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PREFACE

This Memorandum presents some suggestions for the improvement of
present methods of estimating the extent of wildland fire damage that
might result from a nuclear attack. A mathematical model designed by
(1

the Broadview Research Corporation and which served as the basis

for a U.S. Forest Service study(z) is taken as a readily available

starting point for further developments.

This short, somewhat cursory study provides tentative suggestions
that are intended to encourage further investigation in non-urban fire
damage estimation.

This Memorandum represents one part of a study of the biological
and environmental consequences of nuclear war that The RAND Corporation
is conducting for the U. S. Atomic Energy Commission, Division of

Biology and Medicine, Technical Analysis Branch (TAB).
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SUMMARY

Early attempts to estimate the non-urban fire damage that would
result from a widespread nuclear attack on the United States have, of
necessity, depended heavily on the experience and judgment of fire
suppression personnel. An elementary model has been developed by the

(1) but the lack of knowledge about the

Broadview Research Corporation,
very complex burning process of a forest fire and the tremendous number
of inputs required for a nationwide study limit its accuracy and
utility. This Memorandum suggests some possible approaches toward

improving the model.
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1. INTRODUCTION

An estimate of the extent of fire damage to non-urban areas
would be an important input to any evaluation of the probable ecological
effect of a widespread nuclear attack on the United States. However,
estimating the anticipated fire damage to the forests, grasslands,
farms, etc., is notably difficult because of the great number of
variables-~in topography, fuel content and condition, meteorological
conditions, the amount and rate of heat radiation from the nuclear
detonation(s), and the complex process of burning.

The United States Forest Service and state forestry services have
had much experience with rural and wilderness fire spread estimation,
but most of the knowledge gained thereby is preserved only in the
experiences of individual rangers throughout the national forests.
Therefore the Forest Service developed a simplified nation-wide method
for estimating total burnout following nuclear attack,(z) utilizing
a mathematical model created by the Broadview Research Corporation
(now the United Research Corporation).(l)

This Memorandum reviews the Broadview model and some aspects of
the Forest Service work, and suggests some approaches for future

improvement of methods of estimating burnout.



II. PAST WORK

In the Forest Service forest damage assessment study, the nation
was divided into 421 areas in which somewhat homogeneous fire-spread

(2)

conditions were thought to prevail. Envirommental conditions
affecting fire spread, e.g., humidity, temperature, moisture content,
were stipulated to be "average-bad." An "average-bad" month was
defined as one in which "the prevailing level of danger approximated
the average peak fire danger attained two to four times during the
month." Since such adverse conditions would not prevail simultaneously
throughout the country, this "estimating guide" yields pessimistic
results on the extent of fire damage following nuclear attack. It
does, however, give a notion of the maximum burnout following a nuclear
attack.* The study lists, for each month and for weapon yields of

1, 3, and 10 megatons, the estimated fire spread (maximum burnout area)

expected in each of the 421 areas. For example, the first entry reads:

FIRE SPREAD - SQUARE MILES

Area No. (a) JAN FEB MAR APR MAY JUNE JULY AUG SEPT ...
& Location

101 1 200 200 200 200 820 820 2850 2850 2650 ...
Northeast 3 380 380 380 380 1000 1000 3040 3040 2830 ...
Maine 10 800 800 800 800 1840 1840 4010 4010 3800 ...

8Size of bomb (megatons).

The basis for the estimates in the Forest Service study was the
model developed in Ref. 1. The latter examined the process by which a
nuclear explosion would ignite fires, taking account of the yield,
altitude of burst, absorptive and scattering properties of the
atmosphere, the ignitibility of various materials when irradiated by
thermal energy at a given rate and intensity, and the distribution of
these materials. Because of the great complexity of the subject, the

results obtained were necessarily sketchy.

*
This Memorandum and Refs. 1 and 2 assume that there will be no
fire suppression efforts.

%ok
Reference 3 contains further work in this area.
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Incident energy per unit area (cm2) was used in the Broadview
study as the criterion for ignition: a fuel is assumed to have ignited
when the total energy received during the thermal pulse has exceeded
a certain value, the "critical ignition energy." Not only do different
fuel materials have different critical ignition energies, but this
quantity varies significantly with moisture content, which in forest
fuels depends mainly on the recent level of relative humidity. The
critical ignition energy, Q, was assumed to satisfy an equation,

Q = Qo(l + 0.005H) f(W), where Q0 is the critical ignition energy
under dry conditions, H is the relative humidity in per cent, and f(W)
is a slowly increasing function of weapon yield, reflecting the fact
that ignition depends on the time history or shape of the thermal
pulse as well as on the total energy received. (The length of the
thermal pulse increases somewhat with increasing yield.)

Finally, a single value for Q0 was selected, averaging over all
common forest kindling fuels: "a reasonable average value is 3 cal/cm2
for a 20-KT weapon when the materials have a very low moisture content."
The equations used to calculate the critical ignition energy were

1/8

3(1 + 0.005 H) (W/20) 20KT = W < 1000KT

Q= 1/4

5(1 + 0.005 H) W IMT < W = 20MT.

The radius of initial ignitions was then calculated as that distance
from the ground zero (GZ) at which Q cal/cm2 are received, taking into
account the effects of burst altitude and atmospheric absorption and
scattering. The actual area of burnout was then calculated as the

area of the figure

*
Reference 3 contains further work in this area.
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where:
R = radius of initial ignition
n = spread northward
e = spread eastward
s = spread southward
w = spread westward,
which works out to be

m(R + r)2 + €

A =
where:

€ = a correction term, usually negligible

r = average fire spread = %(n + e + s + w).

This is also the method used in the Forest Service tabulation
of expected total extent of burnout for each of the 421 areas. In cases
where the average fire spread, r, is zero, the radius of burnout is
taken to be the radius of initial ignition, R. In the entry shown
on p. 2, the January through March entries reflected an expected fire
spread of zero; thus, they represent the effect of initial ignitions
alone. We should note here the possibility that the inclusion of such
entries, and there are many, may result in over-estimation of the
burnout area because the same factors that make the expected fire
spread zero may also prevent the ignition of forest fuels even within
the computed radius of initial ignition. For example, the locality
in question may be covered with deep snow, a situation in which even
fuels quite close to the fireball itself may fail to be ignited, or
if ignited during the thermal pulse, would not continue to burn. The
results would probably be similar if the weapon were detonated during
or shortly after a rainstorm. Another reason for some cases of no
expected fire spread is extremely low density or nonexistence of
combustible material, e.g. certain desert areas. If a locality contains
nothing to burn, it is not very realistic to include the area of
hypothetical "initial ignitions'" in an estimate of total burnout. The
Broadview and Forest Service studies took little account of these
considerations; indeed, ignoring them is not inconsistent with their
limited objectives.

The authors of the Broadview report suggested that, although
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their method cannot be expected to yield a correct estimate of the
area of burnout for any particular case of a nuclear explosion and
ensuing rural area fire, nevertheless the results will be correct "in
the large" for the maximum potential situation in the sense that for
many such explosions in many different areas, the errors will tend to
average out to zero.

The Broadview study contains some other limitations. These include:

1. The study uses a single "reasonable average value" for the
critical ignition energy required to ignite the fuel. This is estimated
at 3 cal/cm2 by the Broadview researchers for dry rotted wood (punk)
and other fine fuels. However, while such fuels are common in forests
and other rural areas, it is by no means clear that they are in
sufficient quantity to dominate, or that they are likely to be exposed
to direct thermal radiation; e.g., in forests, such fuels are pre-
dominant on the forest floor, and thus somewhat shielded. Moreover,
a few isolated ignitions in those fine fuels that were exposed would
not necessarily result in a growing forest fire.

Reference 3 gives the following values for critical ignition

energies of other important dry forest fuels in cal/cm™:

Fine grass 3.7 Coarse grass 5.2
Deciduous leaves 4.4 Spruce needles 5.9
White Pine needles 4.4 Ponderosa Pine needles 5.9

The ignition energy required for living trees may be even higher.
"At the distances where the trees (some deciduous) did not burn in
Hiroshima and Nagasaki and in weapons tests, ... the overpressures
(nearly 4 psi) were high enough to destroy a large fraction of the
trees (broken, uprooted, etc.)."(3) Again, it is believed that the
presence of trees often stopped the spread of large fires in urban
areas.(4) The use of higher values for Qo would significantly reduce
the radius of initial ignitions, and thus the total area of burning.
It should also be noted that in the case of a nuclear airburst, the
crowns of the trees would be the main parts exposed to thermal radia-
tion. This living foliage is comparatively difficult to ignite.

2. The assumption of "average-bad" conditions makes the results

overly pessimistic for most purposes. A range of conditions should be
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studied, and statistical variability should be introduced. The lack
of such range and variability is probably the most serious shortcoming
of the Broadview study in any application for post-war ecological
research.

3. The authors of the Broadview study themselves indicated that
the most serious possible source of error in their method for estimating
the initial ignition radius was in the application of equations to
correct for atmospheric absorption and scattering. Two theories
describing these phenomena(5’6) yvield significantly different results.
The Broadview study took the average of the results obtained with the
two theories. Carl Miller(3) has spent considerable effort on a
theoretical discussion of the mechanism of radiation from a nuclear
explosion; perhaps the final version of his work will resolve these
differences. Also, there may now be more experimental data than were
available to the Broadview authors.

4. Effectively, the methods of collection and usage of data for
a given ODM area used in the Broadview study assume that a fire will
spread, say, 10 miles northward regardless of its starting point.
Clearly, this does not reflect the actual mechanism of fire spread;
the spread in any given direction may depend a great deal on where
within the area the initial ignitions are located. The procedure
that has been used amounts to averaging over many different conditions
at the data-gathering level rather than at the analysis level. While
this approach may give results "correct in the large,'" a much more
detailed analysis of specific areas would increase a user's confidence.

5. Still unanswered is the effect of simultaneous ignition at
many points in a large area (by a large nuclear explosion). Normally,
a forest or brush fire starts at one point and is spread by the wind,
by radiation, and by direct contact with combustible materials. A
zone along the perimeter will be actively burning, while in the
interior the fire will largely have burned out. The input data for
the Forest Service study were based on such fires. World War II
experience with incendiary attacks on urban areas indicates that when
a large area is simultaneously ignited there is a possibility of a

fire storm--hot air rising over the burning area creates a strong

*
See also Ref. 7, p. 15.
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updraft that is fed by air drawn inward at ground level. This wind,
which can reach near-hurricane velocities, tends to inhibit the spread
of the fire much beyond the initially burning area, while at the same
time causing the complete combustion of all fuels within the initial

area. Could there be a forest fire storm? If so, the extent of fire

spread might be much less than the estimates based on the behavior of

ordinary forest fires would indicate. The Broadview researchers
*
recognized that some differences might arise from simultaneous ignitions,

but saw no way of answering this question.

*This might in some instances act somewhat like a deliberately
set backfire, which burns up fuel ahead of the blaze being fought and,
ideally, burns counter to the direction of movement of the main fire,
cutting its momentum.



III. SUGGESTIONS

A follow-on to the Forest Service study could proceed in several
ways. Some of these are listed below in approximate increasing order
of sophistication (and difficulty). Since an important shortcoming
of that study for research on post-war ecology is its use of "average-
bad" conditions, an issue confronting a new rural damage assessment
study, therefore, is whether the old data can be adjusted or modified
to pertain to less extreme conditions. This section will separate
possible new approaches to a damage assessment study according to

whether the old data can be used or new data are to be collected.

PROCEDURES USING EXISTING DATA

The simplest procedure would be to use the same data and same
method as in the Broadview study, except for the development and use
of an improved method of calculating the initial ignition radius,
including the initial radii for those cases in which the lack of fire
spread merely reflects the lack of combustible fuels in the immediate
area. The results of such a study would still have the shortcoming
inherent in the use of only "average-bad" conditions.

One could also investigate the possibility of scaling down the
""average-bad" data on the basis of more frequently occurring values
of humidity, temperature, etc.

In addition, an attempt could be made to improve the fire-spread
estimates by acknowledging some effect from the fact that some areas

are deserts, bare, rocky mountains, lakes, etc.

PROCEDURES REQUIRING NEW DATA

With the above modifications in technique, one may seek to improve
the results further by collecting better raw data. This could be
accomplished in several different ways.

Data could be collected in the same format, but for a range of

*
conditions instead of only for "average-bad." Fire control personnel

*Since the preparation of this report, a study(s) to correlate fire
danger indexes with a 10-year (1951-1960) record of U.S. weather statistics
has been initiated by the U.S. Forest Service. This work may make it
possible to reflect a more reasonable mix of fire-spread conditions across
the 421 individually homogeneous areas of the earlier Forest Service study.
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could draw a curve of ultimate extent of fire spread as a function of
"true" burning conditions. Both these steps could be taken for a
sample of areas. If there appears to be a significant correlation
with the old data, it is possible that no more than a sample would be
required.

Perhaps an entirely different method is required for a new fire
damage assessment study. It is true that very little is known about
the physical mechanism of forest burning and fire spread. Most research
on fire characteristics is only at the stage of studying the burning
process in regular wooden cribs under closely controlled conditions.
However, this is not to say that it is impossible to predict the spread
of a given fire under given environmental conditions. By considering
the obstacles to fire spread, as well as humidity, wind conditions,
moisture content of the fuels, etc., an experienced fire fighter
probably could make fairly good predictions. An analysis of the
obstacles to fire spread, conducted in an area containing many people
and resources subject to destruction by fire, might be worthwhile for
its own results as well as for the guidance it could provide for further
efforts.

Foresters experienced in fire control and aerial photo-analysis
could be given aerial photos of one of the ODM areas and asked to:

(1) identify the obstacles to fire spread in the area

(2) indicate the combustibility and burning characteristics
of the ground cover

(3) rate each obstacle according to some scheme, e.g.,
assume that a fire is approaching this obstacle under
the influence of a wind blowing directly across it.
Is the fire (a) unlikely to cross it even in a high
wind? (b) unlikely to cross it except with a high
wind? (c) unlikely to cross it unless there is at
least a moderate wind?

(4) indicate the manner in which changes in humidity, fire
danger level, and season would affect these estimates.

*
A few wild land experimental fires have been instrumented and
studied, but reports of this work were not available to the author.

*%
Forest fire suppression is part of a forester's job; aerial
photography is a technique used in the U.S. Forest Service for many
years. Thus, persons with the required knowledge can probably be found.
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With data collected in this fashion, it might be possible to
construct a more useful model of fire spread. Each area could be
analyzed on a computer, statistical information on the extent of
fire spread developed for each area as a function of wind conditions,
humidity, etc., and these results used in any number of fire damage
assessment studies. This approach would be one step closer to the
use of physical laws and experimentation than was the original Forest
Service method. It is motivated by consideration of what was done,
successfully, for urban fire damage assessment in World War II: namely,
analysis of the obstacles to fire spread and burning characteristics
at each particular point.

James K. McElroy, a fire protection engineer with wartime
experience in such work, indicates that much of his work was based
upon locating obstacles to fire spread--parapeted fire walls, deciduous
trees, wide streets--and upon considering the combustibility of
important parts of structures in the target area, e.g., the rooftops.(g)
The extensive photo-analysis of German and Japanese targets reported
in Ref. 4 indicates that fire spread does not depend so much on such
gross parameters as building density as it does on the various fire
walls, gaps between buildings, and other special conditions at each
particular point. For example, Ref. 8 cites cases where fires burned
out the interior of a building, and yet, because of fire protective
construction, neither spread to other buildings in physical contact
with the burning building, nor even ignited the wooden window boxes
and shutters on the outside of the same building--in the absence of
fire suppression.

With these points in mind, it appears that we have little hope
of constructing a comprehensive model of fire spread purely on the
basis of physical laws and existing experimental results. The Forest
Service study implicitly recognized this fact; the method of data
collection was simply an appeal to the experience of fire control
personnel. An improved fire damage assessment study would have to do
the same--circumvent the lack of knowledge of the physics of fire
spread by appealing to the intuition and experience of fire control

personnel.
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