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Burning Rate of  Smolder ing Peat '
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ra te  i s  i r lependent  o I  rhe  orgar ic  hu l l  r lo ,s i t r .  {  ! , r i r , . rsa l  burn inF ra te .  the  un i t  a rea  bunr  ra tc  l t  BRl .  r  rs  ob tu in ( l  b r  normal iz
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In t roduct ion

Srnoldcring. although not as r isualh dranral ic as
f larning combustion. is an inlportant component of
iblest l i res. TL is cornnon in the duff ol the
coniierous i ;rest thaL is derivecl frorn thc accumu-
lat ion of dct l i tus. The dul l  inclrrdes the fefmerrta-
t ion and hrrmrrs laver-s or thc O. and 0., soi l
hol izons that l ie betleen the surface l i t tel  and
the mineral soi l  (Bradv 198,1). 

' lhe 
rate of

snloldering - mass loss orer t inre-rnd i ts dcpeD'
dence on olp(anic bulL clensitv. moisturc. and in-
organic conterl t  of the dul i  is the topit ,  of Lhis
rnanLls(,f ipL.

Srnoldering is a lirrm of fife sl]read thal gencral-
lv octurs irr hrcl afravs thrt alc rnole tightll packed
than those that -quslain f larning. { l ransi l ion fr_om
flaming to srnolt ler ing i- .  erpected *hen frrel par-
t icles are Lhin or rerv small  in diarnctcr and oc-
cup! morc than appro\inlateh lO Percent of Lhe
lo l ume .  Ro lhe fme l  ( 1972 ) , . ho l s  c  dcc reas ing
rr i ict ion intcnsitr.  the rate ol he:rt  release of
spleading lire per unit efea of the fcrresl floor. that
e\trapolillcs lo vcr' lo\\, values r{hen the pacling
ratio ol l facl i(rnal \olumr occupicd b_r l i rel np
plorcircs l0 percent. Fole-qt clLrlL thich Ias pack-
ing rat ios gfealef lhan l0 pclcent. erihibits .mh
smolcJcl ing. l fhi le l i t ter. rr i th pacldng rat ios less
than 10 percent. e-.,hibits onlv l larning. (A folm of
smoldering does oc lr- in lar l lc fuels independent

of packing cluling thc glowing phase in large fuel
pilc buming, but is not addle-qsecl here.i

Thc glountl  f i re. as the smolclering f ire is
named b! fife (r)nlfol spcciiilists. presents no thrcat
i r r  t e r n r -  , ' l  i t -  r ' a l e , , 1  - p r e a r l .  H , , s . r - " .  i t  , . r n  p e r -
sisl f.rr davs or $erks and latcr can initiate a Ilam-
ing surfacc ilrc if it is fanned into llarnes bv a
chance gust of r i ind (Wein l9811. This potential
has blanded the gnrunrl firc m thc 'hold-over lire."
,Smolclering dui l  temperatures in e\.ess of 300oC
hare been obser,;ed fcrr-up to 12 hour-s under a
mired olerstorv ol rrester-n larL:h lLurch occiden-
ldl lJ Nutt. l  and lodgcpolc pine (Pinus contotla\ar.
kttifolict Engelm.l (Hartford anri Frandscn, in
pl e-rs).

' Ihc 
duif  plesents an ef lert ire harr ier to the

t r J n - l - . , , I  l . r t  t , ,  t l r e  I n i  ' - " . r 1  s u i l  , l r r r i r r 3  p r - - a g "
of a surface f ire. Hor, 'eler. i i  the duif is ignited.
the resullant srnoldcring lire is likelv to he brought
into t l i rect contact rr i th ihe rnineral soi l  raising i ts
lemperaLure aborc 300"C for several hours. Flora
and fauna of the duff are con-rlLrned along with
r{)ols and see{ls. Organic matcrial in the upper p()r-
t ion oi the mineralsoi l  is oxidizecl.  and roots. seeds.
i r nJ  -o  o "gcn i - r n -  r r e ,e - -a r r  t i , "  r . , r ,  l i n t s  I  t t i ,  I .
are killed and pc,ssiblv consurned. Srnoldcring dufi
ran aiso contr ibute more than ;0 peraenL of the
air pol lutants produced i iom a i i re (-sancl l ierg
-t98l l) .  I I .  on the other hand. thc moistule and in-
orgrnic contcnt of the dulI exceeds the l i rrr i ts for
r ! r r  l r r r - t  , , n  t l - ,  n  r l , ,  , l  i l  i -  l i l . l '  t "  r f l na i r ,  un -
burrred and nol acL as d sour-cc of hcat (l'randsen
I9B7). l ,nder these condit ions the smoldel ing
eon  bu - l i nn  2 , , n .  i .  I ' r ' eu r r t r , l  l r om ,  um ing  i n to

'll&rd on Ph.D. di-.sertition {rf,lrilte.l t. tlr. t.n;\fbit',; Uo,r
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dircct contacL with the mineral -"oi l .  Ho$,ever. the
moisture l imit may be overcorne. A f lorr of heaL
frorr an abLrnclance ol surlace l i rels {slash) bnrn-
ing at thc sur-facc can {lrv Lhe fuel ancl bring it
within the combustion l imits.

-Smolcierirrg can Le init iated in the duff after a
l ire spre:rds through thc forcst l i t tcl  i i  the duff is
capablc of sustained srnoldering (Frandsen l98i).
Larger l i t ter i i rels that sustdn burning. such as
tt ' igs and concs. are igniLecl and acl as cerl tels to
propagate the firc clorn into thc rluff. Orrce Lhe fir'e
;s established. it plopapiates holizontallv rnd r.cr-
t ical lv unti l  i t  reaches trrndit ions that \Li l l  noi sus-
lain slnoldering.

l f  heat from the srnoJdoing cornbusL;on wa\e
is noL suff icient to olercolne the heat of vaporiza-
tiorr requirecl b1'moist ftrcl. snroliering rrust cease.
FurLhermole. inolganic materials within thc fuel
rnalr ix can absorb heat bul not o\ idize to produce
rnore heat. fhus. thc arnounl of hcal produced per-
uniL rolurne is reduced. Both rnoi-. ture and in-
.rrganic content should Ieducc thc cflcctilcness ol
thc alailable heat b propagate the smoldering fire.
Srnoldering is erpected to proccccl rdth the greatest
rate rlhen these inhibitinpl variables havc thcir
minirnum valucs,

The lactors that mav alTcct thc ratc of burning
ar.c thc lnoisture and inorganic content ol the dufl
ancl its organic buik den-ritl. Both the moistulc and
the inorganic contcnt hindcr the smoldering pro-
cess and thefeiore are l ierred as slowing do$n thc
rate of blu-ning. lno-casing the bulk densit-,-  mav
-slow doln the supplv ofoxrgcn lo lhe cornbustion
interface and also slor{ the late of bul-ning.
Honcvcr' .  Ohlcmil ler-eL al.  \1979) found with f ler-
ible poh urethane-" that "the smolder process is Ilex-
ible enough to adapt to rr $iclc r[ngc of oxvgen
supph lerels. inclLrding extraordin:rr i lv low leveLs. '
t  he  l ; l Jo r . i . r p  f r o ,  cJu  r ,  u , r l l ; r ,  -  J l  r \ t rF r i r nFn l  t i '
' nFa -u re  t l  p  i l c f c rd " r r . .  " i t l r ,  r n  r - -  '  u r . , r n r l t i un
ratc of srroldering peat on ihe abo|e I; lctols.

Methods

Canadian sphagnunr peal rnoss \\as seleded as a
repfesentatire fuel ioI eramining the Irte of
smoldcring in the lal ioratorl  Lrncler sirnulated f ield
condit ions. l t  has similar palt icle sizes and bulk
"nd  pa r l i c l e  de r r - i t i e -  r -  , 1 r rh .  i -  . r n  i np " r t r n t
ground coref in the tet boreal forest that supports
smoldering combu-it ion (Vein l9B3). and is a
uniform fuei that is cornmcrci:r l lv arai lable. The

rrnge of organic bulk densit ies varied 1iom 90 to
180 kg rn 3. This corresponds lo lhc range that
is norrnal lr '  i rund in duII ( [ 'oodarcl and Nlart in
-[980: Harrington l986l. ResLrlt-q are related to
slnoldering in the abscncc of rt incl anrl  slope.

The rnoisture and inorganic conlenLs \rere er-
p r ,  - - ,  d . r .  m r - -  r u l i ' F  r - h l i r '  I n  l l r e  , r ' e . r n i c  m . r - - .
The rnoistLrre rat io. R,n. ran:iccl frorn 0 to 0.8 at
0.2 interrals and inorgarric raL;o. Rr. l iom near'0
(nalrrral peat inorganic rat io) to l  r l  intcrvals of
1 All conrbinatiorrs uere sampled e\cept those that
were outsidc thc snrolderirrg l i rnit  giren bl Frand-
sen (19tt7) (Figule I).  as

Ru + (R14,) < ] t ( 1 )
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Figure l Samphrg design. Each circle designates a sunplnrg

cornbiDation of moisrue and inorganic ratios {or each
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Peat r,as moistened or clried to leach the
sclected moislure rat ios. Inorganic mateial in the
lbrm of 22tr0 ncsh (56 4 part ide sizc) powdered
si l ica $as added to moist pcat to obtain inorganic
r r t i os  h i ghe r  t h . r r r  t h -  i nh " ren t  i no rSan i i  ,  r , r l . n l
ofpeat. -Si l ica las uscd to ensure that thcrc lould
be thc lcast arnol lnt of chcmical interaction be-
trreen the addcd inorganir' material dnd the com-
bustion process. Tt is speculated that natural in
organic rni l tcr ial occulr ing in pcat rnav react in a
manner to alter lhe combustion process. l lorc dc-
tail on sarnple prcparation can be founcl in l'rand-
s e n  ( 1 9 8 9 ) .

The cxperimental sample rr.as contained tilhin
a noncombLlsl iblc insulated box with an open top.
The box tas placed in a sealccl glass c,vlincler. The
cvl inder }as scaled except for an inlct and exit  to
al lr l  for a f lorr of air.  The f lol  las held constant
at 3.5 g min-r (rrear 3.5 |  min 1). an arnount that
t 'as determinrd to be suif icient to maintain
-m" l , l ,  r i ng  r ' i t hnu t  , , r r c ,  n  { t  u ' \ l l t i . n .  . r -  ' \ p ' r i -
enced in the field. The sample volurnc lithin the
in-rr lr ted comr,rr. t iun I,u' ,  s.r.5 cm r i  on in rrr, ' . -
sect;on and,1 cm deep. The walLs t 'ere 2.5 crn
thjck. The insulat ing matcrial r , ;as ceramir.board
t'ith therrnal properlie-r similar Lo peat (lrandsen
l9fl7). Conscquentl:-. the heal transierred to the
wails wa-s not greally dilTerent iiom the hcat
transferrcd l i thin the peat. This al lolcd the burn-
ing peat to approximate part oI an expanded
\ olume. Thcle r{as no e:tcessivc hcat loss or cool-
ing at the u'al ls of the container. as eridenccd bv
th - . r l r s l n '  n  o l  r r r r Lun rFJ  l , r J t  JJ j r r ' . n t  t o  t h .  r , . J l - .

The upper cxposed suri ice of the pcdt n'as i f( ,
nited bv ftrur rol,".s of lesistance coils heated to a
red glorv. The gioling area approximated thc area
of the pcat slrrlace and was held t'ithin 5 nrn of
l he  . r r r f . r , .  l , , r  2  m inu te - .  P r i , , r  - r l , e r imnn tn t i on
ind i ,  J l ,  d  l hJ l  2  m inL r t . -  \ \ a -  - u f l l ,  i pn t  l n  i en i t c  I ' ca l
at al l  comhinations up to the highest moisturc and
inorganic rat ios. lhe arnount of organic material
consumed under enhanced burning during the ig-
nition periocl is srnall cornpared to thc total mas-r
consumed. ( ionseqLrerrt lv. thcre is l i t t le error in thc
total burn t ime ofthe samplc that ranged i iom B0
to 25i rninutes.

The ignitel coil,< rlere liltcd ar\,av liom the pedt
sur{ace within l5 scconds of s$,i tching of i  thc ig-
niter'. The dur-ation of srnoldering rras taken from
th(] time the igniter !,,as s$itched off until -qmolder-
ing stopped as evidenced bv the abscnce of car-
bon monoride in thc air llot'ing fiom the cvlinder
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containing the smoldering peat. Carlron monoxide
las considered absent ll.hen the volurnerrrc con-
.e r , r r r r i L rn  $ r .  l e - -  r han  ( r . 0005  \  \ .

Results

Datr lere obtained lrom J72 sample ohsen'ations.
This inclucles aclditions Lo the original design for
cornparison sarnpJings and losscs due to those con-
cl i t ions that rrould not sustain combustion.

' l  
he average srnoldcring burn rate lvas

calculatetJ by dividing the organic rnass (sample
rnass inorganic rnass) bv the duration olsmolder-
ing. lhe organic mass l,as cquivalent to the total
mass lost because al1 of thc organic mass was con-
surned during smoldel ing.

' lhere 
is a general trcnd torrard lorler burn

ratcs lrith iDcreasing inorganic ratios above 1.0 fcrr
ea ,  h  rno i - t u r ' -  r : r t i o  r l  i g r re  2 r .  B . r rn  ra t ,  r e r i . r l i on -
l ithin replictrtions of the organic bulk densitl' rvere
as great ol- l i leater than !arial ions bctweetr organic
brr lk densit ies. Hcnce. there is no dependence on
the organic bulk densit,v. Because of this inde-
pendence. one mav viern- each combination of the
rnoisture and inorganic ratios as replicated by as
much as 12 t imes i f  al l  burns l .ere successful.

Tt 'o commerciai rariet ics of peat Iere used.
The ruiginal choice was used for al l  p ot expen-
mcn l -  dn l  i r i t i r l  oh -e l r r t i " n -  J r  m( i l l J r c  r . r t i os
of 0 and 0.2. S'hen addit ional peat wa,< necded.
no more ol lhaL rarictv was alai lable. A rcplace-
mcnt \ras used at rnoisturc rat ios of 0.4 through
0.8. Thc search lbr the replacemcnt included those
peats haring similar bulk phvsical pr-opetics and
thc lotest inorganic contcnt apptoaching that oi
the original pcat. Con4)arisons of the burn rates
sho$,ed the l\\o pcats to be equi,,alent at 0 moisture
ratio. but the burn rate ofthe original pcat t las 20
percent grealer at thc lar€iel rnoisture ratios (0.,1
to 0.8). ObsenaLions $' i th the replacement peat
rere adjustcd up\rard bl- 20 perccnt so that they
could be rrsed to complement the ol iginal obser-
lat ions (Frandser I989).

Noting thal lhc burn rates al inorganic rat ios
neJ r  f t  a r ' l  r t  I  - ho r '  L i t t l e  d i l h rF r , .  J t  mo i - t u re
ratios 0 throrrgh 0.4 (Figure 2). *e can l inearize
the burn rate bv cornbining thc burn rates at I *'ith
those neal zero and gir'ing the combined inorgani<:
rat io a dummv valuc of 0 and reducing al l  the
highcr inorganic rat ios bv l .  (This is not the case
for mo;sturc rat ios 0.6 ancl 0.8 but the data at
moislure rat io 0.6 account for onlv 14 percent of
the data and onlv 2 percent at 0.8 moisture rat io.)
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Thc modi{icd data hale the appearance of be-
ing linear in both the inorganic and rnorsture rallos.
A l ineal mociel derelopecl b_r appl_-ving a lcast
squar-es f i t  to Lhe modif ied data is shol,n bclor ' .
It also cmbraccs thc shift in the inorganic axis
disursscd abovc.

BR :  7 .58 -2 .72Rr /  0 .918 (RJ  -  D l  sh '
( l  s  h '  =  2 .78  r  10 - '  kg  - " - r )  \ 2 )

lhere BR : bLLln rale
a n d D :  R '  i f  R r  <  ] . 0

D :  1 . 0  i f  R I  >  1 . 0

The burn r-ttc \.clsus moistlrre ratio is shor'n
in I'igure 3. along tith the linearized rnodel- The
percentage error (predicted - ar 'Lual)/acLual. is
. L r l s r r  u r - r  t h -  r . r ns ,  o l  i nu r t r r i l  r r l i o -  J t  n
rnoisture rat io oi 0 in Figurc 4. Estirnatcs of the
burn rate frorn the l inear noclcl indicatc that 91,
89. and 90 percent of the prcdictcd lalues l ie
rvithin t  10 percent of the actual valuc for '
rroisture r-at ios of 0, 0.2, and 0.i [ .  Err-ors ale
greater at moisturc ratios o{ 0.6 and 0.8. Onlr
about 70 percent ol the predicted values !, ,ere

within + l0 percent ol the actual valLres. The lower
predictive capabiJitv is not surprising considering
thc dcputurc of these data from the form of the
data at the lol 'er-moislure rat ios in Figlre 2. Fur-
thennore. these data. as mentioned above. accounl
for onh 14 and 2 pcrccnt of all the obserrations.

Discussion
\lany people think in terms of the linear spread
latc of smoldering t'hen reference is made to burn
fale. rather than to the milss loss burn rate presented
here. S'e gain insight inb the -(pread rate ;f1r'e con-
vert thc burn ratc to a unit area burn rate by nor-
malizing thc burn late to the area of the burning
srrr lace of thc smoldering l  avc. Thc result ing unit
area burn fate rclales to lhc smoldedn€t $ave and
is independent of the combustion bc,^.

' fhe 
cross-sectional area. A. of the burning

volume of the combusL;on bor (Figurc 5) approx-
imates the burning surface a-q it mores dolvn*ard.
Thc lincar sprcad rate can be obtained by equating
the mass loss burn ratc, Am/At. to the product ol
the organic bulk dcnsit_-v. p,. and the volume

Burning Rate of Smoldering Peat 169
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Figure 5. TLe bunnig roLLune rithin tlie cornbustioD bor sho\r
rrg the burning surface. ,\. as it nores rtorrnnarrl
a  r l i s t rn r r ' .  J r .  s ' r r1 , ing  r ) , , t  a  \  o lu t r t r '  r l f r In t .  l l

c.m-eumptiorl rate. Alv/At. as s\rept out b! thc
btrrning sLrl iace in Figrrre 5.

lm/41 : Q,AA!/-\ I  g h- '  {3)

Transposing. 1\ 'c halc lhc l incar ratc ol spr-ead

r n d D = & i I R r < 1 . 0
I )  =  1 . 0  i i R ,  >  1 . 0

I  BR ranges f lorn alroLrt 0.15 to 0. i30 g crn- ' ]h 
-t .

L.sing a cornmon r oluc for thc olganic bulk dcnsi-
tv. 0.1 g r,nr-r in Eq. (1). rre arr ire at a range of
1.:) kr l l .0 .nr hrthat is in the r ight c,r 'der c,1
rnagnitude for smoldering i \ \  ein 1983).

Note that in llq. 1.1) thc burn r-utc is rclatcd
direct l l  to thc l incar splcad lalc through thc
organic bulk r iensiLr i .{  is r.orrstant).  I f  the densiLr
is halvecl. the linear spread rate rnust be doublecl
to maintair l  thc sanrc nrass loss ratc. This is
feasonable $hen rorr consider thal a combuslion
Jront must pas-s through a le-rs dense luel alrav
fastef lhan through a nloLe dense arr:rv to consume
nas-r at the -ranle late. lt should be clear that the
line:rr spread rate rnlv be thought of as r'olumetic
burn ralc as the burning surf ir 'e sr leelrs oLrt vol-
unle. but it cannot be thought of in the snrne sense
as the mass burn ratc.

I ' lobable errol arralvsis was ernploved to exam-
ine Lhe rariabi l i tv of the independent rariables
(Flandsen t9B9). Tladitional -statistical methods are
not appJicable $hen the sample is prepared to
achicvc prcsclcclcr i  lalues of thc irrdepenclent var-
iables as designed in FigLrre -t .  Based on this anal-
r . i - .  t h r  mo . t r u '  r . r l i u  h . r .  . r n ,  nu r  l l r . r l  i .  u  E r ,  J l ,  f
than 3.2 percent. Lhe error in the organic bulk den-
sih i ,c no gfeaLer lhan 3.5 percent. and the inorganic
rat io has an error no grealer than 2.6 percent.

Afpro)iimatelJ 90 percent oi the predictions
frorn the lincar modcl alc rrithin t 10 pclcent oi
Ihc acttral ralLrc at moisLure raLios of 0. 0.2. and
0.4. \eal l l  al l  elrors grertel than i l0 percent
are rt the highrr inorganic r-tlios. Thc prcdictivc
" . r l ' . r l , i l i t '  , l r ' , t , .  t , , . r r '  r ' n , l  ,  t l  , r r r ,  '  i l  J l  I n u i - l J .
r a t i os  o f  0 .6  and  0 .8 .  The  l ) f eponde fance  o f  da ta
afe at the lo\ref inorganic rat ios. at and belou l .
This is a rellection ol lirnitecl sust:rined smolder'-
ing and uncertaintics lhcn appr-oaching the com-
l , . r - t i  , r r  l i r r ' . t  r F | r r r , l - - r r  l q H l '  . r l  I n ' ,  - l , r r c  f i r l  ' -
at and rbor e 0.,1. lt is likelv that rrhltever order
liness there mav lr in the relatiolship lrreaks dotn
as that boundlu'r is rpploachcd.

Thc rcsults of thi, .  stutJl clcf inc thc clepcndcncc
of Lhe rate ol burning on lhe nmisture and inorganic
content oi smoldeling cluli'lil<e materiaL and -shou'
a lack ol dcpcnricncc on thc organil  bulk dcnsitv.
\  - i r r ' 1 ,  -  r r , ' l - l  ,  r 1 , -  . l i , '  ' -  t l r ,  - '  ,  r . n ra ,  t - r ' . t : i  -  -  ,
that infelences can be made about the rate oi
snlolcleing. 

'fhese 
results contlibute to a better

urlclerstrrrlcling ofthe combustion of srnoldering dufi.

- \r i l t  :  ( lArn/ l t) /{) iq. or h 1 (4 )

rrirele Arn/At is the burn latc. Blt
antl (\n/At)/-A. is the ulit nca blun latc . LBR

Although Lhe bor tas r iesignecl l trr  a cro-.s-
scr,t ional ar-ea of 25 t mr. the adual area increased
slightll iiorn dete oraiicrr o1 the rr'alls lith cach
burn. l 'hree bores rrcrc uscd during thc cxpcri-
ment to enslrr-c that thc alcr r l ic l  not dcparl grcal-
l l  l rom thc designcd lrr-ca of 25 cmr. Thc arcl
renged frdn 26 to 30 cnl ' .  lhe meclian. 28 crn'.
rras used to lppro\imatc thc ar-ca of thc bulning
surlace. Relinements in cstinuting thc arca ar-c pl-c-
clLrdcLl bl unceftainl ies irr the shape of Lhe srrr '-
face. The Lrrr iL area burn rate is a uni\ersal l)ararn-
eter Lhat relates onl! to the hurning surlace oi the
srroldering rrarc arrcl is e\ l)ressed rs lhe lnass l(rss
ra le  pe f  un iL  a rea  o f  Lhe  bL r rn ing  su r ' { r ce .

LBR :  BR/28
Rep lac ing  BR r r i t h  equa t i on  (2 )

t tsR = 0.2 i  -  0 .09? l t . ,  -  0 .033t t ,  -  l l l
g c m  n  l l
( 1  g c m ' h '  =  2 . 7 8 r  1 0 ' h g m  z s ' )

lhele [-BR = unit area burn rate

Bu ln ing  Ra te  o f  Smo lc l e l i ng  Pea t  171



Acknowledgements

The author t ishcs to thank Plof. Donald F. Potts
ofthc School ofForestn, at the Lnivelsit ,v of l \{on-
tana lbr his encouragement Lo pursuc this l ine o1
iDvestigation.

Literature Cited

Bfrd \ .  \ .  C .  19111.  The \e rLue ard  I r f t r l r  i {  s  , ) l  , ro i l .  g rh  ed . .
Thc  \ lacn i l lan  Conpam.  \e r  Io r l .  ;50  r ) .

l  ruJs tn .  \1 .  H .  !9 iJ ; .Then luence o fmois tLuc  anu dn{ i r l l
so j l  o r  th .  ro r rb rs tn ,n  l in i t s  o l  smoldern ig  fo res t  du f t
Car .  J .  For .  I les .  l ; :15 ,10-1511.

Frandsen.  t r .  H .  1989.  - r r$ ld . r i , , s  (1 , ,11 :  l im i ls .  her t  e ro l red .
and burn  ra te .  \ I i ssou la -  l \ lon t rn r .  t ,n i re rs i t r  o f  \ Ion
tana.  Ph.D.  l i i sser ta t id i .  1 '16  I ) -

HarrnrSon. \{. tll. 1986. C,r!r)dris,)n ol lorcn lloor deprh to
loadlng Lelationshiq,s nonr *r.rrl pon,l.rroso pine

s tands .  Research  Note  R\ ' l  .163 .  For t  ao l l ins -  C0:  L .S .
D.rrn m f nr of r\sriculnn e. Forest SeN ice. H o.[\ N ou n-
Ld i i i  ! ( , , ,  s t  ud  Rrng.  I i rper iment  S ta t ion .  5  p .

Hat fo rd .  I l .  { . .  u r r l  \ \ r .  H .  I r ra .dsen.  In  p ress .  Cround
lernt)eratLre liistori{\ l;otri 1;r.: An ilhtstration.I'lissor a.
\ lT :  l - .S .  l ie fa r t rnent , )J  Asr i ( !  lu ( .  fo res t  Ser r ice .
Liternrurruin R(is.u.(ih Stuion. 1t1 p. Editorial draft.

oh lemi l le r .  T .  J . .  J .  Be l l c , , .  u r  r ' ' .  Rogers .  1979.  - {  mode l
o f  smolder ing  ronrbus t ion  app l led  to  f lex ib le
po l ru re thare  loads .  Q,mb.  F lame.  36 :197 215.

Rothermel, R. (. 1972. .{ mlthenarr al n,odcl lbr predicting
lire spread in i,itdtand fir*. R|silrh poper INT t15.
Ogden. LT: U.S. Depatmert ol {sri(! tur. Forest i\er
rice. Intelnountain Forest ard Rangc lirpcriment Sta

Sandberg .  Darn l  \  .  l98 i l .  R .s { ! rch  leads  ro  le ! !  smoLe r ron

t resd ibed l i r . s .  ln :  Pr r l rdnHs.  1983 \o thNest  F i re
Council {rnua1\leeLnrg 1983 \oonber 2l 22i Olvn-
pia. tr 'A. 2i 1,.

trein. R. tr .  1981. Chrr!.r . f i l r ics and suppre-.; ion of f i res
ii orsanic rerhiii h A,,strali!. Alsr..l. fof. ,1,1:162 169.

Se in .  R.  X .  1983.  t j r c  b rhN\ io r  and ro log ica l  e f fec ts  n i
orsanic rerrain. 1a -qCOI'E 1B: 1hc Role o{ Fire in
\ , , f rho l  Cncunpo lar  Eco l l s ten* .  R .  \ I t in .  and D.
A.  \ ' l n ( j l ( j {n -  (a ls .  John \ t i le r  &  Sons.  \e r  \o r [ .  p .
8 t  9 5 .

\ !  oodard .  P . .  a rd  R.  E .  N l l r r in .  I  q80.  Duf fwe igh t  and depth
in a high eloation Pirir rontorra Dougl. forest. Can-

J .  For .  Res .  l0 :? -9 .

I t-2 l-randsen


