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A ANALVS S of the 

Air Force Bomb Range Fire 

by 

Dale D. Wade and Darold E. Ward 

Associate Fi re  Behavior Scientists 

Southern Forest Fi re  Laboratory 

&lacon, Georgia 

INTRODUCTION 

There a r e  few places in the world where wildfire behavior can be 
studied strictly a s  i t  is affected by weather variables, both ambient and 
fire-induced. Eastern North Carolina offers this opportunity. Large, 
homogeneous expanses of highly combustible fuel exist on land that has a 
maximum elevation of 10 ft. (3 m. ) above mean sea level.' Fine fuel 
weights of 15 tonslacre (33.6 M.T./ha. ) a r e  common, and under extreme 
drought conditions these fuel weights may more than double a s  the 
peat soils, characteristic of this region, dry to depths of 1 to 2 ft. 
(0.3 to 0.6 m. ). 

Wildfires occurring in eastern North Carolina frequently become 
dangerously explosive, blowup fires. The 29,3 00-acre (1 1,860-ha. ) Air 
Force Bomb Range F i re  of March 22-26, 1971, was such a fire; it was 
studied by a f ire  documentation team from the Southern Forest Fi re  
Laboratory. The f i re  exhibited several blowup features including high- 
density, short-distance spotting, a well-developed convection column, 
and ra tes  of spread exceeding 2 rn.p.h. (0.9 rn. /sec.)  during a &hour 
period with a maximum of almost 5 m.p.h. (2.2 m. /sec. ) during one 
4-mile (6.4-km. ) run, The f ire traveled 14  miles (22.5 km. ) prior  to 
the passage of a cold front, then changed direction, and ran an additional 
6 miles (9.7 km, ) a s  a post cold-frontal Eire. A record of fire behavior 
was imprinted on the a rea  vegetation in the form of concentric bands of 
unconsumed fuel that outlined the fire during the f i r s t  4 hours after  igni- 
tion. F i re  suppression w a s  hampered by the p w r  trafficability of the 
soils, the heavy fuels, and the rapid rate of f ire  spread. 

';inetric equivalents appear in parentheses,  See Appendix for conversion factors. 



BACKGROUND 

The inaccessibil i ty of pocosins2 contributes to the development of 
tremendously la rge  f i r e s  such a s  the Lake Phelps  F i r e  that burned 
250,000 a c r e s  (301,"t5 ha . )  during March and April  1955 and the Hyde- 
Ty r r e l l  F i r e  that burned 100,000 a c r e s  (40,470 ha, 9 during April  1963. 
Other  blowup f i r e s  have occur red  during the s u m m e r  (Bluff Point Fire-- 
July 1952), fall (Hales Lake Fire--October 1952), wet per iods  (Pungo 
Lake F i r e -  -Apr"i 19593, and drought per iods  (Da re  County Fire--August 
1 9 5 ~ 9 ,  

The a r e a  burned by the A i r  Fo rce  Bomb Range F i r e  contained a 
well-stocked na tura l  stand of 13-year-old pond pine (Pinus se ro t ina  
Michx. > and a dense poeosin m d e r s t o r y ,  both of which developed a f t e r  
the lightning-caused 195'7 Dare County F i r e  that denuded some '75,000 
a c r e s  (30,350 ha. 9.  

D a r e  County i tself  is a sparse ly  populated peninsula comprised p r i -  
ma r i l y  of pocosins and marshland. Most of the a r e a  is managed f o r  fo r -  
e s t  production, A network of drainage canals  and woods roads offers  the 
only interruption in an otherwise  unbroken expanse of fuel. F i r e  can 
travel. in  a t ruly  uninhibited fashion, 

T w o  mi l i t a ry  bomb ranges a r e  located in the hear t  of the county, 
and both have a f i r e  his tory because of the ordnance used, Several  p re -  
suppression m e a s u r e s  a r e  taken to insure  that any f i r e s  s ta r ted  will be 
confined to the target  a r ea s .  A sys tem of roads  and canals  a c t s  a s  a 
fuel b reak  and gives a c c e s s  (fig, 29, Fuel  modification involving herbi- 
c ides  and p re sc r ibed  f i r e  and a suppression force  composed of a heli- 
copter  and s eve ra l  tracked, cross-country vehicles have resul ted in 
direct  control  of 1 3 7  of the 138 f i r e s  that occu r r ed  on the A i r  Fo rce  
Bomb Range f r o m  1965 through 1970. The average a r e a  burned w a s  
0.5 a c r e  (0.2 ha. ).3 The sole  exception, p r i o r  to 1971, was a 3,600- 
a c r e  (1,460-ha. ) f i r e  in  Apri l  1966. 

FIRE DE\%LOPMENT AND CONTROL 

The s tage was a l ready  s e t  f o r  a conflagration on March  22, 19'71. 
During four  of the preceding five days, the dead and cured  fine fuels on 
the A i r  F o r c e  Bomb Range had been subjected to the desiccating effects 
of low humidities,  moderate-to-fresh winds, and full sunshine. The A i r  
Fo rce  Bomb Range F i r e  was ignited by a prac t ice  bomb dropped at 1028 

2 ' in general, pocosins m a y  be d e s c r i b e d  as those  areas, r n c l u d ~ n g  swsmps and bays ,  wi th  
soil.: having 20  p e r c e n t  o r  m o r e  o r g a n i c  mat ter  content, fair to peas in te rna l  drainage, and suppor t -  
ing stsn 3s o i  povtc"pln~. Also, these arcas na-v~- a medium t o  heax-y dens i ty  u n d e r s t o r y  composed  
princlpal1.v of ii:oociv s h r u b s  and r e e d s .  The  pocos ins  cons t i tu te  roughly 2 mrl l lon a c r e s  in c o a s t a l  
X u r t h  Carolina ' (3, p. 3 ) .  See frgtire I f o r  drstr ihut lon of the p r inc ipa l  a r e a s  of o r g a n i c  soil. in 
e a s r e r n  'ZY'orth Carolrna.  

3 ~ r e ~ n ,  f i .  J. Noten, ilane, and Plotkin, H. 5. illr Force BoII-,: Range Fire. 17 pp. 197 1. 
(Xl;rneogr. rep. of  ti:^ Roard I+\-. , 3. C. For ,  S e r v . ,  Dep. Conser:~. Iliev, 1 



Figu re  1. --Principal  a r e a s  of o r -  
ganic soi l  in eas te rn  North Car -  
olina. The Ai r  F o r c e  B o m b  
Range F i r e  and nearby weather 
stations a r e  shown. [Soil map 
adapted f rom We n d e 1, Storey, 
and Byram (12) . ]  - 

Figure 2.  --The system of roads and 
canals used fo r  access  and f i r e  con- 
t ro l  a t  the Dare County Air  Fo rce  
Bomb Range. F i r e  origin is marked 
by an "x . "  

e.s . t ,  and immedia te ly  b e c a m e  dominated by s u r f a c e  winds blowing a t  
20 m.p.h. ( 9  m . / s e c .  ). The  f i r e  was  beyond con t ro l  before  the standby 
c r e w  s ta t ioned on the range  reached  it.  

The  f i r e  crowned through m o r e  than 15,000 a c r e s  (6,070 ha. ) of 
pond pine dur ing the next 20 h o u r s  and eventual ly  burned 29,300 a c r e s  
(1 1,860 ha. ) of t i m b e r  and nonfores ted  wa te r shed  (fig. 3) .  The in i t ia l  
14-mile  (22.5-km. ) r u n  f r o m  the A i r  F o r c e  Bomb Range nor theas t  to 
Croa tan  Sound produced a na r row,  elongated shape  typical  of f i r e s  pushed 
b y  high winds. Ra te  of s p r e a d  averaged  o v e r  2 m.p.h. (0.9 m . / s e c .  ) f o r  
4 h o u r s  and n e a r l y  r e a c h e d  5 m.p.h. (2.2 m . / s e c ,  ) dur ing a l -hour  
per iod.  The  f lanks  r e m a i n e d  act ive  throughout the night of the 22nd unti l  
a cold  f ront  p a s s e d  o v e r  the a r e a  be fo re  dawn on the 23rd. The resu l t ing  
shi f t  in wind d i rec t ion  f r o m  southwest  to n o r t h  c r e a t e d  two heads  f r o m  
the  southeas t  flank, one of which was  pushed rap id ly  toward the town of 
Stumpy Point. 

T h i s  sequence of even t s  is typical  of blowup f i r e s  in the South. 
T h e y  m u s t  be  contained within a compara t ive ly  s h o r t  t ime  a f t e r  ignition 
o r  suppress ion  e f fo r t s  become ineffectual. The  f i r e  will then r e m a i n  un- 
control lable  unt i l  e i t h e r  fuel  o r  w e a t h e r  condit ions amel io ra te ,  with a 
r e su l t an t  d e c r e a s e  in  f i r e  intensity.  In the c a s e  of the A i r  F o r c e  Bomb 
Range F i r e ,  i t  was  a change in fuel  condit ions that ini t ial ly checked f i r e  
s p r e a d ,  One head l o s t  i t s  momentum i n  a wet, m a r s h y  a r e a  about 100 



Figure  3 .  --Photo mosaic of tho burned a r e a .  Outer sol id  l ine  shows final  p e r i m e t e r  of 
f i r e .  Inner  l ines  show f i r e  p e r i m e t e r  at va r ious  t imes .  The f i r e  was  control led  on 

. M a r c h  26, 1911, at 29,300 a c r e s  (1 1,860 ha,  ). 



y a r d s  (90 m , )  north of Stumpy Point. The other  a l so  encountered wet 
conditions and was dissipated. Some f lareups occur red  along the north- 
wes t  flank Tuesday and Wednesday, but, in general ,  the f i re  remained 
quiet  until Fr iday,  &4arch 26, when a general  ra in  occur red ,  

Even a f t e r  the f i r e  calmed d o f ~ n  on Tuesday- morning, the control 
f o r ce  could not take full  advantage of the situation. Because the wate r  
table was n e a r  the surface,  the organic so i l s  would not support  t rac tor -  
plow units, and l ine building became an exceedingly difficult task,  
Lightweight, full-tracked, off-road vehicles such a s  ~ o d w e l l s '  equipped 
with portable pumps were  used to t rample down the brush  along the f i r e  
per imete r .  Then wa te r  was used to extinguish the active f i r e  edge. At 
points where the vehicles did not proceed direct ly  along the f i r e  perirn- 
e t e r ,  their  path of crushed brush  was used a s  a baseline f rom which 
burning-out operat ions  were  initiated, 

F i r e  development, behavior, and control, together with information 
on  fuel and weather  conditions between March  22 and March  26, a r e  surn- 
mar i zed  in table 1. 

FUELS 

Pond pine, a fire-adapted species, '  was the dominant overs tory  
t r e e  on the burn, averaging 1,250 s t e m s  / a c r e  (3,100/ha. ). About 64 per- 
cent  of the fores ted  a r e a  was covered with well-stocked, 13-year-old 
pond pine that came in a f te r  the 1957 burn (fig. 4).  Another 13 percent  
contained poorly o r  medium-stocked, 13 -year-old pond pine. The r e -  
mainder  was comprised of reproduction f rom the 1966 burn and o lder  
t r e e s  that survived the 1957 burn. In addition, 5,000 a c r e s  (2,025 ha . )  
of mar sh ,  5,000 a c r e s  (2,025 ha. ) of low, open pocosin, and 1,200 a c r e s  
(490 ha. ) planted to spec ies  other  than pond pine a l so  burned, 

The 13-year-old pond pine averaged 16 ft. (4.9 rn. ) in height and 
2.9 inches (7.4 em.  ) d.b.h. I ts  principal assoc ia tes  were  redbay ( P e r s e a  
borbonia (L. ) Spreng. ) and sweetbay (Magnolia v i rg in ima (L. )), which, 
together, averaged 13 ft. (4.0 rn. ) in height, 1.6 inches (4.1 cm.  ) d.b.h., 
and 220 s t e m s l a c r e  (5501ha. ). 

Species composition of the unders tory was variable,  Wendel e t  al .  
( 1 2 )  categorized poeosin fuels into 16 broad types on the bas i s  of spec ies  
composition of the understory,  density, height, and age of rough. At 
l e a s t  five of the tgppes occur red  on the burn area (table 2). The weight of 
fuel  samples  taken of types R-14, RB-10, and P-14 in the vicinity of the 
burn compared favorably with those given by Wendel e t  a l ,  (12). - 

'%lention of trade names throughout t h i s  Paper does n o t  constitute e n d o r s ~ m e n t  by the  !'. S. 
Department of Agriculture. 

"Among the f i x  adaptallons of pond plne are r ts  ability to produce viable seed at an 6larl-y 
age, r t s  serotrnous CORF"S, and ~ t s  ahl'lrty to sprout from both the  root collar and the bole following 
defo l i a t ion  b y  fire. 



Table 1. --Tile Atr  Fo rce  Romh Range F t r e  17evclopment, h e h a v ~ a r ,  control, fuels, and weatlier between March 22 and 26, 1971 

1028-1100 -. 
1028 F t r e  ignlted in tlead b r u ~ l r  and cured g r a s s  by practree iromb. [pire sszr  8 a c r e s  (7 ha. ) 
1043 Bomb range closed. Fuels  Type1 --GB-7 - 
1047 Two cross-country vehiclcs mannetl by 5 me11 and eijuippeil wlth portable Eclght--6.2 tons j a r r e  ( 1 3  9 M.T./ha.) 

pilnlps a r r lve  at f ~ r e .  Vi eather  at 1100 
1100 F ~ r e  c r o s s e s  ('enter Roaii. %+tnd--W20, @s t  30 r1i.p.h. (U9, q,ri15t I ?  m . / s e c . )  

Temp. --70' F. (21' C .  ), ItTI--34 percent 

MONI>AY, M A R C H  22, 1971 
-- ---- 

Ipire b c h a v ~ o r  
Rate of spread--0.4 n1.p.h. (0.5 krn.jhr.1 
1ntrnsity3--875 I3.t,u./ft./sec. (6,0"7 cal . /crn. /  3er. ) 
Total ~ntensity'--0.07 x l o7  ~ . t . u . / % c .  (7.6 X l o7  en l . i s ec .  ) 

B~irniarg perrod (e.q.t. ) Ft re  s ta tus  and cantral  actlvltlcs 

I 101-1226 -.--..- 
1130-1150 Two tractor-plow unlts a r r ive  along Center  Road and attack Flanks. I'xre s l r e  155 a c r e s  (63 h a . )  

North flanl: soon ibecomes too hot f a r  cisrect attack. Fuels Type1 --GB-7 
1215 Crew s t a r t s  suppression f t r e  along P e r ~ m e t e r  Road. A t r  obse rve r  Weight--6.2 tons / ac re  (13.3 ~ . T . / h a .  

a r r i v e s  o v r r  h r c .  meather  at 1200 
1226 F ~ r e  c r o s s e s  Per l rneter  Road and b e g ~ n s  crownmi?; through young Wind--f&SWZO, gust 70 n1.p.h. (TGS'VC9, guiust 18 rn. /see.  ) 

pond plne. Temp. - -? lo  f .  (22" C.  1, RH--28 percent 
F l r e  behavior 

Rate of spread--0.5 rn.p.h. (0.8 krn ,  / h r ,  ) 
1ntenslty3--1,042 I l . t .u . / f t . / s r r .  (8,606 cal . /crn. /sec.  ) 
Total intensity3--0.18 X l o7  tl.t.u./.;ec. (45.4 x 10' cal . /sec.  ) 

Fire stze,  fuel, u c ? t t ~ c r ,  cin(l f t r c  behnvlor 

1227-141") 
1230 Formation of an l n t e r ~ n ~ t t e n t  convection column heglns. 
1245 Two Snow a n t a n k e r s  a r r l v e  and hegln dropplng retardant  along 

the north flank. Retardant appllcatlon dlseontinued because 
tneffecttve, and retardant  plane.; placed In a hold pat tern to 
be used for emergency drops. 

1479 Suppresslan frrtng crew repor t s  f rom Jackson Road that f ~ r e  
has  crossetf Road. 

F i r e  s ize  2,094 a c r e s  (847 ha. 
Fuels  Type1 --RB-10, R-14, G13-7 

Welsht--11.6 tons l ac re  (25.9 hl.T.lha. ) 
Weather at 1200 

Wind--SW15, gust 20 m.p.h. (STV7, gust 9 m. / sec .  ) 
Temp. --72' I". (22" C. 1, Ill%--2'7 perrent  

F t r e  hehamor 
Rate of spread--1.8 m.p.h. (2.9 krn. /hr . )  
Intensity3--7,006 F.:.t.1i./ft./8ee. (57,870 ca l . / c rn . / s r e .  ) 
Total intens1ty~--2.81 x lo7 R . ~ . E I . / s P ~ .  (708 X c a l . / s e c . )  

1440-15'37 
1440 F ~ r e  contlnut%s to crown through 13-year-old pond plna. P'lre s17e 2,975 a c r e s  (1,204 ha . )  
1 500 F ~ r e  c r o s s e s  wet a r e a  between Jackson and Navy Shell Roads. I 'uels Type' --F-14, RT3-10, R-14, GB-7 
1577 Suppression f l r lng crew repor t s  f rom Navy Shell Road that 

- 
Ueight--10.8 tons / ac r r  (24.3 iVI.T./ha. ) 

f l r e  has  c ros sed  Road. Weather at 1500 ' 
Wind--SW15, gust 20 m.p h .  1SW7, gust Ci w . / s e c .  ) 
Temp. --71' f .  (22" C .  ), RF-I--25 percent  

F i r e  behavior 
Rate of spread--0.8 m p.h. (1.3 km. /h r .  
Intensity3--2,918 R.t.u./ft. / s ee .  (24,102 cal. /crn./see.) 
Total intensity3--2.74 x l o7  B . t . u . / ~ e c .  (690 x lo7 ca l . / s ec .  ) 

'F'uc.1 types a r e  lrsled in the table by descending amounts of acreage.  GR-7 = grass--low brush,  RR-10 - medium reedq--brush, R-14 = very high reeds,  P-14 = high 
porosln, P-5 = low pacos~n--open. 

aOn-slte reatling. 
3i[nt~nsi t> 1s drfined a s  the r a t e  of energy r e l ease  per foot of f l r e  front. Total ~n tens l ty  1s tleflned a s  the total energy released p e r  second by the flue durtng a given 

trme perlod. 
4 ~ e a l h e r  pa rame te r s  estlrnated f rom rt*adings a t  nearby weather stations. 
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Figure 4. --Understory fuels and t imber  types on the burned a rea .  [ ~ n d e r s t o r ~  map 
adapted f rom Wendel e t  al. (12). Overs tory  map adapted from: Wonnold, Clark D. 
Damage appraisal ,  Westvaco Corporation lands, Dare County, North Carolina. 
2'7 pp. 1971. (Appraisal rep . ,  Appraisal  contract DACA2 1-71-C-0071.)] 
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Most poeosin shrubs a r e  evergreen; their foliage and stems reach 
a minimum annual moisture content between 70 and 100 percent irnmedi- 
ately prior  to the initiation of new growth, which usually takes place in 
early April (2) .  The flammability of pocosin understory fuels was aptly 
summed up by Blackmarr and Flanner (2,  p. 1 ), who stated that they 
form ". . . a dense, relatively homogeneous mixture of finely divided 
fuel particles suspended just above the litter." One of the striking fea- 
tures of the area  was the large amount of needle drape providing vertical 
continuity of the fine fuel to the top of the overstory. 

Fuels on the Air Force Bomb Range target area  were classed as  
type GB-7 (grass--low brush) and weighed about 6 tons/acre (13.9 
M . ~ . / h a . ) .  No overstory was present. Both NE and NW quadrants of 
the target a rea  had been sprayed with herbicides during the summer of 
1969. A prescribed burn was conducted on the a rea  during the following 
winter, but the f ire was of very low intensity and did not cover much of 
the area.  Thus, most of the desiccated shrubs on these quadrants were 
still standing. Grass  on the a rea  was also very flammable because it 
was still  in the cured stage. 

Weather parameters for  Dare County during March 1971 showed 
wide fluctuations. This i s  a typical situation and i s  due, in part, to the 
frequent passage of cold fronts over the a rea  during this time of the year. 

Precipitation was above the 30-year norm f o r  March, and temper- 
atures were a few degrees below the 30-year mean.' Four cold fronts 

'Data taken from char ts  compiled by Environmental Data Service, NOAA, and published in  
Neatherwise 2"rl-31, 1371. 



moved across the area  between March 7 and 25, but only 0.5 inch (1.3 em.) 
of the 4.74 inches (12 em. ) of total rainfall during March at Elizabeth 
City--about 30 miles (48 km. ) northwest of the f ire site--fell during this 
period. The Drought Index ( 7 )  climbed from 0 in early March to 56 on the 
2 5th, before again returningto 0 on the 29th. The Buildup Index (9) - also 
reached its March maximum of 30 on the 25th. 

A cold front moved rapidly across  Dare County on March 19, bring- 
ing cold, dry a i r  with it. Relative humidities, which were already low, 
continued to decline and remained below 60 percent for the next 72 hours, 
with daytime minima near 25 percent. Temperatures increased on the 
22nd, reaching 70" F. (21" C . )  on the bomb range by 1100 e.s.t. 

The low relative humidities, high temperatures, and daytime wind- 
speeds of 15 to 20 m.p.h. ( 7  to 9 m. /sec . )  all  combined to create excel- 
lent drying conditions. On the day the f ire began, the Buildup Index was 
28, the Spread Index (9 )  was 36, and the Drought Index was 54. Periodic 
estimates of tempera?;res, relative humidities (RH), and wind veloc- 
i t ies  between March 22  and 26 a r e  given in table 1. 

Upper-air windspeed profiles at dawn and dusk on March 2 2  at 
Cape Hatteras--about 30 miles (48 km. ) southeast of the f ire site--both 
showed low-level windspeed maxima with decreasing windspeeds aloft 
f o r  the next several thousand feet (900 to 1,200 m. ) (fig. 5). These 
soundings were both classified according to Byram (3) a s  type 2-be 
They were considered adverse from the standpoint of f i r e  control because 
of the decrease in windspeed above the low-level maxima and the prox- 
imity of the maxima to the surface. 

The data on temperature and relative humidity from the sounding 
taken at Cape Hatteras at 06 15 e.s.t. a re  plotted in figure 6. If surface 
a i r  on the bomb range at 1100 e.s.t. was displaced vertically, i t  would 
cool at the dry adiabatic lapse rate and r i se  to an altitude of about 7,400 
ft. (2,200 m. ) before coming to equilibrium with the surrounding air .  The 
surface temperature of 70" F. (21" C.) at 1100 e.s.t. is marked by Point A 
on figure 6, and the line through this point depicts the temperature pro- 
file that would exist. The evening temperature profile (not shown) indi- 
cates that the afternoon mixing depth extended to nearly 9,000 ft. 
(2,740 m. ). 

Gusty surface winds were reported at the bomb range during the 
day, and pilots in the a rea  experienced very bumpy flying--two strong 
indicators that vertical mixing was occurring in a layer near the ground. 
Because the atmospheric moisture represented by the tracing for  relative 
humidity in figure 6 decreased rapidly through the f irst  2,600 ft. (800 m e )  
above the surface, vertical mixing would result in lower relative humid- 
ities near the surface. The sounding taken at Cape Hatteras at 1815 e.s.t. 
showed uniform relative humidities near 38 percent from 1,200 to 6,600 ft. 
(400 to 2,000 m. ). This value is close to the average value of 36 percent 
fo r  the 0615 sounding, indicating that vertical mixing in this layer did in- 
deed occur during the day. 
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Figure  5. - -Upper-a i r  windspeed 
p ro f i l e s  at, dawn and dusk of 
TLiIarcb 22, 1971, a t  Gape Ea t -  
t e r a s ,  iq-ind di rect ion is indi- 
ca ted by az imuth  readings .  
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F i g u r e  6. - - U p p e r - a i r  
s o u n d i n g  t a k e n  at 
C a p e  E a t t e r a s  on 
M a r c h  22, 1971, a t  
0615 e.s.t. P o i n t  A 
indicates  the s u r f a c e  
t e m p e r a t u r e  of 70" F. 
a t  1100 e , s , t . ,  and the 
l ine through th i s  point 
depic ts  the ternpera-  
t u r e  prof i le  that  would 
exis t  i f  t h e  s u r f a c e  
a i r  w a s  d i s p l a c e d  
ver t ica l ly .  

TEMPERATURE l°F)  

Surface winds backed f r o m  west to southwest during the day in r e -  
sponse to changes in the sur face  p r e s s u r e  field associated with an ap- 
proaching cold-frontal system.  With the passage  of the cold f ront  a t  
0400 on the 23rd ,  the winds shifted to the north  and drove the exposed 
flank of the f i r e  south a s  a head f i re .  Scat tered showers  occur red  ahead 
of the front, but rainfall  was es t imated to be l e s s  than 0.05 inch (0.1 em.) 
and had l i t t le  effect  on the f i re .  

Winds remained  nor ther ly  until the next cold f ron t  a r r i ved  ove r  the 
f i r e  3 days la te r .  This  f rontal  sys tem dumped over  1 inch (2.5 cm. ) of 
ra in  and snow on the a r ea ,  f inally allowing f i r e  control. 



FIRE BEHAVIOR 

F i r e  intensity (I) is defined a s  the r a t e  of energy re lease  p e r  unit 
length of f i r e  front. This r a t e  depends upon such things as how fast  the 
f i r e  moves into new fuel, how much of the total fuel burns,  how much 
energy  is re leased  when the fuel burns,  and how fast  the fuel i s  
consumed (4).7 - 

According to Wendel e t  a l .  (12), virtually a l l  pocosin unders tory 
fuels  a r e  under  1 inch (2.5 cm. ) i n d i a m e t e r .  Field experience and lab- 
o r a to ry  t e s t s  indicate that mos t  fuels under  1 inch (2.5 cm. ) in diameter  
will be consumed within 4 minutes. Because of the shor t  burnout time, 
all available fuel energy (heat yield) was considered re leased  into the 
convection column. The amount of energy s to red  in pocosin fuels av- 
e r a g e s  about 8,500 ~ . t . u . / l b .  (4,725 cal. /g.)  of fuel. An average mois-  
tu re  content of 70 percent  was assumed f o r  the fuel complex. The heat 
needed to vaporize the water  in the fuel, the heat los t  because of radi-  
ation, and the energy not f reed  because of incomplete combustion were  
all subtracted,  resul t ing in an  approximate heat yield of 5,000 ~ . t . u . / l b .  
(2,780 cal./g. ) of fuel consumed. 

Calculated f i r e  intensit ies p e r  foot (cm. ) of f i r e  front, a s  well a s  
r a t e s  of spread,  fuel weights, and total f i r e  intensit ies can be found in. 
table 1. Rate of fuel consumption in tons / sec .  can be derived f o r  each 
t ime period by multiplying total f i r e  intensity in B. t.u. / sec .  by 
Areas  of ma jo r  fuel  types burned a r e  l i s ted  by t ime period in table 3 ,  
These a r e a s  were  used to calculate the average  values f o r  f i r e  behavior 
during each  t ime period given in  table 1. 

While the f i r e  was s t i l l  on the ta rge t  a r ea ,  computed f i r e  intensity 
surpassed  the 1,000 B.t.u./sec. /ft. (8,260 cal.  / sec . /cm. )  value Byram ( 4 )  
suggested a s  a maximum fo r  the major i ty  of wildfires.  The a i r  obse rve r  
es t imated the smoke plume to be 5,000 ft. (1,525 m .  ) high and building 
rapidly when the f i r e  c ro s sed  P e r i m e t e r  m a d .  Short-distance spotting 
was a l ready  occurring. 

Upon enter ing the 4-year-old pine reproduction a c r o s s  P e r i m e t e r  
Road, the f i r e  moved into the t r e e  crowns. About 1,000 a c r e s  (405 ha. ) 
of this dense,  6- to 8-ft.- tal l  (1.8- to 2.4-m. ) reproduction were burned. 
The crown f i r e  then continued toward Jackson Road through 1,350 a c r e s  
(545 ha, ) of o lde r  pond pine that had survived the 1957 f i re ;  these pines 
were  intermixed with 650 a c r e s  (260 ha. ) of 13-year-old pond pine. Un- 
de r s to ry  fuel type R-14 (ve ry  high r eeds )  was associated with the m e r -  
chantable pond pine, and type RB-10 (medium reeds--brush)  was a s -  
sociated with the remainder .  Computed f i r e  intensit ies ranged f rom 
6,000 ~ . t . u . / s e c . / f t .  (49,560 ca l . / s ec . / cm. )  in fuel  type RB-10 to 

71 = Wwr 
w h e r e  : I = fire intensity, B.t,u.lsec./Et. (eal./sec./ern. f 

H = heat yield, E3.t-u. / l b ,  (cal. /g. ) 
w = weight of available fuel, lb. /ft.2 (g./crn.2) 
r = rate of fire spread, ft./sec. (em. /see. f .  
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8,750 B.t.u./sec. /f t .  (72,275 cal . /sec . /cm.  ) in type R- 14. We believe 
spotting increased  i n  both intensity and distance until i t  began to exer t  
a ma jo r  influence on f i r e  behavior and produced pulsations in the r a t e  of 
energy  r e l ea se  as the spot f i r e s  burned together,  (This  theory i s  dis-  
cussed  in depth in the section on pa t te rns  of fuel consumption. ) The av- 
e r a g e  r a t e  of fuel consumption jumped f rom 0.18 ton/sec.  (0.16 ~ . ~ . / s e c . )  
to 2.8 tons / see .  (2.5 ~ , ~ . / s e c , )  a s  the f i r e  burned toward Jackson Road. 

The f i r e  c ro s sed  Jackson Road a t  1439 and moved into unders tory 
type P-14 (high pocosinf beneath a well-stocked stand of 13-year-old 
pond pine, Th i s  fuel type had the second highest blowup potential of any 
unders tory type on the burned a r e a  (table 2). However, the f i r e  en- 
countered a band of m o r e  mes i c  conditions between Jaekson Road and 
Navy Shell Road, resul t ing in  a dec rea se  in  f i r e  intensity and a slight 
reduction in the average  r a t e  of fuel consumption to 2 . 7 t o n s  / sec.  
(2.4 M . T . / s ~ c .  ). Only active flanking on the north  s ide of the f i r e  p re -  
vented a fu r the r  decrease  in the r a t e  during this period, 

The f i r e  left  this mes i c  a r e a  and r a n  into a much heavier  quantity 
of fuel a s  i t  c ro s sed  Navy Shell ]Road. When the 1957 f i r e  was burning in 
this  s ame  a r e a ,  i t  w a s  extinguished by showers  southwest of Navy Shell 
Road, but no ra in  occur red  northeast  of the Road. Thus, the organic 
so i l  was consumed to depths of 1 ft. (0.3 m.) o r  more ,  creat ing an excel- 
lent  seedbed northeast  of the road. Southwest of the road, many of the 
existing pond pine rootstocks survived and sprouted, a l so  creat ing a 
well-stocked stand, but i t  was l e s s  than one-half the density of the one 
northeast  of the road. The unders tory was type P-14 (high pocosin) on 
both s ides  of Navy Shell Road, but i t  was noticeably m o r e  vigorous on 
the northeast  side.  

As  the A i r  Fo rce  Bomb Range F i r e  c ro s sed  Navy Shell Road, the 
southwesterly su r f ace  winds pushed the exposed north  flank into the 
heavier  fuels. Thus, total f i r e  intensity increased  because of the g r ea t e r  
amount of available fuel. p e r  unit a r e a  and the l a r g e r  a r e a  of f i r e  front. 
The convection column was rapidly pushed higher, and fuels  such a s  pine 
cones  and dead branches that had been acting a s  f i rebrands  were ejected 
f r o m  the column a t  such heights that mos t  of them burned out before 
landing. 

Spotting density and pa t te rns  were  difficult to observe because of 
the heavy smoke ahead of the f i re .  The a i r  o b s e r v e r s  did repor t  a 
multitude of f i rebrands  in the convection column and a number  of spot 
f i r e s ,  but all were  within one-half mi le  (0.8 km, ) of the head, This  
spotting was par t ia l ly  responsible f o r  the f i r e  traveling the 4$ mi l e s  
(7.2 km.) to U. S, Highway 264 in l e s s  than b hour,  Nei ther  ground n o r  
a e r i a l  obse rve r s  noted m y  f i r e  whir ls  on the f i r e ,  

An average  intensity of ove r  18,000 ~ . t . u . / s e c . / f t .  (1.49 X 10 cal. / 
s e c . / c m . )  of f i re l ine  and a total energy  r e l ea se  r a t e  of 1.144 x l o8  
B.t.u./sec. (2.883 X 10 ca l . / sec .  ) were  calculated f o r  this t ime 



~ e r i o d . 8  The r a t e  of fuel  consumption reached  11.4 tons/sec .  (10.3 
~ . ~ . / s e c . ) ,  i t s  max imum value, and the f i r e  m o r e  than doubled in s i z e  
during th is  hour.  The convection column extended to about 15,000 f t ,  
(4,570 m .  ), where  i t  was  topped with a c h a r a c t e r i s t i c  cap  cloud. 

After  c r o s s i n g  Highway 264 a t  about 1635, the f i r e  continued i t s  
run nor theas t ,  reaching Croa tan  Sound l a t e r  that evening. The southwest  
winds driving the f i r e  did not d iminish  that evening, and the f i r e  f lanked 
and crowned through m o r e  than 10,000 a c r e s  of pond pine, plantat ions of 
o t h e r  coniferous  species ,  and low, open pocosin during the night. 

The cold f ron t  f inally p a s s e d  o v e r  the f i r e  a r e a  about 0400 e,s . t . ,  
and the winds shifted to the nor th  a t  10 to 15 m.p.h. ( 4  to 7 m. /sec . ) .  
Roughly 6 m i l e s  (9.7 km. ) of flank became a head f i r e .  Two main  heads  
fo rmed  and r a n  p a r a l l e l  to e a c h  o t h e r ,  s e p a r a t e d  by Highway 264 which 
a l s o  r u n s  in a north-south direction.  The  head e a s t  of IIighway 264 
tapered into a n a r r o w  prong and eventually stopped within 100 y a r d s  
(90 m.)  of the town of Stumpy Point. The fuel  type changed f r o m  high 
pocosin under  a pond pine o v e r s t o r y  to a low pocosin with s c a t t e r e d  
pond pine about 2 m i l e s  (3.2 km.) n o r t h  of  Stumpy Point ,  and the a r e a  be- 
c a m e  p r o g r e s s i v e l y  we t t e r  unti l  combustion could no longer  be  sus ta ined.  

The o t h e r  head was  bounded on the west  by the band of v e r y  wet 
t e r r a i n  that had slowed the f i r e  the preceding afternoon and on the e a s t  
by Highway 264. Intensity was  ca lcula ted  to be 4,427 ~ . t . u . / s e c . / f t .  
(36,567 ca l . / sec .  / cm.  ) of f i re l ine ,  and  r a t e  of fuel  consumption was  8.7 
tons / sec .  (7.9 M.T. / s e c .  ). This  head a l s o  r a n  into an  open, m a r s h y  
a r e a  the morn ing  of the 23rd--bringing the per iod of m a j o r  f i r e  s p r e a d  
to a finish. 

CONVECTION NUMBERS 

High t e m p e r a t u r e s  of the g a s e s  in and just  above the f l a m e s  make  
these  g a s e s  l i g h t e r  than the surrounding a i r .  Because  of t h e i r  buoyancy, 
these  g a s e s  rise and en t ra in  cool a i r ,  which r e a c t s  with vapor ized fuel  
to f o r m  addit ional  cornbustion products ,  Thus,  buoyancy is the driving 
f o r c e  through which t h e r m a l  e n e r g y  of the f i r e  is conver ted  to kinetic 
e n e r g y  of motion in the convection column. 

B y r a m  (4) h a s  developed a theory f o r  predic t ing the behavior  of 
blowup f i r e s  o n  the b a s i s  of the r a t i o  of the r a t e  of convers ion  of t h e r m a l  
e n e r g y  into kinetic e n e r g y  in  the s m o k e  plume to the r a t e  of flow of 

 or comparison, the Sundance Fire ,  which burned over  50,000 a c r e s  (20,230 ha .  in  
northern Idaho in 9 hours, had a maximum calculated intensity of 22,500 B.t.u./sec.lft. (1.86 X l o 5  
cal.!sec. /em.  ) (I). 



kinetic energy in the wind field. This  ra t io  is called the convection num- 
b e r  and is depicted by the symbol N ~ . '  

When Nc is g r e a t e r  than unity f o r  a considerable height above the 
f i re ,  the r a t e  of energy conversion in  the convection column s u r p a s s e s  
the energy flow in the wind field. The f i r e  will change f r o m  a forced 
convection sy s t em to a f r e e  convection sys tem and may  exhibit violent, 
unpredictable behavior.  When the ra t io  fa l ls  well below unity, a smoke 
plume r a t h e r  than a convection column ex is t s  and the energy flow in the 
wind field will dictate f i re  behavior. Analysis of numerous ca se  h i s to r ies  
of wildfires ha s  led Byram ( 4 )  - to  the following observations:  

1. Nc is usually g r e a t e r  than unity f o r  a ver t ical  distance of a t  
l e a s t  1,000 ft. (300 m.  ) before a blowup f i r e  can occur .  

2. The condition mos t  favorable to the sudden growth of the 
convection column occu r s  when Nc is g r e a t e r  than unity 
high above the f i re .  This  condition is usually associa ted 
with a low-level windspeed maximum within 1,500 ft. (450 m. )  
of the sur face .  

3 .  E r r a t i c  f i r e  behavior may  occu r  in the transit ion zone a s  
We approaches  unity. 

4. The ver t i ca l  s t ruc ture  of the colurnn is determined by the 
values of Nc r a t h e r  than by the actual  f i r e  intensity and 
windspeed. 

Several  underlying assumptions  rnust be made when using the con- 
vection number  concept. The a tmosphere  should be neutra l ly  stable,  
long-distance spotting should not affect  r a t e  of spread,  re leased  fuel 
energy should flow into a single convection column, and adequate data 
on fuels,  weather ,  and f i r e  behavior  mus t  be available.  The absence of 
data concerning the ver t ical  wind prof i le  during the f i r e ' s  run on Monday 
afternoon is the only ma jo r  problem in  using the Nc ra t io  on the A i r  
Fo rce  Bomb Range F i r e .  Using morning and evening soundings f rom 
off-si te s ta t ions  to obtain r e su l t s  represen ta t ive  of afternoon conditions 
involves s eve ra l  r i sk s .  Recognizing the shor tcomings of this procedure ,  
we per formed  a straight-l ine interpolation of the dawn and dusk sound- 
ings  on March 2 2  a t  Gape Hat te ras  to obtain a noontime windspeed profile.  

@?IC = 
where: 

where Pf = I/Cp(To + 459) and P, = p(v-r)3 / z g  
convection number 
rate at which the buoyant gases of the convection column do work at any height 
Z as  they ascend above the fire, f t , - l b . /~ec . / f t , ~  (kg.-m./sec./m.2 ) 
rate of flow of kinetic energy in the wind field at height Z above the fire, ft.-lb./ 
sec./ft.:! (kg.-m./sec. /m.2 ) 
f i re  intensity, ~ . t . u . / s ec . / f t .  (eal./sec./cm.) 
specific heat of a i r  at constant pressure, ~ . t .u . / lb .  /OF'. (cal. /kg./"G. ) 
free-air temperature at the elevation of the fire, O F .  ("G. ) 
density of a i r  at height 5, lb.jft.3 (kg./rn.s 
windspeed at height Z ,  ft. /set. (m. /see. ) 
forward rate of spread of the fire, ft./sec. (m./sec. f 
gravitational acceleration, ft. /sec./sec. (m./sec./ sec. 1. 
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Figure 10. --Fire phenomena associated at various times with 
the formation of bands of unconsumed tree crowns as the f i re  
progressed from Perimeter Road to Navy Shell Road. (See 
the  text, page 23,  for explanation of t h e  drawings.  ) 

T IME:  1345 



Values of Nc a t  four  t ime intervals  on Monday afternoon were com- 
puted f rom the interpolated data on the wind profile (fig. 7). Actual Nc 
values  fluctuated widely f rom the plotted averages  because of pulsations 
in the r a t e  of energy re lease .  The t imes  indicated in figure 7 a r e  the ap- 
proximate  midpoints of the selected burning per iods  indicated in table 1. 
Reference to figure 7 and table 1 shows that the r i s e  in sur face  Nc values 
paral le led the rise in f i r e  intensity. Interpretation of figure 7 in con- 
junction with table 1 suggests  the f i r e  blew up when the & ra t io  increased 
to n e a r  unity. At 1610, Nc was g r e a t e r  than unity throughout an 8,000-ft. 
(2,400-m. ) l aye r  ove r  the f i r e  except a t  the low-level wind maximum. 
The  f i r e  had become 3-dimensional, a s  evidenced by the well-formed 
convection column that extended to about 15,000 ft. (4,500 m. ) and a fuel 
consumption r a t e  that exceeded 11 tons l sec .  (10 ~ . ~ . / s e c .  ). 

Figure  7. --Average Nc values at 
various heights and at  four  t ime 
intervals on Monday afternoon, 
March 22,  1971. T imes  indi- 
cated a r e  the midpoints of s e -  
lected per iods f rom table 1. 

ELEVATION (THOUSANDS OF F E E T )  

PATTERNS O F  F U E L  CONSUMPTION 

Fifty-ft.-wide (1 5-m. ) bands of unconsumed t r ee  crowns were  
formed about 1 hour apar t .  These  a r e  c lea r ly  shown in f igure  3. The 
shape, spacing, and orientation of these bands a r e  re la ted to the f i r e ' s  
behavior, which, in turn, is a function of fuel, weather,  and topographic 



variables. The Exotic Dancer Fire" and the A i r  Force Bomb Range 
F i r e  a r e  two f i res  in which consumption patterns were preserved in po- 
cosin fuels (figures 3 and 8). Both f i res  were noted to burn cyclically. 
Surges in f ire  intensity were accompanied by changes in the physical 
appearance of the convection columns. The columns alternately leaned 
over and then stood more erect.  Smoke color also alternated between 
yellow when the columns were tilted to black when they straightened. 

Figure 8. --Fuel pat terns  p reserved  on the Exotic Dancer F i re ,  which 
burned 2,000 a c r e s  (800 ha. ) in eas te rn  North Carolina on May 23, 
1970. (Photograph by the North Carolina Fo re s t  Service. ) 

On the Air  Force Bomb Range Fi re ,  several types of consumption 
patterns occurred, including pockets of unburned fuels and concentric 
rings of unconsumed tree crowns outlining various portions of the fire 
perimeter. Several theories have been proposed for the formation of 
such patterns. The following five hypotheses a r e  listed because of their 
probable relevance to the observed patterns, especially to the three 
major bands outlining the f ire perimeter at  different times a s  the f ire 
progressed from Per imeter  Road to Navy Shell Road (figures 3 and 9): 

"Roten, Dane. F i r e  behavior study, Exotic Dancer Fire ,  Croatan National Forest.  38 pp. 
1970. (Mimeogr. rep. ,  N. C. For ,  Serv, ,  k p .  Conserv. Dev. 1 



1. A fluctuation in wind direction for  a few minutes could result  in 
a decrease of f ire  intensity along one flank, with a probable increase in 
intensity along the opposite flank, This condition would result in the 
f i re ' s  backing under the tree crowns; then, a s  the wind resumed its orig- 
inal direction, active flanking and crowning would also resume. The 
lines of unburned fuel crossing Long Curve Road near i t s  intersection 
with Navy Shell Road were probably caused by this sequence of events, 

2. Windspeed could decrease below a level at which it would 
sustain a crown fire. If this period lasted for more than a few minutes 
before pre-lull windspeeds returned, the complete f i r e  perimeter might 
be outlined a s  a result of f ire  spread through the surface fuels. Winds 
influencing the Air Force Bomb Range F i re  were gusty, but winds re -  
mained above 10 m.p.h. (4 m./sec, ) even between gusts, 

3. The cyclic pulsations of several large f i r e s  in Japanese cities 
were analyzed by Yoshino (13). He found that (A) the f irst  major run 
produced the greatest fo rwFd rate of spread; (B) after the initial run, 
lateral spread increased; (C)  the accompanying decrease in forward ve- 
locity was inversely related to the initial rate of spread; (D) a s  burnout 
approached, the f ires again became wind driven, achieving a second 
maximum rate of spread; (E) succeeding maxima in forward rate of 
spread were l e s s  than the initial maxima. The burnout time for wooden 
structures is much longer than the estimated 4 minutes for  the fuels 
consumed in the Air Force Bomb Range Fi re ,  Although the behavior of 
the latter was similar  to that s f  the Japanese fires, the same self- 
rel~ulating behavior cannot be applied to i t  because of this difference in 
burnout time. 

4. Muraro speculated that pockets of unburned fuel might result 
from long-range spotting?' Ignition points in advance of the main 
front would tend to back toward the main f i re  front, a s  well a s  run with 
the wind--thereby forming pseudo- heads. As the main head approached 
the backfire, the intensity of the backfire and head would increase and 
the convection column would straighten a s  they joined. Burning embers  
would thus be raised fas ter  and higher in the column, again producing 
long-range spotting. This mechanism could form pockets of unburned 
crown fuel, but the theory, although related to the behavior of the Air  
Force Bomb Range Fire,  does not explain the observed formation of bands. 

5. The unburned t ree  crowns outlining the entire f i r e  perimeters 
of the Air Force Bomb Rmge and the Exotic Dancer Fi res  appear to be 
the result of the regulating mechavlisrn that many higb-intensity f i r e s  
exhibit, The explanation we propose is based on the distribution of a 
large number of firebrands in a given pattern. The shape, spacing, and 
orientation of the drop pattern a r e  functions of the height of the convection 
column and of the direction of the winds throughout the vertical distance 
through which f i rebrmds must descend. 

li S. J. Muraro ,  Research Scientist, Can. For. Serv., Victoria, Brit ish Columbia, Per- 
sonal communication, November 8, 1971. 



Figure 9. --Geornetry of the 
three major bands of un- 
consumed fuel preserved 
as  the f i r e  progressed 
from Perirne ter  Road to 
Navy Shell Road. 

Our hypothesis is supported by the cyclic, pulsating convection 
column that was observed to lean over and then stand erect.  The spacing 
of the bands supports the idea that each succeeding pulsation was stronger 
than the last  because of the larger  area  ignited. The orientation of the 
bands was to the right of the direction one would expect the f i re  to burn 
without long-distance spotting. Even young pond pines have large num- 
b e r s  of serotinous cones which make ideal firebrands. There was little 
other firebrand material available for long-distance spotting. If the con- 
cepts developed by Tarifa (10) a r e  applied, i t  is reasonable to expect 
pond pine cones, when supported by the 3 5  m.p.h. (16 m./sec. ) upper 
winds that existed over the fire, to ca r ry  fire a s  f a r  a s  7,000 ft. 
(2,100 m. ) ahead of the main f ire front. Greater  distances would not be 
expected because the pine cones would probably burn out before landing. 

The concept proposed here is that the Air Force Bomb Range Fi re  
pulsated in a definite manner, a s  described and illustrated by the time 
drawings in figure 10 (see centerfold). According to the hypothesis, the 
f i rs t  phase (fig. 10A) is marked by an increase in fire momentum, with 
an accompanying increase in spotting frequency and distance, Convec- 
tive activity increases further, with a greater  amount of spotting. No 
pronounced pattern of fuel consumption develops during this phase. 



In the second phase (fig. 10B), the spot f i r e s  coalesce,  with a 
higher r a t e  of energy  re lease .  The convection column becomes well- 
developed, reaching an  alt i tude of about 5,000 ft. (1,500 rn. ), and 
is loaded with pine cones which s e r v e  as potential f i rebrands.  This  
s t rong convection column is maintained f o r  10 minutes a t  mos t  be- 
cause of the rapid burnout in the a r ea .  While the convection column 
is strong, the f i r e  draws inward f r o m  a l l  s i de s  and the pe r ime te r  
f i r e  backs f o r  a shor t  time. Then, a s  the convection column dies  
down, the per iphery of the f i r e  picks up momentum a s  i t  burns  un- 
d e r  the crowns f o r  a sho r t  distance, thereby leaving a near ly  con- 
tinuous band of unconsumed t r e e  crowns. 

In the third phase ( f ig .  IOC), burnout occu r s  rapidly. The con- 
vection column l o s e s  i t s  identity, and the f i rebrands  a r e  t ransported 
by the s t rong  gradient winds. Those f i rebrands  highest in the convec- 
tion column a r e  c a r r i e d  the grea tes t  distance downwind and displaced 
the fa r thes t  to the right. 

In the fourth phase (fig. I on ) ,  the ignition points established during 
the previous phase begin to coalesce.  The spot f i r e s  gradually i nc r ea se  
in intensity a s  they become l a rge r .  As  t ime p rog re s se s  and individual 
spots  a c t  on one another,  the r a t e  of the r i s e  in intensity accelerates .  

In the fifth phase (fig. lOE), the second phase is repeated, with the 
convection column becoming s t ronge r  and reaching a g r e a t e r  height, 

In the sixth phase (fig, lOF), the intensity dec rea se s  rapidly as 
available fue l s  a r e  consumed. The column diss ipates ,  emitt ing a shower 
of debris  and f i rebrands  downwind and to the right of the direction of the 
surface winds. As a resu l t  of the g r e a t e r  height of the column, the f i r e -  
brands a r e  distributed over  a m o r e  extensive a r e a  lying f a r t he r  to the 
right and s t re tching a g r e a t e r  dis tance downwind. 

The seventh phase (fig. 10G) is a repeti t ion of the fourth phase. 

In the eighth phase (fig. 1 OH), a ve ry  s t rong  convection column de- 
velops to a height of 8,000 to 10,000 f t .  (2,400 to 3,000 rn.). The band of 
unconsumed fuel c rea ted  is or iented 10" south of the second band, 15" 
south of the f i r s t  band, and m a y  be a s  much as 30" f rom the direction of 
the sur face  winds (fig. 5). 

In the ninth phase (fig. lOI), the convection colurnn a t  f i r s t  becomes 
weaker. However, i t  rapidly rega ins  i t s  s t r uc tu r e  a s  the open left  flank 
is ca r r i ed  forward into the m o r e  abundant fue l s  on the north  s ide of Navy 
Shell Road. The column is now sustained and reaches  an es t imated  
height of 15,000 ft. (4,600 rn. ) during the run to Highway 264. 

The spacing and orientation of the bands of unconsumed t r ee  c rowns  
support  the proposed hypothesis. The f i r s t  band was c rea ted  about 
4,500 ft. (1,350 m e  ) in front of the head and had l i t t le,  if any, displace- 
ment.  The second band occu r r ed  6,800 ft. (2,000 m.  ) f r o m  the f i r s t  and 



was  displaced 5' to the right. The third band was some 8,300 ft. (2,500 m. )  
f r o m  the second and was displaced m o r e  than 15' f r om the f i r s t  and more  
than 10' f rom the second (fig. 9). These displacements indicate that 
each  surge  of intensity resul ted in the development of a s t ronger  convec- 
tion column that showered the a r e a  f a r t he r  downwind and that each suc- 
ceeding a r e a  was offset  m o r e  to the right than was the a r e a  created 
dur ing  the previous pulse. Figure  5 shows how wind direction veered 
with height, causing the clockwise shift in  the placement of the f i rebrands.  

McArthur (8)  has a l so  observed f i r e  pulsations resul t ing f rom m a s s  
spotting, but he 20;s not mention consumption pat terns .  He suggests  
that pulsations in f i r e  intensity occur  a s  fuel mois tures  decrease  toward 
the c r i t i c a l  level  during the day. During these pulsations, he suggests,  
the f i r e  changes f r o m  a 2-dimensional to a 3-dimensional phenomenon f o r  
br ief  per iods  of time. Once this c r i t i ca l  mois ture  level  is passed, the 
f i r e  r ema ins  3-dimensional and no longer  pulsates.  

It is of in te res t  a t  this point to re tu rn  to the concept of the eonvec- 
tion number  (Nc), which is a method of comparing the r a t e  the f i r e  is 
doing work by thermal  convection (Pf) with the work the winds a r e  pe r -  
fo rming  to overcome the thrust  of the convection column (Pw). The in- 
tensi ty  of the A i r  F o r c e  Bomb Range F i r e  conceivably fluctuated f r o m  
3,600 ~ . t . u . / f t . / s e c .  to over  18,900 ~ . t . u . / f t . / s e c .  (29,700 to 156,100 
ca l . / em. / sec .  ) during the per iod when i t  p rogressed  f r o m  P e r i m e t e r  
Road to Navy Shell Road (fig. 11). This  hypothesis is based on the prem-  
i s e  that the spot f i r e s  which were  c rea ted  a f t e r  the convection column 
died down during any one cycle a t  f i r s t  burned together slowly and that, 
dur ing the l a s t  10 minutes of the cycle, the fuels  on 50 percent  of the 
a r e a  were then consumed--thereby creat ing another  s t rong  convection 
column. 

F igure  11. --Oscillations 
in  f i re  intensity during 
the period w h e n fuel 
bands  were formed on 
Monday, March  22,  af- 
t e r  the f i r e  c r o s s e d  
P e r i m e t e r  Road. 

In f igure  12, the changes in PJc resul t ing f r o m  changes in intensity 
a r e  plotted by height and isopleth l ines  a r e  used to connect equal Nc 
values, This  method i l l u s t r a t e s  the chance f o r  growth of the convection 



Figure 12 .  --Time-height c r o s s  section with isopleths connecting points of equal  
Nc value. These correspond to changes in f i r e  intensity during the per iod 
when bands  of unconsumed fuel  were  formed a f t e r  the f i r e  c rossed  Pe r ime t e r  
Road. An Nc value of 1 is depicted by the heavy isopleth lines.  

column during the periods of surges in intensity. The convection column 
becomes most fully developed when Nc exceeds 1, which occurs when 
Pf > Pw. According to observations made at the f ire site, Pf should 
have been greater  than P, f o r  short periods pr ior  to the time when the 
f i re  crossed Navy Shell Road and during the long run from Navy Shell Road 
to Highway 264. The 0615 sounding at Cape Hatteras (fig. 5) was used 
to calculate the values of Nc. It can be seen that, i f  the low-level wind- 
speed maximum is reduced o r  the intensity of the f i r e  is increased, Nc 
values will be increased. If, a s  might be expected, the lapse rate above 
the f ire was actually super adiabatic because of neutral stability of the 
a i r ,  a parcel of rising a i r  would pick up energy and the N, ratio would 
increase. The windspeed profile Monday afternoon may have been dif- 
ferent from the 0615 profile, but Nc values based on the 0615 profile 
serve  to illustrate that band formation took place during peaks in fire in- 
tensity a s  expressed by the N, values. 

The patterns of fuel consumption exhibited by the Air  Force Bomb 
Range F i re  might occur in other a reas  a s  the result of changes in either 
fuels o r  topography. F o r  example, a change in the vertical distribution 
of the fuel could obscure o r  destroy the patterns of fuel consumption re -  
sulting from changes in f i re  momentum. Homogeneous fuels, a large 
amount of fine fuel, a low fine fuel moisture content, and persistent 
weather appeared to be the critical factors associated with pulsations in 
both the Air Force Bomb Range and Exotic Dancer Fi res .  



Understanding the process of this band formation may make fire 
suppression more effective. Control techniques might be developed to 
take advantage of the time between peaks in f i re  intensity. There is a 
real  danger, however, that a pulsating f i re ' s  development may be accel- 
era ted  because of incorrect o r  poorly timed techniques of suppression 
firing. The effectiveness of the operation would depend on such things 
a s  the ability to accurately forecast periods of lower f ire intensity a s  
well a s  their durations and the areas  where they would occur, 

PARTICU LATES AND VISIBILITY 

The effect large wildfires such a s  the Air  Force Bomb Itange Fi re  
have on visibility has not been adequately assessed. Increases in the 
background level of particulates on a global scale have been noted after 
la rge  acreage losses during periods when numerous wildfires were burn- 
ing. The effect large f i res  have on the reduction of visibility on a local 
scale can be pronounced. The effort here is to estimate the average 
concentration of particulates contained in a vertical c ross  section of 
the plume, 

Because accurate emission factors a r e  not available for  wildfires 
burning in pocosh fuels, it was necessary to extrapolate laboratory 
findings from loblolly pine needles. In the laboratory, i t  was found that 
a slow-moving backfire produces about one-third a s  many particulates 
a s  a head fire. These data indicate that head f i r es  produce about 60 lb. 
of particulates/ton (30 g. / kg. ) of fuel burned. A blowup wildfire, con- 
suming immense quantities of fuel while producing strong indrafts and 
updrafts, probably entrains many times more particulates than the 
normal prescribed f i r e  of low intensity. Those particulates larger  than 
about 20 p fall  back to earth. Certainly, the larger  particles in the 
form of limbs, pine cones, leaves, and needles fall rather  quickly-- 
probably within the f i rs t  mile (1.6 km. ). This fallout was documented 
by one of the North Carolina Forest  Service pilots flying under the 
column at an elevation of 500 ft. (150 m. ) about three-fourths mile 
(1.2 km.) in front of the fire. Extreme turbulence and peppering by mis- 
cellaneous debris were encountered as the plane flew under the column. 

The efficiency of burning usually decreases as the rate of fuel con- 
sumption and resulting intensity increase. h b o r a t o ~  studies of emis- 
sion have substantiated this hypothesis. On the basis  of this information, 
the factor of 60 lb, of particulates produced/ ton (30 g. /kg. ) of fuel con- 
sumed was increased to 120 lb./ton (60 g./kg. ) in o rder  to more nearly 
conform with the f i re  situation at  hand. During the time of the major 
run, the rate of fuel consumption increased abruptly to 11.5 tons/sec. 
(10.4 M.T. /set. ). Under these conditions, the plume height about 3 
miles (4,8 km. downwind from the head was noted to be 15,000 ft, 



(4,570 rn. ), with a lower limit of 1,000 ft. (305 m. 1. The plume was 
probably l e ss  than 7,000 ft, (2,133 rn. ) wide at this point. These inputs 
were used to calculate the average concentration of the smoke plume: 

Area of plume c ross  section = (4,512 m. - 305 rn. ) X 2,133 m. 

Average windspeed of the vertical profile a s  based on the 1815 

sounding at Cape Hatteras = 16.1 m. /see. 

6 2 ventilation factor = (9.1 x 10 m. ) (16.1 m./sec. ) 

Particulate emission rate = ( 10,43 2 kg. / sec. ) (60 g. /kg. ) 

= 626 kg. /sec. 

Particulate concentration = 
6 * 2 6  ~ g * / ~ ~ ~ *  = 4,260 pg./m. 3 
1.46 x l o 8  me3 /sec.  

&1.eteorological range may be a useful way of describing the net 
effect this concentration of particulates would have on visibility. 
Fritschen e t  al. (5, p. 21) define meteorological range a s  ". . . the visual 
range which woulz be observed if the a i r  were perfectly homogeneous . . . ," 
that is,  i f  the particulate size and shape were continuous throughout the 
plume. They used the following equation for computing meteorological 
range in smoke plumes: 

Meteorological range = 
11.7 X l o 5  km. 

Particulate concentration, p g. /m. 3 

If their equation is  used, the meteorological range through a smoke 
plume with a particulate concentration of 4,260 pg. /m.3 would be 275 rn. 
o r  900 ft. It is quite likely that the condensed water vapor and other 
products of combus tion resulted in an even more limited visual range. 

In a burn conducted to dispose of logging slash in the Pacific North- 
west, Fritschen et al. (5) determined the maximum concentration of 
particulates 3.9 km. downwind and 0.9 to 1.6 km. in altitude to be 1,980 
~ ~ . / r n . ~ .  The rate of maximum energy release fo r  their burn was about 
one-third the rate for the Air Force Bomb Range Fire. The average 
concentration of particulates 3 miles (4.8 krn. ) downwind from the Air 
Force Bomb Range F i re  was at least twice the maximum concerltration 
measured on the slash burn. 



Visibility during the f i r s t  36 hours of the Air Force Bomb Range 
F i re  was not reported to be a problem at ground level except for a 6-  
hour period at  Cape Hatteras (fig. 1). Observers at the Cape noted a 
reduction in visibility to 3 miles (4.8 km. ) Tuesday morning. On 
Tuesday, kvednesday, and Thursday nights, visibility became a severe 
problem along Highway 264, The problem stemmed from the combina- 
tion s f  a low-level temperature inversion coupled with ground f ires 
burning on the spill banks adjacent to the drainage ditches and canals. 
On Iri'ednesday night, this inversion had trapped the smoke and fog in a 
layer roughly 5 ft. (1.5 m. ) thick on the highway. Travelers  driving 
c a r s  through this layer of smoke and fog reported they could look out 
the side window and see  s t a r s  above but not the roadway below. Persons 
walking more than 4 o r  5 ft. (1 to 2 m. ) ahead of these c a r s  were com- 
pletely obscured. 

FIRE EFFECTS 

The effect a high-intensity wildfire has on the vegetation, soils, 
and wildlife may appear much more severe immediately after the f i r e  
than at a la ter  date. This generalization applies to the Air Force Bomb 
Range Fire.  A survey of the burned area  was conducted the week after 
the fire. In general, one would have thought a new barren had been 
created (fig. 13). There were carcasses  of deer overrun by the f ire and 
an obvious absence of small  mammals. One wooden bridge spanning a 
30-ft.-wide (9-rn.) canal was destroyed along Navy Shell Road (fig. 14), 
and several others were saved only because of prompt action by control 
forces. Traffic along Highway 264 was snarled, and one accident re- 
resulted from the smoke. Luckily, ground conditions were wet and the 
f i re  stopped short of Stumpy Point. 

Figure 13. --A dense s tand of 13-year-old pond pine after the fire. 
Xote the complete defoliation of the  trees, consumption of the 
understory, and the high water table. 



Figure  14. --Remains of a wooden bridge spanning 
a 30-ft.-wide (9-m. ) canal along Navy Shell Road. 

In general ,  pond pine and pocosin fuels  have adapted well to a f i r e  
environment and usually re turn  rapidly to p re - f i re  conditions a f te r  the 
occurrence of a wet-season f i re .  According to Ga r r en ' s  ( 6 )  c lass i f i -  
cation of successional  responses  based on s i t e  conditions aKd f i r e  f r e -  
quency, one would expect l i t t le regeneration of pond pine and the 
creat ion of open a r e a s  a f t e r  a dry-season f i r e .  Nei ther  the dry-season 
Dare County F i r e  in 1957 n o r  the wet-season A i r  Fo rce  Bomb Range 
F i r e  in 197 1 followed Gar r en f  s f i r e  successional  pat terns .  

The Dare County F i r e  climaxed an extended per iod of drought. The  
f i r e  burned fo r  2 weeks, consuming the organic  soi l  to depths of 12 to 18 
inches (30 to 46 cm.  ), thereby exposing, if not outright killing, many  
root s y s  terns of pond pine. Stumps remaining a f t e r  the deep burning of 
the 1957 f i r e  and the subsequent f i r e  in 1971, which, in contrast ,  con- 
sumed l i t t le  organic  soi l ,  a r e  shown in f igure  15. Comparison of the  
Drought Index at the t ime of each of these f i r e s  explains the differences 
in  the eonsurnption of organic  so i l  (fig. 16). No sprouting occur red  
a f t e r  the 1957 f i r e  because the root s y s t e m s  were  killed, but an ex- 
cellent seedbed was  created.  Considerable ra in  a l so  followed the f i r e  
and undoubtedly helped es tabl ish abundant regenerat ion of pond pine. 

Pond pine sprou ts  readi ly  f rom both the root co l l a r  and bole, and 
such sprouting was  expected to occur  a f t e r  the A i r  F o r c e  Bomb Range 
F i r e .  Defoliation by wet-season f i r e s  general ly  ha s  l i t t le effect on the 
surv iva l  of pond pine and causes  only a temporary  reduction in height 
and d iameter  growth. Dr. WIaki12 has  noted that pond pine sprouts  and 

1 2 ~ r .  T. E. Maki, Professor of Forestry, N. C. State Univ. at Raleigh. Personal com- 
munication, February 18, 1972. 



Figure 15. --Stumps remaining after both the 1957 fire, which consumed the 
organic soil to depths of 1 2  to 18 inches (30 to 46 cm. ) and exposed the root 
systems of the pond pine, and the Air Force Bomb Range Fire, which re- 
burned the area  but consumed little organic soil. 

develops new boles from stumps l e ss  than 5 inches (13 cm. ) in diameter 
and matures into commercial-sized trees of equal quality to those re- 
generated by seed. However, he has noted that, when stem diameter i s  
larger,  cambial strands from the root and bole seldom reunite. 

Although no survival studies have been made for the Air Force 
Bomb Range Fi re ,  the general impression upon viewing the area  a year 
la ter  was that a much lower percentage of t rees  sprouted from the bole 
than had been expected (fig. 17). The lack of bole sprouts is one more 
indicator of the high intensities associated with this fire. However, a 
high proportion of t rees  sprouted profusely from the root collar. The 
degree of basal sprouting suggests that a well-stocked stand of pond pine 
will again occupy the  burned area, but the loss of 13 years'  growth must 
be considered more than a temporary setback in a 50-year rotation. 
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Figure 16. --Comparison of the 1957 and 1971 Drought Indices compiled f rom 
r eco rds  a t  Elizabeth City, North Camlina.  

The Army Corps of Engineers  appraised the f i r e  damage because 
of government liability. Clark D. ~ o n n o l d , ~  the consulting appra i se r ,  
summed up the genera l  condition of the burned a r e a  a s  follows: " ~ r o m  
evidence on the ground throughout the en t i re  f i re-damaged a r e a  and in- 
cluding those plantations of pond pine which were  hand planted o r  seeded, 
i t  is believed a stand a t  l e a s t  s i m i l a r  to what was there  before the f i r e  
will regenera te  f r o m  sprouting o r  f r o m  seed  f rom pas t  seasons." 

1.3 Honnold, Clark  D. Damage appraisal ,  Westvaco Corporation lands. Dare County, North 

Carolina, p. 4. 1971. (Appraisal  rep. .  Appraisal  contract  DACA21-71-C-0071. ) 



Figure 17. ----The burned area 1 yea r  after the fire. Note the lack of bole 
sprouts, the prolific sprouting from the root collar, and the  regrowth 
of the understory. 

FIRE %TANAGEMENT IN THE PBCOSINS--RESEARCH NEEDS 

In many respects, fire behavior in pocosin fuels remains a mys- 
tery. Facts  have been slow to accumulate. Examples of unusual Eire 
behavior are numerous. The Exotic Dancer Fire i s  one such example; 
i t  occurred on the Croatan National Forest some "i miles southwest of 
the A i r  Force Bomb Range Fire, Another example of unpredic table  f i re  
behavior is described in the "southern Region 197'1 Annual Fire ~ e ~ o r t "  
(11, p, 15): - 

'"he Croakan had another high-intensity Pocosin f ire on a l o w  
class day. BUI [Buildup Index] was 15 t a n 4  SI [Site Index]-5, 
yet the fire burned 180 ac res  and r a n  three-quarters of a mile 
before being stopped. Had the  f i re  s t a r t e d  ear l ier  in the day, 
o r  not met a road, i t  .cvorald have been much larger.  We have 



such limited knowledge of the Pocosin that we can offer no 
explanation. We can only guess that: 

The actual f i r e  conditions in the Pocosin a r e  quite different 
from other areas.  
Ratio of dead-to-live green fuels is deceptively high, 
The pocosin fuels a r e  always cured o r  in transition, never 
really green." 

Our current f ire  danger rating system is  not responsive to the f i re  
potential of the pocosins, Research and development to adapt the national 
system to this area  should have prime consideration, Beyond that, we 
need more information on the effects of fuel physics and chemistry on 
rate of burning. 

The North Carolina Forest Service has made tremendous str ides 
toward developing an effective capability of fire suppression. There is 
a need for continued research to determine the economics of f i re  sup- 
pression in the pocosins, to develop and apply advanced systems for  
delivering f ire retardants during the day and at night, to improve meth- 
ods of f ire  reconnaissance, to improve methods of suppression firing, 
to improve the accuracy of fire-weather forecasting, and to investigate 
the economics of fuel modification and the construction of fuel breaks. 

Prescribed burning may be a solution to managing fuel buildups 
in the pocosins. Conditions and techniques under which accumulations s f  
understory fuel can be reduced without damaging the pond pine overstory 
will need investigation. Finding the optimal approach to f i re  manage- 
ment in the pocosins will require looking into the periodicity of burning, 
alternatives to burning, f i r e  protection, f i r e  detection, and initial attack. 

Case histories and documentations of f ires have usually relied on 
human observations. In compiling such reports, these observations a r e  
checked one against another, compared with past observations, accepted 
o r  rejected, and modified where appropriate. Any single observation 
may offer but a small clue toward explaining the true picture of f ire  
behavior. 

Careful observations and measurements of f i r e  parameters a r e  
needed. Equipment is already available for  improving the researcher 's  
ability to document fire behavior. Compac t radiosonde units, aircraft- 
mounted infrared scanners, and portable stations f o r  recording weather 
exist, 

F i re  modeling has not matured. Theories concerning convection 
columns, particularly those regarding entrainment of peripheral a i r ,  
velocity cross  sections, height of the column, dimensions of the column, 
the capacity to ca r ry  firebrands and particulate and gaseous contents, 
a r e  fragmentary. Modeling experiments depend on the identification and 
measurement of critical parameters on site; only then can proper scaling 
be accomplished. 



SUMMARY 

The Air Force Bomb Range F i r e  started on a military bomb range 
in the pocosin a rea  of eastern North Carolina and was not controlled until 
4 days later.  More than 23,000 acres  (9,300 ha. ) of the 29,300-acre 
(11,860-ha, ) total burned during two major runs within the f i rs t  20 hours, 

The f ire crowned immediately upon entering a young forest of pond 
pine adjacent to the target area,  F i r e  pulsations resulted in bands of un- 
consumed tree crowns that outlined the f ire 's  perimeter during the f i rs t  
5 miles (8 km. ) of i t s  run. After the f ire crossed Navy Shell Road, its 
intensity increased and the convection column reached a height of about 
15,000 ft, (4,570 m . )  during the next hour while the fire traveled 4.5 
rniles (7,2 km. ). Fire  intensity during this 1-hour period averaged over 
18,000 l3.t.u. /sec./ft. (148,680 cal./sec./cm.) of fireline, with a rate of 
total energy release of roughly 114 million I3.t.u. /see. (2.883 X 10 cal. /set.). 
Fuel w a s  consumed at a rate in excess of 11.4 tonsfsec. (10.3 ~ . ~ . / s e c . ) .  
It was calculated that the f ire produced 1,380 1b. of particulates/sec. 
(515 kg. /see. ) during this run. Average concentration of the plume was 
about 4,000 pg./m.3, with visibility in the plume considerably l e s s  than 
1,000 ft, (300 m, ). The f i re  front eventually ran out of dry fuel near 
Croatan Sound after  traveling 14 miles (22.5 km. ) in about '7 hours. 
Passage of a dry, cold front early the next morning resulted in a ti-mile 
(9.7-km.) run perpendicular to the f irst .  This second run terminated 
within 100 yards (90 rn. ) of the town of Stumpy Point because of wet fuel. 

Basically, the reasons for  the f i re ' s  buildup were (A) a continuous 
expanse of homogeneous fuel, (B) abundant fine fuels--both live and dead, 
(C)  l o w  moisture content of both live and dead fuel, (D) 15 to 20 m4.h.  
( 7  to 9 rn./sec. ) winds gusting to 40 rn.p.h. (18 m./sec.), (El minimum 
relative humidity of 25 percent, (IT) moderate- to-extreme turbulence, and 
( G )  an adverse windspeed profile with a low-level windspeed maximum, 

A theoretical parameter, Nc (the ratio of the energy in the con- 
vection column to the energy in the wind field above a f ire  at  a given 
time), which was developed by Byram for predicting the potential for 
blowup fires, was applied to the A i r  Force Bomb Range Fire. It is 
hypothesized that, during the f irst  5 miles (8 km. ), the buoyancy created 
by the f ire was sufficient to overribe the gradient wind forces, allowing 
formation of a convection column for brief periods of time. rluring the 
4.5-mile (7,2-km,) run after the f ire crossed Navy Shell Road, Nc values 
were very large near  the surface and greater  than unity above the low- 
level windspeed maximum, 

We have postulated that, af ter  a run of l e s s  than 1 mile (1.6 km. ) 
through the tree erowm, the f ire spotted fa r  enough ahead to allow a 
strong convection column to Ecrrn a s  the spot f i r e s  coalesced. Because 
of the more westerly winds aloft, the firebrands in the convection column 
were ejected and transported to the right of the direction of the main 
f ire,  These spot f i res  coalesced with a higher intensity and slronger in- 
drafts along the fire perimeter, This phenomenon resulted in the f ire 's  



backing under the tree crowns for a short period of time. The cycle of 
spot f i r e s  forming to the right and then coalescing to form a strong con- 
vection column in which indrafts overrode prevailing winds occurred 
three times, and a 50-ft. (15-m. ) band of unburned tree crowns outlining 
the Eire perimeter  was formed with each cycle. 

Pond pine, especially t rees  smaller  than 5 inches (12.7 cm. ) in di- 
ameter, a r e  well adapted to a f ire  environment, Even though more than 
2C,Od0 acres ("y000 ha. 1 of young pond pine were defoliated, i t  is probable 
that a stand of pond pine of equal quality will regenerate f rom basal sprouts. 

A high water table during the Air Force Bomb Range Fi re  prevented 
the consumption of large quantities of organic soils but instead created 
other problems of f i re  control. The damp peat would not support the usual 
tractor-plow units, and final control of the f i r e  was not achieved until 
over an inch of rain and snow fel l  on the area. 

Until the behavior of blowup f i res  is understood, methods of con- 
trolling them will remain ineffective. The optimum role of f i r e  in the 
management of pocosin fuels is unknown. As long a s  vast unbroken 
acreages containing abundant fine fuels exist in eastern North Carolina, 
the potential f o r  frequent blowup wildfires will remain. 
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CONVERSION FACTORS FOR ENGLISH AND METRIC SYSTEMS 

1 inch (in. ) 

I foot (ft* ) 

1 mi l e  

1 mi le  p e r  hour (m.p.h.1 

1 a c r e  

1 pound (lb. ) 

1 ton 

1 pound p e r  a c r e  ( lb . / ac re )  

1 ton p e r  a c r e  ( ton /acre  

1 pound p e r  ton (lb. /ton) 

1 Br i t i sh  thermal  unit (E3.t.u. ) 

2-54  cen t imete rs  (cm. ) 

0.30 m e t e r  (m.  ) 

1.6 1 ki lometers  (km. ) 

0.45 m e t e r  p e r  second (m./sec.)  

0.40 hec ta re  (ha. ) 

4.05 square  m e t e r s  

25.00 s t e m s  p e r  hectare  
(s ternslha.  

0.45 kilogram (kg. ) 

0.91 m e t r i c  ton (M.T.) 

1.12 ki lograms p e r  hec ta re  
(kg. /ha. 

2.24 m e t r i c  tons p e r  hec ta re  
(M.T./ha, ) 

0.50 g r a m  p e r  kilogram 
(g. /kg. ) 

252.00 g r a m  ca lor ies  (cal. ) 

1 Br i t i sh  thermal  unit p e r  pound (~ . t . u . / l b . )  0.56 ca lor ie  p e r  g r a m  
(cal. /g. ) 

1 Br i t i sh  thermal  unit p e r  second p e r  foot 8.26 ca lor ies  p e r  second p e r  
(B.t.u./sec./ft. cen t imete r  (cat. / sec .  /ern,) 




