceptions include, for example, select apocalyptic cults. These
people are unlikely to have asteroid deflection capabilities, and are more likely to pursue other
options, such as the engineering of dangerous pathogens (Torres, 2016). Meanwhile, collisions
that cause regional damage are much more difficult to orchestrate than traditional means of
violence. Thus it is assumed that nuclear deflection does not intentionally increase asteroid
collision risk. Nuclear deflection could inadvertently increase the risk in some mission failure
scenarios, such as if the asteroid is deflected from an unpopulated to a populated location on

Earth, or if the asteroid is fragmented and the fragments remain on an Earthbound trajectory
(NRC, 2010).



4. RISK ANALYSIS

4.1 Probability of Asteroid Collision

As of 22 June 2018, NASA lists 18,438 known NEOs, including 18,331 asteroids and 107
comets (NASA Jet Propulsion Laboratory 2018). Mainzer et al. (2011) estimate approximately
1,000 NEOs of diameter 1km or larger and approximately 20,000 NEOs of diameter 100m or
larger; Harris and D’ Abramo (2015) report similar results.” Additional NEOs are identified on an
ongoing basis, indicating that the total number is larger than this. Larger NEOs are easier to
identify, so the unidentified NEOs will tend to be of smaller size (Mainzer et al., 2014).

The long-term rate of asteroid-Earth collisions is commonly taken to follow an
approximately power-law distribution as a function of asteroid diameter. 10m asteroids collide
approximately once per 10 years, 100m once per 1,000 years, and 1km once per one million
years (Harris et al., 2015). More precisely, Harris (2008) gives a 10 annual probability for
collision with 10km diameter asteroids (as in the Cretaceous-Paleogene extinction event) and a
6.7x10* annual probability for 50m diameter asteroids (as in the 1908 Tunguska collision).
Chapman and Morrison (1994) estimate a 10 annual probability for asteroids of diameter 2km
or larger. Recent research proposes that asteroid collision probability estimates are significantly
underestimated due to undercounting of hard-to-detect ocean collisions (Gusiakov, Abbott,
Bryant, Masse, & Breger, 2010), but this proposal has been disputed on scientific grounds
(Bourgeois & Weiss, 2009; Goff, Dominey-Howes, Chagué-Goff, & Courtney, 2010).

The estimated rate of asteroid collision can change over time. On astronomical time scales,
the collision rate has gradually lowered due to the stabilization of planetary orbits and the
accretion of small asteroids and comets (NRC, 2010). On human time scales, the estimated rate
is changing due to the findings of asteroid monitoring programs, especially for larger asteroids,
which are easier to detect. Mainzer et al. (2011) report the detection of 90% of NEOs of diameter
1km or larger, 25% at 100m, and less than 1% at 20m, with none found to be on course for Earth
collision. Harris et al. (2015) estimate ~100% of asteroids of diameter>4km have been detected,
with detection rates decreasing down to a minimum of ~10m.

4.2 Probability of Violent Nuclear Conflict

Nine states are believed to possess nuclear weapons, with a total of approximately 3,600
deployed and 14,450 total nuclear weapons worldwide (Federation of American Scientists
[FAS], 2018). About 90% of the weapons are held by Russia and the United States. China,
France, India, Israel, Pakistan, and the United Kingdom each possess nuclear arsenals in the
range of 80 to 100 weapons. North Korea is believed to have no more than twenty nuclear
weapons. These numbers are much lower than the Cold War peak of over 60,000 nuclear
weapons, but current arsenals still pose significant risk.

The probability of violent nuclear conflict is more difficult to estimate than the probability of
asteroid collision because violent nuclear conflict depends on complex and dynamic social
factors. The historical record offers some data but requires subtle interpretation. There has been
one nuclear war (World War II) in seventy-five years, but this does not imply a one-in-seventy-
five annual probability because geopolitical conditions have changed. For example, unlike
during WWII, today multiple countries have sizable nuclear arsenals. This creates more

? Although NEO diameter makes for a convenient metric, NEO collision energy (and thus severity) also

depends on NEO density, NEO velocity relative to Earth, the angle of NEO trajectory relative to Earth, and the
density of the ground on Earth if the collision occurs on land (Collins, Melosh, & Marcus, 2005; Reinhardt, Chen,
Liu, Manchev, & Paté-Cornell 2016).



opportunity for nuclear war, but it also enables deterrence, which may reduce the probability. An
important ongoing factor is the quality of relations between nuclear-armed countries. For
example, the probability of nuclear war between Russia and the U.S. was presumably higher
during the tensest moments of the Cold War than it was after the Cold War ended, though it
arguably has increased again recently due to instability in Ukraine and related matters.

No nuclear war has occurred since the advent of nuclear deterrence, but there may have been
several near misses. For example, during the Cuban Missile Crisis, a Soviet submarine may have
nearly launched its nuclear weapons, restrained only by a single officer who refused to order
launch. In 1995, after the Cold War, Russian radar operators mistakenly believed that a
Norwegian-U.S. scientific weather rocket launch was a nuclear attack, allegedly prompting
Russian President Yeltsin to contemplate launching in retaliation. These events suggest a higher
ongoing probability, but how high is a matter of historical debate (Lewis, Williams, Pelopidas, &
Aghlani, 2014; Tertrais, 2017).

Two recent studies estimate the ongoing probability of specific nuclear war scenarios by
modeling the sequences of events in the scenarios. Hellman (2008) models Russia-U.S. nuclear
war caused by crises similar to the Cuban missile crisis, finding an annual probability in the
range of 2x10 to 5x107. Barrett, Baum, & Hostetler (2013) model Russia-U.S. nuclear war
caused by false alarms like the 1995 Norwegian rocket incident, finding an annual probability in
the range of approximately 10~ to 0.07, with mean values around 0.01. These studies should be
taken with a grain of salt, for example because they are based on historical event frequency data
that may not match future event frequencies, but they nonetheless provide a starting point for
thinking about nuclear war probabilities. Note that the total probability across all nuclear war
scenarios will necessarily be larger than the probability for the two scenarios in these studies.

The probability of nuclear terrorism is modeled by Bunn (2006). Bunn models the total
probability of nuclear terrorism across all scenarios and tentatively estimates an annual
probability of nuclear terrorism of approximately 0.03, corresponding to an average of one
nuclear terrorist attack per 33 years. However, the Bunn model parameters are not rigorously
supported but instead are described as just one set of plausible estimates. Additionally, the
parameters are point estimates that do not account for uncertainties in the process of terrorists
obtaining and using nuclear weapons. Thus, it is difficult to assess the meaning of the 0.03
annual probability estimate.

4.3 Severity of Asteroid Collision and Violent Nuclear Conflict

Both asteroid collisions and nuclear weapons detonations involve explosions. Their effects are
likewise similar. A primary difference is the absence of ionizing radiation from asteroid
collisions.

The standard physical measure for the severity of asteroid collisions and nuclear detonations
is the amount of energy released, in units of tons (T), kilotons (KT), or megatons (MT) of TNT
equivalent.'” The 2013 Chelyabinsk asteroid collision was about 20m in diameter and 500KT
(Brown et al., 2013). This is about double the smallest size believed to be able to cause damage
on Earth’s surface; smaller collisions explode harmlessly in the upper atmosphere (Harris et al.,
2015). The Chicxulub impactor was an estimated 10km and 10*MT (Chapman & Morrison,
1994). Nuclear weapons have been made as small as around 10T (the U.S. W54 weapon) and as
large as SOMT (the Soviet Tsar Bomba). There is no physical limit to how large of a nuclear

10 This is a reasonable metric, though asteroids can cause additional damage due to their momentum

(Boslough, 2010) and nuclear weapons can cause additional damage due to their ionizing radiation.



weapon can be built. Common nuclear weapon yields are tens to hundreds of KT, and some have
yields of several MT (Kristensen and Norris, 2018a, 2018b, 2018c).

The extent of the damage depends on the amount of energy released and the location on
Earth. The 1908 Tunguska collision caused ecological damage across a wide area of Siberia but
no significant human harm, though if it had collided four hours later it could have hit Saint
Petersburg (Longo, 2007). The locations of asteroid collisions are essentially random, so most
occur at ocean locations. The locations of nuclear weapons explosions are not random. In
military planning, most nuclear weapons are targeted at either cities or military installations,
while test explosions are conducted in remote locations or underground to minimize harm.

The local harms from asteroid collisions and nuclear weapons explosions are relatively
simple and well understood. The immediate vicinity is disturbed or destroyed. The Hiroshima
and Nagasaki bombings provide indicative data. They were hit with bombs of 15-20KT yield
detonated at altitudes around 500-600m (to maximize damage) over the center city. Fatalities
were about 120,000 people in Hiroshima and 60,000 in Nagasaki; the Hiroshima number is likely
larger due to flatter terrain and drier conditions that enabled the blast and accompanying
firestorm to spread (Toon et al., 2007). Nuclear detonations with higher yields and at larger cities
could bring many times more fatalities.

In comparison, local effects from asteroid collisions could be larger than single nuclear
detonations due to their potential for larger event energies. However, local effects from asteroid
collisions would typically see less human harm due to their occurrence at random locations,
which are likely to be uninhabited or sparsely populated. Asteroid risk analyses commonly
calculate local severity based on the population within a 2 to 4 psi blast overpressure damage
area (Canavan, 1993, 1994; Garrick, 2008; Mathias, 2017; Stokes et al., 2003), which is based on
studies of nuclear weapons (Glastone, 1962; Glastone & Dolan, 1977).

A sufficiently large asteroid collision at an ocean would cause a tsunami. The current
literature lacks consensus on how severe the tsunami would be. Gusiakov et al. (2010) propose
that several massive asteroid-caused tsunamis have occurred in recent millennia, but this
proposition is hotly disputed (Bourgeois & Weiss, 2009; Goff et al., 2010; Pinter & Ishman,
2008). Other studies suggest that asteroid-caused tsunamis are much less severe (Gisler, Weaver,
& Gittings, 2011; Korycansky & Lynett, 2005).

The most severe asteroid collisions and nuclear wars can cause global environmental effects.
The core mechanism is the transport of particulate matter into the stratosphere, where it can
spread worldwide and remain aloft for years or decades. Large asteroid collisions create large
quantities of dust and large fireballs; the fire heats the dust so that some portion of it rises into
the stratosphere. The largest collisions, such as the 10km Chicxulub impactor, can also eject
debris from the collision site into space; upon reentry into the atmosphere, the debris heats up
enough to spark global fires (Toon, Zahnle, Morrison, Turco, & Covey, 1997). The fires are a
major impact in their own right and can send additional smoke into the stratosphere. For nuclear
explosions, there is also a fireball and smoke, in this case from the burning of cities or other
military targets.

While in the stratosphere, the particulate matter blocks sunlight and destroys ozone (Toon et
al., 2007). The ozone loss increases the amount of ultraviolet radiation reaching the surface,
causing skin cancer and other harms (Mills, Toon, Turco, Kinnison, & Garcia, 2008). The
blocked sunlight causes abrupt cooling of Earth’s surface and in turn reduced precipitation due to
a weakened hydrological cycle. The cool, dry, and dark conditions reduce plant growth. Recent
studies use modern climate and crop models to examine the effects for a hypothetical India-



Pakistan nuclear war scenario with 100 weapons (50 per side) each of 15KT yield. The studies
find agriculture declines in the range of approximately 2% to 50% depending on the crop and
location."" Another study compares the crop data to existing poverty and malnourishment and
estimates that the crop declines could threaten starvation for two billion people (Helfand, 2013).
However, the aforementioned studies do not account for new nuclear explosion fire simulations
that find approximately five times less particulate matter reaching the stratosphere, and
correspondingly weaker global environmental effects (Reisner et al., 2018). Note also that the
100 weapon scenario used in these studies is not the largest potential scenario. Larger nuclear
wars and large asteroid collisions could cause greater harm. The largest asteroid collisions could
even reduce sunlight below the minimum needed for vision (Toon et al., 1997). Asteroid risk
analyses have proposed that the global environmental disruption from large collisions could
cause one billion deaths (NRC, 2010) or the death of 25% of all humans (Chapman, 2004;
Chapman & Morrison, 1994; Morrison, 1992), though these figures have not been rigorously
justified (Baum, 2018a).

The harms from asteroid collisions and nuclear wars can also include important secondary
effects. The food shortages from severe global environmental disruption could lead to infectious
disease outbreaks as public health conditions deteriorate (Helfand, 2013). Law and order could
be lost in at least some locations as people struggle for survival (Maher & Baum, 2013). Today’s
complex global political-economic system already shows fragility to shocks such as the 2007-
2008 financial crisis (Centeno, Nag, Patterson, Shaver, & Windawi, 2015); an asteroid collision
or nuclear war could be an extremely large shock. The systemic consequences of a nuclear war
would be further worsened by the likely loss of major world cities that serve as important hubs in
the global economy. Even a single detonation in nuclear terrorism would have ripple effects
across the global political-economic system (similar to, but likely larger than, the response
prompted by the terrorist attacks of 11 September 2001).

It is possible for asteroid collisions to cause nuclear war. An asteroid explosion could be
misinterpreted as a nuclear attack, prompting nuclear attack that is believed to be retaliation. For
example, the 2013 Chelyabinsk event occurred near an important Russian military installation,
prompting concerns about the event’s interpretation (Harris et al., 2015).

The ultimate severity of an asteroid collision or violent nuclear conflict use would depend on
how human society reacts. Would the reaction be disciplined and constructive: bury the dead,
heal the sick, feed the hungry, and rebuild all that has fallen? Or would the reaction be disorderly
and destructive: leave the rubble in place, fight for scarce resources, and descend into minimalist
tribalism or worse? Prior studies have identified some key issues, including the viability of trade
(Cantor, Henry, & Rayner, 1989) and the self-sufficiency of local communities (Maher & Baum,
2013). However, the issue has received little research attention and remains poorly understood.
This leaves considerable uncertainty in the total human harm from an asteroid collision or
nuclear weapons use. Previously published point estimates of the human consequences of
asteroid collisions'? and nuclear wars (Helfand, 2013) do not account for this uncertainty and are
likely to be inaccurate.

Of particular importance are the consequences for future generations, which could vastly
outnumber the present generation. If an asteroid collision or nuclear war would cause human
extinction, then there would be no future generations. Alternatively, if survivors fail to recover a
large population and advanced technological civilization, then future generations would be

1 Ozdogan, Robock, & Kucharik (2012); Xia, Robock, Mills, Stenke, & Helfand (2015).
12 Chapman (2004); Chapman & Morrison (1994); Harris (2008); Morrison (1992).



permanently diminished. The largest long-term factor is whether future generations would
colonize space and benefit from its astronomically large amount of resources (Tonn, 1999).
However, it is not presently known which asteroid collisions or nuclear wars (if any) would
cause the permanent collapse of human civilization and thus the loss of the large future benefits
(Baum et al., 2019). Given the enormous stakes, prudent risk management would aim for very
low probabilities of permanent collapse (Tonn, 2009).

It should be noted that the severity of violent nuclear conflict could depend on more than just
the effects of nuclear explosions, because the overall conflict scenario could include non-nuclear
violence. Indeed, it is possible for the nuclear explosions to constitute a relatively small portion
of the total severity, as was the case in World War II.

4.4 Risk of Violent Non-Nuclear Conflict

Finally, it is necessary to discuss the risk of violent non-nuclear conflict. Only a small portion of
violent non-nuclear conflicts are applicable, specifically the portion affected by nuclear weapons.
More precisely, this section discusses non-nuclear conflicts involving one or more countries that

possess nuclear weapons at some point during the lifetime of a nuclear deflection program.

Nuclear deterrence theory predicts that nuclear-armed adversaries will not initiate major wars
against each other because both sides could be destroyed in a nuclear war. However, the theory
does permit limited, small-scale violent conflicts between nuclear-armed countries. These
conflicts likely would not involve nuclear weapons. Indeed, nuclear deterrence may even make
small violent conflicts more likely, because the countries know that neither side wants to escalate
the conflict into major war. This idea is known as the stability-instability paradox: nuclear
deterrence brings stability with respect to major wars but instability with respect to minor
conflicts. Empirical support for the stability-instability paradox has been found by some research
(Rauchhaus, 2009), while other research has found no significant effect of the possession of
nuclear weapons on the probability of conflicts of any scale (Bell & Miller, 2015; Gartzke & Jo,
2009).

If countries fully disarm their nuclear arsenals, such that they would never have nuclear
weapons again, then there would be no nuclear deterrence to prevent the onset of major wars. A
simple risk analysis could assume that the risk of major wars would be comparable to the risk
prior to the development of nuclear weapons. The two twentieth century World Wars combined
for around 100 million deaths in 50 years," suggesting an annualized risk of two million deaths.
However, two World Wars do not make for a robust dataset. Indeed, the robustness of these two
data points is called into question by historical analysis finding that both world wars might not
have occurred in the reasonably plausible event that the 1914 assassination of Archduke
Ferdinand had failed (Lebow, 2014). Similarly, another historical analysis finds that the U.S. and
Soviet Union would probably not have waged major war against each other even in the absence
of nuclear deterrence (Mueller, 1988). Furthermore, these past events are not necessarily
applicable to the future conditions of a post-nuclear-disarmament world. To the best of the
present author’s knowledge, no studies have analyzed the risk of major wars in a post-nuclear-
disarmament world.

5. NUCLEAR DEFLECTION EFFECT ON ASTEROID RISK
As discussed in Section 3, this article assumes that non-nuclear deflection techniques will be
used wherever possible. With this assumption, nuclear deflection is only beneficial for the

1 WWII was a nuclear war, but only at the tail end and only for a small portion of total deaths.
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portion of asteroid risk that cannot be addressed by non-nuclear means. Therefore, the analysis
must consider the portion of asteroid risk that can be eliminated via non-nuclear deflection.

Perhaps the most promising non-nuclear deflection technique uses kinetic impactors to
displace asteroids. Kinetic impactors use established technologies, unlike some of the more
exotic techniques that have been proposed, such as solar sails and gravity tractors (NRC, 2010).
Additionally, kinetic impactors could be highly effective. The success of a kinetic impactor
depends on the mass of the asteroid and the lead time before it would strike Earth. Longer lead
times permit smaller impacts to deflect the asteroid away from Earth. Koenig and Chyba (2007)
propose that kinetic impactors could be effective for asteroids up to 500m given two decades
lead time or up to 1km given one century lead time. For larger asteroids and/or smaller lead
times, it may be possible to improve the efficacy of the kinetic impactor technique by using more
impactors. It has been proposed that a flotilla with 100 or more kinetic impactors could deflect
asteroids larger than 1km, and that nuclear explosives are only needed for asteroids 500m or
greater with warning times in years to months.' A flotilla could substantially increase mission
complexity and cost (Dearborn & Miller, 2015), though these factors are beyond the scope of the
present study.

The efficacy of kinetic impactors suggests a relatively small portion of asteroid risk for
which nuclear deflection is beneficial. Assuming a 10° year recurrence interval for 500m or
larger asteroids," it follows that there is at most a 10 probability of needing nuclear deflection
per decade. In other words, at the beginning of a given decade, if all >500m asteroids are
instantaneously detected, there is a ~10 probability that one of them would be on trajectory to
collide with Earth within the decade, in which case nuclear deflection would be needed. For
asteroids that would not collide with Earth, no deflection would be needed. For asteroids that
would collide with the Earth later than a decade away, kinetic impactors could be used;
therefore, subsequent decades would not need nuclear deflection. Recalling the reported 90%
detection for 1km diameter and 25% for 100m (Mainzer et al., 2011), the estimate can be
reduced to ~5x107 per decade, which assumes 50% detection for 500m.

The ~5x10” per decade figure is an upper bound for the reduction in collision probability for
>500m asteroids from nuclear deflection. It assumes that all currently undetected >500m
asteroids are detected at the beginning of a given decade, when in fact only a portion of them are
likely to be detected at any one time. Additionally, it assumes a 100% success rate for nuclear
deflection missions, when in fact any given mission presumably has some nonzero chance of
failure. Indeed, for sufficiently large and imminent collisions, nuclear deflection may not be
viable, or may involve a substantial risk of fragmenting the asteroid and leaving some fragments
on a trajectory to collide with Earth (Dearborn & Miller, 2015; NRC, 2010), though some
research has found that only a small fraction of fragments would collide with Earth (Kaplinger,
Wie, & Dearborn, 2014).

The above concerns collision probability. Regarding collision severity, asteroids >500m are
within the range capable of causing severe global environmental damage. It follows that while
the probability of needing nuclear deflection is low, the risk reduction from nuclear deflection is
nontrivial. For illustration, if the collision results in 10° deaths, as was assumed by a National
Research Council report (NRC, 2010), then nuclear deflection could save the equivalent of

14 See NRC (2010, p. 74-79). Reinhardt et al. study NEO deflection in a risk model, finding at most a 29%
risk reduction without nuclear explosives and as much as an 84% risk reduction with nuclear explosives (2014).
However, this study does not consider flotillas of kinetic impactors and thus may overstate the role of nuclear
explosives.

3 See e.g. Fig. 2 of Harris (et al. 2015).
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~5x10* lives per decade. The 10° figure should be taken for illustration only because the human

consequences of such global environmental damage have not been rigorously quantified (Baum,
2018b).

6. NUCLEAR DEFLECTION EFFECT ON VIOLENT CONFLICT RISK
The effect of nuclear deflection on violent conflict risk is subtler and more difficult to quantify
than the effect on asteroid risk. This section surveys some potential effects.

6.1 The Effect of Nuclear Weapons on Violent Conflict Risk

As a starting point, it is important to consider the overall effect of nuclear weapons on the risk of
violent conflict. A major point of international debate is on the ongoing merits of nuclear
weapons and whether (and under what circumstances) they should be disarmed. In risk terms,
this can be expressed as the question of whether (and under what circumstances) the risk of
violent conflict is larger with or without nuclear weapons. If the risk is larger with nuclear
weapons, then this is a point in favor of disarmament, though there can also be other significant
factors in disarmament decisions.

The effect of nuclear weapons on the frequency of violent conflict relates to the efficacy of
nuclear deterrence. The absence of major war since World War II is sometimes taken as evidence
that nuclear deterrence prevents or at least reduces the frequency of major wars (Mies, 2012), but
the size of this effect is controversial and poorly understood.'® Evidence for the effect of nuclear
weapons on small-scale violent conflict is likewise mixed (Bell & Miller, 2015; Gartzke & Jo,
2009; Rauchhaus, 2009).

The effect of nuclear weapons on the severity of violent conflict derives from the outsized
explosive power of nuclear weapons. In many scenarios, this results in an increase in severity,
potentially a very large increase. For example, nonnuclear warfare may be unlikely to cause
global devastation comparable to nuclear winter. That said, there are plausible scenarios in which
nuclear weapons decrease the severity of war, such as in the Russian concept of “de-escalatory”
nuclear strikes, which proposes limited use of nuclear weapons to end conflict on favorable
terms before it escalates into all-out war (Sokov, 2014). There are also scenarios in which
nuclear weapons have a relatively marginal effect on the severity, as was the case in World War
I, though that may be a weak precedent given how much larger the world’s nuclear arsenals
have since grown.

Another factor is that, in the event that the world completely disarms its nuclear arsenals, the
residual risk of nuclear war may not be zero. This is because arsenals could be rebuilt, especially
if the knowledge and industrial capacity to rebuild remain intact. Indeed, it has been argued that
nuclear war may be more probable with zero nuclear weapons, because countries would initiate
dangerous races to rebuild arsenals during crises (Schelling, 2009). Likewise, it has been
proposed that complete disarmament should be accompanied by additional steps to prevent states
from rebuilding nuclear arsenals, such as international controls over certain nuclear materials
(Lodgaard, 2009). These ideas are largely theoretical and have not been evaluated in risk terms.

Overall, it is not readily clear whether nuclear weapons cause a net increase or decrease in
the risk of violent conflict (Baum, 2018b). Indeed, as discussed in Section 4, the ongoing risk of

16 Compare, for example, Lewis et al. (2014), arguing that nuclear deterrence almost failed in several

instances, to Tertrais (2017), arguing that nuclear deterrence was not actually close to failing in these instances, or
Mueller (1988), arguing that there would have been no third World War even without nuclear deterrence.
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violent conflict is not well characterized. This is important to bear in mind for several aspects of
the effect of nuclear deflection on violent conflict risk.

6.2 The Effect of Nuclear Deflection on Nuclear Weapons Disarmament and Proliferation
One argument made against nuclear deflection is that it conflicts with the policy goal of
complete disarmament down to zero nuclear weapons (Graham & Schweickart, 2008). Recalling
the analysis of Section 6.1, it is unclear what the net effect of complete nuclear disarmament
would be on violent conflict risk, and it is similarly unclear what the net effect would be if there
is disarmament of all nuclear weapons except for some designated for nuclear deflection.
Regardless, at this time, it is not essential to evaluate the effect of nuclear deflection on complete
nuclear disarmament. This is because the world has many more than zero nuclear weapons, and
indeed many more than is needed for asteroid deflection. One study finds that an asteroid can be
deflected with a single nuclear weapon, with larger asteroids requiring higher-yield nuclear
weapons: 100T for a 100m asteroid up to 100KT for a 10km asteroid (Ahrens & Harris, 1992). A
robust nuclear deflection program would maintain multiple nuclear weapons for redundancy or
for the possibility of multiple incoming asteroids, but there clearly is room for extensive nuclear
disarmament while still retaining an ample collection for asteroid deflection. Likewise, nuclear
deflection would not be significant for “beating swords into ploughshares” (Mellor, 2007)
because it would not make a significant dent in global nuclear arsenals.

More significant for present policy purposes is the possibility that nuclear deflection could
affect the rate of nuclear disarmament. The disarmament rate is a hotly contested international
issue, with many non-nuclear-armed states and non-governmental organizations articulating the
concern that the nuclear-armed states are not progressing on disarmament fast enough; the
nuclear-armed states likewise defend their progress (Sauer, 2015). Many of these non-nuclear-
armed states and non-governmental organizations are working to stigmatize the possession of
nuclear weapons as a strategy to hasten nuclear disarmament (Borrie, 2014; Fihn, 2013). Nuclear
deflection programs could weaken the possession stigma by claiming a legitimate and
constructive role for nuclear weapons. This could in turn slow down nuclear disarmament.
However, again recalling the analysis of Section 6.1, it is unclear what the net effect of slower
nuclear disarmament would be on violent conflict risk.

It should be noted that the nuclear weapon possession stigma is ultimately a psychological
phenomenon. As such, it can be affected not just by nuclear deflection programs, but also by
merely falking about nuclear deflection. To the extent that spoken support for nuclear deflection
could affect violent conflict risk, this should be factored into broader asteroid risk
communication efforts (Billings, 2015).

Nuclear deflection programs could also affect nuclear proliferation. There is historical
precedent for this in China’s 1996 refusal to sign the CTBT. The refusal was nominally justified
by China’s interest in nuclear deflection, but that was suspected to be a cover explanation
enabling China to continue nuclear testing in order to improve its military nuclear arsenal.'” Such
activities constitute “vertical proliferation”, which is the expansion and improvement of existing
nuclear arsenals (Sidel & Levy, 2007). Nuclear deflection could also cause horizontal
proliferation, which is the creation of new nuclear arsenals by states that did not previously have
them. The effect on vertical or horizontal proliferation could depend on whether nuclear
deflection programs had participation from nuclear-armed or non-nuclear-armed states. The
effect could also come via weakening the stigma on nuclear weapon possession, or by weakening

17 See Garver (2001, p.359).
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international treaties such as the CTBT. Regardless, once again it is unclear what the net effect
on violent conflict risk would be.

6.3 The Effect of Nuclear Deflection on Nuclear Weapons Use

Nuclear deflection programs could affect the propensity of nuclear-armed states to use their
weapons, which factor significantly in the risk of violent conflict. The key mechanism here is the
stigma or norm against nuclear weapon use, often referred to as the nuclear taboo (Schelling,
2006; Tannenwald, 2005).

The nuclear taboo is often credited as a major factor, perhaps the major factor, explaining the
absence of nuclear war since World War II."® Importantly, the taboo has been applied to all
nuclear explosions, not just the violent ones, largely due to a general revulsion toward nuclear
weapons. Non-violent explosions that have been protested on these grounds include test
detonations and peaceful nuclear explosions for excavating canals or producing steam for
electricity generation. The concern is that any acceptance of nuclear explosions increases their
legitimacy and weakens the taboo, thereby making violent nuclear explosions more likely
(Schelling, 2006). Tensions between nuclear deflection and various international treaties, as
discussed in the extensive nuclear deflection legal scholarship," could also weaken the taboo.
Thus, Schelling (2006) writes: “I know of no more powerful argument in favor of the
Comprehensive Test Ban Treaty, which the Senate rejected in 1999, than the potential of that
Treaty to enhance the nearly universal revulsion against nuclear weapons. The symbolic effect of
nearly 200 nations ratifying the CTBT, which is nominally only about testing, should add
enormously to the convention that nuclear weapons are not to be used and that any nation that
does use nuclear weapons will be judged the violator of the legacy of Hiroshima.”

In risk terms, the value of the taboo comes less from avoiding the mere use of nuclear
weapons and more from avoiding their use at large scale. It is possible for nuclear weapons to be
used in a limited fashion with limited effect on the aggregate severity of a conflict; World War II
is a case in point. The concern is that if it becomes permissible to use some nuclear weapons, it
becomes more likely that they would be used at scale. Thus, policy discussions speak of a
“firebreak” between conventional and nuclear weapons as a clear place to draw the line so as to
stay safely away from large-scale nuclear war (Schelling, 2006).

Whether the taboo does indeed bring a net risk reduction depends on the importance of the
firebreak. If it is relatively feasible to have limited use of nuclear weapons without escalating to
large-scale nuclear war, then the taboo is less important. The feasibility of avoiding escalation is
difficult to evaluate, in part because there are no precedents to learn from. The only nuclear war
thus far was World War II, but at that time escalation was impossible because there were no
large nuclear arsenals. The issue of escalation is central to ongoing debates about nuclear
weapons procurement, such as recent debates over US proposals to acquire more low-yield
nuclear weapons intended for use in limited nuclear conflicts (Narang, 2018). If it is difficult to
avoid escalation, then the taboo is important and nuclear deflection programs may increase the
risk of violent conflict, perhaps quite substantially.

18 Schelling (2006); Tannenwald (2005). There are competing explanations, such as the reluctance of the

United States and the Soviet Union to wage any major war against each other (Mueller, 1988).
1 Bucknam & Gold (2008); Chapman (1999); Gerrard & Barber (1997); Kunich (1997); Mayer (2015);
Packer et al. (2013); Remo (1996); Schweickart et al. (2008); Su (2015); Sweet (1999).

14



7. POLICY ANALYSIS

7.1 Nuclear Deflection

In light of the preceding considerations, does nuclear deflection increase expected utility to
human populations by causing a net reduction to the risks of asteroid collision and violent
conflict? Recalling Equation (3), is D, greater or less than zero? Section 5 found that nuclear
deflection could reduce the probability of collision with asteroids of 500m or larger diameter by
up to around 5x107 per decade, or 5x10° per year, so the question is whether nuclear deflection
increases violent conflict risk by more or less than this amount.

This question is not easily answered. Indeed, it is not even clear whether nuclear deflection
increases or decreases violent conflict risk. Nuclear deflection might weaken the stigma on
possessing nuclear weapons, thereby slowing nuclear disarmament and prolonging the
availability of nuclear deterrence, thereby reducing violent conflict risk. Nuclear deflection
might also strengthen nuclear deterrence by facilitating nuclear proliferation. Nuclear deflection
might also weaken the taboo on nuclear weapon use, facilitating strategies that reduce the
severity of nuclear war such as Russia’s concept of de-escalatory nuclear strikes. Proponents of
nuclear deterrence or nuclear warfighting could plausibly support nuclear deflection on these
grounds, regardless of any effect on asteroid collision risk.

Other analysts would likely reach different conclusions. Indeed, a hallmark of the study of
violent conflict risk is the preponderance of expert disagreement, on matters such as how close
various historical incidents came to nuclear war (Lewis et al., 2014; Tertrais, 2017), the
importance of nuclear weapons to deterrence (Mueller, 1988), and the prospect of limited nuclear
weapon use escalating to large-scale use (Narang, 2018). It should likewise be expected that
different analysts would reach different conclusions on the effect of nuclear deflection on violent
conflict risk, and on the overall merits of nuclear deflection. This is not to say that the matter is
hopeless. To the contrary, a primary value of risk analysis is to lay out the issues, clarify points
of disagreement, and reach a better overall understanding of the policy decision.

With that in mind, what follows is the author’s own judgment on the balance of risks affected
by nuclear deflection. First, nuclear deflection is judged to cause a net increase in violent conflict
risk, mainly by weakening the taboo on nuclear weapon use, with other effects on violent
conflict risk being smaller or too ambiguous to factor in. Second, the annual probability of
nuclear war is estimated at around 0.1 to 10, as is loosely suggested by previous studies (Barrett
et al., 2013; Hellman, 2008). This range is 20 to 20,000 times larger than the 5x10°° upper bound
annual probability of asteroid collision affected by nuclear deflection. This leaves the question of
whether the effect of nuclear deflection on the nuclear weapon use taboo increases the annual
probability of nuclear war by more than 5x107 to 5x107°. This effect is particularly uncertain, but
it is the present author’s judgment that yes, the effect is probably that large, such that nuclear
deflection would cause a net increase in risk. However, the present author has low confidence in
this conclusion, due to the myriad uncertainties throughout the issue.

The above discussion treats nuclear deflection programs uniformly, without considering the
particulars of how nuclear deflection programs could be designed. For example, it has been
suggested that the effect of nuclear deflection programs on violent conflict risk would be better if
the programs have a high degree of international cooperation (Baum, 2015; Remo, 2015). The
effects of nuclear deflection program design may be important but are beyond the scope of this
article.
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Finally, it is worth recalling that nuclear deflection may only be necessary in the event of the
detection of an Earthbound asteroid that could only be deflected by nuclear explosion. In this
event, nuclear deflection could reduce the collision probability by ~1, i.e. it would change a near-
certainty of collision to a near-certainty of no collision. Even with a substantial probability of
mission failure, such that collision avoidance is not assured, the effect would very likely dwarf
any potential effect on nuclear weapon risk. Thus, while nuclear deflection programs may
increase net risk at present, that would likely change if an asteroid requiring nuclear deflection
were detected.

7.2 Other Policy Options

Though they are not the focus of this paper, it is worth briefly noting that there are some other
policy options with the potential to reduce asteroid and/or nuclear weapon risks without posing a
risk-risk tradeoff. These include further asteroid detection and development of non-nuclear
deflection options. The sooner asteroids are detected, the more likely humanity will be able to
deflect any Earthbound asteroids away, and to do so without nuclear explosives.

Another policy option is international cooperation. The asteroid threat provides a common
“enemy” against which all nations can partner to fight. There have been several calls for
international cooperation on asteroid risk reduction,” including for deflection.*! Cooperation on
the asteroid threat could reduce tensions between adversarial nuclear-armed states, or, at a
minimum, it would presumably not increase tensions.

Finally, policy can seek to aid survivors of asteroid collisions and nuclear weapon
explosions. As discussed in Section 4.3, the two types of events have similar effects, which
creates strong synergies in survival policies. For example, large nuclear wars and asteroid
collisions both threaten the global food supply, which can be addressed by the same extreme
food security measures (Baum, Denkenberger, Pearce, Robock, & Winkler, 2015). Other
measures could help survivors by preparing medical triage and evacuating devastated areas
(Garshnek et al., 2000), increasing local self-sufficiency (Maher & Baum, 2013), or arranging
resources that would be of value for rebuilding civilization (Dartnell, 2014).

8. CONCLUSION

Nuclear explosives could be highly effective at deflecting Earthbound asteroids away from
Earth, but they may also increase the risk of violent conflict. Insofar as policy seeks to keep the
world safe from both risks, it should account for this potential risk-risk tradeoff. This article
presents an attempt to do so. The analysis is inconclusive due to substantial uncertainties in the
risks and the effects of nuclear deflection on the risks, but it nonetheless makes progress on
mapping out the relevant factors.

In this article, the author’s judgment is that nuclear deflection probably results in a net
increase in risk to human welfare, unless a sufficiently large and imminent Earthbound asteroid
has been detected. However, this judgment is held with low confidence, and other analysts may
reach different conclusions given the available evidence. Further research could provide better
guidance, but at least some of the uncertainties may be difficult to reduce, especially those
related to rare or unprecedented violent conflict scenarios.

2 NRC (2010); Interagency Working Group for Detecting and Mitigating the Impact of Earth-Bound Near-
Earth Objects (2018).
2 Baum (2015); Bucknam & Gold (2008); Remo (2015); Schweickart et al. (2008).
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A firmer conclusion is that nuclear deflection would bring a net risk reduction if an
Earthbound asteroid is detected that can only be deflected by nuclear explosives. In this case, the
effect of nuclear deflection on violent conflict risk appears to be quite small compared to the
effect on asteroid collision risk.

More generally, this article demonstrates the value of an integrated approach to global risk
governance. As this article shows, two seemingly unrelated risks—one astronomical, one
geopolitical—are interrelated in a way that requires analyzing both risks to inform policy
decisions. This presents an inherent challenge, because it is more difficult to master two quite
different types of risks. An additional challenge comes from the ambiguous nature of some of the
risks. Violent conflict risk analysis has significant uncertainty, and the effect of nuclear
deflection on violent conflict risk is further uncertain, but these uncertainties must be addressed
in order to evaluate the merits of nuclear deflection. The analysis may be difficult, but it is
essential for guiding policy in directions that make the world safer.
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