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Preface

Section 1033 of the Bob Stump Mational Defense Authorization Act for Fiscal Year 2003
{Public Law 107-314) dirccted the Secretary of Defense to request that the National Research
Council study the anticipated health and environmental effects of nuclear carth-penetrator and
other weapons, Upon request from the Department of Defense, the National Research Council
established the Committee on the Effects of Nuclear Earth Penetrator and Other Weapons (sce
Appendix A). This report is the produet of that committee of technical experts. Some of the
material used for this study is classified, and the committee has produced an unclassified report
plus a separate classified annex.

Nuclear earth-penetrator weapons, such as those described as robust nuclear earth penetrator
(RNEP) weapons, are controversial. Part of the controversy has been about whether a nuclear
earth-penetrator could be designed 1o defeat a deeply buried hard target but not cause any
collateral surface damage, such as that attributable to fallowt. Another question is whether
chemical and biological agents can be defeated by conventional weapons, The committee
developed its report in what it believes is a logical approach to address these issues.

To gather information for this report, the committee received briefings from the Department
of Defense (DOD), the Department of Energy (DOE), congressional staff, nongovernmental
organizations, and individuals, in classified and open sessions. This input included information
on potential targets, such as their numbers, location, functions, hardening characteristics, and
contents. The commitice also received information on afler-action investigations in Afghanistan
and Irag. The committee requested that the Defense Threat Reduction Agency (DTRA) and the
Lawrence Livermore National Laboratory (LLNL) estimate the numbers of casualties for a range
of nuclear weapons® yields and depths of burst for several target areas. Calculations also were
done in order to generate lethality contours to estimate numbers of casualties resulting from
attacks with non-nuclear weapons on facilities producing or storing weapons of mass destruction.

The committee thanks the many briefers who presented information essential to the writing
of this report, They are listed in the agendas provided in Appendix B. Donald Linger of DTRA
was consistently helpful, and his deep knowledge greatly assisted our work. Tedd Hann,
Andrew Grose, Brian Hall, and Michael Phillips of DTRA and Theodore Harvey and Frank
Serduke of the LLNL devoted substantial effort to produce the calculations that the committee
needed. The committee also thanks Milton Minneman of the DOD, our project liaison, who
assisted in obtaining reports needed for the study.

Finally, the committee thanks the dedicated staff of the National Research Council: Dixie
Gordon, who resolved the many difficulties associated with handling classified material; Susan
Campbell, who capably saw to the logistics for our many meetings over a short period of time
and helped with report production; lan Cameron, who supported the conduct of the meetings and
also the production of the report; and, in particular, our study director, James Killian, who kept
the study on track and provided invaluable support to me and to the committee members.

John F. Aheame, Cherir
Committee on the Effects of NMuclear Earth-Penetrator and Other Weapons
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Summary

The tasking for the Commitiee on the Effects of Nuclear Earth-Penetrator and Other
Weapons, stated in Section 1033 of the Bob Stump National Defense Authonzation Act for
Fiscal Year 2003 (Public Law 107-314), is included in Chapter 1 of this report. The charge
requests the anticipated health and environmental effects of (1) a nuclear earth-penetrator
weapon that would enhance ground-shock coupling to destroy deep underground or other hard
targeis, (2} a non-penetrating nuclear weapon that would also be used against deeply buned or
other hard targets, and (3) for conventional weapons used against facilities for the storage or
production of weapons of mass destruction. Study of the effects on civilian populations and on
LS. military personnel who carry out operations or battle damage assessment in the target area
is specified.

To provide a more complete analysis of the issues, the commitiee expanded its study to
consider the effects of nuclear weapons uscd against facilities for the storage of chemical or
biological agents. It also considered the effects of nuclear bursts that can be descnbed as locally
fallout-free, because the weapon is detonated well above the ground surface.

The committee received many briefings from a wide variety of public and government
sources and reviewed classified reports from the Department of Defense {(DOD) and the
Department of Energy (DOE). Although this report is unclassified, the commitiee also produced
a separate classified annex, which does not modify any of the study’s conclusions but provides
supporting material.

CONCLUSIONS
The committee’s major conclusions are the following:

Conclusion 1. Many of the more important strategic hard and deeply buried targets
{HDBTs) are beyvond the reach of conventional explosive penetrating weapons and can be held at
risk of destruction only with nuclear weapons. Many—but not all—known and/or identified
hard and deeply buried targets can be held at risk of destruction by one or a few nuclear
WEApOns.

Conclusion 2. Nuclear earth-penetrator weapons (EPWs) with a depth of penetration of 3
méeters capture most of the advantage associated with the coupling of ground shock. While
additional depths of penetration increases ground-shock coupling, it also increases the
uncertainty of EPW survival. To hold at risk hard and deeply buried targets, the nuclear yield
must be increased with increasing depth of the target. The calculated limit for holding hard and
deeply buried targets at risk of destruction with high probability using a nuclear EPW is
approximately 200 meters for a 300 kiloton weapon and 300 meters for a 1 megaton weapon.

Conclusion 3, Current experience and empirical predictions indicate that earth-penetrator

weapons cannol penetrate to depths required for total containment of the effects of a nuclear
explosion.

&-1
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Conclusion 4. For the same yield, and weather conditions, the number of casualties [rom an
earth-penetrator weapon detonated at a few meters depth is, for all practical purposes, equal to
that from a surface burst of the same weapon yield. Any reduction in casualties due to the use of
an EPW is attributable primarily to the reduction in yield made possible by the greater ground
shock produced by buried bursts.

Conclusion 5. The yield required of a nuclear weapon 1o destroy a hard and deeply buried
target is reduced by a factor of 15 to 25 by enhanced ground-shock coupling if the weapon is
detonated a few meters below the surface.

Caonelusion 6. For attacks near or in densely populated urban areas using nuclear earth-
penetrator weapons on hard and deeply buried targets (HDBTs), the number of casualties can
range from thousands to more than a million, depending primarily on weapon yield. For attacks
on HDBTs in remote, lightly populated areas, casualties can range from as few as hundreds at
low weapon yields to hundreds of thousands at high yields and with unfavorable winds.

Conclusion 7. For urban targets, civilian casualties from a nuclear earth-penetrator weapon
are reduced by a factor of 2 to 10 compared with those from a surface burst having 25 times the
vield.

Conclusion 8. In an attack on a chemical or biological weapons facility, the explosive power
of conventional weapons is not likely to be effective in destroying the agent. However, the
BLU-118B thermobaric bomb, if detonated within the chamber, may be able to destroy the
agent. An attack by a nuclear weapon would be effective in destroying the agent only if
detonated in the chamber where agenis are stored,

Conclusion 9. In an attack with a nuclear weapon on a chemical weapons facility, civilian
deaths from the effects of the nuclear weapon itself are likely to be much greater than civilian
deaths from dispersal of the chemical agents. In contrast, if the target is a biological weapons
facility, release of as little as 0.1 kilogram of anthrax spores will result in a calculated number of
fatalities that is comparable on average to the number calculated for a 3 kiloton nuclear earth-
penetrator weapon.

Additional conclusions are presented in Chapter 9 of the report.

The committee notes that although some scenarios show substantial nuclear-radiation-
induced fatalities, military operational guidance is 10 attack targets in ways to minimize collateral
effects, Caleulated numbers of fatalities to be expected from an attack on an HDBT might be
reduced by operational planning and employment tactics. Assuming that other strategic
considerations permit, the operational commander could warmn of a nuclear attack on an HDBT or
could time such an attack to take advantage of wind conditions that would reduce expecied
casualties from acute and latent effects of fallout by factors of up to 100, assuming that the wind
conditions were known well enough and were stable and that defenses against the attack could
not be mobilized. However, a nuclear weapon burst in a densely populated urban environment
will always result in a large number of casualties.

5-2
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BACKGROUND

Potential U.S. adversaries worldwide are using underground facilities to conceal and protect
leaders, military and industrial personnel, weapons, equipment, and various other assets and
activities. These facilities include hardened surface bunkers and tunnel facilities deep
underground. Specifically, many underground command, control, and communications (o)
complexes and missile tunnels are between 100 and 400 meters below the surface, with the
majority less than 250 meters deep. A few are as deep as 500 or even 700 meters, in competent
granite or limestone rock.

The activities in such underground facilities pose a potentially serious threat to LS. national
security. As a generic term, “hard and deeply buried targets™ refers to all types of intentionally
hardened targets, either aboveground or belowground. The DOD estimates that 10,000 HDBTs
exist in the territory of potential adversaries worldwide. Of the estimated 10,000 HDBTs, about
20 percent have a major strategic function; of that 20 percent, about half are near or in urban
areas. More than 100 HDBTs could be candidates for targeting with a robust nuclear earth
penetrator (RNEP) weapon, if one were developed (the Robust Nuclear Earth Penctrator program
is currently an engineering feasibility study). (In Chapter 3, see the section entitled “Current
Robust Nuclear Earth Penetrator Program.™)

Although much of the congressional discussion in this area has been about the RNEF
weapon, a more general term is “carth-penetrator weapon.” The EPW is designed 1o detonate
below the ground surface after surviving the extremely high shock and structural loading
environments that result during impact and penetration.

The DOE national laboratories and DOD laboratories have maintained EPW programs and
testing activities since the 1960s, resulting in more than 1,000 representative non-nuclear
penetration tests that are recorded in the Sandia Mational Laboratories Earth Penetration
Database. Penetration tests have been conducted at various impact angles, angles of attack, and
velocities into undisturbed geologic targets to provide insight into how the physical properties of
a penetrator affect its ability to penetrate.

The greatest uncertainty in predicting EPW depth of penetration and structural survival of the
weapon until detonation arises from the inherently heterogenecous nature of the local subsurface
geology. This uncertainty ean be countered to some degree by designing an EPW 1o be as
rugged as possible, consistent with mission and system requirements. Calculated penetration
depths depend on the mechanical properties of the earth materials at the target point. For
example, for the same penetrator and velocity, calculations give penetration depths of 100 meters
in a silty clay soil, 30 meters in low-strength rock, and 12 meters in medium-strength rock; and
the maximum depth in soil can vary by £20 percent. Deeper EPW penetration is gencrally better
for target destruction because the ground-shock eoupling increases with deeper depth of burst
(DOB), although most of the advantage is obtained in the first few meters.

The current nuclear EPW is the B61-11, which uses the B61-7 nuclear weapon components
and was developed to replace the B53 gravity bomb. The Robust Nuclear Earth Penctrator
program is an Enginecring Feasibility Study to determine if it is possible to design an earth-
penetrator weapon system that uses the major components of an existing weapon system and can
hold at risk of destruction a significantly larger number of HDBTs than could the B61-11.

NUCLEAR EARTH PENETRATOR WEAPON

Although conventional high-explosive weapons can penetrate at least as deep as a nuclear
EPW can, if not deeper, conventional weapons are not likely to be effective against targets that

8-3
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the penetrator cannot reach. For destroying targets near the surface, however, either nuclear or
conventional weapons may be effective. Because of the radiation doses and much higher
temperatures associated with their detonation, nuclear weapons are expected to be more effective
than conventional weapons at destroving biological or chemical agents.

The major advantage of an EPW over a surface or aboveground burst is the effectiveness
with which energy is transmitted into the ground. The ground-shock-coupled energy of an earth-
penetrator weapon approaches 50 percent with increasing depth of burst, and is effectively fully
coupled at a scaled DOB of about 2.3 m/¥"” (where m is depth of burst in meters and ¥ is yield
in kilotons).! The ground-shock-coupling factor has already risen to 15 to 25 for a 300 kiloton
EPW at 3 meters’ depth of burst (scaled DOB of about 0.5 m/Y'™). Calculations indicate that
such a weapon is capable of severely damaging tunnels in a competent granite site down o
depths of around 150 meters with a 0.95 probability. A nonpenetrating nuclear weapon capable
of causing the same damage would have a yield of about 6 megatons, To be fully contained (i.e.,
with no venting of radioactive gases), a 300 kiloton weapon would have to be detonated at the
bottom of a carefully stemmed emplacement hole about 800 meters deep. Because as the
practical penetration depth for an EPW is a few meters—a small fraction of the depth for full
containment—ihere will be blast, thermal, initial nuclear radiation, and fallout effects from use
of an EPW.

The effectiveness of nuclear weapons against deeply buried targets can be estimated by
calculating the intensity of the ground shock in the vicinity of the buried target in relation to the
hardness of the targcl:. There is a reasonably extensive experimental database, Effects Manual
Number | (EM-1),” covering the various physics regimes governing the energy-coupling process.
Uncertainties associated with estimates of energy coupling into the ground are far greater for
near-surface airbursts than for buried bursts, and they depend on how well the actual burst
location and details of weapon energy output are known.

The Defense Threat Reduction Agency and DOE have invested considerable resources to
develop computational methods for predicting the ground-shock environments at depth from
both high-explosive and nuclear bursts. This is a complicated problem owing to various shock-
attenuation mechanisms—such as inelastic effects, hysteresis, fracture, and dilatation—and
geometric effects due to divergence of the stress waves and the presence of layers, interfaces,
faults, and joints throughout the target area. The directly applicable U.S, experimental databasc,
EM-1, is limited to the results of data on eight underground nuclear tests in which wnnels of
various construction types were exposed to damaging ground-shock levels of nuclear bursts in a
few types of rock geologies. Only two of these tests were dedicated to experiments on
engineered structures in competent granite geology. The others were add-on experiments to
underground nuclear tests conducted for different purposes on engineered structures in relatively
soft tuff geology.

Calculations show that both surface-burst and earth-penetrating nuclear weapons must be
delivered with high accuracy in order to have a high probability of destroying hard and deeply
buried targets. For example, a circular error probable (CEP) of less than 60 meters is needed for
a | megaton contact burst for targets of at most 125 meters’ depth to be held at risk with a 0.95
probability of severe damage. For an EPW, a yield of 300 kilotons eases the accuracy
requirements to a CEP of 110 meters or less, with targets potentially as deep as 225 meters held
at risk with a 0.95 probability of severe damage.

54
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COLLATERAL EFFECTS

The primary goal for any nuclear weapon is the deterrence of a potential adversary by the
ability to hold the adversary's most-valued assets at risk of destruction. To contribute to
deterrence, the weapon should be capable of defeating those assets. The use of a weapon to
accomplish the goal of target defeat or destruction will have accompanying collateral effects that,
in the case of nuclear weapons, can be extremely large.

Modeling collateral effects is a multistage process. Estimated first are deaths and serious
injuries due to “prompt” (i.¢., occurring immediately after detonation) effects—air blast, thermal
effects, and initial nuclear radiation. Second, the downwind transport and deposition of
radioactive material produced by the explosion are modeled. Third, the dose from external
radiation from ground-deposited fallout is calculated. Fourth, the health effects of exposure to
radiation are estimated in those populations that survive the prompt effects of the explosion.

Two computer programs are in wide use to model collateral effects. The Hazard Prediction
and Assessment Capability (HPAC) code was developed by the Defense Threat Reduction
Agency and its predecessor agencies to analyze nuclear, chemical, and biological releases for
military studies and operational planning. The K-Division Defense Nuclear Agency Fallout
Cade (KDFOC) was developed by Lawrence Livermore National Laboratory to model fallout
from nonweapon Plowshare tests, which involved nuclear explosives designed to produce craters
with minimal fallout. Both computer eodes are calibrated to available data from nuclear tests
conducted at the Nevada Test Site, They differ somewhat, including their trestment of prompt
casualties due to blast and radiation, wind transport, and the prediction of casualties associated
with a given level of radiation from fallout.

Fallout is a long-studied and experimentally measured feature of many nuclear weapons
tests. When a nuclear weapon is exploded underground, a sphere of extremely hot, high-pressure
gases is formed, which includes vaporized weapon residues and ground materials, that 15 the
equivalent of the fireball in an airburst or surface burst. If the subsurface burst is at a shallow
depth, the pressure of the explosion, uncompensated by similar pressure above the surface, will
throw rock, soil, and weapon material into the air.

Fallout is determined primarily by the fission yield of the weapon, the amount and
constitution (hence activation) of entrained mass, the injection height distribution, the particle
size distribution, and subsequent aimospheric transport. Surface geology is critical. The
prediction of fallout for shallow buried bursts is uncertain because the United States has
performed only three tests at depths shallower than 20 scaled meters, and none of these tests was
in rock. Another feature of a buried or surface burst is the base surge. The base surge begins to
form as the growth of the crater stops and entrained material in the column begins to fall and
expand radially along the ground surface. For depths of burst of 2 to 3 scaled meters, the
fraction of activity in the base surge is typically less than a few percent of the total activity.

Presumably, nuclear EPWs would not be used for surface and near-surface point targets,
especially if other options were available that were effective and could ameliorate the collateral
damage due to fallout. Calculations have been done for the so-called fallout-free height of burst
{(HOB). The fallout-free HOR, as its name implics, is sufficienily high that the fireball produced
by the nuclear explosion does not touch the ground surface. In the absence of rain, the explosion
therefore is not expected to generate significant local fallout, because no surface material is
activated, entrained, lofied, or dispersed, and the weapon residues are present in the form of fine
particles that will remain airborne for weeks or years. For a 1 megaton weapon the fallout-free
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HOB is about 900 meters. The nuclear weapons at both Hiroshima and Nagasaki were detonated
above the fallout-free HOB and produced no significant local fallout.

Thermal radiation from the fireball may make fire a significant collateral effect, especially
for airburst and surface-burst nuclear weapons. The potential for fire damage depends on the
nature of the burst and the surroundings. Fires can be an indirect effect of destruction caused by
a blast wave, which can upset stoves, furnaces, gas lines, and so on.

The committee asked Lawrence Livermore National Laboratory (LLNL) and the Defense
Threat Reduction Agency (DTRA) to run several scenarios involving three typical targets, a
range of yields, and both surface and EPW-depth bursts. Once differences in input variables are
removed, the LLNL and DTRA results are comparable within the uncertainties in the estimated
parameters. The results of these caleulations for several scenarios and weapons yields are
presented in Chapter 6 and form the basis for several of the committee’s conclusions. In addition
to the conclusions stated above, significant results include the following:

1. Any reduction in the number of casualties owing to the use of a nuclear earth-penctrator
weapon compared with the number of casualties from a surface burst is due primarily to the
reduction in yield by a factor of about 25 that is made possible by the greater coupling of the
released energy to the ground shock for a buried detonation.

2. For rural targets, the use of a nuclear earth-penetrator weapon is estimated to reduce
casualties by a factor of 10 to 100 relative to a nuclear surface burst of equivalent probability of
damage.

3. Wind patterns can have an enormous effect on the number of casualties resulting from
fallout. For targets in large urban centers, fatalities from acute and latent effects from fallout can
vary by more than a factor of 10. For targets outside cities, fatalities from fallout can vary by
more than a factor of 100, depending on population distribution and wind direction.

4, The estimated number of deaths and injuries resulting from a nuclear attack depends on
many variables, including weapon yield and design, depth of burst, weather conditions, and
population distribution and sheltering during and after the attack. The estimated number of
casualtics ranges over four orders of magnitude—from hundreds to over a million—depending
on the combination of assumptions used.

The committee advises readers to keep in mind that the foregoing are the results of model
caleulations and that they have significant uncertainty due to uncertainties in the physical model
inputs (e.g., the definition of the source term), boundary conditions (e.g., weather conditions and
population distribution), and the paucity of relevant experience against which the modeled
results can be validated. For each of the model calculations, a range of boundary conditions has
been assumed. Uncertainty inevitably exists in such calculations, and the scale of these
uncertainties is essential to understanding the results of the calculations and the findings of this
committee. The uncertainties are of three types: scenario uncertainty, data uncertainty, and
eonceptual model uncertainty,

CHEMICAL AND BIOLOGICAL AGENTS

The committees task included examination of the use of conventional weapons against
facilities for the storage or production of weapons of mass destruction. The committee addressed
the ability of conventional and nuclear earth-penctrator weapons 1o effectively destroy buried
production facilities, stores, and weapons containing chemical agents and biological agents. The
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Department of Defense Global Strike Mission requires the capability to deliver rapid, extended-
range, precision kinetic (nuclear and conventional) and nonkinetic weapons in support of theater
and national objectives. Many conventional high-explosive weapons are currently available and
under development to support this mission.

Sufficient knowledge from intelligence assessments is of paramount importance to both
weapon choice and targeting. Some of the key elements for selecting the weapon type and iis
impaet point(s) include knowing the placement of the storage containers for chemical or
biological agents; knowing whether the agents are in production or, if already produced, the type
of storage containers and the material of which they are constructed; and knowing the amount of
apent in containers.. This information is in addition to knowing the depth of the facility and its
structure. If agents are in deeply buried facilities that are crushed or rendered unusable, and the
fracture zone created by the explosion does not open a channel between the facility and the
surface, the probability of agent ejection afier impact and detonation is very low.

Biological and chemical agents degrade after they are released into the air. The atmospheric
degradation of agents occurs as a result of several mechanisms, such as photochemical reactions,
exposure to radiant energy, and atmospheric chemistry. Biological agents are especially
susceptible to atmospheric degradation, as their viability decreases depending on levels of
radiant solar energy, oxygen, relative humidity, temperature, ozone, and hydroxyl radicals.
Chemical agenis decompose mainly owing to photochemical processes in the atmosphere, such
as reactions with ozone, hydroxyls, and industrial pollutants. Both decay and decomposition are
more pronounced during the daytime owing 1o ultraviolet (1/'V) radiation and the increase in
reactivity with atmospheric components. Thercfore, the amount of exposure to solar energy
generally tends to determine the rates of degradation. Also, a key factor in the loss of viability or
toxicity is the length of exposure to these atmospheric elements and conditions.

Even if large amounts of chemical agents were released, substantial lethal areas would result
only under very stable meteorclogical conditions. The agents differ in how they disperse, but
exposure to rain and sunlight reduces their effectiveness. In the case of biological agents, only
spores are relatively immune to destruction by UV rays.

Therefore, for a daytime attack, biological agents such as smallpox and tularemia are of
relatively low danger except in the immediate vicinity of the explosion, and then for only a short
period. Anthrax spores and those of other disease agents are more UV-resistant and can
withstand high temperatures. Nevertheless, the data that the Centers for Disease Control and
Prevention gathered from the anthrax experience a few years ago and from areas in the United
Sates where anthrax is endemic indicate that few cases of the disease occur from wide exposure
to spores afer they have entered the ground. Not all chemical agents (Vx, mustard, lewisite)
aerosolize. They also are similar to anthrax spores in being unaffected by UV. If they are
ejected following an explosion, they contaminate the immediately surrounding ground area.

HAZARDS TO U.s, MILITARY PERSONNEL

The commitiee also addressed the hazards to U.S. military personnel from entering an area
after use of an earth-penetrator weapon, Because the committee concluded that such a weapon
would produce local fallout, the hazards are similar to those faced by troops entering an arca
after a surface burst. For equivalent-target damage, because of the substantially smaller EPW
vield, the local effects are reduced significantly, but not eliminated.

Current analytical tools have an overall propagated uncertainty no smaller than one order of
magnitude { factor of 10), and likely in the range of 10 to 100, for estimates of casualties resulting
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from a nuclear attack. This conclusion is founded both on evaluation of the underlying
calculations (source terms, transport models, grd resolution, and so on) and their experimental
validation and on a review of the variability in results that can be obtained for different scenarios
when considering plausible ranges in parameters.

At least three key sensitivities affect estimates of militery effectiveness and casualties
associated with use of a nuclear EPW or a nuclear surface-burst weapon:

|. Target location, especially urban versus rural;

2. Accuracy of weapons delivery (circular error probable) and precise knowledge of target
loeation and structure, as military effectiveness depends strongly on a combination of accurate
delivery and yield; and

3. Estimates of the source, transport, and influence on populations of the effects of a nuclear
explosion, as these can be highly variable (by factors of up to about 10 to 1,000, depending on
assumptions).

One additional sensitivity affects estimates of the effects of the nuclear EPW:
4. Funetionality after penetration, especially as influenced by target heterogeneity and its

uncertainty (e.g., local geology or complex structures in urban areas).

NOTES

' §caled depth of burst (OB} is a normalization of the actual depth (or height) of a burst based on weapon yield
1o that for & | kiloton weapon. This is determined by DOB/Y'®, Thus, the scaled DOB and actual DOB are the
same for a | kiloton EPW. For example, a 1 kiloton weapon buried 3 meters has a 3 meter scaled DOB, whereas a
300 kiloton weapon buried at the same depth of 3 meters couples its energy to the ground as if it were a | kiloton
weapon buried at an actual depth of about (0,45 meter;, that 15, 3300 = 3/6.67 = 0.45,

Defense Nuclear Agency. 1991, Effects Mawial Number | (EM-1), Chapter 3 “Cratering, Ejecta and Ground
Shock,” DMA-EM-1-CH-1, Alexandriz, Va., December.
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1

Introduction

BACKGROUND

The Department of Defense (DOD) estimates that there are 10,000 known or suspected hard
and deeply buried targets (HDBTs) worldwide as identified by the Defense Intelligence Agency.
Of that number, about 20 percent have a major strategic function, and of those, about half are in
or near urban areas. HDBTs are used for the protection of senior leaders, command and control
functions, and storage of weapons of mass destruction (WMD), among other purposes. Some of
them are buried in rock at depths greater than 300 meters, and some are hardened to withstand
overpressures of about 1 kilobar.

A U8, military requirement exists for capabilities to hold these HDBTs at risk. Past U.5.
capabilities to satisfy this requirement for the deepest known HDBTs relied on a nonpenetrating,
air-delivered, nuclear bomb of the largest yield in the inventory, the B33, now retired. Another
existing nuclear weapon, the B61-7, was modified to become the B61-11, 50 as to have limited
penetration capabilities.

Current DOD plans are to develop capabilities that can provide several options to hold
HDBTs at risk, These include strike operations involving nuclear and non-nuclear weapons,
Special Forces operations, and nonkinetic approaches (e.g., information operations). For all
targets, the lowest vield would be used to achieve necessary destruction while at the same time
minimizing collateral damage. To further reduce reliance on nuclear weapons, the 2002 Nuclear
Posture Review' called for the development of high-precision conventional weapons to replace
nuclear systems wherever possible.

The Department of Energy's (DOE's) Mational Nuclear Security Administration (NNSA) and
the Air Force are conducting a 3-year study (now in its second year), including early research
and development (R&D), toward a robust nuclear earth penetrator (RNEF) weapon, which is to
be based on one of two existing nuclear designs, the B61-7 and BE3, each to be studied at one of
the two nuclear weapons laboratories. At present, only the B-B3 part of the study is funded. At
the study's conclusion, NNSA will state which (if either) of the two competing approaches it
would recommend for further R&D. At present, no plans exist for conducting nuclear tests
related to RNEP or other nuclear weapons.

Previous congressional actions related to the RNEP have included limiting the obligation of
funds for the RNEP study pending a report from the DOD and DOE “that sets forth: (1) the
military requirements for the RNEP; (2) the nuclear weapons employment policy for the RNEFP;
(3) the detailed categories or types of targets that the RNEP is designed to hold at risk; and (4) an
assessment of the ability of conventional weapons to address the same types of targets that the
RNEP is designed to hold at risk.™ This congressional directive does not mention collateral
effects, but the responding reports from the DOD and DOE discuss (without details) the general
expectation that collateral effects would occur if the RNEP were to be used, and that such effects
would be much larger if a nonpenetrating weapon were employed 1o destroy the same HDBTs.

The Defense Threat Reduction Agency (DTRA) and the Air Foree have conducted and are
continuing to conduct studies, modeling and simulations, and non-nuclear tests Lo achieve a
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better understanding of the complex phenomena involved if nuclear or non-nuclear weapons are
exploded in or near the location of hardened WMD storage or production facilities. The
Thermobaric Weapon Demonstration is an ongoing program to provide an air-to-ground weapon
capability 1o functionally defeat hard and deeply buried tunnel targets—with an emphasis on
those for protecting leadership and command and control facilities. Additionally, DTRA has a
conventional Counterforce Agent Defeat program is working specifically on developing weapons
and weapon payloads effective against facilities containing chemical and biological agents. One
of its products was the BLU-11%B agent defeat weapon, which uses a 2,000 Ib
blast/fragmentation warhead (modified MK-84) developed and fielded as the Quick Reaction
program for Operation Iragi Freedom to damage fixed biological and chemical targets without
contaminating the area. In the early 1990s, there were studies and some R&D on a low-yield
(less than 5 kiloton) precision nuclear weapon for the destruction of chemical and biological
agents in hardened facilities. In 1994, under the Defense Authonzation Act,” Congress
prohibited R&D that could lead to the production by the United States of a new low-yield
nuclear weapon, including a precision low-yield warhead, which as of the date of the law’s
enactment had not vet entered into production. This restriction was repealed in 2004 for Ré&D
up to but not including the engineering development phase.

STATEMENT OF TASK

Section 1033 of the Bob Stump National Defense Authorization Aet for Fiscal Year 2003
{Public Law 107-314) dirccted the Secretary of Defense to request that the National Academy of
Sciences study the anticipated health and environmental effects of nuclear earth-penetrator and
other weapons.,

As requested, the study examined the following:

1. The anticipated short-term and long-term effects of the use by the United States of a
nuclear earth-penctrator weapon on the target area, including the effects on civilian populations
in proximity to the target area at the time of or after such use and the effects on the United States
military personnel who after such use carry out operations or battle damage assessments in the
target area.

2. The anticipated short-term and long-term effects on civilian populations in proximity to a
largel argal

a. if a nonpenetrating nuclear weapon is used to attack a hard and deeply buried target;
and

b. if a conventional high-explosive weapon is used to attack an adversary’s lacilities for
storage or production of weapons of mass destruction and, as a result of such attack, radioactive,
nuclear, biological, or chemical weapons materials, agents, or other contaminants are released or
spread into populated areas.

The National Research Council, the operating arm of the National Academies, convened the
Commitiee on the Effects of Nuclear Earth-Penetrator and Other Weapons under the auspices of
the Division on Engineering and Physical Sciences to conduct the study. The commitiee
received briefings from the DOD, DOE, congressional staff, nongovernmental organizations, and
individuals, in both classified and open sessions, To assist in its considerations of Congress’s
questions, the committee asked the DTRA and Lawrence Livermore National Laboratory to
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estimate the number of civilian casualties for a range of nuclear weapons yields and depths of
burst for possible target areas.

COMMITTEE'S UNDERSTANDING AND ASSUMPTIONS

The issues raised in the statement of task are stated briefly and refer to specific combinations
of factors. Here, the committee makes clear its understanding of the terms and factors involved.
It assumes that the health and environmental effects of nuclear earth-penetrator and other
weapons would be produced by an attack expected to be militarily effective. “Hard and deeply
buried target” is taken to indicate primarily hard targets, which may be buried at various depths.
“Deeply buried” refers to depths beyond those of craters formed by the largest nuclear weapon
that might be used to destroy such targets.

The statement of task refers explicitly to WMD only in the case of a conventional weapon
being used to attack facilities containing WMD and does not mention WMD in connection with
the effects of a nuclear attack on HDBTs. The committee thinks that a fully effective attack on
an HDBT, whether a nuclear or non-nuclear attack, should involve the destruction or complete
sealing off of contained WMD.

In general, in this report, discussion of WMD often lumps chemical and biological agents
together. Chemical and biological agents, however, have distinct properties that lead to
differences in the effects of their release and in the difficulty of their destruction.

In & comparison of the effects of nuclear explosions, consideration must be given to other
effects besides radicactivity. Local blast and thermal effects of near-surface nuclear explosives
can be more lethal than the radicactivity.

To understand the statement of task's asymmetry in the task between nuclear and
conventional weapons, the commitiee heard from congressional staff involved in developing the
task statement and from the DOD sponsors. 1t was clear that tasks 1 and 2a were the key issues
and would require extensive analysis, including substantial original calculations. Task 2b,
regarding conventional weapons, was of much lower importance was to be examined if time and
resources permitted. Unfortunately, the efforts on tasks 1 and 2a were more demanding than
estimated, particularly because of the need to develop and analyze the material presented in
Chapter 6. Consequently, less time and fewer resources were available to work on task 2b.

ORGANIZATION AND CONTENT OF THIS REPORT

With the understandings and assumptions specified above, the committee organized its
response (o the statement of task as follows.

Chapter 2 defines HDBTs and discusses their types, locations, functions, size, overall
numbers, different depths in different geologies, and trends in types of HDBTs. It gives
examples of some HDBTs with details,, and emphasizes the need for accurate target intelligence.

Chapter 3 defines earth-penetrator weapons (EPWs) and discusses the history of EPW
technology, key penetrator characteristics, geologies in which experiments have been done,
empirical equations for predicting EPW penetration, maximum credible penetration depths, the
BA1-11 EPW, the current Robust Nuclear Earth Penetrator program, and some characteristics of
nuclear weapons for surface burst.

Chapter 4 addresses the calculated effects of nuclear weapons against hard and deeply bured
targets, with particular attention to target destruction, tools to calculate damage, and the
uncertainties involved.
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Chapter 5 discusses collateral effects of the fallout from air, surface, and underground bursts,
as well as two computer programs that are in wide use 1o model the effects of release of
hazardous chemical, biological, radiological, and nuclear materials into the atmosphere and their
effects on civilian and military populations, The computer programs discussed are the Hazard
Prediction and Assessment Capability code (HPAC) developed by DTRA and its predecessor
agencies and those used by the Lawrence Livermore National Laboratory—the NUKE code from
Sandia Naticnal Laboratorics to mode] the prompt effects of a nuclear explosion and the K-
Division Defense Agency Fallout Code (KDFOC) to analyze the spread of radicactivity. Also
discussed are the uncertainties involved in the use of computer modeling and simulation.

Chapter 6 addresses the health and environmental effects of nuclear explosions. Computer
modeling and simulation calculations are presented for notional representative targets attached
with weapons over a range of yields. In addition, health effects of attacks on chemical and
biological weapons facilities arc addressed.

Chapter 7 discusses conventional high-explosive weapons, both current and under
development for direct or indirect attack, 1o support the emerging Global Strike Mission.

Chapter 8 discusses sources of uncertain—factors to which the results of calculations such as
those discussed in Chapter 6 are most sensitive—and compares the variations in effects due to
uncertainty with the variations expected from substituting an EPW for a surface burst. It
addresses effects of uncertainty regarding target location, geology, accuracy of delivery, ability
of a weapon to function, and model inputs, and effects of uncertainty in the models themselves
and in analytical tools.

Chapter 9 presents the committee’s conclusions.

The four appendixes provide supplemental and study-process-related information.

NOTES

'Department of Defense, 2002. Nuclear Posture Review (U), Washington, D.C. (classilied).
*National Defense Authorization Act for Fiscal Year 2003 (House Rpt. 107-772, sec. 3146, P.L. 107-314),
"National Defense Authorization Act for Fiscal Year 1994 (P.L. 103-160, 107 Stat. 1547).
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2
Hard and Deeply Buried Targets

Potential U.S, adversaries worldwide are using intentionally hardened facilities to conceal
and protect their leaders, military and industrial personnel, weapons, equipment, and other assets
and activities. Such facilities, called hard and deeply buried targets (HDBTs),).are a serious
challenge to U.5. national security objectives of maintaining the capability to hold such
adversary assets at risk. Ranging from hardened, surface bunker complexes to tunnel facilities
deep underground, HDBTs are typically large, complex, and well concealed, incorporating
strong physical security, modern air defenses, protective siting, multifaceted communications,
and other important features that make many of them able to survive atiack by conventional
weapons. Potential adversaries are increasingly locating HDBTs in basements of multistory
buildings located in urban settings, complicating attack planning and increasing the risk of
serious collateral effects. This situation places a premium on achieving accurate target
characterization so as to obtain the required lethality from precisely delivered weapons during a
strike.

Many HDBTSs are of a shallow “cut and cover” design, with an equivalent concrete structural
overburden of less than 3 meters' thickness, This type of facility typically has a tactical function,
such as providing support for artillery or missile launchers. Many such facilities can be held at
risk by current weapons, or weapons under development if deployed, if the numbers of LS.
weapons are adequate, accurate target location coordinates are known, and adversaries’ defenses
are overcome. The missile operations tunnels and armament bunkers in some theaters are
particularly troublesome because of their sheer numbers, protective berms, and the strategic
positioning of their entrances and exits away from direct routes of attack.

Hundreds of much harder facilities (with a concrete overburden equivalent of 20 to 100
meters) protect strategic capabilities (e.g., leadership, command and control, weapons of mass
destruction (WMD) and were built using either conventional drill-and-blast tunneling
techniques or more modern mining equipment. These are typically equipped with redundant
ventilation, power, and communications systems. U.S. capabilities to place these types of
facilities at risk are challenged not only by the depths of burial and redundancies in critical
functional systems, but also by sophisticated techniques for camouflage, concealment, and
deception, and some collocation of HDBTs3 in civilian areas. Such facilities, which conceal and
protect an adversary’s most valued strategic capabilities, are described in more detail in this
chapter.

BASIC DEFINITIONS

Hard and Deeply Buried Targets

The generic term “hard and deeply buried targets™ refers to all types of intentionally
hardened targets, either aboveground or belowground, that are designed to withstand or minimize
the effects of kinetic weapons.
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Underground Facility

The generic term “underground facility” refers to all types of underground hardened
structures and facilities regardless of their depth.

Hardened Structure

The generic term “hardened structure™ refers to a structure that is intentionally strengthened
to provide protection from the effects of kinetic weapons. All hardened structures can be further
grouped into one of three types, defined by the location of the roof of the structure’s functional
workspace:

s Aboveground hardened siructure. The roof of the functional workspace is above the
ground surface. Included in this category are earth-bermed structures that are not exposed
directly to weapons effects and for which air blast effects are reduced owing to the acrodynamic
shape of the berm.

s Shallow underground structure. The roof of the functional workspace is between the
ground surface level and 20 meters deep.

o Deep underground hardened structure. The roof of the functional workspace is covered
by 20 or more meters of soil and/or rock.

Strategic Hard and Deeply Buried Target

The term “strategic hard and deeply buried target” refers to those HDETs that perform a
strategic function, such as command and control of military forces, protection of national
leadership, WMD production or storage, and ballistic missile production, storage, or launch. The
proposed nuclear earth-penetrator weapon (EPW) is being designed to defeat thas target class.

BASIC FACTS AND ESTIMATES
Following is a concise list of background facts and estimates relating to HDBTs:

e Potential U.S. adversaries worldwide are using underground facilities to conceal and
protect their leadership, military and industrial personnel, weapons, equipment, and other assels
and activities. These facilities include hardened surface bunkers and tunnel facilities deep
underground,

o Many underground command, control, and communications [E‘l} complexes and missile
tunnels are between 100 and 400 meters deep, with the majority less than 250 meters deep. A
few are as deep as 500 meters or even 700 meters, in competent granite or limestone rock.

¢ As identified by the Defense Intelligence Agency, there are about 10,000 HDBTS in the
territory of potential U.S. adversaries worldwide.

= Ofthe 10,000 HDBTs identified, about 20 percent arc estimated to have a major strategic
function.

» Ower half of these strategic HDBTs are located near or in urban arcas.

& The number of known strategic HDBTSs is increasing at a rate of about 10 percent per
year. This increase is attributable mostly to discovery by the U.S. intelligence community and to
a lesser extent to construction in countries seeking protection from U8, military capabilities,

e With the current U.S. nuclear arsenal, a number of the more important strategic HDBTs
cannot be held at risk of physical destruction of the functional area.
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e A few hundred of the strategic HDBTs could be candidates for targeting with the robust
nuclear earth penetrator (RNEP) weapon currently under study.

EXAMPLES OF STRATEGIC HARD AND DEEPLY BURIED TARGETS

Examples of strategic HDBTs are shown in Figure 2.1 and detailed in this section.
Representative actual overburdens, not their reinforced conerete equivalents, are described in the
following examples.
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FIGURE 2.1 Examples of strotegic hard and deeply buried targets, (See text for details. Acronyms are delined in
Appendix D)

Missile Tunnel

Hard Target Type: Deep underground tunnel

Function: Deployment area for short-range ballistic missiles (SRBMs) that have a chemical
weapon warhead; warhead mating performed in maintenance area

Site Loeation: Remote valley; nearest civilian population center is 30 kilometers away
Number of Stories or Levels: One

Number of Entrances: Two

Overburden: 120 meters at working arca

Geology: Varying laver depths of residual soil, weathered rock, and limestone

Berms: Tunnel adits constructed to form a berm

Tunnels: Tunnel lining is 1 meter of reinforced concrete from entrance to blast doors, then 0.5
meter reinforced conerete throughout intemal cavities

Blast Doors: | meter of steel-lined reinforced concrete
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Reinforced Concrete: Compression strength of all concrete is estimated at 4,000 pounds per
square inch

Deep Underground C’ Complex

Hard Target Type: Bunkered facility deep underground

Function: Reserve post for providing command, control, and communications {ij support to
strategic nuclear forces as well as wartime protection for senior military authorities

Site Location: Mountainous region in country’s interior, more than 200 kilometers away from a
city of 50,000 and 6 kilometers from a village of 150

Number of Stories or Levels: Multilevel facility connected by elevators, shafts, and tunnels
Number of Entrances: Two horizontals entrances and one vertical shaft entrance
Overburden: 400 to 700 meters overburden at working area

Geology: Single monolithic upthrust of quartzite sandstone

Berms: MNone

Tunnels: Tunnel lining reinforced concrete

Blast Doors: Sliding double blast doors exist in excess of 0.7 meter thick at each entrance;
main entrance is 7 meters wide, and auxiliary entrance is 9 meters wide

Reinforced Conerete: Reinforced concrete facing walls installed at both entrances, and a slab
of reinforced concrete covering the vertical shaft

CW/BW Aboveground Bunker

Hard Target Type: Hardened aboveground bunker
Function: Chemical weapons (C'W) munitions filling (artillery and bombs) and CW munitions
storage
Site Location: Remote desert area, within a large chemical weapons production and Ré&D
complex: no civilian facilities within a 10 kilometer range; nearest populated area is 40
kilometers northwest of the complex
Number of Stories or Levels: One
Number of Entrances: One
Overburden: 8 meters thick, including two 1 meter burster slabs separated by a 3 meter layer of
8 inch rocks, covered by soil

Ceiling: 1 meter of reinforced concrete

Walls: 1 meter of reinforced concrete

Floor: 2 meters of reinforced concrele

Roof: 0.5 meter of steel-lined concrete

Blast Doors: 0.5 meter of steel-lined concrete

C*1 Shallow Underground Bunker

Hard Target Type: Shallow underground bunker
Function: National-level military command-and-control facility
Site Location: Within a large military complex on the outskirts of a large city (population
250,000)
Number of Stories or Levels: Cne
Number of Entrances: Four
Overburden: Five layers above roof
3 meters of compacted soil
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1 meter of reinforced concrete burster slab
3 meters of crushed/compacted rock
| meter of reinforced concrete burster slab
3 meters of compacted soil
Thickness of;
Walls: 1 meter of reinforced concrete
Floor: | meter of reinforced concrete
Roof: 2 meters of reinforced concrete
Blast Doors: 0.5 meter of steel-lined concrete

E”I Basement Bunker

Hard Target Type: Basement bunker
Function: National-level command-and-coniral facility
Site Location: Within a military headquarters complex under a six-story Army Headquarters
building in a heavily populated (750,000) urban area; civilian structures (hospitals, schools,
embassies) all located within a | kilometer radius of the facility
Number of Stories or Levels: Two-level bunker undemeath six-story building
Number of Entrances: Two
Thickness of:
Walls: Exterior, 2 meters; interior 0.5, to 1 meter of reinforced concrete
Floor: 1 meter of reinforced concrete
Roof: 4.1 meters of reinforced concrete equivalent above upper bunker level
Blast Doors: 4 blast doors, sliding, steel-lined concrete

Shallow Accessible Bunker/Silo

Hard Target Type: Shallow buried “cut and cover” bunker
Function: Biclogical weapons (BW) agent storage and production
Site Location: Collocated within aboveground civilian bioproducts R&D and production
complex; hilly terrain, vegetation; large civilian population within a one-half kilometer radius of
the facility
Number of Stories or Levels: One
Number of Entrances: Chne
Overburden: 7 meters of compacted soil
Walls: 1 meter of reinforced concrete
Floor: 1 meter of reinforced concrete
Roof: 2 meters of reinforced concrete
Blast Doors: 0.5 meter overall; steel-lined concrete
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3

Earth-Penetrator Weapons

An earth-penetrator weapon (EPW) is designed to detonate below the ground’s surface after
surviving the extremely high shock and structural loading that result during impact and
penetration. As discussed in more detail in Chapter 4, detonating the weapon beneath the surface
greatly increases ground-shock effects, making the weapon more effective in destroying hard and
deeply buried targets (HDBTs).

EARTH-PENETRATOR TECHNOLOGY BACKGROUND

Earth-penetration technology in the United States dates to the early 1950s. The Mark 8, a
nuclear bomb with the capability to penetrate soil and rock as well as concrete targets, entered
the stockpile in January 1952, The Mark 11 bomb, a safety upgrade that replaced the Mark 8 in
May 1957,' was removed from the stockpile in 1958,

Sandia National Laboratories (SNL) initiated an earth-penetration (EP) technology program
in 1960 The Department of Energy (DOE)/Department of Defense (DOD) programs, now the
DOE’s National Nuclear Security Administration (NNSA) national laboratories, and DOD
laboratories have maintained continuous EP technology development programs and testing, at
various levels of activity, since that time. Of the more than 3,000 EP tests conducted, there are
currently 1,084 representative tests recorded in the SNL Earth Penetration Database. Complete
characteristics of the penetrators—physical characieristics, impact velocity, impact angle, impact
angle of attack, penetrator path length, penetrator rest angle, test location, target site, target
material, date of test, and associated programs—are documented in this database. Geologic
materials penetrated include sand, silt, and clay soils, frozen soil, ice, and rock. Penefration tests
into concrete targets have also been conducted. Target sites were located in Alabama, Alaska,
California, Florida, Kansas, Nebraska, Nevada, New Mexico, Texas, and Utah.

Important Parameters of Earth-Penetrator Weapons

Penetration tests have been conducted at various impact angles, angles of attack, and
velocities into undisturbed geologic targets 1o provide insight into how the physical properties of
a penetrator afTect its performance. Data in the SNL database were obtained from weapon-sized
penetrators instrumented to measure axial and lateral penetrator acceleration, strain in the EP
case, and the structural response of internal components. Based on these data, Box 3.1 lists and
defines physical properties of an EPW and impact conditions that are important in the design of
an EPW, Figure 3.1 shows a typical EPW case configuration.
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Box 3.1
Imporiani Earih-Penetrator Weapon Parameters
Physical Characteristics Impact Conditions
* N: nose shape « V! impact velocity, m/s
» d: body diameter, m * { impact angle betwesn velocily vector (lrajectory

angla) and target surface

» g angle of sttack, angle between velocity vector
{trajectory angtle) and earth-penciration axis

= Lo total penetrator length, m
s m toisl penetrator weight, kg
s A: cross-sectional area, m®

" nm:1cr-::55-sen.‘1lmml density,
kegfm™

iz, Length

Cabber Raclue Head (CRH) of Ogne Wese = 5, fd
Lld = (TFH - 2512

FIGURE 3.1 Typical earth-penetrator weapon case,

The ogive nose shown in Figure 3.1 is a ballistic shape that is formed by rotating an are of
radius R, tangent to the cylindrical body around the centerline of the body. A 6 caliber radius
head (CRH) ogive nose is generally used on an EPW that is designed for the penetration of hard
material at velocities of less than 900 meters per second. For higher velocities, a 3 CRH
(blunter) is recommended in order to maintain penetrator stability. For impact velocities less
than 300 meters per second into hard or frozen soil, a 9.25 CRH nose or a length-to-diameter
ratio of 2 for cone-shaped-nose penetrators (sharper noses) can be used, since nose tip heating is
not a problem at lower velocities. The flare on the rear of the penetrator in Figure 3.1 is
important for penetrator stability if the length-to-diameter ratio of the EPW is less than 6.

Earth-Penctrator Weapons Design Methodology

The national laboratories conducted two nuclear EPW engineering development programs
between 1975 and 1990, using the SNL EP technology program design experiences and test
database. The first program involved the W86 EPW payload for the Pershing 11 (P 11) missile.
Weapons-system-level EP tests that included warhead electrical system components and inert
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nuclear system components were conducted in soil, low-strength rock, and medium-strength rock
at the Tonopah Test Range near Tonopah, Nevada, Missiles with system-level test units were
also impacted into the 50 mile target area at White Sands Missile Range. The Los Alamos
National Laboratory also conducted underground nuclear detonation tests of candidate nuclear
systems. Engineering development of the W86 EPW was completed. and the design was put on
the shelf. Mo weapons were produced.

In 1986 a feasibility study was completed on a strategic earth-peneirator weapon (SEPW) to
hold deeply buried targets at risk. Shortly after the study was completed, an advanced
development SEPW program was initiated. Los Alamos National Laboratory and Lawrence
Livermore National Laboratory were tasked to design nuclear systems and hardware for
penetration tests and to support underground tests. SNL was tasked to provide systems
engineering support to each nuclear laboratory’s effort, SNL was also tasked to design and
develop the EP cases, hardened electrical components, and subsystems; to evaluate penetrator
performance; and to investigate potential countermeasures. Approximately 60 penetration tests
were conducted by the two laboratory teams. SEPW inert test units were impacted into a series
of in situ (undisturbed) soil and rock targets at varying impact angles and velocities. A small
number of underground nuclear tests were also conducted at the Nevada Test Site.

The programs described above are examples of programs in which nuclear weapons have
been designed and developed to counter the uncertainties of an earth-penetration event and to
enhance the survivability of an EPW. The important parameters of these weapon designs and the
maximum impact velocity recorded in the SNL database are used in the calculations described
below to predict the maximum depth of penetration that can be expected in so0il, low-strength
rock, and medium-strength rock media.

Target Geology

The greatest uncertainty in predicting EPW depth of penetration and structural survival of the
weapon until detonation is due to the inherently heterogeneous nature of earth materials. Rock
formations typically are composed of layers of materials of different strength such as the
formations shown in Figure 3.2. They can also include joints and fractures as well as- layers of
different strength and sloping layers, as shown in Figure 3.3.

FIGURE 3.2 Limestone formations near Nashiville, Tennessee, exhibiting lavers of materials of different sirengths.
Phioto courtesy of William J. Patierson.
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FIGURE 1.3 Sandstone syncline in Mew Mexico showing sloping lavers. Photo courtesy of William ). Panerson.

The type of massive, relatively homogeneous formation with few cracks and fissures that is
shown in Figure 3.4 is rare. Even arcas expected (o have soil to extended depths may include
areas of unexpectedly hard material. These uncertainties can be countered to some degree by
designing an EPW to be as rugged as possible, consistent with mission and system requirements.
Rugged EPWs have the highest cross-sectional density possible o as to enhance penetration
depth, and a length-to-diameter ratio of 8 to 10 for stable trajectory; thus, lateral loading is
minimized during penetration. A one-piece EP case fabricated from the best available high-
strength, high-fracture-toughness steel is recommended in order to withstand the high lateral
loading that occurs when the EFW encounters heterogeneous formations. Internal components
and subassemblies must be designed and packaged to survive high-frequency structural loading.

The maximum impact velocities and hardest expected target materials determine the selection of
nose shape.

34
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FIGURE 3.4 Massive sandstone, New Mexico showing relatively homogeneous rock. Photo courtesy of William J.
Patierson.

EMPIRICAL EQUATIONS FOR PREDICTING PENETRATION CAPABILITY

Many equations predictive of carth-penetrating capabilities of EPWs have been developed
over the past 40 years. In early 2000, two of the more widely used empirical equations were
evaluated, and calculated depths were compared with large-scale tests of penetrators impacting
into two different types of in situ rock formations at the Tonopah Test Range. Both of the
equations predicted depths that agreed well with the Antelope Tuff and the Sidewinder Welded
Tuff rock penetration data documented in the SNL Earth Penetration Database.” One equation,
developed by C.W. Young, was published in 1967." The most recent uEdﬂlﬂ was in 1997.° The
other equation was developed by M.J. Forrestal and published in 1994,

Presented here (Box 3.2), Young's equation illustrates the use of EP parameters to calculate
maximum depths of penetration achievable in soil, low-strength rock, and medium-strength rock,
as shown in Table 3.1.
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Box 3.2

Young's Empirical Equation
D= aK,SN{mid)" (¥, 30.5)

Where £ = depth of penciration in meters, @ = 0,0000175, K, = scaling factor, 5 = empirical targel constant, N =
penetrator nose coefficient, s = penetrator mass, kilograms, 4 = penetrator cross sectional area in square meters, and
¥, = impact velocity in meters per second.

For sail the scaling factor K, is defined as

K, =10 if mz27 kilograms
and
K, =027(m)"" it m <27 kilograms

For rock and concrete the scaling factor K| is defined as
K, =1.0 if m 2 182 kilograms
K, =046(m)"" if m <182 kilograms.
The nose coefficient & for a tangent ogive is defined as
N=018(L /d)+0356,

while, the nose coefficient for & conical nose is defined by

N =026(L /d)+0.506
In the nose coefficient equations, L is the length of the penetrator nose in meters and o = diameter of the penetrator

body in melers.

The constant S is an empirical value, which depends on the target material. lis value is determined by
measuring the depth of penetration for a given penetrator tested in a given geologic material and applying the
equation (o compute the value of 5. A reasonable value of the empirical constant for a given geologic material is
obtained by averaging several of the values for § obtained from several penetration tests, Once § has been
determined experimentally for a given target material, the other variables in the equation may be altered to estimate
depth of penetration into the same target material.

The following sample calculation with Young's equation uses the SEPW parameters and an
impact velocity of 1,220 meters per second into low strength rock.

iven
D= oK SNimiA" (V- 30.5)
where o= 0.0000175, S = 1.3, Nose CRH=3, m =411 kg, d = 274 m, and ¥ = 1220 m/s,

then Lyfd =(CRH — 25)' = (3-.25)"* = 1.66, N=(.18 = 1.66)+ .56 = .85, 4 =n(.274)7/4 =
059 m*, and (m )™ = (411/.059)"7 = 492,

Hence
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D=0.0000175 = 1.3 = B3 =492 x (1210 - 30.5)
= 11.3 m, estimated minimum penetration depth.

Based on data for deceleration versus time from a large number of tesis, the best estimaie of
peak rigid body deceleration is 1.5 times the average deceleration,
fave = 12 122D = 6646 g and apes = 1.5 = 6646 = 9968 g,

MAXIMUM CREDIBLE DEPTHS OF PENETRATION

Table 3.1 presents empirically estimated maximum depths of penetration in three typical
geologic materials. These depths were calculated using Young's empirical equation. In order to
add credibility to these estimates, the following data were used in the caleulations: the physical
properties of the W86 P I1 EPW and SEPW designs, penetrability numbers for the geologic
media supported by test data, and impact velocities no greater than the highest velocities
documented in the SNL Earth Penetration Database. The results of an EPW bomb optimized
with the highest m/d feasible, within a 2,700 kilogram weight limit, are also shown to illustrate
the ability of a robust EPW to minimize axial deceleration.

The 10,000 & peak deceleration capability of the SEPW and W86 P 11 EPW was the limiting
factor in medium-strength rock. The impact velocity used in the calculations in low- and
medium-strength rock was limited by the 10,000 g peak deceleration capability of the SEPW and
W86 P 11 EPW. Also, impact velocity was limited to 1,525 meters per second, since no test data
exist above 1,525 meters per second. The heavy weight of the EPW bomb limits the delivery
system to aircraft only; therefore, the impact velocity for the EFW bomb was based on a
reasonable maximum velocity obtainable from a high-altitude airdrop.

TABLE 3.1 Empirically Estimated Maximum Credible Depths of Penctration Earth-Fenctraior Weapons in Three
Types of Rock and Soil Media

Peneirztiom
Rkl 5 A Depth:

Weapon Clussification nos. CRH N wkg dm kg/m I, s 0, m Apw  Spesk
Stribegas EPW
(SEPW) Modism-strength rock 076 3 085 41l 27 T0HG 700 17 6,702 10,000
Lowe-yield EFW  Medism-stength rack 076 & L#H 184 07 B451 1,000 12 TO45 10,000
Oprimized EPMW Mediamestrength mock - 076 & a0 ioed 037 2504 500 135 1,700 2500
SEPW Laove-strength rock i3 1 0.B5 Al [ e gl L 1,206 1.1 6,591 J0H]
Lovw-yield EFW Low-strength rock 130 & 1ot 017 H451 1,500 187 G114 9000
Optimsiged EFW Low-sirength ook L300 & 106 2.65E KT 15044 00 12.8 g 1 %)
SEPW Silty clay 0D 3 0,85 411 a2y 7010 1,500 Eil 1,332 2000
Low-yield EPW  Silty clxy B0 6 (T T a.17 8451 I 5EK) 115 081 1,500
Optimized EFW Silty clay BOD 6 L00  I66B 037 25044 00 5 161 250

Motes: § no. = empirical farget constant; CRH = caliber radius head; N = penetrator nose coefficient; m = penetrator
mass; = diameter of penetrator body; mid = cross-sectional density; ¥ = impact velocity; D = depth of penetration;
#,, = average acceleration; dp. = maximum acceleration.

The heavy, high-cross-sectional-density bomb impacting at 500 meters per second achieved
the maximum calculated depth in medium-strength rock, and the peak axial deceleration did not
exceed 2,500 g. The low-yield EPW impacting at 1,500 meters per second achieved the
maximum depth in low-strength rock and silty clay soil. Peak axial decelerations were no
greater than 9,000 g and 1,500 g, respectively.
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It must be kept in mind that these calculations assume that the penetrated medium 15
homogeneous; thus, these are the minimum expected depths. The maximum depth in soil could
vary by £20 percent based on the accuracy of Young's equation.” This would give a maximum
depth of penetration for the low-yield EPW of approximately 140 meters in soil. The depths in
rock could show even greater variability due to the nonhomogeneity of rock formations. to
Depths up to 50 percent greater than pretest estimates have been observed. The maximum depth
in low-strength rock could be approximately 30 meters, and approximately 12 meters in medium-
strength rock. Designers and test engineers are usually most interested in estimates of minimum
depth since minimum depth results in the highest expected axial EPW deccleration,

Wl SYSTEM

The W6a1 EPW was intended to be an interim weapon to provide an EP'W capability until the
SEPW was fielded. The B61-7 was selected for conversion into an EPW because its internal
components were required (o survive relatively high axial and lateral acceleration loads. The
B61-7 had to survive loading from an impact velocity of approximately 30.5 meters per second
onto hard surfaces—impact conditions resulting from low-level, high-speed aircraft release and
parachute-retarded lay-down, Detonation time was set for a safe aircraft separation time.

W61 predevelopment engineering began in 1987, Engineering development began in 1990,
and the program was terminated in 1992, The W61 was designed to be a rapidly deployable
system. The delivery system had the capability of delivering the W61 to the target surface at
optimum impact conditions, For the targets of interest, optimum conditions were impact angles
within 10 degrees of tarpet normal, an angle of attack (angle between velocity vector and EPW
centerline) of less than 2 degrees, and impact velocities around 245 meters per second,

Following are the initial basic guidelines from the DOD for the conversion of the B61-7
bomb into a W61 EPW:*

¢ Minimize new component development,
+ Maximize the use of existing hardware, and
* Minimize changes to the B61-7 electrical system,

A one-picee, cone-nosed penetrator case was designed to house the nuclear system and the
warhead electrical system, The case was fabricated from high-strength steel with high fracture
toughness. Since changes to components of the nuclear system and warhead electrical system
were not allowed, the W61 EPW survivability limit was governed by the deceleration capability
of the internal components. The system survivability level was determined by testing. Tests
conducted during engineering development demaonstrated that the W61 had the capability o
survive penetration of 0.3 meter of concrete, hard soil, and low-strength rock at specificd impact
conditions. The W61 had an airburst and a contact-burst capability as well as subsurface-burst
capability.

B61-11 EARTH-PENETRATING BOMB

The B61-11 was developed to replace the BS3 gravity bomb, which had entered the stockpile
in 1962. In 1988 an interim nuclear safety modification was made, resulting in the B33-1.
However, even with the modification, the B53 did not completely meet standards for modern
weapons safety, security, and reliability, Figure 3.5 and Table 3.2 show the final design and
delineate the properties of the B61-11.
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Preflight Controlle  Tail Fla l‘e—-\

EP Cas

i

B61-7 Components

FIGURE 3.5 Final Design of the nuclear, carth-penctrator (EP) Bol<11. SOURCE: Sandia MNational Laboratories,.
Bé1-11 Final Developrremt Report (U), Albugquerque, M. Mex. (classified).

TABLE 3.2 Comparison of B61-7 and Ba1-11 Properties

Property Bal-7 B&1-11
Mass MaxT kg 549+ Tke
Fﬂﬂ]‘:tl:ur:f;?iﬂnum center case, and earth- 243 kg 377 ki
Preflight controller 225 kg 225 kg
Tail 0.7 kpe 150 kg
Driameter 033im 0.34 m
Lengtth iGm 3i7Tm

Following are the initial basic guidelines from the DOD for conversion of the B61-7 into an
carth-penetrating bomb and the resulting actions.

# Carry out a rapid development program.
—The program was authorized on September 15, 1995,
—Major assembly release occurred on December 30, 1996.

« Minimize new component development.
—EP case forgings from the cancelled W61 program were used.
—No changes were made to the B61-7 nuclear system.
—No changes were made to the B61-7 electrical system.

Because changes to the nuclear system and warhead electrical system were not allowed, the
survivable deceleration level of the B61-11 was limited to the deceleration limits of the Bal-7
internal components. Penetration tests with functional warhead electrical-system components
and simulated nuclear assemblies were conducted at different impact velocities into hard soil and
frozen soil to demonstrate B61-11 capability in the targets of interest.

The classified military requirements for the B61-11 include limits for soil penetration
capabilities, vield, center of gravity, reliability, stockpile quantities, and ballistic characteristics.

The BA1-11 was developed to ensure a capability to continue to hold selected deeply buried
targets at risk.
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CURRENT ROBUST NUCLEAR EARTH PENETRATOR PROGRAM

The Robust Nuclear Earth Penetrator program is an engineering feasibility study. It was
initiated in May 2003 with the intention of its being a 2-year study, with two teams working on
the study: a Los Alamos National Laboratory (LANL) and Sandia National Laboratonies
Albuguerque (SNLA) team, and a Lawrence Livermore Mational Laboratory (LLNL) and Sandia
National Laboratories Livermore (SNLL) team. The purpose of the program is to determine if,
using the major components of an existing weapon system, an earth-penetrator system can be
designed that can hold at risk a significantly larger number of targets than the B61-11 can. The
LANL/SNLA team’s focus is the B61-7, and the LLNL/SNLL team is addressing the BE3, The
basic approach is to increase the cross-sectional density of the EPW when possible and to
increase the deceleration capability level of the internal components. No changes in the parent
weapon yield are allowed. The study is allowed to address potential changes to internal
components, as long as the changes do not require any nuclear certification tests. Owing to
budget constraints the study is now limited to the robust nuclear earth penetrator (RNEP) being
studied by the LLNL/SNLL team. At this time there is no decision on when or if the
LANL/SNLA team will restart its study.

Following are general guidelines from the DOD for the RNEP under study by the
LLNL/SNLL team:’

» The RNEP weapon is required to be able to do the following:
—Survive penctration and not rebound from the target,
—Reach a certain depth in a specified geology (the “threshold™),
—Preserve or improve original weapon functionality, and
—Preserve or improve original weapon safety, security and reliability.
s Regarding the compatibility of the RNEP with delivery aircrafi:
—The maximum weight, length, and diameter of the EPW case are to be determined by
delivery aircraft requirements.
o Modifications to the Arming, Fusing, and Firing (AF&F) system are allowed.
—The AF&F capability level is to be determined by structural testing.
+ Modification of the nuclear system is allowed provided no nuclear certification testing is
required.

The properties of the LLNL/SNLL RNEP are as follows:

o Mass, including tail kit—1,379 kg,
o Diameter—0.53 m, and
s Penetrator length (may be extended by tail kit}—2.54 m.

Following are guidelines from the DOD regarding the RNEP guidance system:

s RNEP is to be a guided and controlled weapon system. lts guidance system will do the
following:
—Allow for precise targeting,
—Allow for optimization of angle of attack and incidence control, and
—Minimize the stresses on the EPW system.
s RNEP system capability will be determined by experimentation, test, and analysis,
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—The RNEP survivability level is set by the structural limit of the nuclear system and the
arming, fusing, and firing system.
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4

Effectiveness of Nuclear Weapons Against Hard and
Deeply Buried Targets

TARGET DESTRUCTION

The types of hard and deeply buried targets (HDBTSs) of interest are described in Chapter 2.
These range from hardened, surface bunker complexes to tunnel complexes deep underground,
as shown in Figure 2.1.

Muclear weapons are the only weapons that can destroy targets deep underground or in
tunnels. Weapons of mass destruction (WMD)-related facilities near the surface may be
destroyed with either nuclear or conventional weapons, but nuclear weapons are of interest
because they produce more effective agent-kill mechanisms. The types of conventional weapons
likely to be employed against tactical targets are discussed in Chapter 7, “Conventional
Weapons." MNote that the discussion in this chapter assumes the physical destruction of the
target. It may also be possible to destroy or degrade the functionality of the facility, or the
functicnality of the network of which it is a part, without physically destroying the specific target
node.

Following are elements of target destruction:

Finding, identifying, and characterizing the target;

Weapon system survival and arrival at the target;

Weapon penetration and detonation;

Energy coupling of weapon effects to the ground,

Shock propagation through the ground o the target facility; and
Response and vulnerability of the target facility.

" & @& @& @ @

Finding, Identifying, and Characterizing the Target

This report examines the relative effectiveness of and collateral damage associated with
nuclear earth-penetrator and other weapons. It is not within the scope of the committee's tasks to
analyze the quality of the intelligence that exists or will exist. Nor does the committee discuss
how good the intelligence must be to enable the effective operational use of a weapon.

The discussions and calculations presented in this report assume knowledge of the target's
location, purpose, size, function, internal layout, and other relevant features at the time it may be
attacked. This assumption of perfect, timely intelligence is unlikely to hold in reality for the vast
majority of targets of interest.

Important to the 1s5ue of finding, identifving, and characterizing a target 15 that, in addition to
concealment, deceptive techniques are used extensively by adversaries to complicate matters.
The calculations presented should all be viewed with these intelligence uncertainties in mind.
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Weapon-System Survival and Arrival at the Target

In addition to the passive defense of hardening a target, high-value sites are generally
defended. Thus, the method of delivery of a weapon is important. For example, defenses against
a weapon that is air-delivered are quite widespread, whereas ballistic missile defenses are
virtually nonexistent. This report does not examine the effectiveness of delivery modes or
defenses against them,

Weapon Penctration and Detonation

There is the need to consider the probability that an earth-penetrator weapon (EPW) will
survive ground penetration, penetrate to the desired depth, and then successfully detonate. In
comparison with surface (contact) burst weapons, the EPW experiences more rigorous impact
conditions. These factors are discussed in Chapter 3.

In the folfowing discussion of weapons effects at depth, the commitiee presumes that the
nuclear earth-penetrator weapon successfully reaches the target, penetrates any aboveground
covering structure and possible defenses, and enters the surface to a depth sufficient to couple
the majority of its energy to the ground, all with a probability of 1.0. The committee did not
study the probability af any of these evenis. ’

Energy Coupling of Nuclear Weapons Effects to the Ground

The energy coupled by a nuclear weapon to the ground is expressed as the fraction of the
total weapon vield converted to kinetic energy of downward-moving solid or nonvaporized
ground matenal. The amount of energy coupled to the ground is strongly dependent on the
weapon's actual height of burst (HOB) or depth of burst (DOB), as well as on nuclear design
details (i.e., yield-to-mass ratio, fission fractions, and relative coupling efficiencies of the source
components), Geologic properties also play a role.

Effects Manual-I: Capabilities of Nuclear Weapons' of the Defense Threat Reduction
Agency (DTRA) defines an equivalent yield factor for both total coupled energy and ground-
shock-coupled energy as a function of HOB/DOB (see Appendix C in this report for details).
Figure 4.1 shows the equivalent yvield factors normalized to a contact burst using the DTRA-
recommended, scaled HOB of 0.05 m/kt'”, Note that the coupled energy is not defined for a
scaled HOB greater than —0.05 m/kt'” or a scaled DOB greater than 0.05 m/kt" due to
uncertainties in calculations for this near-surface region. The ground-shock-coupled energy”
includes surface air-blast-induced ground shock.

Equivalent yield factors for coupled energy asymptotically approach 100 (i.e., as burial depth
increases); indeed an earth-penetrator weapon is effectively fully coupled at a scaled DOB of
about 2.3 m/kt"”. Relative to a contact burst, the ground-shock-coupling factor approaches 50
with increased DOB owing to the surface air-blast contribution.’

For a generic 300 kiloton EPW at 3 meters depth of burst (scaled DOB = 3/(300)'" = 0.45),
the ground-shock coupling factor is about 20, which is equivalent to a contact burst of about 6.0
megatons.’ This example illustrates the “efficiency” of an earth-penetrator nuclear weapon in
generating comparable levels of damaging ground shock at target depth with significantly lower
yvield relative to a surface-burst or airburst weapon. As mentioned elsewhere, the coupling factor
can be anywhere between 15 and 25, with the greatest uncertainty due to the effect of the
radiation from a surface burst, which is sensitive to local conditions.
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FIGURE 4.1 Equivalent yield factors for total coupled energy and ground-shock-coupled energy normalized to a
contact burst, MNegative numbers signify below ground. (See Appendix C)

Uncertainties in Weapon Effectiveness, Energy Coupling, and Ground-Shock Range to
Effect

The following factors influence ihe uncertaintics associated with estimating energy coupling
for ground shock,™®

®  Weapon design. Energy deposition into the ground involves two components, which
couple differently: debris kinetic energy and x-rays. The physical dimensions and the location
of the primary component relative 1o the secondary also affect energy deposition.

o  Actual height of burst {(HOB) or depth of burst (DOB). Coupling increases by more than
an order of magnitude in the region between contact and 1 m/kt'” DOB. Defining “contact” is
an issue; for example, a bomb’s “center of energy™ does not fully describe the orientation of a
staged device. The size of a hot, nuclear source is also important, since the absorption of
radiation does not scale with yield. DTRA has adopted 0.05 m/kt'” as a standard value for the
HOB of a contact (nose-down) burst to avoid elaborate numerical simulations of the energy
coupling process for each weapon type and geology.

s Site gpeology and damage eriterion. The type of geologic media in which the source
energy is deposited (dry/wet soil‘rock) affects coupled energy. Reflections and/or rarefactions
occur as the ground shock propagates and impinges on stiffer or softer geologic layers. Layering
can significantly influence the range to effect for a particular criterion of damage (i.e., peak
overstress, peak particle velocity, or peak free-field strain). The influence of the lethality
criterion 15 discussed below (see the subsection entitled “Response and Vulnerability of the

Target Facility™).
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To be fully contained (i.e., with no venting), a 300 kiloton weapon would need to be buried
about 800 meters™® and the emplacement hole would need to be carcfully stemmed.” Because
the practical penetration depth for an EPW is but a small fraction of the depth for full
containment and the penctration hole would not be stemmed, there will be surface venting,
prompt and residual nuclear radiation, and fallout effects from an EPW. For maximum energy
coupling, analysts are most interested in the maximum depths. As can be seen in Table 3. 1,
which shows maximum empirically estimated EPW depths, none of the depths is great enough to
contain an EPW nuclear burst, even if the penetration hole is stemmed. These effects are
discussed later in this chapter.

There is a reasonably extensive experimental database, Effects Manual Number 1 (EM-1),'°
covering the various physics regimes governing the energy-coupling process. Analytical tools
are fairly well advanced also. Uncertainties associated with estimates of energy coupling are far
greater for near-surface airbursts than for buried bursts and depend on how well the actual burst
location and details of weapon energy output are known, For present purposes with the bomb
design fully prescribed and a DOB of 2 3 meters assumed, the effective ground-shock-producing
yield can be reliably estimated to within about 20 percent. The greatest uncertainties in vield
equivalency are in the immediate vicinity of the ground surface, where coupling is ill-defined at
the actual air-ground interface (shown in the region +0.05 m/&t'” in Figure 4.1). Uncertainties
exceed a factor of 2 for bursts of small heights where, of course, the ground-coupled energy is
considerably less,

Shock Propagation Through the Ground to the Target Facility

Shock propagation through the ground to the target facility depends on weapon yield and
eoupled energy, stratigraphy of the target site, and properties of the intervening geologic
materials, including joints and fault patterns. The ground-shock environment transmitted to the
target facility is described in terms of material stresses, strains, particle velocities, and
displacements (time-dependent details and peak values), as well as discontinuous (block)
maotions that can occur along joint and fault surfaces.

DTRA and the Department of Energy (DOE) weapon laboratories have invested considerable
resources over the years to develop computational methods for predicting the ground-shock
environments at depth from both high-explosive and nuclear bursts. The problem is complicated
owing to various shock atienuation mechanisms, such as inelastic effects, hysteresis, and fracture
and dilatation, and to geometrie effects due to divergence, layering, interfaces, faults, and joints,
Substantial progress has been made in the modeling of these processes, and there have been a
number of successful predictions of large-scale, high-explosive events as well as underground
(cavity) nuelear events. However, these corrclations were obtained for tests performed in media
that were easily accessible for extensive pretest measurement of properties. This will rarely, if
ever, be the case in targeting applications for which limited site geologic descriptions are anly
imprecisely known at best. Moreover, significant changes in geologic properties can oceur
locally as well. Thus, estimates of peak velocity or stress at depth should not be expected to be
accurate to better than a factor of 2.

Response and Valnerability of the Target Facility

Assessment of the response and vulnerability of the target facility introduces still additional
uncertainty beyond that already discussed. Generally speaking, the strength of the target
depends on the type, physical properties, and quality (jointing) of the surrounding geology: the

4-4

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11282.html

PREPUBLICATION COPY=—SUBJECT TO FURTHER EMTORIAL CORRECTION

method of construction and shock orientation; and the design of any internal liners, including
those for possible shock isolation of internal components. The tunnel appears to be stronger
under “end-on™ loading (when the shock strikes at a glancing angle to the tunnel’s longitudinal
axis) than when the tunnel is struck side-on.

All of the schemes for predicting tunnel damage are underpinned by a limited applicable
experimental database of eight underground nuclear tests (UGTs) in which tunnels of various
construction types were exposed to damaging ground-shock levels in a few types of rock
geologies. The liner construction illustrated in the lower right of Figure 4.2 refers to various
levels of protection, the least being reinforcement of the bare tunnel walls with rock bolts and
wire mesh (an extension of what typically is done for safety considerations), and the preatest
being either a ductile internal liner (composite lining) or an internal liner back-packed with a
crushable material. Typical hardness ranges are indicated below each of the tunnel cross-
sectional diagrams, Only two of these tests, Hard Hat (1962) and Pile Driver (1966), were
dedicated experiments on structures in competent granite geology. . The others were add-on
experiments to UGTs conducted for different purposes in relatively soft wff geology.

A summary of this experiment database is shown in Figure 4.2, which lists the UGT events
and the number and types of structures tested. These data are limited to relatively small, lined
and unlined tunnel sections, in either jointed hard rock (granite) or unjointed soft rock (tuff). All
of the Hard Hat structures were 2 meters in interior diameter, while the Pile Driver structures
ranged from 1 to 6 meters in interior diameter. The diameter of the tunnel excavation prior to
construction of the liners ranged from 2 to 15 meters in both tests. In the major soft-rock tests

i UGT EVENTS PILE DRIVER. - DEDICATED TEST
iE'-.-'E NTS STRUCTURES DATE :
Test Level| Number
{Hard Ha 1< kb 43 19532
[Pile Driver  |0.7-20 kb 78 15966
Dining Car _ |0.30.7 kb| 18 1575
[Mighty Epic_[0.25-1kb | 62 1076
Olablo Hawk |0.1-4 ki 87 1978
Huron Landing |0.2-1 ki 7 15982
Misty Rain _ [0.205 kb 3 1585
[Mighty Oak [0 2-08kb| 20 1506
ADD-ON STREUCTURES TEST LINER CONSTRUCTION

HLARD HAT
DIABLE RAWE
PILETRIER AT

[ETT HIGHTY ERIT HAOETY BAK

TFLEDENES DEARLOHANE. HEEEEVER
MOGIOY OME.  prpied LAHE RN

05 LEKY 1Tk 03510 0 Sk

FIGURE 4.2 Database for Underground Nuclear Test (UGT) SurvivabilityVulnerability (7). SOURCE: Reprinted
with permission from Defense Science Board, Reporr on Underground Facilivies, June, 1998,
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(Mighty Epic and Diablo Hawk 1978) all lined tunnel and capsule structures were | meter in
interior diameter. Typical excavated diameters were 2 meters. Also tested were 2-meter-
interior-diameter X- and T-intersections connecting to 1-meter-interior-diameter tunnel stubs.

All of the experimental tunnels experienced severe damage at peak stress levels of about 1 to
1.5 kilobars or less, with the exception of some extremely hardened tunnels in granite that
survived stress levels of 3 to 4 kilobars. More specifically, in the hard-rock tests, all structures in
excavations of 5 meters or greater completely collapsed, A spectrum of damage occurred for
structures in smaller diameter excavations. It should be noted that the objectives of the hard-rock
experiments were to develop survivable designs, and thus a number of the construction
techniques investigated were of a more heroic design than would be likely for current targets.
Thus, the conservatism inherent in the test designs and, to an extent, in the interpretation of
results is not conservative from the perspective of vulnerability assessment. Nonetheless, the
design and vulnerability assessment methods derived from this test experience underlie much of
today’s target-planning procedures (e.g., determination of the ground vulnerability number
(GVN)"' or the characterization of the hardness of underground facilities by the Defense
Intelligence Agency).

The DTRA contractor community and the DOE weapons laboratories have advanced
analytical capabilities for assessing the vulnerability of hardened tunnels. All are calibrated in
one manner or another to the applicable experimental database, as noted earlier. The use of
large-scale, finite-clement structural dynamic codes is commonplace. Damage typically is
associated with the degree of tunnel closure (i.c., maximum circumferential strains in the tunnel
liner) calibrated to the Hard Hav/Pile Driver test data. Currently, DTRA is developing an
improved GVN methodology that distinguishes between crushing of the tunnel wall (and liner), a
so-called global damage mode, and more local rock spall, referred to as a local damage mode.
This latter damage mode is controlled by the normal component of velocity at the rock surface
and is calibrated against tests of relatively shallow tunnels loaded by high-explosive charges. It
is mostly applicable to unlined or minimally lined tunnels.

As part of DTRA’s program for improving GYN methodology, the global damage mode has
been recalibrated to virtually the entire underground nuclear test database (i.e., EM-1) in terms of
peak free-field strain in the surrounding rock, rather than peak stress, as was done in the older
GVN methodology. This more physically attractive approach is made possible by modern
computational capabilities. An ongoing DTRA experimental program (the Target Tunnel Defeat
Advanced Concept Technology Demonstration) is intended to verify the improved vulnerability
assessment method by means of a series of tunnel experiments at various scales in jointed
limestone geology, the final test being of a prototype tunnel configuration loaded by a high-
explosive simulation of a low-yield EPW. This test is scheduled for late 2005.

Ground-Shock Attenuation with Depth

The effectiveness of nuclear weapons against deeply buried targets can be estimated by
calculating the intensity of the ground shock in the vicinity of the buried target in relation to
target hardness. Ground-shock caleulations using DTRA's state-of-the-art, two-dimensional
ground-shock code, WinGS, were done for a 5.6 megaton contact burst and a 300 kiloton EPW
at 3 meters'depth of burst in a representative homogenous granite target site; the ratio in yields
was determined from the energy coupling relationship, as discussed previously. The attenuation
of peak free-field strain, stress, and velocity with depth below the ground surface resulting from
these calculations is shown in Figures 4.3(a), 4.3(b), and 4.3(c), respectively. Peak stress
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TABLE 4.1 Range to Effect, R (in meters), and its Correspondence to Stress, Strain, and Velocity for Different

Weapons
Damage Criterion
Stress Strain Yelocity
YieldSource Location .25 khar 0.75 1 kbar | 0.15% | 0.2% Smfs 10 ms | 15 ms
kbar

Range (meters) to effect
for:

300 ki EPW® 501 435 ELL] 411 370 464 359 307

5.6 Mt contact 328 435 163 401 335 477 I8 263

100 kt contact 182 150 125 138 118 | 6 111 04

I Mt contact 273 126 186 208 1745 247 166 140

s (Tectiveness Hatia
£ 00 kL EPW) (m)
£ (5.6 Mt contact) {m}) 1.02 L.08 L.15 132 |20 | (5 | 22 .25
Yield factor 1.06 1.26 1.54 239 1.73 1.15 | B 1.97
W

R (300 kt contact) (m) 275 2.9 ER A 288 3.14 282 3.23 327
Yield factor 21 24 30 24 3l 22 34 15
£ (300 kit EPW) (m)
R (1 Mt contact) (m) 1.82 1.92 2,09 .08 2.11 1.58 2.16 2.19
Yield factor f 7 ] ] 9 7 10 11

“ Earth-Penetrator Weapons at 3 meters’ depth of burial,

The effectiveness of one weapon in relation to another is indicated by the ratio of the range to
effect for the two weapons, The yield factor based on hydrodynamic scaling is the cube of this
ratio. As indicated in Table 4.1, the effectiveness of weapons with two target-damage potential
equivalent (a 300 kiloton EPW at 3 meters” depth of burst and a 5.6 megaton contact burst) can

differ by about 20 percent (yield factor variation of 60 percent), depending on the damage

criterion selected.
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TARGET DAMAGE PROBABILITY ESTIMATES

This section explores the destructive capabilities of various nuclear weapons—ones that are
“contact burst” at the ground surface, ones that penetrate the surface, and ones that are burst in
the air. The calculations were done using PDCALC (see attachment 4.1 in this chapter), a tool
used by DTRA and the United States Strategic Command (USSTRATCOM) to calculate the
probability of severe target damage from nuclear weapons.

The HDBTs that are considered are those depicted in Figure 2.1, Also included are hard,
surface point targets, such as missile silos. In the Figures 4.5 through 4.7, the shaded arcas
delineate the range of target depth or target hardness of the vast majority of the 10,000 facilities
that the Defense Intelligence Agency (DIA) believes to be targets, as discussed in Chapter 2,
The vulnerability of deep underground targets is expressed in terms of DIAs GVNs (or,
cquivalently, peak stress). For surface and near-surface targets, hardness is expressed in terms of
DIA’s vulnerability numbers {W or equivalently peak surface overpressure).

The deep underground C° complexes and missile tunnels are between 100 meters and 400
meters deep, with the majority less than 250 meters deep. A few are as deep as 500 meters or
even 700 meters in compeient granitic or limestone rock.

Figures 4.5 through 4.7 are plots of the probability of (severe) damage of deeply buried
targets in granite, as a function of the target depth. (For purposes of the calculations the targets
are considered as points,) Figure 4.5 compares a 250 kiloton and a 1 megaton weapon, both of
which are contact burst on the surface, for 100 meter and 10 meter CEP. Figures 4.6 and 4.7 are
similar, but for 10 kiloton, 300 kiloton, and 1 megaton earth-penetrator weapons at 3 meters’
depth of burst. Examining these figures, one observes the following:

¢ The effectiveness of a 250 kiloton contact burst is about the same as that of a 10 kiloton
EPW, as expected from the analysis earlier in the chapter showing the 15 to 25 yield factor for
equivalent ground shock.

* Accuracy (i.e., CEP) is a critical parameter, for contact weapons, and at low vields for
penetrating weapons.

* For the target depths of interest, the most effective options examined are the 300 kiloton
EPW and the | megaton EPW.
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FIGURE 4.7 Enrth-penctrator weapon (EPW) needs to be of sufficient yield to be effective agannst targets of
interest. Mote: CEP = circular error probable (i.c., accuracy).

Included in Attachment 4.1 are additional figures and associated discussion on the influence
of target hardness and CEP as well as information on nonsurface bursts.

Summary of Target Destruction
Following is a concise summary of target destruction:

* For deeply buried targets:

—An EPW is more effective than a contact burst of the same yield. The probability of
damage for a 300 kiloton EPW at 3 meters' DOB is equivalent to that for a 5 to 6 megaton
surface-burst of the same accuracy.

—For an EPW, yields in the range of several hundreds of kilotons to a megaton are
needed to effectively hold deeply buried targets of interest at riskwith a high probability of
destruction.

* For surface and near-surface targets of interest, as shown in Figures 4.17 through 4.20,
detonating a weapon at its fallout-free height of burst could effectively destroy a target without
producing local fallout, although significant casualties would result from the other weapon
effects (as at Nagasaki and Hiroshima).
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ATTACHMENT 4.1

PROBABILITYOF DAMAGE CALCULATOR

The Probability of Damage Caleulator (PDCALC) calculates the probability of damage (PD)
to targets caused by, for example, overpressure, dynamic pressure, cratering, and ground-shock
coupling due to nuclear weapons effects. PDCALC can also calculate weapon radius or offset to
a desired probability of damage. PDCALC handles a variety of targets, including soft
urban/industrial buildings, shallow buried bunkers, bridges, silos, and deeply buried tunnels,
This calculator is also used to make personnel casualty assessments.

Government agencies and contractors use PDCALC as an analytical tool for planning and
studies regarding nuclear weapons effectiveness, weapon requirements, and target vulnerability
and survivability, DTRA manages the development and maintenance of the calculator and
sponsors the PDCALC Oversight Panel and the PDCALC Users’ Group.

PDCALC is based on two Defense Intelligence Agency publications: Physical Vulnerability
Handbook—Nuclear Weapons' and Mathematical Background and Programming Aids for the
Physical Viinerability System for Nuclear Weapons. " pIA provides the mathematical
formulations embedded within PDCALC, as well as target vulnerability information used to
develop target vulnerability numbers (referred to as VN). DTRA provides nuclear weapons
effects data and algorithms and structural loading and response prediction methods required to
develop estimates of vulnerability, While PDCALC does not contain any nuclear weapons
effects models, it utilizes VN to specify the hardness of targeis to various nuclear weapons
effects such as overpressure, dynamic pressure, cratering, ground shock, thermal radiation, and
initial nuclear radiation.

The vulnerability of a deeply buried target is given by a 10-character ground vulnerability
number (GVN). GVNs are developed by DIA using the DUGT¢ ground-shock model. Results
of depth-to-efTect as a function of contact-burst yield are fit by a GVN, which is used by
PDCALC. For heights of burst (HOBs) or depths of burst (DOBs) other than a contact burst,
PDCALC makes use of a coupling curve to determine the equivalent contact-burst yield. This
coupling curve was recently updated to incorporate the latest knowledge of energy coupling from
near-surface nuclear explosions,

Currently under development is an improved GVN methodology in which DUGI e, the one-
dimensional engineering ground-shock propagation code, is replaced by WinGS, a two-
dimensional physics-based ground-shock code, as well as a finite-element-based tunnel response
model. (See Chapter 5 for additional details.)

ATTACHMENT 4.2

INFLUENCE OF TARGET HARDNESS AND WEAPONS ACCURACY

Figures 4.5 through 4.7 assume the target hardness to be | kilobar. Figures 4.8 through 4.11
examine the sensitivity of the results of varying the target hardness from 0.75 kilobar to 1.5
kilobars., These figures show that for contact and buried bursts against deeply buried point
targets, achieving a high probability of damage depends more strongly on improving accuracy
(1.¢., CEP) than on the target hardness, for the range of target hardness and yields of interest.
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For a fixed CEP, effectiveness is not strongly dependent on target hardness.
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The scenarios for the targets examined in this study are likely to require the use of only one,
or perhaps two, nuclear weapons, each of which should have an extremely high probability of
damage. As discussed in Chapter 2 and earlier in this chapter, the HDBTs of interest are likely
to have air defenses and to be protectively sited. Estimation of the probability, P, that the
weapon will survive through the defensive systems and detonate where desired (air, surface, or at
depth) must consider such factors. This probability is not unity (i.e., P,y will be less than 1).
Since the calculated probability of damage, PD, assumes P.;= 1, which is not realistic, the
calculated probability of damage PD should be reduced by some factor of less than 1 for all
cases. For an EPW, the PD should be reduced more than for a similar contact-burst or airburst
case because the probability of penetration 1o the desired depth and the probability of successful
detonation are additional factors to be considered; each of these probabilities is less than 1.
Figures 4.12 and 4.13 examine how good the accuracy of a contact burst or EPW must be to
achieve a very high PD against a deeply buried point target with a single weapon. (Again, P, is
assumed to be 1.) Figure 4.12 demonstrates that very good accuracy—that is CEP <60 meters—
is needed for a | megaton contact burst, and thal targets of at most 125 meters’, depth can be
held at risk with a 0.95 PD. For an EPW, Figure 4.13 shows that a single 300 kiloton weapon
eases the accuracy requirements to a CEP of 110 meters or less, with targets potentially as deep
as 225 meters held at risk with a 0.95 PD.

128 =
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FIGURE 4.12 Contact burst againsi a deeply buried target. Very good accuracy and sufficient yield are required for
a 0.95 probability of damage (PD) at limited target depth,
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FIGURE 4.13 Earth-penetrator weapon (EPW) at 3 meters” depth of burst sgainst a deeply buried target. Good
accurncy and sufficient yield are required for 0 0.95 probability of damage (PD).

Estimated hardness levels of the command, control, communications, and intelligence {L’:"I}
basement bunkers (Figures 4.14 through 4.18) are generally under 30 psi, the chemical weapon/
biclogical weapon (CW/BW) aboveground bunkers are on the order of 30 to 50 psi, and the
shallow underground bunkers are 50 to 100 psi. Hardness levels of missile silos are generally in
the range of 1,000 psi or less.

Figures 4,14 and 4.15 focus on surface and near-surface point targets. Presumably, EPWs
would not be used for such targets, especially if other options were available that were effective
and could ameliorate the collateral damage due to fallout. For these, this report concentrates on
surface-burst and contact-burst weapons and the so-called fallout-free height of burst. The
falloui-free HOB, as its name implies, is sufficiently high that the fireball produced by the
nuclear explosion does not touch the ground. It therefore is not expected to generate
significantly measurable local fallout, because no surface material is enirained, lofted, or
dispersed. The fall-out free HOB increases with vield, W, as #"%.

Figure 4.14 shows that for surface and near-surface point targets, the minimum contact-burst
vield needed to achieve a very high PD (i.e., 0.95) is strongly dependent on accuracy. For
example, a yield of =70 kilotons is required to achieve a PD of (195 against a 1,000 psi hard
target if the CEP is 100 meters, whereas less than 1 kiloton is sufficient if the accuracy is 10
meters. Figure 4.15 is similar to Figure 4.14, except that the weapon is detonated at the fallout-
free HOB.
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FIGURE 4.14 Contact burst against surface and near-surface point argeis. Minimum yield to achieve a 0.95
probability of damage (PD) sirongly depends on nccuracy, Mote: CEF = circular error probable; ksi = 1,000 psi,
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FIGURE 4.15 Fallout-free height of burst {HOB) 180 W*: yield to achieve a probability of damsage {(PD) equal to
or grester than (195 against surface/near-surfiuce point target. Note: CEP = circulur error probable; ksi= 1,000 pss,
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Comparison of these Figures 4,14 and 4.15 shows the following:

» The minimum yield for a particular target vulnerability level is somewhat lower for the
contact burst owing to higher air-blast levels predicted at the lower detonation altitude.

+ Since the lethality is proportional to W', for a given PD there is a finite limit to the
hardness of the target that can be destroyed at the fallout-free HOB. In this case the maximum
target hardness is ~600 psi (with ~70 kilotons) for a 100 meter CEP, and ~1,000 psi {with ~1
kiloton) for a 10 meter CEP, To attack harder targets with a 0.95 PD, a higher yield detonated at
a height lower than its fallout-free HOB is required.

e The fallout-free- HOB constraint restricts the target set that can be held at risk with high
probability. Further, increasing weapon yield or reducing CEP does not afford the same
measurable increase in PD that may be achieved with a contact or very low airburst.

Figures 4.16 to 4.18 address hardened -surface and near-surface area targets that have a
radius of ~100 meters. For these cases, an EPW is not a weapon of choice, Rather, weapons
within two yields, 250 kilotons and 1 megaton, arc compared at contact burst and at falloui-free
HOB. Figure 4.16 assumes a 10 meter CEP, Figure 4.17 a 100 meter CEP.

The hardness levels of interest are shaded in Figures 4.16 and 4.17, with the most numerous
targets in the ~35 psi to ~40 psi range. The figures show that for the target hardness range of
greatest interest, any of the weapons considered will have a very high PD. The 250 kiloton
weapon at its fallout-free HOB (i.e., 500 meters) is more effective than a 1 megaton weapon at
its fallout-free HOB of 870 meters. This conclusion follows from cube root scaling (i.e., 250
kilotons at 500 meters gives the same peak overpressure as 1 megaton at 870 meters), Thus, the
| megaton fallout-free HOB results ina correspondingly lower overpressure on the ground at
comparable ranges. For the target hardness levels of most interest, the CEP is not especially
relevant because of the extent of the target's size. The CEP will matier more as the area of the
target shrinks.

Figure 4.18 is similar to Figure 4.15, except that the surface and near-surface targets are
treated as area targets for this calculation. For targets of hardness <100 psi, a PD of at least 0.93
can be achieved with a weapon of less than a 10 kiloton yicld and no fallout if the weapon is
detonated at its fallout-free HOB. Similarly, a weapon with a yield of 10 kilotons to 100
kilotons, depending on the CEP, could destroy a 500 psi targe with FD =0.95, with no fallout.
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FIGURE 4.16 Large, hard, arca targets vulnerable 1o contact or fallout-free height of burst (HOB), with wezpon
circular error probable (CEF) of 10 meters. Mote: C°1 = command, control, commaunications, and intelligence;
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FIGURE 4.17 Lurge, area targets vulnerable to contuct of fallout-free height of burst (HOB), with weapon circular
error of probability (CEP) of 100 meters,
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FIGURE 4.1% Fallout-free height of burst (HOB) 180W™*: yield for probubility of dumage (PD) greater than 0.95
against surface/near-surface oren targets. Mote: ksi = 1000 psi.

Figure 4,19 treats very hard point targets, such as missile silos. Only a contact burst would
he effective. This figure shows the strong dependence of PD on accuracy and yield.
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FIGURE 4,19 Accuracy ond yield are important for hard point target destruction.
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NOTES

| Defense Nuclear Agency. 1990, Effects Mamsal Number | (EM-1), Capabilities af Nuclear Weapons (U),
Washington, D.C. (classified).

*Ground-shock-coupled energy includes the additional energy coupled to the ground by surface air blast for height
of burst detonations.

*The limiting equivalent yield factors are 99.4 and 1/f,(~0.05) = 49.9 for yield and ground-shock-coupled energy,
respectively.

‘Equivalence in terms of target damage criteria is discussed in the section entitled “Uncertainties in Weapon
Effectiveness, Encrgy Coupling, and Ground-Shock Range o Effect.”

Sehel Schuster and Hal Zimmerman, “A White Paper on Energy Coupling from Nuclear and High Explosive
Sources, Titan Systems Corp., May 20, 2003, Also discussions with Dr. Zimmerman.

*Chel Schuster and Hal Zimmerman, “A White Paper on Energy Coupling from Nuclear and High Explosive
Sources, Titan Systems Corp,, May 20, 2003. Also discussions with Dr. Zimmermas,

"Based on a historical rube that requires a mintmum depth of burst of 183 meters or a scaled depth of burst of 122
m'kkt"® 1o ensure containment at the Nevada Test Site for a carefully stemmed emplacement hole.

BR W, Terhune, 1978. “Analysis of Burial Depth Criteria for Containment,” UCRL 52395, Lawrence Livermore
Bational Laboratory, January,

“The term “stemmed™ means that the emplacement hole is very carefully backfilled in an attempt to prevent the
release of radioactivity via the emplacement hole. It implies that multiple cemented plugs were inserted in addition
ta filling the emplacement hole completely from the device location to the ground surface.

“Defense Nuclear Agency. 1991, Effects Manual Number § (EM-1), Chapter 3 “Cratering, Ejecta and Ground
Shock,” DNA-EM-1-CH-3, Alexandria,Va,, December.

TN, vulnerability number: A generic name given to a set of alpha numerics that describes the vulnerability of a
target to a nuclear weapon; VNTE, a specific vulnerability number: DIA assigns all facilities and personnel a
VNTK. DIA uses dynamic and static pressure from a nuclear blast as the damage mechanism; GYN, ground
vulnerability number: A specific vuinerability number given to facilities below a specified depth. DIA uses ground
shock as the damage mechanism.

“Defense Intelligence Agency. 1992 Physical Vulnerability Handbook—Nuclear Weapons, Washington, D.C.

“Defense Intelligence Agency. 1974, Mathematical Background and Frogramming Aty for the Physical
Vulnerability System for Nuclear Weapens, Washington, D.C.
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5

Fallout and Tools for Calculating Effects of Release of
Hazardous Materials

NUCLEAR BURSTS AND FALLOUT OVERVIEW

All nuclear bursts produce radioactive fission debris in the form of gases that eventually
condense inlo acrosols. But a burst near or under the ground surface will also entrain dust
gjected from the associated crater or kicked up by the blast wave, Some of this dust will scour
the fission debris and become radioactive. Afler being lofted by the rising fireball, the dust
begins to fall out of the cloud, resulting in a fallout pattern on the ground. The size and intensity
of the fallout pattern are heavily influenced by the weapon yicld and height or depth of burst and
by the meteorological conditions both at the surface and at altitude. There are several critical
parameters in determining the fallout pattern: the yield of the weapon, the fraction of the vield
derived from fission (versus fusion), the height or depth of burst, the size distribution of the
entrained dust, the base surge or material lofied by ground motion (for explosions below the
surface), and profiles of atmospheric conditions. The water and ice loading depend critically on
the amount of ambient moisture in the atmosphere.

There are four heights of burst (HOBs)/depths of burst (DOBs) of interest for this study of
nuclear weapons: (1) a surface, or contaet, burst; (2) a low-altitude (below the fallout-free limit)
airburst; (3) an airburst at the fallout-free height of burst; and (4) a subsurface burst,

The cloud from a 500 ton surface burst could rise to a few kilometers, whereas that from a |
megaton burst would stabilize in the stratosphere with the top around 20 kilometers. A 500 ton
surface burst would loft about 500 tons of dust that would be contaminated by the fission debris,
whereas a 1 megaton burst would loft 300,000 tons. The amount of dust contaminated and lofted
falls off rapidly as the height of burst is .increased, primarily because above about 7 m/kt'” there
is no crater.

A burst at or above the fallout-free height of burst, as its name implies, produces aerosolized
lission debris but no large particles, because the surface material does not mix with the remnants
ol the nuclear detonation. With high relative humidity, moisture in the eloud could form rain,
ice, or snow that could scavenge the fission debris. Scavenging could also oceur if the nuclear
cloud encountered an ambient rain eloud. This height of burst increases with the yield of the
weapon but is roughly 35 m/kt"* (~870 meters fora 1 megaton burst). Even above this height of
burst, there can still be fallout arising from a variety of mechanisms. The potential for long-term
fallout on a global basis is well recognized from atmospheric tests, although dose-rate levels
would be much lower than those from the ionized fallowt from surface or subsurface bursts, with
a potential impact on latent cancer rates,

NOUTE: The sections of this chapter addressing fallowt are an amalgam of information from the following: The
Effects of Nuclear Weapons, compiled and edited by Samuel Glasstone and Philip J. Dolan, 1977, U8, Government
Printing Office, Washington, D.C., §2.18-2.21, §2.23-2.3], §2.91-2.95, §2.99-2.100; 4 Study of Bave Surpe
FPhenmmenolgey, Kannan Science Corporation, November 5, 1986; and The DTRA Meclear Weapons Effects
Technolagy information (NWETH) Fallmu Guide, 2004, by Joseph MceGahan, They also contain materinl developed
from discussions with members of the commitiee and presentations to the commitiee by David Bacon and Joseph
MeCGahan, both of Science Applications International Corporation.
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A subsurface burst introduces additional processes for mixing of fission debris and dust. A
main “mushroom” cloud like that from a surface burst is formed if the subsurface burst is not too
deep (Figure 5.1); a low-level base surge is formed as the shock wave breaks through the surface
(Figure 5.2). Thus, the subsurface burst may create two radioactive clouds that do not merge.

'_1-|
.-u.l--'.l'..

FIGURE 5.1 Example of a rising cload, cmnln:d by a shallow und:rbmuml nw:ir::l.r cxp[-l:mms at the Nevada Test
Sie,
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As the depth of burst increases, the amount of activity vented to the atmosphere is reduced until
the burst is completely contained, if the emplacement hole through which the device has been
lowered has been carefully stemmed (70 meters for a 1 kiloton burst), which of course would not
be the case for a weapon used to attack a target.

The primary short-term hazard from fallout is the external dose received from gamma rays.
In addition, an internal dose can also be reccived through inhalation or ingestion of debris
cmitting beta and alpha radiation. Under most conditions, the external dose iz the more
dangerous, but the internal dose could have latent effects, specifically, cancer,

The total gamma ray activity in a measured fallout pattern is usually stated in terms of
exposure rate in roentgens per hour (R/h) at 1 hour afier the burst as if that activity were
uniformly spread over an area of 1 square kilometer, For a 1 kiloton surface burst, this value is
on the order of 9,000 R/h per square kilometer. Of course, the area of the fallout pattern is much
larger than 1 square kilometer. The area covered by the associated dose that would cause at least
a 30 percent probability of fatality is roughly 2.6 square kilometers per kiloton, assuming that
people are in the open and exposed for just the first day after the burst. Over time the
radioactivity decays, and eventually the fallout hazard decreases. Some radionuclides, such as
cesium-137, have long hali-lives, but most of the hazard is due to short-lived radionuclides.
Within | to 24 hours after the burst, for example, the total gamma ray activity decreases by a
factor of about 60,

The following sections focus on the problem of fallout associated with surface and
subsurface bursts.

MNuclear Clouds

MNuclear clouds contain three classes of materials—radioactive materials, dust and pebbles,
and water and ice. The first is by far the smallest contributor to the mass of the cloud, but it
represents the greatest residual hazard and therefore is of prime importance. The radioactive
materials consist of fission products from the weapon, as well as activation products produced by
the interaction of the weapon's energetic radiation with the surrounding and/or nearby materials.
When this radioactive material becomes attached to larger particles, it can result in fallout.

The dynamics process of the nuclear cloud starts with the ¢jection and then lofting of surface
materal. The cloud rises, entraining ambient air and moisture, cooling in the process. This
cooling causes the materials to condense on nonvaporized residual material and causes these
molien particles to coagulate into larger sizes. As the rising firchall and nuclear cloud continue
to rise and entrain ambient air, at some point the fireball becomes cool enough that moisture
begins to condense, releasing latent heat into the cloud. This makes the cloud more buoyant,
leading 1o #n increase in the updraft velocity, which leads to additional condensation, which in
lum causcs the agglomeration of wet particles. The turbulence of the cloud mixes the material
composing the cloud. In addition, the large-scale circulation of the atmosphere drives the long-
range transpor of the cloud.

The larger particles in the nuclear cloud cannot remain in suspension, and hence they settle to
the ground. For dry particles, this settling is called dry deposition. The process by which small
particles are captured by precipitation that falls to the ground is called precipitation scavenging,
Both ean resull in the surface deposition of radioactivity—that is, fallout,

When caused by a low-airburst detonation, the dust mass loading in a nuclear cloud at about
1) minutes after the burst, when the cloud is stabilized, is roughly 0.1 Mt / Mt; the cloud from a
surface burst has typically three times this amount of dust mass. The cloud consisis of particles
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ranging in size from the very small ones (submicron to micron sized) produced by condensation
as the fireball cools, to larger, surface material particles (10 to 500 micron sized) raised by the
blast winds and the convectively driven afterwinds, to very large particles (up to millimeter
sized)ejected from the crater. The radioactive cloud reaches a height of several miles before
spreading out abruptly inte a mushroom shape.

Dry Deposition and Precipitation Seavenging

Diry deposition and precipitation scavenging describe the processes resulting in the removal
of radioactivity from the nuclear cloud and its deposition on the ground. Precipitation
scavenging due to rainfall may produce “hot spots.”

As mentioned carlier, fallout is a gradual phenomenon extending over a period of time. In
the 15 megaton Bravo shot test at Bikini Atoll in 1954, for example, about 10 hours elapsed
before the contaminated particles began to fall at the extremities of the 7,000 square mile
contaminated arca, The sizes of these particles ranged from that of fine sand (i.c., approximately
100 micrometers in diameter or smaller) in the more distant portions of the fallout area, to pieces
about the size of a marble (i.e., roughly 1 centimeter in diameter and even larger) close to the
burst point,

Particles in this size range arrive on the ground within | day afier the explosion and will not
have traveled too far (e.g., up 1o a few hundred miles) from the region of the burst, depending on
the wind. Thus, the fallout pattern from particles of visible size is established within about 24
hours after the burst. This is referred to as early fallout, or also sometimes as local or close-in
fallout. In addition, there is the deposition of very small particles, which descend very slowly
over large areas of the ground surface. This is the delayed (or worldwide) [allout, 1o which
residues from nuclear explosions of various types—air, high-allitude, surface, and shallow
subsurface—may contribute. The size distribution of the fallout particles is critical to the
determination of the level and geographical extent of the contamination due to fallout.

The details of the fallout are determined primarily by the radioactive materials inventory
{which, in turn, is related to the device design and vield and the height or depth of burst), the
amount ol entrained mass, the injection height distribution, the particle size distribution, and the
atmospheric transport—first locally and regionally, but ultimately including the global transport
of residual radioactivity, Surface geology is critical to fallout. The prediction of fallout for
shallow buried bursts is uncertain because, of the many underground tests performed by the
United States, only three tests were at depths shallower than 20 scaled meters, and none was in
rock. Therefore, confidence in predicting fallout from low-vyield shallow and near-surface bursis
in dry soil is higher than that for predicting fallout from such bursts in rock. Current largets of
special interest are in mountainous terrain and wrban environments. The yicld of the tests at the
Nevada Test Site were typically in the range of a few kilotons to a few tens of kilotons. While
these shots were of less interest than when strategic yields were large (hundreds 1o thousands of
kilotons), they are yields of interest for the current study,

The extent and nature of the fallout can vary widely. The actual situation is determined by a
combination of circumslances associated with the energy spectrum, the yield and design of the
weapon, the height of the explosion, the nature of the surface beneath the point ol burst, and the
meteorological conditions. In an airburst, for example, occurnng at an appreciable distance
aboveground surface so that no large amounts of surface malerials are sucked into the cloud (i.e.,
in the fallout-free HOB}, the contaminated particles become widely dispersed. The magnitude of
the hazard from fallout is thus far less than if the explosion were a surface burst. Thus, at
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Hiroshima (height of burst, 510 meters; yield, about 12.5 kilotons) and Nagasaki (height of burst,
500 meters; yield, about 22 kilotons), injuries due to fallout were completely absent.

On the other hand, a nuclear explosion occurring at or near the ground surface can result in
severe conlamination by the radioactive fallout. From the 15 megaton Brave shot, the fallout
caused substantial contamination over an area of more than 7,000 square miles. The
contaminated region was roughly cigar-shaped and extended more than 20 miles upwind and
more than 350 miles downwind. The width in the crosswind direction was variable, the
maximum being greater than 60 miles. (It should be noted that the upwind contribution arises
[ram the spreading of the nuclear cloud that occurs when the cloud hits the tropopause. In this
extreme case, this process created a roughly circular cloud extending some 20 to 30 miles in all
directions, owing 1o the facl that the convective velocities overshadowed the ambient wind

speed. )

Time Domain of Physical Effecis

There are roughly three phases in the generation of a radioactive cloud, with corresponding
time intervals in which the fallout phenomena can occur:

o [he early time (less than 20 seconds). In this first phase in the fireball, the mixing of
ejecta and entrained sweep-up (dirt, vegetation, and rubble) with fission debris occurs.

o The rise and stabilization phase (~10 seconds to 10 minutes ). In this second phase, the
cloud niscs and carly fallout is produced. These effects are dependent on the local aimospheric
profile, including temperature, relative humidity, and winds.

®  The lave time (10 minutes to 2 days). Wind transport and diffusion, as well as particle
size, are major factors for the precipitation scavenging that occurs during this third phase,

Meteorology

The meteorological conditions that determine the shape, extent, and location of the fallout
pattern from a nuclear explosion are the height of the tropopause, atmospheric winds, and the
occurrence of precipitation. For a given explosion energy yield, type of burst, and tropopause
height, the fallout pattemn is affected mainly by the directions and speeds of the winds over the
fallout area, from the ground surface to the top of the stabilized cloud, which may be as high as
100,000 feel. Furthermore, variations in the winds—from the time of burst until the particles
reach the ground perhaps several hours later—affect the fallout pattern following a nuclear
explosion,

Shallow Underground Explosion Phenomena

When a nuclear weapon is exploded underground, a sphere of extremely hot, high-pressure
gases, including vaporized weapon residues and rock, is formed. This effect is the equivalent of
the fireball from an airburst or surface burst. The rapid expansion of the gas bubble initiates a
ground shock wave that travels in all directions away from the burst point. When the upwardly
directed shock (compression) wave reaches the surface, it is reflected back as a rarefaction (or
tension) wave. If the tension exceeds the tensile strength of the surface material, the upper layers
ol the ground spall (i.e., split off into more-or-less horizontal layers), and these layers move
upward,
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When it is reflected back from the surface, the rarcfaction wave travels into the ground
loward the expanding gas sphere (or cavity) produced by the explosion. If the detonation is not
al too greal a depth, this wave may reach the top of the cavity while the cavity is still growing.
The resistance of the ground to the upward growth of the cavity is thus decreased, and the cavity
expands rapidly in the upward direction. The expanding gases and vapors can thus supply
additional energy to the spalled layers so that their upward motion is sustained for a time or even
increased.

As the ground surface moves, it continues to increase in height, and cracks form through
which the cavity gases vent to the atmosphere. The mound then disintegrates completely, and
the rock fragments are thrown upward and outward. Subsequently, much of the ejected material
collapses and falls back, partly into the newly formed crater and partly onto its surrounding “lip."
The material that immediately falls back into the crater is called the fallback. whereas that
descending on the lip is called the gjecta. The size of the remaining (or “apparent™) crater
depends on the energy yield of the detonation and on the nature of the excavated medium. In
general, for equivalent conditions, the volume of the crater is roughly proportional to the yield of
the explosion. The material that is not fallback or ejecta becomes part of the hase surge.

Part of the energy released by the weapon in a shallow underground explosion appears as an
air-blast wave. The fraction of the energy imparted to the air in the form of a blast depends
primarily on the depth of burst for the given total energy vield. The greater the depth of burst,
the smaller, in general, is the proportion of shock energy that escapes into the air. Fora
sufficiently deep explosion, there is, of course, no blast wave.

Generation of a Base Surge

The hase surge begins to form as the crater growth stops and entrained material in the column
rising up to the main cloud begins to fall and expand radially along the ground surface. Afier the
mitial period of rapid radial growth, the base surge assumes a toroidal shape with a central
depression, Throughout this period, additional material is propagated into the base surge from
the smoke crown and central jet of the explosion (see Figure 5.2).

The base surge continues to grow vertically and radially along the ground surface until it
reaches equilibrium with the surrounding air. Throughout the development of the base surge, ils
bulk density decreases as the surging flow expands and mixes with the surrounding air, while the
entrained soil material settles to the ground surface. As the base surge reaches its stabilized
geomelry, it is relatively tenuous and remains airborne for a considerable period of time.

Experimental evidence indicates that the relative magnitude of the two stabilized ¢louds and
the activity partition between these elouds is strongly dependent on the scaled depth of burst.
The height of the stabilized main cloud depends on the initial energy transferred to the air and its
mass loading. In general, however, the main cloud nises to an appreciable altitude, and it could
present a serious radiological hazard at large distances from the burst point. The final
distribution of the radioactive fallout from the main cloud depends on the features of the terrain
and the local wind conditions at the time of detonation. Since the base surge cloud remains
relatively close to the ground surface, the local winds are not expected to have a significant
effect on the geometry of the base surge radioactivity. Therefore, a large fraction of the base
surge cloud’s residual activity is expected to fall within a relatively short distance of ground
zera, For depths of burst of 2 to 3 scaled meters, the fraction of activity in the base surge is
typically less than a few percent of the total activity.
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CALCULATING THE EFFECTS OF RELEASE OF HAZARDOUS MATERIALS

The calculation of the effects of the release of a chemical or biological agent or of nuclear
radioactivity can be broken down into several stages: (1) The first stage is the determination of a
source lerm—specifically, how much agent or radioactive material is released at some initial
time at some location, This requires estimating what is in the target being attacked, which in
many cascs 15 uncertain, The source could be a nuclear explosion or the intentional or accidental
release of a chemical or biological agent. (2) In the case of a nuclear explosion, the next stage is
the estimation of deaths and serious injuries due to prompt (immediate) air-blast efTects, thermal
effects, and initial nuclear radiation. (3) Radioactive material or chemical/biological agent
released into the atmosphere is transported by winds until it either settles to the ground or is
rained out. The transport also depends on the details of the terrain, and the material can be
afTected by temperature, radiation from the explosion, sunlight, atmospheric stability, and so on,
durnng its transporl. When the material eventually reaches the ground, it can be inhaled or
abhsorbed into the skin of exposed individuals, and the total dose per individual can lead o
adverse health effects (and death for large doses). The third stage of calculating effects thus
addresses the potential for adverse health effects.

A number of computational tools have been assembled over the years (o calculate the
sequence ol events listed above for nuclear explosions or other releases of radioactivily.
Substantial efforts to validate the tools against experimental data have met with reasonably good
success. With the heightened concern over chemical and biological agents during the past
decade, many of the tools assembled for calculating the effects of nuclear radicactivity have been
adapted to situations involving chemical and biological agents, and there has been an attempt to
create a base of experimental data against which o validate the tools. Although this effort has
mel with some success, the resulls are much more fragmentary and uncertain than in the nuclear
case.

In the following sections, the commitiee outlines the principal tools employed for the
compuler programs used (o model the effects of the release of hazardous matenals into the
atmosphere and gives some assessment of the uncertainties involved at each stage of the
calculation.

TOOLS TO ESTIMATE CASUALTIES AND OTHER EFFECTS

Two compuler programs are in wide use to model the effects of the release ol hazardous
chemical, biological, radiclogical, and nuclear (CBRN) materials into the atmosphere and their
collateral effects on civilian and military populations. The Hazard Prediction and Assessment
Capability (HPAC) code was developed by the Defense Threat Reduction Agency (DTRA) and
its predecessors to analyze nuclear, chemical, and biological releases for military studies and
operational planning. Lawrence Livermore National Laboratory (LLNL) uses the NUKE code
[rom Sandia Mational Laboratonies to model prompt (immediate) elTects from a nuclear
explosion and the K-Division Defense Nuclear Agency Falloul Code (KDFOC) to analyze the
spread of radicactivity. KDFOC was developed to model fallout from Plowshare tests, which
involved nonweapon nuclear explosions designed 1o produce craters with minimal Ralloul.
Parameters are adjusted to fit the available data from nuclear tests at the Nevada Test Site.
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Operational Planning Tools of the Defense Threat Reduction Agency

The Department of Defense uses primanly the DTRA-developed HPAC for estimating
effects resulting from a release of CBRN materials. HPAC predicts releases of hazardous
material into the atmosphere, downwind transport, and the impact on civilian and military
populations. HPAC is composed of a variety of software modules handling four principal
[unctions: (1) generation of information on the source term such as type of hazardous agent,
agent mass, release rate, and geometry; (2) weather prediction and data retrieval; (3)
determination of source term transport and dispersion code based on the Second-Order Closure
Integrated Pufl {SCIPUFF) model; and (4) prediction/indication of human efTects and casualties.
HPAC was designed to be fast running and 1o be used on a laptop computer with no connection
to outside resources.

Using a stochastic simulation process, HPAC and KDFOC predict the dispersal and effccts of
CBRN hazardous matenals based on three general tool components: for hazard sources, weather
and transport, and effects. The source term component estimates the initial eloud dimensions,
particle size distribution, and radiation attachment, The transport and dispersion component uscs
listorical, observed, or forecast weather data to estimate the dose rate. Finally, the effects
component integrates the dose rate to create hazard plots, casualty tables, population distribution,
and prompi-effect circles for nuclear incidenis,

Attachment 5.1 in this chapter provides descrniptions of the following elements of the DTRA-
developed codes and data:

e  Source lerm codes

—Chemical and biological sources

Liguid sources

—Muclear and radiological sources
* Transport and dispersion codes

—HPAC Second-Order Closure Integrated PulT (SCIPUFF) model
= Personnel, health, and environmental effects codes
»  Databases

—Population data

—Agent fate

—Weather

—Termuin

Tools Used by Lawrence Livermore National Laboratory

The Lawrence Livermore National Laboratory has been engaged in modeling the effects of
nuclear explosions since the 1960s. As with the HPAC code described above, many of the tools
are under continuing development, motivated in parl by advances in computer power that allow
more complex calculations to be performed in a short time. In addition, the recent need 1o
estimate the effects of a chemical or liological meident has introduced new phenomena that have
o be ncluded in the models.

The calculations requested for this study were performed with KDFOC4, the 1990s version
of the LLNL fallout model. KDFOC was originally written to model fallout from Plowshare
tests, which invelved nuclear explosives designed to produce craters with minimum fallout.
Conseguently, the code’s emphasis has been on surface and bunied explosives, and parameters
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have been adjusted to fit the data available from nuclear tests at the Nevada Test Site and the
Pacific Proving Ground.

Following an explosion, KDFOC4 defines an effective nuclear mushroom cloud,
characterized by distribution of activity and particles as a function ol particle size and altitude.
The compuler model accepts a description of the wind field and then slices the effective cloud
into everlapping disks. Each disk characterizes the cloud’s initial altitude, a particle size, and
associated radioactivity. The horzontal motion of the disks is governed by the wind direction;
vertical motion depends on the particle size, and each disk grows in size according to a scale-
dependent diffusion. Each of these disks is blown by the wind field and eventually falls to the
pround at its seitling velocity,. When all of the disks have reached the ground, the total
radioactivity can be found by adding the contribution of all of the disks.

About 10 surface and below ground bursts at the Nevada Test Site produced well-
characterized fallout patterns. Following a detailed study by DTRA (then the Defense Nuclear
Agency), a factor-of-two agreement was found in comparing KDFOC predictions with the
measured radiation contours. Another comparison with the 15 megaton Brave test (part of
Operation Castle) produced comparably good agreement with the model calculations.

KDFOCY allows variation in the source term, the wind field, the degree to which the
population is sheltered, and the terrain (although for this committee’s study the terrain was
assumed to be flat). The nuclear device 15 described by a fission/fusion ratio with equivalent
fission yield based on a mix of Plowshare and laboratory expennmental data. For a systems
study, the wind field is described in 16 sectors of 22.5 degrees, and the fatalities are averaged
separately for each of the wind directions. Expected fatalities are caleulated using historical data
on the wind field. The modeled population can be out in the open, partially sheltered, or
completely inside,

Fatalities are compuied as resulting from prompt effects and from local fallout. As with
HPAC, the population dala are taken from the LandScan 2002 database maintained by the Oak
Ridge MNational Luh-nramry-' Prompt effects due to the imitial heat, blast, and radiation are
computed with the NUKE code developed by Sandia National Laboratories. The acute-fallout
biological effects are based on the model 1n Glasstone and Dolan’s The Effects of Nuclear
Weapons, which associates a probability of lethality with a given dose of radiation.” The LD™
(1.e., the level of mdiation at which 50 percent of the population would die) for these calculations
is set at 4.0 sieverts (400 rems). Acute fatalities are defined as those that occur within the first
60 days after the explosion; deaths from latent effects of fallout are those that occur
subsequently. However, no attempt is made to account for global fallout or for low radiation
doses (less than | milhsievert (100 millirems)).

SOURCES OF UNCERTAINTY AFFECTING MODEL PREDICTIONS

It is very difficult to give an overall assessment of the accuracy of the models described in
this chapter. In this seclion the commitiee summarizes the state of the art in each of the major
modeling arcas and then brings these together 1o evaluate the overall uncertainty.

Souree Term

The source term for nuclear explosions is a fit to the 10 or so surface-burst and buried-burst
tests that were carried out at the Nevada Test Site in the 19605 and 1970s. 1t has also been tested
against more limited data from the Pacific Proving Ground and from unintentional releases of
radicactivity (e.g., from tests that vented) that then produced fallout some distance from the
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initial explosion. These tests were primarily integral experiments that measured radiation on the
ground after the events, Most were done under benign meterological conditions, with low winds
and relatively flat terrain, Al a workshop held by DTRA (then the Defense Nuclear A_L_;fnnjgr}, it
was determined that it was possible to model all of the data to within about a factor of two.”

The source term for chemical and biological agents released after a conventional or nuclear
attack on a facility is derived from a much sparser set of data. DTRA has carried out an
exlensive testing program (o attempt lo simulate such events, but the testing sufTers from two
lactors not present in the nuclear case. First, the lack of a “signature” for tracing particles makes
it much more difficult to detect the ultimate fate of the chemical and biological agents released.
Second, variations in the efTects of an attack with conventional weapons depend so strongly on
such vanables as how close the explosion is to the containers; whether the agent is liquid, solid,
or gas; how well the explosive penetrates the target area; and so on that it is virtually impossible
to predict, for likely real-world situations, the amount of agent lofied 1o the atmosphere for
transport out of the immediate area. Third, the ultimate effects of a biological plume can be
influenced by the inherent stability of the particular agent targeted (spores, vegetative forms,
virions, and so on) and probably by whether the material is wet or dry. Nonetheless, it is
probably possible to bound the source term through use of the DTRA experimental database and
models, although this committee has not seen the analysis and results to make those judgments,
Consequently, this study takes the position that a parametric analysis with an assumed fraction of
released or lofted agent would be the best way to model the range ol possible outcomes in our
knowledge of the event,

DTRA has not provided a quantitative evaluation of its model for predicting
chemical/biological agent release as tested against the results of its experiments, bul it has
suggested that lofting of between 0.1 and 5 percent of the stored agent is a plausible number for
release of “transporiable” agent,” and it proposed a bimodal distribution in particle size as a way
of characierizing the releases.”

Transport and Dispersion

Once fallout or chemical or biclogical agent (specified in the source term as amount of
particles of each size as a function of altitude) is dispersed, then winds carry the particles away
from their initial location, they spread horizontally owing to normal diffusion, and they settle to
the ground under the force of gravity. When all of these processes are modeled, the results
combine to produce contours of radiation or agent concentration at distances from the initial
source.

Quite sophisticated transport models are used, and these are likely to be fairly accurate when
the meteorology 1s well defined—that is, when there are well-specified wind directions, small or
moderate turbulence, no rain, and good knowledge of the topography. All of the computer
models are planned to include provisions for these factors (e.g., rain), but there has been very
little testing of how well the models work in complex topography or stormy conditions. It is
probably most important to incorporate major topographic features such as mountains into the
models, since these will always have a major e¢ffect on the results compared with what a “flat™
model would prediet for Nat termain in such regions.

The validation of models for particle transport is intimately connected to knowledge of the
source term, and in most cases it 1s hard to disentangle the two factors. However, as described in
the section above, the combined results produce about a factor-of-two agreement for the
available nuclear test data. DTRA has also modeled the Russian release of anthrax at Sverdlovsk
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(and is able to produce reasonable agreement with the published results).” Finally, over the years
LLNL has used even more sophisticated models of atmospheric transport to characterize
aceidental releases of nuclear, chemical, or biological matenals and has achieved some success
in predicting global transport of such substances (e.g., from the accident at Chemobyl).

The existing state of the art in tracking and predicting aimospheric transport and dispersion
of hazardous material was reviewed in another National Research Council study,” whose
recommendations should help guide future work in this area. Although planning the needs of
the military and the emergency response community are somewhat difTerent, the commonalities
are also very large. These two groups should thus make special efforts to compare and utilize the
results of one another’s research.

For modeling particle transport to predict the effects of hazardous matenals dispersed in
nuclear attacks on hardened targets or attacks with conventional weapons on chemical and
biological agent facilities, it is probably more important to include more factors like topography
in existing models than 1o build more sophisticated transport models. The exact distance at
which hazardous materials of a particular concentration are deposited may be incorrectly
estimated, but unless deposition is near the boundary of a populated area, that assumption will
often not affect the predictions of casualties (the casualties will just occur in different places),

Additional Factors

The strength and moisture conlent of soil are known to have significant effects on the size of
the crater produced by a nuclear explosion al a given depth of burst, but the specific relationship
is uncertain. The relationship between the amount of energy trapped in a nuclear cloud and the
crater size is not the same for all soil materials. Some materials are inherently stronger than
others (granite as opposcd to sand), bul it is not clear that soil strength is more significant than
the total energy required (o move the weight of the soil and form a crater. Although 1t has not
been proven, there is evidence that the most significant factor related 1o fallout is the efficiency
of encrgy coupling. That is, for some soils, less energy is required to move a given mass of soil
than for others. It is further believed that the key soil ingredient that improves this efliciency 15
moisture content. Waler is a soil constituent that expands more per given energy input than do
mast other soil constituents.

A more complex aspect of prediction of the effects of fallout is the size distribution of seil
particles in the nuclear cloud. Some of these particles may be picked up from the ground surface
by the turbulent flow and not be radioactive, The extent of pickup will depend primarily on soil
type, although the complete nature of the dependence 15 not known.

Weapon placement and environmental material around the burst also have an impact on
amounts of fallout produced. Experiments are needed to quantify this impact. Weapon design
and yield also affect the amount of fallout produced. In addition to using lower yields in carth-
penelrator weapons, reducing the amount of fission energy in the design of EPWs would also
reduce fallout.

Another important uncertainty factor affecting the amount and impact of fallout is
fractionation, a process whereby fission products become attached to the soil particles in the
cloud stem and fireball. Both the base surge and ejecta—including radioactive material
continuum that breaks up into discrete particles involving fission products—are strongly
dependent on surface geology in the area of the explosion.
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Casualties

Since the earliest days of the nuclear age, the nuclear radiation community has built up a
detailed methodology for correlating radiation dose with the probability of death or serious
injury. All of the nuclear test models capture this information, One source of uncertainty in the
models concerns the determination of LD (the dose at which 50 percent of the population will
die) and the long- term impacts of low-level radiation. The overall uncertainties in doing
estimaling casualties are in the tens of percent range and are smaller than most of the other
sources of uncertainty in the models.

A second factor source of uncertainty is the amount and concentration of radiation present
shortly after a nuclear explosion and its decay with time. To calculate this precisely requires
knowledge of the details of a subsurface nuclear explosive (e.g., the amount of fission versus
fusion) and how much activation occurs in different soil compositions. The models usually
employ relatively simple algorithms for these effects and typically assume that the iital
radioactivity decays with time to the negative 1.2 or negative 1.3 power. It is worth improving
these prescriptions, but the errors are in the tens of percent range.

The chemical and biclogical communities have begun lo focus on the real-world potential
lethality of various toxic chemical and biological agents, but the variation in lethality, agent rouie
cxposure, agent lifetime, sensitivity to environmental factors, and releasability in virulent form is
vastly wider than that for nuclear fallout. Current models incorporate these factors Lo some
extent, but no sensitivity studies were presented to the committee that describe the ways in which
each of these factors afTects the lethality of various agents (and nearly every issue reduces the
polency of an agent). It is strongly urged that such sensitivity studies be done and reviewed by
appropriale scientific and medical experts and emergency responders, who are equally important
in resolving these questions.

Overall Uncertainty

Careless use of the models to predict casualties from the use of nuclear EPWSs can lead to
estimates that are ofT by more than a factor of 10, and by much more than that when chemical
and biological agents are targeted (and usually on the high side in these cases). Intelligent use of
models 1o predict the effects of nuclear events can reduce this uncertainty to a factor of 3 if the
wind direction, percentage of a population likely to be sheltered, and other meteorological and
topographic factors are known and taken into account. Although the number of casualties at any
precise location may not be accurately modeled, there is much less uncertainty in estimates of
total casvalties [or populated urban areas.

The effects of release of chemical and biological agents are much more uncertain. However,
a rule of thumb might be to use the code as well as possible by including all relevant phenomena,
and then bounding the problem by a factor of a few in either direction, recognizing that
casualties might in some cases be much less il the weapon failed to work or impacted ofl target
or if the agent were particularly susceptible to environmental degradation. Studies of the
conditions of release (e.g., whether [rom attacks occurring at night versus during the day) can
also help elucidate the sensitivity of the results to environmental and other factors,

SUGGESTIONS FOR IMPROVING TOOLS

Based on its examination of the codes discussed in this study, the committee believes that
tools such as HPAC and KDFOC (and others), should be upgraded to support more precise
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estimates of the health and environmental consequences of altacks on hard and deeply buried
targeis. In particular, this upgrading should include the following:

* Improve the characterization and validation of the nuclear souree terms for a more
detailed se1 of the geological and metcorological conditions characterizing the locations of hard
and deeply buried targets;

* Incorporate global effects, including environmental impacts {on crop production, fishing,
and so on) and low-dose-rate effects on humans across the full demographic spectrum, from
infants to the elderly, using results from Chernobyl as well as from the Nevada Test Site and
Pacific Proving Grounds;

*  Address the needs of emergency responders;

= Refine population databases to include demographics and to account for movement of
people, migration, and evacuation:

* Develop, integrate, and maintain three-dimensional urban and topographic ;databases:

* Validate the transport models more thoroughly, including over a broader range of
realistic environmental conditions (e.g., topography, microclimates, and so on); and

* Substantially improve the chemical and biological models in the HPAC code and other
tools as follows:

—Document and expand the verification and validation of the source term for a wider
variety of scenarios, and

—Determine lethality and other parameters for each relevant chemical and biological
agent from a consensus of the relevant technical communities and document them. In
particular, describe the wide variability in human susceptibility to biological agents and the
consequent uncertainty in predicting the effects of their dispersal as the result of an attack on
facilities for the storage and/or production of agenis.

The committee also suggests that it would be useful for DTRA to convene periodic
workshops to compare the results of all widely used predictive tools against experimental data
and sets of benchmark problems and to publish the results.

ATTACHMENT 5.1: ELEMENTS OF DEFENSE THREAT REDUCTION AGENCY
CODES AND DATA

Source Term Codes

Mathematical representations of physical processes that produce a hazardous source are
called source term models. Source terms define the characteristics of materials imitially released
i an explosion for use in modeling downwind transport and dispersion. Examples of HPAC
source terms include explosions, sprays, and airborne releases (dumping) of bulk powders or
liquids. Each of these means of agent dispersal can be described mathematically by equations
derived from the laws of physics or by empirical correlations determined through experimental
ohservations,

Chemical and Biological Sources

HPAC includes complex methodology to caleulate source terms for breached containers in a
chemical/biological facility, and models are being developed for incidents at industrial facilities.
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The initial versions of HPAC, prior to HPAC 4.04, use a table lookup system for predicting
releases from breached containers. The user states the type and amount of agent that is contained
and estimates a general damage category (light, moderate, severe, total). HPAC associates the
percentage of agent released with each damage category. For biclogical agents, 10 percent, 20
percent, 30 percent, and 40 percent of the agents are released under light, moderate, severe, and
total damage, respectively. For chemical or industrial agents, the corresponding percentages of
agents released are 15 percent, 30 percent, 45 percent, and 60 percent. Note that the commitiee
views these large percentages of released agent as unrealistic and concurs with DTRA that 0.1
percent 1o 5 percent is plausible. For HPAC 4.04, the legacy table lookup system is no longer
used. Instead, for a user-selected damage category, the estimated release is physics-based, using
three modeling steps: damage state, container release, and expulsion/cloud. The overall process
is to determine the damage to the facility (containers and building), 1o predict the container
releases, and to calculate the source term parameters for the SCIPUFF atmospheric transport and
dispersion madel.

Liguid Chemicals Source

Bulk liquid dissemination is the dumping of some amount of bulk liquid agent from an acnal
platform. The aerodynamic forces experienced by the bulk liquid in the air lead Lo the formation
of initial droplets, followed by further evolution of the distribution of droplet size owing to liquid
evaporation and aerodynamic breakup.,

A pool of liquid agent on the ground may also be a source of airborne hazards. Liquid agent
may be spilled from a container or munition and then evaporate, forming vapor clouds that are
transported downwind.

Pool evaporation constitules a continuous source of airborne hazardous malerial over a
period of time. Parameters describing a pool evaporalion source are the rate and duration of
evaporation and the initial cloud sizes generated. The number and size of clouds or “pufls”
produced reflect the dimensions of the evaporating pool. The duration of the release is
dependent on the initial depth of the pool and the rate of evaporation.

MNuclear and Radiological Sources

Radiological material, fission fragments, and nuclear radiation can occur from multiple
releases or events, which include the following:

e Explosive release of radiological materials to energetically and quickly disperse the
material {¢.g., use of a relatively small amount of explosive to scatter the material in the air or
aver a surface);

e A nuclear reactor accident {or deliberate unauthorized action) during which reactor fuel
and spent-fuel particles are disseminated into the atmosphere and/or water; and

s Detonation of a nuclear weapon or device on or near any larget.

The following adverse environments would be created from detonation of a nuclear weapon
or improvised nuclear device:

= Blast and shock,
e Large thermal output,
+ Electromagnetic pulse,

14

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11282.html

PREPUBLICATION COPY—SUBJECT TO FURTHER EDITORIAL CORRECTION

= [Initial nuclear radiation (primarily gamma rays and neutrons), and
o Residual radiation,

Some of these effects also can be present when an adversary deliberately disseminates
radiological material.

Factors of concern when modeling dispersal of nuclear radiation include nuclear yield (if a
detonation is involved), fallout/rainout, particle size, wind shear, geology, burst (or dispersal)
height, type of ionizing radiation, prevailing winds and/or water currents, and migration, half-
life, and human bioelTects.

HPAC uses two source term models for fallout: K-Division Defense Nuclear Agency Fallout
Code (KDFOC) and New Fallout Code (NEWFALL). These models use the weapon parameters
of yield, height or depth of burst, time, and fission fraction (fraction of nuclear energy produced
by fission) to estimate the weapon output. KDFOC was jointly developed by LLNL and the
Defense Nuclear Agency in the 19605 and is used for buried bursts. It is an empirical code based
on tests at the Nevada Test Site that define an effective nuclear mushroom cloud, characterizing
its initial altitude, particle size, and associated quantity of radioactivity. NEWFALL, used for
shallow buried bursts, surface bursts, and airbursts, models particle size, agglomeration, and
radiation distributions. NEWFALL is substantially based on the legacy Defense Land Fallout
Interpretative Code (DELFIC) and on both British and NTS tests.

What Are the Major Limitations or Uncertainties?

Within the methodology, the level of uncertainty in HPAC code source term is a significant
concermn. Current HPAC-capabilities for predicting nuclear effects were designed for use in the
Cold War and massive strike scenarios. For these considerations, HPAC is more than accurale
enough. Additionally, HPAC's fallout particle size and radionuclide inventories match high-end
estimations for most nuclear tests. All codes for fallout are sensitive to weapon yield, height of
burst, and target environment. No eode takes into account the uncertainty associated with
weapon vield or HOB. The current codes also do not explicitly account for secondary activation
from the target-area environment, KDFOC accounts for secondary activation in the base for
buried bursts, but only within the limits of the test data available. NEWFALL does not account
for any secondary activation for shallow buried bursts, surface bursts, and airbursts. Depending
on the target environment, the current codes may underpredict the associated fallout by up to
several orders of magnitude, Assuming that the target arca is comparable in geology and
environment to the Nevada Test Site, the model source term for fallout, independent of weather,
is well within an order of magnitude of error. Work is underway to more accurately estimate the
effects of a single weapon at much higher fidelity, but this feature will not be operational for
several years.

Transport and Dispersion Codes
Background

Atmospheric transport and dispersion modeling is one of the most essential functional of
hazard assessment codes, largely because these processes play a major role in the evolution of
particle and agent concentration profiles in the atmosphere. Most such models use the
advection-diffusion equation, a solution that gives the concentration profile for a cloud as a
function of time and location. HPAC uses SCIPUFF to estimate the dose-rate matnx. SCIPUFF
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is statistically based, with a three-dimensional wind field involving shear owing to terraim
interaction.

HPAC Second-Order Closure Integrated Pufl Model

SCIPUFF is a Lagrangian model for the transport and atmoespheric dispersion of material.
The numerical technigue employed to solve the dispersion model equations is the Gaussian puff
method, in which a collection of three-dimensional puffs is used to represent an arbitrary time-
dependent concentration field. The turbulent diffusion parameterization used in SCIPUFF 15
based on the second-order turbulence elosure theories of Donaldson”® and Lewellen,” providing a
direct connection between measured velocity and the predicted dispersion rates.

The second-order closure model also provides the probabilistic feature of SCIPUFF through
the prediction of the fluctuation in particle concentration. In addition to giving a mean value for
the concentration, SCIPUFF provides a quantitative value for the random variation in
concentration due to the stochastic nature of turbulent diffusion. This estimate of uncertainty is
used to generale a probabilistic description of dispersion and gives a quaniitative characterization
of the reliability of the prediction. For many calculations of dispersion, the prediction is
inherently uncertain owing to a lack of detailed knowledge of the wind field, and a probabilistic
description is the only meaningful approach.

What Are the Major Limitations or Uncertainties?

The inputs for wind and weather will involve significant uncertainties. HPAC uses weather
files {or flow fields) generated by others—the Air Force Weather Service, the Navy Fleet
Numerical Operations Center, applications of the DTRA Operational Multiscale Environment
Model with Grid Adaptivity (OMEGA) , the National Oceanic and Atmospheric Administration,
and allied weather models—or it operates on simple input such as a single wind vector, umform
throughout the domain, or an interpolation between two or more atmospheric soundings. HPAC
is dependent on the resolution, fidelity, and accuracy of the imported flow field. The HPAC
methodology estimates the uncertainty in both the flow-field characterization and in the transport
and dispersion operations done in those ficlds. Because HPAC is most generally used for
operational planning based on a weather forecast, the qualily ol that forecast is the major
limitation and the driver of uncertaintics in modeling atmospheric transport and dispersion.

Personnel, Health, and Environmental Effects Codes

In health effects codes, fatalities are calculated on the basis of the number of people
surviving at 60 days after a nuclear event. Injuries arc calculated on the basis of incidence of
illness from episodes of nausea and vomiting or unusual fatigability and weakness. Casualtics
are the sum of fatalitics and injuries.”"” HPAC uses the Probability of Damage Calculator
(PDCALC) to calculate the probability of fatalities and casualties, based on a population
database, from prompt effects of a nuclear explosion. HPAC calculations of fallout employ on
humans Radiation Induced Performance Distribution (RIPD). RIPD provides human-cficcts
estimations based on dose, dose rate, shiclding, and time. Fatalitics are calculated on the basis of
a lognormal dose-response curve with a median lethal dose of 410 rads. Injury 15 caleulated on
the basis of early effects of exposure to radiation at a median effective dose of 210 rads
(fatigability) and 240 rads (weakness)., External dose is calculated based on the use of the
assumption that exposure rate decreases with time ', It estimates the response of military
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personnel in terms of physiological repair and/or recovery based on detailed models of relevant
biological processes.

Transport and dispersion models estimate casualties by drawing dosage isopleths on the
calculated or predicted curves of the downwind plume. Each model uses different methods 1o
calculate the concentration in the plume, but essentially all calculate dosage by integrating the
concentration at a point over time. Only HPAC includes a subroutine that caleulates casualties
from a nuclear event. HPAC caleulates or predicts chemical and biological agent dosages and
isopleths based either on program defaults or on user input.

HPAC uses the SCIPUFF model to predict coneentrations of agents or radioactive particles
and fluctuations in concentration, These predictions of airborne concentration are integrated
over time to obtain an integrated dose of surface fallout, which is used 1o estimate lethality in
human populations. Deposited mass on the surface may also be used to estimate perculancous
effects of exposure to chemical agents.

This probabilistic prediction of concentration or dose level can be integrated over the surface
area to give an estimate of population exposure when the data on dose is coupled with data on
population density. The result is an estimate of the number of people exposed to radiation or
agent at a given dose or concentration, Conversely, an estimate of the area covered by radiation
or agent at a particular concentration is also available, depending on the output than an operator
selects. Estimation of a hazardous area is based on a calculation of dispersion that includes the
uncertainties in the data input for wind conditions. Prediction of a hazardous area is based on an
estimate that indicates the probability of exceeding a thresheld value for concentration of
radiation or agent.

SCIPUFF not only provides a mean value concentration, but also predicts a quantitative
value for the random Muctuation in that value owing to turbulent diffusion. The resulis are a
guantitative characterization of the validity of the prediction.

What Are the Major Limitations or Uncertainties?

HPAC's estimates of effects are for those deemed to be militanily significant. Hence, low-
dose efTects on humans, effects on the environment (crop production, fishing, and so on,), and
economic impacts are nol addressed. Combined effects (e.g., increased susceptibility lo discase
after exposure to radiation) are not considered. Within the methodology, human-effects errors in
HPAC estimates of casualties should be within a factor of two for military-age (17- to -24-vear-
old) male personnel who have no medical treatment or additional injuries. Effects on the full
demographic range, from infants (o the elderly and infirm, may vary significantly.

Databases

Several types of databases are utilized by these codes: population, agent fate, weather, and
Lerrain.

Population Data

HPAC uses LandScan 2002, supplied by the Oak Ridge National Laboratory. Based on |
kilometer by 1 kilometer worldwide grid cells, is the only known high-resolution worldwide
population database, The methodology for building LandScan population cells involves
determining the probability that someone lives in a cell and the number of people in the cell.

The probability of a cell's being inhabited is based on factors such as proximity to roads and
water, land cover, elevation/slope, nighttime lights, and data from satellite imagery. Estimates of
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the number of people are based on the best census data from the U5, Burcau of the Census and
the International Programs Center. Data on land use and urban canopy are used for compulations
of ground-level atmospheric transport. Building inhabitant probability and building-type
structural protection factors are derived to estimate probabilities of structural protection for each
cell.

What are the major limitations or uncertainties? The LandScan population database does not
account for events such as population movements (e.g., commuting), evacuation, or special
events (e.i., the Olympics). The number of people in cach cell ean range over an order of
magnitude when such factors are taken into account, Only detailed intelligence at a specific ime
can reduce this uncertainty. As with algerithms for predicting the effects of explosions, the
population data contain no demographics.

Agent Fale

After they are released into the air biological agents degrade as a function of the levels of
radiant solar energy, relative humidity, temperature, ozone, and hydroxy] radicals. Biological
agents are particularly susceptible to inactivation by the ultraviolet energy in sunlight; even
anthrax spores degrade rapidly in bright daylight. Although some chemical agents are
environmentally sensitive, neither GB (Sarin) nor VX is degraded sigmficantly by sunlight, or by
hydrolysis suspension in the atmosphere. For environmentally sensitive agents, the duration of
exposure to sunlight and to photochemically produced compounds and radicals is an important
facior in their loss of viability or toxicity. Biological agents released by explosive destruction of
the sites where they are stored will be subject to inactivation by the high temperatures gencrated
in the explosion, and chemical agents will be de graded to the extent that they are affected by
very high temperatures. Those agents that do not readily aerosolize will contaminate the
immediate surrounding arca, where they will ultimately be degraded by hydrolysis or another
chemical reaction.

What are the major limitations or uncertainties? Within the methodology for HPAC, agent
decay is a miner source of uncertainty within the first 180 days after a nuclear burst or accident,
or release of a biological or chemical agent. Beyond that point, long-lived radionuclides
dominate. Since sunlight has a UV spectrum that is very effective in killing spores, HPAC uses
a decay constant of 6 hours for spores.

Weather

HPAC incorporates many sources of weather data. With this variety comes the burden of
determining the best possible data for a particular HPAC project. This selection depends on a
number of factors, including the type of project (nuclear, radiological, chemical, or biological)
and the timeline of the event {scenario planning, prestrike decision making, or poststrike
analysis).

Different hazard scenarios require different types of meteorological data, which can come
from observations or from forecast models. The meteorological data entered into HPAC may be
categorized according to four types: (1) a single observation (fixed wind), (2) climatology
{historical weather data}, (3) surface and upper-air profile ohservations, and (4) weather model
predictions in either gridded or profile format.
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For a limited chemical relcase, a single, representative wind observation probably is
sufficient to make a reasonable calculation of transport. Data for a fixed wind can be entered
directly using a simple interface. Fixed wind is the simplest weather data type. HPAC assumes
that a fixed wind is horizontally uniform. The ixed-wind option uses a theoretical vertical
profile unless terrain is added. While a fixed wind is not the most accurate way ol specifying
weather conditions, the fixed-wind option does provide a quick calculation. This method can
produce data to supplement climatology data when there are no available climatic data or when
the goal is to display incident plumes driven by winds from varying directions.

Historical weather data created by the Air Force Combat Climatology Center from multiyear
records of weather data are included on the HPAC CD-ROM. These historical weather data
include the effects of both time of day (diumal) and seasonal variations on the weather, The data
sets provide quantitative meteorological input for long-range planning and incidents [or which no
other weather information is available.

HPAC includes both surface and upper-air historical weather data. Surface weather data are
most useful for chemical incidents with durations of 4 hours or less. Upper-air weather data are
more representative for larger-domains and for longer-duration hazards such as those produced
by the use of nuclear weapons or the release of biological agents, or for higher-altitude releases
of materials (releases above 500 meters). Whenever historical weather data are selected as the
weather input, HPAC defaults 1o using the upper-air historical weather data.

What are the major limitations or uncertainties? Several papers have recently appeared in
the literature on the use of the ensemble method with transport and turbulent diffusion models.
Many groups are currently carrying out sensitivity sludies to determine how the ensemble
approach can best be implemented to improve their forecasts. In this approach, N metcorological
models with several alternate inputs or initialization options are run on the same scenario. At the
moment, N is typically ranges from 5 to 20. It is found that the average of NV forecasts i1s more
accurate than any single-model forecast. The forecasters try Lo make sure that the spread or
uncertainty range for N forecasts is approximately the same as the spread in the climatological
observations, This is an empirical approach, since there is no a priori reason that the spread of
the ensemble should equal the observed spread. Use of the ensemble method 1s growing in the
meteorological and air-quality modeling arca, but it has not reached maturity. Research is
needed to put the ensemble method on a better statistical and scientific basis, especially
concerning the spread in or uncertainty of the results.

Terrain

HPAC uses digital topographic elevation data (DTED) Level 0 terrain-elevation data
developed by the National Geospatial-Intelligence Agency (NGA). DTED Level U elevation
data have post spacing of 30 arc seconds (nominally 1 kilometer). These data allow construction
of a uniform matrix of terrain-glevation values that provide basic quantitative data for systems
and applications that require terrain-elevation, slope, and/or surface roughness information.
DTED Level 0 is derived from the higher-resolution NGA DTED Level | data. Level 1 data
have post spacing of 3 arc seconds (nominally 100 meters). Hi gher-resolution data are available,
Balancing calculational accuracy with run-lime requirements drove the choice of DTED Level O
asg the defaull data.

Run-time calculations of atmospheric transport and disperson (ATD) require longer run Limes
when higher-resolution lerrain data are used. Some operational users requite answers quickly
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and can decrease run-time demands by reducing the number of grid posts in the calculational
domain, or by changing the domain, or both. For a particular domain size, several choices of
resolution are available, ranging from the native resolution to resolution as little as 900 points
over the calculational domain. Another option is to not use any terrain-elevation data
{sometimes called a Mat-earth approach) in the calculation.

HPAC defaults to different domain and corresponding terrain resolutions depending on the
simulation scenario. A long-ranging nuclear fallout hazard scenario will cause HPAC default to
use of a large domain, whereas a chemical event that is driven by local winds has a smaller
domain, The user can override all of the defaults but must be careful to balance mission
requirements (¢.g., calculational run time) with output accuracy.

As use of ATD tools has begun to address hazards in the urban environment, the concept of
terrain has been extended to include urban terrain. Data on urban terrain represents the building
location and height information. In contrast to the worldwide DTED data, digitized data on
urban locales, compatible for input into urban transport and dispersion models, are available for
only a handful of cities. There is currently no federal point of contact responsible for developing
these data worldwide—that is, the NGA equivalent for terrain elevation. [i is important to add,
although it is beyond the scope of this discussion, that some urban models do not use building
height data. These models extend the traditional (nonurban) ATD models by altering wind-flow
assumptions and characterizing the urban environment as a surface roughness,

Terrain affects wind flow. In the presence of complex terrain, wind tends to flow around
hills and to change specd, The height of the plume above the local surface changes as it passes
along a hill or other elevation features. Both of these effects alter the local wind direction as
well as the downwind transport and turbulent diffusion processes. The ATD models account for
terrain. Numerical weather models (input to ATD models) factor in terrain as part of their
caleulational boundary conditions, but the caleulations are performed on a coarse scale. These
madels typically predict wind information at resolutions of 10s to 100s of kilometers and can be
run at several different resolutions, but long run times and associated resources are required.
Even real-time observations of wind are spatially separated by significant terrain and are
separated in time.

HPAC uses the Stationary Wind Fit and Turbulence (SWIFT) mass-consistent wind model to
extrapolate the coarser-resolution wind data (from forecasts or observations) to a finer resolution,
in which terrain features affect wind flow. When terrain is not a factor in the local wind flow or
because run times demand a quick-look assessment, then another model, the Mass Consistent
SCIPUFF (MC-SCIPUFF), is used by HPAC.

What are the major limitations or uncertainties? The data on terrain-and elevation are
available at several levels of spatial resolution, as discussed above. The DTED terrain elevation
data are quality-controlled, and the precision of the data is usually not an issue. However, spatial
resolution can be a large factor in determining the accuracy of the ATD caleulation and
downwind hazard,

The resolution of the terrain data used should be matched to the simulation scenario. Hazard
predictions of continental-scale radiation fallout from large nuclear weapon incidents do not
require highly resolved data on surface winds. Terrain-clevation data can be coarse, and in some
locations a flat-earth approximation is sufficient. Although ATD models can be run with high-
resolution terrain data, st some point the user is getting a false precision at the expense of very
long run times. A longer-running ATD code does not mean a more accurate ATD code. When
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hazards must be characterized near the source as in the example chemical or biological relcases,
the terrain is important.

The HPAC model can use very high spatial resolution terrain-elevation data. The accuracy
of the prediction is a trade-off between mission requirements supporting an actionable decision
and operational constraints associated with run-time demands.

NOTES

'See the subsection “Databases™ in Attachment 5.1 for a description.
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6

Human and Environmental Effects

EFFECTS ON HUMANS

The health effects of nuclear explosions are due primarily to air blast, thermal radiation,
initial nuclear radiation, and residual nuclear radiation or fallout.

e  Blast. Nuclear explosions produce air-blast effects similar to those produced by
conventional explosives. The shock wave can directly injure humans by rupturing eardrums or
lungs or by hurling people at high speed, but most casualties oceur because of collapsing
structures and flying debris.

o Thermal radiation. Unlike conventional explosions, a single nuclear explosion can
generate an intense pulse of thermal radiation that can start fires and burn skin over large areas.
In some cases, the fires ignited by the explosion can coalesce into a firestorm, preventing the
escape of survivors. Though difficult to predict accurately, it is expected that thermal effects
from a nuclear explosion would be the cause of significant casualties.

o Inirial radiation. Nuclear detonations release large amounts of neutron and gamma
radiation. Relative to other effects, initial radiation is an important cause of casualties only for
low-yield explosions (less than 10 kilotons).

s Fallowt. When a nuclear detonation oecurs close to the ground surface, soil mixes with
the highly radioactive fission products from the weapon. The debris is carried by the wind and
falls back to Earth over a period of minutes to hours.

The first three of these effects are “prompt™ effects, because the harm is inflicted
immediately afier the detonation. By contrast, the radiation dose from fallout is delivered over
an extended period, as described in Chapter 5. Most of the dose from fallout is due to external
exposure to gamma radiation from radionuclides deposited on the ground, and this is the only
exposure pathway considered by the computer models that the Defense Threat Reduction
Agency (DTRA) and Lawrence Livermore National Laboratory (LLNL) used to estimate health
effects for this study. Below is a discussion of the possible contribution of other exposure
pathways, such as inhalation of contaminated air and consumption of contaminated water and
food, to the total radiation dose received by humans.

Radiation has both acute and latent health effects. Acute effects include radiation sickness or
death resulting from high doses of radiation (greater than 1 sievert (Sv), or 100 rems) delivered
over a few days. The principal latent effect is cancer. Estimates of latent cancer fatalities are
based largely on results of the long-term follow-up of the survivors of the atomic bombings in
Japan. The results of these studies have been interpreted by the International Commission on
Radiological Protection' (ICRP) in terms of a lifetime risk coefficient of 0.05 per sievert (5 »
10~ per rem), with no threshold.” For the present study, acute radiation effects were estimated
by both DTRA and LLNL; latent cancer deaths were estimated only by LLNL.
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The computer models used by DTRA and LLNL were developed primarily to estimate
effects on military personnel rather than for civilian populations. Thus, there is no consideration
of the presumed greater sensitivity to radiation of the very young and the elderly. Also, there is
no consideration of the sensitivity of the fetus. From the experience in Japan, it is known that
substantial effects on the fetus can oceur, and these effects depend on the age (stage of
organogenesis) of the fetus.? One such effect is mental retardation. The transfer of radionuclides
to the fetus resulting from their intake by the mother is another pathway of concern. Radiation
dose coefficients for this pathway have been published by the ICRP.*

Another long-term health effiect that is not considered here is the induction of eye cataracts.
This ::t'ﬁ-.;:t has been noted in the Japanese studies and also in a study of the Chemnobyl cleanup
workers.

Compared to the fatalities from prompt, acute fallout and latent cancer fatalities, the absolute
number of effects on the fetus is small and is captured within the bounds of the uncertainty, The
number of eye cataracts, based on the experience of the Chermnobyl workers, is not small. The
occurrence of eye cataracts in the now aging Japanese population is several tens of percent
among those more heavily exposed.

Finally, there has been a recently confirmed finding that the Japanese survivors are
experiencing a statistically significant increase in the occurrence of a number of noncancer
diseases,” including hypertension, myocardial infarction, thyroid disease, cataracts, chronic liver
disease and cirrhosis, and, in females, uterine myoma. There has been a negative response in the
occurrence of glaucoma. A nominal risk coefficient for the seven categories of disease is about
0.9 Sv"' (0.009 rem™). The largest fraction of the risk is due to thyroid discase.

Thermal Radiation from Underground Bursts

Thermal radiation may make fire a collateral effect of the use of surface burst, airburst, or
shallow-penetrating nuclear weapons. The potential for fire damage depends on the nature of the
burst and the surroundings. If there is a fireball, fires will be a direct result of the absorption of
thermal radiation. Fires can also result as an indirect effect of the destruction caused by a blast
wave, which can, for example, upset stoves and furnaces, rupture gas lines, and so on. A
shallow-penetrating nuclear weapon of, say, 100 to 300 kilotons at a 3 to 5 meter depth of burst
will generate a substantial fircball that will not fade as fast as the air blast.

Detonation of a nuclear weapon in a forested area virtually puarantees fire damage at ranges
greater than the range of air-blast damage. If the burst is in a city environment where buildings
are closely spaced, say less than 10 to 15 meters, fires will spread from burning buildings to
adjacent ones. In Germany and Japan in World War 11, safe separation distance ranged from
about 30 to 50 feet (for a 50 percent probability of spread), but for modern urban areas this
distance could be larger,” This type of damage is less likely to occur in suburban areas where
buildings are more widely separated.

Once started, fire spread continues until the fire runs out of fuel or until the distance to the
next source of fuel is too great. Thus, fire caused directly by thermal ignitions, fire caused
indirectly by disruptive blast waves, and spread of fire are all potential, but uncertain, cffects.

Mlustrative Example: Washington, D.C.

The area over which casualties would oceur as a result of the various weapon effects outlined
above depends primarily on the explosive yield of the weapon and the height or depth of the
burst. The areas affected by initial nuclear radiation and fallowt also depend on the design of the
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weapon (in particular, the fraction of the yield that is derived from fission reactions), and, in the
case of fallout, on weather conditions during and after the explosion (notably wind speed and
direction, atmospheric stability, precipitation, and so on), terrain, and geology in the area of the
explosion. The following calculations assume that the entire population is static and in the open.

As an illustrative example,” Figure 6.1 shows the area over which an individual in the open
would face a 10, 50, and 90 percent chance of death or serious 'mjm'}r';' from the prompt effects of
a 10-kiloton carth-penetrator weapon (EPW) detonated at a depth of 3 meters and from the
prompt effects of a 250 kiloton surface burst. (As discussed in Chapter 5, both of these weapons
would produce a ground shock of about | kilobar at a depth of 70 meters.) These contours,
which were produced by the DTRA using the Hazard Prediction and Assessment Capability
(HPAC) code, are shown on & map of Washington, D.C., for scale. Figure 6.2 is similar, but also
includes the probability of death or serious injury from acute exposure to cxternal gamma
radiation from fallout, for illustrative weather conditions, assuming hypothetically that 50
percent of the weapon yield is derived from fission and that a static population is in the open.

Figure 6.3 compares the numbers of casualties (deaths and serious injuries) due to prompl
and acute effects of fallout from the use of both weapons. Under these conditions and
assumptions, the 10 kiloton EPW is estimated to result in about 100,000 casualties, compared
with 800.000 casualties for the 250 kiloton surface burst. Thus, in this example the use of an
EPW would reduce casualties by about a factor of eight compared with a surface burst with equal
destructive capacity against a buried target. Fallout is responsible for about 75 percent of the
casualties from the 10 kiloton explosion compared with about 60 percent of the casualties from
the 250 kiloton explosion.

10 KT EPW [ 250 KT surface burst

= el .

- & PN B |

FIGURE 6.1 Nlustrative example: The area over which an individual in the open would face a 10, 50, and 90
percent chance of death of serious injury from the prompt effects of a 10 kiloton carth-penctrator Weapon (EFW;
left} and a 250 kiloton surfisce burst (right) detonated at 7:00 p.m. on July 14, 2004, in Washington, [.C. SOURCE:
Estimates prepared for the commitiee by the Defense Threat Reduction Agency.
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FIGURE 6.2 Illustrative example: The area aver which an individual in the open would face a 10, 50, and 90
percent chance of death or zerious injury from the prompt and acute effects of fallout from a 10 kiloton carth-
penetrator weapon (EPW; left) and a 250 kiloton surface burst (right) detonated st 7:00 pm. on July 14, 2004, in
Washington, D.C. SOURCE: Estimates prepared for the committee by the Defense Threat Reduction Agency.

prompt
injuries

10 kt EPW 250 kt surface burst
100,000 casualties 800,000 casualties

FIGURE 6.3 [llustrative example: Comparison of the number of casualties (deaths and serious injuries) from
prompt and acute effects of fallout from a 10 kiloton carth-penetrator weapon (EPW) and a 250 kiloton surface burst
detonated at T:00 p.m. on July 14, 2004, in Washingien, D.C. SOURCE: Estimates prepared for the committes by

the Defense Threat Reduction Agency.
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The hazard to people entering the area afier the explosion in these scenarios would be due
largely to external gamma radiation from fallout. This hazard decreases rapidly with time: the
dose rate after | week is 10 times less than the dose rate | day after the explosion, and after 2
months it is reduced by an additional factor of 10, Figures 6.4 and 6.5 illustrate this decay for
the cases described above (the 10 kiloton EPW and the 250 kiloton surface burst), respectively,
showing the areas exceeding a dose rate of 0.01, 0.1, |, and 10 millisieverts per hour (1, 10, 100,
and 1,000 millirems per hour) at 1 day, 1 week, | month, and 6 months afier the explosion.

To put the dose rates referred to above in perspective, a person who remained indefinitely in
an area where the dose rate was | millirem per hour at the time of that person’s entry info the
area would receive a total dose of less than 50 millisieverts (5 rems), which is the annual dose
limit for U.S. nuclear workers."" Thus, military personnel could enter the unshaded areas shown
in Figures 6.4 and 6.5 at the times indicated with minimal risk. Depending on the risk that is
judged acceptable by commanders, soldiers could enter shaded areas for various periods of time.
For example, a soldier entering the 10 millisieverts per hour (1,000 millirems per hour) contour |
day after the explosion would accumulate a total dose of about 0.25 sieveri (25 rems) over the
next 2 days and 0.50 sievert (50 rems) over the next 2 weeks. U.S. regulatory guidelines allow
doses of up to 0.25 sievert (25 rems) in lifesaving emergency situations, and the U.S. National
Council on Radiation Protection and Measurements (NCRP) recommends that doses up to 0.50
sievert (30 rems) be allowed in such situations provided that individuals are aware of the risks.""
Twa reports from the Institute of Medicine address the U.S. Army guidance for situations in
which troops might receive as much as 0.70 sievert (70 rems).'* Doses of 0.25 to 0.70 sievert
(25 to 70 rems) are unlikely to cause serious acute effects, but they may ultimately cause death
due to cancer in 1 to 3 percent of those exposed (in addition to the roughly 20 percent lifetime
risk of dying of cancer from other causes).

FIGURE 6.4 Ilustrutive example: Areas within which the dose rate from externul gamma radiation exceeds 1, 10,
1043, and 1,000 millirems per hour at | day, 1 week, | month, and 6 months after the detonation of a 10 kiloton
earth-penctrator weapon (EPW) a1 7:00 p.m. on July 14, 2004, in Washington, D.C. SOURCE: Estimates prepared
for the committee by the Defense Threat Reduction Agency.
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FIGURE 6.5 Illustrative example: Areas within which the dose rate from external gamma radiation exceeds |, 10,
106, wnd 1,000 millirems per hour at | day, | week, | month, and & months afier the detonation of a 250 kilston
surface burst at 7-00 p.m. on July 14, 2004, in Washington, D.C. SOURCE: Estimates prepared for the commitiee
by the Defense Threat Reduction Agency.

Other Targets and Weapons Yields"

The estimates shown in Figures 6.1 through 6.5 apply only to a particular set of assumptions
about target location, weather, and weapons used 1o attack the target. The number of civilian
casualties that would result from an attack depends on many variables, including the followng:
the distribution of the population around the point of detonation and the degree of sheltering that
they have against blast, thermal, and radiation effects; weapon yield and design; height or depth
of burst: and weather conditions during and after the explosion. As shown below, the estimated
number of casualties ranges over four orders of magnitude—from hundreds to over a million—
depending on the combination of assumptions used.

To explore in a parametric way the range of possibilities, the committee selected three
notional targets:

e Target A: an underground command-and-control facility in a densely populated area 3
kilometers from the center of a city with a population of about 3 million;

s Target B: an underground chemical warfare facility 60 kilometers from the nearest city
and 13 kilometers from a small town; and

e Target C: alarge, underground nuclear weapons storage facility 20 kilometers from a
small town.

In each case, the committee asked DTRA to estimate the mean number of casualties (deaths
and serious injuries from prompt effects, and acute effects of fallout from external gamma
radiation) resulting from attacks with earth-penetrating weapons with yields ranging from |
kiloton to | megaton, for populations completely in the open and completely indoors. The
means are averages over annual wind patterns, but they ignore precipitation. DTRA also
estimated the mean number of casualties resulting from surface bursts with yields from 25
kilotons to 7.5 megatons. For selected cases, the committee asked the Lawrence Livermore
National Laboratory to estimate the number of deaths from prompt effects and fallout, and to
quantify the variability in acute and latent deaths from fallout owing to wind patterns,

-
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For Figures 6.6 and 6.7 the calculations assume that the entire population is static and in the
open. Figure 6.6 shows the estimated mean number of casualties resulting from attacks on
Targets A, B, and C with surface-burst weapons and earth-penetrator weapons of a range of
vields from 1 ki to 10 kt, with the EPW detonated at a depth of 3 meters, assuming a static
population in the open. Note that for a Fiw:n yield there is little or no difference between the
effects of surface bursts and the EPWs."" The curves for Target A are relatively flat (a factor-of-
10 increase in yield produces a factor-of-2 increase in casualties) because the population is
clustered around the target. The curves for Targets B and C are steeper (a factor-of-10 increase
in yield produces a factor-of-6 to -10 increase in casualties), largely because the effects from
higher-yield explosions can reach more-distant population centers.

Figure 6.7 shows the contributions of prompt effects and acute radiation sickness and death
from fallout to the casualty estimates for EPWs. (The number of casualties is similar for surface
bursts of the same yield.) Note that for yields of less than 300 kilotons, fallout is responsible for
more casualties than are prompt effects. This is particularly true for Targets B and C, in which
cases fallout is the only effect of low-yield explosions that can reach population centers.
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FIGURE 6.6 Fatimated mean number of casualties {deaths and serious injuries) from attacks on notional targets A,
B, and C using earth-pencirator weapons {EPWs) at 3 meters” depth of burst (DOB) and surface bursis, assuming a
static population in the open. SOURCE: Estimates prepared for the commitiee by ihe Defense Threat Reduction
Apency,
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FIGURE 6.7 Estimated mean mumber of casualtics from prompi effecis and acuie radintion sickness and death from
fallout resulting from attacks on nodional targeis A, B, and C using earth-penetrator wenpons (EFWs) at 3 meters’
depth of burst (DOB), assuming the entire population is in the open. SOURCE: Estimutes prepared for the
commitiee by the Defense Threat Reduction Agency.

It is always useful to compare model predictions against relevant experience. Fortunately,
the relevant experience is very limited, In the case of the 15 kiloton device detonated over
Hiroshima, an estimated 68,000 persons died and 76,000 persons were injured out of a total
population of 250,000, For the 21 kiloton device detonated over Nagasaki, it is estimated that
38,000 persons died and 21,000 persons were injured out of a total population of 170,000."
These estimates are in rough agreement with the estimated 200,000 prompt-effects casualties
shown in Figure 6.7 for Target A, taking into account differences in the size of the vulnerable
populations, (The Hiroshima and Nagasaki weapons were detonated at a fallout-free height of
about 500 meters and therefore produced no local fallout.)

As mentioned, the results shown in Figures 6.1 through 6.7 assume that the entire population
is static and in the open, Assuming that the entire population remains indoors and is thereby
shielded from radiation reduces mean total casualtics by a factor of up to 4 for Target A, and by a
factor of 2 to & for Targets B and C. Mot accounted for are post attack movement or evacuation
of the population, but it is unlikely that individuals could, by fleeing the area of an attack, reduce
their exposure to fallout significantly more than by remaining indoors. Indeed, some people
might greatly increase their exposure to fallout if they were to move through highly
contaminated areas, as might occur if a major road out of the city were directly under the path of
the cloud. Thus, in a population that has received no warning of an attack, the actual effects of
sheltering and evacuation are likely to lie between the two extremes for a population that is
assumed to be entirely indoors and one that is assumed 1o be entirely outdoors.

The use of an EPW instead of a surface-burst weapon generally will result in fewer
casualties, because the yield of the EPW can be 15 to 25 times smaller than the yield of a
surface-burst weapon for a given level of damage against a hard and deeply buried target
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(HDBT). Figure 6.8 shows the ratio of the mean number of casualties estimated for a surface
burst to the mean number estimated for an EPW with a vield 25 times smaller, for Targets A, B,
and C. For Target A, casualties are reduced by a factor of 7 at low yields appropriate for target
depths of less than 100 meters and by a factor of 2 at high yields and deeper targets. For Target
B, casualties are reduced by a factor of 10 to 30, and for Target C, by a factor of 15 to 60,
depending on the yield and assumptions about shielding. In general, the reduction factor is
larger for targets in rural or remote areas.,
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FIGURE 6.8 Ratio of the estimated mean number of casualties from a surface burst to the mean number from an
earth-penetrator weapon (EPW) with a yield 25 times smaller, for notional targets A, B, and C, assuming a static
population entirely in the open or entirely indoors. SOURCE: Estimates prepared for the commitiee by the
Drefense Threat Reduction Agency,

The DTRA results presented above do not include latent cancer deaths from fallout. The
commitiee asked LLNL to estimate the mean number of latent cancer deaths for Targets A and
B, for yields from 10 to 300 kilotons.'® In the case of Target A, the inclusion of latent cancer
deaths increased the total estimated number of fatalities by less than 20 percent, In the case of
Target B, however, the inclusion of cancer deaths doubled the total number of fatalities.
Including cancer deaths has little effect on the ratios shown in Figure 6.8.

The results given in Figures 6.6 through 6.8 are averages over annual wind patterns,
Casualties from fallout can be substantially higher or lower, depending on the particular wind
conditions during and immediately following the attack. Figures 6.9 (a) and 6.9 (b) show the
variation in the number of deaths due to acute and latent effects from fallout from a 300 Kiloton
EPW on Targets A and B, respectively, as a function of wind direction. For Target A, estimated
fatalities from fallout vary by more than an order of magnitude depending on wind direction,
ranging from 90,000 to 800,000 for acute effects and from 30,000 to 200,000 for latent effects;
total fatalities, however, vary by less than a factor two, from | million to 2 million. For Target B
estimated fatalities from fallout vary by more than two orders of magnitude depending on wind
direction, from 3,000 to | million for acute fatalities, and ranging from 3,000 to 300,000 for
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latent fatalities; total fatalities vary by a factor of 50, from about 15,000 to 800,000. Similarly
large variations in fatalities arc also possible if the target is just outside a major city. For
example, if the detonation is moved 30 kilometers northwest of Target A (hereafter referred to as
“Target A”), total fatalities vary from 50,000 to nearly 2 million, depending on whether the wind
blows away from or toward the city center. Note that these estimates do not include the effects
of precipitation, which would wash out and concentrate fallout in particular areas (which may or
may not be populated). The commitiee expects that including the effects of precipitation would
make the weather-related variability in the estimated number of casualties significantly greater
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FIGURE 6.9(n) Variation in the estimated number of fatalities due 1o acute and latent effects from extemal gamma
radiation from fallow from o 300 kiloton earth-penetrator weapon (EPW) at 3 meters’ depth of burst on notional
target Ass a function of wind direction, assuming that the population is in the open. SOURCE: Estimates prepoared
for the comminee by the Lawrence Livermore National Laboratory..
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FIGLRE 6.9(h) Variation in the estimated number of futalities due to acute and katent effects from external exposure
to gamma-radintion fallout from a 300 kiloton earth-penetrator weapon &t 3 meters’ depth of burst on notional target
B as a function of wind direction, ussuming that the population is in the open. SOURCE: Estimates prepared for the
commitiee by the Lawrence Livermore Mational Laboratory.
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than is suggested by this analysis. Of course, as mentioned frequently, Figure 6.9 {a) and (b) are
maodel runs and therefore are subject to the sources of uncertainty described in this report and
emphasized in Chapter 8.

Figures 6.10 (a) and (b) use the information in Figures 6.9 (a) and (b}, together with the
likelihood that the wind blows in each direction, to compute the probability of exceeding a given
number of deaths due to acute and latent effects from fallout, as well as from all effects, for
attacks with a 300 kiloton EPW on Targets A and B. In the casc of Targel A, for example, the 50
percent confidence interval for deaths due to acute effects of fallout (based solely on variability
in wind direction) is 130,000 to 600,000; that is, there is a 75 percent chance of exceeding
| 30,000 deaths from acute affects of fallout, and a 25 percent chance of more than 600,000
deaths. The 50 percent confidence interval for total fatalities is considerably narrower: 1.1
million to 1.6 million. If the detonation is moved 30 kilometers northwest of Target A, the
confidence intervals are much wider: 13,000 to 700,000 for deaths from acute effects of fallout;
50,000 to 160,000 for deaths from latent effects from fallout; and 60,000 to 900,000 for total
fatalities. For Target B, the corresponding intervals are 9,000 to 40,000 for deaths from acute
effects of fallout; 10,000 to 60,000 for deaths from latent effects from fallout; and 20,000 o
90,000 for total faialities.
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FIGURE &, 10{a) The probability of exceeding o given number of deaths due to acute and latent effects from
pxternal exposure to gamma-radiation fullout from a 300 kiloton earth-penetrator weapon al 2 meters” depth of burst
on notional terget A, assuming that the populstion is in the open. SOURCE: Estimutes prepared for the commitice
by the Lawrence Livermore Mational Laboratory.
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FIGURE 6.10(b} The probability of exceeding a given number of deaths due to acute and latent effects from
exiemnal exposure to gamma-radiation fallout from a 300 kiloton earth-penctrator weapon at 3 meters’ depth of burst
on notional targetB, assuming that the population is in the open. SOURCE: Estimates prepared for the commitiee
by the Lawrence Livermore Mational Laboratory.

Although the committee has not done a comprehensive analysis of the effect of wind
direction for a wide range of yields, it is apparent that the casvalty-reduction factor (the ratio of
number of casualties for a surface burst to that for an EPW with a yield 25 times smaller) could
be considerably lower or higher than the mean ratios given in Figure 6.8, depending on wind
direction. For example, Figures 6.11 (a) and (b) give total fatalities for a 10 kiloton EPW and a
250 kiloton surface burst for “Targets A™ and B, respectively. Total fatalities are 10 to 40 times

Tirged &

FIGURE 6.11{a) The estimated number of total fatalities (deaths due 1 prompi effects, plus acute and latent effects
from fallowt) from attacks with a 10 kiloton eurth-penetrator weapon (EP'W) at 3 meters’ depth of burst and a 250
kiloton surface burst (S5B) on notional target A' (30 kilometers northwest of target A). SOURCE: Estimates
prepared for the committes by the Lawrence Livermore Mutional Laboraiory.
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FIGURE 6.11(b) The estimated number of tota] fatalities (deaths due to prompt effects plus sewte and latent effecta
from fallout) from attecks with a 10 kiloton enrth-penetrator weapon (EPW) ot 3 meters” depif of burst and a 250
kiloton surface burst (SB) on notional target B, SOURCE:; Estimates prepared for the commitice by ihe Lawrence
Livermore Mational Laboratory.

higher for the surface burst for “Target A,” depending on wind direction, with a mean 20 times
higher. For Target B, the fatality ratio varies from 4 to 40, with a mean of 16; for comparison,
the mean casualty ratio given in Figure 6.8 (from DTRA's HPAC code) 15 18.

The model runs show significant fatalities from both an EPW and a surface burst weapon.
The numbers are larger when the attack is near a population center and if a wind that would blow
the fallowt into the population center is introduced in the calculations. Figures 6.11 (a) and 6.11
{b) show that, for a given wind direction, the estimated number of fatalities is significantly
smaller for the lower-yield EPW. 1t is also worth noting, however, that with unfavorable winds
the lower-yield EPW would cause about as many deaths as would the higher-yield surface burst
with favorable winds. For example, 40,000 deaths result from attacks on “Target A™ from the 10
kiloton EPW with the wind blowing from the west and the 250 kiloton surface burst with the
wind blowing from the east. Similarly, 15,000 deaths result from attacks on Target B from the
10 kiloton EPW with the wind blowing from the southeast and the 250 kiloton surface burst with
the wind blowing from the northwesi. These numbers suggesi that wind direction can be as
important as a 25-fold difference in yield in determining civilian casualties from attacks in which
fallout is the primary health hazard.'" However, Figures 6,11 {(a) and 6.11 (b) also show that for
the same wind direction, with few exceptions, the number of fatalities from the surface burst are
significantly larger than the number from the EPW. These comparisons indicate the sensitivity to
wind of collateral damage to populations. However, an unfavorable wind for an EPW is, of
course, also an unfavorable wind for a surface burst; the same is true for favorable winds. A
population center downwind of either weapon is an unfavorable situation.

Fallout Exposure Pathways Not Considered

As noted above,'" the estimates produced by DTRA and LLNL of the numbers of deaths and
injuries due to fallout include only the external gamma-ray dose from the deposition of fallout
particles on ground surfaces. These estimates do not include external doses of radiation from the
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passing cloud or internal doses of radiation from the inhalation of contaminated air or ingestion
of contaminated food or water. The contribution of these exposure pathways to the acute
radiation dose usually is not substantial and would not si gnificantly alier the estimates presented
above. Under some conditions, however, the contribution of other exposure pathways to the risk
of latent cancer could be significant. Here the contribution of these other exposure pathways is
reviewed in a semiquantitative manner,

External Dose from the Passing Cloud

For underground, surface, or near-surface nuclear explosions, the radioactive fallout is mixed
with a large mass of ejecta in the main cloud or base surge. These clouds are dense, and most of
the mass a1 close-in locations consists of large particles that deposit rapidly. Thus, most of the
external dose received by persons within several kilometers of the detonation point is due to
radiation from the deposited material rather than from the airborne cloud itself. Also, at close-in
distances, cloud passage oceurs during a rather short period of time; this is another reason that
the integrated exposure from cloud passage tends to be small relative to the long-term exposure
from radionuclides deposited on the ground.

During the 19505 when atmospheric nuclear testing was conducted at the Nevada Test Site
(NTS), there were a number of sets of measurements of the rate of exposure before, during, and
after the passage of clouds from a variety of types of nuclear tests,"”” In most cases there was no
measurable exposure rate that could be attributed to exposure to the cloud itself—at least not in
comparison with the exposure rate derived from exposure to material on the ground. In peneral,
the radiation dose received from the passage of the cloud itself is not a significant fraction of the
dose received as a result of total external exposure.

Inhalation of Contaminated Air

In addition to external exposure, individuals may also be exposed to radiation by inhalation
of fallout particles, either during the passage of the cloud or subsequently owing to resuspension
of deposited particles by wind, plowing, vehiele travel, or other disturbances of the surface.
Based on measured external gamma-radiation exposure rates and air concentrations observed
downwind of explosions at the NTS, the whole-body inhalation dose was calculated to have
ranged for most organs from 1 to 20 percent of the dose that resulted from the ingestion of
contaminated food.” However, the relative dose to the organs of the gastrointestinal tract via
inhalation can be much farger, up to 80 percent of the dose from ingestion. This larger dose is
due to the entrance during cloud passage of large particles into the upper respiratory tract, from
which the particles are coughed up and swallowed.

The inhalation of resuspended radionuclides is a pathway of interest under only a few special
circumstances—primarily with respect to the inhalation of radionuclides that do not cross
biological barriers easily but can be retained over very long periods if inhaled. The most notable
example of such a radionuclide is plutonium. If a nuclear device performs correctly, plutonium
has not been found to be a significant source of radiation dose.

In general, inhalation is not very significant compared with other pathways of exposure.
Consideration of this pathway would not significantly increase the casualty estimates presented
above.
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Ingestion of Contaminated Food and Water

The consumption of contaminated water has not been found to be a significant exposure
pathway following nuclear tests at the NTS. Although deposition on water surfaces does oceur,
it has not been a significant source of exposure because dilution is rapid for persons living
downwind of the NTS. The aquatic pathway was of greater concern following the Chermobyl
accident, which contaminated one of the watersheds supplying water to the Kyiv Reservoir.
Even in this situation, however, the consumption of contaminated water was not a substantial
pathway.,

Contamination of some lake systems following the Chernobyl accident in locations as far
away as Sweden and Norway was more of a problem for lakes having a large surface area,
shallow depth, and limited inflow and outflow. In this case the direct eonsumption of water was
not of interest; rather, the fish in such locations were found to have elevated levels of '*'Cs. It is
doubtful that a similar situation would occur following a nuclear explosion, as the amounts of
long-lived radionuclides created in an explosion are much smaller than are the amounts produced
in a reactor that has operated for several years.

‘The consumption of food contaminated by fallout from a nuclear test, however, has proven to
be a major problem both at the NTS™" *? and the Semipalatinsk Polygon, a nuclear test site in the
Soviet Union.™ The nature of this problem was not fully appreciated until 1963—at about the
time that atmospheric testing by the United States and the former Soviet Union was ending. By
far the largest concern has been associated with iodine-131, which has a half-life of 8 days. Itis
by the combination of several fairly unique circumstances that this radionuclide has been the
major radionuclide of concern from the viewpoint of food contamination for both nuclear
weapons tests and for reactor accidents.

Substantial amounts of "'l activity are created by nuclear explosions; this radionuclide is
also volatile and does not condense on particles until late, at which time it becomes associated
with the surfaces of fallout |:|zi.1'ui{:1es_zq Most of the total surface activity is contained on the
smaller particles, so "'l is typically transported farther. The smaller particles are also
preferentially retained by vegetation,™ from which they are lost with a half-retention time of
about 10 days. A milk cow, if it is receiving its full quota of food from fresh pasture, will
consume per day the amount of '*'I that is contained on about 50 square meters,”® and it will
sectete up to 1 percent of that daily intake into a liter of milk,”” Typically, a human consuming
milk will concentrate 30 percent of his or her intake into the thyroid gland. The thyroid is a very
small gland, weighing about 20 grams in adults and only about 2 grams in infants. Thus, iodine
15 preferentially retained on vegetation, which the cow efficiently samples and rapidly secretes
into milk; ; an infant then concentrates a large fraction of that iodine in milk into an extremely
small gland, thus producing a relatively large dose.

“Backyard cows" are of more concern, as such cows typically consume more pasture as
opposed to stored feed, and the owners frequently drink more than an average amount of milk.
Gioats are also of more concern; they graze less territory, but they secrete about 10 times more of
their daily intake of iodine into 1 liter of milk. For nuclear explosions outside the United States,
the consumption of milk from other animals, such as sheep, horses, and camels, should be
considered. The milk-transfer factors for these animals are not well known. Scientists at the
National Cancer Institute are conducting a rescarch program to determine such factors, but the
results are not yet published.™ Frequently, the milk from such animals is not consumed
immediately but is made into other products, thus providing some opportunity for the '*'1 to
decay before being consumed.
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For a hypothetical device (with approximately 50 percent fission fraction, i.e., 50 percent of
the explosive power from fusion) thal produces an integrated external dose of 1 rad, the dose to
an infant’s thyroid would be about 16 rads from the consumption of milk with "' and a few
other radionuclides ('**Te, "I, "1, and "*1). These results are scaled from published
calculations made for NTS shots.™

Other radionuclides of concemn in terms of contaminated foods are H’Sr, "']Sr, and "Cs.
These share the characteristics of high fission yield (the fraction of fissions that produce the
radionuclide or its precursors), volatility (of the radionuclide or its precursors), and efficient
secretion into milk. Other organs of concern are the digestive tract, red bone marrow, and bone
surfaces.

So far, it has been assumed for this discussion that the persons and the milk animals are
collocated. This is frequently not the case. Reconstruction of thyroid dose from past cvents has
included elaborate attempis to reconstruct sources of milk or movement of milk from one region
to another.™" If this type of predictive assessment were to be included in an analysis of effects,
it would be necessary to have a database that gave the population density of humans as well as
milk animals.

It is important to note that this pathway, consumption of contaminated food, can be relatively
more important for fallout from nuclear explosion accidents in nonurban areas in the sense that
milk animals are more likely to be located in rural areas. The problem of contaminated mlk
supplies following a nuclear accident is now widely known, especially after the Chermobyl
accident.” Thus, it is frequently possible to eliminate this pathway by a variety of means (taking
animals off pasture, discarding the milk, blocking the uptake of iodine by the human thyroid by
feeding large quantities of stable iodine, use of cesium binders, and so on). Such elimination of
this pathway would require that local inhabitants were adequately wamed; that sufficient
monitoring devices, iodine supplies, and distribution systems were available; and that alternate
food supplies were available.

Contamination of other types of food crops would also occur, After milk, the food of most
concern 15 fresh, leafy vegetables. Such vegetables are efficient in captuning fallout and are
typically consumed fresh on a daily basis during the growing season. This practice provides an
opportunity for a direct and rapid pathway to humans following deposition of fallout but, again,
this pathway can be eliminated by an informed population with an adequate infrastructure. Other
types of food crops typically have less ability to capture falloul or have more indirect and longer
pathways to humans. The longer pathways allow for both racdhoactive decay and the loss of
retmined matenial from the crops. Pathways of possible concern include the consumption of meat
from grazing animals, pouliry, and eggs. Grain crops are not usually of concern unless they
might be harvested immediately after deposition of fallout.

The consumption of contaminated food is unlikely to result in any acute health effects, but it
could in some circumstances incréase significantly the number of latent cancers that would be
expected in the affected population. An accurate estimate of the number of latent cancer
fatalities from this exposure pathway would require estimating the amount of contamination in
milk and various other foods, the consumption of these foods by the population, the internal dose
from each radionuclide to each organ, and the use of organ-specific risk coefficients.”

Exposure to Fallout at Very Great Distances

The computer codes used for this study do not consider deposition at very great distances. If
clouds are lofted to substantial heights and later encounter precipitation systems, there can be
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areas of enhanced deposition very far away. Such an event occurred in the area of Troy, New
York, following the NTS test Simon in April 1953.* An area of enhanced deposition also
occurred in Indiana following the Trinity test in New Mexico in 1945, This deposition was
eventually detected “"]}-‘5’ after contaminated straw used in the packing of x-ray film was noted to
have exposed the film.

Of more recent interest were the areas of enhanced deposition that resulted from the
Chernobyl accident. Contamination was sufficiently high in arcas of several countries far from
the accident (e.g., Sweden, Norway, and the United Kingdom) that restrictions on food use were
implemented by national authorities.” The occurrence of such areas is difficult to predict and,
depending on a country’s resources, may go undetected.

“Global fallout” is a general term that describes the injection of nuclear debris into the
stratosphere. Such fallout returns to Earth slowly, and with a half-time of about 1 year, most of
the short-lived radionuclides would have decayed before the fallout returned to Earth. It takes a
large explosion to produce such injections, on the order of hundreds of kilotons. Much of the
experience with global fallout resulted from the large tests conducted by the United States and
the Soviet Union from 1961 to 1963, although earlier large tests in 1952, 1954, 1956, and 1958
also produced global fallout. Concern was largely focused on *'Sr and '*'Cs, each of which has a
half-life of about 30 years. Under unusual circumstances, such as the large-scale subsidence of
air masses or the penetration of large thunderstorms into the stratosphere, the deposition of |
was also noted.”” The negative worldwide reaction to global fallout was intense in the early
1960s, and this was one of the more important factors that resulted in the agreement to stop
atmospheric tests by the United States, the United Kingdom, and the Soviet Union.

HEALTH EFFECTS FROM ATTACKS ON FACILITIES FOR STORING AND
PRODUCING NUCLEAR WEAPONS AND RADIOACTIVE MATERIAL

The health effects resulting from attacks with conventional weapons on nuclear-weapon
storage facilities depend on the detailed design of the nuclear weapons being attacked. Because
the design details of enemy nuclear weapons are unknown (and could not be discussed in this
document in any case), the committes cannot provide quantitative estimates.

However, if the enemy nuclear weapons are “one-point safe”™ (i.¢., there is less than 1 chance
in a million that the yield will be over 4 pounds when the high explosive is initiated and
detonated at a single point), then the main risk to nearby civilian populations would result from
the dispersal of radioactive material. The greatest such risks would arise from weapons
containing plutonium. Even in this case, however, the dispersal of plutonium from tens of
weapons would be unlikely to cause deaths or acute illnesses in civilian populations. Dispersal of
plutonium could, however, result in thousands of latent cancer deaths if kilogram quantities of
plutonium aerosol were dispersed in densely populated arens,’® If the weapons contain no
plutonium (only highly enriched uranium), then this concern would be very much reduced. 1f an
enemy’s nuclear weapons are not one-point safe, it is possible that a conventional attack could
regult in a nuclear detonation. In this case, the effects on nearby civilian population would be
similar to those estimated in Figure 6.7.

If the enemy’s nuclear weapons are not cerlifiably one-point safe, then the assessment of
possible yields is much more complicated. It seems probable that even an early-stage nuclear
country or group would desire some degree of safety in order to preserve both the weapon and
the nuclear material for the use for which it was intended. Consequently, other techniques will
likely be employed to create safe operating conditions for the weapons. For example, the weapon
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componenis can be kept in separate locations, ready to be assembled quickly for possible use (as
was done with a number of .S, weapons). There may also be mechanical safety devices in
place that lead to a low probability of unintentional detonation (even if not as quantitative as the
one-point safety criterion). And many possible weapons will be “partially safe”—i.e., their one-
point yield will be much less than their design yield. As a result, the probability of significant
nuclear vield from a conventional attack is quite low—but cannot be completely ruled out. In
that case an upper limit for the effects is similar to the limits estimated in Figure 6.7. However,
the most likely outcome of such an attack is dispersal of the nuclear material, the equivalent of
the dirly bomb scenario discussed below.

The dispersal of radicactive materials from a non-nuclear explosion would be possible, for
example, if sympathetic detonation of high explosives led to dispersal of the radioactive material
either in weapons or in a facility such as a reprocessing plant. In this case, the effects would be
similar to those discussed for what have been called “radiological™ weapons.

The term “radiological weapon™ is extremely broad and imprecise. A radiological weapon
could involve a device using any of hundreds of radionuclides, in quantities ranging from
harmless to lethal, in physical and chemical forms that are easy or impossible to disperse
efficiently.

Calculations done by others™ indicate that the acute effects of a “dirty bomb” containing
even a polent radioactive source would in most cases not extend beyond the lethal radius of the
high explosive used to disperse the radioactive material. Accordingly, the committee expects
that a conventional attack on a facility containing radiological weapons or radioactive materials
would be unlikely to produce a substantial number of civilian deaths or acute illnesses, beyond
those caused directly by the conventional attack itself. The number of latent cancer deaths that
might result from a dispersal of radioactive material would depend sensitively on the type and
amount of material dispersed (as well as the density of nearby civilian populations and whether
these populations were evacuated from the area after the attack). Uncertainties in the source
term make quantitative estimates impossible, but the estimates given above for plutonium
dispersal indicate the consequences of the dispersal of a very large mass of highly radioactive
material,

ENVIRONMENTAL EFFECTS

In addition to the health effects mentioned above, a variety of environmental effects can be
expected from nuclear explosions near the ground's surface. Following the explosion of a
nuclear weapon, the fallout area is intensely radioactive, However, as noted above, the rate of
external exposure to gamma radiation decreases rapidly with time, and the denial of land use due
to fallout is not of great concern relative to other effects of fallout. This is in marked distinction
ta the situation to be expected following a major reactor accident such as that at Ch:mubyl,*“
because of the much greater releases of long-lived '*Cs. Denial of the use of water would be
expected to be of even less concern, except under very unusual circumstances, because of the
very rapid dilution of fallout deposited on surface waters. It is unlikely that significant
contamination of groundwater would occur, except in areas immediately adjacent to an explosion
of an earth-penetrator weapon. Although underground facilities could be built below the water
table and kept dry by diversion and pumping, most facilities are expected to be above the water
table. The groundwater in the immediate area of an underground burst would be contaminated,
but the greatest release of radioactivity would be from activated materials that are spread onto
the surface. A bunker facility is highly unlikely to be built in groundwater. Groundwater is
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likely to be in the fallout area. However, the greatest release of radicactivity would be from
activated material that is spread onto the water surface. The transport of radionuclides due to the
movement of groundwater will be difficult to evaluate with any useful certainty as itis a very
site-specific phenomenon. 1.S. experience at the Nevada Test Site indicates that the movement
of radionuclides by groundwaler is quite limited, although some radionuclides have been found
off-site after many decades. Such effects of groundwater will be far less than the effects of blast,
fire, and on-the-ground fallout.

The radio sensitivity of all other mammals is generally about the same as that for humans.
Thus, in areas where humans are killed or injured by radiation, the same lethality for animals
would be expected. 1f large herds of farm animals were affected, poor sanitation could become a
significant problem.

Plant species have a broad range of sensitivity to radiation.”’ Among the more sensitive are
some species of trees, particularly pine and spruce, which are roughly as sensitive as humans are.
Thus, it is conceivable that forests could be killed, which in turn could result in forest fires. The
demise of the pine forest near the Chernobyl plant was one notable example of this effect.”
Other vegetation types might also die as a result of contamination within the range of concern for
human lethality. It is not likely that effects in excess of that indicated for pine forests would
oceur.

Recently, there has been a focus on evaluating the possible effects of radiation on other
members of an ecological system.”’ Generally, concem is limited to the possible effects on
populations of species rather than on individual members of an ecosystem. [t is not expected that
effects other than those mentioned above would be of significance.

In the past there has been concern that large numbers of nuclear explosions might lead to
large-scale disruption of the environment, including depletion of stratospheric ozone due to
nitrogen oxides produced by the fireball, and changes in climate due to the soot and other
acrosols released from buming cities. These concerns are relevant only with the detonation of
thousands of high-yield weapons. No significant environmental disruptions would be expected
to oceur beyond the areas directly affected by the prompt effects from one or a few nuclear
explosions and the fallout that, depending on the amount of soil entrained and the fission fraction
of the weapon(s), can persist at dangerous levels for at least a year.

EFFECTS OF ATTACKS ON CHEMICAL AND BIOLOGICAL WEAPONS
FACILITIES

Earth-penetrator weapons—conventional or nuclear—provide a means to defeal or destroy
hardened and/or deeply buried facilities used for the production or storage of chemical and
biological agents. In this context, there are three important questions:

1. To what extent can conventional or nuclear weapons destroy such facilities or the
chemical and biological agents that they contain?

2. To what extent would a conventional or nuclear attack on such a facility result in the
release of chemical and biological agents?

3, 1f chemical or biological agents are released as a result of an attack, what would be the
health consequences for the nearby civilian population?

The answers to the first two questions depend critically on detailed information about the

facility, including its location, construction, and layout; the type and number of agent containers
and their placement within the facility; and the amount and type of agent and the form in which it
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is stored. This information would provide the basis for targeting, selecting weapons, and
estimating how much agent might be destroyed or released. Unfortunately, detailed information
of this kind is likely to be highly uncertain or unavailable for many potential targets. Existing
estimates of the amount of agent that might be destroyed or dispersed in a nuclear attack are
based entirely on computer models using greatly simplified assumptions. In the case of
conventional attacks, experiments also have been conducted using prototype facilities, with
surrogates in place of live agent. Even with all of these qualifications, certain imporiant points
can be made:

+ It is important to distinguish between the defeat or destruction of a chemical or biological
weapons facility and the destruction of the chemical or biological agent contained within it.
Facilities can be defeated or destroyed without destroying the agent inside. For example, a
nuclear EPW ecould crush a storage facility under 100 meters of rock without destroying (or
releasing) any agent. Similarly, conventional weapons could collapse surface or near-surface
entrances to such a facility and thereby hinder or delay the use of agents by the enemy.

« If facilities or storage areas are penetrated by a nuclear or conventional weapon,
significant degradation (thereby reducing potential releases) can be effected by heat (=1,000
degrees Fahrenheit and residence time > 20 to 30 seconds).

# The thermal destruction of chemical or biological agents requires the deposition of large
amounts of heat throughout the agent. Although existing conventional earth-penetrator weapons,
such as the GBU-24, can penetrate and destroy shallow buried facilities, they cannot deliver
enough energy to reliably and completely destroy large stockpiles of chemical or biological
agent, although they may substantially degrade the agents. Non-nuclear agent-defeat weapons
now under development may ultimately prove to be more effective. However, the BLU-118B
thermobaric bomb, if detonated within the chamber, may be able to destroy the agents.*

e Nuclear weapons are capable of delivering the very large amounts of heat and radiation
required to destroy large stocks of chemical and biological agents. In order for this heat and
radiation to be deposited throughout the agent, the nuclear weapon must be detonated in the
chamber where the agent is stored, Weapons detonated several meters above, below, or to the
side of storage facilities may be much less effective in destroying the agent.

o The manner in which the agent is stored (e.g., the types of containers, location in multiple
storage rooms) and the proximity of the detonation of the weapon may result in significant
variations in the radiation doses and thermal histories of the agent in different parts of a facility.
Given the many unknowns, a conservative analysis must presume some release of the agent in a
viable form if the facility is breached, regardless of the type of weapon used.

o The amount of agent that likely would be released is extremely difficult to estimate
accurately, DTRA estimates that an attack with existing conventional weapons could cause the
release in respirable form of 0.1 to 5 percent of the agent inventory.” Calculations indicate that
an attack with a nuclear weapon could result in comparable releases if the weapon was detonated
close to but not within a facility, but much smaller releases if the weapon was detonated in the
same room as the agent,

The consequences of a release of agent can be estimated using computer codes that model the
dispersion of agent and subsequent human exposures and health effects. Although these models
are similar in some ways to those used to estimate the consequences of nuclear fallout, the
transport of chemical and biological agents is more complicated and more uncertain. The
particle size distribution of biological agents and some chemical agents may change during
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transport. The persistence of both chemical and biclogical agents depends on lemperature,
humidity, exposure to ultraviolet light, precipitation, and agent-surface reactions. The
importance of these factors differs for each type of agent, but for most chemical and biclogical
agents of concern, one may expect a rapid degradation in their toxicity or viability within hours
to days—minutes in the case of some biological agents—following a release into the open air. In
contrast, some agents, such as anthrax spores, mustard, and lewisite, may persist for many years.

Although many studies have validated and verified the fate of chemical agents during
transport, few are available for biological agents, and the fate of biological agents during
transport is therefore difficult to model. In addition, the dose-response relationships are
uncertain for many biological agents and ofien are very sensitive to the age and health status of
the person exposed. As with fallout, the estimated number of casualties resulting from a given
release of agent can vary across a very wide range, depending on weather conditions, the density
and distribution of the population, the proportion of the population that is sheltered and/or
equipped with protective gear, and the availability of prompt medical care,

Though multiple experiments using biological and chemical agent surrogates have been
conducted, they provide an imperfect database. Actual experience that might be used to validate
models is limited to one release of biological agent (anthrax spores) at Sverdlovsk in 1979 and
one release of chemical agent (sarin) in the Tokyo subway system in 1995. Media reports of the
use of chemical agents by the Iragi government against Kurdish villages do not provide sufficient
information about agent concentrations or delivery method to be useful, and the case of the
letters containing anthrax sent through the U S, Postal Service in 2001 is of limited relevance to
the type of situation considered here,

At the request of the commiltee, DTRA estimated the average number of fatalities that would
result from various releases of sarin (a nerve agent) and anthrax at three locations in the
Washington, D.C., area: the city center and 10 and 50 kilometers northwest of the city center. In
cach case, releases of 1 to 10,000 kilograms of sarin and 1 gram to 10 kilograms of weaponized
dry anthrax spores were considered, corresponding to releases of 0.001 to 10 percent of an
inventory of 100 tons of sarin and 100 kilograms of anthrax. The average number of fatalities
from prompt and acute effects of fallout resulting from attacks with nuclear EPWs with yields of
3 and 30 kilotons were also estimated. The population was assumed to be static and entirely in
the open with no protection. The results are shown in Figures 6.12 (a) through 6.12 (c).

The estimated mean number of fatalities resulting from a 1,000 kilogram release of sarin (1
percent of a 100 ton inventory) ranges from about 100 to 1,000, depending on the location of the
release. In contrast, the mean number of fatalities from a release of | kilogram of dry anthrax
spores (1 percent of a 100 kilogram inventory) is about 100,000 for each of the three locations.
For the reasons previously discussed (i.e.. the generally fragile nature of most toxic agents), the
calculated number of fatalities for the release of sarin is certainly too high.

For comparison, the estimated mean number of fatalities ranges from 7,000 to 40,000 for a 3
kiloton EPW, and from 30,000 to 130,000 for a 30 kiloton EPW, depending on the location.
Because the expected number of fatalities from a relatively low yield (3 kiloton) nuclear EPW
exceeds that from an extremely large (10,000 kilogram) release of sarin, it is highly unlikely that
a nuclear attack would result in smaller total collateral effects than those from a conventional
attack against a facility for the storage or production of chemical agents. In contrast, releases of
as little as 0.1 kilogram of anthrax result in a calculated number of fatalities that is comparable to
that estimated for a 3 kiloton nuclear EPW.

6-21

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11282.html

A DR g e T

AT
[
L]
il E g ] am b1 1 0

Amount Roleased as Respimbile Acrosol
(kilagrasrs of dry anthmx spores, tons of sarin)
FIGURE 6.12(a) Illustrative example: Estimated mean number of fatalities from releases of sarin or anthrax at city
center of Washington, D.C., compared with the mean number of fatalities resulting from 3 kiloton and 30 kiloton
nuclear earth-penstrator weapon (EPW) explosions at the sume location. SOURCE: Estimates prepared for the
committes by the Defense Threat Reduction Agency.
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FIGURE 6.12(b} Ilustrative example: Estimated mean number of famlities from releases of sarin or anthrax 10
kilometers northwest of Washington, D.C., compared with the mean number of fistalities resulting from 3 kiloton
and 30 kiloton nuclear earth-penetrator weapon (EPW) explosions at the same location. SOURCE: Eslimates
prepared for the commitiee by the Defense Thrent Reduction Agency.
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FIGURE 6.12(c) usirative example: Estimated mean number of futalities from releases of sarin or anthrax 50
kilometers northwest of Washington, .C., compared with the mean number of fatalities resulting from 3 kiloton
and 30 kiloton nuclear earth-penetrator weapon (EPW) explosions at the same location. SOURCE: Estimaies
prepared for the committee by the Defense Threat Reduction Agency.
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7

Conventional Weapons

Since the Vietnam War significant strides have been made in improving the aceuracy ol both
aircraft navigation systems and systems for the delivery of conventional weapons. Cruise
missiles and modern aircraft delivery systems employing high technology such as improved
inertial systems, laser guidance, the Global Positioning System (GPS), and television guidance
have provided the ability to deliver weapons in an all-weather environment with very high
accuracy. Stealth, forward-looking infrared, night-vision goggles, and GPS provided U.S. forces
with the ability 1o operate with impunity at night, along with virtually unchallenged air
superiority, in the recent Iraq war, This ability has brought us to an era in which the major
limitation for aviation strike operations against hard and deEFI}f buried targets (HDBTs) is target
intelligence and the ability to penetrate and destroy HDBTs.

The emerging Global Strike Mission of the Department of Defense requires the capability to
deliver rapid, extended-range, precision kinetic (nuclear and conventional) and nonkinetic
weapons in support of theater and national objectives.' This chapter briefly describes the .S,
family of non-nuclear weapons, current and under development, that suppont this mission, A
summary of these precision-guided munitions is presented in Table 7.1,

s The Guided Bomb Unit-28 (GGBU-28) is a weapon developed for penetrating hardened,
underground Iraqi command centers, The GBU-28 is a 5,000 pound, laser-guided conventional
munition that uses a 4,400 pound penetrating warhead (BLU-113) containing 630 pounds of high
explosives.

o The Guided Bomb Unit-24, Advanced Unitary Penetraror (AUP), is the next-generation,
hard-target penetrator munition. It shares the external appearance and flight characteristics of the
2,000 pound BLU-109 but has an advanced, heavy steel penetrator warhead [illed with high-
energy explosives that can penetrate more than twice as much reinforced concrete as the BLU-
109. Performance is enhanced by a void-sensing hard-target smart fuze that detonates the AUP
at the optimum point in a target to inflict maximum damage.

o  The BLU 1 I8/B Thermobaric Bomb added a thermobane explosive fill for the BLU-109
penetrator. The BLU-118/B is a penetrating warhead filled with an advanced thermobaric
explosive that, when detonated, generates higher sustained blast pressures in confined spaces
such as tunnels and underground facilities. The BLU-118/B uses the same penetrator body as the
standard BLU-109 weapon. The significant difference 1s the replacement of the high-explosive
fill with a new thermobaric explosive that provides increased lethality in confined S-pﬂﬂl:ﬂ.l

o The Conventional Air-Launched Cruise Missile (CALCM) Block If 1s the Precision Strike
variant with guidance upgrades and a 1,200 pound AUP warhead augmented with two forward
shaped charges for use against buried and/or hardened largets.

e The Joim Standeff Weapon (JSOW)/Bomb Roval Ordnance Augmenting Charge
{BROACH), a joint Navy/Air Force program, is an air-to-ground weapon designed to attack a
variety of targets during day, night, and adverse weather conditions. It includes the integration
of the BROACH Multiple Warhead System (MWS) with a 500 pound unitary warhead,
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providing blast/fragmentation effects as well as enhanced penetration capability against hard
targets. The BROACH concept combines two forward shaped charges as part of the penetrator
with a secondary follow-through bomb, supported by multievent hard target fuzing. The
outcome is a warhead and fuze combination that provides more than twice the penetration
achievable for equivalent single penetrating warhead types, at an equivalent weight and velocity.
The warhead technology can be scaled and configured for a variety of weapon payload and
targets requirements.

o The Tactical Missile System Penetrator (TACMS-P) is an Advanced Concept Technology
Demonstration (ACTD) program to demonstrate integration of the Army Tactical Missile System
(ATACMS) booster with a Navy reentry body, resulting in an improved capability against buried
andfor hardened targets. The TACMS-P range extends to 220 kilometers and will be compatible
with the Multiple Launch Rocket System family of launchers. The reentry body has
maneuvering capabilities for increased accuracy,

o The Joint Air-to-Surface Standoff Missile {JASSM) is a conventionally armed, low-
observable cruise missile. The missile has automatic target recognition, autonomous guidance,
precision accuracy, and a 1,000 pound warhead optimized for penetration; it carries a new, high-
vield explosive and a hard-target smart fuze.

o The Joint Direct Attack Munition (JDAM) GBU-31/32, a puidance tail kit under
development to meet both USAF and Navy needs, converts existing unguided free-fall bombs
into accurate, “smart munitions” for use in adverse weather. With the addition of a new tail
section that contains an inertial navigational system and GPS guidance control unit, JDAM
improves the accuracy of unguided, general-purpose bombs in any weather condition. The
program will produce a weapon with high accuracy and an all-weather, autonomous,
conventional bombing capability. JDAM will upgrade the existing inventory of general-purpose
and penetrator unitary bombs, and a product improvement may add a terminal seeker to improve
accuracy. JDAM can be launched from approximately 25 kilometers from the target, and cach is
independently targeted.

o The Tactical Tomahawk Penefrator is a variation of the BGM-109 Tomahawk, which is
an all-weather submarine or ship-launched land-attack cruise missile. Afier launch, a solid
propellant propels the missile until a small turbofan engine takes over for the cruise portion of
flight. Tomahawk 15 a highly survivable weapon. Iis detection by radar is difficult because of
the missile's small-cross-section, low-altitude flight. Similarly, infrared detection is difficult
because the turbofan engine emits little heat, Systems include a GPS receiver; an upgrade of the
optical Digital Scene Matching Area Correlation (DSMAC) system; Time of Arrival (TOA)
control, and improved 402 turbo engines. A modification of the Navy's tactical Tomahawk
missile is being developed that includes a penetrator warhead and the hard-target smart fuze.
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Current and Under Development, That Support the Global Strike Mission

Wenpon Drescription

Guided Bomb Adr-launched, 5,000 pound, laser-guided *bunker

Uni (GRL}- buster” with o 4,400 pound penefrating warhead.

2BEGBU-

28'BLU-113

GHLU- Adr-taunched, 2,000 pound, heavy steel pencirator

2ABDVBLU-116 | warhead filled with high-energy explosives and void-

Advanced sensing hard-target smart fuze that detonates the AUP

Unitary at the optimum point in a targel to inflict maximim

Penetrator (ALIF) | damage.

BLLU-11BE Thermobaric bomb, which added a thermobaric
explosive fill for the BLU-109 penctrator. The BLU-
| 1875 15 a penetrating warhead filled with an
advanced thermobaric explosive that, when detonated,
generates higher sustained blast pressures in confined
spaces such as mmnels and underground facilities,
The BLU-1 18/B usas the same penetrator body as the
standard BLU-109 weapon, The significant difference
is the replacement of the high-explosive fill with a
new thermobaric explosive thal provides increased
lethality in confined spaces.

Conventional Ajr-launched cruise missile with precision guidance

Air-Launched and a 1,200 pound AUP penetrating warhead

Cruise Missle augmented with two forward shaped charges

(CALCM) Block | (BROACH concept) for use against buried and/or

11 Penetralor hardened targats.

Joint StandofT Air-launched weapon incorporating the BROACH

Wedpon Multipke Warhead Systermn (MWS), combining an

(IS0OW Y initial penetrator charge {warhend) with a secondary

BROACH follow-through bomb, supported by multi-event hord-

target fuzing. Has a 500 pound class “unitary™
warhead providing blast/fragmentation effects as well
as enhanced penetration capability against hard
targels.

Tactical Misske
Svstem
Penetrator
(TACMS)

An Advanced Concept Technology Demonstration
integration of the Army Tactical Missile Svstem
(ATACMS) booster with a Navy reentry vehicle,
resuliing in an improved capability against buried
and/or hardened targeis. The TACMS-P range
extends to 220 km and will be compatible with the
Multiple Launch Rocket System family of launchers,

Jolnt Adr-tg-
Surface SiandolT

Missile (JASSM)

Conventionally armed, low-observable cruise missile
with a 1000 pound warhead optimized for
penetration; it carries a new, high-vield explosive and
a hard-target smart fuze,
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JOAM The Joinr Direct Artack dMunition (JDAM ) will
upgrade the existing inventory of Mk-33 1,000 and
MEk-84 2,000 pound general-purpose unitary bombs by §
integrating a guidance kit consisting of an inertial
navigation system/Global Positioning System
guidance kit. The 1,000 pound variant of IDAM is
designated the GBU-31, and the 2,000 pound version
is designated the GBLI-32. Hard-target penetrators
being changed into low-cost JIDAMSs include the 2,000
pound BLU-10% and the 1,000 pound BLLU-110,

Tuctical Tactical Tomahawk missile modified 1o incorporate a
Tomahawk penctrator warhead and the hard-target smart fuze,
Penetrator

NOTES

"USSTRATCOM is directed 1o provide capabilities established in the Muclear Posture Review, full-spectrum
global sirike, and coordinated space and information operations capabilities to meet both national security objectives
for both deterrence and decizive action,

*For additional information, see section entitled “Background™ in Chapter |,
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Uncertainty in Estimates of Effects

The previous chapters describe earth-penetrator and surface-burst nuclear weapons and
summarize the effects of their use. Evaluation of these effects is based on a series of coupled
physical and chemical models that describe nuclear carth-penetrator weapons (EPWs), surface-
burst weapons, and conventional weapons, the performance of the weapons, the extent of target
destruction, related prompt effects and effects of fallout, and the resultant health and
environmental effects. For the model calculations, a range of boundary conditions has been
assumed. Inevitably, there is uncertainty in such calculations, and the scale of these uncertainties
is essential to understanding the results of the calculations. The uncertainties are of three types:

1. Scenario uncertainty. , which encompases the range of parameters calculated for a
variety of conditions. In the committee’s analysis, the principal factors in scenario uncertainty
are the weather at the time of detonation, the distribution of the population, and, for the EPW,
heterogeneities of the geologic formations surrounding the target.

2. Data uncertainty. For most of the data inputs into the models there is some level of
uncertainty. For fundamental physical constants and materials properties, these uncertainties are
generally low, Other parameters may be more uncertain, such as the types and volumes of
activation products in the fallout. Data uncentainty arises both from random and systematic
sources of error, which degrade precision and accuracy, respectively.

3. Conceptual model uncertainty. Underpinning all of the caleulations are simplified
models of the physics, chemistry, and biology of the relevant processes. These include the
models of transport and dispersion of the radicactivity, and exposure pathways that lead 1o a
caleulated dose and consequent number of fatalities. The conceptual mode] uncertainty can be
large and is the most difficult to quantify, as it is analogous to a systematic source of error in
observations.

In any series of calculations, the uncertainty from each of these sources propagates. and
grows, through the analysis. To evaluate the sources and magnitude of these uncertainties, the
present chapter uses a parametric analysis in which important parameters have been varied
across a reasonable range. The committee has not, however, discussed one of the more
important sources of uncertainty in planning the successful defeat of hard and deeply buried
targets or their contents (e.g.. chemical or biological agents), that is the need for precise
intelligence about the type and configuration of a target.

To assess uncertainties, it is essential to identify the factors to which the model calculations
{c.z., estimates of casualties for a given scenario) are more sensitive, as these factors offer the
greatest potential contributions to uncertaintics. Such factors include wind direction relative to
the spatial distribution of 2 population and the degree to which populations are sheltered,
Weather can be accounted for immediately prior to an attack, and sheltering can be accounted for
by the timing of an attack (day or night) or perhaps by the issuing of a warning prior to an attack.

For example, based on the Hazard Prediction and Assessment Capability (HPAC) code
calculations summarized in Chapter 6, the use of a nuclear EPW instead of an above-surface
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burst of equivalent military effectiveness (i.e., 25-fold larger yield) is expected to reduce
casualties by factors of 2 to 7, 10 to 30, and 15 to 60 for Targets A (urban), B (rural), and C
(rural), respectively (the values are for annual estimates of fatalities plus serious injuries). The
equivalent military effectiveness coupling factor ranges between 15 and 25. In some of its
calculations, the commitlee compares weapons differing in yield by a factor of 19 because these
calculations had already been done and demonstrate the major features of importance. Fora
given weapon, however, the calculated casualties vary by factors of up to 4 to 8, depending on
how well sheltered the population is assumed to be. In addition, Figures 6.9 and 6.11 show that
estimates of total casualties can vary by factors as large as 10' to 107, depending on wind
direction.'

The general conelusion derived from such comparisons is that the estimated reductions in
casualties from a nuclear EFW as opposed to a surface burst of 25-times-higher yield are about 2
to 50 times larger for rural than for urban targets, but the casualty estimates are also more
variable by factors of 1 to 2 orders of magnitude in absolute values for the rural than the urban
tarpets. To be sure, all else being equal, use of a weapon with a lower yield is always expected
to result in fewer casualties than use of a weapon with a higher vield, for a given set of weather
conditions.

SOURCES OF UNCERTAINTY

As discussed in each of the previous chapters, estimates of the effectiveness of as well as the
casualties from the attack of a target take into account various sources of uncertainty, which can
be summarized as follows.

Positive identification and reliable determination of the three-dimensional coordinates of
relevant targets are the main sources of uncertainty considered in Chapter 2 (and again in
Chapter 4). Adequate intelligence is required not only to identify those facilities that pose
significant threats but also to determine the best modes of attack—which depend on the physical
characteristics of the bunker (depth, size, distrnibution of chambers, hardness, and so on).
Uncertainty about these variables affects estimates of target destruction rather than assessment of
casualties.

Chapter 3 discusses the heterogeneous nature of low- to medium-strength natural rock
formations and the challenge of designing an EFW capable of surviving the lateral and axial
forees encountered during impact and penetration of such targets. During the development phase
of a given EPW weapon, axial and lateral loading limits of the EPW are determined through
extensive component-level shock tests and full-scale EPW system penetration tests. Analytical
models are then used to estimate EPW axial and lateral loading for comparison with the EPW
survivability limits to assess EPW functionality after the penetration event. The probability of
successful penetration is the probability that the EPW will function after it penetrates the target.
To determine the probability of successful penetration for a given EPW in a given target, a series
of Monte Carlo caleulations are run in which each impact parameter and target property variable
is given a distribution based on the best information available. The results of the calculations are
compared with the loading limitations of the EPW, and a probability of EPW functionality after
penetration is determined statistically.

For completeness, it should be noted that in some instances impact parameters and target
properties can be severe enough to cause the structural failure of the EPW's casing. Safety-

related tests conducted on various EPW development projects where EPWs have been tested beyond
loading limits indicate that it is extremely unlikely that a second-order detonation of the high explosives
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will occur, even if the EPW case is ruptured at impact or during penetration. It is possible, of course,
that & small number of pieces of nuclear material could be dispersed in the immediate area if the
EPW case ruptured on the surface.

Given the impact parameters of the EPW system, the range of forces to which the EPW could
be subjected are calculated for a wide range of target properties and impact conditions in order to
assess the utility of the weapon. To estimate the uncertainty in EPW functionality, one can then
evaluate the range of forces to which an EPW would be subjected, for a wide range of target
properties and impact conditions, associated with the known (or estimated) heterogeneity of a
given targel.

As extrapolated from research done in support of previous design work (e.g., for the
Pershing-11 EPW, the W61, and the strategic earth-penetrator weapon (SEPW) described in
Chapter 3), estimates of the B61-11"s functionalityare high for attacks on its design targets, but
very low for its attacks on a variety of other complex and harder targets. The robust nuclear
carth penetrator (RNEP) weapon concepts currently under consideration could conceivably
achieve a probability of functionality of perhaps 40 to 70 percent relative to axial and lateral
loads, while an advanced penetrator design could achieve a probability of functionality greater
than 90-plus percent.” The committee emphasizes that these are little more than initial
judgments, however. Although informed by a sizeable amount of experimental data, they are
supported by only a limited amount of fundamental analysis. The dearth of realistic assessments
of subsurface heterogeneity is a notable gap in current analysis,

Chapters 4 and 6 list several sources of uncertainty influencing the calculated effects of
nuclear weapons, The source term depends on accurately knowing weapon yield and height or
depth of burst, as well as the target environment and consequent effects of secondary (neutron}
activation. The reliable prediction of transport, both for nuclear fallout and for released chemical
or biological agents, depends on accurate forecasts of wind direction, wind speed, and rain,
including the effects of terrain (natural topography and, for urban environments, buildings).
Health and environmental consequences are currently evaluated only for military casvalties, not
for the population at large (e.g., including the young, old, and infirm), and even then are
considered reliable to only a factor of two. Also, the population databases are necessarily static,
and, even if reliable in an average sense, do not reflect actual locations and movements of
individuals. Chapter 5 does note that the integrated dose contours reproduce to within a factor of
two the nuclear test results from which the empirical models were derived; however, it is
important to acknowledge that the nuclear tests were conducted in good weather and under
relatively stable atmospheric conditions.”

Additional sources of uncertainty listed in Chapter 4 include the hardness of the target, the
effects of the accuracy of weapons delivery (circular error probable, CEP), and details of fallout
assessment (e.g., the relationship between amount of radicactivity and size for particles in the
fallout). Chapter 6 documents the importance of target location (urban versus rural, as noted
above) and also discusses uncertainties in estimates of casualties resulting from the attack of
facilities containing chemical or biological agents. [t is noteworthy that a nuclear weapon offers
an advantage for defeating biological or chemical weapons agents within the facility only if the
warhead can be detonated within the chamber containing these agents; otherwise, the special
effects by which the nuclear detonation can neutralize the agents are likely lost.

In summary, estimates of casualties are based on combined modeling of the source, transport,
and health consequences of nuclear weapons effects. Uncertainties in the casualty estimates are
difficult to evaluate because the underlying processes are poorly understood. In particular, the
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fidelity with which the transport of aerosols (mimicked by way of advection diffusion) is
modeled remains unclear, and the prediction of health effects—based on empirical
measurements, but limited by the relative lack of data and unsupported by chemistry- and
biology-based theory—is modeled with a reliability that is hard to assess.

MEASURES OF UNCERTAINTY: SENSITIVITY, PRECISION, AND ACCURACY

A part of the overall uncertainty regarding estimates of the effects of weapon use can be
inferred from the calculated sensitivity of the results to varying conditions and assumptions. As
noted in Chapter 6, expected casualties can be expected to vary by up to a factor of 10 for urban
targets, and by a factor of nearly 100 for rural targets, depending on assumptions that are difficult
to validate a priori. In terms of absolute numbers of fatalities and injuries, however, attacks on
urban targets dominate overwhelmingly. That is, estimated casualties from the use of a nuclear
weapon in an urban area are typically in the 10° to 10° range, whereas casualties from the rural
targets considered in this study can be as low as in the 10" to 10 range (albeit potentially
extending to the 10° range, depending on circumstances and assumptions). For this reason, it is
important to consider absolute as well as relative variations in evaluating calculated fatalities and
severe injuries.

In addition to sensitivity, both the precision and the accuracy of the modeling are considered.
To determine precision, the committee evaluated reproducibility by comparing results using
primarily two simulation tools, DTRA's HPAC code and Lawrence Livermore National
Laboratory's (LLNL"s) K-Division Defense Nuclear Agency (DNA) Fallout Code (KDOFC).

As discussed in Chapters 5 and 6, the numbers of casualties obtained with the two codes
generally agree to within 10 1o 30 percent for a wide range of scenarios. Given that variations of
orders of magnitude in estimated casualties are being considered, the committee considers the
codes to vield reproducible and therefore mutually consistent results. This level of agreement no
doubt reflects the fact that the codes have been calibrated against the same set of available field
measurements (primarily from 10 aboveground nuclear tests).

Absolute accuracy is much harder to quantify, and so the study breaks the problem down into
estimating accuracy for key components of the model calculation. For example, the sensitivity
of calculated casualties to wind dircetion, as described in Chapter 6, can be convolved with
uncertainties in the forecast winds for a particular location and time in order to deduce one
component of the ultimate accuracy of the final results. A full evaluation of meteorological
uncertainty is intrinsically difficult because length scales for fluctuations in wind velocity are in
the 10" to 10" meter range (e.g., “outer scale™ of atmospheric wrbulence),' whereas the smallest
grid spacing considered in the models is 10" meters, and this typically represents interpolations
across even greater distances.

How good are the predicted wind directions from which to estimate casualties using such
tools as HPAC or KDFOC? A qualitative answer is given by recent reports that highlight the
role of wind vector fields in determining the uncertainties in modeling atmospheric plumes.”
Anecdotally, it is also known that the primary wind direction changed by 180" within 18 hours of
the Chernobyl incident, thus spreading nuclear contaminants in more directions than might have
otherwise been expected, and that the smoke plume from the World Trade Center site was
directed opposite to the normal wind direction shortly after the September 11, 2001, attack.®

A more quantitative answer comes from comparing the results of modern numerical weather
predictions against field observations. Experience in the Pacific Northwest, for example, shows
systematic biases (mean errors) of £10 to 20 degrees and mean absolute-value errors of £40 to 50
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degrees for near-surface {10 meters) winds at 12 to 24 hours into forecasts, depending on spatial
resolution and forecast hour (the near-surface winds are expected to be less subject to directional
shear under unstable or neutral conditions than winds at higher elevation).”* Similarly, mean
absolute-value errors of £30 to 40 degrees are documented for a model applied to the Savannah
River Site in South Carolina, though with excursions reaching 60 to 70 degrees at 12 to 24 hours
into the forecast.” Mot surprisingly, the statistics can be somewhat worse for topographically
complex areas, such as the region around Salt Lake City, Utah, although mean absolute errors of
+40) 1o 50 degrees remain possible in many specific locations when extensive modeling and
updating are pursued.'™ "' In general, wind directions are more poorly forecast at lower than at
higher wind speeds, and at lower (near-surface) than higher levels of the atmosphere.

Such discrepancies between forecast and observed wind-vector fields (wind directions, in
particular) are widely recognized in the community that models atmospheric dispersion and
photochemistry.'” For instance, one document mentions average root-mean-square errors of £36
to 57 degrees in wind direction (largest values near Earth's surface, smallest values at pressure
levels below 100 millibars), but with directional excursions in estimated surface-wind mean
errors (bias) as large as 106 degrees (the analysis pertains to the March 10, 1991, meteorological
event of Khamisiyah, Iraq). Similar modeling applied to northern Europe reveals systematic
biases (mean errors) and root-mean-square errors of up 1o £13 1o 15 degrees and +35 1o 41
degrees, respectively, at the lowest levels and beyond 24 hours of forecast,”

Studies of ensemble forecasts do not alter the substance of these findings, but instead
reinforce the conclusion that reliable forecasts of dispersion are a challenge: Straume reports
root=-mean-sguare deviations in wind direction between 15 and 48 degrees, for example, * This is
not surprising, given the errors to which models are subject and the difficulty—and therefore
diminished reliability—with which wind-field directions are measured. -

Owerall, it appears that systematic biases (mean errors) of £10 to 20 degrees and root-mean-
square (or mean absolute-value) errors of 30 to 50 degrees should be expected for wind direction
forecasts relevant to the present study. Referring to Figures 6.9 (a) and (b), an uncertainty of £20
degrees encompasses the difference between maximum and minimum estimates of total
casualties for Target A (urban), and corresponds to more than a 20-fold difference in casualties
for Target B (rural). In both cases, these uncertainties amount to differences on the order of 10°
in calculated values of fatalities and serious injuries. In light of the present results, Figures 6.11
(a) and (b) make the point that although a low-yield nuclear EPW is expected to cause fewer
fatalities than a higher-vield above-surface nuclear burst, the differences in forecasted deaths for
surface versus EPW detonations are comparable to the variability associated with a 15 to 40
degree uncertainty in forecast wind directions. The general conclusion is that uncertainties in
wind direction can result in casualty estimates varying by one order of magnitude or more.

For comparison, the degree to which the population is—and remains—sheltered, or not,
affects the results by a smaller amount. Other factors being equal, sheltering is assumed always
to lead to a reduction of casualties because of the diminished influence of fallout."” HPAC
analyses show that the ratio of calculated unsheltered/sheltered casualties (fatalities plus serious
injuries) varies between 2 and 8 for virtually all cases of a nuclear EPW as considered here.
Again, the smallest ratios apply to the urban target (A) but correspond to the largest differences
in actual values (a reduction in casualties of between 100,000 and 600,000 if the population
stays indoors rather than being outside). The magnitude of these differences in casualty
reduction numbers is because of the fact that the absolute number of expected casualties is
always high, ranging from 200,000 to 2 million for the urban nuclear EPW scenarios evaluated
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for this study. The largest ratios apply to use of a low-yield weapon on a rural target (B or C) but
involve relatively few casualties in the first place (e.g., a reduction from 200 to 30 and from 20
to & calculated fatalities plus serious injuries for two of the scenarios). Absolute values of
fatalities and serious injuries are systematically higher for the above-surface nuclear explosion
attacks considered in the study, but the ratios of caleulated unsheltered/sheltered casualties are in
the same range as for the nuclear EPW attacks of equivalent military effectiveness (i.e., yield
reduced by a factor of 25).

As it scems a priori impossible to predict convincingly the degree to which a population will,
or will be able to, stay indoors after a nuclear attack, the casualty estimates from such tools as
HPAC and KDFOC must be considered globally unreliable to a factor of 2 to 8 as a result of this
uncertainty alone. Additional sources of uncertainty were not evaluated in as great detail, but
based on the discussions in Chapters 2 to 6, these may again amount to an overall factor of about
2 to 5 (e.g., estimates of the health effects of a given fallout dose for the actual population, rather
than for the static, military-age population assumed in the calculations, are by themselves likely
to be unreliable by a factor of 2).

Thus, potential errors aside from those associated with weather forecasts can reach an order
of magnitude in calculated casualties. Given that uncertainties in wind direction additionally
cause variations of one order of magnitude or more, the aggregate uncertainty for caleulations of
casualties caused by the range of nuclear attack scenarios considered here must be squarely
placed in the range of 10 to 107 (factors of 10- to 100), with the lower range applying to urban
targets for which casualtics will with little doubt be very high.

SUMMARY

Current analytical tools have an overall propagated uncertainty no smaller than cne order of
magnitude (factor of 10), and likely in the range of 10" to 10°, for estimates of casualties
resulting from a nuclear attack. This conclusion is based both on evaluation of the underlying
calculations (source terms, transport models, grid resolution, and so on) and their experimental
validation, and on a review of the variability in results that can be obtained for different
scenarios when considering plausible ranges in parameters.

Al least three key sensitivities affect estimates of military effectiveness and casualties
associated with the use of a nuclear EPW or a nuclear burst weapon:

1. Target location, especially urban versus rural, as illustrated above;

2. Accuracy of weapons delivery (CEP) and precise knowledge of target location and
structure, as military effectiveness depends closely on a combination of accurate delivery and
yield; and

3. Estimates of the source, transport, and influence on populations of the effects of a nuclear
explosion, as these can be highly variable (by factors of up 10 ~1 0'to 10°, depending on
assumptions).

One additional sensitivity afTects the nuclear EPW:

4, EPW functionality after penetration, especially as influenced by target heterogeneity and
the associated uncertainty (e.g., local geology, or complex structures in urban areas).
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Some conclusions involve relatively little uncertainty. All other factors being equal, the use
of a lower-yield weapon causes fewer casualties than use of a higher-yield weapon, for example,
and a nuclear attack on an urban target must be expected to result in large numbers of {atalities
and serious injuries (hundreds of thousands to millions, for the scenarios considered in this
study). Relative variations in caleulated casualties are therefore smaller for urban than rural
targets, though the absolute numbers of predicted deaths can differ by large amounts (hundreds
of thousands) for urban areas depending on factors that are not readily controlled (e.g.. degree of
sheltering).

For urban and rural targets, respectively, the use of a nuclear EPW is calculated 1o reduce
casualties by a factor of ~2 to 7 and 10 to 60 relative to an aboveground nuclear burst with a
yield increased by a factor of 25. This calculated 10" to 107 reduction in fatalities and serious
injuries is comparable to the effect of the aggregate uncertainties that the committee has derived
for the modeling tools.

NOTES

'"The use of exponential notation (10° = 1, 10" = 10, 10° = 100, 10" = 1,000, and so on) implics that the values
indicate only orders of magnitude (powers of ten) and are typically uncertain by factors of at least 2 to 5.

*Details are provided in the following classified reports: W86 Warhead Statws Report (L), SAND 83-1642; RS
1151/83/033, Sandia National Laboratories, Albuquerque, N.Mex, (1 1/1/1983); Strategic Earth Penetrator Joint
BODDOE Phase 2 Study (L), Robert Blankert, Air Force Material Command, RS 2907/01/00268, NWIC-TR-94-2
(/1 /1998); and W&! Weapon Development Repord (L), SAND 91-2243; RE 3 15140 /004, Sandia Mational
Laboratories, Albuquerque, N.Mex, (3/1/1992).
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Sarma, M.D. Turner, K.T. Waight 111, 5. H. Young, and 1.W, Zack, 2000, “A Dynamically Adapting Weather and
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“Evnluation of the Operational Multiscile Environment Model with Grid Adaptivity Against the Evropean Tracer
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Conclusions

The previous chapters present the results of the work carried out to address the committee’s
charge, including a literature review, calculations, and analysis of information presented by
many experts. The process led the committee to reach several conelusions. Listed below are the
nine conclusions that the committee believes are most important to addressing the issues rised
in the charge, followed by additional conclusions grouped by general topic.

MOST IMPORTANT CONCLUSIONS

Conclusion 1. Many of the more important strategic hard and deeply buried targets
(HDBTs) are beyond the reach of conventional explosive penetrating weapons and can be held at
risk of destruction only with nuclear weapons. Many—but not all—known and/or identified
hard and deeply buried targets can be held at risk of destruction by one or a few nuclear
Weapons,

Conclusion 2. Nuclear carth-penetrator weapons (EPWs) with a depth of penetration of 3
meters capture most of the advantage associated with the coupling of ground shock. While
additional depths of penetration increases ground-shock coupling, it also increases the
uncertainty of EPW survival. To hold at risk hard and deeply buried targets, the nuclear vield
must be increased with increasing depth of the target. The caleulated limit for holding hard and
deeply buried targets at risk of destruction with high probability using a nuclear EPW is
approximately 200 meters for a 300 kiloton weapon and 300 meters for a | megaton weapon.

Conclusion 3. Current experience and empirical predictions indicate that earth-penetrator
weapons cannol penetrate to depths required for total containment of the effects of a nuclear
explosion,

Conclusion 4. For the same yicld, and weather conditions, the number of casualties from an
earth-penetrator weapon detonated at a few meters depth is, for all practical purposes, equal to
that from a surface burst of the same weapon yield. Any reduction in casualties due 1o the use of
an EPW is attributable primarily to the reduction in yield made possible by the greater ground
shock produced by buried bursis.

Conclusion 5. The vield required of a nuclear weapon to destroy a hard and deeply buried
target is reduced by a factor of 15 to 25 by enhanced ground-shock coupling if the weapon is
detonated a few meters below the surface.

Conclusion 6. For attacks near or in densely populated urban areas using nuclear carth-

pencirator weapons on hard and deeply buried targets (HDBTs), the number of casualties can
range from thousands to more than a million, depending primarily on weapon yield. For attacks

i B

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11282.html

and Other Weapons

FREFUBLICATION COPY—SUBJECT TO FURTHER ERITORIAL CORRECTION

on HDBTS in remote, lightly populated areas, casualties can range from as few as hundreds at
low weapon yields to hundreds of thousands at high vields and with unfavorable winds.

Conclusion 7. For urban targets, civilian casualties from a nuclear earth-penetrator weapon
are reduced by a factor of 2 to 10 compared with those from a surface burst having 23 times the
yield.

Conclusion 8. In an attack on a chemical or biological weapons facility, the explosive power
of conventional weapons is not likely to be effective in destroying the agent. However, the
BLU-118B thermobaric bomb, if detonated within the chamber, may be able to destroy the
agenl. An attack by a nuclear weapon would be effective in destroving the agent only if
detonated in the chamber where agents are stored.

Conclusion 9. In an attack with a nuclear weapon on a chemical weapons facility, civilian
deaths from the effects of the nuclear weapon itself are likely to be much greater than civilian
deaths from dispersal of the chemical agents. In contrast, if the target is a biological weapons
facility, release of as little as 0.1 kilogram of anthrax spores will result in a calculated number of
fatalitics that is comparable on average to the number calculated for a 3 kiloton nuclear earth-
penetrator WA P,

OTHER CONCLUSIONS
Hard and Deeply Buried Targets and Nuclear Earth-Penetrator Weapons

In potential adversary nations, there is a large (2,000) and growing number of identified,
strategically important facilities that are sheltered in underground bunkers.

Weapon Effects

Because of the yield limitations on penetration depth limitations of penetrating weapons in
the stockpile today, as well as those of the robust nuclear earth penetrator (RNEP) weapon
currently under study, effects of their use would not be contained.! Depending on many
variables, including weapon vield, proximity of the target to urban areas, distribution of the
civilian population and warning time available for sheltering or evacuation, ambient wind
profile, and other weather conditions, this study's calculations of numbers of deaths and serious
injuries resulting from attacks on representative targets near or in urban areas range from less
than 10" to greater than 10°,

MNuclear EPWs (300 kilotons to | megaton) can hold at risk HDBTs of interest (1 kilobar
hard) at up to ~100 meters to 300 meters depth of burst in granite with high probability of
damage (PD greater than 0.95) if delivered with high precision.

Targets buried up to 85 meters can be held at risk (PD greater than 0.95) by precision low-
yield nuelear weapons (less than 10 kilotons).

A ~ 100 kiloton weapon with moderate accuracy (~100 meter circular error probable (CEP))
detonated at its fallout-free height of burst (HOB)—that is, with no local fallout in the absence of
rain—can be highly effective (PD greater than (.95) against surface or near-surface, moderately
hard (~500 pounds per square inch (psi) overpressure) point targets. To be highly effective
against targets that are harder than about 2000 psi, detonation must oceur lower than the fallout-
free HORB, regardless of the yield or accuracy of the weapon. For a surface-burst weapaon, the
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yield required to destroy with high probability (PD greater than 0.95) very hard surface or near-
surface point targets (e.g., missile silos requiring 1,000 psi to 5,000 psi overpressure) is highly
dependent on accuracy (e.g., 230 kilotons requires a CEP of few tens of meters: | megaton
requires a CEP of ~100 meters). The importance of the accuracy of weapon delivery (CEP)
increases with increasing target depth of burial up to about 150 meters. Beyond this depth, the
importance of accuracy diminishes relative to that of increased vield.

Differences in assumptions regarding sheltering and evacuation of the population can alter
the estimated number of casualties by a factor of 2 to 8. Wind patterns can have an enormous
effect on the number of casualties resulting from fallout. For targets in large urban centers,
fatalities from acute and latent effects from fallout can vary by more than a factor of 10, and for
targels outside cities, fatalities from exposure to fallout can vary by more than a factor of 100,
depending on population distribution and which way the wind blows. MNational leaders can
attempt o minimize casualties by choosing time of day and timing attacks for favorable
forecasted wind patterns, but the predictability of weather is limited and there may be constraints
on the ability to wait until forecasts are favorable,

Design

Credible empirical equations are available for estimating depth of penetration and resulting
EPW axial deceleration. Maximum depths of penetration are estimated 1o be between 7 meters
for medium-strength rock to 70 meters for silty clay.

The greatest uncertainty regarding EPW survival concerns the heterogeneous nature of target
geologies. Rugged EPW designs will enhance EPW survivability. A depth of penetration of
about 3 meters achieves most of the benefits of effective energy coupling, and limiting
detonation to that depth avoids the uncertainties associated with geologies below that depth.

Collateral damage from a nuclear earth-penetrator weapon cannot be avoided entirely, but it
could potentially be reduced by new design concepts combining deeper-penetration, lower-yield,
and low-fission-fraction nuclear design for reduced radicactivity. To achieve such reductions,
innovative concepts must be developed for achieving combinations of penetration depth and
vield combinations that would substantially diminish the radioactive fallout from a nuclear earth-
peneirator weapon attack on an HDBT, Use of such a weapon with reduced vield requires more
precise and reliable intelligence and greater delivery accuracy than for an above-surface nuclear
burst of comparable military effectivencss.

Chemical and Biological Facilities

To destroy chemical or biological agents in an attack, a weapon must detonate essentially
within the chamber in which the agent is stored. In general it must detonate in flight, having
penetrated through the protective cover of the underground storage. Similarly, if the apents are
not in a single room, but are in adjacent tunnels, no more than a region of a single tunnel could
be irradiated by a single nuclear explosion.

If chemical or biological agents are released in an EPW attack, there are several ways to
reduce casualties and fatalities. Protective clothing and masks can protect people in the high-
hazard areas. Those regions can also be treated chemically to decontaminate them. Chemical
agents can be rendered inert by exposure to sunlight, heat, or rain, and neutralizing injections
exist in some cases. All exposed biological agents are eventually destroyed by ultraviolet
exposure, and the effects of many are preventable by vaccines or are treatable by other medical
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countermeasures. However, the level of “cleanliness™ required by military and public health
officials for oceupancy of a contaminated arca is still under substantial discussion and debate,

Given the same target, using conventional rather than nuclear weapons to destroy a chemical
storage facility (surface or buried) most likely will cause fewer casualties in either a populated or
an unpopulated area, even if there is a potential for release of the chemicals. The same is not
necessarily true for a biological storage facility.

Codes

The codes and models used to estimate environmental and health effects were designed for
Cold War scenarios, have many limitations, and are often ill-suited for today’s national security
environment. In particular, the mind-set in designing tools was often based on particular
warfighting modes, involving massive nuclear exchanges or tactical encounters. Modern tools
need to emphasize the effects of single releases of weapons of mass destruction in a variety of
urban or rural environments characterized by detailed meteerology and terrain.

Documentation of the widely used codes and models is sparse, and so users often do not
understand the assumptions underlying the calculations. In particular, the range of applicability
and of uncertainty is often left to the user’s imagination.

Uncertainty

In the caleulations for this study, the probability of finding, identifying, and characterizing
the target; weapons system survival and arrival at the target; and weapon penetration and
detonation are assumed to be 1.0. These assumptions are recognized as unrealistic. In addition,
many cautions are needed regarding conclusions based on the model runs.

The model runs show the following:

1. For urban targets, the use of a nuclear EPW is caleulated to reduce casualties by a factor
of ~2 1o 10 relative to an aboveground nuclear burst whose yield is 25 times larger than that of
the EPW. Estimates of this factor can vary by up to 4 to 8, depending on assumptions.

2. For rural targets, the use of a nuclear EPW is estimated to reduce casualties by a factor of
10 to 100 relative to an aboveground nuclear burst however with the variability in the modeling
results extending into the 10" range.

3. At lcast four key sensitivities affect estimates of military effectiveness and casualties
associated with use of a nuclear EPW:

s Target location, especially urban versus rural, as illustrated above;

» Accuracy of weapons delivery (CEP) and precise knowledge of target location and
structure, as military effectiveness depends closely on a combination of CEP and vield;

o Functionality on penetration, especially as influenced by target heterogeneity and its
uncertainty (e.g., local geology, or complex structures in urban areas); and

= Estimates of the source, transport, and influence on populations of the effects of a nuclear
explosion; the estimates are highly variable (by factors of up to ~10' to 10°, depending on
assumptions).

Current analytical tools have an overall propagated uncertainty of about one order of

magnitude {(lactor of 10) in the estimated casualties., This conclusion is based both on evaluation
of the underlying calculations (source terms, transport models, grid resolution, and so on) and
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their experimental validation and on a review of the varability in results that can be obtained for
different scenarios when considering plausible ranges in parameters,

NOTE

1 - = §
The presence of an unstemmed penetration hole ensures massive venting.
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Agendas

KECK CENTER OF THE NATIONAL ACADEMIES
WASHINGTON, D.C.

Tuesday, February 17, 2004

Closed Session: Committee Members and NRC Staff Only
0830 ConvENE—Welcome, Opening Remarks, Introductions
John Ahearne, Committee Chair
Peter Blair, Executive Director, Division on Engineering and Physical Sciences
(DEPS)
Charles Draper, Acting Director, Naval Studies Board (NSB)
James Killian, Study Director
0900  COMPOSITION AND BALANCE DISCUSSION
Dennis Chamot, Associate Executive Director, DEPS

Data-Gathering Mecting Not Open to the Public: Classified Discussion
1045  INTRODUCTION OF ATTENDEES AND AGENDA OUTLINE
John Ahearne, Committee Chair
Milton Minneman, Office of the Under Sccretary of Defense for Acquisition,
Technology, and Logistics (USD (AT&L)yDefense Systems
LTC Jeffrey Davis, USA, Department of Energy (DOE), National Nuclear Sccunty
Administration (NNSA)
1100  DOD ViEwrPoINT—The New Triad, Hard and Deeply Buried Targets, Key Performance
Parameters, Summer 2002 Assessment, Need for Nuclear Earth-Penetrating Weapons
Gregory Hulcher, Special Assistant to the Director, USD (AT&L)YDefense Systems
MAJ Mark Wittig, USA, Nuclear Weapons Employment Analyst, Advanced
Weapons Concept Team, Strategic Studies and Analysis Branch, U.S. Strategic
Command (USSTRATCOM)
1230 DOE ViEwroINT—Stockpile Maintenance, Robust Nuclear Earth Penetrator (RNEP)
Relationship
David Crandall, Assistant Deputy Administrator for Research, Development, and
Simulation, DOE, NNSA
1300 TARGET DEFEAT ASSESSMENT
Milton Minneman, USD (AT&L)VDefense Systems
MAJ Mark Wittig, USA, Nuclear Weapons Employment Analyst, Advanced
Weapons Concept Team, Strategic Studies and Analysis Branch,
USSTRATCOM
Michael Giltrud, Defense Threat Reduction Agency (DTRA)
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1400 Rosust NUCLEAR EARTH PENETRATOR WEAPON KEY PERFORMANCE PARAMETERS AND
DESIGN FEASIBILITY STUDY
Frank Fairchild, U.S. Air Force Nuclear Weapons and Counterproliferation Agency
R. Glenn Bell, Office of Stockpile Assessment and Certification, DOE
1515 TARGET VULNERABILITY TO CONVENTIONAL WEAPONS
Michael Giltrud, DTRA
1600 ADDITIONAL QUESTION AND ANSWER PERIOD
Moderator: John Aheame, Committee Chair

Closed Session: Committee Members and NRC Staff Only

1630  CommiTTEE Discussion—Day One Summary and Impressions
Moderator: John Ahearmne, Committee Chair

1730  END SESSION

Wednesday, February 18, 2004

Closed Session: Committee Members and NRC Staff Only
0830 ConvenE—Opening Remarks, Committee Discussion, Study Plans, Report
Deliberations
Moderator: John Ahearne, Committee Chair

Data-Gathering Meeting Not Open to the Public: Classified Discussion
NB45 TARGET VULMERABILITY TO NUCLEAR WEAPONS
Michael Giltrud, DTRA
0930 FaLLouT CALCULATION METHODOLOGY
Donald Linger, DTRA
1030  WEAPON OUTPUT AND ENVIRONMENTS
Thomas Thomson, Lawrence Livermore National Laboratory

Closed Session: Committee Members and NRC Staff Only
1115 Comnirrree Discussion—Continue Commitiee Discussion, Study Plans, Report
Deliberations
Moderator: John Ahearne, Committee Chair
1500 ADIOURN

SANDIA NATIONAL LABORATORIES
ALBUQUERQUE, NEW MEXICO

Tuesday, March 23, 2004

Data-Gathering Meeting Not Open to the Public: Classified Discussion (Secret)
0800 WELCOME, LABORATORY OVERVIEW
John H. Stichman, Vice President, Weapons Systems Division, Sandia National
Laboratories
0815  ErFECTS OF FALLOUT AND OTHER RADIOACTIVE MATERIAL
Fred A. Metiler, M.D., New Mexico Veterans Administration Health Care System
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0915  ConvenTioNAL HiGH EXPLOSIVES EARTH-PENETRATOR WEAPONS
C. Wayne Young, Applied Research Associates, Inc,
1000 LonNG TERM EFFECTS OF FALLOUT
Dana Powers, Sandia National Laboratories
1100  B-61 MODIFICATION REQUIREMENTS AND TESTING
Kevin Eklund, Distinguished Member, Technical Staff, Sandia National
Laboratories
1300 NucLEAR EARTH-PENETRATOR WEAPON EFFECTIVENESS AND EFFECTS (SFRD)—Joint
Laboratory Perspective
Jon Rogers, Manager, National Security Studies Department, Sandia National
Laboratorics
Rodman R. Linn, Los Alamos National Laboratory
Theodore F. Harvey, Lawrence Livermore National Laboratory
1445 B-61/B-83 RNEP BrIEFING (SFRIDY)
Alfredo McDonald, Manager, B-83 and Penetrator Systems Engineering, Lawrence
Livermore National Laboratory

Closed Session: Committee Members and NRC Staff Only
1630  IMPRESSIONS FROM DAY ONE
Moderator: John Ahearne, Committee Chair

DEFENSE THREAT REDUCTION AGENCY
KIRTLAND AIR FORCE BASE, NEW MEXICO

Wednesday, March 24, 2004

Data-Gathering Meeting Not Open to the Public: Classified Discussion (Secret)
0B00  AGENT DEFEAT

Donald Linger, Deputy for Test and Technology, Defense Threat Reduction
Agency (DTRA)
0850 OpErATION IRAQI FREEDOM GROUND TRUTH
Thomas Lutton, Senior Scientist, DTRA
Robert Delisle, Contractor, DTRA
1000  DEFENSE THREAT REDUCTION AGENCY OPERATIONAL HAZARD PREDICTION CODE—
Hazard Prediction and Assessment Capability (HPAC)
Todd Hann, Deputy for Consequence Assessment Branch, DTRA
1100  SUBSTANTIAL SHAPED CHARGE PROCEEDING NUCLEAR EARTH-PENETRATOR WEAPON
Thomas Togami, Advanced and Exploratory Systems Department, Sandia National
Laboratories

Closed Session: Committee Members and NRC Staff Only
1230  CompPosITION AND BALANCE Discussion—Update 1o Meeting One
1300 ComMMITTEE DELIBERATIONS; SUMMARY DISCUSSION
Moderator: John Aheame, Committee Chair
1500 ADIOURN
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KECK CENTER OF THE NATIONAL ACADEMIES
WASHINGTON, D.C,

Tuesday, April 27, 2004

Closed Session: Committee Members and NRC Staff Only

0755

ConveENE—Welcome, Opening Remarks, Introductions
John Aheame, Commitiee Chair
James Killian, Study Director

Data-Gathering Session Not Open to the Public: Classified Discussion

OR00

SEconND-HAND THOUGHTS ON TARGETING BIOLOGICAL AGENTS
David R. Franz, Chiefl Biological Scientist, Midwest Research Institute

Data-Gathering Session Open to the Public: Unclassified Discussion

0930

1000

1030

1113

EARTH-PENETRATING NUCLEAR WEAPONS—TARGET DAMAGE AND FALLOUT
Thomas B. Cochran, Director, Nuclear Programs, Natural Resources Defense
Council
EFFECTIVENESS OF EARTH-PENETRATING WEAPONS FOR “BUNKER BUSTING™ AND AGENT
DEFEAT
Robert W, Nelson, Senior Fellow, Science and Technology, Council on Foreign
Relations
AGENT DEFEAT CALCULATIONS
Michael A. Levi, Science and Technology Fellow in Foreign Policy Studies,
Brookings Institution
CONSEQUENCES OF THE JAPANESE ATOMIC BOMBINGS
Mortimer L. Mendelsohn, Senior Scientist, Biology and Biotechnology Rescarch
Program, Lawrence Livermore National Laboratory

Data-Gathering Session Not Open to the Public: Classified Discussion

1300

1345

1445

1613

CONVENTIONAL SOURCES—Target Release and Agent Defeat
Todd H. Pierce, Science Applications International Corporation
UNCERTAINTIES IN CHEMICAL AND BioLoGICaL SOURCE TERM MoODELS FOR NUCLEAR
ATTACKS ON WEAPONS OF MaASS DESTRUCTION FACILITIES
Philip A. Hookham, Titan Corporation
FirsT PRINCIPLES MODELING OF CLOUD RISE AND DISPERSION
David P, Bacon, Science Applications International Corporation
R. Ian Sykes, Titan Corporation
FaLLoUT PHENOMENOLOGY IN HPAC
Joseph T. MeGahan, Science Applications International Corporation

Closed Session: Committee Members and NRC Staff Only

1713

1730

CoMMITTEE DELIBERATIONS—Day One Summary and Impressions
Moderator: John Ahearne, Committee Chair
END SESSION
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Wednesday, April 28, 2004

Closed Session: Committee Members and NRC Staff Only
0755 ConveNE—Welcome, Opening Remarks, Introductions

John Ahearne, Committee Chair
James Killian, Study Director

Data-Gathering Session Open to the Public: Unclassified Discussion
0800  MEETING WITH CONGRESSIONAL STAFF

Data-Gathering Session Not Open to the Public: Classified Discussion
0915  AGENT DEFEAT CAPABILITY AND ASSOCIATED COLLATERAL DAMAGE OF
CONVENTIONAL AND NUCLEAR WARHEADS
Hans W. Kruger, Lawrence Livermore National Laboratory
1015  AGENT DEFEAT WEAPON FINDINGS/LESSONS LEARNED
Michael A. Martinez, Chief, Advanced Technology Division, Air Force Nuclear
Weapons and Counterproliferation Agency
1130 RESULTS OF HAZARD PREDICTION ANALYSIS CODE SAMPLE CALCULATIONS
Michael Phillips, Contractor, Defense Threat Reduction Agency
1300 ResuLts oF K Division FaLLout CopE/LAGRANGIAN OPERATIONAL DNSPERSION
InTEGRATOR (KDFOC/LODI) SAMPLE CALCULATIONS
Theodore Harvey, Lawrence Livermore National Laboratory

Closed Session: Committee Members and NRC Stafl Only

1415  COMMITTEE DELIBERATIONS—Study Plans, Report Deliberations
Moderator: John Ahearne, Committee Chair

1600 ADJIOURNM

KECK CENTER OF THE NATIONAL ACADEMIES
WASHINGTON, D.C.

Monday, May 17, 2004

Data-Gathering Session Not Open (o the Publie: Classified Discussion
0830 ConvenE—Welcome, Opening Remarks, Introductions
John Aheame, Committee Chair
James Killian, Study Director
0835 THE NEED FOrR RNEP
Gregory Hulcher, Special Assistant to the Director, USD (AT&L))/Defense
Systems
0905  EFFECTS OF NUCLEAR EARTH PENETRATOR WEAPONS
Bryan Fearey, Los Alamos National Laboratory
John St. Ledger, Los Alamos Mational Laboratory

Data-Gathering Session Open to the Public: Unclassified Discussion
1000 CoNGRESSIONAL RESEARCH SERVICE PERSPECTIVE
Jonathan Medalia, Congressional Research Service
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1045  HEALTH AND ENVIRONMENTAL EFFECTS OF BloLoGiCAaL WEAPONS
Stephen Morse, Associate Director for Science, Bio-Terrorism, Preparedness and
Response Program, Centers for Disease Control and Prevention
1130 RNEP
Keith Payne, National Institute for Public Policy

Data-Gathering Session Not Open to the Public: Classified Discussion
1300 COLLATERAL RISKS FROM ATTACKS ON CHEMICAL AND BIOLOGICAL FACILITIES
Jeffrey Grotte, Deputy Director, Strategy, Forces, and Resources Division,
Institute for Defense Analyses
1345 BATTLEFIELD OPERATIONS IN A NUCLEAR, BIOLOGICAL, AND CHEMICAL (NBC)
ENVIRONMENT
COL Richard Hill, USA, Operations Division Chief, Nuclear Division,
1.5, Army Nuclear and Chemical Agency
Martin Moakler, Physical Scientist, U.S. Army Nuclear and Chemical Agency
1445 HARD TARGET DEFEAT
Donald Linger, Deputy for Test and Technology, Defense Threat Reduction
Agency (DTRA)
1530 HPAC/ANRAC CoMPUTER RUNS DISCUSSION
Todd Hann, DTRA
1630 CONVENTIONAL PENETRATORS
Barry Hannah, Branch Head Reentry Systems, Navy Strategic Sysiems Programs

Closed Session: Committee Members and NRC Staff Only
1700  ComMITTEE DELIBERATIONS—Day One Summary and Impressions, Outline and
Writing Assignments Status
Moderator: John Ahearne, Committee Chair
1900  CoMMITTEE DELIBERATIONS—Discuss Preliminary Findings and Recommendations
Moderator: John Aheame, Committee Chair
2100 END SESSION

Tuesday, May 18, 2004

Data-Gathering Session Not Open to the Public: Classified Discussion
0800 ConveNeE—Welcome, Opening Remarks, Introductions
John Ahearne, Committee Chair
James Killian, Study Director
0805 HeavLTH EFFECTS OF CHEMICAL WARFARE AGENTS
David Moore, Vice President of Medieal Technology, Battelle Memorial Institute
0905 BioLoGICAL WEAPONS AEROSOLIZED—Viable vs. Respirable
Martin Bagley, DTRA

Closed Session: Committee Members and NRC Staff Only

1000  CoMMITTEE DELIBERATIONS—Preparation for Woods Hole Meeting
John Ahearne, Committee Chair
James Killian, Study Director

1200 ADJOURN
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J. ERIK JONSSON WOODS HOLE CENTER
WOODS HOLE, MASSACHUSETTS

Monday, June 21, 2004

Data-Gathering Session Not Open to the Public: Classified Discossion
0830 ConveENE—Welcome, Opening Remarks, Introductions

John Ahearmme, Committee Chair

James Killian, Study Director
0835 NucLEAR EVENT CALCULATIONS

Todd Hann, Defense Threat Reduction Agency

Closed Session: Committee Members and NRC Staff Only
1300  RePoRT DISCUSSION AND DRAFTING

Moderator: John Ahearne, Committee Chair
1700  END SESSION

Tuesday Through Thursday, June 22-24, 2004

Closed Session: Committee Members and NRC Staff Only
0830 ConvENE—Plans for the Day

John Ahearne, Committee Chair

James Killian, Study Director
0835 REPORT DISCUSSION AND DRAFTING

Moderator: John Ahcame, Committee Chair
1300 REPORT DNSCUSSION AND DRAFTING (CONTINUED)

Moderator: John Aheamne, Committee Chair
1700 END SESSION
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C

Equivalent Yield Factors for Energy Coupling

The energy coupled to the ground from a near-surface nuclear burst is plotted in Figure 4.1 as
an equivalent yield factor, The functional relationships for these results are based on a set of
algorithms for energy coupling endorsed by the Defense Threat Reduction Agency that account

for the cifects of weapon design, geologic media, and source location' and are summarized
below.

Equivalent Yield Based on Coupled Energy

felds) = | D.0148-(|as] ) 0% _p01 # ds <005
otherwise

min{:ﬂl. 504.-dg

21.485.d _
0.058.2 - 0.01 otherwise

035 -0.01, 1} if dg =0.05

Equivalent Yield Based on Ground Shock (with air-blast effects)

fos(ds) = | 0.0148.(|as| )" *'% ir oy <-00s

otharwise

min{u.ﬁm-ﬂiﬂ'm.ﬂ if dy>0.085

21.455-d, _
0.059-2 othenyiss

where

[; = equivalent yield coupled energy
fzs = equivalent ground-shock-coupled energy

d, = the scaled depth of burst (m/kt!/3), positive into ground,

These relationships are based on numerical calculations as the only source of energy coupling
data,

NOTE

'Defense Muclear Agency. 1991, Effects Manual Number f, Chapter 3, “Cratering, Ejecta, and Ground
Shock,” December.
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ACTD
AF&F
ATACMS
ATD
AUP

BW

EJ

6|
CBRN
CEP
CRH
cwW

DIA
DOB
DOD
DOE
DTED
DTRA
DUGle

EP
EPW

GPSs
GVN
HDBT
HOB
HPALC

ICRP
IFAC

JDAM

KDFOC
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Acronyms and Abbreviations

Advanced Concept Technology Demonstration
Arming, Fusing, and Firing System

Army Tactical Missile System

atmospheric transport and dispersion
Advanced Unitary Penetrator

biological weapon

command, control, and communications
command, control, and communications
chemical, biological, radiological, and nuclear
circular error probable

caliber radius head

chemical weapon

Defense Intelligence Agency
depth of burst
Department of Defense

Department of Energy
digital topographic elevaton data

Defense Threat Reduction Agency
one-dimensional engineering ground-shock propagation code

earth penetration
carth-penetrator weapon

Global Positioning system
Ground Vulnerability Number

hard and deeply buried target
height of burst
Hazard Prediction and Assessment Capability (code)

International Commission on Radiological Protection
Industrial Facility

Joint Direct Attack Munition

K-Division Defense Nuclear Agency (DNA) Fallout Code

D=1
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LANL Los Alamos National Laboratory
LD" level of radiation at which 50 percent of the population would die
LLNL Lawrence Livermore National Laboratory
NEWFALL MNew Fallout Code
NGA Mational Geospatial-Intelligence Agency
NNSA Mational Nuclear Security Administration
NTS Mevada Test Site
Pl Pershing 11 {missile)
PD probability of damage
PDCALC Probability of Damage Calculator
R&D research and development
RMEPR robust nuclear earth penétrator (weapon)
SBNW surface-burst nuclear weapon
SCIPUFF Second-Order Closure Integrated Puff
SDOB scaled depth of burial
SEPW strategic earth-penetrator weapon
SNL Sandia National Laboratories
SNLA Sandia National Laboratory Albuquerque
UGT underground nuclear lest
USSTRATCOM United States Strategic Command
UV ultraviolet
VN vulnerability number
WinGSs two-dimensional physics-based ground-shock code
WMD weapons of mass destruction

D-2

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11282.html

