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This paper presents a brief survey of the research literature 
on wildfire behavior and effects and assembles formulae and 
graphical computation aids based on selected theoretical and 
empirical models. The uses of mathematical fire behavior models 
a r e  discussed, and the general capabilities and limitations of 
currently available models are  outlined. 

Rothermel's fire spread model is used to develop nomographs 
for estimating rate of spread, reaction intensity, and flame length 
for a variety of "typical" fuel complexes, under widely variable 
conditions. Factors affecting spread rate and overall shape of a 
f ire a re  quantified, as  well a s  some fire effects such as crown 
scorching and duff removal. 

Appendices give more details of the formulations presented 
graphically in the text, including the definitions of terms used to 
quantify fire behavior and effects and tables of numerical factors 
for converting values to different units of measurement. 

Use of trade o r  firm names i s  for reader information only, and does 
not constitute endorsement by the U.  S. Department of Agriculture of 
any commercial product or service. 



This  document i s  an outgrowth of a s h o r t  course i n  f i r e  behavior  es t imat ion .  l I t  
i s  no t  intended t o  be an exhaus t ive  survey o r  even a thorough in t roduc t ion  t o  t h e  
m a t e r i a l ,  bu t  a s t a r t i n g  po in t  from which t h e  i n t e r e s t e d  r e a d e r  may ven tu re  i n t o  t h e  
l i t e r a t u r e  of  f i r e  behavior  modeling. Some t h e o r e t i c a l  and empir ica l  r e l a t i o n s h i p s  a r e  
presen ted ,  along wi th  computation a i d s  t h a t  may prove t o  be u se fu l  t o  t hose  concerned 
wi th  wildland f i r e  behavior  and e f f e c t s .  

Although f i r e  behavior  p r e d i c t i o n  i s  by no means a new f i e l d ,  t h e  u se  o f  complex 
mathematical models f o r  t h i s  purpose has on ly  r e c e n t l y  begun. The a v a i l a b i l i t y  of 
computers ha s  made t h e  u se  of  ve ry  complicated models a r o u t i n e  procedure i n  r e sea rch ,  
and a l lows  complex c a l c u l a t i o n s  t o  be done by machines i n s t ead  o f  people.  The r e s u l t  
i s  t h a t  more powerful models a r e  now easy  t o  use .  

The purpose of  t h i s  r e p o r t  i s  t o  in t roduce  f i r e  behavior  s p e c i a l i s t s  t o  some 
t o o l s  being developed i n  r e sea rch  which may be u se fu l  f o r  p r e d i c t i n g  f i r e  behavior .  
Through t h e  process  o f  c o n s t r u c t i v e  "feedback," r e sea rch  e f f o r t s  can be t a i l o r e d  
b e t t e r  t o  f i t  t h e  needs o f  t hose  who use  r e sea rch  r e s u l t s .  The con t inua t i on  o f  such 
a d ia logue  about f i r e  behavior  modeling is  a c t i v e l y  being sought he re .  

USES OF FIRE BEHAVIOR MODELS 

P o t e n t i a l  u se s  of  f i r e  behavior  models span t h e  spectrum of  f i r e - r e l a t e d  dec is ion-  
making. From land u se  planning t o  p r e sc r ibed  f i r e  des ign ,  models a r e  used t o  a i d  
decis ionmakers .  The n a t u r e  o f  t h e  dec i s ions  being made, and t h e  consequences of  e r r o r s ,  
determine t h e  t ypes  of  p r e d i c t i o n s  and t h e  degree  o f  accuracy r equ i r ed  o f  t h e  model 
ou tpu t .  Here we review some model u se s  and i n d i c a t e  t h e  type  o f  ou tput  needed and 
t h e  genera l  l e v e l  of  accuracy each r e q u i r e s .  

Fire-Danger Rating 

Fire-danger  r a t i n g  i s  a management t o o l  used t o  e s t a b l i s h  t h e  degree  of f i r e  
hazard and t h e  r i s k  of f i r e  outbreak.  On t h e  b a s i s  of  such assessments ,  dec i s ions  a r e  
made concerning land u se  and f i r e  con t ro l  r ead ines s .  The National Fire-Danger Rating 
System (NFDRS) (Deeming and o t h e r s  1974) i s  a mul t ip le- index  scheme designed t o  provide 
f i r e  con t ro l  and land management personnel  wi th  a sys temat ic  means of  a s se s s ing  va r ious  
a s p e c t s  o f  f i r e  danger on a day- to-day b a s i s .  

l ~ l b i n i ,  Frank A .  Advanced F i r e  Management Tra in ing  Course, Nat ional  F i r e  Tra in ing  
Center ,  Marana A i r  Park, Marana, Arizona, November 11-22, 1974. 



Although easy t o  use because of  i t s  t a b l e s  of i nd i ce s ,  t h e  system i s  based on 
complicated models o f  f i r e  behavior .  The mul t ip le- index  concept a l lows  t h e  assessment 
of d i f f e r e n t  a s p e c t s  o f  f i r e  behavior  (Deeming and o t h e r s  1974; USDA Fores t  Serv ice  
1962). For example, i n  t h e  National Fire-Danger Rating System, t h e  spread component i s  
c a l c u l a t e d  from p red i c t ed  forward r a t e  of  spread,  t h e  energy r e l e a s e  component from a  
r a t e  of  h e a t  r e l e a s e  per  u n i t  a r e a ,  and t h e  burning index from an e s t ima te  of  flame 
length .  

Model ou tpu t s  need not  be h igh ly  accu ra t e  f o r  t h i s  use .  I t  i s  important  t h a t  t h e  
system o f  models ( f i r e  behavior  models and f u e l  models) p roper ly  rank t h e  f i r e  behavior  
v a r i a b l e s  es t imated  and t h a t  t hey  respond t o  changes i n  weather c o n s i s t e n t l y  and with 
s u f f i c i e n t  s e n s i t i v i t y  t o  permit  dec i s ion  boundaries  t o  be e s t a b l i s h e d .  For t h e s e  
purposes,  s t y l i z e d  f u e l  models a r e  e n t i r e l y  adequate ,  and i n d i c e s  of  relative s e v e r i t y  
of  f i r e  behavior  a r e  s u f f i c i e n t .  

Fire Control Planning 

F i r e  con t ro l  p lanning  i s  a  complex job of r e sou rce  a l l o c a t i o n .  When, where, and 
t o  what l e v e l  t o  man s t a t i o n s ;  t h e  r u l e s  f o r  i n i t i a l  a t t a c k  d ispa tch ing;  and t h e  
ma te r i a l  t o  inc lude  i n  a  f i r e l i n e  handbook may sound l i k e  un re l a t ed  ques t i ons ,  bu t  t o  
be answered they  have a  common need f o r  da t a - - e s t ima t ion  of  f i r e  behavior .  

Although t h e  e s t ima t ion  o f  w i l d f i r e  behavior i s  a  s i g n i f i c a n t  i ng red i en t  i n  t h e  
planning of  f i r e  con t ro l  a c t i v i t i e s  and t h e  a l l o c a t i o n  of  f i r e  con t ro l  r e sou rce s ,  i t  i s  
by no means t h e  only (and f r equen t ly  no t  even t h e  p r i n c i p a l )  i n g r e d i e n t .  Cons idera t ions  
such a s  r e sou rce  va lue  t h r ea t ened ,  r e l a t i v e  r i s k  of i g n i t i o n ,  t r a n s p o r t a t i o n ,  communi- 
c a t i o n s ,  equipment c a p a b i l i t i e s ,  e t c . ,  o f t e n  dominate t h e  problem of manning s t a t i o n s  
and i n i t i a l  a t t a c k  d ispa tch ing .  The experienced fireman on t h e  scene of a  f i r e  must 
be t h e  source  o f  p r e d i c t i o n s  o f  p o t e n t i a l  f i r e  behavior .  The p o t e n t i a l  f i r e  behavior  
e n t r i e s  i n  handbooks and t r a i n i n g  a i d s  a r e  only f o r  purposes of  quick,  p re l iminary  
assessment .  

Models t h a t  p r e d i c t  f i r e  behavior  can be u se fu l  i n  manning and d i spa t ch ing  planning 
i f  they  a r e  no more p r e c i s e  than  t h e  s t y l i z e d  models of  t h e  NFDRS; indeed,  dange r - r a t i ng  
i nd i ce s  themselves a r e  used f o r  t h e s e  purposes. So t h e  accuracy requirements  f o r  f i r e  
behavior  e s t ima t ion  f o r  t h e s e  planning e f f o r t s  a r e  no more s t r i n g e n t  t han  f o r  f i r e -  
danger r a t i n g .  This  same genera l  l e v e l  of p r ec i s ion  i s  probably adequate  f o r  f i r e l i n e  
handbooks and s i m i l a r  t r a i n i n g  a i d s  a s  we l l ,  bu t  i n s t ead  of  i n d i c e s ,  t h e  models should 
provide a c t u a l  e s t ima te s  o f  forward r a t e  of  spread ,  per imeter  growth, i n t e n s i t y ,  flame 
l eng th ,  e t c .  

These same k inds  of  e s t ima te s ,  except  with s l i g h t l y  b e t t e r  accuracy (say,  " f ac to r -  
of-two" accuracy?) ,  might be u se fu l  t o  f i r e  behavior o f f i c e r s .  For q u a n t i t a t i v e  estima- 
t i o n ,  i f  t h e  models a r e  easy enough t o  use  under f i e l d  cond i t i ons ,  and i f  they  o f f e r  a t  
l e a s t  enough r e s o l u t i o n  between f u e l  t ypes  t o  e x h i b i t  s i g n i f i c a n t  d i f f e r e n c e s ,  models 
may be u s e f u l  a d d i t i o n s  t o  t h e  t o o l s  of  t h e  f i r e  behavior  o f f i c e r ' s  t r a d e .  

A s e t  o f  working c h a r t s  f o r  e s t ima t ing  forward r a t e  o f  spread ,  i n t e n s i t y ,  flame 
l eng th ,  and crown scorch  he igh t  a r e  included i n  t h i s  document. This  i s  done i n  hopes 
t h a t  t hose  concerned w i l l  t r y  them and communicate t o  t h e  au thor  t h e i r  assessments  of 
t h e  u t i l i t y  and accuracy of  t h e  c h a r t s .  They a r e  a l s o  intended f o r  use a s  t r a i n i n g  
a i d s  and may be u se fu l  i n  some d i spa t ch ing  a c t i v i t i e s .  Comments on t h e s e  k inds  of 
a p p l i c a t i o n s  a r e  a l s o  s o l i c i t e d .  



Prescribed Fire Planning 
Prescr ibed  f i r e s  a r e  used i n  many a r e a s  and f o r  many purposes (Peet  1965; USDA 

Fores t  Se rv i ce  1971; Fahnestock 1973; USDA Fores t  Serv ice ,  n . d . ) .  Hazard r educ t i on  
(Pagni and o t h e r s  1971; Green 1970; Schimke and Green 1970), spec i e s  con t ro l  (Pechanec 
and B l a i s d e l l  1954), h a b i t a t  improvement (Cushwa and o t h e r s  1969; Leege 1968), s i l v i -  
c u l t u r e  (Roe and o t h e r s  1971; Beaufai t  1966), r educ t i on  of a i r  p o l l u t i o n  from w i l d f i r e  
smoke (Hall  1972; Mobley and o t h e r s  1973; USDA Fores t  Serv ice ,  n . d . ) ,  e t c . ,  a r e  
o b j e c t i v e s  o f  p rescr ibed  burning.  

To p lan  p r e sc r ibed  f i r e s  t o  achieve s t a t e d  o b j e c t i v e s ,  t o  minimize c o s t  o f  con t ro l  
and mopup, and t o  reduce t h e  r i s k  o f  escape o r  undes i rab le  behavior ,  a  f i rm  b a s i s  of  
f i r e  behavior  e s t ima t ion  must be e s t ab l i shed .  This  b a s i s  should inc lude  not  on ly  t h e  
gross  behavior  o f  t h e  f i r e  bu t  i t s  e f f e c t s  on t h e  surrounding environment. So, p r ed i c-  
t i v e  models t h a t  a l low t h e  e s t ima t ion  of  spread r a t e ,  i n t e n s i t y ,  flame l eng th ,  e t c . ,  
should be u s e f u l  i n  p r e s c r i p t i o n  formulat ion but  may no t  s u f f i c e  t o  prejudge r e l e v a n t  
f i r e  e f f e c t s  such a s  f u e l  r educ t i on ,  smoke genera t ion ,  s o i l  condi t ion ing ,  and o t h e r s .  

Because s p e c i f i c  e f f e c t s  a r e  sought and s p e c i f i c  s i t e s  a r e  burned under p r e se l ec t ed  
cond i t i ons  t o  achieve them, i n  many ca se s  p r e sc r ibed  burning poses t h e  most s t r i n g e n t  
requirements  f o r  f i r e  behavior  p r e d i c t i o n  models. The use  o f  p r ee s t ab l i shed  f u e l  bed 
d e s c r i p t i o n s  (such a s  t h e  f u e l  models o f  t h e  NFDRS) may be i napp rop r i a t e  f o r  a ccu ra t e  
p r e d i c t i o n  a s  t h e  s p e c i f i c  s i t e  being burned may d i f f e r  s u b s t a n t i a l l y  from t h e  assumed 
f u e l  bed. But such " s ty l ized 1'  o r  " typica l 1'  models may be u se fu l  i n  e s t a b l i s h i n g  
roughly what t h e  f i r e  behavior  w i l l  be be fo re  t h e  f i r s t  burn, o r  f o r  e s t ima t ing  what 
t h e  sense  and magnitude o f  changes i n  f i r e  behavior w i l l  be a s  t h e  burning cond i t i ons  
vary .  The computation a i d s  presen ted  l a t e r  i n  t h i s  document a r e  o f f e r ed  wi th  t h e s e  
intended a p p l i c a t i o n s  i n  mind. There i s  no s u b s t i t u t e  f o r  exper ience ,  bu t  t h e s e  t o o l s  
may be u se fu l  a i d s  i n  e x t r a p o l a t i n g  from known t o  s l i g h t l y  d i f f e r e n t  cond i t i ons  when 
coupled wi th  experience and c a r e f u l  observa t ion .  

CAPABILITIES AND LIMITATIONS OF 
SOME AVAILABLE MODELS 

There a r e  many mathematical models of  varying scope and complexity t h a t  dea l  with 
many o f  t h e  elements mentioned above. Most of  t he se  models r e s i d e  i n  t h e  l i t e r a t u r e ,  
bu t  some have been put  i n t o  a  form use fu l  t o  nonresearch personnel .  We w i l l  concen t r a t e  
on a  few models and mention o t h e r s  only i n  pass ing .  The purpose o f  t h i s  cursory  review 
i s  t o  in t roduce  t h e  r eade r  no t  a c t i v e  i n  f i r e  r e sea rch  t o  t h e  l i t e r a t u r e  o f  t h i s  f i e l d  
and t o  i n d i c a t e  roughly t h e  p r e sen t  s t a t e - o f - t h e - a r t  o f  f i r e  behavior  modeling. 

Scope of Predictions Possible 

Mathematical models e x i s t  t h a t  r e l a t e  phys i ca l  and chemical p r o p e r t i e s  of  f u e l  
a r r a y s  t o  s p e c i f i c  f i r e  behavior ,  such a s  forward r a t e  o f  spread,  f i r e  i n t e n s i t y ,  flame 
l eng th ,  burning t ime,  and o t h e r s .  The environmental v a r i a b l e s  o f  windspeed and s lope  
a r e  a l s o  r equ i r ed  t o  ope ra t e  t h e  models, a s  wel l  a s  f u e l  moisture conten t .  



Rates  of f i r e  sp read  and growth.--Using mathematical models publ ished by t h e  
au thors  l i s t e d  below, it i s  p o s s i b l e  t o  c a l c u l a t e  forward r a t e s  of  spread f o r  va r ious  
f u e l  complexes. 

Author ( s )  

Fons 
Fons, Clements & George 
Thomas & Simms 
H o t t e l ,  Williams & Steward 
A lb in i  
Anderson 
Fang & Steward 
Thomas 
Steward 
Frandsen 
Rothermel 
Pagni & Peterson 

Pub l i ca t i on  
d a t e  Type of f u e l  a r r a y  cons idered  

Light f o r e s t  f u e l s  
Laboratory wood c r i b s  
Fo re s t  f u e l s  ( g r a s s ,  brush)  
Arrays o f  paper s h e e t s  
Brush 
Uniform porous bed 
Randomly packed f i n e  p a r t i c l e s  
Cr ibs ,  gorse ,  and hea the r  
Mathematically de sc r ibab l e  bed 
Uniform porous bed 
General (uniform) wildland f u e l s  
Uniform porous bed 

Of t h e  models l i s t e d  above, Rothermel 's wildland f u e l  spread model (1972) i s  t h e  
most comprehensive and robus t  t o  d a t e .  I t  has  been subjec ted  t o  some d i r e c t  v e r i f i c a -  
t i o n  t e s t s  i n  logging s l a s h  assembled f u e l  beds (Brown 1972) and both p r e sc r ibed  and 
wild g r a s s  f i r e s  (Sneeuwjagt 1974). Stevenson and o t h e r s  (1975) were a l s o  a b l e  t o  
match observa t ions  and a f t e r - t h e - f a c t  p r e d i c t i o n s  of  spread r a t e  i n  mixed c h a p a r r a l - l i k e  
f u e l s  u s ing  t h e  Rothermel model i n  conjunct ion wi th  an area-growth computer a lgor i thm 
(Kourtz and O'Regan 1971). We w i l l  focus  on t h i s  model a t  l ength  i n  t h i s  paper .  

The forward r a t e  o f  spread o f  a wildland f i r e  i s  only  one d e s c r i p t o r  of  g r ~ w t h . ~  
The growth r a t e  of  t h e  per imeter  o f  a l a r g e  f i r e ,  a s  wel l  a s  i t s  a r e a  and t h e  shape of  
t h e  per imeter ,  a r e  a l s o  u se fu l  q u a n t i t i e s  t o  p r e d i c t .  

A computer-based model o f  g r e a t  mathematical e legance,  bu t  with a vorac ious  appe- 
t i t e  f o r  d a t a ,  has  been developed by Kourtz and O'Regan (1971) and w i l l  be used i n  t h e  
FIRESCOPE computer-assis ted Multi-Agency Coordinat ion Center  (Hanna and o t h e r s  1974) 
t o  a s s e s s  f i r e  growth p o t e n t i a l .  The d a t a  t h a t  t h i s  model uses  inc lude  t h e  r a t e  of 
spread from po in t - to- po in t ;  t h e s e  q u a n t i t i e s  a r e  generated by Rothermel 's model i n  t h e  
a p p l i c a t i o n  c i t e d .  

A much s impler  model assembled by ~ n d e r s o n ~  from d a t a  taken by ~ o n s ~  a l lows  one t o  
e s t ima te  roughly t h e  shape,  s i z e ,  r a t e  of  per imeter  i nc r ea se ,  and r a t e  o f  a r ea  growth 
of a wind-driven wildland f i r e  us ing  only  t h e  forward r a t e  o f  spread and windspeed a s  

2 ~ o t h  George Fahnestock and Cl ive  Countryman have poin ted  ou t  t o  t h e  au thor  ( p r i -  
v a t e  communications, 1975) t h a t  t h e  term " r a t e  of  spreadf1 has o f t e n  been used t o  
connote " r a t e  o f  per imeter  growth." The term 'Iforward r a t e  of spread" should be used 
t o  i n d i c a t e  head f i r e  l i n e a r  r a t e  of advance. Current  usage seems t o  favor  t h e  s h o r t e r  
phrase " r a t e  o f  spread" f o r  head f i r e  r a t e  of advance, hu t  t h i s  un fo r tuna t e  confusion 
of terms w i l l  no doubt p e r s i s t  f o r  some time. Here we s h a l l  be e x p l i c i t  when r e f e r r i n g  
t o  per imeter  (or  a r ea )  growth and u se  t h e  phrase " r a t e  of  spread" f o r  head f i r e  r a t e  o f  
advance. . 

3 ~ n d e r s o n ,  Hal E .  Memorandum t o  R .  C .  Rothermel and W .  C .  F i scher  on f i l e  a t  t h e  
Northern Fo re s t  F i r e  Laboratory, Missoula, Montana, August 10, 1973. 

4 ~ o n s ,  Wallace L.  Unpublished d a t a  on r a t e  o f  growth and f i r e  shape. On f i l e  a t  
P a c i f i c  Southwest For.  and Range Exp. S t n . ,  For.  F i r e  Lab., R ive r s ide ,Ca l i f .  [ n . d . ] .  



i n p u t s .  Van Wagner (1969) proposed a  very s i m i l a r  method t h a t  p r e d i c t s  t h e  same 
q u a n t i t i e s ;  t h i s  method uses  t h r e e  r a t e s  of  advance of  t h e  f i r e  f ron t- - heading ,  f l ank ing ,  
and backing. 

F i r e  i n t e n s i t y  and r e l a t e d  effects.--Byram (1959) def ined  a  r a t h e r  b a s i c  measure.  
o f  f i r e  i n t e n s i t y  which has been proven very  u se fu l .  Byram's f i r e l i n e  i n t e n s i t y  has 
been used i n  de sc r ib ing  t h e  d i f f i c u l t y  o f  c o n t r o l l i n g  a  f i r e  because o f  t h e  hea t  it 
produces (Hodgson 1968) and t o  p r e d i c t  o r  c o r r e l a t e  flame length  (Byram 1959),  t h e  
he igh t  o f  scorching o f  c o n i f e r  crowns (Van Wagner 1973), and t h e  occurrence of  s p o t t i n g  
(Hodgson 1968). These r e l a t i o n s h i p s  make t h i s  measure o f  i n t e n s i t y  very  va luab l e  i n  
f i r e  behavior  p r e d i c t i o n .  This  i n t e n s i t y  i s  def ined  a s  t h e  r a t e  o f  hea t  r e l e a s e  p e r  
u n i t  l ength  of  f i r e  edge, and so i s  p ropo r t i ona l  t o  t h e  r a t e  o f  advance perpendicu la r  
t o  t h e  edge. 

Using a  s imple r e l a t i o n s h i p  between f u e l  p a r t i c l e  s i z e  and burning time (Anderson 
1969), o r  flame r e s idence  t ime,  Rothermel 's  model can be used t o  p r e d i c t  Byram's 
i n t e n s i t y  and t h e  r e l a t e d  a s p e c t s  o f  f i r e  i n t e n s i t y  c o r r e l a t e d  t o  i t .  

Rothermel (1972) and Anderson (1969) make use of  a  d i f f e r e n t  measure of i n t e n s i t y - -  
t h e  r a t e  o f  hea t  r e l e a s e  pe r  u n i t  a r e a  burning.  This  q u a n t i t y  appears  d i r e c t l y  i n  
Rothermel 's spread model and can be used i n  Thomas1 (1963) equa t ions  c o r r e l a t i n g  flame 
length  and he igh t  wi th  f i r e  mass r e l e a s e  r a t e .  Thomas' equa t ions  a r e  somewhat d i f f i c u l t  
t o  use  i n  de sc r ib ing  wildland f i r e  flame behavior  bu t  u sua l l y  p r e d i c t  a  flame length  
approximately equal  t o  t h a t  given by t h e  equat ion given by Byram i f  one uses  t h e  flame 
width p r ed i c t ed  by Anderson's r e l a t i o n  a s  t h e  c h a r a c t e r i s t i c  dimension D i n  Thomas' 
equa t ions .  

Limitations on Accuracy of Predictions 

The mathematical models c i t e d  above permit  one t o  c a l c u l a t e  va r ious  f e a t u r e s  of 
f i r e  behavior .  Some a r e  easy  t o  use ,  some very  complicated, bu t  a l l  w i l l  be found t o  
produce r e s u l t s  which do not  always agree  with observed f i r e  behavior .  In some 
i n s t a n c e s ,  t h e  disagreement can be q u i t e  s i g n i f i c a n t  (Brown 1972; Lawson 1972). 

There a r e  t h r e e  p r i n c i p a l  reasons  f o r  such disagreement ,  no mat te r  which models 
a r e  used:  

1 .  The model may not  be a p p l i c a b l e  t o  t h e  s i t u a t i o n .  

2 .  The model 's  i nhe ren t  accuracy may be a t  f a u l t .  

3. The d a t a  used i n  t h e  model may be i naccu ra t e .  

Model a p p Z i c a b i 2 i t y . - - I f  one a p p l i e s  a  model i n  a  s i t u a t i o n  f o r  which t h e  model 
was no t  intended t o  be used,  t h e  " error"  i n  t h e  model 's p r e d i c t i o n  can be very  l a r g e .  
A l l  t h e  models d i scussed  and c i t e d  above have t h e  fo l lowing  l i m i t a t i o n s  and should no t  
be expected t o  p r e d i c t  what they do not  p re tend  t o  r ep re sen t :  

1 .  The f u e l  bed modeled i s  cont inuous,  uniform, and homogeneous. The more t h e  
r e a l  f u e l  s i t u a t i o n  d e p a r t s  from t h i s  i d e a l ,  t h e  more e r r a t i c  t h e  p r e d i c t i o n s  w i l l  be 
when compared t o  r e a l  f i r e  behavior .  

2 .  The f u e l  bed i s  a  s i n g l e  l a y e r  and i s  cont iguous t o  t h e  ground, no t  an a e r i a l  
l a y e r ,  such a s  t h e  crowns o f  coni fe rous  t r e e s .  Although brush f i r e s  may t e c h n i c a l l y  be 
considered "crown f i r e s "  and have been t r e a t e d  by some o f  t h e  above-mentioned models, 
a  l a r g e - s c a l e  c o n i f e r  crown f i r e  i s  n o t  s p e c i f i c a l l y  modeled and would probably be 
poorly p r e d i c t e d .  



3. F i r e  spread by s p o t t i n g  ( f l y i n g  embers o r  f i r e b r a n d s )  i s  no t  modeled by any of  
t h e  models mentioned above, so  f i r e  spread r a t e  i n  t hose  s i t u a t i o n s  where s p o t t i n g  i s  
important  w i l l  l i k e l y  be poor ly  es t imated .  

4 .  F i r e  whirlwinds and s i m i l a r  extreme, f i r e- induced  atmospheric  d i s t u rbances  a r e  
n o t  modeled. Countryman (1971) p rov ides  guidance a s  t o  when such phenomena a r e  t o  be 
expected,  bu t  a c t u a l  p r e d i c t i o n s  a r e  no t  y e t  w i th in  t h e  s t a t e - o f - t h e - m o d e l e r s T- a r t .  

Accuracy of mode2 r e l a t i onsh ip s . - - Wi ld l and  f i r e s ,  being i n f r equen t ,  unp red i c t ed ,  
and o f t e n  occu r r i ng  i n  inconvenient  l o c a t i o n s ,  a r e  no t  i d e a l  c and ida t e s  f o r  instrumenta-  
t i o n  and measurement. A s  a  consequence, d a t a  t o  t e s t  t h e o r e t i c a l  o r  empi r ica l  formulae 

-7 f o r  w i l d f i r e  behavior  accumulate s lowly.  Model t e s t i n g  probably w i l l  con t inue  t o  r e l y  
most ly  on l a b o r a t o r y  experiments  and p r e sc r i bed  f i r e  d a t a ,  with occa s iona l  "windfal l"  
w i l d f i r e  obse rva t i ons .  

The r e l a t i o n s h i p s  between v a r i a b l e s  i n  a l l  o f  t h e  models must be viewed a s  weakly 
t e s t e d ,  semiempi r ica l ,  and s u b j e c t  t o  excep t ion .  Where t e s t s  have been p o s s i b l e  with 
s u f f i c i e n t  r i g o r  t o  t e s t  model r e l a t i o n s h i p  accuracy,  they  have u s u a l l y  shown t h e  
p r e d i c t i o n  e r r o r s  t o  be w i th in  a  few t e n s  of percen t  on t h e  average.  F i r e  behavior  
v a r i e s  over  many o r d e r s  o f  magnitude, and model b u i l d e r s  cons ide r  models succe s s fu l  i f  
t h e  r e l a t i o n s h i p s  p r e d i c t  f i r e  behavior  wi th in  a  f a c t o r  o f  two o r  t h r e e  over  a  range  of  
two o r  t h r e e  decades.  Th i s  can be taken  a s  roughly r e p r e s e n t a t i v e  of  t h e  c u r r e n t  
s t a t e - o f - t h e - a r t  i n  f i r e  behavior  model accuracy,  i nc lud ing  both t h e  e f f e c t s  o f  a p p l i -  
c a b i l i t y  and i n t e r n a l  accuracy .  So u n t i l  t h e  l i m i t a t i o n s  of  model a p p l i c a b i l i t y  
o u t l i n e d  above a r e  r e l axed  by f u r t h e r  r e s e a r c h ,  improvements i n  model r e l a t i o n s h i p  
accuracy beyond t h e  c u r r e n t  l e v e l  a r e u n l i k e l y  t o  i n c r e a s e  t h e  o v e r a l l  accuracy o f  
p r e d i c t i o n s .  

The most important  source  of  e r r o r  i n  any p a r t i c u l a r  p r e d i c t i o n  may be d i f f i c u l t  
t o  p i n  down t o  model a p p l i c a b i l i t y ,  model accuracy,  o r  d a t a  accuracy .  But t h e  i n t e r n a l  
cons i s t ency  o f  a  w e l l - d i s c i p l i n e d  mathematical model a l lows  one t o  use  it t o  a s s e s s  
t h e  impact o f  changes i n  important  v a r i a b l e s  f o r  s p e c i f i c  s i t u a t i o n s ,  even i f  t h e  model 
o v e r p r e d i c t s  o r  unde rp red i c t s  s y s t e m a t i c a l l y ,  whether due t o  model i n a p p l i c a b i l i t y ,  
model inaccuracy ,  o r  d a t a  e r r o r s .  

For example, t h e  e f f e c t  o f  a  5 mi/h windspeed i n c r e a s e  on t h e  r a t e  o f  spread i n  a  
g r a s s- type  f u e l  can be p r ed i c t ed  t o  w i th in  a  few t e n s  of percen t  us ing  Rothermel 's  
(1972) model, bu t  a  s p e c i f i c  p r e d i c t i o n  of spread r a t e  a t  one windspeed i n  t h e  same f u e l  
t ype  may be a  f a c t o r  o f  two high o r  low (Sneeuwjagt 1974).  

Accuracy of d a t a . - - F i r e  behavior  models should be s e n s i t i v e  t o  t hose  parameters  
known t o  a f f e c t  f i r e  behavior ,  such a s  v a r i a t i o n s  i n  f u e l  mois ture ,  windspeed, s l o p e , f u e l  
bed dep th ,  and o t h e r s .  I f  t h e s e  d a t a  a r e  no t  known a c c u r a t e l y  enough, model ou tpu t  may 
be s i g n i f i c a n t l y  i n  e r r o r .  I t  i s  easy  t o  recognize  t h e  na tu r e  of and t h e  e f f e c t s  of 
e r r o r s  i n  d a t a  such a s  t h e  windspeed, t h e  s l ope ,  o r  t h e  f u e l  mois ture  con t en t .  More 
s u b t l e ,  y e t  e q u a l l y  important  d e s c r i p t o r s ,  such a s  f u e l  p a r t i c l e  surface/volume r a t i o s ,  
t h e  load ing  of  f u e l  components i n  each s i z e  c l a s s ,  and t h e  p ropo r t i ons  of l i v e  and 
dead components, must a l s o  be s p e c i f i e d  a c c u r a t e l y  i n  o r d e r  t o  p r e d i c t  f i r e  behavior  
r e a l i s t i c a l l y .  Rothermel 's  (1972) f i g u r e s  24 and 25 i l l u s t r a t e  d r ama t i ca l l y  t h e  
importance of  t h e s e  f u e l  bed d e s c r i p t o r s  i n  determining p r ed i c t ed  f i r e  i n t e n s i t y  and 
forward r a t e  o f  spread .  

Because models of phenomena a s  complex a s  w i l d f i r e  a r e ,  gene ra l l y ,  q u i t e  non l i nea r ,  
t h e  ou tpu t  may be  h igh ly  s e n s i t i v e  t o  a  p a r t i c u l a r  parameter  over  one range of  va lue s  
and n e a r l y  i n s e n s i t i v e  t o  t h e  same parameter  i n  a  d i f f e r e n t  va lue  range.  For t h i s  
reason ,  i t  i s  d i f f i c u l t  t o  make a  v a l i d  q u a n t i t a t i v e  s ta tement  about t h e  r e l a t i o n s h i p  
between i n p u t  d a t a  accuracy and ou tpu t  accuracy.  The model i n  ques t i on  must be used 
t o  e s t a b l i s h  i t s  requ i rements  f o r  d a t a  accuracy,  cons ider ing  t h e  range of va lue s  of 
t h e  v a r i a b l e s  used f o r  i n p u t .  



I f  any genera l  r u l e  i s  v a l i d ,  however, it i s  t h a t  most l i k e l y  d a t a  accuracy w i l l  
no t  be t h e  f a c t o r  which l i m i t s  t h e  v a l i d i t y  of behavior  model p r e d i c t i o n s .  The u s u a l l y  
dominating e r r o r  source i s  t h a t  t h e  f u e l  complex i s  not  uniform, cont inuous,  homogen- 
ous,  and consol ida ted  i n t o  a  s i n g l e  l aye r .  Nor i s  t h e  windspeed cons t an t ,  t h e  s l ope  
everywhere t h e  same, nor  t h e  f u e l  moisture conten t  t h e  same from p l ace  t o  p l ace .  Af t e r  
model a p p l i c a b i l i t y ,  probably t h e  next  most important  e r r o r  source i s  inheren t  model 
accuracy.  I f  s tandard  f u e l  inventory  techniques a r e  followed (Brown 1971, 1974; Van 
Wagner 1968b; USDA Fore s t  Serv ice  1959), it i s  u n l i k e l y  t h a t  d a t a  accuracy would be 
t h e  dominant e r r o r  source.  I f  no measurements a r e  made, however, but  e s t ima te s  from 
observa t ions  a r e  used, t h e  accuracy of t h e  e s t ima te s  may cause e r r o r s  a s  l a r g e  a s  t h e  
f i r s t  two sources ,  o r  even l a r g e r .  

SOME FIRE BEHAVIOR 
COMPUTATION AIDS 

In  t h i s  s e c t i o n ,  some g raph i ca l  r e s u l t s  from t h e  phys ica l  and mathematical r e l a -  
t i o n s h i p s  t h a t  make up some s p e c i f i c  f i r e  behavior  p r e d i c t i o n  models a r e  presen ted ,  and 
t h e  r eade r  i s  r e f e r r e d  t o  some o t h e r s .  The p re sen t a t i on  he re  w i l l  be b r i e f  by neces-  
s i t y .  The i n t e r e s t e d  r eade r  i s  urged t o  consu l t  t h e  o r i g i n a l  documentation f o r  a  b e t t e r  
understanding of t h e  va r ious  models. 

To apply models p r e d i c t i n g  f i r e  behavior ,  it i s  necessary  t o  have i n  hand s p e c i f i c  
d e f i n i t i o n s  of  t h e  terms used t o  d e s c r i b e  t h e  phenomena. Appendix I  d i s cus se s  phenomena 
and de f ine s  t h e i r  d e s c r i p t i v e  terms,  and g ives  some t a b l e s  showing conversion f a c t o r s  
between va r ious  common u n i t s  o f  measurement. 

Appendix I1 p r e s e n t s  and d i s cus se s  t h e  var ious  models used i n  c a l c u l a t i n g  t h e  
r e s u l t s  given he re .  The d i s cus s ions  a r e  b r i e f ,  bu t  t h e  equa t ions  a r e  given f o r  t h e  
i n t e r e s t e d  r eade r .  

Rothermelas Spread Rate Model 

Frandsen (1973a) programed a Hewlett-Packard Model 9820 minicomputer t o  c a l -  
c u l a t e  i n t e n s i t y  and r a t e  of  spread from R o t h e m e l ' s  model. Recent ly,  t h i s  program has 
been r ev i s ed  and extended by M s .  P a t r i c i a  Andrews of t h e  Northern Fores t  F i r e  Laboratory 
In i t s  c u r r e n t  ve r s ion ,  t h e  program w i l l  no t  on ly  so lve  a  s i n g l e  problem, but  w i l l  
produce graphs of  spread r a t e  versus  windspeed and/or  r e a c t i o n  i n t e n s i t y  versus  f u e l  
mois ture .  Wri t ten i n s t r u c t i o n s  on t h e  ope ra t i on  of t h e  new program can be ob ta ined  by 
w r i t i n g  t o  M s .  Andrews. 

The Northern Fores t  F i r e  Laboratory main ta ins  a  computer-based l i b r a r y  of f i r e  
behavior  models a t  t h e  Lawrence Berkeley Labora tor ies  computer f a c i l i t y  on t h e  campus 
of t h e  Un ive r s i t y  of  C a l i f o r n i a  a t  Berkeley. A Users1 Manual (Albini  1976) i s  i n  
p r epa ra t i on ;  d r a f t  copies  a r e  a v a i l a b l e  from t h e  au thor .  L i s t i n g  and card  images of 
t h e  FORTRAN IV source  code a r e  a l s o  a v a i l a b l e .  



Nomographs for Stylized Fuel Models 

By us ing  Rothermel1s equat ions (appendix 11) and some s t y l i z e d  f u e l  models s imi l a r  
t o  those  employed i n  t h e  NFDRS (Deeming and o the r s  1974), a  s e t  of graphs has been 
drawn t h a t  t oge the r  can be used t o  es t imate  f i r e  behavior i n  a  wide v a r i e t y  of s i t u a -  
t i o n s .  A s e t  o f  graphs has been cons t ruc ted  and organized f o r  easy use .  The f u e l  
models used a r e  descr ibed  i n  d e t a i l  i n  t a b l e  7 ,  appendix 111. 

These s e t s  of  graphs, o r  working c h a r t s ,  a r e  t e c h n i c a l l y  c a l l e d  nomographs, 
meaning graphica l  a i d s  f o r  t h e  computation of numbers. The nomographs a r e  c o l l e c t e d  
a t  t h e  end of  t h i s  s ec t ion .  

The mathematical b a s i s  f o r  t he  nomographs i s  t h e  r a t e  of spread model (Rothermel 
1972) with minor modi f ica t ions ,  a s  discussed i n  appendix 111. Thus, t h e  f i r e  behavior 
descr ibed  by t h e  nomographs p e r t a i n  t o  t h e  leading edge of a  spreading su r f ace  f i r e .  
I t  does not  include spread by s p o t t i n g  ( f i r eb rands  o r  embers), crown f i r e  (spread 
through coni ferous  t r e e  crowns), o r  t h e  long-term r e s i d u a l  f i r e  i n t e n s i t y .  

How t o  Use t h e  Nomographs 

1.  Determine t h e  b e s t  f u e l  model t o  use.  The 13 f u e l  models contained i n  t h e  s e t  
of nomographs a r e  grouped i n t o  four  general  f u e l  community groups: 

Grass and Grass-Dominated Fuel Complexes 
Chaparral and Shrubf ie lds  
Timber L i t t e r  
Logging Slash  

Although i d e n t i f i e d  by an e x p l i c i t ,  s h o r t  name, t h e  model u sua l ly  w i l l  apply t o  
more than one f u e l  s i t u a t i o n .  For example, f u e l  model 2, labeled "Timber (Grass and 
Understory) ,"  a l s o  can be used f o r  f i r e  behavior assessment of southern p ine  c l e a r c u t  
s l a s h .  And f u e l  model 4 ,  l abe led  "Chaparral (6 f t )  ," can a l s o  be used f o r  heavy f r e s h  
"red1' con i f e r  logging s l a s h .  

Each of  t h e  f u e l  models i n  each general  group has a  s e t  o f  b r i e f  d e s c r i p t i o n s  of 
app l i cab l e  " bes t - f i t s 1'  f u e l  types and l 'can-also-be-used-forll  f u e l  types .  The r eade r  i s  
urged t o  skim over t he  four  pages s epa ra t ing  t h e  groups of f u e l  models t o  become fami lar  
with t h e  v a r i e t y  of  models a v a i l a b l e  and f u e l  communities t o  which they  a r e  intended 
t o  apply.  

2 .  Determine t h e  "variable"  f a c t o r s :  windspeed, t e r r a i n  s lope ,  and f u e l  mois tures .  
A working c h a r t  i n  t h e  lower le f t - hand quadrant of each f u e l  model al lows one t o  combine 
t h e  measured 20- f t  windspeed and t h e  s lope  tangent  t o  ob t a in  an " e f f e c t i v e  windspeed." 
The procedure i s  explained i n  t h e  t e x t  accompanying t h e  cha r t  on each f i g u r e .  

For f i r e s n o t  dr iven  by t h e  p reva i l i ng  wind ( e . g . ,  backing o r  f lanking  f i r e ) ,  use 
zero windspeed. 

Fuel moisture f o r  t h e  dead f u e l  components can be taken from f i r e - dange r  r a t i n g  
assessments ,  f u e l  s t i c k  measurements on s i t e ,  o r  from any o the r  app rop r i a t e  sodrce.  
For models 1-5 and 8-10, use t h e  1-hour t imelag f u e l  moisture.  For models 6 and 7 ,  
i f  t h e  d a t a  a r e  a v a i l a b l e ,  combine t h e  t h r e e  moisture contents  a s  fol lows:  

"Dead Fuel Moisture" = 0.89 x (1-hour t imelag  moisture)  

+ 0.09 x (10-hour t imelag moisture)  

+ 0.02 x (100-hour t imelag  mois ture) .  



For the logging slash models, 11-13, combine the three moisture contents as follows: 

"Dead Fuel Moisture" = 0.76 x (1-hour timelag moisture) 

+ 0.18 x (10-hour timelag moisture) 

+ 0.06 x (100-hour timelag moisture). 

Live fuel moisture (foliage moisture) is required for models 2, 4, 5, 7, and 10 
If data are unavailable for estimating such moisture, the following rough estimates 
based on the stage of the dominant cover species in its annual cycle can be used: 

300 percent--Fresh foliage, annuals developing, early in growth cycle. 

200 percent--Maturing foliage, still developing, with full turgor. 

100 percent--Mature foliage, new growth complete and comparable to older 
perennial foliage. 

50 percent--Entering dormancy, coloration starting, some may have dropped 
from stems. 

3. Proceed to calculate fire behavior using the nomograph with the appropriate 
effective windspeed range. For each fuel model, there are two nomographs--one for low 
and one for high windspeeds. 

A. Enter the nomograph, via the upper right-hand scale, at the appropriate 
"Dead Fuel Moisture." Draw a horizontal line across the page at that point. 

I f  only dead fuel i s  present i n  the fuel model, determine the point of 
intersection of this horizontal line with the S-shaped curve in the upper right-hand 
quadrant. From this point of intersection, draw a vertical line down through the lower 
right-hand quadrant. Call this "line A." Go on to step B, skipping the following steps. 

I f  both l i v e  and dead fuels  are present i n  the  fuel model, determine the 
point of intersection of the horizontal line with the curve in the upper right-hand 
quadrant, which corresponds to the live fuel (foliage) moisture. Interpolate if 
necessary. These curves are labeled and also distinguished by different dot-and-dash 
patterns. From this point of intersection, draw a vertical line down through the 
lower right -hand quadrant. Call this "1 ine A. Continue the  horizontal l i n e  through 
the upper left-hand quadrant, connecting it to the "Dead Fuel Moisture" scale on the 
upper left-hand scale at the same value used to enter the nomograph on the upper 
right-hand scale. 

The curves in the upper left-hand quadrant are labeled with the various 
live fuel moistures and are drawn with the same dot-and-dash patterns as their 
corresponding curves in the upper right-hand quadrant. I f  the horizontal Zine in ter-  
sec t s  the curve in the upper left-hand quadrant for the live fuel moisture being 
used, then draw a s traight  l i n e  through this point of intersection to the lower right- 
hand corner of this quadrant. Call this "line K." You will use this constructed line 
later, in step D. I f  the horizontal l i n e  does not in tersec t  the curve of live fuel 
moisture being used, you w i l l  not need t o  use a  constructed Zine in step D. 

B. Line A, constructed in step A, extends vertically into the lower right- 
hand quadrant, crossing the lines labeled "Effective Windspeed" in that quadrant. You 
should already have determined the value of the effective windspeed using the small 
graph inset in the lower left-hand quadrant. If not, do so before proceeding; the 



i n s t r u c t i o n s  a r e  p r i n t e d  below t h e  graph on each page. Determine t h e  poin t  of i n t e r -  
sec t ion  of t h e  v e r t i c a l  l i n e  with t h e  l i n e  labe led  with t h e  va lue  of t h e  e f f e c t i v e  
windspeed, i n t e r p o l a t i n g  i f  necessary.  From t h i s  po in t  of i n t e r s e c t i o n ,  draw a  
ho r i zon ta l  l i n e  ac ros s  t h e  bottom of t h e  nomograph, extending through t h e  lower l e f t -  
hand quadrant .  

C .  Determine t h e  po in t  of i n t e r s e c t i o n  of t h e  ho r i zon ta l  l i n e  cons t ruc ted  i n  
s t e p  B with t h e  diagonal  l i n e  i n  t h e  lower le f t - hand quadrant.  From t h i s  po in t  of 
i n t e r s e c t i o n ,  draw a  v e r t i c a l  l i n e  i n t o  t h e  upper le f t - hand quadrant ,  pass ing  through 
t h e  l i n e s  drawn i n  t h a t  quadrant .  

D .  I f  on ly  dead fue l  i s  present i n  t h e  fuel  model, then determine t h e  poin t  
of i n t e r s e c t i o n  of  t h e  v e r t i c a l  l i n e  cons t ruc ted  i n  s t e p  C with t h e  l i n e  labe led  with 
t h e  app rop r i a t e  1-hour t imelag f u e l  moisture,  i n t e r p o l a t i n g  i f  necessary .  From t h i s  
po in t  of  i n t e r s e c t i o n ,  draw a  ho r i zon ta l  l i n e  back through t h e  upper r ight-hand 
quadrant .  Ca l l  t h i s  " l i n e  D . "  Go on t o  s t e p  E and read r e s u l t s .  

I f  both l i v e  and dead fue l s  are present i n  t h e  fuel  model, then t h e  next  s t e p  
depends upon whether o r  no t  you cons t ruc ted  l i n e  K i n  s t e p  A .  I f  l i n e  K was con- 
s t r u c t e d ,  determine i t s  i n t e r s e c t i o n  with t h e  v e r t i c a l  l i n e  cons t ruc ted  i n  s t e p  C .  
From t h i s  po in t  of  i n t e r s e c t i o n ,  draw a  ho r i zon ta l  l i n e  back through t h e  upper r i g h t -  
hand quadrant .  Ca l l  t h i s  " l i n e  D . "  Go on t o  s t e p  E and read r e s u l t s .  I f  you d id  
not  have t o  cons truc t  l i n e  K i n  s t e p  A ,  then l o c a t e  t h e  curve labe led  with t h e  va lue  
of l i v e  f u e l  moisture used i n  s t e p  A ,  i n t e r p o l a t i n g  i f  necessary.  From where t h i s  
curve i n t e r s e c t s  t h e  v e r t i c a l  l i n e  cons t ruc ted  i n  s t e p  C ,  draw a  ho r i zon ta l  l i n e  t o  
t h e  r i g h t ,  through t h e  upper r ight-hand quadrant.  Cal l  t h i s  " l i n e  D . "  

E .  Read r e s u l t s  a t  t h r e e  p l aces :  

(1) Line A c ros se s  t h e  ho r i zon ta l  a x i s  s epa ra t ing  t h e  two r ight-hand 
quadrants .  Read t h e  s c a l e  a t  t h a t  po in t  t o  determine t h e  r e a c t i o n  i n t e n s i t y  ( see  
appendixes I  and 11) of  t h e  f i r e .  

(2) Line D c ros se s  t h e  v e r t i c a l  a x i s  s epa ra t ing  t h e  two upper quadrants .  
Read t h e  s c a l e  a t  t h a t  po in t  t o  determine the  forward r a t e  of spread of t h e  f i r e .  

(3) Line A (extended upward i f  necessary)  and l i n e  D i n t e r s e c t  i n  t h e  
upper r igh t- hand quadrant .  The flame length  a t  t h e  f r o n t  of t h e  f i r e  can be determined 
from t h i s  i n t e r s e c t i o n  po in t .  I n t e r p o l a t e  between t h e  hyperbolic  curves ( those  t h a t  
run from upper l e f t  t o  lower r i g h t  i n  a  rounded L shape) ,  which a r e  labe led  with t h e  
va lues  of flame length .  

Examples 
Two examples a r e  worked ou t  s tep- by- s tep  on t h e  fol lowing pages, one s t e p  per  

page. Each page i s  marked with t h e  l e t t e r  of  t he  s t e p  i n  t h e  i n s t r u c t i o n  sequence 
j u s t  above. To fol low t h e  s t e p s  i n  t h e  cons t ruc t ion  of  t h e  so lu t ion  t o  each example, 
match t h e  l e t t e r  of t h e  i n s t r u c t i o n  s t e p s  (A-E) with t h e  page. On each page, t h e  
l i n e s  cons t ruc ted  i n  t h a t  s t e p  a r e  shown dashed, prev ious ly  completed l i n e s  s o l i d .  
The d a t a  f o r  t h e  two examples a r e  given below: 

Example I ( f i g .  I ) . - - Es t ima te  t h e  f i r e  i n t e n s i t y ,  forward r a t e  of spread,  and t h e  
flame length  of a  f i r e  i n  cured broomsedge, given a  f u e l  moisture content  of 5  percent  
and a  windspeed ( a t  20- f t  he igh t )  of  8 mi/h, on l eve l  ground. 

So lu t ion  1.- -Ver i fy  t h a t  t h e  app rop r i a t e  fue l  model i s  number 3--Tall  Grass (2.5 
f t ) .  The c h a r t  t o  use  i s  t h e  "low windspeed" member of t h e  p a i r .  The r e s u l t s  of t h e  
cons t ruc t ion  i l l u s t r a t e d  on t h e  fol lowing pages a r e :  f i r e  i n t e n s i t y ,  3,000 Btu/min/ 
f t 2 ;  r a t e  of  spread,  97  cha ins  pe r  hour; flame length ,  12.5 f t .  













Example 2  ( f i g .  21 . - - E s t i m a t e  t h e  f i r e  i n t e n s i t y ,  forward r a t e  o f  s p r e a d ,  and 
t h e  f lame l e n g t h  o f  a  f i r e  i n  a  w i r e g r a s s / s c r u b  oak a s s o c i a t i o n ,  when t h e  f i n e  dead 
f u e l  m o i s t u r e  i s  8 p e r c e n t ,  t h e  l i v e  f o l i a g e  m o i s t u r e  about  50 p e r c e n t ,  t h e  wind i s  
calm, and t h e  s l o p e  i s  70 p e r c e n t .  

S o l u t i o n  2 . - - V e r i f y  t h a t  t h e  p roper  f u e l  model t o  u s e  i s  number 2, Timber (Grass 
and Unders to ry) .  The c h a r t  t o  u s e  i s  once a g a i n  t h e  "low windspeed" v e r s i o n .  Using 
t h e  s m a l l  c h a r t  i n s e t  i n  t h e  lower l e f t - h a n d  quadran t  o f  t h i s  nomograph, v e r i f y  t h a t  
t h e  e f f e c t i v e  windspeed i s  9 mi/h .  The r e s u l t s  o f  t h e  c o n s t r u c t i o n  i l l u s t r a t e d  on 
t h e  fo l lowing  pages  a r e :  f i r e  i n t e n s i t y ,  3,500 Btu /min / f t 2 ;  r a t e  o f  sp read ,  34 c h a i n s  
p e r  hour ;  f lame l e n g t h ,  6.2 f t .  













Fire ~ e h a v i o r  Estimation Charts 

Chart Numbers 

1  - 3 

General Fuel Description 

Grass  and Grass-Dominated Complexes 

Chapar ra l  and Shrubf i  e l d s  

Timber L i t t e r  

Logging S l a s h  

These c h a r t s  a r e  based on s t y l i z e d  " t y p i c a l"  f u e l  models,  much l i k e  t h o s e  used  
i n  t h e  N a t i o n a l  Fire-Danger Ra t ing  System, b u t  w i t h  some impor tan t  d i f f e r e n c e s .  
E s t i m a t e s  made from t h e s e  c h a r t s  a r e  n o t  i n t e n d e d  t o  b e  p r e c i s e ,  b u t  r a t h e r  t o  p ro-  
v i d e  rough e s t i m a t e s  f o r  p lann ing  and h a z a r d  assessment  purposes .  The f u e l  complex 
d e s c r i p t i o n s  a r e  g iven  i n  d e t a i l  i n  t a b l e  7 ,  appendix 111. 



Fire Behavior Estimation Charts for Grass and Grass-Dominated CompZexes 

1. Short Grass (1 ft) 

Best fits: Western grasslands, not grazed. 

Also use for: Western savannah types, stubble, grass tundra. 

NOTE: Cured fuels only. 

2. Timber (Grass and Understory) 

Best fits: Open pine grassy understory, wiregrass/scrub oak associations. 

Also use for: Timber/sagebrush/grass associations, southern pine 
clearcut slash. 

3. Tall Grass (2.5 ft) 

Best fits: Bluebunch wheatgrass, bluestems, galleta, Indiangrass, 
broomsedge, switchgrass, pineland three-awn, panicgrass, etc 

Also use for: Wild or cultivated grains (cured, not harvested), tall 
sawgrass, eastern marsh vegetation. 

NOTE: Cured fuels only. 

















Fire Behavior Estimation Charts for Chaparral and Shrub Fields 

4. Chaparral (6  f t )  

Best f i t s :  Mature ( a t  l e a s t  10 t o  15 years  o ld )  c h a p a r r a l ,  manzanita,  
chamise. 

Also use f o r :  High pocos ins ,  heavy (more than 120 t ons  per  ac r e )  "red" 
c o n i f e r  s l a s h .  

5 .  Brush (2 f t )  

Best f i t s :  Laure l ,  s a l a l ,  v ine  maple, a l d e r ,  mountain mahogany. 

Also use f o r :  Young c h a p a r r a l ,  manzanita,  chamise. 

6 .  Dormant Brush, Hardwood Slash  

Best f i t s :  Low pocosins (dormant),  Alaskan spruce t a i g a ,  shrub t und ra .  

Also use  f o r :  Fresh hardwood logging s l a s h  (40 tons  pe r  a c r e  o r  l e s s ) .  

7 .  Southern Rough 

Best f i t s :  Southern rough (2 y e a r s ) ,  pa lme t to- ga l l be r ry  communities 

Also use  f o r :  Low pocosins  (not  dormant) 





















Fire Behavior Estimation Charts for Timber L i t t e r  

8.  Closed Timber L i t t e r  

Best f i t s :  compact l i t t e r  i n  c losed ,  short-needle con i f e r  s t ands .  

Also use f o r :  Compact hardwood l i t t e r  (see 9 a l s o ) .  

9 .  Hardwood L i t t e r  

Best f i t s :  Fresh, uncompacted oak/hickory l i t t e r .  

Also use f o r :  Fresh, uncompacted l i t t e r  under maple, t u l i p  poplar ,  
aspen, e t c .  

NOTE: Blown, burning leaves may increase  spread r a t e  above cha r t  
p r e d i c t  ions .  

10. Timber ( L i t t e r  and Understory) 

Best f i t s :  Overmature con i f e r  s tands  with high loadings of  dead, down 
woody f u e l ,  including shrub understory o r  con i f e r  reproduction.  

Also use f o r :  S e t t l e d  th inning  o r  p a r t i a l - c u t  con i f e r  s l a s h ,  with 
needles f a l l e n ,  overgrown by shrubs o r  con i f e r  reproduction.  

















Fire Behavior Est imation Charts for Logging S lash  

11. L igh t  Logging S l a s h  

Best  f i t s :  L igh t  (under  40 t o n s  p e r  a c r e )  logg ing  s l a s h  from p a r t i a l  o r  
c l e a r c u t  w e s t e r n  mixed c o n i f e r s .  Most n e e d l e s  have f a l l e n ,  
s l a s h  somewhat compact. 

12.  Medium Logging S l a s h  

Best  f i t s :  Medium (40 t o  120 t o n s  p e r  a c r e )  logg ing  s l a s h  from c l e a r c u t  
w e s t e r n  mixed c o n i f e r s .  Most n e e d l e s  have f a l l e n ,  s l a s h  
somewhat compact. 

Also u s e  f o r :  L igh t  " red" s l a s h ,  w i t h  n e e d l e s  a t t a c h e d  

13 .  Heavy Logging S l a s h  

Best  f i t s :  Heavy (more t h a n  120 t o n s  p e r  a c r e )  logg ing  s l a s h  from 
c l e a r c u t  wes te rn  mixed c o n i f e r s .  Most n e e d l e s  have f a l l e n ,  
s l a s h  somewhat compact. 

Also u s e  f o r :  Medium " red" s l a s h ,  w i t h  n e e d l e s  a t t a c h e d  

NOTES: Hardwood s l a s h  - s e e  model 6 

Iieavy "red" s l a s h  - s e e  model 4  

Overgrown s l a s h  - s e e  model 10 

Sou the rn  p i n e  c l e a r c u t  s l a s h  - s e e  model ? 















Rate of Growth Factors 

Effects  of  Wind and Slope on Fomard Rate of  Spread 

The computer-based versions of Rothermel's spread model and the  nomographs pre- 
sented above allow one t o  incorporate the  e f f e c t s  of wind and slope, e i t h e r  separate ly  
o r  combined; The s ty l i zed  fue l  models were used t o  es tab l i sh  the  fuel  bed proper t ies ,  
which influence spread r a t e  s e n s i t i v i t y  t o  wind and slope (appendix 11), shown i n  
f igures  3 and 4.  These f igures  provide estimates of the  e f fec t s  of slope o r  wind on 
a f i r e  burning i n  a fue l  t h a t  resembles one of the  13 s ty l i zed  models used h e ~ e .  

WINDSPEED AT 20 FT, M I / H  

Figme 3.--Ratio of forward rate  of spread d o w i n d  t o  
the  ra te  under calm conditions. Level terrain  i s  asswned 
i n  both cases. Fuel models correspond t o  those used i n  
the  nomographs . 



Figure 4 .  --Ratio o f  
forward ra te  o f  
spread upslope t o  
the  ra te  on ZeveZ 
terrain .  Zero 
windspeed i s  
assumed i n  both 
cases. Fuel 
mode 2s corre- 
spond t o  those 
used i n  the  
nomograph. 

SLOPE TAJGETJT, PERCEijT 

Shape and Growth o f  Wind-Driven Fires 

The shape o f  a wind-driven f i r e  can be approximated by jo in ing  two e l l i p ~ e s . ~  
Re l a t i onsh ips  between a r e a ,  per imeter ,  and length  of downwind t r a v e l  from t h e  po in t  
o f  o r i g i n  a r e  given a s  formulae i n  appendix 11. The parameters  t h a t  d e s c r i b e  t h e  
e l l i p t i c a l  shapes can be der ived  from t h e s e  formulae a l s o .  But t h e s e  q u a n t i t i e s  convey 
l i t t l e  i n  t h e  way of  a v i s u a l  impression of  t h e  shape r ep re sen t ed .  

F igure  5 shows t h e  shapes p r ed i c t ed  by t h e  equa t ions  i n  appendix 11, f o r  f i r e s  
d r iven  by 5- ,  l o - ,  15- , 20-, and 30-mi/h winds. I n  each case ,  t h e  f i r e  i s  presumed 
t o  s t a r t  where t h e  two s t r a i g h t  l i n e s  c r o s s ,  and t h e  wind blows from l e f t  t o  r i g h t .  
The t y p i c a l  e longa ted  egg shape has  been noted even f o r  very  l a r g e  f i r e s . 6  

The l eng th  of  t h e  per imeter  o f  a wind-driven f i r e  depends on how long it has been 
burning.  By us ing  t h e  shapes p r ed i c t ed  by Anderson's equa t ions  ( l i k e  t hose  shown i n  
f i g .  5 ) ,  a l l  we need t o  know t o  compute t h e  per imeter  i s  t h e  l eng th  of t h e  downwind 
run.  On t h e  diagrams of  f i g u r e  5, t h i s  l ength  of run  i s  from t h e  i n t e r s e c t i o n  of  t h e  
two s t r a i g h t  l i n e s  t o  t h e  r igh t- hand  edge of  t h e  f i r e  o u t l i n e .  F igure  6 p l o t s  t h e  
per imeter  o f  t h e  f i r e  d iv ided  by l eng th  of  run .  To compute t h e  per imeter  l ength  of  
t h e  e l l i p t i c a l  shapes,  read  t h e  v e r t i c a l  a x i s  o f  f i g u r e  6 f o r  t h e  r a t i o  of per imeter  
t o  downwind run d i s t a n c e .  Mul t ip ly  t h i s  number by t h e  length  of  t h e  downwind run,  
which i s  simply t h e  forward r a t e  of  spread mu l t i p l i ed  by t h e  t ime s i n c e  i g n i t i o n .  

I 

5 ~ e f e r e n c e  foo tno t e  3. 
6 ~ n d e r s o n ,  Hal E .  P r i v a t e  communication of  d a t a  on f i l e  a t  t h e  Northern Fores t  h 

F i r e  Laboratory,  Missoula, Montana, December 1974. 



1 5  M I / H  

WIIIDSPEED , 5 M I / H  p 20 M I / H  

Figure 5 .  --Approximate f i r e  shapes (not  s i z e s ,  t he  scales are arb i t rary )  for windspeeds 
o f  5, 10,  15 ,  20, and 30 mi/h. 

Figure 6.  --Ratio o f  approx- 
imate f i r e  perimeter 
length t o  the distance 
from point o f  or ig in  t o  
the head of  the  f i r e  

. 
5 10 15 20 2 5 3 0  (based on Anderson ' s  

double-ell ipse formulae 
WIiiDSPEED AT 2 0  FT HEIGHT, MI/H i n  appendix I I ) .  



Figure 7 .  --Approximate 
area of wind-driven 
f ires ,  using Anderson 's V) = 
double-e Zlipse formulae - 
i n  appendix II .  In g 0,100 
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Note t h a t  t h e  curve  i n  f i g u r e  6 underes t imates  t h e  f i r e  per imeter  f o r  extremely 
low windspeeds. I t  appears  from t h i s  f i g u r e  t h a t  a t  ze ro  windspeed (when t h e  f i r e  
shape would be a c i r c l e )  t h e  r a t i o  o f  per imeter  t o  r a d i u s  would be j u s t  g r e a t e r  than 
f o u r ,  whi le  t h e  proper  va lue  i s ,  o f  course ,  6 .28.  The d a t a  from which t h e  equa t ions  
f o r  f i g u r e  6 and 7 were der ived  were f o r  windspeeds of  about  5 mi/h and above, and t h e  
e x t r a p o l a t i o n  o f  t h e  curves t o  lower windspeeds produces some e r r o r .  

The a r e a  enclosed by t h i s  approximate per imeter  a f f o r d s  a measure of t h e  a r e a  of 
t h e  f i r e .  To express  t h i s  a r e a ,  we d i v i d e  t h e  acreage  burned by t h e  square  of  t h e  
downwind run  l eng th  s o  t h a t  a l l  f i r e s  can be r ep re sen t ed  on a s i n g l e  graph. In 
f i g u r e  7 ,  t h e  burned a r e a  i s  p l o t t e d ,  and d iv ided  by t h e  square  of  t h e  l eng th  of t h e  
downwind run  i n  cha in s .  Again, no t e  t h e  underes t imat ion  of  f i r e  a r e a  f o r  very  low 
windspeeds. The zero-wind r a t i o  o f  a r e a  t o  square  o f  r a d i u s  would be 0.314 i n  t h e  
u n i t s  used i n  f i g u r e  7 .  

Flame Front Characteristics and Some Fire Effects 

Byram's Intensi ty  

Many r e sea rche r s  have used Byram1s measure of  i n t e n s i t y  (appendixes I and 11) t o  
c o r r e l a t e  observed f i r e  behavior  phenomena. This  important  parameter i s  a l s o ,  by 
i t s e l f ,  a u s e f u l  gage of  f i r e  i n t e n s i t y  o r  r e s i s t a n c e  t o ' c o n t r o l  (Hodgson 1968). 
Figure 8 i s  a d i f f e r e n t  type o f  nomograph t h a t  a l lows  one t o  e s t ima te  Byram1s i n t en-  
s i t y  from t h e  r a t e  o f  spread and t h e  r e a c t i o n  i n t e n s i t y  (as  taken  from t h e  prev ious  
nomographs), and t h e  mean s i z e  o f  t h e  f i r e- p ropaga t ing  f u e l  p a r t i c l e s .  



Figure 8 .  --A nomograph for determining Byramrs in tens i ty  from the rate of spread and 
Rothermelrs reaction in tens i ty .  B ,  an example of how t o  use A, using the resu l t s  o f  
example I of  the nomograph explanation, 97 chains per hour and 3,000 Btu/min/sq ft. 
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To use f i g u r e  8 ,  fol low these  s t eps :  

1 .  Determine t h e  r e a c t i o n  i n t e n s i t y  ( e .g . ,  from t h e  previous nomographs) and 
l o c a t e  t h i s  va lue  on the  s c a l e  a t  t h e  f a r  l e f t .  

2 .  Determine (o r  s e l e c t )  t h e  r a t e  of spread,  and l o c a t e  t h i s  va lue  on t h e  s c a l e  
next  t o  f a r t h e s t  l e f t .  

3.  Draw a  s t r a i g h t  l i n e  through t h e  two po in t s  loca ted  i n  t h e  previous two s t e p s  
and determine t h e  i n t e r s e c t i o n  of  t h i s  l i n e  with t h e  index l i n e  of f i g u r e  8 ( t he  
cen t e r  l i n e ) .  Ca l l  t h i s  po in t  A .  

4 .  Determine t h e  mean f u e l  p a r t i c l e  s i z e ,  from t h e  f u e l  complex d e s c r i p t i o n s  
shown on t h e  l i n e  next  t o  f a r  r i g h t .  

5 .  Draw a  s t r a i g h t  l i n e  from po in t  A through t h e  f u e l  p a r t i c l e  s i z e  s c a l e  a t  
t h e  po in t  r ep re sen t ing  t h e  f u e l  complex of  i n t e r e s t  and extend the  l i n e  t o  i n t e r -  
s e c t  t h e  f a r  r igh t- hand s c a l e .  

6 .  Where t h e  l i n e  i n t e r s e c t s  t h e  f a r  r ight-hand s c a l e  i n  s t e p  5,  read o f f  
Byram's i n t e n s i t y .  

An example i s  shown ( f i g .  8 B ) ,  using t h e  r e s u l t s  of example of t h e  nomograph 
explana t ion ,  97 cha ins  pe r  hour and 3,000 ~ t u / m i n / f t ~ .  

Flame length  

Figures 9 and 10 a r e  p l o t s  of Byram's flame length  formula given i n  appendix 11. 
Using t h e  va lue  determined from t h e  nomograph of f i g u r e  8 ,  t h e  average flame length  

L I E I T O F  GOOD 
MAliUAL C0;iTROL 

Figure 9 .  --Flame Zength 
versus Byram's i n t e n s i t y .  

. 
The l i m i t s  o f  control  
indicated on the  figure 
are from Hodgson (1968) .  



Figure 10 .  --Flame length 
versus Byram's inten- 
s i t y  for high-intensity 
f ires .  
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can be es t imated  d i r e c t l y  by reading  t h e  graphs of f i g u r e  9  o r  10. On f i g u r e  9, 
Hodgson's (1968) l i m i t s  of c o n t r o l l a b i l i t y  a r e  marked. Note t h e  flame lengths  asso-  
c i a t e d  with t hese  i n t e n s i t i e s .  Good manual con t ro l  ceases  with flame lengths  g r e a t e r  
than about 3 .5  f e e t ,  and s e r i o u s  s p o t t i n g  ( l i m i t  of con t ro l )  i s  t o  be expected when 
flame lengths  exceed about 8 .5  f e e t .  

Crowz Scorch Height 

Figures  11 and 12 p l o t  Van Wagner's (1973) equat ions f o r  t he  he ight  of crown 
scorch versus  Byram's i n t e n s i t y  f o r  var ious  windspeeds on a 77' F day. (The use  o f  
t he  77' F day a s  a  s tandard  f o r  t h i s  c a l c u l a t i o n  i s  d iscussed  i n  t h e  mathematical 
p r e sen ta t i on  o f  appendix 11 . )  The sharp decrease  i n  scorch he ight  with windspeed f o r  
a  f i xed  value of  Byram's i n t e n s i t y  i s  due t o  cooling of t h e  ho t  plume by en t r a ined  
ambient a i r .  This  i s  somewhat deceiving,  a s  Byram's i n t e n s i t y  u sua l ly  i nc reases  
r a p i d l y  with windspeed. (This i s  so  because Byram's i n t e n s i t y  i s  propor t iona l  t o  
r a t e  of  spread,  s ee  appendix I 1  and f i g .  8 ) .  

Crown scorching i s  an important cons idera t ion  i n  prescr ibed  f i r e  des ign ,  and t h e  
e f f e c t  of  windspeed can be an ove r r id ing  f a c t o r  i n  many cases .  Due t o  t h e  f a c t  t h a t  
t h e  windspeed under a  timber canopy i s  o f t e n  nea r ly  cons tan t  with he ight  above t h e  
ground (Countryman 1956; Curry and Fons 1940) and s i g n i f i c a n t l y  lower than  t h e  
windspeed measured i n  t h e  open, a s  a t  a  nearby weather s t a t i o n ,  t he  va lue  of t h e  
crown scorch he igh t  p red i c t ed  by t h e  use of t h e  c h a r t s  presented i n  f i g u r e s  11 through 
13 can be e i t h e r  high o r  low, depending on how t h e  measured windspeed va lues  a r e  
i n t e r p r e t e d .  The proper  way t o  use t hese  c h a r t s  i s  t o  e n t e r  t h e  value of  Byram's 
i n t e n s i t y  a s  determined from the  previous graphs, us ing  t h e  20- f t  windspeed a s  mea- I 

sured i n  t h e  open. But when us ing  f i g u r e s  11 through 13, use t h e  va lue  of windspeed 
t o  be expected i n  the timber stand. Typica l ly ,  t h i s  windspeed w i l l  be h a l f  t h e  open - 
a r e a  windspeed o r  l e s s .  



Figure 11. --Croon scorch 
height versus Byram's 
in tens i ty  f Zow-intensity 
range) . 
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Figure 12.  --Crown scorch 
height versus Byram's 
in tens i ty  fhigh-inten- 
s i t y  range). 



Figure 1 3. --Maximum height of  
c r o w  scorch on a 77' F day 
versus average flame length. 
Both quant i t ies  are pre- 
dicted by Byram's in tens i ty  
and so are d i rec t ly  related.  
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Using Byram's intensity, determined by using the nomograph of figure 8 or from 
reading figures 9 and 10 backwards (using the flame length determined from the rate 
of spread nomographs), figures 11 and 12 can be read to estimate the maximum height of 
lethal, scorching of coniferous tree crowns over the fire, assuming that the ambient 
temperature is 77" F. Figure 11 is for relatively low values of Byramts intensity, 
such as might be encountered in prescribed burns. Figure 12 is for much higher values 
of Byram's intensity, such as might be encountered in severe wildfires. 

Figure 13 shows the relationship between the flame length predicted by Byram's 
equation and the maximum height of crown scorch on a 77" F day. Using this figure, 
one can go directly from the flame lengths, as given by the nomographs, to an estimate 
of maximum crown scorch height. 

By using figure 14, the scorch height determined from figures 11 through 13 can 
be adjusted for any ambient temperature. The vertical scale of figure 14 is the ratio 
of the scorch height on a day with ambient temperature, T, to the scorch height on a 
day with ambient temperature 77" F. For the temperature of interest, on the horizon- 
tal scale, read off the ratio on the vertical scale. Multiply this value by the 77" F 
day scorch height from any of figures 11, 12, or 13 to determine the scorch height on 
the day of interest. 



Figure 14. --Variation of  scorch 
height wi th  burning-day 
temperature. MuZtipZy the  
ordinate value from t h i s  
figure by the heights read 
from figure 11, 12, or  13 
t o  determine maximum scorch 
height. 

Duff Burnoff 

The consumption by f i r e  of t h e  l i t t e r  and fermentat ion l a y e r s  of  t h e  duff  
mantle o f  t h e  f o r e s t  f l o o r  was i nves t iga t ed  by Van Wagner (1972). A b r i e f  d i scuss ion  
of t h i s  work i s  given i n  appendix 11. Duff consumption i s  achieved l a r g e l y  by burning 
a f t e r  t h e  passage of  t h e  i n i t i a t i n g  f i r e  f r o n t ,  bu t  Van Wagner found a  s t rong  c o r r e l a -  
t i o n  o f  t h e  duff  loading reduct ion  t o  t h e  duff  moisture content ,  using a  simple 
sp read ing- f i r e  phenomenological model t o  guide t h e  choice of func t iona l  form f o r  t h e  
r e l a t i o n s h i p .  

F igure  15 i s  a  p l o t  of t h e  r e l a t i o n s h i p  found by Van Wagner. The reduction i n  
L and F  l aye r  duff  loading i s  p l o t t e d  aga ins t  t h e  average moisture content  ( f r a c t i o n  
of  d ry  weight) o f  t h e s e  l a y e r s  combined. Of course,  i f  t h e  t o t a l  L and F l aye r  load- 
ing i s  l e s s  than t h a t  p r ed i c t ed  by f i g u r e  15, t h e  proper  i n t e r p r e t a t i o n  i s  t h a t  what- 
ever  loading i s  p r e sen t  would be consumed. 



Figure 15. --Duff consumption 
by f i re ,  as  predicted by 
Van Wagner ( 1 9 7 2 )  from 
average duf f  moisture 
content. Only the  L 
and F layers o f  the  
duf f  mantle are con- 
sidered here. 
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FIRE BEHAVIOR DESCRIPTION 
AND QUANTIFICATION 

Because t h e r e  a r e  many a spec t s  t o  f i r e  behavior ,  t h e r e  a r e  a l s o  many q u a n t i t a t i v e  
d e s c r i p t o r s  of f i r e  behavior .  This  appendix p r e s e n t s  some of t h e s e  q u a n t i t i e s  and 
app rop r i a t e  u n i t s  of measurement. 

Measures of Growth 

The shape,  o r  map o u t l i n e ,  o f  a f ree- burn ing  f i r e  i s  o f t e n  h igh ly  i r r e g u l a r  i n  
d e t a i l ,  bu t  t h e  o v e r a l l  p a t t e r n  u s u a l l y  resembles an e l l i p s e .  P a r t i c u l a r l y  i n  t h e  
ca se  of wind-driven f i r e s ,  an elongated e l l i p s e  can be drawn t h a t  corresponds roughly 
t o  t h e  o u t l i n e  of t h e  burned a r e a .  

The r a t e  of advance of  t h e  "head" of such a f i r e  i s  c a l l e d  t h e  forward r a t e  o f  
spread .  The d i s t a n c e  around t h e  f i r e ,  e n c i r c l i n g  t h e  head, a long both f l anks ,  and 
around t h e  backing f i r e  a t  t h e  " t a i l "  i s  c a l l e d  t h e  per imeter .  The a r e a  enclosed by 
t h e  per imeter  we w i l l  c a l l  t h e  a r e a ,  o r  t h e  burned a r e a .  So long a s  cond i t i ons  remain 
unchanged, inc lud ing  t h e  f u e l  being burned, t h e  per imeter  w i l l  i n c r e a s e  l i n e a r l y  wi th  
time and t h e  a r e a  q u a d r a t i c a l l y .  

Rates of Spread 

A r a t e  of  spread ,  whether it be t h e  forward r a t e ,  t h e  r a t e  of spread a g a i n s t  a 
f l ank ,  o r  a backing r a t e ,  has  t h e  dimensions of  v e l o c i t y .  The most common such 
v e l o c i t y  measurement u n i t  i n  United S t a t e s  f o r e s t r y  is  "chains pe r  hour." Many o t h e r  
u n i t s  a r e  used ,  however, p a r t i c u l a r l y  i n  r e sea rch  c i r c l e s .  Table 1 shows t h e  numer- 
i c a l  equiva lence  of  va r ious  u n i t s  of v e l o c i t y  measurement. 

The r a t e  of i n c r e a s e  of t h e  per imeter  o f  a f i r e  i s  a l s o  measured i n  u n i t s  of 
v e l o c i t y .  Again, United S t a t e s  f o r e s t e r s  r e l y  on " chains per  hour ,"  but  a l l  o t h e r  
u n i t s  i n  t a b l e  1 could equa l l y  wel l  be used. 

Table 1.--EquivaZence of various units used to measure the rate 
of spread of a fire 

I f  u n i t s  a r e :  : Mult ip ly  by: To ob t a in :  

Chains p e r  hour 
Chains pe r  hour 
Chains pe r  hour 
Chains pe r  hour 
Chains pe r  hour 
Chains pe r  hour 
Feet  pe r  minute 
Feet  pe r  second 
Miles pe r  hour 
Meters pe r  minute 
Centimeters  p e r  second 
Kilometers pe r  hour 

Feet  pe r  minute 
Feet  pe r  second 
Miles per  hour 
Meters pe r  minute 
Centimeters  pe r  second 
Kilometers per  hour 
Chains pe r  hour 
Chains pe r  hour 
Chains pe r  hour 
Chains per  hour 
Chains pe r  hour 
Chains pe r  hour 



Area and Area Growth 

The a r e a  of a f i r e  i s  most commonly measured i n  ac re s  i n  t h e  United S t a t e s ,  but 
t h e  me t r i c  hec t a r e  i s  becoming more common i n  t h e  l i t e r a t u r e .  Other u n i t s  of a r e a  
a r e  a l s o  used. Table 2 shows the  numerical equivalence of var ious  measures of a r ea .  

Area growth r a t e  i s  measured i n  u n i t s  of a r e a  per  time, such a s  ac re s /h ,  f t 2/min ,  
e t c .  Table 3 shows t h e  numerical equivalence of such u n i t s  of measurement. 

Table 2.--Equivalence of various units used to measure 
the area of a fire 

I f  u n i t s  a r e :  . Multiply by: To ob ta in :  

Acres 
Acres 
Acres 
Acres 
Acres 
Square f e e t  
Square mi les  
Square meters  
Hectares  
Square k i lometers  

Square f e e t  
Square miles  
Square meters 
Hectares  
Square k i lometers  
Acres 
Acres 
Acres 
Acres 
Acres 

Table 3.--Equivalence of various units used to measure the rate of 
area growth of a fire 

I f  u n i t s  a r e :  Mult iply by: To ob ta in :  

Acres per  hour 
Acres per  hour 
Acres per  hour 

Acres per  hour 
Acres per  hour 
Acres per  hour 
Acres pe r  hour 
Square f e e t  per  minute 
Square f e e t  pe r  second 
Square cent imeters  per  second 
Square meters per  minute 
Hectares  per  hour 
Square k i lometers  per  day 
Square mi les  pe r  day 

Square f e e t  per  minute 
Square f e e t  per  second 
Square cent imeters  per  

second 
Square meters per  minute 
Hectares  per  hour 
Square k i lometers  per  day 
Square mi les  pe r  day 
Acres per  hour 
Acres per  hour 
Acres per  hour 
Acres per  hour 
Acres per  hour 
Acres pe r  hour 
Acres per  hour 



Measures of Intensity 

Perhaps no d e s c r i p t o r  o f  w i l d f i r e  behavior  i s  a s  poor ly  def ined  o r  a s  poor ly  
communicated a s  a r e  measures of  f i r e  i n t e n s i t y .  Technica l ly ,  t he  term i n t e n s i t y  
impl ies  some measure of  a  r a t e  of  energy t ransmiss ion ,  but  t h e  term has a l s o  been 
appl ied  t o  many a s p e c t s  of w i l d f i r e  behavior  and e f f e c t s  such a s  peak flame tempera- 
t u r e ,  convect ion column he igh t ,  maximum s o i l  temperature,  f r a c t i o n  of  s tanding  
timber k i l l e d ,  and o t h e r s .  

Here we s h a l l  d e f i n e  two e x p l i c i t  but  v i r t u a l l y  unobservable measures of  i n t en-  
s i t y .  Through va r ious  models (empir ical  r e l a t i o n s h i p s ) ,  t he se  measures can be r e l a t e d  
t o  d i r e c t l y  observable f i r e  phenomena which can themselves s e rve  a s  i n d i r e c t  measures 
of i n t e n s i t y .  

~eaction Intensity 

React ion i n t e n s i t y  i s  def ined  a s  t h e  r a t e  of hea t  r e l e a s e  per  u n i t  a r ea  of ground 
beneath t h e  f u e l  bed. As t h e  f r o n t  of t h e  flaming zone moves over some po in t  on t h e  
ground, t h e  r e a c t i o n  i n t e n s i t y  i nc r ea se s  from zero t o  some maximum va lue  and then  
decreases  t o  zero (much more s lowly than it increased  u s u a l l y ) ,  a s  t h e  a v a i l a b l e  f u e l  
i s  consumed. 

Appropriate  u n i t s  f o r  t h i s  measure of i n t e n s i t y  a r e  (heat  energy/area / t ime) ,  such 
a s  ~ t u / f t ' / m i n ,  o r  ~ c a l / m ~ / s . ~  Table 4 g ives  conversion f a c t o r s  between va r ious  u n i t s  
f o r  r e a c t i o n  i n t e n s i t y .  

Table 4.--EquivaZence of various units used to measure the 
reaction intensity of a fire 

I f  u n i t s  a r e :  Mult iply by: To ob t a in :  

Btu/square foot /second 
Joules / square  foot /minute 
Calor ies / square  cen t imeter /  

second 
Ki loca lor ies / square  meter/ 

second 
Ergs/square cent imeter /second 

Btu/square foot /second 
Joules / square  foot /minute 
Calor ies / square  cen t imeter /  

second 
Ki loca lor ies / square  meter/ 

second 
Ergs/square cen t imeter /  

second 
Btu/square foot /minute 
Btu/square foot /minute 

I 

7~ Btu i s  a  B r i t i s h  thermal u n i t ,  which i s  t h e  amount of  hea t  energy r equ i r ed  t o  
r a i s e  t h e  temperature of  1  pound of water (1 p i n t ) ,  by l o  Fahrenhei t .  A Kcal i s  a  

L 

ki logram- ca lor ie  which i s  t h e  amount of hea t  energy r equ i r ed  t o  r a i s e  t h e  temperature 
of  1  kilogram of water (1  l i t e r )  by l o  Ce l s iu s  (Cent igrade) .  



Byram ' s  Fire l ine Intensi ty  

T h i s  measure o f  i n t e n s i t y  i s  commonly used t o  d e s c r i b e  wi ld land  f i r e  i n  t h e  Uni ted 
S t a t e s .  T h i s  i n t e n s i t y ,  a s  d e f i n e d  by Byram (1959),  i s  t h e  p r o d u c t  o f  t h e  a v a i l a b l e  
h e a t  o f  combustion p e r  u n i t  a r e a  o f  t h e  ground and t h e  r a t e  o f  s p r e a d  o f  t h e  f i r e .  The 
dimensions  o f  t h i s  p roduc t  a r e  h e a t  energy / leng th / t ime ,  such a s  B t u / f t / s  o r  Kcal/m/s. 
T h i s  measure o f  i n t e n s i t y  can be i n t e r p r e t e d  a s  t h e  h e a t  r e l e a s e d  p e r  u n i t  of t ime  f o r  
each u n i t  o f  l e n g t h  o f  f i r e  edge. 

Byram's i n t e n s i t y  pa ramete r  h a s  proved t o  be  v e r y  u s e f u l  i n  w i l d l a n d  f i r e  behav ior  
d e s c r i p t i o n s  and a s  a  g e n e r a l  i n d e x  t o  what most peop le  seem t o  v i s u a l i z e  when t h e y  
speak l o o s e l y  o f  " f i r e  i n t e n s i t y . "  For example, A u s t r a l i a n  r e s e a r c h e r s  have found 
(Hodgson 1968) t h a t  a  h e a t  o u t p u t  r a t e  p e r  u n i t  o f  f i r e l i n e  l e n g t h  shou ld  n o t  exceed 

100 B t u / f t / s  i n  o r d e r  t o  m a i n t a i n  good c o n t r o l  o v e r  p r e s c r i b e d  b u r n s .  Hodgson a l s o  
s t a t e s  t h a t  i f  Byram's i n t e n s i t y  exceeds  600 B t u / f t / s ,  s p o t t i n g  becomes s e r i o u s  and 
t h e  f i r e  i s ,  t o  a l l  i n t e n t s  and purposes ,  u n c o n t r o l l a b l e .  Van Wagner (1973) found t h a t  
t h e  h e i g h t  o f  l e t h a l  s c o r c h i n g  o f  c o n i f e r o u s  t r e e  crowns cou ld  b e  ve ry  w e l l  c o r r e l a t e d  
w i t h  Byram's i n t e n s i t y .  Tab le  5  g i v e s  convers ion  f a c t o r s  f o r  d i f f e r e n t  u n i t s  which can 
be used t o  measure t h i s  i n t e n s i t y .  

Table  5.--Equivalence of various uni ts  used t o  measure Byram's 
f irel ine in tens i ty  

I f  u n i t s  a r e :  M u l t i p l y  by: To o b t a i n :  

Flame Length 

Byram a l s o  found (1959) t h a t  t h e  average  l e n g t h  o f  t h e  f lame a t  t h e  edge o f  a  
f r e e- b u r n i n g  f i r e  c o u l d  be  p r e d i c t e d  by t h e  f i r e l i n e  i n t e n s i t y .  Because o f  t h i s  
r e l a t i o n s h i p ,  f lame l e n g t h  can b e  c o n s i d e r e d  t o  be  a n  a l t e r n a t i v e  form o f  q u a n t i f y i n g  
Byram's i n t e n s i t y .  But f lame l e n g t h  i t s e l f  i s  b o t h  a  meaningful pa ramete r s  and a  good 

g e n e r a l  i n d e x  t o  t h e  e l u s i v e  meaning o f  f i r e  i n t e n s i t y  (Van Wagner 1968a, 1973; 
Lawson 1972; Sneeuwjagt 1974). 

U n i t s  o f  l e n g t h  measurement are e a s i l y  conver ted  i f  one r e c a l l s  t h e  E n g l i s h- t o-  
Metric convers ion  f a c t o r  "1 f o o t  = 0.3048 meter" o r  i t s  i n v e r s e  "1 rneter = 3.281 f e e t . "  

- 
8 ~ l a m e  l e n g t h ,  f o r  example, g i v e s  a  rough minimum width o f  an e f f e c t i v e  f i r e l i n e  

and a  rough g u i d e  a s  t o  t h e  l i k e l i h o o d  o f  crowning o f  a  ground f i r e  under  t i m b e r .  



The e f f e c t s  o f  a  wildland f i r e  on t h e  s i t e  over which it burns and on t h e  surround- 
i n g  a r e a  can be  many and var ied .  I-lere we mention a  few e f f e c t s ,  no t e  t h e  ways i n  which 
they  a r e  q u a n t i f i e d ,  and po in t  ou t  t h e i r  r e l a t i o n s h i p s  t o  d e s c r i p t o r s  of t h e  f u e l  
complex, t h e  environment, o r  o t h e r  f i r e - behav io r  v a r i a b l e s .  

Total Heat Release 

The amount of  h e a t  r e l ea sed  by burning a  u n i t  a r e a  of a  given f u e l  bed i s  a  rough 
measure of  t h e  impact t h a t  t h e  f i r e  would have on t h e  s i t e  a t  t h e  l oca t i on  o f  t h a t  u n i t  
a r e a .  Because t h e  h e a t  produced by burning a  pound of almost any f o r e s t  f u e l  i s  about 
t h e  same (%8,000 Btu) ,  t h e  t o t a l  hea t  r e l ea sed  by burning i s  n e a r l y  a  d i r e c t  measure 
of  t h e  t o t a l  f u e l  load l o s s .  This  being so ,  t h e  l a r g e r  s i z e  f u e l  p i ece s  can be 
important  i n  determining t o t a l  hea t  r e l e a s e ,  because they  c o n t r i b u t e  s o  much t o  t o t a l  
loading pe r  u n i t  a r e a  whenever they  occur  i n  any s i g n i f i c a n t  q u a n t i t y .  Another i m -  
p o r t a n t  f u e l  under t imber  o r  s l a s h  i s  t h e  du f f  ( o r  l i t t e r  and du f f )  l a y e r  (Van Wagner 
1968a, 1972). 

Norm ( i n  p r e s s )  has  found i n i t i a l  f u e l  loadings t o  be important  v a r i a b l e s ,  
a s  wel l  a s  duff moisture conten t ,  i n  p r e d i c t i n g  t o t a l  load l o s s  i n  burns under s t and ing  
t imber .  S tocks  and Walker (1972) found s l a s h  f u e l  consumption (hence t o t a l  hea t  r e -  
l ea se )  t o  be c o r r e l a t e d  t o  Canadian Fire-Danger Rat ing indexes which a r e  c l o s e l y  
r e l a t e d  t o  duff  mois ture .  Ilough (1968) found f u e l  mois ture  important  i n  p r e d i c t i n g  
a v a i l a b l e  f u e l  energy i n  backing f i r e s ,  and Van Wagner (1972) found duf f  mois ture  t o  
g ive  a  f a i r  p r e d i c t i o n  of ( L  and F) duf f  l aye r  burnoff  under s tanding  t imber .  

Units  t h a t  would be used i n  t o t a l  hea t  r e l e a s e  a r e  (hea t  energy/area) .  Table 6 
g ives  some conversion f a c t o r s  f o r  d i f f e r e n t  u n i t s  f o r  t h i s  measure of  s i t e  impact.  

Table 6.--Equivalence of various u n i t s  used t o  measure t o t a l  
heat release by a f i re  

I f  u n i t s  a r e :  Mul t ip ly  by: To ob t a in :  

Btu/square foo t  
Btu/square foo t  
Btu/square foo t  
Btu/square f o o t  
Calor ies / square  cen t imeter  
K i loca lo r i e s / squa re  meter 
Joules / square  foo t  
Ergs/square cen t imeter  

Calor ies / square  cen t imeter  
K i loca lo r i e s / squa re  meter 
Jou l e s / squa re  foo t  
Ergs/square cen t imeter  
Btu/square f o o t  
Btu/square f o o t  
Btu/square f o o t  
Btu/square f o o t  



Duff Removal 

A s  mentioned above,  t h e  b u r n i n g  of duf f9  can c o n t r i b u t e  s u b s t a n t i a l l y  t o  t o t a l  
h e a t  r e l e a s e .  A l s o ,  because  d u f f  i s  i n  i n t i m a t e  c o n t a c t  w i t h  t h e  s o i l ,  it can s e r v e  
e i t h e r  a s  an  i n s u l a t i n g  cover  f o r  t h e  s o i l  i f  it i s  n o t  l a r g e l y  consumed by t h e  f i r e .  
O r  it can  s e r v e  a s  t h e  g r e a t e s t  s i n g l e  s o u r c e  o f  h e a t  i n p u t  t o  t h e  s o i l  i t s e l f  i f  it i s  
comple te ly  o r  n e a r l y  c o m p l e t e l y  consumed. Because d u f f  removal i s  sometimes t h e  e f f e c t  
sought  by p r e s c r i b e d  b u r n i n g ,  t h e  secondary  e f f e c t  o f  s o i l  h e a t i n g  may be  v e r y  i m p o r t a n t .  

Duff consumption can  b e  measured e i t h e r  i n  t e rms  o f  l o a d  r e d u c t i o n  ( l o s s  o f  s o  
many pounds p e r  s q u a r e  f o o t ,  f o r  example) o r  i n  t e rms  o f  d e p t h  r e d u c t i o n .  For  many 
c o n s i d e r a t i o n s ,  t h e  t h i c k n e s s  o f  t h e  d u f f  man t l e  i s  more impor tan t  t h a n  i t s  weight  p e r  
u n i t  a r e a ,  b u t  f o r  f i r e  b e h a v i o r  e s t i m a t i o n s ,  b o t h  p a r a m e t e r s  can be  i m p o r t a n t .  

The u n i t s  o f  measurement o f  d u f f  removal would be  e i t h e r  w e i g h t / a r e a  o r  d e p t h ,  
depending upon how t h e  i n v e s t i g a t o r  c h o s e  t o  de te rmine  o r  e x p r e s s  i t .  Because t h e  
d u f f  m a n t l e  i s  o f t e n  nonuniform i n  t h e  v e r t i c a l  d i r e c t i o n ,  w i t h  t h e  bu lk  d e n s i t y  o f  
t h e  m a t e r i a l  changing s u b s t a n t i a l l y  from t o p  t o  bot tom,  t h e  two measures  canno t  u s u a l l y  
b e  r e l a t e d  s imply .  I n  o t h e r  words,  knowledge o f  one such  measure o f  d u f f  r e d u c t i o n  
does  n o t  n e c e s s a r i l y  a l l o w  one t o  i n f e r  t h e  o t h e r ,  w i t h o u t  a  r e l a t i o n s h i p  l i n k i n g  t h e  
two v a r i a b l e s .  l 

Height o f  Crown Scorch 

The maximum h e i g h t  o f  l e t h a l  s c o r c h i n g  of  c o n i f e r  n e e d l e s  i s  an immediate e f f e c t  
of f i r e  and a n  i m p o r t a n t  pa ramete r  i n  e s t a b l i s h i n g  p r e s c r i p t i o n s  f o r  b u r n i n g  under  
t i m b e r .  A c o m p l e t e l y  scorched  t r e e  may be  d e l a y e d  i n  growth o r  even k i l l e d .  Van 
Wagner h a s  found (1973) t h i s  h e i g h t  t o  b e  a  s t r o n g  f u n c t i o n  o f  Byram's i n t e n s i t y ,  
ambient  t e m p e r a t u r e ,  and windspeed. Evidence h a s  been p u t  f o r t h l 1  t h a t  t h e  h e i g h t  o f  
l e t h a l  s c o r c h  may c o r r e l a t e  w i t h  t h e  h e i g h t  t o  which s p r u c e  budworm l a r v a e  a r e  k i l l e d  
( o r  a t  l e a s t  t h e  number which a r e  k i l l e d ) ,  by h e a t  from a  f i r e  under  t i m b e r .  

The mechanism by which l e t h a l  n e e d l e  s c o r c h i n g  o c c u r s  i s  p r o b a b l y  s imply  k i l l i n g  
t h e  l i v e  t i s s u e ,  a s  i t  seems t o  be  s t r o n g l y  c o r r e l a t e d  t o  a n  a i r  t e m p e r a t u r e  o f  abou t  
140" F, which p rox imate  t e m p e r a t u r e  l e v e l  h a s  been no ted  t o  be  l e t h a l  t o  c o n i f e r  
f o l i a g e  on e x p o s u r e s  o f  30 seconds  t o  1 minute  (Hare 1961) .  

Maximum s c o r c h  h e i g h t  would b e  measured i n  u n i t s  o f  l e n g t h ,  v e r t i c a l l y  from t h e  
b a s e  o f  t h e  t r e e  t o  t h e  h e i g h t  i n  t h e  t r e e  crown a t  which n e e d l e s  have s u r v i v e d  t h e  
f i r e .  T h i s  e f f e c t  may n o t  b e  e a s i l y  d e t e c t e d  f o r  a  week o r  two a f t e r  a  f i r e ,  b u t  when 
e v i d e n t  i s  u s u a l l y  n o t e d  a s  a  d i s t i n c t  h e i g h t  i n  t h e  crown. Below t h i s  h e i g h t  a l l  t h e  
n e e d l e s  a r e  brown and dead;  above i t ,  l i v e  and g r e e n .  

9 ~ ~ e r e  we u s e  t h e  t e rm " duff"  l o o s e l y  t o  r e p r e s e n t  t h e  t o t a l  f o r e s t  f l o o r  accumula- 
t i o n  o f  d e t r i t u s ,  from f r e s h  l i t t e r  (L l a y e r ) ,  t h e  decomposing l a y e r  u n d e r l y i n g  t h i s  
f r e s h  l a y e r  ( t h e  f e r m e n t a t i o n ,  o r  F  l a y e r ) ,  and t h e  lower l a y e r  which i s  decay ing  t o  
o r g a n i c  s o i l  ( t h e  humus, o r  M l a y e r ) .  When it i s  impor tan t  t o  b e  s p e c i f i c ,  t h e  
d e s i g n a t o r s  L ,  F, and H a r e  used  e x p l i c i t l y .  

1 ° ~ o r u m ,  Rodney A .  1974. C o r r e l a t i o n  d a t a  r e l a t i n g  d u f f  d e p t h  and weight  l o a d i n g  
on f i l e  a t  Nor the rn  F o r e s t  F i r e  Labora to ry ,  Missoula ,  Mont. 

l l ~ a l d w e l l ,  W .  D.  The e f f e c t  o f  u n d e r s t o r y  b u r n i n g  i n  a  l a r c h - f i r  s t a n d  on l a r v a l  
p o p u l a t i o n s  o f  t h e  s p r u c e  budworm, Choristoneura occidental is .  I n t e r m t .  F o r .  and Range 
Exp. S t n . ,  Nor th .  For .  F i r e  Lab . ,  Missou la ,  Mont. (Unpublished manusc r ip t ,  1974.)  



Particulate Production 

The mechanisms o f  smoke ( p a r t i c u l a t e )  product ion have been s tud i ed  f o r  many yea r s  
s i n c e  i t  was learned  t h a t  a  smoking f i r e  was a  s i gn  of  i n e f f i c i e n t  combustion. I t  i s  
known t h a t  wildland f i r e s  tend t o  produce more smoke when burning i n  mixed l i v e  and 
dead f u e l  than  i n  dead f u e l  only,  o r  when wind dr iven  a s  opposed t o  backing o r  f l ank ing  
(Hall 1972; USDA Fores t  Serv ice ,  n . d . ;  Brown and Davis 1973; Biswell 1973). 

There seem t o  be d i f f e r i n g  views on t h e  r e l a t i o n s h i p  between f i r e  i n t e n s i t y  and 
smoke product ion.  Most smoke i s  p a r t i c u l a t e  ma t t e r ,  about h a l f  s o l i d  (conta in ing  l o t s  
of  carbon) and h a l f  l i q u i d  (aga in ,  conta in ing  l o t s  of carbon) .  On t h i s  b a s i s  one can 
say  t h a t  much p o t e n t i a l  f u e l  energy is  " l o s t "  i n  smoke r a t h e r  than r e l e a s e d  i n  t h e  
f i r e . 1 2  Th i s  means t h a t  a  f i r e  t h a t  produces a  l o t  of  smoke i s  n o t  conver t ing  t h e  
s t o r e d  energy o f  t h e  f u e l  i n t o  h e a t  energy a s  e f f i c i e n t l y  a s  p o s s i b l e .  So t h i s  l o s t  
energy might reduce t h e  r e a c t i o n  i n t e n s i t y  o f  a  smoky f i r e .  

On t h e  o t h e r  hand, t h e  on ly  way t h a t  a  l o t  of  smoke can be produced i n  a  s h o r t  
t ime i s  f o r  a  l o t  o f  f u e l  t o  be involved.  So a  f i r e  t h a t  i s  producing l o t s  o f  smoke 
i s  involv ing  a  l o t  o f  f u e l  and t h e r e f o r e  might a l s o  be s a i d  t o  be very  i n t e n s e .  

Paradoxica l ly ,  a  f i r e  may be o f  f a i r l y  low i n t e n s i t y  when measured by t h e  r a t e  of  
hea t  r e l e a s e  pe r  u n i t  of  ground a r e a  ( r e a c t i o n  i n t e n s i t y ) ,  ye t  be of  r a t h e r  high 
i n t e n s i t y  when measured by t h e  r a t e  of  hea t  r e l e a s e  pe r  u n i t  of  f i r e  per imeter  (Byramts 
i n t e n s i t y ) ,  a s  i n  t h e  ca se  o f  a  wind-driven g r a s s  f i r e .  O r  a  l o t  of  green f u e l  may be 
"involved" by t h e  burning dead f u e l ,  bu t  not  i t s e l f  burned we l l ,  i f  a t  a l l .  

P a r t i c u l a t e  product ion i s  u s u a l l y  q u a n t i f i e d  a s  an emission f a c t o r .  This  i s  a  
dimensionless  number, t h e  r a t i o  of  par t icu la te- mat te r- weight- genera ted  per  un i t- weight-  
of- fuel- consumed-by- fire .  I t  i s  sometimes expressed a s  a  f r a c t i o n ,  sometimes as  a  
percentage ,  and sometimes a s  a  r a t i o  o f  d i s s i m i l a r  weight measures, such a s  pounds per  
t on  o r  grams pe r  kilogram, e t c .  The emission f a c t o r  gene ra l l y  i n c r e a s e s  a s  r e a c t i o n  
i n t e n s i t y  dec rea se s ,  so  more p a r t i c u l a t e  mat te r  i s  generated (per  pound of  f u e l  burned) 
when burning cond i t i ons  a r e  poor than when they  a r e  good. But because t h e  r a t e  a t  
which f u e l  i s  consumed (on t h e  whole) may inc rea se  r a p i d l y  a s  burning cond i t i ons  improve, 
o r  i f  t h e  f i r e  i s  wind-driven, t h e  r a t e  of  smoke genera t ion  by t h e  f i r e  a s  a  whole w i l l  
f r e q u e n t l y  i nc r ea se .  

Smoke, l i k e  many o t h e r  a s p e c t s  of  w i l d f i r e ,  i s  probably no t  a l l  bad. Current  
l i t e r a t u r e  c o n t a i n s  specu l a t i on  about l i n k s  between smoke and i n s e c t  m o r t a l i t y  and 
between smoke and t h e  i n h i b i t i o n  of  fungus growth (Parmeter and Uhrenholdt ( i n  p r e s s ) ;  
Biswell 1973). 

h 

1 2 s u s o t t ,  R .  A .  1974. E f f e c t i v e  hea t  conten t  of f o r e s t  f u e l s .  Unpublished f i n a l  
r e p o r t  on Study Plan 2103-08 on f i l e  a t  Northern Fores t  F i r e  Laboratory, Missoula, Mont. 



APPENDIX 11 

SELECTED FIRE BEHAVIOR 
PREDICTION MODELS 

In this appendix, some fire behavior prediction models are presented and briefly 
discussed. The equations used to calculate the results shown in the text are given. 
The reader is urged to consult the cited sources for more thorough discussions of the 
underlying theories, data, assumptions, restrictions, etc. 

Rothermelas Spread Rate Model 

Rothermel (1972) published so far the most comprehensive spread rate model for 
wildland fuels. The basic relationship of the model is an expression of conservation of 
energy (Thomas and Simms 1963; Frandsen 1971). The model deals solely with uniform, 
homogeneous beds of fuel contiguous to a smooth earth. Figure 16 shows such an 
idealized fuel bed and explains some of the nomenclature used in discussing the model. 

FUEL BED DEPTH 1lEASURED 
PERPENDICULAR TO I N C L I N E  

HOF 
AT 

SLOPE ANGLE I S  MEASURED BY TANGENT 
(VERTICAL R l  SE / HORl ZONTAL TRAVEL) 

- - HORIZONTAL 

Figure 16. --ExpZanation of some nomencZature used i n  describing f i re  spread model and 
input variable def ini t ions.  

8 0 



The model assumes t h a t  f i r e  spreads  by a sequence of  i g n i t i o n s  (of t h e  f i n e  f u e l  
i n  a mixed bed) .  The cont inued burning of  a u n i t  a r e a  o f  t h e  bed proceeds l a r g e l y  from 
t o p  t o  bottom, a t  a r a t e  f i xed  most ly by t h e  s i z e  and arrangement of  t h e  f u e l  p a r t i c l e s .  
This  burning provides  t h e  hea t  necessary  t o  i g n i t e  ad j acen t  f i n e  f u e l s ,  and t h e  process  
cyc l e  i s  complete.  This  model i s  d iscussed  he re  only i n  genera l  terms;  t h e  equa t ions  
a r e  t o o  complicated t o  b e , p r e s e n t e d  i n  d e t a i l ,  s o  t h e  reader  i s  urged t o  v i s i t  t h e  
o r i g i n a l  sources  f o r  d e t a i l s .  

Reaction Rate and In tens i t y  

The r a t e  o f  h e a t  r e l e a s e  per  u n i t  a r e a  o f  ground ( t he  r e a c t i o n  i n t e n s i t y )  i s  given 
by a s imple formula: 

- - 
= qmqSr1hw 

where 

w = n e t  load ing  o f  combust ible  f u e l  (dry  weight,  l b / f t 2 )  

fi = h e a t  of  combustion of  f u e l  (Btu / lb ,  d ry  weight) 

r '  = maximum r a t e  o f  combustion of  t h e  f u e l  complex, a s  determined by s i z e  of  
f u e l  p a r t i c l e s  and bulk d e n s i t y  of  f u e l  bed (min-l) 

q s  = a f a c t o r  r e f l e c t i n g  t h e  e f f e c t  o f  minera l s  on slowing down t h e  r a t e  of  
p y r o l y s i s  o f  woody f u e l s  (Phi lpo t  1968) (dimensionless)  

qm = a f a c t o r  r e f l e c t i n g  t h e  e f f e c t  o f  f r e e  mois ture  conten t  of  t h e  f u e l s  on 
slowing down t h e  r a t e  of  combustion (Rothermel 1972) (dimensionless)  

IR = t h e  r e a c t i o n  i n t e n s i t y  ( ~ t u / m i n / f t ~ )  . 

For a s i n g l e  s i z e  c l a s s  f u e l  bed, t h e  i nd i ca t ed  c a l c u l a t i o n  i s  simple,  bu t  t h e  
computing o f  weighted averages of  f u e l  p r o p e r t i e s  f o r  beds with a mixture of f u e l  
p a r t i c l e  s i z e s  g e t s  a b i t  complicated. The only  parameters  which needed de te rmina t ion  
i n  t h e  l a b o r a t o r y  i n  t h i s  equa t ion  were t h e  damping c o e f f i c i e n t s  qm and q and t h e  

S 

r e a c t i o n  v e l o c i t y  term, r ' .  Rothermel (1972) and Rothermel and Anderson (1966) 
determined t h e s e  emp i r i ca l  parameters .  

Heat Required for Igni t ion 

A fundamental problem i n  p r e d i c t i n g  r a t e  of spread of  a f ree- burn ing  f i r e  i s  
determining t h e  amount of  hea t  t h a t  must be absorbed by t h e  f u e l  bed t o  cause i g n i t i o n .  
Not a l l  of  t h e  mass o f  a f u e l  p a r t i c l e ,  on ly  p a r t  of  i t s  s u r f a c e ,  must be hea ted  t o  
flame-attachment temperature.  I n  an extremely t ed ious  bu t  c a r e f u l  s e t  of  experiments ,  
Frandsen (1973b) d i scovered  t h a t  t h e  f r a c t i o n  o f  t h e  t o t a l  load ing  o f  f u e l  which i s  
heated t o  i g n i t i o n  temperature i s  a func t i on  o f  t h e  su r f ace  area/volume r a t i o  of t h e  
f u e l  p a r t i c l e s :  

where 

E = f r a c t i o n  o f  f u e l  load ing  heated t o  i g n i t i o n  temperature 

a = surface/volume r a t i o  o f  f u e l  p a r t i c l e s ,  f t - '  



With t h i s  information,  one can w r i t e  an expression f o r  t he  t o t a l  amount of hea t  
t h a t  must be absorbed by a u n i t  volume of  t h e  fue l  bed i n  order  t o  al low i g n i t i o n  i n  
t h a t  u n i t  volume: 

where 

Q = t h e  hea t  requi red  t o  b r ing  a  u n i t  mass of f u e l  t o  i g n i t i o n  temperature 
( e . g . ,  B tu / lb ) .  This  hea t  inc ludes  t h e  l a t e n t  hea t  of vapor i za t ion  of a l l  
t h e  moisture i n  a  pound of f u e l ,  p l u s  t h e  s e n s i b l e  hea t  absorbed by t h e  
f u e l  i n  r a i s i n g  i t s  temperature t o  t h e  poin t  of flame attachment or  " p i l o t  
i g n i t i o n ,"  about 325" C i n  many cases  (Anderson 1970; Stockstad 1975, 
1976). 

p b  = t h e  bulk d e n s i t y  ( l b / f t 3 )  o f  t h e  f u e l  bed considered a s  a  u n i t  

= t h e  hea t  which must be absorbed by a u n i t  volume of t h e  f u e l  bed t o  b r ing  
Q1g i t  t o  t h e  p o i n t  of p i l o t  i g n i t i o n  ( ~ t u / f t ' ) .  

Heat Flux and Rate o f  Spread 

We have an  expression f o r  t h e  r a t e  of hea t  r e l e a s e  pe r  u n i t  a r e a  of f u e l  bed, 
and an express ion  f o r  t h e  hea t  requi red  t o  i g n i t e  a  u n i t  volume of t h e  f u e l  bed, IR '  

Q p g .  The missing parameter i s  t h e  amount of t h e  hea t  r e l ea sed  pe r  u n i t  a r e a  which i s  

absorbed by t h e  f u e l  i n  t h e  bed j u s t  ahead of t he  flame f r o n t .  This  quan t i t y ,  r ep re-  
sented by t h e  symbol, 5 ,  (Rothermel 1972), i s  used t o  de f ine  t h e  propagat ing f l u x ,  I  
t h e  r a t e  of  hea t  absorp t ion  pe r  u n i t  a r e a  of t h e  f u e l  bed: P '  

Of course ,  5 depends not  only upon t h e  geometr ical  p r o p e r t i e s  of t h e  f u e l  bed and 
p a r t i c l e  s i z e s  but  a l s o  upon wind and s lope .  I f  t he  wind d r ives  t h e  flames i n t o  t h e  
unburned f u e l  bed, one would expect  t h a t  a  l a r g e  f r a c t i o n  of t h e  hea t  r e l ea sed  i n  t h e  
burning zone would be absorbed i n  t h e  unburned f u e l  ahead of t h e  burning zone. 
S i m i l a r l y ,  because flames tend t o  r i s e  v e r t i c a l l y ,  i f  t h e  f u e l  bed i s  t i l t e d ,  t h e  
flames w i l l  l i e  c l o s e r  t o ,  perhaps even touching,  t h e  t op  su r f ace  of t h e  f u e l  bed, 
again i nc reas ing  t h e  va lue  of  5 .  

With t h e s e  r e l a t i o n s h i p s ,  t h e  conservat ion of energy equat ion g ives  an equat ion 
f o r  t h e  r a t e  o f  spread (Thomas and Simms 1963; Frandsen 1971; Rothermel 1972): 

I  = RQ? 
P l g  

where R i s  t h e  r a t e  of spread i n  f t /m in  using t h e  u n i t s  mentioned here .  This  equat ion 
simply s t a t e s  t h a t  t h e  r a t e  a t  which energy is  absorbed by t h e  f u e l  bed per  u n i t  a r e a  
(Ip)  i s  equal t o  t h e  r a t e  a t  which energy pe r  u n i t  a r e a  is  requi red  t o  achieve i g n i t i o n  

( R Q T ~ ) .  The propagat ing f l u x  i s  t h e  energy conserved i n  t h i s  r e l a t i o n s h i p .  



Moisture of Extinction 

In  Rothermells  model t h e r e  e x i s t s  some va lue  of  f u e l  moisture conten t  f o r  which a  
f i r e  would no t  spread .  This  i s  c a l l e d  t h e  "moisture o f  ex t i nc t i on"  and must be spec i -  
f i e d  by t h e  model u s e r .  For c a s e s  i n  which only dead f u e l  components a r e  p r e sen t ,  t h e  
moisture o f  e x t i n c t i o n  has been exper imenta l ly  eva lua ted  (al though no t  f o r  a wide range 
o f  s i t u a t i o n s )  and seldom exceeds 30 percent  of d ry  f u e l  weight.  T h i r t y  percent  
r e p r e s e n t s  a  f i b e r - s a t u r a t i o n  cond i t i on  (Stamm 1964), bu t  f u e l  mois ture  can exceed 
t h i s  va lue .  

The moisture of  e x t i n c t i o n  i s  probably a  func t ion  of t h e  f u e l  type  and t h e  geometry 
of  t h e  f u e l  bed (Byram and o t h e r s  1966). For l i g h t ,  a i r y  f u e l s  (such a s  f i n e  g r a s s ) ,  
a  moisture o f  e x t i n c t i o n  o f  about 12 percent13 t o  15 percent  (Sneeuwjagt 1974) i s  
suggested.  Brown (1972) found 15 percent  worked well f o r  open beds of assembled s l a s h  
f u e l ,  while  f o r  beds o f  p ine  need l e s ,  25 t o  30 percent  has  been observed (Rothermel 
and Anderson 1966). Prescr ibed  f i r e s  i n  t h e  Southeas t  have been r epo r t ed  i n  p i n e  
l i t t e r ,  burning under cond i t i ons  i n  which t h e  moisture exceeded t h e  30 percent  l eve l14  
(Blackmarr 1972) . 

When both l i v e  and dead f u e l s  a r e  p r e sen t ,  t h e  moisture o f  e x t i n c t i o n  of  t h e  l i v e  
component i s  c a l c u l a t e d  from t h e  r a t i o  of  dead- to- l i ve  f i n e  f u e l  load ings  and t h e  
mois ture  conten t  o f  t h e  f i n e  dead f u e l .  The c a l c u l a t i o n  i s  complicated, bu t  i n t e r n a l  
t o  t h e  workings o f  t h e  model (Alb in i  1976), so  need no t  concern t h e  u s e r .  

When s u f f i c i e n t  f i n e  dead f u e l  e x i s t s  and t h e  dead f u e l  moisture conten t  i s  low 
enough r e l a t i v e  t o  i t s  mois ture  of e x t i n c t i o n ,  both l i v e  and dead f u e l  w i l l  burn, 
according t o  t h e  model. I n  t h i s  c a se ,  t h e  r e a c t i o n  i n t e n s i t i e s  from t h e  burning of  t h e  
two f u e l s  a r e  added t oge the r .  

I f  t h e  f i n e  dead f u e l  loading i s  t o o  l i g h t  r e l a t i v e  t o  t h a t  o f  t h e  l i v e  f u e l ,  o r  
t h e  dead f u e l  i s  t oo  mo i s t ,  t h e  l i v e  f u e l  moisture o f  e x t i n c t i o n  may be l e s s  than  t h e  
l i v e  f u e l  mois ture  con t en t .  In  t h i s  c a se ,  only t h e  dead f u e l  produces a  r e a c t i o n  
i n t e n s i t y ,  bu t  because both dead and l i v e  f u e l  must be heated t o  t h e  p o i n t  o f  i g n i t i o n ,  
t h e  f i r e  spreads  r e l a t i v e l y  s lowly.  

I f  t h e r e  i s  no dead f u e l ,  o r  i f  i t  i s  more moist than i t s  mois ture  o f  e x t i n c t i o n ,  
Rothermel 's model p r e d i c t s  no spread and no r e a c t i o n  i n t e n s i t y .  Because i n  some ca se s  
l i v e  f u e l  a lone  may propagate  a  f i r e  ( e . g . ,  crowning i n  con i f e r  s t a n d s ) ,  t h i s  r e s t r i c -  
t i o n  can be viewed a s  an a r e a  o f  incompleteness i n  t h e  model. 

The moisture o f  e x t i n c t i o n  parameter can be very  important i n  i n f l uenc ing  
p red i c t ed  w i l d f i r e  behavior .  The mois tures  of  e x t i n c t i o n  used i n  t h e  s t y l i z e d  f u e l  
models d i scussed  i n  t h e  t e x t  can be used a s  a  guide t o  t h e  s e l e c t i o n  of approximate 
va lues ,  bu t  d i r e c t  d a t a  a r e  t o  be p r e f e r r e d .  

13~ount ryman,  C .  M .  Manuscript review (memorandum da ted  February 9 ,  1971, t o  
James K .  Brown, on f i l e  a t  Northern Fores t  F i r e  Laboratory, Missoula, Mont. 

1 4 ~ o u g h ,  W .  A .  Personal  communication t o  F. A .  Alb in i  and R .  C .  Rothermel a t  t h e  
Fuel Modeling Workshop he ld  a t  t h e  Southern Fores t  F i r e  Laboratory, Macon, Georgia, 
June 24-28, 1974. 



Growth Models 

Equat ion (5) can be used t o  c a l c u l a t e  t h e  forward r a t e  o f  sp read  once t h e  f u e l  
bed i s  d e s c r i b e d  u s i n g  t h e  a d d i t i o n a l  e q u a t i o n s  i n  Rothermel (1972) t o  compute t h e  
terms i n  t h e  e q u a t i o n s  given above. I n  t h i s  s e c t i o n  we b r i e f l y  examine t h e  e f f e c t  o f  
wind and s l o p e  on forward r a t e  o f  spread and g ive  r e l a t i o n s h i p s  f o r  t h e  shape and s i z e  
o f  a  wind-driven,  f r e e- b u r n i n g  f i r e .  

Influence of  Wind on Rate of  Spread 

The formula t ion  o f  Rothermel (1972) ,  based on exper imenta l  and t h e o r e t i c a l  work 
(Rothermel and Anderson 1966; Anderson and Rothermel 1965) and f i e l d  d a t a  by McArthur 
(1969) ,  e x p r e s s e s  t h e  e f f e c t  o f  wind i n  t h e  form o f  a  f a c t o r ,  $w, which i n c r e a s e s  t h e  

v a l u e  o f  t h e  p ropaga t ing  f l u x  parameter ,  5 ,  and t h u s  t h e  r a t e  o f  s p r e a d :  

'with wind = +  without wind 

The q u a n t i t y ,  $w, i s  r e l a t e d  t o  t h e  geomet r ica l  p r o p e r t i e s  o f  t h e  f u e l  p a r t i c l e s  
and f u e l  bed.  The complete s e t  o f  e q u a t i o n s  i s  i n  Rothermel (1972) b u t  t h e  form o f  
t h e  equa t ion  i s :  

where U i s  t h e  windspeed ( f t /min)  a t  midflame h e i g h t  and A and B a r e  "cons tan t s"  
depending on t h e  f u e l  complex. I n  g e n e r a l ,  A i s  smal l  f o r  f i n e  f u e l s  and f o r  t i g h t l y  
packed f u e l s  and l a r g e  f o r  b i g  and/or l o o s e l y  packed f u e l s ,  w h i l e  B i s  l a r g e  f o r  f i n e  
f u e l s  and smal l  f o r  l a r g e r  f u e l s .  

The n e t  e f f e c t  o f  t h e s e  c o n f l i c t i n g  e f f e c t s  i s  t h a t  $w i s  smal l  f o r  f i n e  f u e l s  a t  
low windspeeds, b u t  i n c r e a s e s  r a p i d l y  wi th  i n c r e a s i n g  windspeeds. The o p p o s i t e  t r e n d  
i s  t r u e  f o r  l a r g e r  f u e l s :  $w i n c r e a s e s  r a p i d l y  f o r  v e r y  low windspeeds b u t  q u i c k l y  
" s a t u r a t e s"  and s t a y s  n e a r l y  c o n s t a n t  a s  h i g h e r  windspeeds a r e  imposed. 

Examples a r e  given i n  t h e  t e x t  f o r  s e v e r a l  s t y l i z e d  wi ld land  f u e l  complexes 

Beaufa i t  (1965) ob ta ined  exper imental  evidence t h a t  backing f i r e s  spread  a t  
v i r t u a l l y  t h e  same r a t e  a s  f i r e s  under s t i l l  c o n d i t i o n s .  T h i s  o b s e r v a t i o n  has  been 
made by o t h e r s  under  f i e l d  c o n d i t i o n s  (Van Wagner 1968a; Thomas and o t h e r s  1963; 
Thomas 1971) . 

Influence of Slope on Rate of  Spread 

I n  a  manner e x a c t l y  analogous t o  t h e  wind c o e f f i c i e n t ,  a  s l o p e  c o e f f i c i e n t ;  's, i s  
used a s  a  m u l t i p l i e r  o f  t h e  parameter ,  5 ,  i n  Rothermel t s  model. 

'with wind and s l o p e  = + 'w + 's) 'without wind o r  s l o p e  (8) 

The dependence o f  t h e  s l o p e  c o e f f i c i e n t  on f u e l  bed p r o p e r t i e s  i s  much s imple r  than  t h a t  
o f  t h e  wind c o e f f i c i e n t :  

where 
h 

B = packing r a t i o  = f r a c t i o n  o f  f u e l  bed volume occupied by f u e l  p a r t i c l e s  

t a n  0 = s l o p e  t a n g e n t  = v e r t i c a l  r i s e / h o r i z o n t a l  t r a v e l .  



Overall Shape o f  Wind-Driven Fire 

Empirical data taken by Fons were correlated and condensed to a few equations by 
~ndersonl~ with the following general results: 

1. The overall shape of the perimeter of a wind-driven wildland fire can often be 
approximated by two ellipses with a common semiminor axis. One ellipse will have an 
elongated semimajor axis in the downwind direction. The other ellipse has a shorter 
semimajor axis representing the progress of the backing fire. 

The shape of the perimeter does not depend on the size of the fire in this formula- 
tion but only on the windspeed. Because of this fact, it is most convenient to express 
all distances in terms of the distance of downwind travel from the point of origin of 
the fire. So in the equations below, all distances are expressed relative to this 
length, which is simply the product of the forward rate of spread and the time since 
ignition if conditions remain constant. 

Let W be the windspeed at 20-ft height, mi/h, and assume that this is twice the 
midflame height windspeed used by Anderson15 in the correlation equations. Let B be 
the distance traveled upwind (backing) from the point of origin, relative to the 
downwind distance. Then: 

Let C be the maximum distance traveled crosswind (perpendicular to the wind 
direction) relative to the distance from the point of origin to the head of the fire 
Then, from Anderson's formulae: 

where 

2 .  The perimeter of the elliptical shape which roughly outlines the burned area, 
expressed in ratio to the distance from the point of origin to the head of the fire is 
given by P, 

where, approximately 

P {k (c2 + (1 + 812/(1 + Q)2)1/2 + (c2 + Q2 (1 + B)~/(I + Q)~) 1 / 2 ~ ,  

where 

3. The area enclosed by the smooth, double-ellipse shape, divided by the square 
of the distance from the point of origin to the head of the fire, is given by A, 

where 

15~eference footnote 3. 



Examples o f  wind-driven f i r e  shapes ,  a s  p r ed i c t ed  by t h e s e  formulae,  a s  wel l  a s  graphs 
of  t h e  pe r ime t e r  l eng th  (equa t ion  12) and burned a r e a  (equat ion 13) a r e  given i n  t h e  
t e x t .  

Thz s imple formulae given by Van Wagner (1969) r e q u i r e  t h r e e  va lue s  of t h e  r a t e  
of spread (heading,  f l a n k i n g ,  and backing) bu t  d o n ' t  u s e  t h e  windspeed e x p l i c i t l y .  
The shapes and r a t e s  o f  i n c r e a s e  p r ed i c t ed  by h i s  method should be very  s i m i l a r  t o  
t hose  given by Anderson's formulae.  

Flame Front Characteristics 
As mentioned e a r l i e r ,  s e v e r a l  f i r e  behavior  d e s c r i p t o r s  have been r e l a t e d  t o  

Byram's f i r e l i n e  i n t e n s i t y .  Rothermel ls  model d e a l s  wi th  r e a c t i o n  i n t e n s i t y ,  b u t  a  
s imple r e l a t i o n s h i p  found by Anderson (1969) a l lows one t o  t r a n s c r i b e  t h e  r e a c t i o n  
i n t e n s i t y  t o  Byram's i n t e n s i t y .  

Residence Time and Flame Depth 

The dep th ,  o r  f ron t- to- back  d i s t a n c e ,  o f  t h e  a c t i v e l y  f laming zone of a  f r e e -  
spread ing  f i r e  can be  determined from t h e  r a t e  of spread and t h e  p a r t i c l e - r e s i d e n c e  
t ime.  Anderson (1969) found t h a t  f u e l  p a r t i c l e s  with d iameter  d  ( i n  inches)  a c t i v e l y  
flamed f o r  a  t ime ,  t ,  where 

t (minutes) = 8d ( inches)  (14) 

C l e a r l y ,  t h e  product  o f  t h e  r a t e  o f  spread and t h e  f laming t ime should g ive  t h e  dep th ,  
D ,  o f  t h e  f laming zone: 

D = R t .  (15) 

Byram's I n t e n s i t y  

Byram1s i n t e n s i t y ,  I ,  i s  t h e  r a t e  o f  h e a t  r e l e a s e  pe r  u n i t  o f  f i r e  edge. The 
r e a c t i o n  i n t e n s i t y ,  IR! provided by Rothermel 's  spread model i s  t h e  r a t e  o f  energy 
r e l e a s e  p e r  u n i t  a r e a  In  t h e  a c t i v e l y  f laming zone. So, i n  terms of t h e  dep th  o f  t h e  
f laming zone, D ,  d e sc r i bed  above: 

The f a c t o r  60 i s  t o  conver t  from Btu/ft/min t o  B t u / f t / s .  

Flame Length 

Byram's formula (1959) makes it easy  t o  c a l c u l a t e  t h e  average flame l eng th  from 
I ,  i f  I  i s  i n  B t u / f t / s :  

where 

L = f lame l e n g t h ,  f t  

I  = Byram's i n t e n s i t y ,  B t u / f t / s .  

Thomas (1963, 1970) found a  ve ry  s i m i l a r  formula,  b u t  he used t h e  r a t e  o f  f u e l  
consumption p e r  u n i t  l eng th  of f i r e  edge r a t h e r  than  t h e  i n t e n s i t y ,  I ,  t o  express  h i s  
r e s u l t s .  I f  we assume t h a t  t h e  h e a t  o f  combustion of  t h e  f u e l  p a r t i c l e s  i s  8,000 
Btu / lb ,  we can r e w r i t e  Thomas1 equa t ion  i n  terms of  I ,  wi th  t h e  r e s u l t :  

L = 0.20 I 2 /  3 



There a r e  t h e o r e t i c a l  reasons  t o  p r e f e r  t h e  2/3 exponent of  Thomas7 equa t ion ,  
and some experiments (Thomas 1963, 1970; Thomas and o t h e r s  1963; Putnam 1965; Anderson 
and o t h e r s  1966) tend  t o  confirm t h i s  power law, bu t  Byram's equat ion seems t o  g ive  
more r e a l i s t i c  r e s u l t s  over  a  wide range of  i n t e n s i t i e s  (Brown and Davis 1973) and i s  
used he re  t o  p r e d i c t  flame l eng th .  

Crow Scorch Height 

Van Wagner's formula (1973) f o r  maximum he igh t  of  l e t h a l  scorch can be w r i t t e n  
i n  English u n i t s  a s :  

3 1/2 Hs = (63/(140 - T))  (17/ ' /(1 + W ) ) (18) 

where 

W = windspeed a t  20 f t  h e i g h t ,  mi/h 

I  = Byram's i n t e n s i t y ,  B tu / s / f t  

T  = ambient a i r  temperature,  O F  

H = maximum he igh t  o f  l e t h a l  scorch ,  f t .  s 

Because t h e r e  a r e  t h r e e  v a r i a b l e s  i n  equat ion (18) ,  i t  i s  p o s s i b l e  t o  dea l  with 
two equa t ions  which a r e  each s impler .  Note, f o r  example, t h a t  i f  t h e  temperature (T) 
were 77' F, we would have a  s impler  formula: 

So we can p ick  a  s tandard  day a s  being a  77' F  day, and r e f e r  a l l  o t h e r  crown scorch 
h e i g h t s  t o  t h i s  s t anda rd .  I f  t h e  i n t e n s i t y  ( I )  and t h e  windspeed (W) were t h e  same 
f o r  two d i f f e r e n t  days,  bu t  t h e  temperatures  were d i f f e r e n t ,  t h e  scorch  h e i g h t s  
would be i n  t h e  r a t i o :  

Duff Burnoff 

Van Wagner (1972) conducted experimental  burns under s tanding  p ines  i n  e a s t e r n  
Canada t o  determine t h e  amount o f  duff  burned o f f  under va r ious  cond i t i ons .  He 
found t h a t  t h e  weight loading (dry weight ,  l b / f t 2 )  o f  combined L and F l a y e r s  con- 
sumed by f i r e  was s t r o n g l y  r e l a t e d  t o  t h e  average moisture conten t  of  t h e s e  duf f  
l a y e r s .  The equa t ion  der ived  by Van Wagner included t h e o r e t i c a l  j u s t i f i c a t i o n  based 
on t h e  v a r i a t i o n  o f  flame emis s iv i t y  with water  con t en t .  In u n i t s  used he re in ,  t h i s  
equa t ion  is :  

where 

W = duf f  loading burned o f f ,  l b / f t 2  
I 

M = duf f  ( L  + F) average moisture con t en t ,  f r a c t i o n  of  d ry  weight.  This  equa t ion  
i s  graphed i n  t h e  t e x t .  - 



BASIS FOR CONSTRUCTION 
OF THE NOMOGRAPHS 

Mathematical Basis 

The nomographs represent a graphical means of performing the computations 
specified by Rothermel (1972) for determining reaction intensity and rate of spread, 
with minor modifications. The computations were performed July 25, 1974, on the CDC 
7600 computer at the Lawrence Berkeley Laboratories Computer Center (BKY) located on 
the campus of the University of California at Berkeley. The program used was the 
FIREMODS library (Albini 1976) of computer subroutines maintained on permanent 
storage at BKY by the Northern Forest Fire Laboratory. 

The modifications of the equations (Rothermel 1972) which are significant in the 
computations resulting in these nomographs are outlined briefly below. Other revi- 
sions have been made, but are inconsequential for these computations (Albini 1976). 

1. The dry-weight loading of any particular fuel element, Wo, includes the 

noncombustible mineral fraction, ST. The loading of combustible fuel is Wo(l - ST), 
not Wo/ (1 + ST), as in Rothermel (1972). 

2. The equation for reaction velocity, r ' ,  includes an exponent A, calculated 
from equation (39) (Rothermel 1972): 

In the computer-based model, this equation is replaced by 

to prevent divergence of results as a approaches (7.27/4.77)1°. The differences are 
small but noticeable between the two methods of computation. 



3. The calculation of the moisture of extinction of the live fuel loading 
(Fosberg and Schroeder 1971) is described by Rothermells (1972) equation (88), which 
can be written as 

(Mx) 1 iving = 2.9 W (1 - (Mf)dead/O. 3) - 0.226 (minimum value 0.3) 

where 

(Mx) 1 iving = Moisture of extinction of living fuel 

W = Ratio of "fine" fuel loadings, dead/living 

(Mf) dead = Moisture content of "fine" dead fuel. 

In the computer-based model, this equation is replaced by 

(Mx) living = 2.9 W' (1 - (Mffldead/ (Mx)dead) - 

(minimum value (M ) ) x dead 

where 

W' = (C W exp(-138/o . ) )  / (CliveWo, exp (-SOO/o . ) )  dead o, j 1 1 

(Mffldead = (LdeadWo, jMf, jexp(-138/o.))/(ZdeadWo 1 9 1 .exp(-138/0 I 1 )  

and 

W = dry weight loading of size class j 
0,j 

a. = surface/volume ratio of size class j 
-1 

M = moisture content of size class j 
f,j 

The exponential weighting factors, developed by W. H. ~randsen'~ make explicit the 
calculation of "fine" fuel properties for an arbitrary fuel description, and replace- 
ment of 0.3 by (Mx)dead stabilizes model behavior over a wide range of moisture-of- 

extinction of the dead fuel. 

4. In Rothermel1s equation (58), the reaction intensity of the dead and living fuel 
categories were combined by forming a weighted average where the weighting factor was 
the fraction of fuel surface area per unit of ground area contributed by each category. 
In the computer-based model the intensities are simply added together. This change is 
due to a revision in the method of categorizing fuel components; only two categories 
(live and dead) are now employed, while at the time Rothermel published his findings 
(1972), it was felt that categorization by species might be more useful. 

Nomograph Organization 
The nomographs are organized into three functional quadrants: the two right-hand 

quadrants and the upper left-hand quadrant; an auxiliary working chart is inset in the 
lower left-hand quadrant above the lone index line. 

16unpublished results, discussed in Albini (1976). 



The upper r ight-hand quadrant r ep re sen t s  a  graph of r e a c t i o n  i n t e n s i t y  ( r i g h t  
ho r i zon ta l  a x i s )  versus  dead f u e l  moisture ( r i g h t  v e r t i c a l  a x i s ) .  For t h e  f u e l  models 
presented  he re ,  t h e  dead f u e l  moisture can be taken t o  be t he  1-hour f u e l  moisture i n  
a l l  cases  except models 11-13 ( con i f e r  s l a s h ) ,  models 6  (dormant brush o r  hardwood 
s l a s h ) ,  and 7  (southern rough).  For t he se  models, one can use  an average moisture 
computed from Rothermel's (1972) area-weighted formula: 

("fuel)dead = 0.76(Ml-h) + 0. 18(M10-h) + 0.06(M100-h ) Models 11-13 

(Mfuel )  dead = 0.89(Ml-h) + 0.09(M10-h) + 0.02(M100-h ) blodels 6,  7  

For t hose  models t h a t  inc lude  l i v e  f u e l ,  only t h e  f o l i a g e  moisture i s  used, and only 
t h e  f o l i a g e  component i s  included i n  t he  f u e l  loadings.  

The lower r ight-hand quadrant r ep re sen t s  t h e  combined e f f e c t  of wind and s lope  on 
amplifying t h e  propagat ing f l u x ,  which i s  propor t iona l  t o  t he  r e a c t i o n  i n t e n s i t y .  The 
wind c o e f f i c i e n t ,  $w, and t h e  s lope  c o e f f i c i e n t ,  + s ,  a r e  combined us ing  t h e  a u x i l i a r y  
working c h a r t  i n  t h e  lower l e f t - hand  quadrant t o  produce an e f f e c t i v e  windspeed which, 
when used i n  t h e  formula f o r  t h e  wind c o e f f i c i e n t ,  produces an ampl i f i ca t i on  f a c t o r  
equal t o  t h e  sum o f  t h e  two c o e f f i c i e n t s :  

$w ( e f f e c t i v e  windspeed) = $ (measured windspeed) 
W + $s ( s lope)  

The lower r ight-hand quadrant i s  t hus  a  p l o t  of s t r a i g h t  l i n e s  of s lope  (1 + $w) 
r e l a t i n g  amplif ied propagat ing f l u x  t o  r e a c t i o n  i n t e n s i t y .  In a l l  cases  it i s  assumed 
t h a t  t h e  windspeed a t  midflame he igh t  i s  h a l f  t h e  measured windspeed a t  20 f e e t  above 
ground. 

The lower le f t- hand quadrant  i s  nonfunct iona l ,  se rv ing  only t o  t r a n s l a t e  t h e  
propagat ing f l u x  t o  t h e  ho r i zon ta l  a x i s  of t h e  upper le f t- hand quadrant .  

The upper le f t- hand quadrant r ep re sen t s  a  p l o t  of  t h e  r a t e  of spread (center  
v e r t i c a l  a x i s )  versus  t h e  propagat ing f l u x  ( l e f t  ho r i zon ta l  a x i s ,  running r i g h t  t o  
l e f t ) .  The r e l a t i o n s h i p  p l o t t e d  i s  (Rothermel 1972; Frandsen 1971): 

where R i s  spread r a t e ,  I  i s  propagat ing f l u x ,  and Q ? i s  t h e  bulk hea t  of  p r e i g n i t i o n .  
P 1R 

For models t h a t  have deadAfue l  on ly ,  Q* i s  simply a  func t ion  of t h e  dead f i n e  f u e l  
(1-h) moisture con ten t .  l g  

For models t h a t  conta in  both l i v e  and dead f u e l  components, QZg i s  t h e  func t ion  of  

both t h e  dead f i n e  f u e l  moisture and the  l i v e  f o l i a g e  moisture, s o  t h e  s lope  of t h e  
app rop r i a t e  l i n e  ( 1 / Q ? )  r e l a t i n g  t h e  two v a r i a b l e s  must be cons t ruc ted  f o r  each combi- 

lg 
na t ion  of i n t e r e s t .  ~ e c a u s e  t h e  r ight-hand v e r t i c a l  a x i s  i s  e s s e n t i a l l y  t h e  1-hour 
t imelag dead f u e l  moisture f o r  t he se  models, a curve f o r  constant  l i v e  f o l i a g e  moisture 
can be cons t ruc ted  i n  t h e  upper le f t- hand quadrant  which r ep re sen t s  t h e  locus of end 
p o i n t s  of  s t r a i g h t  l i n e s  of s lope  (1/Q* ) drawn from t h e  o r i g i n  t o  t he  v e r t i c a l  l oca t ion  

lJ-2 
of t h e  dead f u e l  mois ture .  This  allows- the simple cons t ruc t ion  of t h e  appropr ia te  . 
s t r a i g h t  l i n e  of s lope  1/Q* f o r  t h e  combination of l i v e  and dead f u e l  moistures .  

l g  . 



The flame l eng th  curves i n  t h e  upper r igh t- hand  quadrant  a r e  based on t h e  s imple 
approximation f o r  depth of  flaming zone, D :  

D = ( r a t e  o f  spread)  x (flaming zone r e s idence  t ime) = R t  R 

where 

tR = 384/0 = p a r t i c l e  res idence  time i n  flaming zone, minutes.  

The c o r r e l a t i o n  of  p a r t i c l e  s i z e ,  a s  represen ted  by o ,  a  composite surface/volume 
r a t i o  f o r  t h e  f u e l  bed, with flaming zone r e s idence  time i s  according t o  Anderson (1969). 

The product  o f  f laming zone depth ,  D ,  and r e a c t i o n  i n t e n s i t y ,  I R ,  r e p r e s e n t s  an 
approximate va lue  o f  Byram's f i r e l i n e  i n t e n s i t y ,  I .  

This  i n t e n s i t y  can be used t o  e s t ima te  flame l eng th ,  L ,  from t h e  c o r r e l a t i o n  equa t ion  
(Byram 1959) : 

L = 0.45 I ~ . ~ ~  (L i n  f t ,  I i n  B t u / f t / s )  

Combining t h e s e  equa t ions  y i e l d s  a  family o f  hyperbolae o f  t h e  form 

Where K i s  a  p r o p o r t i o n a l i t y  cons t an t  i nco rpo ra t i ng  t h e  numerical f a c t o r s  and r a t i o n a l -  
i z i n g  t h e  systems o f  u n i t s  employed i n  t h e  above equa t ions .  

The Stylized Fuel Models 
The d e s c r i p t i o n s  o f  t h e  f u e l  models used i n  cons t ruc t i ng  t h e  nomographs a r e  given 

i n  t a b l e  7. The o t h e r  v a r i a b l e s  needed t o  complete t h e  d e s c r i p t i o n s  f o r  use  i n  t h e  
f i r e  spread model a r e  he ld  cons tan t  f o r  t h e  e n t i r e  s e t .  These v a r i a b l e s  a r e :  

Ovendry f u e l  d e n s i t y  : 32 l b / f t 3  

Heat o f  combustion (low hea t  value)  : 8,000 Btu/ lb 

To ta l  mineral  conten t  : 5.55 percent  

S i l i c a - f r e e  ash  conten t  
( e f f e c t i v e  mineral  conten t )  : 1.00 percent  

These f u e l  models a r e  very s i m i l a r  t o  t h e  n ine  s t y l i z e d  f u e l  models (A - I) 
employed i n  t h e  National  Fire-Danger Rat ing System (Deeming and o t h e r s  1974), bu t  
t h e r e  a r e  some important d i f f e r e n c e s .  The accuracy with which any p a r t i c u l a r  s i t u a t i o n  
i n  t h e  f i e l d  i s  reproduced by one of  t h e s e  s t y l i z e d  models i s  h igh ly  v a r i a b l e .  The 
u se r  i s  urged t o  no t e  d i s c r epanc i e s  between f u e l  s i t u a t i o n s  i n  t h e  f i e l d  and t h e  
s t y l i z e d  models used he re  i n  o r d e r  t o  b e t t e r  i n t e r p r e t  r e s u l t s  ob ta ined  by us ing  t h e  
nomographs given i n  t h e  t e x t .  



T a b l e  7 . - - D e s c r i p t i o n  of f u e l  models  u s e d  i n  c o n s t r u c t i n g  t h e  nonographs 

: M o i s t u r e  o f  
:Sur face- to- volume r a t i o  ( f t - ' )  /Loading ( l b / f t 2 )  : Depth : e x t i n c t i o n ,  

Model : T y p i c a l  f u e l  complexes : Dead f u e l  : Live f u e l  : ( f t )  : dead f u e l  
: 1-h : 10-h : 100-h : ( F o l i a g e )  : : ( p e r c e n t )  

GRASS AND GRASS-DOMINATED 

1 
1 S h o r t  g r a s s  ( 1  f t )  3500/ .  034 - - - - - - 1 . 0  12 
2 Timber ( g r a s s  and u n d e r s t o r y )  3000/.092 109/ .046 30 / .023  1500/ .023  1 . 0  15  
3 T a l l  g r a s s  ( 2 . 5  f t )  1500/ .  138 - - - - - - 2 . 5  2 5 

CHAPARRAL AND SHRUBFIELDS 

4 C h a p a r r a l  (6 f t )  2000/.230 109/ .184  30/ .092 1500/ .230 6 . 0  20 
5 Brush (2 f t )  2000/ .  046 1091.023 - - 1500/ .  092 2 . 0  2 0 
6 Dormant b r u s h ,  hardwood s l a s h  1750/ .069 109/ .115 30/ .092 -- 2 .5  25 
7 Southern  rough 1750/ .052 109/ .086  30 / .069  1550/ .017 2 . 5  40 

TIMBER LITTER 

8 Closed t i m b e r  l i t t e r  2000/.069 109/.046 30/ .115 - - 0.2 3 0 
9 Hardwood l i t t e r  2500/ .  134 109/ .  019 301.007 - - . 2  25 

10  Timber ( l i t t e r  and u n d e r s t o r y )  2000/.138 109/ .092 30/ .230 1500/.092 1 . 0  25 

LOGGING SLASH 

I 1  Ligh t  l o g g i n g  s l a s h  1500/ .069 109/ .207 30 / .253  - - 1 . 0  15 
12 Medium l o g g i n g  s l a s h  1500/ .184 109/ .644 30/ .759 -- 2 .3  20 
1 3  Heavy logging  s l a s h  1500/.322 109/1.058 30/1.288 -- 3.0 25 

*u.s. G O V E R N M E N T  P R I N T I N G  O F F I C E :  1377-0-777-023-34 
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