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Experience during World War II proved that
mass fires can produce casualties and physical
damage equal to or greater than those caused by
conventional high explosives (16).! The atomic
bombs dropped on Hiroshima and Nagasaki start-
ed fires that burned a total of more {1 5 squarc
wiiles in the two citics (138. 139). Wit the devel-
opmeént of nuiiiimegaton nuclear weapons, the
arca :xposed *o immediate ignition and subsequent
burnout has been increased to between 450 and
1,200 square miles, depending largely on weapon
yicld and height of burst (84). Furthermore, the
arca over which fire might ultimately spread from
a single nuclear explosion has been estimated to
be as great as 10,000 square miles for sclected
targets during selected times of year (72). The
problem of fire damage prediction has consequent-
ly been receiving greater attention.

The sequence of events following an incendiary
attack is identical whether the incendiary devices
are thermite bombs, atomic bombs, or hydrogen
bombs. Numcrous small fires are ignited to a great-
er or lesser distance around the selected target
area, These small fires may or may not merge to
form a single mass fire. If a mass fire forms, it
may remain confined to the area initially ignited
(firestorm), or it may develop a moving front (con-
flagration) and spread appreciably beyond the
initial ignition area.

Much is known ubout the ignition of urban and
wildland fuels tollowing small nuclear detor.ations
(54). For weapons in the kiloton range, the dis-
tances to which fires can be expected to be ignited
directly by the thermal flash are knows: relatively
accurately (101). But ignition radii become increas-
ingly uncertain as weapon yiei: increases. This
uncertainty arises primarily becausc of the ques-
tionable effect of atmospheric .ttenuation at dis-
tances approximating the optical visibility distance.
For a 10-megaton air burst and a 15-mile visi-
bility, the igritio. radius can be variously calcu-
lated to be frozi 11 to 18 miles, and for a 100-
megaton air burst, from 17 to 28 miles (82).

The question of whether a mass firc will be
pro-uced within the area initially ignited has also
been studied for both urban and wildland targets

1Ttalic nuinbo.s »n parentheses refer to Litecature
Cited, p. 33.
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(124). The formation of :ass fires depends pri-
marily upon the pressnce or absence of multiple
ignitions in areas of high fuel concentration. This
question is academic for multi-megaton weapons
because susceptible locations will be found within
nearly all possible target areas, and the develop-
ment of several mass fires somewhere within the
initial jgnition area is virtaally certain.

The problem of whether a mass fire from a par-
ticular nuclear attack will be of e stationary or
moving variziy has received only cursory attention,
as has the question of how far and how fast such
a fire might spread from the area of massive ini-
tial igniticn. In 1957, as part of the rural fire dam-
age assessment study, the Forest Service prepared
a series of tables and maps for predicting the maxi-
mum extent of spread of mass fires occurring at
various times of year in the continental United
States (129). This work wzs extended and the com-
putational methods simplified in 1960 (72),

As presently constituted, this method of assess-
ing fire damage has two limitations: First, the
pr dictions cover only the probable maximum final
area of burnout, and the rate of burnout or the arca
burned at any particular time cannot be deter-
mined. Second, the mechanics of the system are
incompatible with the damage assesssi»nt system
currently used by civil defense planners to predict
damage trom blast, radiation, and fall-out. In
addition, some assumptions used in developing

the firc damage predictions have been qugstioncd'

in recent tectimo.., Lefore Congressional commit-
tees (61).

In 1962 the Office of Civil Defense, U.S. De-
partment of Defense, contracted with the Forest
Service, U.S. Department of Agriculture, and with
United Research Services, Inc., Burlingame, Cali-
fornia, to prepare a mathematical ncdet of mass
fire spread compatible with the damiag? asse.s o
system. The Forest Service was to isolate and iden-
tify the specific paramcters significant to the spread
and intensity of mass fires, suggest methods of
measuring and cndifying these parameters, and
collect specific input data to be used in testing a
predictive model of fire spread. United Rescarch
Services was to develop the models to be tested.
This is a terminal 1eport covering the activities
and results of the Forcst Seivice part of these
studics.




Scope arnd Assumptions

This study is confined solely to predicting the
rate, duration, and extent of spread of mass fires
from the area of initial ignitions that may occur
following nuclear attack on the continental United
States. The factors affecting the extent of primary
and secondary ignitions from a nuciear explosion
are beyond the scope of this paper. The factors
governing the coaioscence of small fires starting
from these initial ignitions into a mass fire are of
secondary importance to this study and are dis-
cussed oniy oriefly.

Ccrtain assumptions arc implicit in our approach
to the problem:

1. Small fires will occur as a consequence of a
nuclezr explosion.

2. Fire spread following nuclear attack will be
controlled primarily by natural factors and will
be relatively independent of firefighting efforts.

3. The rate of spread of mass fires following
nuclear attack will be identical to the rate of spread
of large arca conflagrations that have occurred
in the past in identical fuel, weather, and topo-
graphic situations.

The third assumption requires explanation since
it has been widcly asserted that the mass fires orig-
inating from nuclear explosions in the megaton
range will cover hundreds of square muiles, an
area much greater than any fire before experienced.
The argument further runs that such enormous
fires will also show behavior characteristics and
rates of spread never before experienced.

Admittedly, mass fires within the area inisially
ignited may be larger than any heretofore known,
But we have rcason to believe that the spread of
such fires out from the area of initial ignition will
be governed by the samc factors, acting in the same
way, that govern the spread of other large arca
fires. Single fires covering hundreds or even thou-
sosds of square miles bave occurred many times
in histcry. A. recently as 1950, fire burned o rer
almost 2 million acres (3,000 square miles) east
of Fort Yukon, Alaska (80). In 1923 an ecarth-
quake in Tokyo startzd at least 80 fires within a
few minutes; thc resulting conflagration burned
out 12,000 acres of central Tokyo (74). Data from
such fires should be directly applicable to the
problem of predicting the spread of mass fires
resulting from nuclear explosions.

Theory also suppa.ts °F ; assumption that fire
behavior in msss fires resulting from nuclear attack

-will not differ essentially from the behavior of

“normal” large-area fires. Calculaticns hiave shown
that the violent indrafts so characteristic of 5 fire-
storm can peneirate only from about a guarter to
a haif mile into the fire area (19). Inside these lim-
its, mixing with the atmosphere comes {rom above
rather than laterally. One of the primary charac-
teristics of a mass fire is its abilitv to produce a
convection column reaching thousands of fcet into
the atmosphers. Mass fire behavior is often con-
trolled by characierisiics of the upper atmosphere
that have no intiuznce on smaller fires without a
well defined convection columa. Active fires of
600 to 800 acres in heavy fuels often produce
convection columns that rise 25,000 fect or higher
Since about 70 per cent of the mass of the atmos-
phere lies below this altitude, these fires are ex-
posed to all the factors that are expected to affect
fires, no matter how large. Thus, for fuels in the
center of a mass fire a mile or so in diamcter, the
fire is already infinitely large and no new factors
are expected to influence significantly the environ-
ment within the fire zone even were the -fire ten
of a hun_red or even a thousand times larger.

There are numerous, documented examples of
firc behavior in mass fires of this size. One ex-
ample is the Stewart fire near the town of San
Juan Capistrano, California, in December 1958
(fig. 1). At the time this picture was taken, the
fire covered an arca of slightly over 60,000 acres,
or aimost 100 squarc miles. The mass fire in the
foreground scales 1.4 miles across and 0.6 miles
deep, all a.lively bumue at the same time. A
second arca of mass fire can be seen in the right
background, 11 1nlles away from the nearer por-
tion of the fire.

This situation -— scveral mass fires scattered
throughout a much larger burning arca -— will
probably be more typical of the first 12 to 24
hours following nuclear attack thas is ilie oiten
postulated picture of hundreds of square miles
going up in flames at once.

Within any likely ignition radius some areas
will be free of kindling fuels, some areas will be
shiclded from therm.} radiation oy hills, and some
areas will be protected from ignition by the
screening effect of tree and brush foliage, Thus,
sizeable portions of the target area will not be
ignited immediately. Even within the areas initially
ipnited, difieiences in fuel atrangement and ex-
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—Stewart Fire, Cleveland Natioral Forest, California, December 17, 1958.

Figure 1
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posure can be expected 10 affect the rate of fire
buildup, and some areas likely will have bumed
out before -fires in other areas have m..gi?f
form a mass fire.

Even under the most severe situation imagin-
able, in which hundreds of square miles of un-
broken, homogenous fuels are ignited simulta-
neously, the period of active burning will not ex-
ceed a few hours. Once the central arca has burned
out, tie remaining fire perimeter will spread in

Determinants of

Small Wildland Fires

Research intc the mechanisms governing the ig-
nition, spread, and intensity of forest fires in the
United States was begun by the Army Signal Serv-
ice in 1881 (119). Investigations into the meteoro-
logica! determinants of forest fire behavior were
continued by the Weather Bureau after its estab-
lishment in 1891 and intensified with 1he organi-
zation of the Fire Weather Scrvice in 1916. As
early as 1915, the Forest Service began turning
experimental fires under carefully measured con-
ditions to determine the influence of various fuel,
weather, and topographic factors on the rate of
fire spread (107). By 1939 serious attempts were
being made to determine scaling laws for forest
fires by burning idcalized forest fuels under con-
trolled conditions in wiiid tunnels (47).

Considerable literature on the parameters that
affect the sptead of forest fires has been published,
most of it listed in half a dozen bibliographies (57,
76, 85, 122, 143).* Nearly all of it fzlis in:> one
of these categories:

1. Statistical correlations between “arious fire
characteristics and various parameters of fuels,
weather, or topography.

During the past 50 years, analyses have bren
made correlating the occurrence and size of forest
fires with every concc’vable variable from sun-
spots (21) to ocean wacer temperatures.® Much of

2 Dietrich, J. H. A bibliography on fire behavior, fire
danger, fir effects, and fire weather., 1952, (Unpublished
master’s thesis on file at Univ. Wash,, Scattle.)

3 Rnb.ason, D.D. Rel~*ion of ocean-surface tempeta-
tures to tre Fazard. 19-.. (U published master’s thesis
on file at State (v, of New York, N. Y.)

the same way as any other wildfire. Though there
are obviously some uncertainties in predictiig the
rate of outward spread during the first few hours,
it is unlikely that actual spread will differ from the
predicted spread by more than = mile or two. Since
there is at least a 4-mile uacertainty in predicting
the radius of initial ignitions from weapons in the
megaton range, errors in predictions of rate of
spread will be well within the limits of error im-
posed by other components of the damage assess-
ment model.

Fire Behavior

this work cau be useful in determining which areas
of the United States will be particularly vulnerable
to fire damage following nuclear attack, and in
predicting the most critical times of year for each
area. But most of the results have been too gross
to be useful for predicting the behavior of indi-
vidual fires, and very few of the correlations have
used synoptic paramcters which are themselves
predictable on a day-io-day basis (102, 103).

2. Measurements of fire spread in model fires
turned nder controlicd conditions.

Although modeling studies have been conducted
sporadically since 1939, this work has been greatly
intensified in the past few years following the estab-
lishment of forest fire laboratories in Macon, Geor-
gia, and Missoula, Montana. Laboratory research
of this type has done much to increase our under-
standing of the mechanics of combustion in cellu-
losic fueis, particularly in defining the properties
of fucls that affect rate oo sire spread {7, 47). But
as yet no scaling laws have been developed that
will enable the accnrate prediction of rate of spread
of large arca fires. In view of the extreme diffi-
culties in modeling heterogeneous fuel mixtures
and several of the important atmospkeric variables,
direct application of loboratory results w0 iarge-
area fire behavior prediction appeais several yea,
away (14).

3. Measurements of fire spread on test fires and
naturally occurring fires burning under coatrolled
conditions.

Most of the present knowledge concerning rates
of spread of forest fires has come from the thou-
sands of test fires and instrumented wildfires that
have been studied since 1915, One would expect
that such data would be direciy applicable to the
problem of predicting fire spread foliowing nuclear




ch is not the case.

zen commorlv used to
forest fires: (=) sua” *®
irVs (D) reie of perim-

aitack, Unforunately, .
Three :riteria liave
rwast ¢ cate Fspread :
are. Jroww. acie. Lrh
eter increase (chains per  WI); aid (» lure =
rate of spread of the head Ot fastest moving por-
tion of the fire {fcet or ch. 15 per hour). Figures
on arca grewth or perimer ° increase cannot be
converted to finear radial rat s of spread unless the
size and shape of the fircar € beginning and end
of the selecied! ¥me veriod & 3 known. This prob-
lem is st particuiarly serioys  ®yr smali fires when
spread rates are measured fro a point source, but
tor larger fires over long tim  periods, geometry
poses formidable difficulties  making realistic

spread-rate conversions (70).
Thus, although we have o
our disposal, we have little inf¢
rectly applicable to the civil de
We can use much of it indirec '%ehowe\’ﬂ', and
some of the data are useable if w {pear in mind the
mistakes inherent in direct applx tion. For exam-
ple, directly applying rate of f ¥&:C spread to
predict radial spread :2sults auton tically in over-
:stimating fire size, but we bene > that *.rward
.ates are useful for establishing ‘he effects of
vieather, fuel, and topographic var bles, and for
«ermining the maximum rates . Which fires
could be expected to spread. To see { this would
be useful to civil defense fire proble ¢, however,
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:nse fire probiem.
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we first wanted to determine whethe ¢gata from
125t and small wildfires would be a Wicable to
laryer fires.

s comprehensive study on rates of %ead of
fire« in Califcrnia was made by Abell in 740 (5).

He :nalyzed data from more than 9,500 1 % that
occo ‘red between 1925 and 1937. These dat.  "1ow
inat 1he average rate of spread of iires busnn 0

chamse and mixed chaparral (shrub vegetat 7,

types; in southern California v~ < J.2 mik »e 7,

hour; 10 percent of these fires spread 1. ier t.°n
0.34 niles per hour, and 5 percent spread faster
than 0.52 miles par hour.

Thes: data were obtained by determining the
rate of soread from te time the fire was discovered
to the t.me the fire was attacked by fire contrel
forces, rearly always in ‘ess than 2 hours. We
decided "o get similar data for larger fires that
lasted for some time because the fires studied by
Abell were small and the time neriods short. We
determine:] the forward sate of spread for 12-hox
periods for 50 fir., th: . burned in the same acea
and the sa-ae fuel type a; the fire: studied by Abull.

"

Each fire 2overed more than 300 acres. We found
an average spread £ 0.133 miles per hour; five
fires (10 nercent) spread faster than 0.33 miles per
nour, ¢nd two fires (i percent) spread faster than
150 Luls per hour. Evidently, fires in this fuel
type are neither time-t'ependent nor size-dependent
within the time and si‘ limits.ef interest. Conse-
quently, it is worthwhile to examine the factors
that are known to affec: the rate of spread of small
forest fires.

Weather

Certain weather elements, particularly wind ve-
locity and fu2l moisture «ontent, have been estav-
lished as beiitg the primaiy controls for the spread
of small forest fires. Several systems of integrat-
ing the efiects of these ele ments have been devel-
oped. The most common ¢ vstems are described in
various textbooks, such as .hat by Davis (38), and
the historical development of these systems has
been reported.’

Fire Danger Rating

Schroeder (104) has given a particularly good
account of the way in which a fire danger rating
system is developed:

“"1e relationships between fire behavior and
the factors that affect it are s» complex that no
system can take all of the fac'ors, such as risk,
fuels, topography, and weather, into account.
Weather is the most variable ana the most difficult
to estimate. This system was tased on weather
variables and the resulting rating number called a
‘burning index’ so as not to imply that all factors
were included. The burning ind»x indicates the
burning condition .. we fuels -lue to weather
variables.

“Since the relationship betwee: the weather
variables and fire behavior is so complex, it was
pecessary to make certain simplify! \g assumptions
ti order to des 2o~ a werkable fire Canger system.

“1. 'While nere 's un Wlmust . Fe'rc 7 of
. d fuel sizes, it was assumec 28 LoTe
AlC \\fue]s composed of only tnree <izes:

\Fine fuels, whose moisti e content

changes quickly with changing weather
“'{l?itionf.

N

use of forest fire dan,

Canada. 1950. (Unpu.
Univ. of Mich.,, Acn Atb

com)

history, development wnd curren’
sters in the Unite: States and
hed macters thesis on fiic at




b. Medium fucls, whose moisture content
can ve represented by the moisture con-
tent of Y2-inch sticks.

c. Heavy f{uels, such as logs, large limbs,
and deep duff.

“2. While most natural fuels contain combina-
tions of thesc fuel size classes, the fire is carried
primarily in the fine fucls. Therefore, it was as-
sumed that the rate of spread calculated for fine
fuels applicd o all fuel types.

*3, While the fire intensity in fine fuels certainly
varics, the size of the control job is largely deter-
niined by the rate of spread. Therefore, it was as-
surued that for fine fuels the rate of spread is an
adeguate measure of the control job.

“4. Finaily it was assumed that the change of
firc intensity resulting from the involvement of
more medium and heavy fucls in the fire is ¢f
such magnitude that it will affect the fire control
job.

“With these assumptions, the development of a
firc danger system based on rate of spread and
intensity involved the following steps:

“1, Devising a method of estimating the mois-
ture content of fine dead fuels.

“The muoisture content of these fuels responds
quickly to changing weather conditions. ‘The rela-
tive humidity of the air gives a good indication of
their cquilibrium moisture content. Thercfore satis-
factory results could bc obtained by combining
relative humidity with %2 inch stick moisture con-
tent.

2. Determining the effects of fine fuel moisture
content and wind speed on the rate of fire spread
and combining them into a spread factor.

“A rate of spread formula was developed from
theoreiical considerations. Data from previous
wind tunncl fire tests were then used to ubtain
empirical values for some of the unknown factors
m the formula. From the formula, = family of
curves was obtained which represented the rela-
tionship between fuel moisture, wind speed. and
rate of spread for fine iuels. The latter was cha ged
:0 an index number, calied ¢ spread factor, ¢nd
a tabl: was constructc i to compute it.

“3, Determining 2 method for estimating the
moisture content of heavy fuels.

“Moisture content for medium fuels can be
measured directly from ¥2-inch stick moisture con-
tent. Heavy fuel moisture and Y2-inch stick mois-
ture records were kept simultaneously and the rela-
tionship graphed. T7  res itant values were com-
bined with precipitation records to give an esti-

mate of heavy fuel moisture.

“4. Determining the effect of gicen plant ma-
terial on the moisiure content of the wholc fuel
complek. ‘

“In grass fuels, Forest Service fine fuel moisture
figures apply, with adjustments, for percentage of
green versus cured content. In brush, it was found
that the number of days since new growth can be
used as a measure of the moisture content of new
brush growth.

“5. Combining the effects of moisture contents
of green material, medium fueis, and heavy fuels
into intensity factors.

“The fire intensity will increase as medium and
heavy fuels dry out. When these fuels are very
wet, the effect is believed to be such that the fire
intensity is actually less than it would be if only
fine fuels were present. Therefore, the effects of
the moisture content of medium and heavy fuels
were combiited in one table to give an inténsity
factor.

“6. Combining the spread factor and intensity
factor into a burning index.

“The length and width of fireline were used to
obtain 2 measure of the control job. The spread
factor is the rate of perimeter increase and can be
used as 2 measure of the iength of line needed to
contain a firc. The intensity facior is a measure of
the width of line needed. ‘The control job can be
thought of as the number of square feet of line
required, or the length of line multiplied by the
width of line.

“The use of index numbers, rather than meas-
ures of the actual rate of spread, intensity, or
conticl job allows for application to other than
the mode! fuels uriginany 2ssumed provided that
changes in the fire behavior of both natural fuels
and model fuels Fave the same relationship to the
index number.”

Rates of fire spread and fire danger rating index
numbers are correlated in most fire danger rating
systems. Figure 2 shows the variation in rate of
perimeter increase versus fire danger aidex fut
three commonly used fire danger rating systems.

Fuels

Fuel characteristics “re krown to be extremely
important in contrclling rate of spread in forest
fires, but systems for integrating their effects have
been largely unsuccessful®* Although laboratory

s Chandler, C. C. The classification of forest fuels.
1951. (Unpublished master's thesis o7 file Univ. Calif,,
Rarheley.)




studies have yielded much information about the
influence of such fuel particle properties as mois-
ture content (59), thermal absorptivity (26, s;
cific gravity (46), and particle geometry (-42), the
characteristics of the fuel bed, rather than those
of the individual particles, determine the behavior
of an established fire (145, p. 819). The associa-
tion of living and dead woody materials of various
sizes and shapes that make up the fuel bed in a
forest fire is extremely complex. Few techniques
have been deseloped to meastre or even describe
itc properties. Consequently, studies on rate of
spraad ia different tuel types have used only such
gros descriptions as “grass”, “brush”, and “tim-
ber” to differentiate between fuels.

An additional difficulty in classifying fuels for
cvaluating rate of spread arises from the fact that
differences between fuels also are weather degen-
dent. Berause of the rapidity with which they ab-
sorb moisture, thin fuels, such as dried grass, will
not support combustion when the relative humidity
rises much above 80 percent. But once fires in
larger-sized fuels in brush or forested areas are
started, they will continue to spread at significantly
higher humiditics. On the other hand, when humid-
ities are low, grass fires spread significantly faster
than brush or timber fires. Under extremely dry
and windy conditions, differences in rates of spread
between fuel types are minimized.

Nevertheless, under known weather conditions,
differences between rates of spread of small fires

in various fuel types appear consistent. Figure 3
shows the relative rates of spread of fires in various
fuel types in California and in Idaho-Montana
under “average bad” weather conditions. Similar
comparisons have heca made for typical fuel types
of ihe Eastern and Soutnern United States, where
the predominance of deciduous trees makes simple
graphical representation more difficult (125, 126).

Topography

Topography has a significant, though usualiy
indirect, influence on the rate of spread of small
fires. It coniia!s the amount and timing of sciar
radiation reaching the surface of a particular area
and thus profoundly affects the microclimate with-
in whick a fire will burn (45). Microclimate also
influences tiiz specics of plants that will grow on
a particular site, and thus topography may exert
an indjrect control on fuel type. This influence of
altitude and aspect on fire behavior has been stud-
ied exhaustively (40, 60).

Slope has a direct effect on the rate of spread of
small fires. For a fire climbing up slope, the rate
of forward sprcad will approximately double for
each 15-degree increase in slope (131). For a fire
mov:..g down a steep slope, the relationship is not
so simple. A fire will move more slowly downslope
than on the level unless burning fuels, such as pine
cones or logs, roll downslope ahead of the main
flame frons.
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Sma!l Urban Fires

Research in urban fire behavior was begun by
Suzuki in Japan in 1928 (109). He studied the
effect of weather factors on the occurrence of fires,
spread of fires, and the rate of burning of hygro-
scopic incense sticks. Others also analyzed case
histories of fires to determine the effect of weather
factors (171). This wora was discontinued during
World War II. After the war, some fire-mod:ling
of convection (148) and flame shape (94) were
started. The emphasis in Japan today, however, is
still on the study of actual conflagrations for prob-
able occurrence and spread in relation to the
weather (74).% Such studies arc numerous (6, 53,
58,62, °5,68,73,147, 149).

" Personal ccrxcsp‘ongc;cc wiih Dr. Saburo Heriuclé,
Fire Research Institute of Japan, Tokyo, April 25, 1567,

[7-]

Urban fire behavior research in the United States
probably began wita ‘% work of the National Fire
Protection Association. 7~ s o janization. founded
in 1896 (37), publishes tabulations of those weath-
er and fuel factors which contribute to conflagra-
tions (37, 90, 91). 'Thesc tabulations are based on
case histories of hundreds of fires studied by the
Association itself (83, 88, 89, 90, 92), the 2¥ut.0nal
Board of Fire Underwriters (99) other organiz*
tions of underwriters (30, 108), interested laymen
(8, 31, 49, 86}, and the Weather Bureau (35).

After World War 11, the U.S. Strategic Bombing
Survey (U.S.5.B.S.) studied the fire effects of the
incendiary and nuclear attacks on Japan (137, 138,
139) and Germany ( /36). These reports have been
anaiyzed extensively for clues as tc how fires might
spread in any future war (16, 17, 78, 116, 125).
The British Missica to Japan also reported on the
fire effects of the two ¢iomic boasbs in relation to
Jossible sizailar fires in Britain (1),




e b — [

In 1950 British scientists began studying the
spread of fire from building to building (2 77,
Model studies of fire spread inside builcings . .2
about 1960 with the work of Thomas (172).

Since 1953 the Forest Service has done consid-
erable work on the ignitions of wildland and ex-
terior and interior urban fuels by atomic attack
(28, 100, 128). 1t has participated since 1957 in
studies aimed at modeling areas of burnout after
nuclear attack on wildland and urban targets (129).
Some pioneer work on a fire occurrence rating
systen for cities was done by Pirsko and Fons in
1956 (96). In 1961 Fons began fire model studies
by burning liquid hydrocarbons (43) and, later,
crib fires (48).

Thus, considerable literature has been published
on the parameters affecting the ignition and spread
of urban fires, Nearly all of these data fali, like
those for wildland fires, into one of three cate-
gories:

1. Statistical correlations between various fire
characteristics and various parameters of fuels,
weather, topography, or location.

In Japan, several investigators have made cor-
relation analyses of number and size of fires as
influenced by particular aspects of weather, fuel,
or season (58, 73, 109, 111, 147). Much of this
work has been useful in determining which areas
are vulnerable to fire and in predicting the critical
times of the year for each area. But most of the
results have been too gross to be useful in predict-
ing the behavior of individual fires. Also, few cor-
relations have used synoptic parameters which are
themselves predictabie from day to day. Of course,
quantitative results of analyses such as these would
not necessarily be applicable in the United States.

In the United States, statistical analyses of urban
fires-are confined almost exciusively to irequency
distributions of number and size of fires by months,
season, cause, locality, or similar categories (37,
90, 21). Such tabulations are satisfactory for their
intended purpose but are of little use in predicting
rate of spread. The most useful U.S. reserch of
this type related frequency of building fires in
selected citie< to re.ative humidity in summer and
dewpoint temperzture in winter. It found no sig-
ficant correlations with wind, rain, or snow (96).

2. Measurements of fire spread of model fires
burne § under carefully controlled conditions.

As yet no complete urban firc spread model is
reported in the lite-2ture. Some theoretica) comru-
tations on behaviur ¢f Jires in buildings have been
reported {113}, and spread of fire in individual
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rooms (112) and mode! rooms (/14) has been
studied to a limited exient. Modeling studies of
mass fires using gas jets have been made by Put-
nam and Speich (98). Fons is now modeling fire
spread in small wood ~ribs and determining the
influence of weather and iuvel (44, 48). This type
of laboratory research, like that for wildland fires,
is still a long way from application.

3. Measurements of fire spread on test fires and
naturally occurring fires burning under controlled
conditions.

Only in Japan have radial rates of spread of
actual city fires been related io the contrelling vari-
ables of weariier, fuels, and topography. The works
of Hishiua (6Z) and his successor, Hamada, are
considered the most reliable.* Hishida found that
wind speed was the most important factor in pre-
dicting forward rate of spread of city fires as well
as spread to windward and the flanks.

Hishida also recognized the effect of svnoptic
weather conditions, climate, topography, and types
of construction on rate of spread. Forward rate of
spread in buildings of flimsy construction was cora-
puted as 40 percent greater than in buildings of
ordinary construction. Hishida based an urban
risk rating system on this data and proposed a isn-
tativ. urban fuel classification system. Horiuchi
developed a formula for estimating the capacity
of the city fire department (65) based on Hishidx’s
spread data.?

The U.S.S.B.S. reports for World War II con-
tain no data on rate of fire sprcad. Some give the
final fire perimeter or the limits of fire spread, but
usually the ignition area is very uncertain. Fire
rescarchers in Jepan consider the dats taken by
their own peopic aurizg the attacks dnd subse-
quent fires and the U.5.5.B.S. data so unreliable
that they do nci use these data in their own studies
(74). However, the information has value to us
in indicating limits to which fires in similar fueis
and weather might be expected to spreas,

Fire data in the U.S.S.B.S. reports for Germauv
are also incomplete and sometimes unreliable (7v).

! See footnote 6.

* We might wonl.r why the Japanese are not study-
ing urban fires ard iire spiead from the standpeiat of de-
fenss against possible nuclear attack. The answer is that
the thought of another nuclear experience is so repugnant
to the public that resecarch agencies cannot get support
for such work evea though it might be prudent to start
such ipvestigations. {See footrete 6.;

* See tootnote 6.




The area ignited initially is usually poorly defined
on the fire maps, although the final fire ¢ iac er
is sometimes distinct. Because the larger cities were
partially burned on many successive raids, accurate
fire maps were difficult to produce.

Ignition

Although one assumption of this study is that
fires will be burning and wiil spread, a word on
ignition of city fives is ir. order.

It s fairly well established that the number of
wtan fire starts depends heavily upon interior fine
fuel oryness and that fuel dryness depends upon
the humidity of the air in the building (58, 96).
Forest fire occurrence is also ciosely related to fine
fuel dryness (104), although fuels in these in-
stances are in different forms. Pirsko (96) has
found that in scveral American cities summer fine
fuel moisturc and fire occurrence are closely re-
lated to rclative humidity, but that in the winter
there is no correlation. Instead, during the winter,
fine fuel moisture and fire occurrence are closely
related to exterior dewpoint temperature. For these
and other reasons, fire seascns in urban areas and
forests do not usually coincide. There is no fire
occurrence rating system for cities as there is for
foreits (104).

According to the U.S.S.B.S. reports, the major
influence of wet weather on fire raids on Japan
and Germany was in reducing inital ignitions
rather than impeding fire spread.

Spread

Once a fire has started, radiation and other fac-
tors determine how it spreads inside the room from
room to room, and from building to building (106).
From the work of Hishida (62), we. know that the
forward rate of spread of fires in small Japaness
cities of ordinary construction increases at a de-
creasing rate from origin to about 1 hour for all
wind speeds. At wind speeds of 15 miles per hour
or less, the rate of spread levels off at about 1
hour from origin. At wind speeds of about 40
miles per hour or greater, rate of spread continues
to increase for more than 2 hours. Spread rate
increases exponentially with increasing wind up
0 55 m.ules per hour for all fire ducations. Of
course after 2 hours or longer, a firc burning under
such conditions cou' no longer be classified as
small. Rate of spread o windward and to the
fianks is also known (62), the former having the
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lowest rate of the three directions of spread. Rates
of spread to windward and leeward level off after
about 1 hour ¢iapsed timie from origin for all wind
speeds. This result is expected because fire is less
actively burning in these - o directions. Hishida’c
results agree reasonably well with observations on
both small and large urban fires in the United
States.

Weather

Most investigators agree that surface wind speed
is the most important weather factor influznting
the spread of small urban fires (62, 73, 111, 149).
Once a fire in a huilding breaks through the roof
or windows, if< spread is largely wind controlled.
The moisture content of the flammables in the
building and the wetness or dryness of the exte-
riors of the building and adjacent buildings have
some effect, but these are second-order determi-
nants. Studies of the incendiary attacks on Japan
during World War II (16) showed that precipita-
tion had very little effect in reducing fire damage.
As Nathans (16, pp. 143-144) put it: ... How-
ever, these factors (snow, rain, and generally moist
conditions) did not offer the serious handicaps
that haa been supposed.” Sanborn (16, p. 178)
wrote: “When the weather had been damp or
snowy prior to the attack, the attacks were found
to be slightly less effective. When attacks were
carried out during rain storms, the damage aver-
aged 20 percent less than normal . . "+

Rain feil heavily for a week before the fire raid
on Oita, Japan, and it was raining during the at-
tack. Yet the fires sp =~ both from flames and
from flying embers. Ma.. otrer night rads un
Japanese cities during wet or snowy weather
caused vast spreading fires. In no case did rain,
snow, or a wet target prevent the success of the
bombing mission.

In the opinion of the fire chiefs of 17 furge
Ainerican cities interviewed during the prese»
study, fires spreading from nuclear attack in their
cities would be slowed down only slightly by wet
weather or wet fuels in the absence of fire fighting.
In their experience, high wind is the most im-
portant contributor to conflagrations. Wide spac-
ing between buildings would be the most important
factor in stopping fires, they suggested.

A counterpart (o the fice spread index for forest
fuels (104) that integrates the ‘influsnce of wind,
humidity, and other we< her ciesents has not been
ceveloped for urban fuels,




Fuels

The characteristics that arc importa~t in -
mining the spread of firc in emall groups o ¢
ings are height, width, type of construction, winJow
area, and separation from adjoining structures. In
small fires, spread is by radiation, direct impinge-
ment of flames, and short distance spotting from
firebrands. The fire is influenced only by surface
weather phenomena. As the fire grows, flames from
many burning buildings merge, a tall convection
column forrs, and 2 mass fire <nsues

Theoretical and experimental studics have been
enndacted in Japan to determine the flame charac-
tcdstics of burning structures and ignition char-
acteristics of exposed structures to determine safe
clearances between buildings as a basis of fuel
typing (53). From analyses of fire raids on Ger-
man cities, Bond (16) and U.S.S.B.S. investigators
(127) constructed curves of probability of fire
spread versus width of firebreak. Their work has
not been checked experimentally.

Most of the 17 fire chiefs interviewed believe
that a simple land use ciassification system, such
as those already in use in some urban areas (3, 4)
or that devised by Chandler and Arnold {28),
would indicate with reasonable accuracy the rcla-
tive probability of fire spread. In general, such
classifications reflect most of the factors recog-
nized by the National Fire Protection Asscciation
as contributing to conflagrations (37, 91). Impor-
tant factors include flammatle roofs, wind, ex-
treme dryness, and flammable constructior.

Topography

Among topographic factors, slope probably has
the greatest influence on rate of spread of urban
fires. Most larger cities usuaity he on level areas or
on gentle slopes. During the San Fancisco earth-
quake, the firc was observed to accelerate when it
started up Russian Hill (99). Onc account of the
fire following the atomic bomb attack on Naga-
saki mentions fires “sweeping up hillsides™ (139).
In the Bel Air conilagration, fire accelerc.ed up
hillsides through :esidences and brush ahke. We
do not know if the increased spread of a forest
fire moving up slope — doubling for each 15 de-
gree increase in slope (731) — applies to cities.
A fr zest fire will move more slowly downslope than
along the level, and this relatisaship probabiy also
applies to urban “res.

Topogranky corituls the amount and timing of
solar rudiation reaching the surface of a ~‘ven
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area, and thus exerts a significant effect on the
climate near the ground within which a fire will
burn, Aspect is important in determining how
exposed forest fuels will burn, but it appears
doubtful that it has much effect on protected urban
fuels,

Large Wildland and Urban Fires

So far we have described only small fires burning
for an hour or two after stariing from a point
source of ignition and influcnced primarily by sur-
face weather phenomena. Much fess quantauve
inforrnation is available on the factors controlling
the spread of large forest and urban fires.

As a fire increases in size and intensity, addi-
tional facters influence its rate of spread. Even
the mechanism of spread may change if spotting,
or the mass transfer of burning materials ahead
of the main flame front, occurs.

Although we do not know enough about the
factors affecting the spread of large fires to in-
tegrate their effects and thus prepare a “large-fire
danger rating system,” many of the factors have
been studied more or less intensively. Merely
unc_rstanding their qualitative effect on rate of
spread can help in predicting the probable fire
conscquences of nuclear explosions.

Convection

Probably the most striking phenomenon of large
forest and urban fires as contrasted with smail
odes is the inereace in convective activity and
development of a cunvection column of hot gasses,
water vapor, and smoae reaching thousands of
feet into the atmosphere. In fact, the extent of
convective activity over a fire is a2 much better
mndicator of fire intensity than is the size or surface
area of the fire itself. Figures 4, S, 6, and 7 illus-
trate various types of convection columns.

Once a convection clumit aas fvriacd ov
fire, characteristics of tl.¢ upper atmosphere begin
to influence the directior and speed of fire spread.
Embers carried up into the column are transperte
by upper level wi~ds wiich may differ drastically
in both speed w4 direction from those at the sur-
face {14+). In addition, the convection column
itself, because of its difference in temperature and
density from the surrounding air, acts as a semi-
solid barrier and causes mec*anical turbulenc. in
the wind field around the column. Byram (25) has




Figare 4.—Towering convection column typi-
cal of fires burning in an un. _.able atmos-
phere with light winds aloft. Jameson
Fire, Cleveland National Forest, Califor.
nia, August 31, 1954.

Figure 5.—Flattened convection zolumn typical of fires burning beneath
an inversion. Haslett Fire, Sierra National Forest, California, October
15. 1901,
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Figure 6.—~Tilted convection column typical of fires burning in a condi-
tionally stable atmosphere with moderate winds aloft. Los Angeles
County, California, September 22, 1957,

Figure 7.—Tilted convection column typical
of fires burning in a cenditionally stable
atmosphere with moderate winds aloft.
San Francisco, California, April 20,




Figure 8.—Cumulonimbus cloud over Bussum, Netherlands, June 17, 1948.
(Photo conrtesy of Royal Netherlands Meteorological Institute.)

Figure ‘ —Ccuvection column ol 3asin Fire, Sierra National Furest. Cali-
{ornia, July 16, 1961.

14




developed a formula waich shows that when

I > pv—r)?
C(T,+459) 2g

then the kinetic energy output of a fire is greater
than the rate of flow of kinetic energy in the wind
field in a nevwradly siable atmospherc. In this equa-
ticn, [ is the fire intensity in BTU per foot per
serend. G, is the specific heat of air at constant
prssure, T, is the free air temperature, p is the
ar density, v is the wind speed, r is the forward
rate of spread of the fire, and g is the acceleration
of gravity. Studies of large fires have shown that
when: these conditions are met, rate of spread is
indeed independent of surface wind speed. In
theory, spread should then become dependent on
winds aloft, but there are, at present, too few
measurements of upper winds in the immediate
vicinity of large forest fires to support fully this
view,

When high velocity winds occur within 1,500
feet of the surface, Jarge fires will spread rapidly in
the same direction as the winds (23). However,
this phenomenon can be explained by translation
of momentum to the surface through turbulent
mixing in the lee of the convection column.

Evidence of effects of winds at higher ievels,
such as the jet stream effects postulated by Schaefer
(102) seems, as yet, unconvincing.

Although the convection column of a large fire
does affect fire spread mechanically, it does not
act as a chimney for the unimpeded flow of stack
gases as has been popularly assumed. Crsvaction
columns are similar to other atmospiieric convec-
tive cells, such as thundersiorms, whese dynamics
are reasonably well vnderstood (22). Indeed, it is
often nearly impossible to distingnish between a
fire's convection column and a cumulus cioud
(figs. 8and 9).

Work on air entrrizment into fires by Grumer
(55) and studies of the firestorm at Hamburg by
Ebert (39) both confim that a massive convec-
tion column is a result, not a cause, of increased
convective activity. Convection column formation
depencs simply upon the efficiency of the fire as
a heat source and upon tne vertical distribution of
temperature, moist ¢, and wind flow that dete.-
mine all types i atmospheric convections.

15

e AN s L
St S RO < - R R B TR R WA R

Air Entreinment

Knowledge of air entrainment into fires is of
vital importance for predicting whether a mass
fire will be of the firestorm (stationary froat with
inflow from ali direc..ons) or the conflagration
(moving fire front) type. Qualitatively, much can
be deduced about air entrainment ¢/10). But quan-
titatively, results of extrapolation of convective
flow from fire modeling experirents are highly
dependent upon the “assumptions one makes re-
garding the interaction of radiation and flow (67).
Results from test fires and wildfires have been
incensistent, Usually, light indrafts have tecn Jb-
served (141}, :nd wind speeds measured in the lee
of the fire have been lighter than the wind speeds
measured on the windward side or the flanks.
This difference indicates a vectoral tendency for
air entrainment from all sides of the fire. But
occasionally outdrafts have been observed from
both stationary (117) and moving (33} fires. These
outdrafts tend most often to form on the lee side
and are apparently uncorrelated with fire size or
fire intensity. Strength of the outflow seems to be
directly zelated to the free air wind speeds, but
whether outdrafts will or will not occur appears
to t independent of weather conditio.s.

Certain topographic features that produce natu-
ral wind channels also seem to produce firc out-
drafts that can have a very pronounced effect on
rate of spread. In one brush fire in southern Cali-
fornia, wind speeds at ground level ahead of the
fire were measured at 27 miles per hour while
winds at the side and rear of the fire were 12
miles per hour or less.

Another fire, in ..uxr, spread 10% miles in
2 hours. Observers ir 1:ont of the fire reported
gale force winds blowing out of the fire, but winds
measured at some distance from the fire zone
never excceded 7 miles per hour. Figure 10 pic-
tures a wildfire in which outdrafts are evidently
blowing from the head of the fire. The vak tree
in the ceater of the pictnre is nbout 4C fegt v

Although completely : npredictable at present,
the phenomenon of increased airflow out of a fire
may be a common feature of larger fires. Observa.
tions made direcilv in front of mass fires are
understandably few, but nearly zll eyewitness ac-
counts mention ligh winds. Even during the fires
following air raids on Leipzig and Hamburg (listed
& iassic firestorms), tuccessful firefighting was
possible at selected locations on 4.¢ perimeter, and
heavy smoke was rerorted outside the fire area in
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Figure 10.—Nichol Fire, Cleveland National Forest, Californis, fuly 11, 195%,

some places. These circumstances indicate that
hurricane indrafts could not have Czen uniform
and continuous around the entirc perimeter. Anal-
ysis of wartime fires leads to the conclusion that
the stationary firestorm is virtually limited to situ-
ations of fue! and weather in which normal fir
spread is impossible (/7). Under conditions in
which ordinary fires would be expected to spread,
mass fires will be of the conflagration type.

Atmospheric Stability

Atmospheric stability is the tcadency of the air
to resist or encourz . vertical motion. It is know..
to be an important parameter affecting larp:
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forest fires'* and has been postulated as critically
important in firestorm formation (39) Under an
unstable lapse rate, vertical motivns are acreler-
ated. Therefore the cravection column transporte
more and larger pieces of burmmg maenia:
higher levels. If an unstablz lapse rate is combined
with high wind shear, as occurs during the passage
of a dry cold front, conditions are at the optimum
for firebrands to be :arried long distances (24).
Other combinatiow; of stability and wind in the
lower atmosphere are associated with particular

'* Reifsnyder, W. E. Atmospheric stabiiity and forest
fire behavior. 1954, {(Lapublisbed 25 vral dissertation ¢
file at Ya'e Uaniv., Now Hasen, Coan.)




fire behavior characteristics (10). Because adequate
three-dimensional maps of temperature and wind
distribution are difficul¢ to prepare, the m 5+ p.. *
able method of developing prediction systems for
these fire phenomena is by correlating them with
predictable synoptic patterns (69). Such an ap-
proach is being undertaken by the Forest Service
and the Weather Bureau (1373).

Fuels

In high int:n ity mase fires, total weight of fuel

becomes of greater relative importance than the
astors of size, distribution, and arrangement that
are so critical to the spread of small fires. As fire
intensity increases, burning time for a particular
piece of fuel decreases. Consequently, the rate of
heat output per unit of fuel of a given size is great-
er; larger-sized fuels contribute a greater prcpor-
tion of the total fire energy, and the percentage of
fuel involved in active combustion at any given
instant is much greater. The net result is an ex-
tremely rapid burnout and nearly total consump-
tion of all combustible material.

Fuel classification systems hased solely on fuel
weight should give much more consistent results in
predicting the behavior of iarge fires than of smail
ones. The urban fuel factor of “buiitupness” (ratio
of the area covered by buildings to tota) ground
area) has been used as an expression of total fuel
weight in cities. Although it ignores building height
and construction type, this factor was mentioned

by Bond (16} and, clightly modified, by others
(15) as the most important factor in determining
whether 2 firestorm can develop follewing nuclear
attack.

Topography

Topogaphy, in its strict dictionary sense of sur-
face configuration of “shape of the country,” is
undoubtedly an important factor in determining
the rate of spread of large fires. Unfortunately, the
subject has not yet been systematically researched,
and it is difficult even to classify topographic types
in a meaningful frameworl: for fire behavior
studies. There are strong indications, however, that
for periods of % to 3 hours, rate of fire spread is
greatest in mountainous or broken topography but,
for periods of 12 to 24 hours, greatest on flat or
gently rolling topography. The differesice probably
arises because mountainous country has more steep
slopes which cause rapid fire spread, but also more
breaks or barriers which retard spread for jong
periods.

Topography is particularly important in consider-
ing fire spread following nuclear attack since hills
will provide shielding from thermal radiation and
result in uneven ignition within the theoretical
ignit1 .1 radius. Fire spread in such instances will
be affected by ignition pattern. The differences in
behavior between the Nagasaki and Hiroshima fires
have been attributed largeiy to shielding by the
hilly country around Nagasaki (67).

Requirements for Predictive Model of Fire Spread

Before attempting to specify the type of data
that must be collected to prudict fire spread fol-
lowing nuclear attack, we must know the output
requirements of the proposed prediction system
and the use to be made of the output information.
Two general types cf use and threz levels of output
detail have been ostablished as having pctential
value fcr civil defense purposes (95). ire s read
predictions are neeaxd for pre-attack pianning and
for post-attack indirect damage assessment. For
either purpose they may be needed on a national,
regional, or local level.

Fo pre-attack planning, a broad base of histor-
ical records must be available for all variable fac-
o5 so that plans «an be made on the basis ot
calculated probuiaittioc. Thus, the availability of
data beco:mes a primary consideration in selec g
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parameters to be used as inputs in the predictive
model.

For post-attack damage assessment, on the other
hand, the greatest requirement is that accurate
current information be obtainable. In either actual
or simulated situations, totally new parameters «:n
be considered — provided that e infoumados: van
be collected quickly encugh and at enough loca-
tions to give the desired d. gree of accuracy.

At a national level, the model output can give
fairly gross inform2: on ou fire spread and still be
acceptable, if cnews of prediction are unbiased.
Inputs based on existing data on fuels, weather,
and topography should be sufficient for adequate
fire spread prediction oa a national scale, either
for planning or for post-attack 2ssessment.

At a rzgionai jevel, a soinewhat greater degres




of detail and accuracy i5 required for both input
and output, particularly for critical areas within
the region. But again, the predicted -~vead fro.a
any one nuclear explosion may have :aisly . se
limits of erzor, if fire spread predictions are w.ccu-
rate for the attack as a whole. For most regions of
the United States, there is sufficient input data
available for pre-attack planning. But additional
comunications proczdures for obtaining weather
information and some extensive fuel surveys will
probably be required for post-attack damage as-
sessment.

Lecal use of a fire spread prediction system will
1zaui. ¢ the most sophisticated modeling techniques.
Input data must be very detailed, and the output

must predict five spread from an individual detona-
tion with a high degree of accuracy. Very few
areas of the country have made the intensive land-
use and climatological surveys that would be re-
quired to provide input data (120). In addition,
it is questionable whe.her the carrent status of
knowledge about fire behavior is sufficient for the
construction of a useful model designed to predict
the rate and extent of individual fires. For post-
attack evaluation, fire behavior specialists could
prepare detailed predictions based on their expe-
rience and available information by using regioral
fire spread predictior. as guidelines. This approach
has proved highly successful in predicting the
behavior of 'arye forest fires (29).

3

Data: Availability and Needs

For any predictive model of fire spread, all input
parameters can be assigned to one of three general
classes: fuels, topography, or weather. Although
this project collected only the data required for onc
specific model, we did survey the availability of
other types of data within these three broad cate-
gories A generalized study of the availability of
environmental data has been prepared by the U.S.
Army Corps of Engineers (118).

Fuels

Information on fuels, per se, is almost com-
pletely Jacking exce;.t for the specialized coverage
provided by the Sar.born Maps (37, p. 617) for
certain urban sveas axd by the fuel-type maps
prepared for selected National Forests (66). Much
of this coverage is badly out of date. However,
when properly interpreted, data @ land-rse classi-
fication and vegetative distribution can be convert-
ed into broad but meaningful fuel classifications.

Several adequate sources of phytogeographic
coverage are available for national use. On the
broadest scaie, “Major Land Uses in the United
States,” a map prepared by the Bureau of Agri-
cultural Economics (81), can be used to deli.eate
cropland, arid and semiarid areas, alpine zones,
and major conifer and hardwood forest types.
Similar but more recent coverage is being prepared
by the University of Kansas for publication in late
1963 »r 1964." The Atlas of Ameircan Agricul-

1t Kuchler, A. W Natural vegetation of the United

States. (In preparat’  for publication, Dupt. of G 4.
raphy, Univ. ~f Xansas, Mo.)
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ture (121) contains older but more detaiied and
larger-scaled maps of the natural vegetation.

Except for the largest cities, urban areas would
show up only as small dots on even the largest
phytogeographic maps of the United States (121).
If cities were important to civil defense only in
proportion to their area in the United States, most
cities could be ignored for predicting fire spread
on a national scale and the broadest sort of land
use classification would suffice for characteriz-
ing fuels in the large cities. However, cities are
what we are most intererested in protecting. For
national usc, the small-scale, general land-use maps
available (64) for most cities in the United States
with 25,000 or more population, should suffice.
Scales of these mag - - -.ally are larger than 1,000
fest per wnch, and the ....p 15 cuntained on one or
two page-sized sheets of paper. Usually there are
5 to 10 categones of land use. Most cities also have
zoning maps; although these maps show desired
or planned, rather than actuai iand use, they could
be used with small loss in accuracy in <2 Yack-
ing a land use map.

At the regional level, the soil-vegetation maps
of the U. S. Department of Agriculture {130) and
the timber type maps of the Ferest Service' are
excellent sources for fuel typing. In addition,
agricultural and otner special land-use maps are
usually available f.om the appropriate department
of the various states.

12 Vegetation tvee and foiest rondition maps. U. S.
Forest Senvice, Washiagr.a, D.C.




Most cities of 25,000 pspulation or more (of
which there are about 480 in the United States)
have a fairly larze iand-use map scalet to 1,000
feet or less per inch. These maps woud pre <
satisfactory detail on 2 1cgicnai ievel. For heevily
populated cities, such as New York, maps may be
as large as 8 by 8 feet and have great detail and
many use categories. Generally, however, map
sizes and number of catcgories are very similar
from city to city. Zoning maps generally are avail-
able and,, though less accurate, can be used to
classify fuels it iand-use mans 2re quiie dated or
non-existent.

Larze-scale acrial photos (that is, photos repre-
sex.ting few feet on the grourd per inch of photo)
rrobably are not necessary for classifying fuels
on a regjonal level. But in most cities of 25,000
popuiation or mere, prints of vertical or oblignue
aerial photos of the city. sometimes in color, tasen
by some professional or amateur photographer,
can be obtained. Often they appear on large sou-
venir postcards. These photos can be useful for
checking building characteristics, street widths, and
other information as an aid to rating fuels.

To be useful on a loral scale, fuel mapping must
be intensive and should he repeated periodically
in the rapidly changing urban complexes and
newly developing suburbs. The most feasible
method of type mapping in fine detail is through
the use of acrial photographs (see Appendix A).

Sanborn Maps used in conjunction with vertical
aerial photos probably would be the best source
of data for typing or rating urban fuels on a local
scale. Sanborn Maps are designed for the use of
fire insurance underwniters. They show the loca-
tion, physicai characteristics, and use of most
buildings in nearly all cities with populations of
2,000 or .ore. The maps of ‘e larger cities are
revis~d once a year. The maps are in the form of
atlases, averaging four blocks per page, and avail-
able at scales of 50 feet and 100 reet per inch.
Aerial photographs and photo mosaics have been
made for all ur pari of many cities since World
War II. Some urban areas, such as Metropulitan
Dade County, Florida. have made enlargem nts
of aerial photos into ailas form with one 30- by 30-
inch page coverinz approximately a 4-city block-
area.

Topography

Detailed, accurate .opographic maps of mesi

19

areas of the continental United States are easily
obtained. The current status of both topographic
mapping and acrial photography can be ascer
tained through the U. S. Geological Survey or
through the National Atlas of the United States
(134, 135).

But unlike fuels, topography cannot easily be
categorized into classes with both a quantitative
and a universally recognized meaning. This prob-
lem is of concern to several agencies and recent
work on terrain analysis by the U. S. Army (75,
146) may eventualiy result in an acceptable classi-
fication system.

In the meantime, such classifications as “bro
ken” or “rsliing” should be sufficient for fire spread
models for nat.onal or regional use.

Topographic maps usually show encugh fea-
tures of the cities to give an idea of the land use.
Unfortunctely, most of them are rather old and
tie city features out of date. Most larger Amer-
ican cities are situated on relatively level tazd, so
that topography would not be a factor in fire
spread. However, some cities contain hills where
topography could be a factor.

Weather

Climatological data on the important surface
weather elements are available in almost embar-
rassing profusion. The Weather Buzzau alone has
more than 12,000 weather observation stations in
its climatological station network (/40). Addi-
tional weather observations are taken regularly by
the military services, by federal and <tate forestry
agencies, by air poll *">: control districts, by uni-
versities, and by priva.. wduswrial, agicultural,
and aviation groups. Measurements of pressure,
temperature, and humidity patterns in the upper
air are available from 137 locations, 64 of them
within the continental U. S. An additional 290
stations make routine measurements of upzer air
wind velocity and direction.

For national use, the “4-hour Climatic Net-
work (consisting of 179 First Order Weather
Bureau and U. S. Federal Aviation Agency sta-
tions) provides a weil spaced grid of observing
stations with uniform standards of observing, com-
piling, and reporting surface weather data. Hourly
observations of precipitation, temperature, dew-
ooiat, relative humidity, wind direction and speed,
ceiling, and visibiiity are available cither in pub-
lished form or on pun.hed cas. Upper air data




are also available, both in published form and on
punched cards.”

Additional weather coverage should be o9tamc -
for predicting fire spread at the regional leve!l.
Surface observations from military stations, FAA
staticns, and fire-danger rating stations operated
ty state or federal forestry agencies can provide
an adequate data base. However, instrument ex-
posure standards, observation times, and reporting
procedures differ between agencies. The data
should be stand:r'ized before being combined for
use 25 inputs for predicting fire spread.

Eristiry, upper air stations are adequate for
regioial use, except in the Western United States
and mouatainous regions of the East. In moun-
t.1nous country, significant variations in upper air
patterns have been noted over distances of 200
miles or less (27). Most upper air observation sta-
tions are located near the large population centers
of each region. Consequently upper air data will
be more accurate for maay civil defense purposes,
particularly in urban areas, than might be expected
from the relatively small number of stations.

For fire spread prediction on a local scale, in-
tensive climatelogical surveys should be made for
each area of interest. Rate and direction of fire
spread for a particular fire often depend as much
on local weather patterns as they do on synoptic
weather features (34). Accurate prediction of the
behavior of an individual fire, wildland or urban,
requires accurate data on these local weather
patterns.

Fire Spread

Although fire spread data are the outputs, not
the inputs, of the mathematical models, some in-
dependent measurements of fitc sprecd are needed
to test the models. The data presented in Appen-
dices D and E were collected for another purpose:
to determine the relationships between rate of

* Published surface weather data can be fourd in
Local Climatological Daza and Local Climatological Dita
(supplement), issued muathly for each reporting statio.
by U.S. Gowt. Printing Offiz., Wash., D.C. Data contained
on the surface weather rards are found in WBAN 1,
hourly surface observations. See Reference Manual 144
WBAN 1 1945, Weather Burcau Climatological Services
Div., National Weather Records Center, Asheville, N.C.
Published v per air datr are in Climarological Data—
National Summary, issued monthly by U £. Govt. Print-
ing Office. Wash., D.C Upper air data are kept on severa!
card decks. See Reference  anuslc WBAN 535, 542, 544,
545, & 645, Weath~r Haicau Jrumatclogical Services Div.
National Weathe: Records Center, Asheville, N.C.
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spread and other variables. Consequentiy, the cri-
teria used te seiect these data are probably more
stringent than necessary for simply testing niodel
ouiput, For this and other purposes, data from
several other souices are ~vailable.

For example, a fire report that includes the
area of fire at specified time periods is prepared
for every fire of 10 acres or larger burning on lands
protected by the Forest Service (132). Similar
records are kept by other fire protection agencies.
These records provide data on the rate of spread
of small fires and the initial stages of larger fires.
Data on the spread of large forest fires over Jonger
time periods can & obtained only from the parra-
tive fire reports fhat are filed in the local offices
cf the protection agencies concerned.

Oceasionally, specific information on the rate of
spread of historic forest conflagrations has been
published (11, 56, 97). A thorough study of the
reports on carly fires might be valuable in deter-
mining the upper limits of fire spread under the
most unfavorable conditions.

Data on wildland fire spread may be avanable
from other countries. Australia, Argentine, Chile,
and parts of Africa have areas where the fuels,
climate, and fire history are similar to those of
parts of e United States. Australia is a particu-
larly promising source of daia. It has a2 serious
forest fire problem and a long established fire con-
trol and firc research organization. Data from
Australian records probably could be applied di-
rectly to American conditions.

In general, urban fires are not as well docu-
mented for rate of spread as are forest fires. Rec-
ords ot local fire dup umneats usually show the
time the fiie started, wi - co.olled, and the
number of buildings invoived, but they include no
maps or other indication of the location of the fire
front at specified time intervals. Urban fire reports
stress cause, equipment used, and monetary dam-
age. Very few fire departments keep their :rx .18
<r punch cards, and it 15 therefore time consum
ing to summarize number of fires and fire charac-
teristics for special studies.

The Fire Record Department of the National
Fire Protection Associaiion has a special 1-page
Fire Report which it seuds to the local fire chief
whenever it hears tha. the city has had a Jarge or
unusual fire. Usually these are spreading fires.
Space is provided on the form for sketching a fire
map and recording weather conditions. Short case
histories of most larger “res vre published in the
N 7.P.A. Quarterly, often with fire .eaps How-




ever, only rarcly do thesc accounts contain enough
information on time and distances (© compute
rate of spread. They describe fuels in | . & ‘e
but usually do not include weather data. Aaccr
very iarge conflagrations or very damaging smaller
fires, cither the N.F.P.A. or the National Board of
Fire Underwriters, or sometimes both, will send
a special team of investigators to study and pre-
pare a detailed report on the fire. These reports
are the best source of time and distance data for
computing rates of spread (9, 71, 83, 87,.99).
Many excellent reports that contain cnough infor-
matien to compute rate of spread have been writ-
ter by iaymen and are available in librarics (&,
62,86).

Although the U.S.S.B.S. reports contain no in-
formation on rate of spread, their fire maps shcw-
ing nnal area of burnout include data that can de
useful for checking model output.

In recent years, many of the largest urban con-
flagrations in the Western Hemisphere have oc-
curred in Canada (195). Unfortunately, very few
published reports are available on these fires.

Urban conflagratior. continue to occur in the
United States. Many of these could furnish valu-
able information on rate of spread if an effort were
made to obtain these data. Urban fire reports could
easily be extended or revised to require noting or
mapping the fire perimeter or at least the position
of the head at specified timnes. The N.F.P.A's
Fire Report could be revised to make more specific
reguiremem: for times and distunces for fi2
spread. Weathar data during the fire usually is
readily available at the local Weather Bureau
Office—tnless the office burns up as in the Great
Chicago Fire and the San Francisco Earthquake
Fire.

Data Collected for United Research Services

Wildland Fires

An objective of this project was to provide spe-
cific input data for one or more mathematical
models of fire spread to be developed by United
Research Services, Inc. U.R.S. personnel 2sked
that we provide data on the length of time natural
fuels might t sxpected to burn, weather conditions
under which forest fires would be expected o ex-
hibit no sigrdficant fovward spread, weather condi-
tions under whiciy forest fires might bs expected
to be exunguished in the abscnce of cffective fire-
fighting action, and free rate of spread of large
forest fires under knuwn conditcas of weather,
fuel, and topography.

Burning Times

Burning times were determined by examining
the records of experimental test fires in natural
fuels where time-histories of tamperature or -adia-
tion at locations adj2~:at to the fire were avail. ble.
Although fires ranged widely in size (from plots
6 by 6 feet to plots 110 by 150 feet) and burned
under varying weather conditions, all data seemed
consistent in several respects. All plottings of radi-
ation o temperature against time rzsembled “log
normal” distributions; that is, a relatively raps
nise to peak, a slor ¢ decline to some valve mv a
below peak, bu: weli avove ambient, and a ve.y

long “tail” before reaching ambient values (fig.
11).

A-~ordingly, v.e selected, rather arbitrarily, two
burning regimes:

® Violent burning time (representing the peri-

od of most active flaming) : the period when
radiation (or temperature) exceeds 50 per-
cent of the maximum value recorded.

® Residual burning time (representing the peri-

od when glowing combustion is predomi-
nant, but flaming is sull occurring on at least
part of the arc. | . Lic period after peak when
radiation (or ten -:rature) is between 50
percent and 10 percent of the maximum
value.

The burning times defined above depend on
both weather and fuels, and suficient data were
not available to e<timate values for asi weather
and fuel conditions As a resule, we prapari. o
table for “average bad” -veather conditions and
five fuel types (table 1). The weather conditions
were: relative humidity 15-25 percent, tempera-
ture 80-90°, and wind 5-19 miles per hour. Under
drier or windier conditions, violent burning time
would be approximately the same as the tabulated
values and residual burning time would be shorter.
Under dainper conditions, all burning times would
be materially longer, with a enater percentage
increase in violen: buming ume. Table ! values
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Figure 11.—Distribution of temperature in
relaticn to hurning time. T° represents
perceatage difference between initial
temperature and maximum temperature.

were determined from the heat received at a single
point adjacent to the fire area.

We were also asked to provide estimates of
total burning time (the period during which a
large fire might remain stationary yet be capable
of resuming active spread if burning conditions
changed for the worse). A accurate answer to this
question would have to be given in statistical rather

than in discrete terms, but such data are not avail-
able. fost fires will remain contained if their
spread is completely stopped for a few hours. But
occasionaily a fire will resume spreading after days
or weeks of dormancy. Forest fires have even been
known to smolder all winter under a blanke: of
snow and become active the next summer when
fuels dry out.

Table 1. Violent and residual burning times, by @-! type

Violent burning Residual burning
Fuel type " "[Total energy . Total energy
Time release Time release
Ninutes Percent Ninutes Percent
Grass 1% Y] g <10
Lignt brush
(12 *cns/
acre) p3 60 6 40
Med:um brush
{25 tons/
acre) 6 50 24 50
Heavy brush
(40 tons/
ac ) 10 40 70 L0
Tinoer 24 17 157 42

o
«~




Since there were no data available from which
to determine the total burning time, we obtained
the opinions of experienced fire contrel ,
in various parts of the country. The consensus was
as follows:

- o imat

i

Fuel type: Time
Grass 30 minutes
Light brush 16 hours
Medium brush 36 hours
Heavy brush 72 hours
Timber 7 days

"We Spread’ Criteria

To prepare a mathematical model of fire spread
in which firefighting effort is assumed to be ineffec-
tive, it is necessary to provide “stopping rules,”
that is, the burning conditions under which fizes
could be expected to exhibit essentially no outward
spread.

Ten of the various fire danger rating systems
commonly used in the United States and Canada
have as the starting point for the index number
system ‘‘the weather conditior., such that aban-
doned camp fires or debris burning fires will spread
sufficiently to pose a threat requiring fire control
action.” When we examined the weather and fuel
conditions specified for this point in each of the
10 systems, we found them remarkably consistent.
Accordingly, we prepared the following list of
“no spread” criteria,

Large fires in the following fuel types can be
expected to show no ineasurable spread when the
following conditions are met:

All fuels: over 1 inch of snow on the ground
at tiie nearest weather reporti.g sta-
tions,

Grass: relative humidity above 80 percent.

Brush or Hardwoods: 0.1 . % of precipita-

tion or more within
the past 7 days and—
Wind 0-3 mnh; relative hemidity 66 ercent
or higher, cr
Wind 4-10 myp; relative humidity 75 pe-cent
or higher, or
Wind 11-25 mph; relative humidity 85 per-
cent or higher.

Cc aifer Timber: (a) 1 day or less since at
least 0.2% inch of precipita-
tion and—

Wind 0-3 &pa: 5 lative humidity 50 per ¢nt
or higier, or

Wind 4-10 mph; relative humidity 75 percent
or higher, or
Wind, 11-25 mph; relative humidity 85 per-
cent or higher.
(b) Or, 2-3 days sincc at
le~ 1 0.25 inch of precipita-
tion and—
Wind 0-3 mph; relative humidity 60 percent
or higher, or
Wind 4-10 mph; relative humidity 80 percent
or higher, or
Wind 11-25 mph; relative humidity 90 per-
cent or higher.
(c) Or, 45 days sisce at
feast 0.25 inch of precipita-
tion and- ~
Wind G-3 mph; relative humidity 30 percent
or higher.
(d) Or, 6-7 days since at
least 0.25 inch of precipita-
tion and—
Wind 0-3 mph; relative humidity 90 percent
or higher.

These criteria were tested against the records
of 4,378 forest fires that burned for more than an
hour “efore firefighters arrived and for which ade-
quate spread and weather records were available.
Fires were listed as “no spread” if their rate of
free spread before the arrival of firefighting forces
was 0.4 chains per hour (0.005 mph) or less.

Of the 134 fires that bumed under conditions in
which no spread would be predicted, 131-—97.8
percent—did not spread. Closer examination of
the three fires that did spread showed that rain had
fallen at one or &t ~ Cwt not at 2il of the three
nearest weather statios.: It is possible that ali Jqree
failures of prediction were due to showers that
wet the weather station, but not the fire area. Thus
the criteria selected appear adequate for predicting
the weather conditions when fises will not spread
significantly.

But 2,537—59.8 weicent—of the 4.244 =,
that burned when the criteria predicted “will
spread” did not spread at a rate of 0.005 mph or
faster. Our criteria may have been too striiigent,
but there are other possible reasons for failure to
spread as predicted:

1. Weather measurements were made at 3 p.m.,
the time of most severe burning conditions; 3 p.m.
weather was assigned to the fires regardless of
what time of day they wers burniag. Consequently,
many frss were bu.ning vader damper and iess
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Figure 12.—Basic network of weather staticns for which fire danger was
computed daily during a 10-year period.

windy conditions than is shown by the weather
records.

2. Many of the fires may have occurred in iso-
lated patches of fuel where sustained spicad was
impossible.

3. Weather records were obtained from measur-
ing stations 1n exp»sed locations that may have
had dricr and more windy conditioas t~.» those
at the site of the fire.

An additional reason for accaptir? the cnteria
cven though they appear too stringent is that the
fires tested were predominantly small. Half of them
covered less than 0.1 acre each. On larger fires
some part of the fire will always be exposed tn
the sweep of the win:' and the drying effect of he
sun, and measuremaats from an exposed weather
station will be more directly applicable.

In connection with another civil defense project
(133), daily fire danger was computed for a 10-
year peaiud for a basic network of weather stations
(fig. 12).

Using data from s study, the average numbr
of days per mcnth when “no spread” condition,

can be expected was checked for 18 selected sta-
tions (table 2). Since data on snow cover were not
availabie, only the normally snow-free months are
included.

‘Fire Out’ Criteric

We were also 1sked to decide the conditions un-
der which fires would be extinguished without ef-
fective firefighting actior. Since we could find no
data on large forest fires that weat ot by them-
selves, we were forced to depend on the opinors
of experienced fire personnzl Tow omssnius wu.

Grass: “No spread” craditions or measurable

precipitation at the three nearest weath-
er stations.

Brush or Hardwoods: 0.1 inch of precipita-
tion or more at the
three nearest weather
stations or “no
spread” conditions
for vhiee consecutive
i2-hour periods.




Conifer Timber: (a) 0.5 inch of precipita-
tion or more at the threc
nearest weathe , =" e
(b) Or0.25 to 0.5 incu of
precipitation at the three
nearest weather stations
2nd “no spead” conditions
for the following two 12-
hour periods.

(¢) Or“nc spread” condi-
tions for eight consecutive
12-hour periods and meas-
ureable precipitation at the
three nearest weather sta-
tions during any two 12-
hour periods.

(d) Or “no spread” condi-
tions for 14 consecutive 12-
hour periods.

Fire Spread Data

The major time and cffort on this project was
spent in obtaining data on the spread of large fires
burning under known conditions of fuel, topog-

raphy, and weather. This was done by carefully
examining 1,621 reports of forest fires 300 acres
or larger in size. Spread rates were determincd
only if:

1. The spread was essentially “free”, that is,
unaffccted by fire cont: ! action.

2. Free spread was maintained for 6 hours or
longer. (This rcstriction was necessary because of
a universai tendency for forest fires to spread in
very rapid “runs” of relatively short duration [sec
figs. 13 and 147]. Rates of spread measured during
such runs are not representavive of spread over
periods of a day or more.)

3 Lisear spread rates could be deierm.ned Le-
tween twe ¥xnown peints and two known times.

4. Weather measurcmicnts were obtainable
cither from measurements made at the fire scene
or from weather stations located sufficiently near
the fire to have representative readings.

5. Fuel types were known.

6. Topographic maps of the fire area were avail-
able.

Of the 1,621 fire reports examined, 924 were
rejected on the basis of the last three criteria. For

Table 2. Number of ‘no spread’ days at selected weather stations, by months

Station l Jan. Feb.l Mar. l April, May | June | July l Aug.l Sept. ' Oct. ' Nov. l Dec.
Northern:
Olympia, Wash. -- -- 24 16 15 16 9 8 15 26 28 31
Boise, Idaho .- -- .- 7 7 3 0 0 1 4 -- --
Casper, Wyoming -- -- .- 9 7 4 2 1 2 4 .- .-
Minneapolis, Minn -- - -- 9 9 9 9 10 9 11 .- --
Grapd Rapids, Mich -- .- - 12 10 9 9 n 8 13 -- --
Atbany, M. Y. - -- -- i3 13 12 10 ) 14 s - --
Washington, D. C. - .- 12 10 1) 8 9 11 10 12 14 .-
Central:
Oakland, Calif 28 2 13 10 6 3 1 2 2 6 13 22
Cedar City, Utah -- .- 8 3 3 1 1 1 1 3 7 .-
Springfiel?, Mo. .- .- 14 10 10 10 10 7 7 10 12 17
Charleston, W Va, - -- 12 12 12 13 i2 i 1¢ ia 17 -3
Southern:
los Angeles, Cunlif. 1€ 13 12 13 9 S 1 2 3 6 8 i2
Roswell, N. Mexico 4 4 2 1 1 0 1 1 1 3 2 4
San Antonio, Texas 11 10 7 7 3 4 2 2 S 8 10 11
Shre: eport, La. 16 13 12 W 19 8 9 7 7 8 12 14
Memphis, Tenn. 21 i5 13 9 Q 9 10 8 8 9 11 18
Columbia, S. C. 16 13 12 8 7 7 10 11 11 b} 11 17
Tallahassee, T a. 16 12 11 10 11 15 22 19 A\ 13 14 18
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Figure 13.—Extent of fire spread in the Seznini Butte Fire, California,

during the first 21 hours.
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Figure 14.—Extent of fire spread in the Scznini Butte Fire, California, dur.

ing the next 2 hours.

the remaining 697 firss, we obtained complete Jar-
rative reports of the fire behavior and fire control
action throughout the history of the fire. A sample
report is given as Appeadix B. From these reports,
we attempted to select areas of fire spread which

1et the frst three criteria. In questionable cases we
interviewed, personally or by mail, fire contro!
personnel familiar vith the particular fice. &2
ended up with 333 buming periods on 110 firs

from which we were able to obtain 1,614 linear
spread rates.

The fires that survived this weeding-out process
are not the fastest spreading, nor the most dra-
matic forest fires ¢. record. On such fires as the
Tillamook, vhich reportedly spread 24 air line
mailes in one afternoon, we found it impossible to
establish accurately knowr distarces and times.
In some cases, we ¢t ained haown locations and




times, but could not establish the path followed
by the fire in arriving at a given peint. In many
other cases, the period of free fire sp. a? 2< 0
short for consideration.

But if these fires are not the fastesi of record,
neither are they to be considered unusually slow.
The 110 fires from which data were obtained
burned a total of 1,243,284 acres or 17.7 square
miles per fire. Any fire that manages to maintain
free spread for 6 hours or longer is probably burn-
ing under conditions that are unusually favorable
for fire spread. The data included 1a Appendix ©
arc v-obably representative of the rate of spread
«f laz g¢ forest fires under any but the most extieme
burning conditions.

COnce a fire had been selected for analysis, the
fire perimeter at each known time was drawn on
a topographic map. The direction and raiz of
spread were calculated by determining the awrect
distance between established related points on
successive fire perimeters, measuring the distance
of spread, and dividing the distance by the time. A
profile of the topography across which the fire
spread was then drawn to scale. If the narrative
report showed that the fire did not sprcad in a
straight line between the two points, the profile
was drawn along the path of the fire, but the direc-
tion and rate were still calculated from the short-
est distance between the points.

Since one model under consideration by U.R.S.
involved prediction of spread rates normal to the
fire perimetcr, perpendicular lines were also drawn
from each perimeter point and the direction and
distance to the intersection with the succeeding
petimeter were recorded. In cases where the per-
pendicular line from cither penimeter failed to in-

- Fire perimeter

of time 2
L4
'
1
'// Fire penimeter
,4 ot time !
8

tersect the other perimeter because of peculiaritics
of shape, neither perpendicular line was recorded.

For example, figure 15 shows the perimeters of
two fires; one fire spread from point A to point B
in a straight line, A B; the other fire changed direc-
tions, following the p..2 A E B. The dashed lines
A C and B D were drawn perpendicular to the
perimeters at points A and B, respectively. For
both fires, the rate of spread was calculated from
the straight line A B. The topography was profiled
for line A E B on the irregularly spreading fire.
Since the perpendicular linc B D failed to intersect
the inner perimeter on the irregular fire, no per-
pendicular fines were recorded for this firc.

Inforriativ.s on the fuels aleng the line of fire
spread was cbtained either from the rarrative re-
port or from nterviews with fire control personnel.
A fuel type was recorded only if it occupied more
than one-fourth of the line along which spread was
measured.

Weather information was obtained from 3 p.m.
and midnight readings whenever possible. The 3
p.m. weather readings were recorded for all spread
periods occurring between 6 a.m. and 6 p.m. Mid-
night weather readings were recorded for spread
periods between 6 p.m. and 6 a.m. Weather read-
ing at 3 p.m. were recorded for all 24-hour spread
periods. We chose 3 p.m. because this was closest
to the time at which most fire-danger rating systems
measure weather for fire planning purposes. It
represents the period of the day when burning
conditions are most severe and fire spread most
rapid. Midnight was selected arbitrarily as being
most representative of the night period. Often
burning conditions are marginal at night, and the
sclection of 2 tit, .ioser o minimum tempera-

Figi. ;2 17.~—Geometry of rate sf spread calculations hetween perimiters on

two typical fires.
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Figure 16.—-Data as sent to United Research Services, Inc.

tures and maximum hurmditics might be mislead-
ing.

Weather data were obtained from one of three
sources. We used weather measurements made at
the fire scenc when available, 2:d provided that
they were taken within 2 hours of the selected
times. If weather was not mcasured ai (e fire, we
used data from the ncarest t.- danger rating sta-
tion if available. If firc danger rating stations were
not in use, we obtamned data from the nea est
Weather Bureau reporting station.

Daytime temperatures and humidities were cor-
rected for differences octween weather station and
fireline clevations by standard methods (36). In
nearly all cases the stations were within 1,500 ft,,
and corre-tions were mimmal. No corrections were
made for nighttime weather readings. The burning
index as measured bv *he Wildland Fire Danger
Rating System (127, .as ¢ ilewlated and recorded.

All data ard profilss were copied on a standard

form as shown in figures 16 and 17 and sent to
United Research Servizce Appendix D gives a
complete listing of alt data ©  mor- simplified forn.

Urban Fires

In general, less is known concerning burning
times, “fire out” conditions, and rates of spread for
urban fires than for wildland fires.

Burning Times

Burning times were determaned by examining the
records of experimental test f.res in actual build-
ings of various sizes where time histories of radia-
tion or temperature hi. been made at locations
adjacent to the fire {5." 50, 51, 52, 65, 106)

Altiiough the buildings burned ranged in size
from !-room wooden bungalows to mult-story
solid brick or concrzte buildings with hcavy fuel
loading and the weather conditi »n, under which
th~y burncd varied, all cata seemed consistent in
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Figure 17.-~Profiles as sent to United Research Services, Inc.
several respects. All plottings of radiation or tem- burni~e building, particularly from flames, is the
perature against time also followed a “log-normal” principal source of ignitior: of adjoining buildings,
pattern. But the temperature-time curve was dis- <he radiation-time curve was used as a basis for de-
placed to the right of the radiation-time curve for termining burning regimes. Two burning regimes
most types of building, particularly those with non- were selected similar to those used for wildland
combustible exteriors. Flame, the primary thermal fires:
radiator early in a fire, peaks relatively rapidly and ® Violent burning time (representing the period
then decays rapidly. Most of the radiation from of most active flaming): the period in which
this source emerge: through the window and door rachation exceeds 5O percent of the maximum
openings. Temperature, however, remains high aft- value recorded. .. period coincides fairly
er flaming subsides, and high temperatures may well with the “pers. . of maximum: flammg”
persist for long periods. Since radgiatior from a or “second period of burning” described by
Table 3. Violert and residual burning times of urban fuels
l Violent burning Residual burning
Construction . Time Total caergy Time Total energv
type release release
Hinutes Percent Ninutes Percent
Ligi:¢ resi-
dential 10 80 12 20
Heavy res:-
dential 13 70 20 30
Commercial 25 60 60 40
City nter and
Masd.% F Mmanu-
facturing 55 o} 120 70
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Thomas (114). This period starts at about
the time of flash-over. Durin~ this perind,
most of the combustibles are consuines.  4).

® Residual burning time (representing the per-
jod wnen glowing combustion is predomi-
nant, but flaming is still occurring on at least
part of the area) : the period after peak when
radiation is between 50 percent and 10 per-
cent of the maximum value. In frame resi-
dences, this period often starts about the time
of struciaral collapse.

The burning times defined above depend most
heasly on fuel loading and to a small extent on
veather. Since urban fuels normally are roofed
and protected from the extremes of weather, such
as rain, snow, and direct solar radiation, only one
weather condition is recognized, that is, average
weather. Four types were recognized (table 3).
The weather conditions were: relative humidity—
40-60 percent; temperature—70-80"; and wind—
5-10 miles per hour. Under drier or more windy
conditions violent burning times would be approxi-
mately the same as the tabulated values and resi-
dual burning times would be shorter. For less wind
all burning times would bz materially longer with
a greater percentage increase in violent burning
time. Accounts of the Hamburg firestorm indicate
that the fire had run its coursc in about 3 hours.
Much of the Hamburg area would be equivalent to
the Centy Center and Massive Manufacturing fuel
type. The largest buildings studied in the St.
Lawrence Burns (106) were consumed in less than
2 hours." These buildings were equivalent to the
Commercial fuc! type in the present study.

The values in table 3 were determined from the
heat received at a single point adjacent to the fire
arca. Again, we werc asked to provide estimates
of total burning time (the period during which a
large urban fire might remain :tationary yet be
capable of resuming active buining if conditions
changed for the worse). Most urban fires will re-
mamn contained it their spread is compieteiy
stopped for a few hours. But cccasionally a iire will
resume spreading =%cr days or weeks of dormancy.
Rekindling fires were a problem for a month after
the Hamburg fire of July 1943; some rekindles oc-
curred as late as October of that year (16).

Since few data were available from which to
dater.ine the total burning time, we obtained the

" Personal cor: sonderce with J. H. McGuire, -
vision of Bui'ding sescarch, Nztional Research Courail,
Ottawa, Canada, Sep. 20, 1962
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opinions of experienced city fire department per-
sonnel in various part of the United States. The
concensus was as follows:

Fuel type: Total burning time
Light resident. ] 36 hours
Heavy residential 72 hours
Commercial 7 days
City center and
massive mfg, 2 months

'No Spread’ Critetia

The problem of provicing stopping rules for
caty fires .s extremely complex. Because buildings
are roofcd must of the fuel is effectively protected
from the gross effects of the weather clements.
Fire can spread even when it is raining or snowing,
Many such cases have been recorded both during
wartime and peacetime. A large increase in rela-
tive humidity that might exert a powerful influencz
on slowing or stopping a wildland fire in a light
fuel type probably would have almost no effect on
an urban fire. Nevertheless, fires in cities eventually
do stop.

Factors that have been mentioned as affecting
fire spread and, presumably, stopping are built-
upress, spacing between buildings (width of fire
break), type of construction, and weather changes.
Of the 23 large urban fires studied for this report,
14 were eventually stopped by factors other than
direct suppressicn action or else suppression action
played only a small part. In these 14 cases, lack
of fuel (low builtupness or wide spacing) was the
factor most frequently mentioned as responsible for
stopping spread. Change n weather, usually re-
duction in wind sp >~ 1 ar change ia direction, was
also frequently mentic.- .J

The four urban fuel types—Light Resideniial,
Heavy Residential, Commercial, and City Center
and Massive Manufacturing — reflect different
buiitupness from low to high in the order given as
well as increased amount of fuel loadr-3 in the
absence of any better data on which to base  ;~
ping criteria for urban fires, for thic study the
probability-of-spread curves developed by San-
born (16) were suggested with modifications as
shown in figure 18. These curves were drawn from
a study of fire spread in Hachioji. Japan, following
an incendiary attuck. Experts believe that Japan-
ese cities are representative of American cities in
many respects (123, 124).

The curves show that the p-obability of fire
spreading across a  iven dr.tance s greater in %
fuel type with koavy fire loading (and high built-
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Figure 18.—Probability of urban fire snread
across various exposure distances, by
type and wind direction.

upness) than in a fuel with light fire loading (low
builtupness). Probability of spread is less to wind-
ward than it is to lecward in any given fuel type.
The curves could be extrapolated toward zero
probability of spread. This would give an indica-
tion of width of break for stopping ot “no spreed”
in the absence of very long distance spotting.

‘Fire Out' Criteria

In addition to detcrmining the fuel and weather
conditions unde: which fires might be exoected
to remain stationary, we were asked to decid¢ the
conditions under wich fires would b extinguished
without effective firefighting action. The only data
available on fires that essentially went out by
themselves arc the accounts of certain incendiary
raids .n Japan and Germany during World War 11
(16, 17, 136, 137, 138, 139). Tuc following “fire
out” criteria are b~ .d on these data and the op'a-
ions of experiery.d fix chiefs.
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® Light residential: 1.0 inch of precipitation

at the Weather Bureau Station and “no
spread” corditions for 36 consecutive hours
or “no spread  ernditinns for 48 consecutive
hours.

@ Heavy Residential: 1.5 inches of precipita-

tion at the city Weather Bureau Station and
“no spread” conditicns for 72 consecutive
hours or “no spread” conditions fo- 100 cop-
secutive hours.

® Commercial: 2.0 wches ot precipitatica a.

the city Weather burcau Station and “no
spread” conditions for 7 consecutive days or
“no spread” conditions for 10 consecutive
days.

@ City Cenier dr Massive Manufacturing: 2.0

inches of precipitation at the city Weather
Bureau Station and “no spread” conditions
for 2 consecutive months or “no spread”
conditions for 3 covsecu’ve months.,




Firs Spread Data
To obtain data on tiie spread of large city fires
burning under known conditions of fuel, topog-

raphy, and weather, we examined 254 i< oo, o

or case histories on spreading fires involving one
or more city blocks. Spread rates were determined
only if:

1. The spread was essentially “free,” that is,
unaffected by fire control action.

2. Linear spread rates could be determined be-
tween two known points and two known times.

3 Weather measurements were obtainable
either from measurements made at the fire scene
or frem weather stations located sufficiently near
the e 10 have representative readings. Usually
the.e were Weather Bureau offices located in the
dgwntown section of the city.

4. Building (fuel) types were known.

5. Topographic maps or accurate descriptions
of topography of the fire area were avairable.

Of the 254 case histories examined, 195 were
rejected on the basis of the first three criteria. In
questionable cases we interviewed, personally or
by mail, fire control personnel familiar with the
particular fire. Whenever possible, we tried to ob-
tain moze than one account of *he same fire as a
check. As miany as four ditferent accounts of 2
single fire were found. We ended up with 73 linear
rates of spread on 23 fires.

The fires that survived this weeding ouc process
include most of the largest and fastest spreading
city fires of record in the United States. Only one
Canadian city fire, Cttawa-Huii, 1900 (105), is in-
cluded, although some of the largest city fires in
the Western Hemisphiee in recent years have been
in Canada. Time and distance data from which
rates of spread could be computed and weather
records were not available for most of these fires

By no means did ali of these farge ficz, bumn
under unusually severe burning conditions. There
were cases of snow on the ground, low vind speed,
and buildings wet from recent rains. The 23 fires
from which data were obtained burned a total of
about 12,000 acres, or 20 square miles, and & orc
than 160,000 buildings. The data included in this
report are probably r-resentative of the rate of
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spread of large urban fires under a complete range
of burning conditions. Fires fiom almost cvery
section of the United States are included.

Once a fire had been sclected for anaiysss, loca-
tions of the fire front and times extracted from the
nurrative were ploited ¢n the fire map. Usually a
city strect map showing the final fire perimeter was
included in one or more of the case histories. Oc-
casionally the map scale was not given and had to
be obtained by writing the city engineer. All but a
few fires were in citics on relatively level sites.
Whenever topography was a factor in fire spread,
topographic maps were obtained and slopes de-
termined.

Information «»n the fuels along the line of spread
was obtained cither from the narrative report,
photcgraphs in the case history, or from interviews
with local fire chiefs or engineering departments.
A fuel type was recorded only if it occupied more
than one-fourth of the line along which spread was
measured.

Weather information was recorded for the start
of the particular run or period of spread or for a
time close therets.

The direction and rate of spread was calculated
by determining the direct distance between estab-
lished points at the midpoint of the fire’s head,
measu .ng the distance of spread, and dividing the
distance by the time. Many of the city fires studred
lasted only a few hours and position of the front
was noted at random times, or when a particularly
big or historic building started to burn. Conse-
quently, it was not possible to list rates of spread
for set periods such as the 12 hour buming period
used for recording rate of spread on wildland fires.
Rates of spread for tvn oz more consecative shorter
runs can ve averaged, » vever Somelies aves-
ages for longer periods are more representative
because of the tendency of fires to spread in spurts
with refative lulls n between. Urban fires appear
to spread about equally well night and day So the
day-night distinction used for znalyzing .’ land
fire spread is not so .mportant for city fires.

All data were copied on a standard form as
shown in Appendix E. A complete listing of all
data is presented.
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Appendix A

Estirmators of Fire Modeling Parameters

Cbtainable from Aerial Photograshs®

The success of a predictive fire model depends on
the aczquacy of the selected parameters for predicting
fire spread in a giv¢n sct of circumstancer and on the
ability te assemble, on a massive scale, data concerning
the paraiiters, If esther condition is unsatsfied, use of
trz modet 10 1mpractical. Collecting all sample data on
the grourd over the entirc United States would be pro-
F:latively costly, but aerial photogrammetry and photo
interpretation have proved particularly reliable aids :n
collecting geodetic, topographic, and vegetative data over
jarge arcas with maximum speed and minimum cost.

This report discusses the variois parameters which
can be feasibly obtained from aeral photographs consist-
ently and accurately for use in predictive fire modeling
The present availability of sample data is also discussed.
Further, we wish to know the kinds of new data which
can be obtained by trained personnel with available
equipment, and the kinds of data which could feasibly be
collected with available or prospective aviomated equip-
ment.

Four main factors to be considered in defining fire
spread parameters are: (a) geographical location, (b)
topography, (c) fuels, and (d) weather We will consider
only the first three; each includes several parameters for
which unbiased estimators are desired as well as their
variances.

Parameters Obtainable
from Asricl Photographs

Geographical Location

X and Y coordinates of any point on the land area,
standardized to a map projection, can be obtained to a
high degree of accuracy when photogran =etric control
1s maintained with plotting instruments. The accuracy of
location depends on the precision of the camera and plot-
ting systems, the skill of thuse using the equipment, the
scale of photography, the amount of tip and tilt a the
time of exposure, the *ype of control used, and the sp~c1-
fications of the photegr: hic materials used. The range
of average error wouk! run from about 10 feet to 300
feet, depending on the combination of the above factors
present on a given project.

i3 Erepared by Philip G. Langley, Pacific Southwest
Forest and Range Experiment Statio:r, Forest Service,
U.5. Department of Ag- -Jlture, for Final Report to Of-
fice of Civil Defense ...3. ) partment of Defense, Con
tract OCD-08-42-131.
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If photogrammetric control is not used but gcod
maps are available, the coordinate position of a spot on
the ground can usnaliy be estimaicd within one-fourth
mile of its true plan position a. the photo center and
within onz-haif mile at the photo edges on 1/20,060 :cale
photographs taker through an 8%-inch focal length lens.

Topography

Three mam topographic parameters concerning a
point on the Iand surface can be consistently determined
from controlled zerial photographs: elevation, steepness
of slope, and aspect. The obtainable limits of error in
absolute elevation are affected more by the type of con-
trol used than are horizontal measurements. However,
the average error can be maintained somewhere between
S feet and 100 feet, depeading on the project specifica-
tions.

The accuracy of slope determnination is, of course, de-
pendent on the accuracy of the relative horizontal and
vertical differential between the reference points used in
detern: "ag the slope. In general, we can obtain good
slope estimates if we can see the ground surface at both
¢ ids of the reference line,

Aspect (direction of slopc) can be accurately de-
termined witnin a wide range of project control speci-
fications.

If no photogrammetric control is used, the elevation
of a point can best be determined from topographic maps.
The limits of error will depend on the accuracy of the
map itself and on the horrizontal accuracy maintained in
point locatinn. In this s1  L..i, the topographic param-
cters of clevation, slope, ar... _spect siould piebably be
estimated strictly from maps without regard to the image
position on a photog.aph.

Fuels

The fuel type classifications desired for predictive
fire modeling which can be obtained from aetia: 1 .o0to-
craphs are best determined if one begins with the follo* -
ing broad groups of classification: (2} utban areas, (o)
agricultural areas, (c) wildlan. arcas, and (d) water
areas.

Urban areas.—These can casily be subdivided into
industrial, commercial, and residential groups. Within
each group, photo intupreters can easily distinguish
buildings, streets, paikig lots, vacant lots, lawns, shrubs,
trees, swimming poc's, canals, harbors and other features.
The parameters whicn can be measured for cach item,
wheie applicable, are length, width, keight, and the dis-
tance between items. From these meacurements, other
indexing parameters, such as sz, "isuribution, and den-
~ity, can ke dstermined.




Vegetation characteristics within urban areas will
vary according to the season of the year because of win-
ter defoliation of trees and shrubs and off ke icio«i-
cal changes. Therefore, summer and winter. data c.. ac
arca of ground covered by foliage would be cesiralie.

Agricultural arezs.—These can be subdivided into
fallow, orchards, vineyards, row crops, close-grown
crops, and pasture if photo scales of about 1:5,000 are
used. On smaller scale photography, fallow ground and
orchards will each be discernible; vineyards will merge
with tall row crops; small row crops, close-grown crops,
and pasture will merge into a single discernible group.
Row crops inclnde corn, milo maize, beans, peas, cab-
bage, tomatovs, and carrots. Close-grown crops incluo2
rice, "vheat, oats, barley, rye, alfalfa, and hay

£aameters which can be measured in agricultural
ar~as are length and vidth of fields, roads, buildings, and
the distance between these items. Heights of tre:s (or-
chards) and their crown width can also be measurcd.
The heights of taller raw crops can be measured on aerial
photos if good plotting instruments are used. provided the
height of the camera station is no greater than appioxi-
mately 6,000 feet (independent of photo scale). However,
it would probably be more feasible to dichotomize these
items into “tall” or “short” groups. Other indexing param-
cters such as vegetative density and crop spacing can be
determined with varying degree of reliability. Special
filtering can be used at the time of photography to maxi-
mize the tone contrast between crop types if the spectral
characteristics of each is known (Colweil 1956) This in-
formation can be read and interpreted electroncally
(Langley 1961).

Crops on agricultural land usually vary a great deal
owing to the secasona! nature of many agricultural crops
and to the practice of crop rotation on specific arcas.
Consequently, any information concerning crop param-
eters for a specific time period will be quickly outdated.

Wildland areas.—These can be classified as bare
ground, grass, brush, or trees fairly consistently on exist-
ing photographs. Hardwood trees taller than 40 feet can
usually be distinguished from conifers of the same height
or taller by using photographs from 1:18,000 scale or
larger with good image resolution. The interpreter’s ability
to distinguish between hardwoods and conifers is aiso
affected by the season of the year and the 1, flier com-
bination used. It is very difficult to consistently separate
hardwoods from conife.s of a height less than 40 feet
unless photograph: taken under rigid specifications are
used.

The accuracy of height measurements on vegetation
also depends on the photo specifications. Genera''y, height

ts are less reliable when made in heavily
forested areas than when made in open forest st nds or
in urban or agrizultu:al areas because the foliage in tree
crowns, deep shadows, and understory vegetation obscure
the ground surface. Height measurements can generally
be maintained to witkin about 40 feet in dense, old-growth
redwood or Douglas-fir stands and to within about 20
feet .. other forest types. It is not practical to measure
the height of vegetation less than avout 20 feet tall on
available photograp*: taken from a height of 15,007 or
more feet above 3. grov J.
The rercent of crown closure on a small ares (1
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acre) around a ground paint can be ocularly estimated
within about 10 percent. Crown diameters of prominent
trees can be measured to closc tolerances on photographs
of any workable scale if the image resolutior is good.
Other indexing parameters concerning size, spacing, or
distribution can be formvlated from height, crown clo-
sure, crown diameter, a the distance between trees,
stands, or other unit designations

Parameters concerning vegetation in wildland areas
are, of course, subject to scasonal variations, particula:iy
in deciduous forest

Water areas.—These can be distinguished on nearly
all photography taken under a variety cf conditions.

Methods of Data Collection

Method Varsus Estimafor Bias

To detezmine the usefulness of existing data and the
optimum method of collecting new data for use in pre-
dictive fire modeling, some consideration should be given
to the possible bias inherent in the estimators.

Measurements taken from uncontrolled photographs
result in errors of estimate owing to reltef dispiacement
and distortion in the plane of the stereo model. These
errors may or may not result in bias when esumating the
desired parameters for fire modeling For instance, esti-
mates of land area vary inversely with the fight height
above the terrain, The estimates of land areas which hie
above and below the datum plane of a photo project can
average out if the distribution of the samples happens to
bala.ce arcund the mean datum.

Other errors 1n area estimates can be caused by the
varying tilt of the ground surface with respect to the po-
sition of the camera station. These errors can result in
considerable bias (100 percent) if the flight lines happen
to parallel high ridges or canyons. Moessner (1957) re-
ported that no significant bias occurred in area estimates
with dot sampling from uncontrolled aerial photographs
m the Rocky Mountain, whercas Walson (1949) reported
carhicr that bias does show up when making dot count
estimates for “smail * o«

Buas m height ms wen.o~ts, when uasing wncon.
trolled photographs, can aiso be caused by varying flight
above the terrai \. This bias can amount to as much as 30
percent between the extreme flight height difference under
normal pkotographic conditions.

Therefore, one must weigh the possible effccts of
random crror in measurement encountered when using
uncontrolled photography aganst those encountered when
using controlled photography as #¢ii as the sglat o .
of each method.

Method Versus Variance

The usefulness of the estimated variance around each
parametric mean wiil depend on the data mode. For
example, it is rarel, possible to calculate a valid estimate
of the variance from any data extracted from a forest
type map because no information is collected on the
“within group™ vanation, but only on the “between
group” vanation It can be shown thut the “within group™
variation of veget-tive type s.2¢, and density as shown




on a type map, is of sizablz magnitude and 1 often as
great as the “between group” variation.

As another example, a true picture of the terrain
form is not realized simply from the variane. wi. ¢
mean clevation. The variance around the mean elevatien
in plateau country cin be exactiy the same 2. the vari-
ance in very broken country with many changes in slope.
Therefere, soms other parameter must be used, such as
tae difference in elevation between adjacent points in a
systemalic grid, or the distance tetween slope changes
and the steepness of the intervening slzpe as measured
from a line transect.

Avoilability of Existing Data

An -xzeznsive study would be required to Isarn exact-
ly :ne kinds and amounts of useful data available for
pradictive fire modeling. My personal knowlecge of data
concerning the types, amounts, and distribution of fuels
in urban or agricultura! sreas is limtted. But much reh-
tive information has been collected in wildland a.cas
for forest, range, and soil surveys

Some of the existing data concernming vegetative fuel
types in wildlangd areas of Califorma exist in the form
of forest type maps or soil-vegetation maps. Area esti-
mates made from these maps contan hutle bias owing to
relief displacement because the maps were generally com-
piied through plotung instruments of some type. These
maps usually contain no informati~ cercerning terrain
characteristics, but such information can be obtarned
from topographic maps and tied into the type maps. The
maps usually contain information on the vegetative den-
sity of an area, but often have no direct figures on vege-
tative heights. Some type maps made in the Pacific North-
west, however, do contain height and density information.
The forest survey maps and the soil-vegetation maps made
in Califormia vefore 1961 contain age-density classifica-
tions frcm which height can be approximated.

In addition to the survey type maps, the Forest Serv-
1ce has made lar mzps for g t purposes on
the National Forests, The extent of this mapping work
would have to be determined by further mquiry.

Most, if not all, of the large arca forest surveys have
now departed from type mapping as a means of data col-
lection from aeral photographs. PEoto-point suimphing of
some form is now used to collect this data. [However, the
kinds of data collected in different regicrs of the United
States differ considerably.

The photo classification system presently used in
Cahfornia collects data on general location, productivity
class (commercial foract, noncommercial forest, or non-
forest), major forest type, timber size class, and vo'nm2
class. The survey has c¢™*ected photo information on »le-
vation, aspect, and topographic situation only in Mendo-
cino and western Siskiyou counties. Some of the other
regions collect similar data: some only separate out the
arca of commercial forest land. Al the photo-pomnt infor-
mation presently collected 1s gathered without photogram-
mcine couirol, and the information zannct be directly
correlated to topographic information by point-to-point
correspondence withou* » considerable amoun: of contio
work,
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The intensity of photo-point samphing 1n California
varies from about one point per 150 acres to one point
per 320 acres. The sampling intensity in other regions
goes as high as one point per 75 zcres.

Collection of New Data

The methods used for collecting new data concerning
the estimators of the selected parzmeters will depend on
the short- and Jong-term requirements of intensity, accur-
acy, timeliness, and cost

Use of uncontrolled photography.—Ii oniy a single
reference value along with an estimated variance is re-
quired for cach parameter withis a 5¥2-mile scuare area,
photopcint samoling using uncontrolled photogripus
would probstiy e speedier than any ciner sysiem, pro-
vided few measurements are required. However, it should
be recognized that data of unknown accuracy and statis-
tical vahidity will result, regardless of whether or not spe-
cial purposc photography is used. Also, this method of
approach would nearly preclude the possibility of later
intensification of the data for use in instantaneous fire-
spread predictions on going fires when using elcctronic
computers.

Use of controlled photography.—Controlled pho-
tography offers many technical advantages, but may in-
crease time and cost of data collection. However, T be-
lieve that the advantages of bsing controlled photography
can be gained without substautially increasing the time
or lor~term cost If a reasonable complement of equip-
ment 1s assembled for use with special-purposc photog-
raphy. If the U. S. Air Force could be persuaded to
furnish civil defense offices with high altitude precision
photography, taken to specifications, controlled data, with
known limits of accuracy and statistical vahdity, could
be obtamned from exisung ploting and data-recording
cquipment costing between $10,000 and $20,000. Tie
Air Force RC-130A aircraft equipped with the HYRAN
mapping system (Walls 1960) or sinnlar systems are re-
ported 1o be fully capable of producing radar-controlled
precision rhotogr~phy 1 . » which the :nformation could
be taken. Aenal photogranu  ~f lgh resolut:on in 9- by
9-inch format and taken at a scale of 1:60,000 through
a 6-inch focal length lens would cover approximately 22
square miles per sterco model. From tbese photos, an
interpreter could mcasure well defined horizontal hines,
such as street widths, to an approximaie accuracy of plus
or minus 5 feet. Vertical measurements of wel uefined
Shjects could be obtained to plus or rnu 15 feet w
optimum conditions. Over-all geodetic control of ground
points couid be maintained tu a2t average error of plus
or minus 60 feet honizontally «1d plus or minus 20 feet
vertically 1if necessary, and some relaxation of these re-
quirements would allow considerable increase mn speed.

Virtually all parameters 1 d at the b
of this report coutd ¢ collected and placed on EDP
magaetic tapes for use 1n predictive fire modeling with
the equipment complement referred to above. I data
weie wollected with sulicien' intensity, they could be
eftectively used 1n terrain analysis proclems and in re-
search on behavior of yoir.  fires




Prospective Use of
Avtomated Pl Equipment

Much interest has besn generated in recent years
concerning the possibilities for obtaining PI mformation
{rom aerial photographs automatically. Some pieces of
automation equipment ars now available for special use
and more will be available in the near future. However,
to use this equipment eficctively for predictive fire model-
ing, som¢ modifications weuld be needed to assemble an
integrated interpretation system which would record al!
pertinent data anu convert to an optimum form for proc-
essing. These md difications will r2quire imagination, bt
much progress has atready been made in their develop-
ment

Rezently developed electronic scanning instruments
wi! record line profiles and compile topographic maps
sutomatically. Both the Benson-Lehner “stereomat” sys-
tem and the Ramo-Woolridge stereo mapping system have
been developed to a high degree. A third digital automatic
map-compilation system now under development appears
to offer much nromise toward the solution of autematic
interpretation problems and EDP.

Rescarchers have demonstrated the usefulness of
taking photographs through selected filters o detect crop
discases (Colwell 1956) and to differentiate between tree
species (Colwell 1960, Olson 1961). At least one re-
searcher has made preliminary statistical analyses of re-
flectance data of ficld crops and bas demonstrated that a
numher of crop types and cther objects can be “read”
and identified electronically from specral-purpose photog-
raphy and that the probability of detection can be deter-
mined (Langley 1961, 1962). Others have studied methods
of terrain recognition through multiband sensing tech-
niques using radar magnectometers and mfrared (Frost
1960: Hoffman 1960, Newbry 1960; Scheps 1960; Olson
1960; Lyytihainen 1960). A rclatively new and promis-
ing technique using digitized contrast frequencies was
explored by Rosenfeld (1962) for the purpose of develop-
mg a method of automatic land-use classification from
acrial photograpt.s

Cven though much of this equipmen* is still n the
developmental stage, enough progress has been made to
indicate that the apphcation of automsated instruments to
photo interpretation problems is ¢ :finitely on e honzon,
Conscquently, in sciccting a m<tnod of data collection
used in the beginming for predictive Sre modeling, a
method that wili yield data compatible with data ob-
tained from automated equipment should be preferred.
I can visvalize how, by using an intcgrated complex of
nterpretation instrmments, it will be possible to locate,
wentify, and measure ncarly adl required parameters end
record the results m “imitized form—all automat.zany
Interrogation of :he data can then be made for many
purposes depending on the particular computer model
used at a given ttme

Summary

Acna! photographs are useful for gathering geodetic,
topographic, and vegetative data because they permut ¢co
erage of large arer of Iind much more rapidly *' an
ground methoads  Oata unsetnuog the defined parametsss
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to be extracted from photographs should be restricted to
that which can be measured with instruments or directly
estimated from wisible features. Subjective estimates
should be avoided The reliability of the data Jcpends on
the photo specificianons and on the interpretation cquip-
ment used Geodetic control can be maintained in the
X. Y, and Z directions w * plotting instruments, and the
dimensions of visible features in three dimension< can be
similarly obtamed. Information on land use 2ad vegeta-
tive types can be cffectively measured, particularly if the
photo specifications are prescribed to fit the job. Scasonal
vanations in vegetative manifestations should be taker
into account.

The validity of the vaniances concerning the defined
parameters depeads on the methoa of data collection.
Some mretivads of collection, as from type mips. will ig-
nore some «onponents of variance, while others wili be
neffective {0, u.¢ in predictive fire inodeling The form
of the data should be consictent with that which may be
obtamed wrrh astomated PI procedures so that the -
evitable change-over will takhe place smoothly and cffi-
caently A digital system, based on photo-point sampling,
will probably best lend itself to later intensification and
to high-speed data collection, processing, and retrieval.
Mimmum photogrammetric control or no conirol can
be tolerated if 1t 35 only necessary to collect snformation
concerning the parametric means on areas approXximately
5% miles square.
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Appendix B

Example of « w:..dland Fire Case History

(Note: This is an abridgement of a typice!
narrative fire report. In determining rates of sprea
from such a report, the fire aciion was plotted on
large scale contour maps and the weather data
were supplemented from adjacent Fire Danger

Rating and Weather Bureau stations.)

The lyons Peak Fire of
Sept. 30 — Oct. 4, 1945

Centrol Action—Sepiemker 30, 1945.

8:00 a.m.
8:22 a.m.
8:24 am.

8:25 am.
8:28 a.m.
8:30 a.m.

8:33 am.

9:07 a.m.
9:24 a.m.

Lyons Peak weather: T° 71—Humidity 19—
Wind ESE 8.

Fire start.

Fire reported on Lyons Valley Road ¥ mile
west of Lyons Valley Suppression Stauon by
Lyons Peak Lookout.

Called Califorma Division of Forestry.
Lyons Psak reports smoke picking up.
Alpine Tank Truck crew was dispatvhed to
fire. Suppression foreman, tank truck oper-
ator, and three crew men, Lyons reported
fire going good.

F. C. A. Davis. Descanso Tank Tiuck crew,
consisting of foreman and four men, were
dispatched to fire.

La Mesa Tanker dispatched.

Davis arrived at fire (51 minutes travel).
Fire approximately 5 acres, burmng up hill
to north annd east. On arrival at fire, Davis
found five local men standing on road
watching fire burn; these men had no tools,
Davis equipped them with all available tools
from his pick-up and placed them along
road to keep firc from spotting over road.
After siztng up the fire, Davis placed an
order for two tractors and LR.C. crew (16
men Laguna).

9:31 am. Descanso Tanker arnved via Japatul Barrat,

9:40 a.m.

Davis instructed Foreran Brown to work
east line of fire north from road, using water
as far as possible, then continue along line
with hand tools. This liiie constructed about
500 fect, when fire spotted over rcad. Fore-
man Brown pulled his crew off lne to try
and pick up spot-over. At this stage the fire
seemed 19 blow up all over and was 100 hot
to wo.x with tools.

Alpine Tanker arrived via Sweetwater and
pulied off road in front of fire; running out
two hose lnes, crew succeeded in knocking
down north flank of slop-wver. At the same
ume the C.D.F. Tanket from La Mesa ar-
rived a=d started wotking south line from
road : .t. F'-¢ was traveling too fast fc+ this
wrew to work flank to head oft fire The
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9:50 am.

10:14 am

10:14 am.

10.52 a.m.
12:00 m.

12:10 p.m.

Descanso Tanker ran out of water and had
gone tc Lyons Valley Station for refill. This
crew working hand line up south flank, aided
by C.D.F. Tanker crew.

Scvond C.D.F. Tanker ariived from La
Mesa.

Davis sized the situation up and decided the
one remaining try was to fire the road from
Lyons Valley Road to switch-back one-third
way up Lyons Peak road. Sent the C.D.F.
Tanker around back of ranch north of road
to fire from open field south and tic into
Lyons Valley road, near statior Davis
started Foreman Austin with Alpine Tanker
and crew, firing Lyons Peak road from
County road up hill. Davis took Descanso
Tanker, crew, and the locals to switchback
and began firing down hill to meet Austin.
His plan was to control the head of the fire
soutn of the County road and the past.line
on the north of road.

Davis reached the switchback n time to
check the head of the fire. As the two crews
fired towards each ouher, the firc continued
to gain headway and backfire had to be
carried too fast to give adequate patrol be-
hind Descanso Tanker. The fire spotted over
road—all but two men were started to work
picking up this slop-over, while tanker and
two 2er carried backfire on down road to
e i witn Austin As soon as the backfiring
tied in both ianksr crews and pickups were
left to tie in slop-over, which by this time
was approximately 3 acres burning in heavy
brush in steep rugged country.

Cleveland team dispatched including 60 Fire-
fly.

Lyons Poak weather: T° 84—Huiniditv 10—
Wind NW 4,

Davis left Forsman Auttin in charge of the
above line and proceedsd to line north of
county road. \Jpou arrival at the county
road he contacted State Ranger Miller. Mii-
ler infr-med Davis hs had just sent the
Sam»n 1anker crew of four men around to
aid the La Mesa Tanker crew in carrying a
line south from open field along west side
of fire which was ceo! enough to work with
hand tools. ~lso, the State’s Woodson crew
was coming in as v=lt as the LR.C. crew
and anotler large: tanker.




2:15 p.am. State Ranger E. M. Miller, J Ewing, and

Davis met at the Lyons Valiey State Guard
Station. Miller asked that the U Forast
Service take charge of the fire cnd u.

Forest Szrvice forces to fight it sinc. most
of his forcés were alrexdy on other state
fires. Ewing agreed to take the fire over and
use Forest Service force since the fire was a
definite threat to the National Forest.

Plan of Action—Day Shift—Septeraber 30, 1245:

2:15 pm. Forces on the fire:

2 Fuost Service tank trucks and crews,
il men.

State Division of Fore,iry tank truchs
and crews, 8 men,

8 Pick-up Fire Fighters
Forces ordered to arrive within a short time.

1 State Division of Forestry Tanker

16 Men—County Prison crew

15 Mcen—Woodson crew, State Division of
Forestry

Also several Forest Service and State
Guards.

This was about all of the manpower and
equipment that could be expected to arrive
on the fire before 6 pm. The plan for the
remainder of the afiernoon was* Continue
to use two Forest Service tankers and crews
with 8-man pick-up crew on road from
Lyons Valley to Lyons Peak. Try to hecp
fire from crossing the road to the east side.

Two State Division of Forestry tankers
and crews to continue to north on cast side
of fire from Lyons Valley road, cut off head
of fire if possible.

To use two crews coming in on west side
of fire, one crew to work southeast from
Lycns Valley Road and cold trail line, the
other crew to work north from Lyons Valley
Road arnd cold trail line.

Action and Accomplishment: All crews
worked as pianned. None of the crews was
able to flark or pinch in the head of the fire.

[

Plan of Action—Night Shift—Septenaber 30, 1945:

4 pm. Status of fire

Size- 291 acres
Fire line controlled  1.25 miiles
Fire ine uncortrolled: 2.6 miles
Weathor® Sce Weather record attached.
Fire sull spreading rapidly to both north and
south, running up stope on bath heads.
Manpower requesicd for might shift
50 Firefly from. San Diego
200 Malitary, Navy, fiom San Dicgo
2 tractors, one from Oak Grove, onc from Des-
canso
2 tankers  addition to four already on fire
Forest Service and State Dive.on of Forestry
overhead was ord-red to handic above manpower.,

4 p.m. Lyons Peak w: er: T 70 -— Humidity 22 -

Wind Wi 19
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Orgamization and Strategy* Fire would prob-
ably go to nidges both to rorth and south. Was
lying down some on all Tanke and could be
woraed by hand crews.

Strategy was to conirol fire with night crews.
The fire had been scouted by Davis, Miller, and
Ewing and 1t was be™ ved that sufficient equip-
ment and manpower were avaiiable and ordered
to accomplish control.

The Cleveland fire team took charge of the
fires. Fire camp and headquarters were set up at
Lyons Valley State Suppression Station.

Division 1. 35 Firefly Troops to goc out Lyons
Peak road to head of fire, divide crew, and work
two directions, cold trail line

Divizion I, Sector A. 1673 to start work from
Lyons Yal»v Road and cold trail fire hne Noith
to top ~¢ 11dez or tie in with Sec. &,

Secticn B. To go out through burn (old road
and trail) from Fire Camp to top of rnidge and
work north, cold trail northeast to tie in with
tractor working from shyline truck trail to meet
them. One tractor to go out shyline truck trax,
cbt line from road to fire line and cold trail line
soutliwest to meet hand crews. One tractor 2 go
into west end of Diviston 2, Sector B, and work
all line possible.

Diviston III, To usc tanker crews and go out
skyline truck trail to west end of fire, to back fire
from that point to Lyons Valley road. South hne
of fire north of Lyons Valley road backing in to
open fieids.

Action and Accomplishment: Division 1, Sector
A. Firefly crew 20 men cold-trailed fire linc down
ndge west from Lyons Peak. Arca very rough
and steep. Cold trail not completed All line hot-
spotted through entire sector

Sector B. Firefly Crew men cold-trailed fire line
to biuffs north of Lyons Peak, too rough and
steep to work. Went around bluif area and worked
line from where day crew left cold irail in to
north end of bluff arza, hot-spotting only

Duviston I, Secicr A Completed cold trail over
enti. £ recton.

Sector B. Complct=.. -oid trail ove. entire sec-
tor. Tractor worked about 0.4 mule of this linc.
Also constructed secondary lme 0.3 mile in
around spot fire on north side of road in Diviston
3 Too rocky to work on fire line at mght. Trac-
tor did not arrive on fire hnc unul 3:15 am Oc-
tober 1, due to hreakdown of contra. eV
hired to transport 1t from Descopco

Forest Scrvice Tractor from Oak Grove did
not arrive on fire untit 6 a m., owing to break-
down of Forest Service 1 ansport truck.

Division I1I. Line was completed, backfired as
planned along roads. Some mop-up left to do on
entire line. No cold trail around spot fire on
north side of s..yline truck trail Secondary trac-
tor line around it only.

Slopover Plan was to burn out the slopover.
In the morming, Rochvell, in charge, with three
tankers and crews and ouc cat fi.ed burmng; un-
smecessful and so Jdecided (o let fire burn out.




Rockwell and Ranger Miller cptimistic about this
piece. Rockwell did not want to use tanker or
cold trail. He wanted to let it burn o+ 1% 5bye-
tive was to get this area burned out cieun. Foo, -
five minutes later (10:45 a.m. ) fire broke.

Plan of Action- -Day Shift—October 1, 1945:
12:01 am., October !: Fire scouted by Ewing, Davis,

10 a.m.

10 am.

Sindel. Fire had stopped running.
Size: 760 acres
Fire line controlled: 8.9 miles
Fire line uncontrolled: .4 mile
Firz line to be mopped up: 9.3 miles
Aciion ann Accomplishment: Division 1. Men
assigned to line and placed as planned. Line was
completed around entire Division. Some mop-up
sufl needed in vicinity of bleffs north of Lyons
Peak. Three Navy tractors arrived on firc about
6 a.m, Due to condition of lines in bluffs north
of Lyons Peak, these tractors were dispatched
to construct a secondary fire line from the Lysns
Valley Road ¥ mile east of the Fire Camp To
work south to main ridge and as near to Lyons
Peak as possible. This hine was completed to
within 0 3 mile of Lyons Peak. Cats were then
pulled back to Lyons Valley Fire Camp.

Duvision II. Men were assigned to the division
as planned, except 12 who were pulled back on
the slopover on Dav. III, because 50 men ordered
from the 11th Naval District had not arrived on
the fire. This entire linc held and was reported
completed at 10 a.m. and before the break on
Div. II1.

Division I'I. Three hundred men ordered
from the 11th Naval District. Arrivals were as-
signed and dispatched to other Divisions first
since Div. HI was more accessible. This left Div.
11T without any hand labor. As soon as this be-
came apparent, about 9 am. 12 mep were
shifted from Division II to the slopover on Divi-
sion TII for the backfire job. Men were shifted
all along the line on Diviston II to fill in where
men were tahen for Division 111,

One additicnal tank truck and crew were as-
signed.

Division Boss Rochweli decided not to back-
fire the slopover but to let it burn out
Lyons Peak weather: T° 75 — Humdity 12 —
Wind ESE 14
Gowen, Ewing, and Mller had gone over slop-
over he and Jecided it shculd be mopped-up
Two tract~7s, two fankers and 12 men veere as-
signed to corcentrate on this job.

1045 a.m. Fire jurnp 3 the line on the west ¢nd of the

slopover. Crews on hand at the slopover were
unable to control the spots. Fire made a 3-mile
run west by 2 pm and 5% milesby 6 pm

One tractor was started to work cast line of
break and accomplished about 34 mile of cold
uail. All men on Davisions 1 {1, HI remained
on therr respective lines 2ad held them excent
Sector B, T -ision II. All available overhe .d
and tan¥.. e¢qra.nem were dispatched to the
skr iine road 19 try to hold fire on north sids of
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road. This attempt failed.

The next atempt was made to hold the head
of the fir» cast of Lawson Valley road and tir
Lyons Vaiiey road in the vicinity of tae Junc-
tion of these two roads and the skyline truck
irail. This 2itemipt nlso failed.

Plan of Action—Night Shift—October 1, 1945:
4 p.m. Status of fire:

Size: 5,600 acres

Fire line conirolled: 7.4 miles. Died out ir
old burn 2.2 miles.

Fire line uncontrolled: 11.2 miies.

Fire spreading on 2! uncontrolled sections
of fire line.

4 pm. Lycns Peak weather: 17 76 — Humidity 13 —

Wind TSE 19

Tite was still ranning on all lines that kad not
been worked. Uncontrolled line was 112 miles
(map miles) which would mean 15 to 17 ground
miles. Approximately 4.6 (map miles) or 7
ground miles could probably be worked with
tractors. Two miles rould be backfired from the
Lyons Valley Road with tank truck crews This
Teft 7 to 8 miles to be cold-trailed by haud.

Five hundred men were needed and possibly
could control the line. However, overhead was
available for only 230 men. Strategy was plan-
ned to control the fire from the original lines to
the west as far as possible with crews available.

Special efiort to be made to control Divisions
II and IV Division III to be controlled from
cast to west as far as possible, and Division I to
be patrolled and held.

Action and Accomplishment: Northern fire
team arrived and took chaige of fire at 9:00
p.m. Division I linc held with no breaks through
night shift. Division IT, Sector A, tractor worked
sccondary line into Sre from Lawson Valley
Road, worked fire linc cast as far as possible.
Tractor then went back to secondary line and
worhed fire line west into Canyon and could go
no further, 'T* 1 Sve men weiked from end of
tractor line on U7 ~ad ..* Nivision i, to cad of
tractor linc at NW end of Sector. Linc was hou
spotted and dangerous spots cold-trailed. (All
line on Division H, Sector A held unt flanked
from the west on afternoon of October 2 )

Division II, Sector B. Tractor and crew of 50
went into line and worked as assieis @ bat ace
complished Iittie. Tractor was roaded trom Ssc-
tor A, Division II, over skynne 134 10 v X
Valley, arnving on “'ne at about 11 p.m. Navy
crews arnived on fire at about 8 pm Mvision
hosses were taken to their divisions by daylight
and shown their assignments and were later sent
to their start’. g poinis. One crew of 50 men got
lost in the hurn after being on then line and
did not again get lined up until 3 am, by Wil-
lingham. Accomplishments were not as good as
erpected Line was not compieted. All sections
of sector rematned very hot ali night and al-
though 1t was pot a runnriu,, fire, 1t was very hot
out not tie hot for werking trained hand crews,




One cat broke down near Wood Valley which
aisv contributed to failure to mopup this sector
completely daring night.

Division III, Sector A. One hundreé men a.
rived on fire line at about 7 p.m, werked nne
as assigned. Materi.) heavy, fire line was hot
all night, Crews did not accomphsh as much as
was expected Line was not tied into Sector B,
Division II, % mile of cold trail and % miie of
hot spot line was constructed west of Lawson
Valley Road on this Sector.

Diviston III, Sector B Two tractors continued
to work untit dark. One tractor had no lights,
other tracwor cperated until line was constructed
to canyon bottom, approximately 1 mile from
sarting point.

Section of line in last year's burn Honey
Spring fire died out in light material and went
out,

Division IV. Two tank trucks continued back-
fire along road. Fifty-man crew arrived on fire at
about 11 p.m. and did mopup work on line Th:s
section of line was not entirely completed as
planned Approximately ¥ mile remaincd to be
backfired on east end of line. Crews continued
to backfire until line was completed, at about
9am..

Summary. Not all werk planned on Divisions
II and IV was completed. On Division IV, this
was not serious since tbe fire was not crowding
the backfire line i the area not fired. Crews
were slowed up because of spot fires occurring
on south side of road that had to be picked
up. On Davision II, Sector B, and Davision 111,
Sector A, the fire boss undercstimated the length
and difficulty of line to be worked and misjudged
the amount of work that could be accomplished
by crews assigned.

Plan of Action—Day Shift—October 2, 1945:

11 p.m., October 1, 1945

Plans were completed to divide the fire into
two zones. The Lyons Valley camp to continue
to operate. All lines cast of the Lawson Valley
road to be handled by th's camp. A nmew camp
was pl d to be established tn the vicinity of
Jamul, all line west of Lawson vaVey road to be
taken over by this camp.

4 a.m., October 2, 1945 Status of fire:

Two tcouts reperted fire had changed very
little during meit Fire lines on Divisions 1i and
1T remained hot during night Fire spread sceme
along these lins: 50 runs occurred to matenaly
change the size of the fire or line location.

Size of fire: 5,600 acres
Fire line controlled: 14.3 mules.
Fire line uncontrolled. 6.5 miles.

It was decided to divide the fire into two
zonts, All of fire line east of Lawson Valley
road to be Zone A. All fire line west of Lawson
Valley to Le 7 «¢ B, The new fire camp fur
Zone B to b et 1 m the vicity of Jamul
This zone 1o be handicd by Ewing. The Lyons

Valley Camp 10 remain intact for Zone A. Zone
to be handled by Sindel, A second fire team had
been requested tor Zone B. The Modoe Team
would take over Zone A. This would free the
Cleveland feam to assist the two off-Forest
teams and to coorsi ate work between the two
zones.

Action and Accomplishment: Division I. Other
than a small spot outside the line in carly morn-
ing that was controiled very quickly, there was
no real activity on this division of the firc. The
entire division was completely mopped up during
the cay.

Division II. This division east of Woud Val-
iey heid. Some mopup was done However, crews
were pu-hed through to Wood Valley area to
try ‘o carh up hot fire line in that area One
tractor tried to work from the east (secondary
Iined .2 to Wood Valley. This tractor broke
down (transmission went out). Operator got it
into burn and was later pulled out to road by
the other tractor. Line was not tied into Wood
Valley. Fire started to make run west where
line was not worked at about 10 am. Onc trac-
tor in Wood Valley started line west and south,
was not able to tie into hand line to west. At this
same time crews that had started in to try to
work line from Division III Lawson Valley road
cast and south had to be pulled out. Crews were
late (about §:30) getting out, really ncver got
cn line to start work except to hot spot. Crew
on Scctor A did effective work. Men were pulled
back to Beaver Hoilow Junction on Division 111

Division III, Sector A Crews were late get-
ting out to fire line Arrived at Jamul at 7 a.m.
on fire line, about 8 am. at Beaver Hollow
Junction. Had to be fed, organized, and gotten
on the fire Iine.

One crew dispatched to try to tie line in east
to Diviston IL See above. Other hand crews and
iractors started line down ndge from Lawson
Valley road we.  ~...d to work baclfire line 2
mile down ridge, ti o' mic Bcaver Hol'ow road.
Reason for working line instead of using road
for backfit. was to bypass a large number of
cabins (homes) along the south side of Beaver
Hollow road in this aica Approximately 0.7
mile of line was successfully held, Tractors were
trying to work line down slope into Bew'-» Hol-
low road when fire started run from the east +
hind them. Line was not cowpleted mnto roud
One tractor, a Navy D-3. became stuck on steep
ground, had to be abandoned by crews and later
burned up From 10 to 11 am. the fie started
making run oves ihis entire sector.

Division III, Svotor B Eighty men were spread
out over this 'ine. Linc was completed from
where fiie crossed Lyons Valley Road west to
southwest corner of fire, from there north al-
most to Main Ridge coutheast of McGinty Peak
Most of this hine was in light matenal all held
with very little patrof or mc)wuy.

[xvision IV Crews and tanters mopped up




this entire divisie ; s pianned.

Summary: Two hundred men crdered to ar-
rive on fire at noon did not arrive until aft~r
fire on Divisions II and I haé su :te. .. = .
It was not possible to place them on the fire
and do any really effective work during the af-
ternoon.

After the break in the lines on Divisions II
and I, it looked as though the fire would go
to the Swestwater River north. Wind changing
to southeast and south. It was dectded that an
attempt to hold the north side of the fire would
be made, stariing at the Junction of Beaver Hol-
fow and Sweetwater River, east to Sloan Ranch,
southeast up Lawson Creek To attempt to cut
the east (hzad) of the fire off in the vicinity
of the Lawson Valley Road With this in mind
mstructions were issued changing tne location
of the new fire camp from Jamul to the Sweet-
water Dam. This was accomplished and the
Sweetwater Camp was established in time to get
night overhead and crews out from that side of
the fire.

Day crews and tractors were shifted from
Davisions IT and III to the Lawson Valley area
and some work was accomplished East from
where the fire crossed the Lawson Valley Road
near the junction of the Sloan Ranch Road.

Plan of Action—Night Shift—Qctcber 2, 1945:

11 am., October 2, 1945. A check of the fire had shown
that the south line of the fire could be held, the
west side would probably hold owmng to light
cover and in most places fire would be backing
down slope, and the north side of the fire was
probably all lost from McGinty Peak east to
the Lawson Valley Road. With this information,
plans were madc to shift the division of fire
zones The north side of the fire to be one zons
with a camp 10 the vicinity of the Sweetwater
Dam. The south side of the fire to be handled as
a zonc from Lyons Valley Fire Camp

The camp ecquipment already ordered for a
camp at Jamul was sent to Sweetwaier Dam. All
inceming overhead was dispatched t 7 veetwater
Dam. Overhead was already in Lyons Valley
Camp from previous shifts

4 p.m. Firc still running to north ana east in Beaver
Hollow area, was near top of Sequan Peak, had
crossed Lawson Valley road rostheast of Wood
Valley; head of fire burning east n Souty Fork
of Lawson Creek; wind shifts to west-norihwest.

Size of fire: 7,000 acres
Fire line controlled: 14.5 miles
Fire ine uncontrolled: 7 miles
Lyons Peak weather, October 2
8 am., T® 77 — Humidity 15 — Wind

ESE 12

12 ncon, T° 84 — Humidity 10 —= Wind
SSE 17

4nm. T° 74 — Humidity 17 — Wind
w

Orquniation and Straiegy To hold ali e 4l-
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ready constructed or southside of the fire from
point, south of McGinty Peak to the head of the
fire in the vicinity of the junction of the Skyline
truck trail and Lawson Valley-Lyoii Valley
truck trail. Continue cold trail line on west flank
of fire in the vicinity of McGinty Peak and work
this line north tov - 'd Sweetwater River. To start
crews to cut the head of the fire off from Sky-
line truck trail north into Lawsor Valley, To
also start crews in Lawson Valley to work south-
east on fire line to cut head of fire ofl. To work
a crew from junction off Lawson Valley road and
Sloan Ranch road to backfire Lawson Creek
and keep ahead of main fire, To do no work on
the fire line between Sloan Ranch and Beaver
Hellow road.

£ Sre should back mto Sweetwater River,
tani. tnrcks from State Division of Foresty and
Navy to be called to backfire and hold fire along
the Sweetwater River. The Sweetwater is an ex-
cellent natural barrier consisting of a wide flat
grave! bed, several hundred feet wide in most
narrow places. A good stream of water flow-
ing down the canyon at all times, The northeast
end of the fire now the dangerous threat,

Action and Accomplishment: Zone A. Only
88 of 100 men arrived; one unit got lest and
returmed to Camp Elliott

Zone A, Division I. Crew worked as assigned.
Backfire successful with onc dangerous slop-
over, which was caught up and cold-trailed.
Tractor arrived on line at 2 a.m. and completed
1% mile of line down canyon beyond backfire
crews, Backfire successful to point where main
fire had burned almost into canyon. From that
point on backfire impossible to make burn and
clean up

Zone A, Division II. Crews started and work-
ed as assigned; were not able to tic hine through
to head of fire. Fire burned quite hot through
night. Tractor; did not arnive on fire linc until
daylight, they then started secondary line on
Lawson Valic® ¥ b,

Zone B. Only =7 of N men reguested ar-
rived on firc Othe: nen became lost and turned
back to their base camp.

Zone B, Division I. Twenty-man crew went
mto McGinty Peak area as assigned. Were able
to cold trail fire and keep up with west flank.
Remainder of Division all heid without < ichap.

Zone B, Divwion II. Entire Division heled
planned.

Zone B, Division 1TV, Crews went to hine and
started work as assigned Fire burned very hot
on the cast end of Livision all night. Crews
were not able to establish themselves on cold
trail line and *~Id 1. Firc jumped skyline road
carly in th~ afternoon on lower end, early in
night on upper end. Was picked up and cold-
trailed before morning. Tractors started work
rom shyline road and worked north on head of
fire. Due to rough mea, they could not get com-
pletely arcurd the head of *ie fire. One tractor
started work in tawscn Valley to work south-




Appendix D

Wildland .ire Spread Data

The fallowing tables contain rate-of-spread and as-
soclated data for large wildland fires. They have been
separated inte four roups according tc the length of
time over which the rate of spread was calculated. They
were ~ouped bevause the rates of spread show a strong
« tdency (owards time dependence and also because the
weather data are related to each group in a different way.

Group 1—6-11 hours: Weather measurements taken
at 3 p.m. or midnight if the period includes either of
those times. Otherwise, weather measurements tzken at
the hour nearest to 3 p.m. or midnight. Examples fire
spread measured from 6 am to noon, weather measured
at noon; fire spread from 4 pm. to 10 p.m., weather
measured at 4 p.m,

Group 1I—I12 hours: Weather measirements taken
at 3 p.m. or midnight.

Group 1lI—13-23 hours: Weather measurements
taken at 3 p.m. or midnight., whichever ime was most
representative of thic period of aciive fire spread as es-
tablished {rom the narrative repont,

Group IV—24 hours. Weather measurements taken
at 3 p.m.

Explanation of Table Headings

FIRE

Fire No. An idectifying number assigned to each
fire.

Line No. A number-letter combination 1dentifying
the burning period and the location where fire spread was
measured.

Time of start: The time when the rac. of spread
measurement was started.

Houis of spread- The length of time over which
spread was measured
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WEATHER

Wind vel.: Meascr~d wind velocity, in miles per
hour.

Temp.: Dry bulb temperature, in degrees Fahrenheit.

RH: Reiative humi dity, in percent.

Stick: Mdisture content of %-inch pine doweis, m
percent.

BI: Burning index as measured by the Wiidland Fire
Danger Ratirg System.

FUFEL

Predominant fuel types along the linc of fire spread.
G is grass, B 1s brush, T is conifer timber, and H is hard-
wood timber.

TOPOGRAPHY
SLOPE.

UP:
%: The proportion of the line of fire spread
where the fire was traveling upslope.
Aver. deg.: The average steepness in de-
grees of the upslope portion of the line of
fire spread

DOWN: Same as UP

Percent Flar- The proportion of the line of fire
spread where the fire was traveling across level ground.

Sketch: A vertical profile of the path of the fire,
which is always moving from left to right.

SPREAD

Rate. Rale of fire spread in miles per hour.

Angle to wind: Direction of fire spread in degrees
relative to the wind direction. O s fire spreading directly
with the wind: 180 is fire spreading directly against the
wind. All angles less ! «+r 31 are with the wind, ail angles
between 0 and 180 are z» |, wt s wad,

Type: The manner m which the fire was spreading
in the area whers the rate of spread was measured. De-
termined from the original reports. H is a head fire, R 1s
a rear or backing fire, F is a flank, and O is a circular fire
or indeterminate.




steep area in which the Gire was burning. How-
cver, crews on beth flanks were able to heep
secondary lines well ahead of the head of the
fire and were able to backfire ai s w..” * e
linzs.

A change in strategy during the duay was made
approxmmatzly 2 p.m. The new strategy was to
backfire the Carveacre truck trail to the Gas-
kell Peak fire, including that fire in ithe Lyons
Peak fire burn, construct a line from the Smiley
Ranch to the north line of the Gaskell Peak fire
and backfire. Due to weather conditions in the
lower elevation in Sweetwater River, the loss
of th= v.nail section of line in lower Beaver Hol
Jow was ot serious.

D1 of Action—Night Shift—October 3, 1945:

1:+30 a.m., October 3. Conditions on the fire indicated
that control would not be accoraplshed during
the day. Manpower ordze for the night shift
was placed. Manpowur orders were baszd on
the overhead availible to handle men on the
lmne.

4 p.m. Satus of fire:

Some overhead had been shifted to Descanso
fire. All Iines previously constructed were hold-
ing. Head of fire in vicinity of Lawson Peak was
making small runs, but crews were well ahead
of main fire with backfire on road, possibility of
completing backfire to Gaskell Peak fire very
favorable. Tractor line from Smuley Ranch to
Gaskell Peak fire progressing favorably. West
end of fire near Beaver Hollow completely laid
down, little or no spread occurring. North line
of fire from Beaver Hollow to Sloan Kanch do-
ing very little, backing down very slowly in
draws leading into Sweetwater, large part of line
appears to be out.

Size of fire* 10,300 acres
Fire linc controlled. 24.4 miles
Fire line uacontrolled: 6.7 miles
Lyons Peak weather, October 3:
8 a.m. T° 78 — Humidity 28 — Wind

SSF 21
12 neon T° 82 — Humidity 27 — Wind
w3
4p.m. T° 77 — Humidity 28 — Wind
w3

Organization and Strategy' Zirategy was to
patrol and hold all line already constructed To
continue to allow the section of line between
Beaver Hollow and Sloan Ranch go unworked.
To work the west line from end of preset cold
trail line irto Sweetwater River and mop "t up.
To complzte sackfite on south line in vicumty
of Lawson Pcak to tie in with Gashell Peak fire
and mop-up this line. To complete line from
Smiley Ranch to Gaskell Peak fire and backfire
line.

Zone A, Division I, Sector A Fifty men as-
signed to west line of fire To cut cold tradl,
from end of present cold tsail, around west iz
of fire. To ¢ ' a wide fire-break from NW ¢ /-
ner of fit 10 Sneetwater Road. To contiir.e

cold tra:l east on north hine of fire. Division I,
Sector B, io be patrolled by tanker crew only.

Zone A, Duvision II. Seveaty-five men and
one tank truck assigned. Complete ai 3 mop-up
all line on the diviscon. Mop-up needed over
entire line from junction of Lawson Valley and
Sloan Rarnch roa~ to Smiley Ranch.

Zone A, Division III. Seventy-hive men and
4 tractors assigned. Continue backfire line al-
ready started from Smiley Ranch to tie in with
crew working down from Gaskell Peak fire.
When line is completed backfire from Gaskell
Peak firc down and tie in line,

Zone B, Divisions J and II. No crews as-
signed.

Zone B, Division 1I5, Sector A. Eighty men,
on¢ *ank truck, four tractors assigned. Continue
io mer-up line Backfire all line that did not
burn cut completely, leave no islands, mop all
line up completely along Wisecarver Truck Trail,

Zone B, Division I, Sector B. Continue to
cut secondary linc from.northeast end of Gas-
kell Peak fire west to meet crew working from
Smiley Ranch. As soon as line 1s completed
start backfire from top down Do not backfire
until line 1s completed unless necessary.

Actior and Accomplishment: Zone A, Divi-
sion I. All fire tine previously constructed held
Cold trail along west side of firc in Beaver
Hollow area completed. Secondary line from
northwest corner of fire compieted to Sweet-
water road. Fire line from secondary line cast
to Beaver Hollow road hot spotted.

Zone A. Division II. All line patrolled, par-
tially mopped up. No break in line during
shift.

Zone A, Dwision HI. Tractors completed
backfire as far as possible for them to go. Short
section 0.2 miles to be worked by hand not
completed. Tractors worked on secondary line
from open field necar Smiley Ranch cast to tie
in with line worked down from Gashkell Peak
fire. This Lnr ~2s completed.

Zoae B, Divisran T and TU Al hines he'd, ap-
pear dead out.

Zone B, Division I11. All line completed along
Carveacre truck trail to Gashell Peak fire. Some
islands between Lawson Peak and Gaskell Peak
did not burn out good. More firmng out and
mop-up needed, Backfire would not huwn after
midnight. Tractors moved to east ot Gaslell
Peak and sccondary ling <t-rea, northwee 1,
upper Lawson Creck.

Summary. All lines worked as planned. Crews
assigned were not al,e tc complete backfire hine
from Smiley Ranch to Gashell Peak because oi
burning conditions Very rough and steep area,
difficult for night crews to work Backfiring was
very slow w.ad did not clean up well because of
nising humidities.

(The fire continued to spread sporadically for the
nexi two days, when contrel was completed, but its be-
havior was such that no usefu! data yn rates of spread
could be ascertained *
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Appendix C

Example of a:. "';ban Fire Case History

{Note: The following case history ts based ca Wil.
fiams’ (1954) book Baltimore Afire, published and copy-
righted by Schreidereith & Sons, Baltimore, Maryland.
Excerpts and illustrations are reproduced with permission
of the copyright owners )

The Balfimore Fire Of Heavy “builtupness’ anc moderate wind speed were

Feh 7-8. 1904 the factors favorable for fire spread. Other conditions
exruary /=6, were generally unfavorable The sky was overcast, Snow

The fire stancd at 10:48 a.m., Sunday, February 7, lay on the ground and muddy slash at intersections
34, i a 6-story hrick building occupied by a drygoods Relative humudity ranged in the 80's and 90+<. and *%e

temperature rans+«i 1n the 50°s and 60°s Yet flying brands
perod of 30 hours—the fire burned out 77 blocks. It set fires up 1o 5'2 blocks ahead of the main fire front.
swept through 139 acres in the heart of downtown Balti- Although the fire occurred more than half a cen.
more (figs. 19, 20, 21) and destroyed 1,526 large build- tury ago, *hz buildings destroyed were substantial sky-
ings. scrapers, even by present day standards. Many were rated
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Figure 19.—Map of the Baltimore Fire, showing the approximate midpoint
of the fire front =i various times and final burned out area. (Repro-
duced from Baitimore Afire, published and copyrighted by Schneider-
eitl, & Sans. Baltimore, Mary!and.)
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Figure 20.—Baltimore after the fire, looking down Lombard Street. Brick
buildings crumbled. Fireproof buildings were gutted. The Continental
Trust Building iz hehind the large structure at left center. (Reproduced
from Baltimore Afire, published and copyrighted by Schneidereith &
Sons, Baltimore, Maryland.)

Figure 21.—Baltimore after the fire, louking southwest. The street to the
right is Charles. Smoke was still rising from the ruins. (Reproduced
f-«m Baltimore Afire, published and copyrighted by Schneider~ith, &
sor3, Baltimore, Maryland.)
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Figure 20.—Baltimore afte: the fire, looking down Lombard Street. Brick
buildings crumbled. Fireproof buildings werc gutted. The Continental
Trust Building is beiind the large structure at left center. (Reproduced
from Baltimore Afire, published and copyrighted by Schneidereith &
Sons, Bzltimore, Maryland.)

Figure 21.—Baltimore after the fire, looking southwest. The street to the
right is Charles. Smoke waa still riving from the ruins. (Reproduced
f-. :m Baltimore Afire, published and copyrighted by Schncidereith &
son3, Baltimore, Maryland )
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“completely fireproof " In Witum« words: *. . . The
sixteen-story completely fireproof Continental (Trust
Building). tailest :n Baltimore, burned Iike a tocch ., ."
Another “fireproof” shyscrapcr burned "asif 1t s 4 ' »
made of matchwood ard drenched with gasoline .. ”
The burned portion of the ¢ity probzbly s represe:tative
of large sections of many American cities today

Relatively little influence was exerted by fire suppres-
sion action since the fire was so Jarge that it overwhelmed
nearly all efforts to control the flames The fire was finally
stopped by the water edge of the harbor; Jones Falls, a
slough 75 feet wide; miore favorable weather conditions;
and some effective fire control action along the Falls.

Weather Condizi s, —Weather data during the peri-

od of the fire were taken by the U.S. Weather Bureau
vitee, nen the fire area in downtown Baltimore.

edges of the fire toward St Paul Street where buildings
caught fire by 9 ocloch. ..

“At 9 o'ciock the Bank of Balumore, on the north-
east corner of Baliimore and St. Paul Streets, caught fire.
From there the flames ate trough the Exchange Build-
ing of the Calvert Building, the first of the fireproof
skyscrapers to catch, .

“By 10 o'clock the sohid 8altimore and Ohio Rail-
road Building, on the northwest corner of Baltimore and
Calvert, was burning. At 10:15 the 16-storv ‘compietely
fireproof” Cc 1 Trust Company Building, the tallest
one in town, was afire. . . .

“The flames in the area bounded by Fayette, Cal-
vert, German, Light and St. Paul Streets were unusuvally
intense. Firemen estimated that the blaze here developed
2.500 degrees of heat. When the Carrollion Hotel. on

Date and time Z’;‘e‘gd Hind Rl o Terp. Sky
Feb. 7. 1004: H.p.h. Percent °F,
8 a.m, 1 Sw 96 41 .-
10 a.m. 2 S .- 48 overcast
12 noon 20 SW .- 64 --
2 p.m. 16 SW .- 60 .-
4 p.m, 18 SW .- 60 .-
6 p.m. 11 SW .- 58 .-
8 p.m. 14 w 84 S8 --
10 p.m. 22 K .- 60 .-
12 p.m. 22 NW -- 55 --
Feb. 8, 1904:
Morning brisk NW -- 30 clear
Afternoon brisk NW -- T30 --

1
Estimated.

Mild weather February 6, the day before the fire,
had me’ted most recent srow, but some snow and slush
remained on the ground The wind, which appeared to
shift direction frequently, contributed to the diffienlty of
fighting the fire Thousands of wina-carnied firebrands
spread the fire more than five hlocks ahead of the main
fire front.

Fire spread.—The rate of spread was computed
from umes given i the narrative account and distances
scaled from the fire map Locations of the fire front at
varic s times as given i the narrative were plotted on
the fi. wap to determin: distances

significant excerpts f: nn the narrative account fou
Tow:

*. .. The fire staried (at 10°48 am ) in the Hurst
Building which stood on the south side of German Street
at Liberty. Smole explosions flared it wast and south,
but fresh * nds from the southwest carried the broad
iront of the blaze to the northeast. By 3 p.m. nuch of
the area between Fayette and Germar Streets and west
ot Charies was in flamee  already burned, At 7:30 p.m.
the wind changed (o t!.¢ weee, . arrying the ragged eastern

the southeast corner of Light and Gennan, was blazing
from top to kettone firame wued not get within a block
of 1t because of the terrific . ot anu ne flymg wparks
which swept the area hike hail. . . .

“Shorly after 11.30 o'clock a cornice of the oid Sun
Iron Bulding on the southcast corner of South and Balti-
more Streets was struck by falling brands. The first blaze
was quickly put out. Fifteen minutes later (at 11:45 p.m.)
the American Building, directly across South: -+ et
«..ght fire and burned fasi. More brands fell on the Iror
Building.

“Five blocks to the cast, <r.iks set fire to the roof
of the old and historic Maryland Tastitute, scene of many
political conventionr, in Cenire Market Space at Baiu-
more Street. The building burned for three-quarters of
an hour before a stream o, water was played on L. .

“At 11 p.m. the wini changed 0 the northwest and
reached a maximem velocity of 30 mules an hour. At
that time flames were racing down Baltimore Street as
far 4 South Street and cuing through the financial
district tn a southeaszerly direction toward the water-
front.




“At 3 am on Monday thc southern edge of the fire,
which had been checked along Lombard Street, finally
crossed Charles aud moved down to Pratt Swwest By §
a.m. the north side of Pratt was blazing almast 1¢ ES
Falle, By some quirk of wind, one iz of the ‘ire turned
at the Falls and went rushing back to the west aimost
to Cheapside through the dock area.

“A last-ditch nght was madc clong the Fails with
thirty-scven fire engines. By 11 a.m. fire had destroyed

practically everythiag o the Falis from Baltimore Street
to the tip of Union Dock. Carried by the northwest wind,
sparks started dangerous blazes on the east side of i14e
stream in the vicinity of Union Dock but these were con-
tained and conquered. The Great Fire was under control
by S p.m. Monday ”

The last documented ,pread, by spotting terminating
at the corner of Harrison and Prait Street, was obtained
from another casz history of this fire.




Appendix D

Wildland .ire Spread Data

The following tables contain rate-of-spread and as-
sociated data for large wildland fires. They have been
separated inte four roups according t¢ the length of
time over which the rate of spread was calculated. They
were mouped because the rates of spread show a strong
& idenwy towards time dependence and also because the
wather data are related to each group in a different way.

Group 1—6-11 hours: Weather measurements taken
at 3 p.m. or midnight if the period includes either of
those times. Otherwise, weather measurements taken at
the hour nearest to 3 p.m. or midnight. Examples fire
spread measured from 6 a.m. to rnoon, weather measured
at noon; fire spread from 4 pm. to 10 pm., weather
meastred at 4 p.m.

Group 11—I2 hours' Weather measurements taken
at 3 p.m or midnight.

Group HI—13-23 hours: Weather measurements
taken at 3 pm. or midnight, whichever time was most
representative f ilic period of aclive fire spread as es-
tablished from the narrative regort.

Group 1IV—24 hours: Weather measurements taken
at 3 p.m.

Explanation of Table Headings

FIRE

Fire No.. An idertifying number assigned to each
fire.

Line No.. A number-letter combination identifying
the burnming period and the location where fire spread was
measured.

Time of start: The time when the rac of spread
measurement was started

Hlows of spread. The lenglh of time over which
spread was measured.
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WEATHER

Wind vel.: Meascr=4 wind velocity, in miles per
hour.

Temp.: Dry bulb temperature, in degrees Fahrenheit.

RH: Re'ative humi lity, in percent.

Stick. Musture content of ¥%-inch pine doweis, 1n
percent.

BI: Burzing index as measured by the Wiidland Fire
Danger Rating System.

FUEL

Predorminant fuel types along the linc of fire spread
G is grass, B is brush, T 1s conifer timber, and H is hard-
wood timber.

TOPOGRAPHY
SLOPE:

up:
% : The proportion of the line of fire spread
where the fire was traveling upslope.
Aver. deg.: The average steepness in de-
grees of the upslope portion of the line of
fire snread.

DOWN: Same as UP

Percent Flar: The proportion of the line of fire
spread where the fire was traveling across level ground.

Sketch: A vertical profile of the path of the fire,
which is always moving from left to right.

SPREAD

Rate. Rale of fire spread in miles per hour.

Angle to wind- Direction of fire spread in degrees
relative to the wind direction. O is fire spreading directly
with the wind: 180 1s fire spreading directly against the
wind All angles less ! 4= 20 are with the wind; all angles
between 0 ana 180 are 20 | wt £ w.nd,

Type: The manner m w~hich the fire was spreading
in the arca wherr the rate of spread was measured. De-
termined from the original reports. H 1s a head fire, R 1s
a rear or backing fire, F is a flank, and O is a circular fire
or indeterminate.
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Appendix E

Urban fiie

The following tables contain rate-of-<pread and as-
sociattd data for large city fdres. There is no standard
leng’ 1 of time <ve which the rate of spread was calcu.
1>.d. Fur each fire studied, a rate of spread was calcu-
.ated wuenever two consecutive locations and times could
e~ ientiSed Locations and times were noted more or
iess at random in the fire reperts. Often this was when a
paricularly large or historic building caught fire. Actually
this probably pegged the fire location accurately. Such
defipite Jandmarks are rare in most wildland areas

Explanation of Table Headings

FIRE

Name: City and State where fire occurred,

Date: Month, day, and year during which each par-
ticular fire spread occurred.

Period of Spread: Time of day fire arrived at a cer-
tain location and time fue had spread to a location far-
ther on. Spread might be by spotting (firebrands) or
ground spread as noted in Remarks.

Rate of Spreqd: Rate of fire spread, in miles per
hour,

WEATHER

Temp.: Dry bulb temperature, 1n degrees Fahrenhent,
usually for the beginning of the Perio ] of Spread.

Wind speed- Measured wind velocity in miles per
hour.

Wind dir.; Direction wind coming from to cight
points of the compass.

Rel. humid.: Relative humidity in a standard U.S,
Weather Bureau thermoscreen, i perceat

Dryness: An adjective description of the weather
factors before the fire which may have ifuenced the
moisture content of fuels at the timic of the fire.

——

Spread Data

L ]

BUILDINGS

T.- Type of building Numerical code, 1 to 4, to rate
type of building construction and massiveness

B.- Builtupness. Percent of total ground area oc-
cupied by buildings.

S.o Numbar of stories in buildings.

V.. Stiucmr: .aiue Numerical expression of rela-
tive rate of fire spread that integrates the factors of build-
ing yre, builtupness, and number of stories. Structure
valve is 2 tentztive ratng of urban fuels ay to relative
rate of fire spread To rate any city area (fuel). identify
the proper index number—-I to 4, as histed below—for
cach of the three fuel factors. Record the numbers. then
add them. The sum is the Structure Value in a scale
ranging from 3 to 12. The smaller the sum, the greater
the relative rate of fire spread to be expected.

Type of Building

1. Light wooden

2. Heavy wooden

3. Light stone or concrete

4, Heavy stone or concrete
Bu'tupness

1 Very heavy (40 percent or more)

2. Heavy (30 to 39 percent)

3. Medium (20 to 29 percent)

4 Sparse (less than 20 percent)
Number of Stories

1. One

2. Two or three

3. Four to six

4. Seven or more

TOPOGRAPHY

Slope Gener®! clop. .« wne ground and <irection
Fire spreading up slope is <. s 1fe spreading cown siope
is —. Fire spicading on level ground is 0.

REMARKS

the data Usually indicates whether <pread was by spot-
ting (fircbrands) or ordinary ground spread.
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