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ATMOSPHERIC CONDITIONS RELATED TO RBLOWUP FIRES

by

George M. Byram

INTRODUCTION

Occasionally a forest fire burns with an intensity that seems far
out of proportion to apparent burning conditions. OSometimes it multiplies
its rate of energy output many times in a short space of time. Although
infrequent, these unusual fires have over a long period of time been re-
sponsible for the major loss of life 1in forest fires and a large part of
the losses in property and forest wvalues, BEach blowup fire raises the
question: What can we do to recognize conditions causing extreme fire
behavior and how can we predict them in advance?

From a study of atmospheric conditions that have accompanied a num-
ber of blowup fires, there emerges a rather definite picture. Briefly,
fires seem most likely to blow up when the following conditions exist
simultaneously:

(1} Fuels are dry and plentiful.

(2) The atmosphére is elther unstable or was unstable for
some hours, and possibly days, prior to the fire.

(3} The wind speed of the free air is 18 miles per hour
or more at an elevation equal to, or not much above,
the elevation of the fire. ‘

(4) The wind decreases with height for several thousand
feet above the fire with the possible exception of the
first few hundred feet.

We may have reached the point where we can soon apply our knowledge
of extreme fire behavior more effectively than hae been possible in the
past. Improved fire danger meters, such as the 8-0 and 8-W with a buildup
index described by Keetch (6) will give us advance warning when fuels are
approaching the point where they will support conflagration-type filres.

In a general way the effects of fuel type, stand type, and topography are
known. The major unknowns have been certaln atmospheric factors which have
been the subject of a study at the Southeastern Forest Experiment Station
during the last U years. This report presents some of the results of that
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study and is directed primarily toward the group of people who have the re-
spongiblility of getting results of fire behavior research into practice.
This group includes fire control men who must develop and lmprove fire sup-
bression technlques and safety methods as fire behavior knowledge advances.
It includes the Pield men who apply these developments on actual fires. It
includes, too, the fire weather forecasters on whom must ultimately fall

the day-by-day application of a large part of our knowledge of fire behavior
and its response to the ever changling elements of the weather.

The terms "blowup" and "conflagration" will be used in this paper
without an attempt at precise definitions, In general a blowup Fire is one
which suddenly, and often unexpectedly, multiplies its rate of energy output
many times. Sometimes 1t does so in a matter of minutes, The blowup fire
can be large or small.

A conflagration will be assumed to be any large fire which hag taken
on storm characteristics. :

METHODS OF STUDY-~CASE-HISTORY FIRES

The approach used in the present study consisted of case-history pro-
cedure accompanied by theoretical and analytical work in fire physies. Data
are of two kinds, TFiret are the weather, fuel, and inflammability conditions
which existed at the time of a given fire. Second are the details and observ-
ations of fire behavior.

From an extensive network of stations the U. 8. Weather Bureau has de-
talled records including (at least for the last 15 years) wind, temperature,
and humldity dats for the upper atmosphere. It is thus possible to obtain
for a gpecific fire not only fuel and inflammability conditions (either from
fire danger records or from Weather Bureau records) but upper air conditions
as well,

Some of the observations and details of behavior are written down in
fire reports, but most of the information is still in the memories of men
who worked on the fires. Fire behavior may, therefore, be difficult to re-
construct at times, especially on Tires which occurred s number of years ago.
- Usually however, a surprising amount of detail can be obtained by talking
with men who were on the fires and by going over the fire area with them,

) The case-history method becomes mueh more effective when preceded by
- or accompanled by analytical work on the energy processes In fire behavior
and the manner in which these brocesses are affected by conditions in the
etmosphere. The analytical work indicated in advance gome of the fire be-
havior characteristics one might expect, as well as some of the conditions
to look for in the upper atmosphere. For example, work on the energy con-
version process indicated that on severe fire days the wind shear should be
low; that is, the wind speed should not increase with height as it normally
would do. When this condition was looked for, 1t was found that the wind
shear was not only low but was usually negative on the worst days. This
meant that the wind speed decreased with height, which 1is the most favorable
condition for the formation of an sctive convection column in which the




conversion of heat energy to turbulent energy takes place. A discussion of
energy conversion is outside the scope of this paper, but 1s discussed brief-
ly in the appendix.

EXTREME FIRE BEHAVICR

The Facts of Fire Behavior

As more case~history fires are studied, it is possible to assemble a
collection of statements about these fires which could be called the facts
of fire behavior or, perhaps better, the facts of extreme fire behavior. It
seems permissible to call them facts, because most investigators would preb-
ably agree on their essential meaning even though different investigators
might explain them differently. Posslbly the gimplest way to define and in-
troduce the problem of extreme fire behavior is to list known conditions
associated with blowups. The 1list contains many seeming contradilctions vwhich
any effective solution must resolve:

(l) Most severe fires and a considerable number of blowups
occur during the middle of the afternoon on sunny days.
On such days the atmosphere is often turbulent and un-
stable to a helght of several thousand feet. However,
some of the worst forest conflagrations in the United
States have elther occurred at night or reached the
peak of their intensity at night (usually between sun-
down and midnight). At this time the lower layers of
the atmosphere (up to 500 feet or more) are usually
stable.

(2) Some of the worst western fires in the past 15 years
have been in rough country, which might indicate that
topography 1is a dominating factor, On the other hand,
there have been conflagrations, such as those that
occurred in the Lake States many years ago, which
burned in nearly flat or rolling country. Some of these
conflagrations have been compared to "tornadoes of fires."

(3) An intense fire may occasionally spread rapidly across
slope or downslope at night in the general direction of
the cool downslope winds. Yet this same rapld downslope
spread may happen in the middle of the afternoon when the
surface winds, if any, would be upslope. Fires have
traveled across drainages (upslope and downslope) as
though these did not exist.

(%) Turbulence in the atmosphere seems to be closely related
to exlreme fire behavior; yet on a large proportion of
warm, sunny days the atmosphere is unstable. Often, fires
do not bulld up to extreme Intenzity on such days.

(5) Many intense fires have been accompanied by high winds;
but some of the most dangerous and erratic flres have
burned when the wind speed was not especially high.




(6) High temperatures and low relative humidity accompany a
large proportlon of severe fires, but some of the most
intense and rapld-epreading fires have burned when the
temperature was low and falling. The fires in the East
and Southeast in the Tall of 1952 are examples.

("7} Prolonged periods of drought and dry weather show a
strong correlation with intense hol flres, but the Brass-
town fire in South Carclina in March 1953 burned only &
week after nearly two inches of rain had fallen on ground
well charged with winter rainfall, However, both burning
index and bulldup index were high on this day.

(8) The amount of fuel available to a fire is an important
factor in its behavior. At times the effect of an in-
crease In quantity of fuel on fire intensity appears to
be considerably greater than would be expected from the
actual fuel increase itself, For example, doubling the
smount of fuel might increase the apparent intensity four
or five times.

(9) Arrangement as well as quantity of fuel is important. Ex-
treme fire behavior seems most likely to occur in dense
conifer stands, Intense fires also build up in stands of

evergreen brush, and in the South can readily cross swanps
if the brush is dense enough.

(10) On those fires to which one would be most likely to apply
the term "blowup" (owing to the sudden and often unexpected
buildup of turbulent energy), there is an obvious and well
developed convection column which may extend high into the
atmosphere.

(ll) Large fires exhibiting extreme behavior have been known to
put up convection columns to a height of 25,000 feet or
more. Since about 7O percent of the total mass of alr is
below the tops of such convection columns, these fires have
literally pierced the atmosphere. They are volume phenomena
and have storm characteristics like certain other disturbances
in the atmosphere, This in part seems to explain why they do
not conform to the "rules" of fire behavior. These "rules"
are based on the far-more-frequent ordinary fire, whieh is
pretty much a surface phenomenon,

A Unifying Concept

The preceding statements illustrate the baffling nature of the ex-
ceptional fire that does not always conform to the accepted principles of
fire behavior. The apparent contradictions in fire behavior facts warn us
of the possible futility in attempting to explain each fact, or even cer-
tain groups of facts, separately. However, these very contradictions, plus
certain basic physical principles, indicate the exlstence of a single over-
8ll unifying concept which would be consistent with all the facts of fire
behavior. The recognition of blowup conditicons at the time they exist, as
well as thelr eventual predlction several hours in advance, seems to require
this type of solution.
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Although 1t may at first appear over-simplified, the energy conversion
concept seems to meet the unifying requirements. It con be reduced to three
groups of factors:

(1} sStability conditions in the atmosphere.

(2) Wind speed and wind shear in the atmosphere.

(3) Fuel (and stand) conditions.

Strangely enough, topography as such does not appear directly in the

above groups of factors; its major effects can be handled most simply by let-
ting them operate through groups 1 and 2. :

Turbulence, Instability, and Jet Currents

The terms "turbulence" and "instability" are often used interchangeably
without causing confusion, although theilr meanings are not the same. Insta-
billty is a condition of the atmosphere which causes turbulence, If the tem-
perature decreases upward at a rate of 5.3 degrees or more per thousand feet,
the atmosphere is unstable, Thermal turbulence is the direct result of in-
gtabllity such as occurs when the earth's surface 1s strongly heated by the
sun, or when cold alr passes over warm ground. An unsiable atmosphere is
in effect "top heavy," and the resulting turbulent air motions tend to re-
store its balance. Warm surface air will be rising, and cold air from aloft
will be falling. These air currents are the updrafts and downdrafts which
one experiences when the flying is bumpy.

Turbulence seems to affect the behavior of Tires both directly and
indirectly. The direct effects are fairly common and are the easier of the
two to understand. They are most evident during the afternoon hours when the
instability of the atmosphere is greatest. At such times fires show a tend-
ency to crown easily and travel rapidly upslope. Winds are gusty and variablie,
especially in the viecinity of fires. Small whirlwinds and local updrafts may
cauge considerable spotting for short distances across fire lines., Fires of
all sizes are affected. The direct effects of turbulence reasch their peak at
the time when relative humidity and fuel moisture are lowest, which makes
them difficult to separate from fuel inflammability effects.

The relation of turbulence to fire behavior has been discusged in
earlier papers by Crosby (3) and Byram and Nelson (2). Their papers dealt
more with the direct effects of turbulence on fire behavior than they did
with the indirect effects. The possible existence of these latter effects
was not known at that time,

Turbulence appears to exert its most serious and potentially most
dangerous effects indirectly. Large fires of high energy output result from
& pecullar wind condition which seems to be caused by, or is closely asso-
ciated with, unstable air. Briefly, this wind condition can be described
as a stratur of alr in which the lower layers are moving faster than the
upper layers., The maximum speed seems to come at an altitude equal to or
somewhat above {usually not more than 1000 feet) the elevation of the fire.




A current of relatlvely fast moving alr near the earth's surface can
be regarded as a milniature mgdel of the well known jet stream high in the
atmosphere. The Jet stre 1/ usually sttains maximum speed between 20,000
and 40,000 feet, and 1t frequently exceeds 100 miles per hour. The lesser
currents near the earth surface, therefore, resemble 1t only in structure,
but for convenience they will be teferred to as "Jjet currents." The height
at which the wind speed 1g a maximum will be referred to as the "jet point."”
This jet point may be from 100 feet or less above the surface up to seversal
thousand feet.

The Blowup Process and the Convection Column

It is the decrease of wind speed wilth height which permits a fire to
build its "chimney" or convection column., Once this chimney is well started,
a violent chain reaction in energy conversion takes place which may not level
off until the convection column is several thousand feet high. During this
time the fire 1s converting a part of its heat energy into turbulent energy,
which in fturn drives the fire on to an ever increasing intensity. Thls seems
to be the physical pleture of the blowup process. It can come suddenly and
of‘ten unexpectedly. It can bulld up with an accelerating rapldity 1f there
is a plentiful supply of burnable fuel.

The blowup fire 18 in effect a large heat engine capable of trans-
formlng a part of its heat energy intc the destructive turbulent or kinetie
energy of motion. An essentilal part of this heat engine is the convection
column in which the expangion and cooling of the hot gases complete the energy
transformation. From the energy standpoint, it i1s not surprising that the
vworst features of extreme fire behavior, such as whirlwinds, updrafts, down-
drafts, and long distance spotting are closely related to the convection
column, and hence to the decrease of wind speed with height.

The blowup fire, or heat englne fire, bears about the same relation
to the ordinary fire that a large railway locomotive bears to a small house
furnace. The furnace converts fuel into heat and nothing more. The locomo-
tive on the other hand converts not only fuel into heat but in turn converts
a part of ite heat energy into the driving or kinetic energy of motion, which
is evident in the speed of the locomotive and the cars it pulls. A well-
developed blowup fire probably equals or exceeds the efficiency of the coal-
burning locomotive in that 1t may convert a higher percent of its heat into
the energy of motion of the gases in its convection column.

i/ More than a year ago Vincent J. Schaefer of the Munitalp Founda-
tion pointed out the possibility that fire bhehavior might be influenced by
the presence of the jet stream. There seems to be no reason, as far as the
writer knows, why high winds 20,000 to 40,000 feet aloft should affect fires
on the ground.. However, in a large number of the case history fires the Jet
stream was either overhead on the day of the fire, a day or two preceding
the fire, or sometimes a day or so after the fire. No attempt was made in
this investigation to relate the presence of the Jjet stream to effects in
the lower atmosphere which might bear on fire behavior, but it might be well
worth looking into. Possibly both the Jet stream and the lesser Jet currents
are assoclated with certain pressure systems in much the same way.




Some of the technical aspects of the convection and bthe energy con-
verslon process are glven in the appendix.

Wind speed Proflles on Blowup Days

The pecullar decrease of wind speed with height, or jet current,
which ls present on days when extreme fire behavior occurs can be illus-
trated best by showing the profiles which existed near the times and places
where some of the blowup or conflagration type fires burnhed. These are
shown in figure 1 for fires that occurred in widely separated areas of the
United States, in different topographic locations, and in different types
of fuel. Wind speeds are shown for heights up to lh,OOO feet above the
elevation of the fires. In order to reduce fires which occurred at differ-
ent elevations to a common base, the wind speed profile curves are plotted
with the origin (zero height) taken at the level of the fire. The curves
are belleved to be good approximations of the profiles which existed at the
times and places where the fires burned. The precise elevations of the
blowups on the Mann Gulch and McVey fires were not known, so for purposes
of comparison they were tentatively placed equal to the height of the jet
point, This was about 5600 feet above sea level for the Mann Culch fire
and about 5500 feet for the McVey fire. However, the profiles indicate
that the blowups might have tasken place as much as 500 feet lower than the
jet point and as much ag 600 or 800 above. Also, the height of the jet
points may have been slightly different at the location of the fires than
at the pilot balloon stations (Rapid City, South Dskcta, for the McVey fire,
and Great Falls, Montana, for the Mann Gulch Pire).

Curve A 1s the wind speed profile over Charleston, SBouth Carolina, .
4:00 p.m. on April 17, 1950. On this day intense, erratic fires burned in
the coasgtal plains of both North and South Carolins. The worst of these
was the Hofmann Forest fire in which an estimated 30,000 acres burned be~
tween 3:00 p.m, and 10:00 p.m. On this day the surface Jjet current seemed
to extend from Georgia to southern Virginia. It seemed to be deepest and
most intense over eagtern North Carolina.

Curve B in figure 1 is the estimated wind speed profile over Rapid
City, South Dakota, at 11:00 p.m. on July 10, 1939, when the McVey fire on
the Black Hills Wational Forest first blew up, This fire is described in
greater detall in the appendix,

Curve C is the wind speed profile over Red Bluff, California, at
12:41 a.m. July 10, 1953, a little over two hours after the blowup on the
Rattlesnake fire on the Mendocino National Forest. i

Curve D is the wind speed profile over Great Falls, Montana, at
8:00 p.m. August 5, 1949 about 2-1/2 hours after the blowup on the Mann |
Gulch fire.

In addition to the general decrease of wind speed with height, the
profiles in figure 1 illustrate another point which may be of considerable !
importance. This is the close agreement between the curves in speed of wind :
at an elevation equal to or somewhal greater than the elevation of the fire.
The average wind speed for the group is in the neighborhocd of 21 or 22 miles
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per hour near this elevation, which is not a high wind speed in the free
air. It is likely that for the most dangerous fires the wind speed near
the Jet point will be in the 18 to 2h-mile-per-hour zone for light to
medium fuels (4 to 12 tons per acre), and possibly somewhat higher, 20 to
28 miles per hour, in heavy fuel {12 to 25 tons per acre),

There appear to be good theoretical reasons for the existence of a
critical wind speed zone. It is in thig wone that the power of the wind
begins to surpass the power developed by the fire heat engine. At high
wind speeds the power of the wind controls many behavior characteristics,
such as direction of spread and rate of spread. At low wind speeds the
fire is dominant in controlling behavior characteristics. Perhaps the
critical wind speed zone should be regarded azs a "tug-of-war" region in
which fire behavlior dominance passes alternately from wind to fire. This
may be the malin cause of the unpredictable behavior of fireg in the criti-
cal wind speed zone. In addition, the wind speeds 1n this zone may be
those which enable the heat engine to operate most efficiently.

EXTREME FIRE BEHAVIOR AND WIND PROFILE CLASSIFICATICN

The tendency of the wind speed profile to fall into falrly definite
classes at those times when extreme fire behavior exists, as illustrated
in figure 1, suggests the possibility of a rather simple classification
system (the method might be numerical or graphical, or it could even be set
up in some other symbollc way). However, for the sake of simplicity in a
prelinminary system, it seems desirable to use either the actual profiles at
the time of specific case-history Tires, or composites of actual profiles.

This has been done for the type profiles in figures 2 and 3. Figures
I through 12 give the wind speed and direction profiles for specific fires.
There 1s good possibility that eventually these types (or their equivalent
in some other classification method) can be "calibrated" in terms of more
definite fire behavior characteristies. At present we can do this only in
a general way, and some of the relationships maey have to e modified later.
Even s0, this information may be of coneiderable help to fire weather fore-
casters and fire control persomnel. Perhaps the type curves in figures 2
and 3, as well as the speed and direction profiles in figures 4 through 12,
can be thought of as the beginning of a "rogue's gallery" of extreme fire
behavior information. It is known that extreme fire behavior came on days
when the wind speed profile could be classed in one of the six types from
l-a to 3-c. It 1s alsoc known that there was s considerable difference in
behavior between certain types. There was a difference in behevior even
within a type, depending on the height of the jet point above the ground,
the speed at the jet point, and the wind speed near the ground. dJet points
are indicated in figures 2 and 3, '

It might seem that the temperature profile of the atmosphere should
be included in a classiflcation system for extreme fire behavior. More
work will be done on this part of the problem, but the study thus far indi-
cates that the complete wind profile (speed and direction) correlates nearly
as well with extreme fire behavior as do both the wind and temperature pro-
files. The correlation of complete wind profile with extreme fire behavior
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may reflect the combined effect of existing temperature gradient and previous
temperature gradient. Influence of the latter may extend back for a day or
more.

The direction profiles were omitted in figures 2 and 3 but were in-
cluded in the detailled flgures 4 through 12. The direction profile is an
important part of the complete wind profile. With each of the following type
descriptions is given some description of the corresponding fire behsvior
characteristics which we believe mey ocecur with a given profile type. The
fire behavior statements may have to be reviged as we get Ffurther along in
cage-history studies, but undoubtedly their main shortcoming now is incom-
pleteness.

In types l-a through 3-c the wind speed at the Jjet point is 18 miles
per hour or more. If the wind speed at the Jet point is 15 miles per hour
or less, none of the types may be especially daangerous in flat country. In
rolling or mountainous country, however, a fire might run upslope. '

Ezgg lag

Type 1l~a 1s probably one of the moest dangerous types that can exist
from the standpoint of personnel gafety and erratic and unpredictable fire
behavior. Fortunately, it is one of the types least likely to occur. It
will be noticed that the jet point is missing in both type 1l-a and type 1-b,
unless 1t can be considered to be at the ground level. Actually, both types
probably have a Jel point but 1t may be too low to show up on the pilot
balloon record. For this reason it will be assumed that the jet point exists
and is within 100 feet or so of the ground. There is also considerable vari-
ation in the surface winds when the atmosphere is turbulent, so soundings
made a short time apart or in slightly different locations might show some
variation in the lower part of the profile.

When & type l-a wind speed profile exists, the worst in fire behavior
can be expected if fuels are dry and plentiful. Large whirlwinds (possibly
up to 500 feet or more in diameter) may form in the head of the fire and
even travel out ahead of the fire into fresh fuel, burning blackened strips
as they go. There may also be long distance spotting (600 feet or more).

A towering convection column is almost certain to form as the fire hecomes
larger. This can happen in a matter of minutes if the fire hurns into heavy
fuel. Although erratlic and unpredictable in flat country, fires should move
in the general direction of the wind. This will not always be true where
topographic features can alter the wind speed and direction pattern and thus
affect the directlon of spread.

In late afternoon and early evening the lower air layers will become
stable and the surface winds will drop. This process converts the dangerous
type l-a into the more common type 2-a, If the jet point is within 500 feet
above the fire, type 2-a 1s nearly as dangerous as l-a for a large fire al-
ready burning. It should be impossible for type l-a to ocecur at night.

The illustrative curve for type l-a in figure 2 is the estimated pro-

file over the Hofmann Forest area at about 5:30 or 6:00 p.m. on April 17, 1950.
There were no pilot balloon stations nearby, so the profile was estimated from
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the 4:00 p.m. and 10:15 p.m. soundings at Raleigh, North Carolina, about

100 miles to the northwest; from the 4:22 p,m. and 10:00 P.n. soundings at
Hatteras, North Carolina, about 100 miles to the east; and from the 4:00 p.m.
soundings at Charleston, South Carolina, more than 200 miles to the southeast.
The profiles for Charleston for both 10:00 a.m, and L:00 p,m. (including di-
rection profiles) are shown in Tigure b.

Type 1-b

This type occurs more frequently than type l-a. The fire behavior
characteristics are similar to type l-a, but should not be so bad. When
the lower ailr layers -cool and stabilize in late afternoon and the surface
winds drop, type 1-b converts to the "safe" type 4-a. For this reason Fires
burning with a type 1-b wind speed profile usually do not cause much trouble
after sundown.

The curve illustrafing type 1-b is a composite of 4:00 p.m. profiles
for March 26 and April 11, 1950 for Charleston, South Carolina (see table 1
for fires which occurred on these days).

2129 2-a, f

Next to type l-a, this may be one of the most dangerous types of wind
speed profiles that can occur. It may develop either during the day or night,
but is more llkely to come at night or in late afterncon.

A wind speed profile might be type 2-a with respect to the pilot bal-
loon station, yet for a fire occurring in mountainous or rolling country at
an elevation equal to or possibly somewhat above the jet point, the profile -
would be type l-a as far ag the fire was concerned. This seemed t0 have
been the situatlon in the Mann Gulch fire and part of the time during the
McVey fire.

The fire behavior characteristics for type 2~a seem to be simllar to
l-a except that in flat country they should not be as extreme as for type
l-a. Large whirlwinds in particular should be less likely to occur, although *
the probabllity of whirlwinds in the convectlon column aloft might be about
the same for both types.

For fires burning in flat country, the helght of the Jet point as well
as the relative wind speeds at the jet point and at the surface are important
factors affecting behavior. For light fuels there may be little chance of a
fire maintaining a high intensity at night if the Jet point is more than 600
feet above the ground. In heavy fuels this figure might be around 1200 to
1500 feet.

The type 2-a profile is more serious in rough or rolling country, where
a conslderable part of the forested terrain mey have an elevation gpproximat-
ing that of the jet point.

It should be remembered that the Jet point usually moves upwards at
night as the lower air layers cool and stabilize. During the early part of
the night, therefore, the terrain between 1000 and 2500 feet above the general
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land level will be somevwhere in the neighborhoad of the Jet point. Tn addi-
tion the wind speed at the Jjet point lncreases when the cooling of the lower
air layers diminishes the frictional drag at the earth's surface and the
surface winds drop.

This is a somewhat different plcture than we have had in the past of
wind structure on nights when blowups may occur. We have thought of the
strong steady winds as blowing on the higher peaks and diminishing down in
the lowlands. dJust the reverse seems to be true. On the worst nights the
higher mountains may have little wind, and the highest winds will be down in
the low country or foothills. Also, the gain in wind speed at the 1000 to
2500 foot level seems to bulld up from below, not above, For example, the
Red Bluff soundinge in figure 6 indicate that on the night of the Rattle-
snake Fire the wind speed on the higher peaks in the Caslifornia Coast Range
wag only about T miles per hour but was 21 or 22 miles per hour between 2000
and 2500 feet.

The illustrative curve for type 2-a is a composite of the 12:41 a.m.
July 10, 1953 sounding for Red Bluff, California, the 8:00 p.m. August 5
1949 sounding at Great Falls, Montana, and the estimated 11:00 p.m., profile
ov§r Repid City, South Dakota, on July 10, 1939 (see also figures 5, 6, and
10). :

Type 2-b

This type resembles 2-a except that the wind speeds are higher. Not
much is known about the fire behavior except that 1t is undoubtedly dominated
by the wind., For this reason it may not be quite so dangerous to experienced
fire fighters as types l-a and 2-a, even though the intensity may be well up
in the conflagration range. However, fires burning in heavy dry fuel on a
type 2-b day could be very dangerous for towns and villages ahead of the fire.

It 1s likely that, for a time at least, the wind speed profiles for
some of the historic fires may have been of the 2-b type. .

The illustrative type 2-b profile is a composite of soundings at Greens-
boro, North Carolina, for 4:50 p.m, May 6, 1941 and Raleigh, North Carclina,
for 10:15 p.m. April 17, 1950 (see table 1 for fires).

Types 3-a and 3-b

These two types have wind speed profiles that are very similar, but
the behavior of the fires is quite different. The wind speed for type 3-b
is at least 28 miles per hour at the jet point and for type 3-a (not shown)
it is in the 18 to 24-mile-per-hour zone., Both types have strong winds at
high levels, but for a distance of at least 2000 feet above the jet point the
wind speed decreases with height just as for the previous types,

The Brasstown fire on March 30, 1953 (profiles are shown in figure 9)
indicated that 1f a convection column becomes well established above the Jet
point in the region where wind speed 1s decreasing, it can also penetrate
some distance up into the strong winds at higher altitudes. The surface winds
at the time of the Brasstown fire were from the southwest and very light (even
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lighter than Indicated by the 3:53 p.m. sounding at Spartanburg, South
Carolina, about 60 miles to the east). The direction profile in figure 9
ghows that the wind direction at the jet point was also southwest. How-
ever, the fire was sgpread by showers of burning embers which came from
west-northwest., The direction profile indicetes that the winds did not
veer to this direction until an altitude of 4000 feet or more was reached,
winich was up in the zone where the wind speed was increasing with height.
It seems probable, therefore, that burning embers were carried up to at
least 4000 feet and dropped out of the convection column when its active
core may have been broken up by the positive wind shear in the higher air
layers. This may not be unreasonsble because pilots have reported burning
embers as high as 4000 feel over other fires such as those in Tennessee in
the fall of 1952,

In splte of the low wind speeds on the ground, the Brasstown fire
traveled a distance of 3 miles in 1-1/2 hours and cut acroes drailnsges as
though they did not exist. There is some indirect evidence that there may
have been intense whirlwinds high up in the convection column over this
fire. $o far as the writer knows, whirlwinds of this type have never been
seen over a forest fire. However, they have been seen and photogrephed
over an oil fire by Hissong (5) and over a volcano by Dietz (4).

The Wood River Valley fire of May 2, 1951, in Rhode Island, burned
when the wind speed profile was of type 3-b. Some of the behavior charac~
teristics of this unusual fire are as yet so little understood that they
will not be discussed in detail at this time, There appeared to he dis~
tillatlon effects and oxygen defilciencies such as those that have been re-
ported from time to time on the fires in the eucalyptus forests of Australis.
Fire would suddenly appear over a considerable ares in advance of the main
fire with no apparent direct connection.

The nearness of the jet point to the earth's surface on the afternoon
of May 2, 1951 (fig. 8), the high wind speed at the Jet point, and the de-
crease in wind speed for 2000 feet above the Jet point, may have contributed
to the unusual behavior of this fire, as well as the strong updrafts and
downdrafts near the head of the fire. Like the Brasstown fire, the Wood
River Valley fire put up a large convection column that probably went shove
the height of the unstable layer, which was about 9000 feet deep over New
England on the afternoon of May 2,

The illustrative type 3-b curve is a composite of the 4:00 p.m. May 2,
1951 sounding for Hartford, Connecticut, and the 3:55 p.m. October 28, 1952
soundlng for Spartanburg, South (arolins.

Iype 3-c

The illustrative curve in figure 3 is a composite of the 10:35 Pal.
October 23, 19h7 pilot balloon sounding for Boston, Massachusetts, and the
4:02 pom. July 31, 1953 sounding for Portland, Maine. Portland would have
been a more sultable station for October 23, 1947, but this was the day of
the major blowup of the Maine fires. The smoke at Portland was apparently
so thick that the balloon was not visible above 1000 feet. Type 3-c re-
sembles 3-a and 3-b except that wind speed at the jet point is extremely
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high. BHowever, it drops off very rapidly above the Jet point for several
thousand feet. In the case of the October 23, 1947 soundings at Boston
(fig. 7}, the wind in the upper levels was very high also, but this was
not so marked in the July 31, 1953 sounding at Portland, the day of the
fast~spreading Sanford f'ire in southwestern Maine,

The role of the convection column for fireeg burning in such extreme
wind conditions is not known. It is difficult to see how a fire could
bulld an active convectlon column when a wind speed profile of type 3-c
exists, Also, 1t would appear that with such a profile a convection column
would not be necessary for an intense, rapid-spreading fire., However, the
long distance spotting that occurs on gome of these fires indicates that
strong convectlon does exist. It may be that convection columns do form
for ghort intervals before beilng destroyed. The rapid decrease In wind
speed above the Jjet point should increase the tendency for them to form.

Type Yma,

This type is probably the most common of all, although the wind
speeds are usually considerably less than shown in the illustrative curve.
This curve is the 4:00 p.m. March 27, 1950 pilot balloon sounding at Charles-
ton, South Carolina. For some parts of the Fast and South this was a very
bad fire day, and the profiles in other locations may have been considerably
different from that at Charleston., In this area the fires on that day were
intense and fast-gpreading, but they could not be considered dangerous to
experienced crews, nor were there any erratic and unusual aspects to their
behavior. Perhaps this was due to a lack of convection columns of any con-
sequence forming over the March 27 fires (at least in the Charleston aresa).
The rapid Increase of wind speed with height should keep active columns from
forming.

Unless future flres indicate otherwise, it can be assumed that, com-
pared to the previous types, type 4-a is relatively "safe" even for high
wind speeds and rapidly spreading fires. If the Jet points in type 2-a or
type 2~b rise during the night to a height of 2000 or 3000 feet, then for
flat country these types have in effect become type U4-a.

" Types 4-b and k-c

The curve for type 4-b is the 10:09 a.m. July 3, 1952 pilot balloon
sounding for Raleigh, North Carolina, and for type hoc it is the 10:05 a.m.
July 2, 1952 sounding for Raleigh. Type 4-b resembles type l-a in that the
general wind speed decreases with height. Type l-c resembles type 2-a., Both
of these types are probably "safe" as long as the wind speed at the jet point
remains below 14 or 15 miles per hour. However, there is an important excep-
tion., This is the case of a fire burning up a slope in which the upslope
direction 1g roughly the same as that in which the general wind is blowing.
It should be remembered that the presence of the slope, especlally if it is
falrly steep, 1s equivalent to adding several miles per hour of wind in the
lower air layers. This means that the presence of the slope may temporarily
convert type 4-b or 4-c into the dangerous type l-a (see the broken line added
to b-c). This is why a fire can rage upslope, bulld a tremendous convection

column in so doing, and then quickly die down (unless it spots over to the
bottom of the next slope).
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Type 4-b or hec can also develop into type l-s through an increase in
wind speed in the lower atmosphere during the afternoon (see the April 17,
1950 profiles for Charleston, South Carolina, in figure 4). However, a more
likely posslbility 1s the conversion of types 4-b and %-c to type 2-a in late
afternoon or early part of the night, when the lower alr becomes stable and
the surface winds drop. Stabilizing of the lower air layers diminishes fric~
tional drag on the earth's surface and results in an Increase in wind speed
at a height of 1000 to 2500 feet ghove the general land level. The wind
speed could easily be brought up into the critical zone. For thls reason
type 2~a 1s more likely to occur at nilght than in the daytime.

Topography and its Place in Wind Profile Clasgification

Early in this work, topography sappeared lilkely to become one of the
most complex factors in extreme fire behavior. However, this did not prove
to be the case as far as basic principles are concerned, although the effects
of topography in any specific situation may be very complex. Topography
exerts its main effects in two ways. The first of these ls the effect on the
wind speed profile described in one of the preceding paragraphs and 1llus-
trated in figure 3 in the type 4-c curve.

The second main effect of topography is that i1t permits a fire to oc-
cur in, or burn into, zones which may be at elevations corresponding to quite
different parts of the wind speed and wind direction profiles. This point is
1llustrated fairly well in the discussion of the MeVey fire in the appendix.

CASE-HISTORY FIRES

For convenlence, the case-history fires in this study have been sum-
marized briefly in table 1. These fires have a large range in size as well
as in behavior characteristics. The final size is given for the majority of
the fires, but for the purpose of this study final size was of much less im-
pvortance than certain kinds of information such as the time (or times) when
a fire made its main run (or runs) or showed other specific characteristics
of extreme behavior.

On five of the fires there was loss of life. There were narrow es-
capes on others. Probably all the fires could be considered potentially
dangerous to suppression personnel. A brief statement is given on some
behavior highlights for each fire, but no attempt is made here to present
any detailed behavior account of any particular fire.

Not given in table 1 is the location and disteance of any individual
fire with respect to the nearest pilot balloon station, or stations, How-
ever, for the majority of the fires there was a station within 50 or 60
miles; for a few there was a station as close as 30 miles.

- 17 -




*2171 SBurpesads-qeel fosusqur
UB SBA STU2 ‘2T UTEIUNOW TOII 33 SYIT

*gaeeh CT
UT 288J04 T[BRUOTYIEN UOSISIISP SU3 JO S3aTF
Furpeeads-prder ‘SSUS4UT 4SOW SU} JO SUQ

*QZ I2q03o0 JO £Bp puB g JI240390
JO 1USTY PUR UWOOWISLIR O3 UO JWso SSOT
JofE *OJITI 1UOIJ~DTCO DIBASS B SBM STYIL

*C2 I3qo2o0 uo dnMoTq 8U3 Ut
ag on poweIas SsSOT JolBum ayg jnq ‘Ieqo3og Jo
g¥ooM g 189 273 Suranp pouIng SoIlJ AUBH

*m*d g0:0T pue "w°d Qg USSMIaq
fortd puod TWT 4USIU 2B POUMOID SOITIRIOBL
*¢ ATnp UC PIUINg SSI0® QO00T POYEWILSS Uy

*SSQNTTH

O 20 Of 9xsu 2yy SuTanp ¥ead s3T Bur
~-goeal ‘s Ame mwo *wrd GTioT 3noge 1% LIpse
~q00dxoun pedoTaASD SITI AQTSUQUT-UITE V

*£ep FUTMOTTOI INOUBNOIUT
ponuTamoo foT ATnrg wo *wed oQ:TT 3@ SuUsd
pesxds prdel Jo porasd o dnaoTq 35ITT SUT

*¢ gsnBny uo "wd QLi9 PuB
0f:¢ ussageq sumo dnmoTg “pesads JO UOTL
-D2ITP PUBR 21BI U3O0Q UL OTYBIIS IOTABISH

*wd gp:g 2' dwsms

DOOADPIBY 95USD B USNOJIUL POWAOID 8ITI
*JT Trady uo ~m*d oo:TT pue *w'd op:t
ussmasg pImang 88198 Qo f0f perEmTiss Uy

*98108 000°0T

*Y31l WO q-f PUB Q=g
‘gag wo q-g addy
*2H6T ‘l-9 Tiady
*S3108 Q09°2

"q-g 244,

*IHET ‘9 L3R

*q-€ odA]

*ZGC6T ‘ge-Lle 19q0300
*S2I9% 000 ‘002

*o-C adAg

*L46T ‘€2 a:90190

o.mIN

pue B-T s=dlq ATavgoag
*2EET ‘C Lnp

*saxoe Qo2fT
*Bez adAT
*€C6T ‘6 ATnr

‘U3TT WO q-g pue =L sadfy
‘Y301 BUs Two B~g odAf
*6E6T ‘TT~0T ATnr

*s2I9% 000°C

*g-z adA]

"GHET ‘¢ asnny

fg-z ¢e-T gadfg
*066T ‘LT TTIdy

‘q-g pue

BIUEIATA TISfInog
188104 TBUOTZEN uwosisliar
antTg

BIUEBATA UI2YIN0Qg
1saxo4 TBUOIZBN UosadJiar
UTBRUNOW Toal
90850UUS] UII1SBIYLION

189104 TBRUOTIRN 29¥CISUD
2950I9T)

SUTB) TUIS1ESMIINOS PUB TISYINOG
S8ITT SUTBK

BUITOIE] UIJION TUISLSBY
Jutod FanTd

BTLIOFTTRD
159104 TEUOTIBN OUTOODUIR

sYeusaT138Y

B10¥e(J Ulnog
38840 TRUOTYEN STITH I98Td
LapolW

BUBLTON
88104 TBUOTLEN BUSTSH
ToTnd uusy

BULTOXR) ULION UISISER
18330 UUBHLION

JOTABYSY SIIT WO SUSUMO)

2ATJ JO %18 Teury ‘adfq
ar1I0ad peads-puta ‘s1mQ

a6 4t we

TOT}BOCT puUB
2JITF JO SueN

IOTABUS( SJLJF SWolixo JSULAPnNAS UL pPosn SSILF AJOQSTU-358D TedIouTad JO Aaemms y--°T 9198




*ATSNOSWEITNWTS 1S0W[B S4TUST 01 SJILI

U3 JO JUOIT UT SeaIe 93I8T POSnNBo SIDqUD *SaJ0® oow«m BUITOIE) TINOS TISLSSMULION
JO Saam0Ug *samofg N\H:H UT S9TIW £ uBx . *e-t adfy s359J04 TBUOTABY WUITOIB) [INOS
2aTF Ing “9uFTT LIoa seM punmosd I3 3B DPUIM *£GAT fOf uoaen uMos8eIq

*anoy a=d SSTTIE 6§ seA ‘paeTilog
I840 183F 002°T faurod 2ef sug 4% posds

PUTA oUL, *w'd Q@i 03 “w*d QQIT INOYER WOIT *saxo® Qpf ‘e
SBRA TN gs9awasn  ‘wed 0:TT o2 'med 00:T *o=¢ adALf SUTBH UIs1SsAINoeg
WOLT PIUINg SBA B2IB 242 Jo 1aed zofwewm oif *CCET ‘TE LTnp proues
*ge Ieq

-0350 JO TOOUISLTER 3Ll TO POUING SISM SoI08
Q0G4 qnoqy  *QE PUBR LZ I97010(0 UO BIIR
SOIOISY) UG 07 SUTOTLTPUOD BUTUING SI9ASS

AUSENOIq [OTIUA 3UOIT PIOD AUSTNAINg omwss *q~¢ =2d4T BULTOIB) TIJION UISISBH
G WOIF SUTITNSSI SIET SJIJA9S B SBM STOL *ZG6T awm JI300%20 S¥BT SI9T=H
*SITF SUg
JO DEIY 3] JIBou S9IBJIPUAOD PUB SqJwapdn *§310% OohKflL
3Uoaqs SI9M 2I3YT °S108IIS USTNGQING TBNSn *gq-£ addg PUETST opoyy WIalsSap f
-Un UITA SJITJ Sulpeeads-asei ATsmeINXe UV "TCET fz LBl A2TTRA JISATH DPOOM N
*Amp 1SI0M O SBA *E2308 QOQ¢T !
€g TTady -yse[s SuTSS0T UT Byl uoizonpogd ‘U3tg o g-T
=91 PODUBAPE 9SUSD UT SSJITF UMOID UL IS98IEBT L1q1ssod pue gq-4 ‘pateg
2JI3M SPUTATJITUM *JIS)SWETP UT 393F 00F 01 3Yq WO q-g pus ==L =dL7 ) BUTTOIR) UINOS TISYINO0Z
1987 (0§ WOIT PITIBA SITF STUL UWO SPUIATITUM T0G6T ‘Hg-f2 TTIdy (usouzun SweN )
*8JITI 19404 UUBHIOH I3 JO A3TULOTA :
U3 UT PIP 4T $B SITT STUL JO L£3TUIOTA
oY1 Ul JUOT 8% 9887 10U PIP ATgvqoid uoT4ID *$339" QOg BUTITOXR]) UINOT “
~u0D B-T 3dfy 29 *ga/T su2 IO UOQUISLTR ve-T 3AAT, 183I0d TBUOTIEBN UQTIEH STOUBLE
SU3 UO SJTJ DPUTMTIIYA ‘9SUSIUT UB SBA STUT *0G6T ‘LT TTady 96T PusTSI aT¥ong
*3IBASE OF *$2I9® QOZ BUTTOIE) YINog
o1tnb qom qng ‘TT TIady U0 SJITI TISMSIBT *q-T 2dLL 383304 TRUOTLBN UOTIEW STOUBRLI
9UT 03 JETIWIS SOTLSTIS1IBIBYD JIOTABUSH *0G6T ‘oz moTER #HT PUBTSL STHASNY
Tt
TTady JO UOOUISMTE SUq SUTINp SIFI STUYL UO *2949% QLY BUITOJIB) TINOG
pomiog ‘Surgoeasyur Argusasddr ‘IsqowsIp *q-T =dLr 159J04 TRUCEIBI UOTJIBH STOUWBIL

UT 399F Q0& 38BST 18 SPUTATITUAM 3FIe] *0%6T ‘TT Trady TTo#saBl




THE RECOGNITION AND POSSIBLE PREDICTION CF ATMOSFHERIC
CONDITIONS WHICH MAY CAUSE EXTREME FIRE BEHAVICOR

If it is eventually used more widely by flre suppression organizations
or fire weather forecasters, the pilot balloon may become an effective safety
device., The use of pilot balloons on actual flres has been tried in the pasgt
and would not be a new technigque., The only new feature would be the handling
of the resulting data and the use to which it 1s put., Of paramount import-
ance is recognizing when a dangerous wind profile exists; and next in import-
ance is knowing when an area becomes safe., Usually the dangerous conditions
do not last long. TFor example, the areas where both the Mann Gulch and Rat-
tlesnake fires occurred appear to have becore safe wilthin a few hours after
the blowups.

The pilot ballcon is one of the simplest devices for getting informa-
tion from the upper atmosphere., With some study of both pilot balloon and
radiosonde temperature soundings for a given area, it 1s often possible to
estimate the depth of the unstable sir layer with considerable accuracy from
the pilot halloon scunding alone. It is sometimes possible to estimate from
g 10:00 pem, sounding what the depth of the unstable layer has been during
the previous afternoon. The pilot balloon does, however, have certain
sources of error (probably small) and limitations when soundings are maede in
a turbulent atmosphere with strong updrafts and downdrafts. The magnitude
of these erros should be checked before the pilot ballecon is given any large-
gcale trial In fire control work. The Weather Bureau may already have come
of this information. Also, the possibility should be considered of making
greater use of soundings now taken regularly at officlal stations.

The prediction of Jjet currents and their growth and decline is a pro-
blem in basic meteorology, a detailed dlscussion of which is beyond the scope
of this paper. When meteorologists understand how the Jet stream gets its
energy, the explanation of the energy of the jet currents will probably fol-
low soon. That a considerable part of the energy of the Jet currents comes
from an unstable atmosphere is probably a safe assumption. If so, it is
likely that stability and turbulence conditions are important not only on
the day when extreme fire behavior occurs but alsc for a day or two before.

In other words, turbulence could have a delayed action in its indirect effects,
which could contribute to the strength of the jet currents at a later time. If
50, another element for predictions 12 to 18 hours or more in advance would be-
come available. However possibilities for a l2-hour prediction of a Jjet cur-
rent condition should be regarded as still unknown.

The prospects for a short range predilcitlon are easier to comprehend,
The curves in figure 4 for Charleston, South Carolina, as well as those for
Ralelgh and Hatteras (not shown), indicate a progressive growth and change in
the wind profile for a number of hours on April 17, 1950. The curves in
figure 6 show that a simllar situation existed over Red Bluff, Californis, on
July 9, 1953. The Jet current over the Red Bluff area seemed to build up for
at least 8 hours before the blowup. Pilot balloons sent up at 2 or 3-hour
intervals would glve an even better picture of the profile and its rate of
change. The prospect of an accurate 3 to 4-hour prediction of wind speed
profile and direction profile seems good.
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(1)

(2)

(6)

(7)

Bven without the use of instruments, there are signs that give warn-
ing of unusual burning conditions. A number of indicative conditions, in-
cluding some suggested by Crosby (g), are gilven in the following list:

A high burning index and a high buildup index. On most of the
severe fires studled thus far, both the buildup index and burn-
ing index have been 50 or above on the 8-0 or 8-W meters now used
in the eastern states. Even on the Brasstown fire, which came
only a week after heavy ralns, there had been considerable dry-
ing. The soil and lower fuels were moist but the upper fuels
were dry. The humidity was very low on the day of the fire,
which meant that a relatively large number of embers from spot~
ting would catch in the dry top fuel layer,

Gusty and variable winds from south to southwest with an air-
port speed of 15 to 20 miles per hour. An alrport wind speed
will be defined as the wind epeed between 30 and 60 feet above
a wide expanse of open, clear ground such as exists at the or-
dinary airport. Temperatures may be scmewhat above normal with
a rather large rise early in the day, and relative humidity is
usually low. Day may be bright and sunny but with a thin over-
cast.

Conditions similar to (2) but wind with an airport speed of 25
miles per hour or more. Fire may be intense and fast spreading
but less erratic than at lower wind speeds.

If a towerman or plane cbgerver viewing a fire from a distance
end at right angles to the wind reports that the smoke column
tends to curve upward and become nearly vertical in its upper
parts, the wind speed is undoubtedly decreasing with height.
Such a fire could become dangerous if it burns into heavy fuel.
If smoke column has started to "boll" or mushroom up, trouble
has probably already happened on this particular fire, although
its behavior 1s less serious 1f the towering smoke column is
cauged by a run upslope.

Probably a fire should be regarded as likely to develop extreme
behavior if it spots more than 600 feet ahead of the main Fire.
Long distance spotting means that there are updrafts or whirl-
winds strong enough to carry high in the air embers large enough
to burn for nearly a minute before dropping to the ground,

Several spot fires that seem to lie along either the same straight
line or curve may be a bad silgn, especially if they start at about
the same time. This pattern may indicate whirlwinds in the con-
vection aloft that are dropping firebrands.

The passage of cold front with northwest winds may cause trouble
when it is not accompanied by rain. The cold front fires differ
conslderably from the warm weather type in that they may burn
when the temperature is low and falling. The worst fires of the
fall of 1952 in the eastern and southeastern states, as well as
the blowup on the Maine fires on October 23, 1947, are examples
of this type. Probably the Cloquet filre in Minnesota in 1918 was
a cold-front fire, They are often accompanied by high winds and
a prounounced Jjet current. They occur most frequently in the fall
and spring.
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(8) dJust before the arrival of a cold front, fires may sometimes
develop turbulent behavior while the wind is shifting from
the southwest to northwest. Spotting, whirlwinde, and up-

drafts may come during this period, which should not last
long.,

(9) Dust devils or dust whirls over plowed fields are indica-
tors of troublesome burning conditions and difficult fire
fighting. However, they are in thempelves indicative of
the direct effects of turbulence and do not necessarily mean
that blowup conditions exist. Possibly a better indication
of blowup conditiong might be dust whirls on several conge-
cutive days accompanied by the conditions listed in (2).

(10} If lookouts or towermen on the higher peaks from %000 to
5000 feet above the general land level report lower wind
speeds than exist at low elevation, and if anemometers at
airport exposures are showing wind speed of from 15 to 20
miles per hour, then an unfavorable wind speed profile may
exist. However, this method of estimating the profile is
not a good substitute for a pllot balloon sounding,

(11) When the flying is bumpy and if it becomes bumpy earlier
than usual in the morning, most of the direct effects of
turbulence on fire behavior will be present during the after-
noon. This condition may be more significant for extreme fire
bebavior 1f flying has been rough for several days In a row
and if it is accompanied by the conditions listed under (2).

(12) If it is known that an unfavorable wind speed profile exists
and if, in addition, both burning index and buildup index
are high, then the only effective period for controlling a
fire 1s when it is small. The probability of the fire es-
tablishing a "chimney” and blowing up increases rapidly with
Increasing size. For fuels of 4 to 12 tons per acre, this
critical slze may be from L0 to 60 acres. In heavy fuels
the size would be smaller. The critical erea should be larw
ger for a slow-spreading than for a fast-spreading fire, be-
cause it is rate of energy output rather than actusl size
that determines the probability of blowup. '

CONCLUSION

In the study of the behavior of unusual fires which occur infrequently,

research must depend to a considerable extent on the observations of the field

men who worked on such fires, Up to this time, most accounts of large fires
concern more the methods of attack and details of suppression than they do
fire behavior description. Many observations that might appear trivial to the
casual observer are highly significant to the researcher. Exemples of valu-
able iltems that should be watched for and included in future descriptions are
the maximum distance of spotting, pattern of spotting, estimated height of
flame and size of whirlwinds, height and shape of convection column, rate of
spread during runs, and brief comments on fuel and stand type. Of specilal
value are the observations of pilots, such as appearance of fire from alr,
presence of Wwhirlwinds in the fire, shape and size of conveetion column (or
columns), and the bumpiness of flying.
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Concepts of what may cause extreme fire behavior are becoming suffi-
clently developed and specific to be tested experimentally. For example,
the higher ground in hilly or rolling country should be well suited for
large-scale experimental burns whenever a type 2-a wind speed proflle deve-
lops after sundown. This type of profile seems to happen often enough to
make actual test burns feasible.

How far fire research has come in the solution of the problem of the
blowup fire should become falrly clear in the next 2 years. BSeveral re-
search teams are now working on the problem, Some of the results of the
work of the group in the West were presented in the Chief's memorandum of
November 12, 1953 (these were excerpts from a paper given at the Soclety of
American Foresters' meeting in Denver in Beptember 1953 by R. XK. Arnold and
C. C. Buck). The Sclentific Services Division of the Weather Bureau is also
working on the problem.

Even before the final answers are found, the collective effort of

groups novw studying extreme fire behavior should make increasingly effective
guldelines avallable to the firefighter. '
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Figure 4%.--Wind speed profiles are shown Ffor 10:00 a,m. {curve A) and 4:00 p.m.
(curve B) on April 17, 1950 at Charleston, 5. ¢, The corresponding direction pro-
files sre on the right (10:00 s.m. curve A and 4:00 p.n. curve B). EHeights are in
thousands of feet above sea level rather than sbove the statlon level (in this case
they are nearly the same),
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Flgure 5.--Wind speed profiles for 2:07 p.m. and 8:00 p.m. on August 5, 1949 for Great
Falls, Montana, are shown on the left by curves A snd B respectively. The correspond-
ing wind direction profiles are shown in the same manner on the right. The estimated
elevation of the Mann Gulch fire is indlcated by the broken horizontal lines.
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Figure 7.--Wind speed profiles for 4:05 p.m. and 10:35 p.m. on Oct. 23, 1947 for Boston, p
Mass., are indicated by curves A and B on the left. UThe corresponding wind direction 1
profiles are shown in the same way on the right. The approximste estimated elevation of
the fires in southwestern Maine is shown by horizonial hroken lines,

- 25 -




)
X
W
w3
o X
o 0
Q3
~ ¥
$<
Y
T

{
y i
’ |
’ |
-
9 rad |
e i
- !
g !
\ !
N |
6 { y - —t —
. \!
B A
’4" A” B
3 f ——
7 f
9 l\
\' )
Fd
[E— o —
0 10 20 30 40 50 W N
WIND SPEED

(MILES PER HOUR)

Figure 8.--Wind speed profiles for 10:15 a.m. and 4:00 p.m. on May 2, 1551 for Hartford,
Conn., are shown by curves A and B on the left.

files are indleated in the same manner on the right.
Wood River Valley fire in Rhode Island is shown by horizontal broken lines.
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Figure 9.~-Curves A and B on the left are the wind speed profiles at Spartanburg,

8. C., at 10:00 a.m. and 3:53 p.m, on March 30, 1953,
are the corresponding wind direction profiles.

the elevation of the Brasstown fire.
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Curves A and B on the right
The horizontal broken lines indicate
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Figure 10.--Curves A and B on the left are the wind speed profiles at Rapld City, S.-D.,
i at 7:00 p.m. and 1:00 a.m, respectively on July 10 and 11, 1939. Curve C 13 an esti-

i meted intermediate curve for 11:00 p.m. July 10, The corresponding wind direction

i curves are on the right. The estimated elevation of the blowup cn the McVey Ffire at
11:00 pum. July 10 is indicated by the horizontal broken iines.
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i Figure 1l.-~Curves A, B, and C on the left represent the wind speed profiles at 4:00

Bella, Til2 a.m., and 10:00 a.m, at Rapid Clty, S. D., on July 11, 1939. Curve B ig a
pllot balicon sounding, Curves A and C are estimated intermediate profiles. Curves

A, B, and C on the right are the corresponding wind direction profiles.
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Figure 12.--Curves A, B, and C on the left represent the wind speed profiles at 1:00
p.M., 4:00 p.m., and 7:00 p.m, at Rapid City, S, D., on July 11, 1939. Curves A and
C are actual pilot balloon soundings and B is an egtimated intermediate curve. Curves
A, B, and C on the right are the corresponding direction profiles.

APPENDIX

Wind Speed Proflles during the McVey Fire

There are several small areas in the United States which, because of
their aumber of fires, fuel and stand types, topographic features, or close
proximity to stations where upper alr data are taken, are especially well
suited for the study of extreme fire behavior. One of these appears toc be
the Black Hills of South Dakota, at least from the standpoint of the last
two requirements. This comparatively isolated group of mountains probably
does not greatly affect the lines of flow in the upper air when wind moves
over the region. dJet points probably keep a fairly constant level over the
whole area., This may not always be true In the vicinity of more extensive
mountain ranges, where general land level can change rather abruptly.

A very good account of the McVey Fire in the Black Hills National
Forest in 1939 was written up by A. A. Brown (1). Although not written
from a fire behavior standpoint, his account does give some fire bebavior
description, Thus it seems worth while to present the Rapid City wind speed
and direction profiles for a 24-hour pericd during the McVey fire. These are
shown in figures 10, 11, and 12, Actual pilot balloon soundings are given
every & hours and are supplemented by estimated intermediate profiles.

The first indication of possible trouble in the Black Hills area showed
up on the Rapid City 1:00 p.m. sounding on July 10. There was a thin type 2-a
jet current (not shown) over the area with the jet point at 4000 feet. The
wind speed of 18 miles per hour at the jet point dropped off so rapidly that
it was only 9 miles per hour at 5000 feet. TFor thls reason the most trouble-
some zone during early afternoon would have been a rgther narrow strip between
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about 3800 and 4300 feet. Most of the direct effects of turbulence should
have been present on this afternoon and the fire should have been difficult
to fight. However, the jet current was hardly deep enough or strong enough
to cause extreme fire behavior., There was nothing in the account to indi-
cate unusual fire behavior during the afternoon or early evening of the 10th.
By 7:00 p.m. the type 2-a jet current (curve A, fig. 10) was much deeper, and
the veloclty at the Jet point had increased (this increase probably came in
late afternoon). Rlevations were not given in Brown's report, but the jet
current at T:00 p.m. should have caused considerable trouble in the neighbor-
hood of 4500 feet, the height of the jet point. However, this did not occur,
so it may be that the uncontrolled part of the fire was congiderably higher
than this. The jet point moved up rather rapidly on the night of July 10-11,
At 1:00 a.m. July 11, it had moved up to 600C feet and become somewhat strong-
er than at T:00 p.m. {curve B, fig. 10). Curve C is the estimated profile at
11:00 pum., the time which Brown glves for the First blowup., The estimated
profile over Rapid Clty shows the jet point now at an elevation of 5500 feet.
In figure 1 thls was assumed to be the elevation of the blowup, but it could
have been several hundred feet above or below this point. BSome time between
1:00 a.m. and 7:12 a.m. July 11, the Jet point moved above the highest peaks
in the Black Hills, During this time the surface winde at elevatlions from
5000 to 6500 feet were decreasing, but what 1s more important, they were in-
creasing with height. It is significant that Brown gpeaks of a 1lull in fire
behavior between 2:00 a.m. and 7:00 a.m.

By T7:12 a.m. of the morning of July 11 the original Jet current was
still higher, with the jet point now at 8000 feet above sea level, However,
a new strong Jelt current had formed near the surface with its Jet point at
4000 feet. By 1:00 P.m. the jet point had moved up to about 5200 feet and
was much weaker. There might have been a decrease in the intensity of the
fire near midday, but this is not mentioned in the acecount.

Since Brown's paper gives just the fire behavior highlights, we can
only speculate on some of the details. There were probably both whirlwinds
and long-distance spotting on the night of July 10 and during the day of
July 1l., Some time during the afternoon of July 11 conditions became con-
slderably worse when the wind speed increased at all elevations. The Jjet
point started to drop, and by T7:00 p.m. 1t was at an elevation of about 4300
feet. The worst burning conditions were now between 4000 and 5000 feet, but
were bad all the way up to the highest part of the Black Hills. If the un-
controlled part of the fire was burning at an elevatlon between 4000 and
5000 feet, there should have been considerable spotting on the left flank,
especlally durlng the early part of the afternoon run., During the night the
wind died down at all elevations, and the fire was under control by the morn-
ing of the 12th.

Energy Convarsion, Convection Column Structure, and Wind Speed Profile

It can be shown from a thermodynamic analysis that almost all the
energy of a large fire comes from burning fuel; only a negligible part can
come from an unstable atmosphere. It can be shown, too, that a part of the
energy 1s converted into the kinetic energy of motion as the hot gases ex-
pand and cool in traveling upward. In this respect a large fire is analogous

-to a heat engine, An essential part of this Tire heat engine is the convec-
tion column above the Tire. '
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Figure 13.--Curve AB represents the center of a convection column for whilch the wind
is decreasing with helght. This curve was computed from wind-speed profile C in

figure 1. The dotted curve represents convectlon column center for a atatlonary !
fire. Curve AD represents the center of a convection column which is increasing
with height. This curve was computed from wind-speed profile type li-a in flgure 3.
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For purposes of this study, a hypothetical model of a dynamic con-
vection column was used, Its principal features are assumed to be as
follows:

The convectlon column model has a hot core which extends well into
1ts upper reaches. The temperature of the core decreases rapidly upwards.
Parcels of hot gas do not travel directly up the core, but after travers-
ing the core for a short distance they pass outward, downward, and into the
core again. This process ls repeated over and over. The convection column
thus entrains and re-entrains its own gases. Meanwhlle, they are being di-
luted continuously by mixing with the environmental air, The top of the
convection column 1s a rounded and fairly continuous cap, which may be com-
posed in part of condensed water vapor.

This type of a convection column might be called an active convec-
tion column in that it should produce a low bressure ares over the fire.
To maintain its dynamic properties, this model convection column should
meintain a nearly vertical position. To do this end st the same time keep
moving over & continuing supply of new fuel, the convection column requires
that wind speed decrease with height,

It is possible to reconstruct the general form of a convection column
center 1f the wind speed profile is known and the mean velocity of the updrafts
at any height is known. The slope of a line passing up through the center of
the convection column core is given by the equation

dy _ _u_
dx ~ v-w ,

where u 1s the average updraft velocity in the convection column at helght y,
v is the horizontal wind veloclty at height ¥, and w 1s the rate of spread of
the fire along the horizontal distance x.

The 1llustrative curve AB in figure 13 was constructed from the above
equation by using a constant value of 3000 feet per minute Ffor u, 150 feet
per minute for w and by letting v at different heights y take on the values
of curve C In figure 1. The dotted line represents the position the center
of the convection column would have if the fire were statlionary.

The 1llustrative curve AD was constructed in the same way ag curve AB,
but by letting v at different heights y take on the values of curve type h-a
ln figure 3. The veloclty u and the rate of spread w were the same for curve
AD as for curve AB.

Curve AD, therefore, represents the convection column center when wind
speed increases rather rapidly with height, This would Frobably be an un-
stable type, in which case the column could not be considered active except
in its lower part; the upper parts of the column would contribute little to
lowering the pressure over the fire.




Errata

Page 18, column three, first sentence, substitute 10:00 p.m. for
11:00 p.m.

Page 23, line 12, substitute Colorado Springs for Denver.,

Page 30, fourth sentence, should read: Curve AD represeants the
center of a convection column for which the wind 1s increasing with height.

Addenda - July 1954

Since the first printing of Station Paper No. 35 in April 1954, the
Southeastern Station has received a considerable number of questions and help-
ful suggestions about the problems discussed in the paper. These comments
have brought out poilnts which are worthwhile summarizing to accompany this
second printing,

Owing to the interest in convection columns, a few additional state-
ments concerning them are in order. On blowup fires there are two rather
distinctive types of convection columns, although there can be some grada-
tilon between the two types. Both are asgociated with a Jet current or zone
of decreasing winds for several thousand feet above the fire, If the high-
level winds above this zone are low, the resulting convection column may be
described as "towering." On the other hand, if the high-level winds are
gtrong and increasing in speed, the resulting convection column may be de-
scribed as "fractured." In the East and South the majority of the severe
fires studied thus far appear to have had convection columns of the fractured
type. Possibly the reverse is true in the West., Towering columns sgeem to
be assoclated with wlod speed profile types l-a, 2-a, and possibly 2-b,
each of which has a rather deep zone of decreasing wind speed. Fractured
columns could also occur with these types when the high-level winds increase
rapidly with height. However, they are more closely associated with wind
profile types l-b, 3-a, 3-b, and 3-c, which have shallower zones of decreas-
ing winds but have stronger high-level winds than the preceding wind speed
profile types. There may be some question as to whether convection columns
cen form in the extreme winds of wind profile type 3-c, but there is evidence
that they can.




The towering type of convection column illustrated on page 30 curves
upward throughout the zone of decreasing wind speed and hes a characterigtic
dome-like cap or "mushroom," If water vapor starts to condense in the upper
part of the column, the resulting release of heat may cause the cap to climb
rapidiy to 15,000 feet or more, On the most intense fires, the height of
this molsture-laden cap may exceed 25,000 feet, which 1s comparable with the
heights of the thunderstorm cumulus cloud.

An example of the fractured counvection column is that whilch formed
over the Brasstown fire described on page 15. Like the towering column it
also curves upward throughout the zone of decreasing wind speed. However,
above this zone the wind increases rapldly with helght, which should cause
the convection column to fracture and drop 1ts load of embers. Possibly
the active core of the convection column penetrates 2,000 feet or more into
the zone of Increasing wind before fracture occurs, but this has not yet
been determined. The decreased veloclty of the convection column updrafts
above the fracture, as well as strong horigzontal free air wind speeds, both
combine to meke a pronounced smoke drift at high levels. Thus, the upper
part of the fractured column has a different appearance than that of the
towvering column. Spotting may be severe with either type of column, bub
more ewbers may be dropped with the fractured type.

When there is fire over a large area, extraneous smoke from meny
smoldering places makes 1t rather difficult to recognize the form of the
convection column, especially at close range. Fires which have reached a
size of many thousand acres may have two or more convection columns simul-
taneously.

To some readers the broken line attached to the lower part of wind
profile type l-c on page 11 has been confusing, because 1t was not explained
until page 16, This broken line does not represent a real wind but rather
a virtual or apparent wind to which the slope 1s equivalent. It merely
illustrates one way in which topography can alter the effect of a free wind
profile on fire behavior. It should not bhe confused with the modifying effects
of tovography (as well as surface temperature) on the actual wind speed itself,
guch as upslope winds during sunny days and downslope winds on cloudless
nights.

The last sentence in the next to the last parasgraph on page 16 might
possibly be confusing. In effect, this sentence states that if the jet
point for wind profile types 2-a and 2-b rises to a helght of 2,000 or 3,000
feet above the elevation where a fire might occur, then they are equivalent
to the "safe" type hwa. Therefore, a casual inspection of wind profile types
2-a and 2-b on page 10 might lead to a wrong conclusicn as to these types
because thelr jet points are shown at a helght of about 2,000 feet. However,
this 1is the helght above the pllot balloon station but not above the fire,

To develop and maintain extreme behavior, fires would have to be much closer
to the %evel of the Jet point (see the third paragraph from the bottom of
page 13).
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There have been some questlons about the relation of the wind profille
to the temperature profile of the atmosphere on days when blowup fires occur.
Posslbly the best way to illustrate this relatlon (insofar as it is now under-
gtood) is from actual examples. Of more than a thousand soundings examined
at the National Weather Records Center, those representing the conditions
which existed over Great Falls, Montana, on August'5, 1949, are the most strik-
ing., The temperature profile (not shown) from the 8:00 p.m. radiosonde flight
indicated that during the afternoon the atmosphere had been unstable and tur-
bulent Lo approximately 16,000 feet above sesn level. The temperature would

. have decreased up to this level at the rate of very nearly 5.3C Fahrenhelt per

1,000 feet except for the first few hundred feet where the rate of decrease
should have been slightly greater. Figure 1 shows that the wind speed at
8:00 p.m. decreased at a fairly uniform rate throughout a vertical distance
of 10,000 feet or up to about 16,000 feet above sea level. Hence, in this

. instance, the Jet current had become established to the top of the exception-

ally deep turbulent layer. Flylng conditiong should have been unusually
bumpy for clegr air on this day.

More often the zone of decreasing wind speed extends only part way
through the turbulent layer. Figure 8 shows that the decrease of wind speed
at 4:00 p.m., May 2, 1951, over Hartford, Connecticut, extended to a height
of nearly 3,000 feet, or about one-third of the depth of the turbulent layer
as Indicated by temperature profiles. As another example, figure 9 shows that
the top of the zone of decreasing wind speed at 3:53 p.m., March 30, 1953,
reached a helght of about 3,000 feet above Spartanburg, South Carolina. This
was less than one-half the depth of the turbulent layer which the temperature
profiles from the nearest radiosonde stations indicated was between 6,000 and
7,000 feet deep over the Pledmont Area.

The wind profile, the temperature profile, and the variations in the
pressure field aloft appear to be inter-related in a complex way. Overlooked
when Station Paper No. 35 was prepared 1s a paper entitled "Note on Cbserved
Vertical Wind Shear at Low Levels Over the Ocean" by Donald R. Jones, which
appeared in the November 1953 issue of the Bulletin of the Amerlcan Meteor-
ologlecal Society. This is a timely and significant paper from the standpolnt
of the relation between wind profiles and temperature profiles. It discusses
the decrease of wind speed with height, or "anomalous wind shear" which occurs
during conditions of strong turbulence over the sea.

Although it should be emphasized that most of the effects of the
temperature profile on extreme fire behavior are reflected (and to a con-
siderable extent integrated) in the simpler wind profile, nevertheless the
temperature profile is still an important part of the extreme fire behavior
picture. This may be especially true from the forecaster's standpoint. The
temperature profile may have even greater significance in forecasting work
when more 1s known about the possible delayed effects of an unstable atmos-
phere on the wind profile. ‘
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