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NC1.l'E: To Distribution 

The material given 1n Figure 5 and Tables 2 and 3 is derived f'rom 
laboratory exposure of materials in a plane, normal configuration using 
a small (maximum diameter, 3/4 inJ, apertured spot of uniform irradia­
tion. It therefore ignores &rl1 possible influence of sample geometry 
and area. Some of these data have been confirmed for larger area 
samples exposed to low yield weapons during weapons tests. Howver, 
tor the longer pulses of' high yield weapons, there is some evidence of 
increased flaming ignition susceptibility in materials exposed under 
less ideal conditions - the threshold approaching more closely the 
threshold for !lowing ignition. 

The ranges given in Figure 3 are horizontal ranges from ground 
zero. 



ABSTRACT 

~ M unclassified state-of-the-art review of the thermal effects of 
nuclear weapons, this report summarizes the pertinent ini'onnation 
available at the end of 1962. Evidence is presented to show that, in 
a nuclear weapon attack on targets in urban and rural areas, thermal 
radiation and fire can be expected to make a major contribution to 
the destruction of life and property. The characteristics of the 
emitted thermal radiation, the radiant exposure as a function of 
distance, and the effects produced by this radiation are summarized. 
The fonnation, spread, and control of fires and possibilities for 
survival. in fire zones are discussed. Fire countemeasures which might 
prove effective in reducing the extent of thenna.l damage are set forth. 
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SUMMARY 

The Problem: 

To assist military and civil defense planners in the assessment 

of thermal radiation injury and fire potential of large scale nuclear 

weapons attack. 

The Findings: 

Lack of information on atmospheric transmittance and the behavior 

of mass fires prevents precise description of events following a nuclear 

detonation. It is clear, however, that thenna.l radiation and fire would 

make a major contribution to the destruction of life and property caused 

by the combined eC'ects of the detonation. 

The extent of thermal damage can be significantly reduced by 

(1) the elimination of kindling fuels, (2) the isolation and rapid 

extinguishment of ignited fuels, (3) the establishment of large fire 

breaks, (4) the use of properly planned and located underground 

shelters, and (5) under some circumstances, the pre-attack use of 

smoke screens and other shielding devices. 
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I, Df.l'RCl>tmlClf 

Under nany circumstances the thermal radiation and tire ettecte 

of nuclear detonations m.y be expected to cause greater numbers of 

casualties and more destruction over larger distances tbaD nuclear 

radiation and blast combined, In fact, high yield weapons raiae the 

possibility of high altitude detonations to naximize tire effects, 

Such detonations present no early fallout hazard nor significant blast 

effects. Thus, a •Jor concem of any effective civil defense prc,iru 

must be to find means of reducing thermal radiation and fire effects. 

The growing recognition of this fact bas led to sane extreme statements 

concerning the hazard to be expected - - all too frequently with no 

attempt to indicate the facts behind such statements. This report 

presents a realistic appraisal of the facts -- indicating what is known 

to be correct, what is known to be incorrect, and what areas renain quite 

uncertain, It is hoped that this will provide a realistic picture of 

what can be expected following a nuclear attack without glossing over 

the disastrous consequences which my occur and yet without exaggerating 

a problem which is bad enough even when considered conservatively. 
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2. CHARACTERISTICS OF THERMAL RADIATIONN' 

All of the energy released by a nuclear detonation, including that 

of the radioactive debris, ultimately is degraded to thermal enerSY', 

i .e., heat. For the purposes of this report, however, we concern 

ourselves only with the thermal radiation which is intense enough after 

traversing relatively large distances through the atmosphere, to produce 

effects on materials. Therefore, we will limit our attention to that 

fraction of thermal energy, in the visible end near infrared part of the 

spectrum, which is emitted in seconds or less after the detonation. 

This report will deal primarily with air bursts (detonations at low 

altitudes but not so low that the fireball touches the earth's surface). 

Important deviations for other conditions of detonations will be 

indicated. 

One of the unique characteristics of' a nuclear detonation is the 

release of a large emo\lllt of energy in a smell mass of material, raising 

this mass to extremely high temperatures. The result of these high 

temperatures is the release or large amounts of short wavelength 

energy (thermal x-rays) which in an air burst are absorbed in a short 

distance by the surroW1ding air -- generating a fireball whose color 

temperature, during the effective part of' the thermal radiation pulse, 

*Amore detailed discussion of the material in Sections 2 and 3 
of this report may be found in Reference l. 
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averages some 6,ooo<>c (roughly comparable to the temperature of the 

sun). As a consequence approximately a 1hird of the energy release of 

the nuclear reaction appears as thermal radiation distributed over the 

visible and near infrared regions with roughly equal portions of the 

energy in each part. 

In reality the radiation is em1 tted in two pulses; but, except for 

detonations above the atoosphere, the energy contained in the first is en 

insignificant part of' the total. The temporal characteristics of the 

radiation emitted by the fireball in the second (i.e., effective} 

thermal pulse are displayed in Fig. 1. The ratio of the total thennal 

energy, E, to the weapon yield, w, is the thermal efficiency, f, which 

for air bursts of all yields is approximately constant and equal to 

1/ 3. The time scale in Fig. 1 is normalized to the time of maximum 

radiant power emission t to make the figure generally applicable 
max 

to all yields. Values oft are scaled as vf/2• 
max 

If the height of burst is low enough to pennit the fireball to 

contact the surface, interaction between the fireball and surface 

material lowers the effective temperature of the fireball and reduces 

the thenna.l efficiency. The thermal efficiency is reduced from the 

value 1/3 for 8Jl air 1'urst to 1/5 for a contact surface burst, i.e., 

a burst in which the weapon itself is in contact w1 th the surface at 

the time of detonation. Of course, for a deep underground burst which 
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SCALED TIME ( t / t max) 

Fig. 1 Effective thermal pulse of an air burst. 
This plot of scaled ~ower and fraction of 
thermal energy versus scaled time for the 
second thermal pulse is generally applica­
ble to all air bursts regardless of yield. 
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does not break the surface, the thermal efficiency is reduced to 

zero. 

Significant changes also occur 1n the proportion of energy 

appearing as blast and thermal radiation for detonations at high 

altitudes, where the air density is low. Some general statements 

about high altitude effects can be made based on theoretical considera­

tions and a limited number of tests but the quantitative information is 

less certain than for low level atmospheric bursts. With increasing 

altitude above about 1001000 ft, blast energy declines relative to 

thermal energy and the first short thermal radiation pulse grows until 

it contains a significant fraction of the total thermal energy. For 

very high altitude bursts, the thenna.l radiation arrives at the ground 

in a single pulse which reaches its peak almost instantaneously and 

subsides rapidly to a low level which persists for some time. About 

half of the energy reaching the ground arrives in less than a second for 

a megaton-range detonation at 250,000 feet. The remaining energy is 

emitted so slowly that it does not produce any significant effects on 

exposed materials. Thus, it is expected that the amount of thermal 

radiation in the effective portion of the pulse from a high altitude 

burst will be less than from a.n air burst of the same total yield. 

5 



3. RADIAN!' EXPOSURE OF DISTANT SURFAC~ 

Consider the idealized case of a nuclear weapon detonation in an 

infinitely extensive non-attenuating atroosphere. The total thermal 

energy, E = rw (KT)= fW.1012 (cal) will distribute itself at a 

distance D (cm) over a sphere or area 41tD2(cm
2
). Thus, the energy per 

square centimeter (cal.led the radiant exposure, Q) falls off as the 

inverse square of the distance, and at the distance, D will be 

Q = rw.1t2 (cal/cm2}, 
41tD 

or expressing Din miles* (and taking r = 1/3) 

Q ~ !!_ 
D2 

This is the basis for the popular "rule of thumb" - - for each KT of 

yield, a radiant exposure of 1 caJ./cm2 will be delivered at 1 mile. 

The rate at wich the radiant exposure is delivered is called the 

irradiance Hand bears the same relationship to the radiant power Pas 

Q does to E. Therefore, the scaled time relationships of power and 

energy shown in Fig. 1 apply equaJ.ly well to the analogous quantities 

dealing with exposure of a surface at aIJ.Y distaIJ.ce from the point of 

detonation. 

* The unmodified tenn "miles" will be used to mean 

U. s. statute miles. 
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The radiant exposure of a material will, in e;eneral.1 be less than 

indicated above. If the exposed surface is not normal to the rays of 

the radiation, the radtent exposure will be reduced as the cosine of 

the angle from the normal. Any obscuring material, including micro­

scopic particles, in the air between the fireball and the target will 

reduce the radiant exposure. Opaque, solid objects completely attenuate 

direct thermal radiation. Depending upon the wavelength, air both 

absorbs and scatters it; but, for those wavelengths which are not 

absorbed relatively close to the fireball, air is primarily a 

scattering medium. At large distances, the radiation "scattered in" 

may be as large or larger than the direct radiation. In this case, the 

shielding afforded by opaque materials in the line of sight may be 

significantly lessened. 

From a practical point of view, it is convenient to express the 

overall atmospheric transmittance T (defined as that fraction of the 

thermal radiation which arrives at a distant point having traversed an 

intervening scattering atmosphere) in tenns of visibility or visual 

range. The meteorological term "visibility" is the distance at which 

it is just posoible to distinguish a dark object against the horizon; 

i.e., it is the distance at which the contrast between an object and 

its surroundings approaches the visual threshold of discrimination. 

The optical tenn "standard visual range" represents an attempt to 
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define the same concept more precisely, namely, as that distance at 

which the contrast transmission of the atmosphere is 2 percent. For 

practical purposes the two terms may be used interchangeably. They 

both embody the concept of exponential reduction in direct {line-of­

sight) transmission of light with distance.* 

Because the radiant exposure is the sum of both the direct and 

scattered energy reaching a surface, it is not obvious that the overall 

transmittance Tis related in any useful way to the visibility except 

for the case where scattered radiation is a negligible portion of the 

total. In fact, in a purely scatterinG infinitely extensive homogenous 

atmosphere, Tis independent of visibility and distance since as nruch 

energy is scattered into a given volume as is scattered out. In MY 

real atmosphere, however, a significant fraction of the scattered 

energy is lost -- as a result of absorption by the ground and upward 

scatter out the top of the atmosphere. Thus, the clearness of the 

atmosphere and, hence, the visibility, does appreciably influence the 

overall transmittance. 

An estimate of the variation of transmittance with distance for 

two different visual ranges is given in Effects of Nuclear Weapons 

(Em-1) 3 and is reproduced here as Fig. 2. Unfortunately, the curves are 

* An excellent discussion of this subject 
may be found in Reference 2. 
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1.0 -----------------

50-mile visibility 
w u z ex 0.81-----+--+--..,_.__--+~-+--t--t---+---1 

..... ..... 
~ 
Cl) z 0 , 7.__-+--+--~f--~----+-~..........,f-----+---1 

ex 
a: ..... 10-mile visibility 

0 _5 _____ ......_ ________ ......, ......... _____ _ 

0 .1 0.2 0.4 0.7 1 2 4 7 10 20 40 

SLANT RANGE FROM EXPLOSION (MILES) 

Fig. 2 Atmospheric transmittance as a function 
of distance for visibilities of 10 and 
50 miles. 
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considered to be reliable only to distances of half the visual'range 

although distances of interest for high yield detonations may extend 

4 
well beyond those given in Fig. 2. Further, recent measurements of 

transmission from a 41t light source (not a nuclear weapon} out to 

distances of more than one visual range indicate that the transmittance 

may fall off faster than indicated in Fig. 2. In Table 11 the trans­

mittance values from the two references are compared with distance 

expressed in tenns of the visual range. There is a large discrepancy 

even at nonna.lized distances less than 1/2. 

TABLE 1 ATMOSPHERIC TRANSMITTANCE AS A FUNCTION OF 

DISTANCE IN TERMS OF VISUAL RANGE* 

Distance in Terms T rr 
21 ... ' 1~ 

of Visual Range From Fig. From NRDL-TR-554 

0.01 0.92 0.92 

0.02 0.89 o.88 

0.05 0.82 0.79 

0.1 0.75 o.68 

0.2 0.67 0.51 

0.5 0.52 0.25 

1.0 o.4(?) 0.1 

2.0 o.2(n} 0.02 

-M-The values in column 2 are averaged for the two curves given in Fig. 2 

of this report. The values in column 3 are averaged for visibilities of 

6 and 12 miles in Los Angeles and 35 and 65 miles at the Nevada Test 

Site. Part of the discrepancy may be attributable to the effect of 

urban air pollutants. 

10 



Thia uncertainty in atmospheric transmittance 11 an extN111l7 

seriOUI one. For large weapan yielda it repre1enta an uncertalntJ in 

range ot thenal effects tar and away larger than any other• which ay 

be introduced. Further, the discrepancy shown in Table l does not 

represent the extreme, for while the lower 1et of T values probably 

represent the lowest values propoaed, the upper set are by no •an• 

5 
the higbeat. 

Currently available weapons test data offer little help in thi1 

•tter. There is a paucity of pertinent radiant exposure data at 

distances greater than half the visual range. In a recent Pacific teat 

series a limited number of measurements were DBde at distances of about 

6 
15 to 30 miles from the point of detonation. Visibilities of 10 

nautical miles were listed in the weather reports for all events, and 

preliminary data indicate transmittances in the range of 20 to 25 percent. 

However, it is quite unlikely that the visibilities were really identical 

on all events -- particularly since they occurred over a period of a 

month or more. Probably these estinates are of a gross, subjective 

nature of the sort made from aircraft or aboard ship when objects of 

known distance are lacking. For example, "clear" (International 

visibility code, index 7, ship code 98) and "very clear" (International 

visibility code, index 8, ship code 99) representing one step in the 

11 



subjective visibility scale correspond to visual ranges or 10 and 27 

nautical miles, respectively. Without better estimates ot the visual 

range, these data do not enable us to choose between the tvo sets ot 

transmittance values. 

In Fig. 3, radiant exposures normalized to 1 KT are displ~d as a 

function of distance tor the two sets o! transmittance values and tor 

the cue of a 15-m:U.e n.s1b1l1ty. As may be seen, tor distances 

appreciably greater than 15 miles the curves mq differ by almost a 

factor ot 2 1n range computed tor the same radiant exposure and by 

factora of 5 or 10 tor radiant exposures at a particular distance. 

4. EFFECTS PRODUCED 

In terms ot distance from the point or detonation (but ~ 1n terms 

of numbers ot casualties), the production ot retinal burns is perhaps 

the most extensive thermal effect of nuclear detonations. Thia 

biologi<?al response is expected to occur tor radiant exposures as lov 

as 0.1 eal/cm2 delivered in less than about 0.15 second (the blink reflex 

ti•) • 7 Su.ch levels are more than an order of magnitude lower than that 

required for other thermal effects. They occur at distances of the 

order of 1 - 2 visual ranges for nominal yield weapons at lov al.tituae 

and a.t distances of several hundred miles tor megaton veapons at high 

altitude, although for high yield weapons at lov altitude, the increased 

pulse duration greatly reduces the diets.nee at which such levels are 

found. 
12 
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A cursory glance at the anatomy of the eye and some elementary 

optics provides an explanation for this extreme sensitivity. The eye 

consists of a lens system which refocuses any impinging light rays into 

a retinal image of the emanating source. Assuming a fixed initial 

condition of the eye and neglecting any effects of atmospheric attenua­

tion, as distance from the detonation increases, the amollllt of energy 

per unit area of the retinal image does not change (until chromatic 

aberration becomes significant). Instead, the size of the image, and 

therefore the size or the burn lesion, decreases. 

Although scattered light can cause temporacy flash blindness, it 

cannot be fo~used into a small, sufficiently intense image to produce 

retir burns. Thus, retinal burns e.t such extreme distances will occur 

only in those instances ot eyes which happen to be looking 1n the direc­

tion or the detonation at the instant or detonation. Further, since 

only the more serious burns centrally located in the visual tield produce 

a loss or visual acuity, cases involving a considerable loss or vision 

will be even more rare. 

Coming in closer to the point of detonation, the next effect 

expected is "flash burns" on bare ~kin. Thermal radiation "flash 

bums" are quite similar to burns from other e.gents and are classified 

in the same fashion. 



irst degree : Reddening of the skin. Vecy painful but not 

particularly serious. Healing will occur (no scarring} without treat-

ment . 

S con e ree : Deep \Ii.th blister formation. Treatment required. 

Infection likely, combined Vith loss of body fluid may be fatal 

(depending on o.r r bum); nt least incapacitating. 

Third deeree: Full thickness of skin destroyed. Extensive treat­

ment required. Fatal if area 1& large . 

The radiant exposure required to produce n burn is dependent upon 

the rate o.t which it is delivered and, therefore, upon the duration 

or the thermal pulse. Accordingly, for the same radiant exposure, 

large yield weapons are less effective than small ones, as indicated 

in Fig. 4 where approximate radiant expooure va.lues for the production 

or first and second degree burns on bare skin are plotted agninst 

8 veapon yield. 

Another important factor inf'luencing the direct thermal radiation 

effects on exposed personnel is the amount end kind of' clothing worn. 

Clothine; in general reduces burn susceptibility. Moderately heavy 

clothing will provide protection for the covereq areas at radiant 

exposures less than those which will ignite the fabric -- except when 

the clothing is dark colored a.nd in direct contact "11th the skill. 

15 
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At about the same distance from a detonation at which second 

degree burns would result from direct exposure of bare sld.n, some ot 

the IOOre susceptible kindling fuels would ignite. This, then, might 

be expected to be the extreme range of immediate incendiary effect. 

Be tore detailing ranges ,'Jf incendiary ettecte and proceeding to the 

mass fire problem, it is worthwbile to con&ider the varioua fe.ctora 

inf'luenc1J16 ignition behav:1.or.9•13 

The radiant exposure required to ignite a material depends 

primarily on the following factors: tbe yield of the weapon (or, 111>re 

rigorously, the t1me-1rradience characterietics of the thermal pulse); 

the chemical composition, color, thickness and volumetric heat 

capacity of the mater1al; and the alll>Wlts and kinds of extraneous 

substances it contains. secondary factors include: the relative 

hwnidity of the enViroment, and certain ill-defined geanetric f'actore. 

Some generalizations can be ftl8d.e which sUlplify the problem of 

estimating incendiary ranges. 

Perhaps the most susceptible 1dndlin@; fuels to be found are the 

thin, natural fuels such as dried deciduous leaves, fine grasses, duff 

and rotted 'WOOC1. (punk). Newspaper is the c01D>nest man-made kind.Ung 

fuel in this category. A aecond cOIIIIIOn, but less susceptible class of 

kindling fuels is typified by Kraft corrugated board ("cardboard" 

box material) and includes J.11Uch industrial trash, heavy P8per products, 

17 



light f'abrica, and most ot the heavier wild.land kindling, such as thick, 

opaque broadleaf leaves and conifer needles. A third class ii typified 

by drapery-weight fabric and includes awnings, 1'1rniab1ngs, and other 

heavy fabrics. Materials much thicker than those 1n the third. claa1 

are not ignited to suatained combustion by the thermal pulse of a 

weapon detonation. 'l'be thicker 1\lela-, char, perbapa quite 'blldq, 

and flames may often be produced 4ur1ng the &P,Plicatioa of ra41ant 

energy; but the taperature through tbe fuel will not be ra1aecl 

suff1c1entl.J to sustain igm.tion, and ea, flames which are started c11e 

out :lnne41ately after the exp,eure. 

Figure 5 shows the ignition behaViot' of thne c<WIIIIOnly occUJTiDs 

aterials representing the tbree clasaes ot 1W1ceptibility. ID this 

figure, the radiant exposure for ilJU,tion ie plotted again8t weapon 

yield. Also shown is the extreme lim.1.t for glowing 1gnit1on, i.e., 

ignition which produces smolderina combustion rather than flames. '!'his 

limit is derived from the observation that the peak irrediance of an 

airburst thermal pulse, up to the maximum yield conaidered ( 100 Ml') , 

must exceed about 1 cal cm-2sec -l for ignition to occur at all in 

cellulosic materials (no atter how high the yield, the irradiauce 

at the instant of ignition must exceed 0.5 cal cm-2sec-1), and a.wt 

be considerably higher than that to produce flames. It wst be 911Plasized 
I 

that this is only a necessary (and not or it1elf a sufficient) condition 
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for ignition since the radiant exposure values also depend upon the 

thiclmesa of the material as demonstrated in the three example curves. 

The l:lmit is included in Fig. 5 only to provide a. vay tor estimating 

the extreme incendiary range as a f\D'lction of weapon yield. 

The incendiary range of practical importance in any actual si tua­

tion Vill depend upon the type and distribution ot kindling tuel within 

that particular target area. whether or not a •jor fire develope 

dependa 'I.POD ball many fine fuels are ignited and bow they are distributed 

vitb Nll)eCt to the thicker fuela into vbich the 8JDBll tires DUSt merge 

and spread. F.ach 11tuat1012 will be different, and 1n IIIJ ti.ft assess­

ment procedure baaed on rac11ant exposure levels, it vlll be necessary 

to take these factors into account, 

Many" urban and 1Ddustr1&1. areas and moat rural and vilclland areas 

have b1gb concentrations of thin eellulos1c •terial.l distributed 1n 

sucb a va.y as to constitute a significant tire hazard. For areas like 

these, radiant exposure values for the ignition ot the mre comnon 

members of the moat susceptible class of ld.ndl.1Dg fuels probably provide 

a realistic estimate or incendiary range. For example, when exposed to 

a 1 k'1' detonation under conMtions ot 40 to 50 percent relative 

humidity, class l mterials ignite at radiant exposures between 2 and 

3 cal cm·2 (flaming and gloving ignition thresholds are essentially 

indistinguishable tor al K11 detcmation). Assuming a 15 mile visibility, 

20 



these materials will I therefore, ign:l. te out to a radius of about a half 

mile tram the point of detonation. The same •terials exposed to a 

10 Mr air burst will exhibit glowing ignition at radiant exposure 

values ot 10 to 15 cal cm·2 -- approaching the irradiance-govemed 

ignition limit (Fig. 5). The corresponding radius tor the assumed 

environmental. conditions v.lll be roughly 10 to 20 lliles depending upon 

our choice of atmospheric transmittance tor 15-mile visibility. 

Flaming ign:l.tiona will require exposures greater than the 1 !Cf case by 

nearly an order of map1 tude - - exteDding out soae 9 to 13 llilee traa 

ground zero. 

Earlier in this report it was pointed out that high altitucle 

detonations are thermally less efficient than low altitude air bursts. 

Detonations at about l to 2 fireball radii above the surface clearly 

•x:tnd~ the initial tire zone for small and intermediate yield weapons. 

W1 th increasing yield above about 10 Ml', however, it appears likely 

that the incendiary ranges of high altitude bursts become large 

com.panel to those tor air bursts. This comes about, despite the 

inherently larger slant ranges, because ot two factors : (1) the br:Lef 

thermal pulse ot a high altitude burst is more efficient at igniting 

aterials, and (2) the reduced path through dense air minimizes 

atmospheric attenuation. 
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B~ause of the short pulse time, the radiant exposure values for 

ignition by the high altitude detonation of megaton yield weapons are 

probably not greatly different from the values for a 1 KT airburst. 

Our limited experiences with high altitude bursts suggests that "effec­

tive" pulse durations are measured in hundreds of milliseconds -­

increasing with yield but decreasing with height of bursts (HOB). 

Recent laboratory measurements indicate that, for pulses this short, 

radiant exposures tor ignition are essentially independent of pulse 

duration': 

The increasing downward curvature that atmospheric attenuation 

introduces into the radient exposure versus distance curves, 

especially ·the lower curve in Fig. 3, suggests that for low altitude 

bursts there is a point of d1rn1nishing returns in range of effects with 

increaains yield. For high-altitude detonations it is ver, dit'ficul t 

to assess the ata>spheria transmittance. The radiation passes through 

air of widely varying density and ccmposi tion on 1 ts way to the earth's 

surface. The same uncertainties which muddied our picture of the air­

burst are cOIJIX)unded by additional ignorance of the vertical distribu­

tion of scattering and absorbing media. It is clear, however, that in 

the absence of cloud cover, the attenuation will be less than for an 

equal distance along the ground. 

*A USNRDL Technical Report is in preparation on the subject of 

ignition of cellulosic kindling fuels by veey brief radiant pulses. 
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One way of estimating the effect of the atmosphere on radiant 

levels from high altitude bursts is to uae the "reduced height" 

14 concept. For radiant transmission purposes, the atmosphere is 

thought of as being completely contained in a uniform layer at sea 

level density. The transmittance values f'or along-the-ground propaga­

tion are applied to that portion of the ra.diation path which passes 

through this layer. This type of calculation gives a 50 to 60 percent 

transmittance for angles above the horizon greater than about 40 degrees 

when the visibility along the ground is 15 miles. These values are 

independent of the overall distence. Thus, for example, at e. 

horizontal distance of 50 miles from the ground zero of a 50-mile 

HOB detonation, the radiant exposure would be at least half of' the 

inverse square value for surface visibilities of 15 miles or more. 

Table 2 displays the estimated radiant exposures for ignition 

of kindling fuels for weapon yields ranging tram 1 ICI1 to 100 Ml'. 

Table 3 summarizes the material presented to this point by listing 

ranges of effects anticipated for several weapon yields under 

conditions of moderate relative humidity and average-to-good Visibility. 
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Weapon 
Yield 

1 KT 

10 KT 

100 ~ 

1 MI' 

10 Mr 

100 Ml' 

.NOI'E: 

TABLE 2 THRESHOLD RADIANr EXPOSURES FOR VARIOUS EF.Fro.rS 

(All values in cal/ cm2) 

Ignition of Most Ignition of Kraft Ignition of Heavy 
Second Susceptible Fuels Corrugated Board Fabrics 
Degree 
Burns Glow Flame Glow Flame Glow Flame 

4 2-3 2-3 1 20 

4,5 3-4 4-5 1 20 

5 4-5 6-9 12 17 

6 5-7 11-16 16 21 25 

9 10-13 20-30 19 36 38 43 

? 30 60 3? 64 48 75 

Materials with significant mineral content exhibit increased 

susceptibility to glowing ignition. Radiant exposure values for glowing 

ignition may be reduced as much as a factor of 2 from indicated values. 

High mineral contents enhance glowing to the exclusion of flaming. 



TABLE 3 APPR~TE H~IZ<lfl'AL IWfGES fl EFFECTS F~ 15-MILE VISIBILI'l'r 
(All values in miles) 

Ignition of Most Ignition of Kratt Ignition of Heavy 
Second Susceptible Fuels Corrugated ·Board Pabrica 

Weapon Degree 
Yield Burns Glow Flue Glow Flue OJ.ow Flue - - - -

l K!l' 0.5 o.6 0.5 o.4 0.2 

10 K! 1.3 1.5 1.3 1 o.a 

100 KT 3.5 3.5-4 3 2.3 2 

l Mr 1-9* 7-10* 6.5 5-6 4.5-5.5 4-5 

10 Mr 
(air 12-19* • 11-18• 9-13* 10-14* 8-11* 8-11* 7.5-10-
burst) 

10 Mr 
(20-mile 15-25* 
H<m) 

100 Ml' 
(air 17-28• 14-22* 16-26* 14-22* 15-2•* 13-21* 
bur1t) 

100 Ml' 
(50-mile 60-90* 
BOB) 

* Indicates larger value (based on T frm ENW) detel"llined 
by extrapolation beyond half the viaual range. 
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5. ·FORMATION, SPRF.AD AND CO?fllROL OF FIRm* 

The ignition ot thin kindling tuels by thermal radiation is ot 

concem only because tire has the property ot spreading to contiguous 

thicker tuela. 'l'hua ,. the growth trm a large number of small, isolated 

ignitions to a tully-developed mass tire depends not only on the 

presence ot k:lndJ 1DS fuels, but also on the presence and spacing of all 

combustible material. in the area. Consequently, fuel factors which 

attect susceptibility in conventional tires are also ot concern in 

assessing vulnerability to thermal radiation. 

Open areas -- bodies ot water, marshes, roads and airport run­

ways, cemeteries, and golt courses and similar recreation areas - - have 

few locations in which fire can originate, and any small fires which do 

start usually cannot spread far. If these areas are large, they 

constitute a major i'irebreak between the nx,re susceptible regions. The 

more sparsely populated and vegetated surburban regions represent areas 

in which fires may s:pread beyond their point of origin, but are not 

ex;pected to merge and fonn mass fires. In the roore densely populated 

urban areas, and in highly vulnerable bruah and forest lands, mass fires 

fire storms or conflagrations -- are to be expected when conditions are 

right. 

Considerable information concerning fire spread has been obtained 

from the many w'ildland fires which occur annually in the United States. 

* A D1>re detailed discussion of the material in this section Jlll\l' be 
found in Reference 15. • 
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A check of such fire records indicates that there are predictable 

periods of the year which, on the basis of rainfall, temperature, and 

relative humidity occurrence, may be defined as the fire season. Such 

normal fire seasons, as detennined by local climate and natural fuel 

conditions, are shown in Fig. 6 for the different parts of the United 

16 States. 

During the fire season, high humidity in the period preceding an 

attack wuld be important only in the beginning stages of a fire. 

Kindling fuels are thin and respond rapidly to changes in humidity. 

Thus, a very short period of sunshine, even after a heavy rain, will 

dry out many of these fuels. In fact, the energy in the thermal pulse 

itself can dry out and then ignite the kindling fuel, although at a 

somewhat higher energy level than that required for dry fuel. Both 

laboratory and field data indicate that a good estimate of the effect 

of relative humidity in increasing the radiant exposure over that 

necessary for ignition of the dry fuel may be made by multiplying by 

the simple factor 

F = 1 + 0,005 H 

where His the relative humidity in percent. 5 

In urban areas, weather does not influence fire spread as much 

as has been frequently assumed. For ex.ample, if one considers the 

dange_r from indoor ignition, one finds that the seasons considered 
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Fig. 6 Fire Seasons Map of the United States 
(From Reference 16). 
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safe in the case of forest fires are frequently the ioost dangerous in 

the case of nuclear attack. Thus, in the northern part of the United 

States, the winter months are considered as a period of safety from 

forest fires. Yet, during these months mst buildings are heated. 

Where humidifiers are not in use, the humidity conditions indoors are 

dangerously low, perhaps lower than they ever are outdoors; and the 

hazard from fire starting indoors is extremely high. Once a fire is 

well established indoors, it can readily overcome the retarding effect 

of moisture in heavier exterior fuels. Studies conducted during the 

last war indicate that even when rain was falling during conventional 

fire bomb attacks, the damage produced averaged only 20 percent less 

than that produced under favorable weather conditions. 

Appropriate fire control action may be directed along three 

lines, namely, (1) reduction in number of potential. ignitions, (2) pro­

vision for isolation or rapid extinguishment of ignitions to prevent 

fonnation of serious fires, and (3) minimization of fire spread potential 

should large-scale fires be produced. Effective fire control steps which 

may be taken x·ange from very simple ones, readily put into effect, to 

complex and costly ones. For example, reduction in the nunfuer of 

potential ignitions may be accomplished by removal of kindling fuels. 

The elimination of wood as a construction material and its replacement 

by concrete, brick, and metal, of course, is one step (a rather expen­

sive one) in this direction. Continuous upkeep of existing wood 
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structures to prevent the exposure of rotting wood is a cheaper step in 

the same direction. 

The effectiveness of eliminating kindling fuels in reducing 

ignitions was rather strikingly demonstrated in a civil defense experi­

ment during Operation Upshot-Knothole, the atom bomb test series 

conducted in Nevada in 1953.17 Three mock-up frame houses were 

constructed at identical. distances from ground zero and exposed to one 

shot during that operation. One of the houses was well maintained and 

had a painted wood siding and a clean yard. Another house had a clean 

yard but had unpainted, weathered, decayed siding. The third house was 

poorly maintained and was surrounded by adjacent dry weeds and trash. 

After the detonation, the first house showed only mild scorching and 

was not significantly damaged. The second house smoldered awhile but 

finally burst into flames and burned to the ground. The third house 

was ignited and quickly consumed. 

If kindling fuels cannot be eliminated, sb:!,elding of such fuels 

from a heat flash is an effective means of eliminating the danger. 

Thus, ignitible trash in covered metal containers will not be ignited 

by a heat flash. Covering windows in existing structures or 

constructing windowless buildings can minimize ignition of internal 

kindling fuels. Shielding of large regions by smoke screens may 

effectively reduce vulnerability to heat, whereever the smoke is dense 
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enough to reduce the energy delivered to levels below critic al. The 

screen must (1) be laid down before the detonation, (2) be large 

enough to minimize the probability of fire spread to the covered area, 

and (3) be absorbing or, if scattering, sufficiently low so that it does 

not scatter or reflect additional radiation downward. 

Once the number of potential ignitions has been reduced to a 

bare minimum, the next major step is to plan and train for the elimina­

tion of those ignitions which do occur before they can grow into 

serious fires. Ignitions remote from any large combustible complex 

may be allowed to burn out lli th minimal over-all effect. Since all 

other ignitions must be extinguished promptly, a first aid type of 

fire :flghting must be adopted. Everyone must be taught to act promptly 

after the immediate effects of a detonation are over and to try to 

extinguish all such incipient fires within his immediate reach. In 

the first few minutes many of these fires can simply be stamped out. 

Small fire extinguishers, readily available, or even buckets of water 

or sand are extremely useful in these early times. If each person 

extinguishes enough of these small fires early enough, perhaps few 

will grow sufficiently large to require the services of a professional 

fire department. 

Even after everything possible has been done to minimize the 

probability of fonnation of large fires, steps must be taken to 

minimize the effects of these fires should they occur. Fire fighting 
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plans must utilize natural firebreaks to provide the utmost in fire 

protection (whether or not they ultimately prove to be effective). 

In planning the location of such potentially useful firebreak areas as 

new parks and freeways, their fire protection utility must be taken into 

account. Highly combustible regions must be eliminated as soon as 

possible. Finally, considerable research and training effort must be 

expended on techniques for the fiBhting of such mass fires. 

6. SURVIVAL IN FIRE ZONES* 

In seeking infonnation about the environment in large scale 

fires we find, Wlfortunately, o..11 too much practical experience to 

draw upon. 

London in 1666, Moscow in 1812, Chica.go in 1871, and 

San Franc in co in 1906 are perhaps the best knmm examples. llot so 

well lmown are the larce forest fires -- sinc;le fires that have 

covered millions of acres. For example, on October 8, 1871, the 

date of the Chicago fire, fires in Wisconsin and Michigan burned 

almost four million acres, with a loss of life many times greater 

than was experienced in Chicago. 

The bombing attacks of World War II, however, added a new 

dimenGion to the fire problem~ Large areas could now be ignited more 

*A more detailed discussion of the material. in this section 
may be found in R,~ference 18. 
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or less s1multaneously1 enveloping whole cities in fire and burning 

them to the ground in a matter of hours. The old city section of 

Hamburg took four days to burn in 1842. In contrast, in the f'ire raid 

on Hamburg on July 271 1943, two-thirds of' all the buildings in a 

5-square-mile area were ablaze within 20 minutes. Within a few hours, 

the fire had begun to run out of' fuel and die down, al.though hot rubble 

made large areas unapproachable for several days. 

There is a tendency to forget that even before the introduction 

of atomic weapons at the end of World War II, such total devastation 

had been inflicted a number of times by conventional fire attacks on 

cities in Gennany ·and Japan. For example, a fire raid on Tokyo on 

March 9, 1945, caused a mass fire which destroyed an area of 16-square­

miles (compared with less than 5-square-miles in Hiroshima and less 

than 2 in Nagasaki), and caused more than 8o,ooo deaths and more than 

100,000 injuries, perhaps more casualties than in Hiroshima and 

Nagasaki combined. 

The largest fires already observed have been sufficiently large 

that no new factors are expected which would significantly influence 

the environment within the fire zone. For example, the violent 

indrafts so characteristic of a fire storm can penetrate less than 

half a mile into a fire area. Inside these limits, air 'to feed the 

fire comes as a result of mixing with the atIOOsphere above, rather 
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than laterally. Thus, to people in the center of a mass fire a mile 

or so in diameter, the fire is already infinitely large, and their 

environment would be no different if the fire were ten or a hundred or 

a thousand times larger. 

Once a mass fire has formed, the usual prognosis for people 

trapped w1 thin the fire area is not very favorable. However, a care:t'ul. 

look at our fire experiences of the past, together with experimental. 

results obtained on a much smaller scale indicate that, with certain 

precautions, a survival in simple llllderground shelters in the middle of 

a fire zone is highly probable. 

It must be conceded that people trapped in the open or in 

combustible structures in mass fire areas will succumb from a large 

variety of effects, and in such situations speculations as to the major 

cause of death is most Wlprofi table. In the same category may also be 

included effects on people in make-shift combustible shelters located 

in the basements of combustible residences. Since rubble in a burned 

out area may sioolder for days -- producing high temperatures and toxic 

atmospheres -- shelters (and in particular shelter vents) located where 

they will be covered by deep piles of hot rubble offer little protec­

tion, except in the case of heavy reinforced concrete shelters located 

deep underground and with an independent supply of conditioned air. 

However, what can happen to persons in a simple backyard shelter 
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located so that neither the shelter no·r :Its vent can be covered by 

rubble, with 3 feet of' earth overhead and a mass fire raging around 

the shelter! 

One claim is that all the air will be sucked out of' the shelter, 

implying the creation of' en extreme vacuum overhead. There is no 

evidence to indicate that aeything but a very slight drop in pressure 

can possibly occur. Another argument, which probably f'onned the 

rational basis for the first one, is that the fire will consume all of 

the oxygen in the vicinity. However, if one computes the amount of 

oxygen needed to completely burn the typical single family residence, 

he Will find that the necessary oxygen is available in the immediate 

vicinity of the fuel. 

The next argument is that la;r.ge quantities of carbon monoxide 

and other toxic gases will be produced and will be drawn into the 

shelter. Unfortunately, experiments have shown that this is indeed 

possible. In fa.ct, concentrations of carbon m:moxide as high as 

7 percent have been measured in large fires burning freely out-of-doors19 

(a concentration above 1 percent can cause death in 1 to 3 minutes). 

However, the amount of fuel available in any single location is 

consumed in a relatively short period of time -- an hour or two of 

active burning at the most. Also, almost any shelter big enough to get 

into is habitable for an hour or two without MY elaborate precautions. 
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Thus, if the ventilation system can be closed down for an hour or so 
I 

shelter occupants should have little difficulty in surviving the 

naming portion of the fire burning overhead and, provided the vent is 

located so that it will not be buried by rubble I any air drawn in 

subsequently should be relatively free of carbon DX>noxide and other 

toxic gases. 

The final concern of anyone underground in a fire area would be 

the heat. Here again it is easy to show that heat transferred into 

the shelter through 3 feet of earth, or its equivalent, during the 

period of an hour or two is negligible and, again, the only problem 

that can conceivably occur would result from smoldering rubble piled 

high above the shelter. 

Thus, all evidence, both from a study of the major fires of the 

past and from simple snnl.1-scal.e experimentation and theoretical 

considerations, points to the relative safety of an underground loca­

tion in a cleared area within a mass fire zone. Simple fallout 

shelters, built in the backyard rather than in the basement and with 

intake vents located as far as possible from an combustible material, 

can be expected to provide good protection against the fire as well as 

against the fallout effects of a nuclear detonation. Since such fire 

effects may, under the right circumstances, cover areas far exceeding 

the areas of severe fallout hazard, this additional feature ~hould be 



considered carefully by anyone contemplating the construction ot a 

fallout shelter. 

7. CONCLUSIONS 

The range of significant thermal radiation levels increases 

rapidly with weapon yield. As larger weapons are built and delivery 

methods improved, military and civil defense planners must continually 

reassess the seriousness of thermal effects relative to the effects of 

blast and ionizing radiation. The response of' material and biological. 

systems to short pulses of thermal radiation can be predicted with 

satisfactory exactness. But even at this late date, only very crude 

estimates can be made of thermal radiation levels at a distant target 

because of the large uncertainties in atmospheric transmission. 

Despite the uncertain nature of prior estimates of area of initial 

involvement, such estimates are relatively good compared to those tor 

the final. burned-over area. It does appear probable, however, that in 

a:ny large-yield, nuclear weapon attack on urban and rural targets, may 

fires would be generated which, in the absence of effective counter­

measures, would in many cases bum over areas vastly larger than those 

initially ignited. 

Countermeasures which should prove effective in reducing the 

amc>tmt of thermal radiation and fire damage include : the elimination 



of kindling fuels wherever possible, the isolation and quick extinguish­

ment of ignition points, the establishment of suitably large fire 

breaks and, under some circumstances, the pre-attack use of snx>ke screens 

end other shielding devices. 

A properly plarmed and located underground shelter of the type 

designed for fallout protection is expected to provide complete safety 

for its occupants even in the center of a mass fire zone if the air 

intakes are closed off during the hour or so of active burning in the 

immediate vicinity. 
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T
h
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th
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e
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it
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ra
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ti

o
n

. 
th

e 
ra

d
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n
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ex
p

o
su

re
 a
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fu

n
ct

io
n

 o
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d
is

ta
n

c
e
, 

an
d

 t
h

e 
ef

fe
ct

s 
p

ro
d

u
ce

d
 b

y
 t

h
is

 r
ad

ia
ti

o
n

 a
re

 s
u

m
m

a
­

ri
z
e
d
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T

h
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fo
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a
d
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an

d
 c

o
n

tr
o
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o

f 
fi

re
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an
d

 p
o

ss
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il
it

ie
s 
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su
r­

v
iv

al
 i

n
 f

ir
e 

zo
n

es
 a

re
 d

is
cu

ss
ed
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F

ir
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su
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w

h
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h
 m

ig
h
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p

ro
v
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e
ff

e
c
ti

v
e
 i

n
 r
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u
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n

g
 t

h
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e
x

te
n

t 
o

f 
th

er
m

al
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a
m

a
g

e
 a

re
 s

et
 f

o
rt

h
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