
Looking into smoke 
Forest fires pour enormous amounts of smoke into the air over 
Australia each year. A day's prescribed burning in a forest— 
to reduce the bushfire risk by removing forest fuel—can send 
up more than 1000 tonnes of smoke. The devastating Victorian 
bushfires of 1939 produced enough to discolour the sky as far 
away as New Zealand, 

A mushroom-shaped p lume , drawing in 
air f r o m all directions. 

W e can ' t s top smoke f rom pou r ing in to 
t h e sky, just as we can ' t p reven t t h e A u s t 
ral ian b u s h f rom b u r n i n g . B u t peop le 
p lann ing p resc r ibed-burn ing operat ions 
a n d o the r forest a n d f a rm b u r n s can t i m e 
the i r fires so t h a t t h e smoke causes t h e 
fewest possible p rob lems . A n d t h e p r e s 
c r ibed -bu rn ing p r o g r a m s , b y r educ ing 
t h e inc idence a n d in tens i ty of s u m m e r 
bushfires , cu t back t h e o u t p u t of smoke 
f rom u n p l a n n e d fires. 

Howeve r , before t h e y can p lan b u r n s t o 
keep smoke p rob lems to a m i n i m u m , t h e 
people l ight ing t h e m m u s t b e able t o 
p red ic t h o w m u c h smoke will b e p r o d u c e d 
a n d whe re i t will go. Also, useful assess

men t s of t h e p rob lems can only b e m a d e if 
t h e composi t ion of t h e smoke is known . 

Over t h e pas t 7 years , C S I R O t eams f rom 
M e l b o u r n e have ga the red a great deal of 
informat ion on forest fire smoke . T h e y 
have observed t h e behav iour of p l u m e s 
f rom t h e g r o u n d a n d air, a n d have flown 
t h r o u g h t h e smoke to measu re its c o m 
posi t ion a n d ga ther samples for tests on 
t h e g r o u n d . 

M o s t of t h e work has b e e n done in t h e 
ja r rah a n d karr i forests of W e s t e r n 
Austra l ia , to t h e east a n d s o u t h of Pe r th . 
U s i n g t h e research resu l t s , foresters can 
n o w successfully p red ic t h o w m u c h smoke 
any prescr ibed b u r n will p roduce , whe re it 

will b low t o , h o w quickly i t wil l d isperse , 
a n d t h e effects i t will have on visibility. 
T h e tests on its composi t ion indicate t h a t 
smoke r e t u r n i n g to t h e g r o u n d is very 
unl ikely t o b e a hea l th hazard . 

O n e ques t ion tha t still lacks a firm 
answer is w h e t h e r forest smoke b lowing 
over a city could increase t h e city 's 
photochemica l smog hazard . A n o t h e r is 
w h e t h e r any b u r n i n g pract ices m a y send 
e n o u g h nu t r i en t s u p in t h e smoke to 
cause a r u n d o w n in a forest 's nu t r i en t 
supply . Also still to b e de te rmined is h o w 
t h e dispersed smoke part icles are finally 
r e m o v e d f rom t h e air. 

T h e s m o k e r i s e s 

T h e first ma t t e r looked at was t h e ways 
smoke a n d hea t in teract w i th t h e air above 
a fire. M r R e g Tay lo r , w h o re t i r ed 
recent ly f rom t h e Divis ion of A tmospher i c 
Physics , d id t h e work w i t h scientists f rom 
t h e former Divis ion o f App l i ed C h e m 
istry 's Bushfire Sect ion. O n e of the i r a ims 
was t o find ways t o p red ic t h o w h igh smoke 
will r ise above any fire. 
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Less of the b u r n t fuel goes u p f r o m hot 
fires than f r o m mi ld ones, but a hot 
fire's total smoke output is likely to be 
greater because m o r e fuel b u r n s . Smoke 
composition varies, b u t the break
downs shown are typical. 

Smoke from an experimental intense fire in Western Australia. 

T h e scientists s tud ied t h r e e in tense 
fires specially Jit for t h e exper iments b y 
t h e W e s t e r n Aust ra l ian Fores t s D e p a r t 
m e n t in poor -qua l i ty ja r rah forest, a n d a 
very ho t land-clear ing b u r n near D a r w i n . 
T h e y m a d e the i r observat ions f rom a l ight 
aircraft flying t h r o u g h t h e smoke p l u m e 
a n d f rom g r o u n d observat ion po in ts . 

All t h e fires p r o d u c e d m u s h r o o m -
shaped p l u m e s . W i n d s at g r o u n d level 
changed direct ion as air flowed in to t h e 
smoke co lumns . 

T h e scientists measu red t empera tu re s 
in t h e smoke as they flew t h r o u g h i t . T h e n 
t h e y c o m p a r e d these w i t h t e m p e r a t u r e 
predic t ions based on t h e rates of hea t 
o u t p u t f rom t h e fires. T h e measu remen t s 
were always considerably lower t h a n t h e 
es t imates ; this is because wind dilutes t h e 
smoke a n d t h e air d r a w n into t h e smoke 
co lumns cools t h e p lumes . Very large 
amoun t s of air are invo lved—more t h a n 
400 cubic ki lometres for each of t h e 
W e s t e r n Aust ra l ian fires. 

W h e n t h e smoke a n d cap tu red air f rom 
these t h r ee fires reached heights be tween 
1370 a n d 2200 me t r e s , m o r e hea t was 
released in to t he smoke co lumns . I came 
from t h e wate r vapour i n t h e co lumns 
condens ing to l iquid. T h i s hea t gave a b ig 

boos t to t h e u p w a r d m o v e m e n t of t h e 
smoke—a p u s h rang ing f rom a b o u t o n e -
t h i r d u p to n ine - t en ths of t h a t p r o d u c e d 
b y t he hea t of t h e fires themselves . 

Smoke f rom t h e ja r rah forest fires 
reached heights rang ing f rom 2500 to 4300 
me t r e s . T h e D a r w i n fire's p l u m e reached 
a fairly cons tan t 3000 me t r e s , except for a 
pe r iod of abou t hal f a n h o u r at t h e he igh t 
of t h e blaze w h e n it rose near ly twice as 
h igh , to 5800 me t r e s , a n d t h e n subs ided 
again. I t was a spectacular s ight . 

A n o t h e r t o w e r 

Looking back a t the i r W e s t e r n Aust ra l ian 
resul ts after t h e D a r w i n fire, t h e scientists 
de tec ted a similar b u t less spectacular 
smoke tower d u r i n g t he ho t t e s t of t h e 
ja r rah forest b u r n s . T h i s b ig change in t h e 
smoke 's behav iour a t t h e peak of very h o t 
fires ru led ou t t h e possibil i ty of devising a 
s imple way to p red ic t t h e he igh t of p lumes 
for all fires. 

Smoke from the jarrah forest 
fires reached heights ranging 
from 2500 to 4300 metres. 
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B u t t h e scientists found t h a t it is qu i t e 
s imple to p red ic t t he p l u m e he ight w h e r e 
tower ing doesn ' t occur . T h i s depends on 
t h e ra te at wh ich t h e forest fuel b u r n s , 
wh ich foresters have wel l -establ ished 
ways of es t imat ing. T h e he igh t of t h e 
condensa t ion level—where wate r vapour 
t u r n s to l iquid—is ano ther factor. I t can 
b e worked o u t qu i t e accurate ly f rom 
meteorological measu remen t s on t h e 
g r o u n d . 

Predic t ing t h e he igh t of t h e tower is a 
m u c h m o r e difficult p r o b l e m , b u t one t h a t 
shou ld arise very rarely wi th del iberately 
lit fires. T o w e r i n g is associated wi th 
in tense fires a n d uns t ab le wea the r con
di t ions. M o s t del iberately lit fires are mi ld 
a n d are set off on ca lm d a y s ; in fact, for 
p rescr ibed b u r n s foresters usual ly choose 
days w h e n a t e m p e r a t u r e inversion in t h e 
a tmosphe re will s top t h e smoke r is ing 
m o r e t h a n perhaps 1500 me t res . 

As well as be ing able to p red i c t h o w 
h i g h smoke will r ise , i t is useful to b e able 
t o work ou t beforehand w h e r e smoke from 
any fire will spread t o . T h i s is one of t h e 
p rob lems a C S I R O Bushfire Sect ion t eam 
led b y D r B o b Vines looked a t in t he early 
1970s. 

T h e scientists s tudied m a n y W e s t e r n 
Aust ra l ian prescr ibed b u r n s — l i t w h e n 
w i n d s at p l u m e level, m u c h s t ronger t h a n 
those at t h e g r o u n d , r anged from less t h a n 
30 t o m o r e t h a n 50 k m per hou r . I n each 
case t h e smoke spread ou t in a na r row fan 
wi th a n angle of 12-13°. T h i s seemed a 
surpr is ing resul t as i t m i g h t have been 
expected t h a t increasing wind s t rengths 
would na r row the fan. Evident ly increased 
tu rbu lence along t h e edges of a p l u m e in 
s t ronger winds balances o u t this na r rowing 
effect. 

So if wind direct ion can b e forecast for a 
p resc r ibed-burn ing day , t h e areas tha t t h e 
p l u m e will spread over can be pred ic ted . 
T h i s makes it possible to p lan prescr ibed 
b u r n s so tha t t h e smoke stays away f rom 
popula ted areas, a n d to w a r n l ight-aircraft 
pilots of smokey skies. T h e smoke near 
t he cent re of a p l u m e can r educe visibility 
to as l i t t le as 200 me t r e s . 

W h a t ' s i n i t 

T h e Bushfire Sect ion began examining 
t h e composi t ion of forest fire smoke in 
1970. T h e Section was d i sbanded in 1974, 
w h e n t h e Divis ion of Appl ied Chemis t ry 
was split in to two n e w Divis ions , b u t two 
of its m e m b e r s are cont inu ing t he work. 
T h e y are M r T o n y Evans of t h e Divis ion 
of Appl ied Organic Chemis t ry a n d M r 
D a v i d Packham of t h e Divis ion of 
Mine ra l Chemis t ry . D r Alan M c K e n z i e , 

Smoke f r o m this prescribed b u r n , inland f r o m Cape Leeuwin, W.A., spread out : 
a fan with an angle of 12-13°. This spreading pa t t ern is typical for 
Western Austral ian burns , despite differing wind speeds. 

D r Alan McKenzie watches ins truments in the scientists' specially equipped aircraft . 
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of t he Divis ion of Process Techno logy , 
recently joined t h e m ; h e is mak ing 
chemical analyses of smoke part icles . 

O n e of t h e first th ings t h e scientists set 
ou t to discover was h o w m u c h of t he 
mater ia l in t he forest fuel ends u p in t h e 
smoke . T h e obvious , bu t very difficult, 
way to work this ou t is by compar ing t h e 
weight of t h e smoke p roduced in a fire 
wi th t h e weight of t he fuel b u r n t . T h e y 
d id th i s . T h e y calculated t h e weight of 
smoke from measuremen t s of smoke 
concentra t ion t h r o u g h o u t t h e p l u m e a n d 
t h r o u g h o u t t he lifetime of t he fire, a n d t he 
fuel weight f rom foresters ' est imates of its 
density. 

T h e answer the t eam came u p wi th for a 
typical prescr ibed b u r n was tha t 1 . 5 - 2 % 
of t he fuel ended u p as smoke part icles. 
Soon after mak ing these calculations, t hey 
hi t u p o n a m u c h simpler way of working 
ou t t h e ratio be tween fuel and smoke . 

T h e m e t h o d , devised b y a recent ly 
re t i red m e m b e r of t he Bushfire Section, 
M r Nick K i n g , involves s imul taneously 
measur ing carbon dioxide and smoke 
concentra t ions in the p l u m e . F r o m the 
carbon dioxide reading , t he scientists can 
calculate t h e ra te of fuel combus t ion 
responsible for t he measu red smoke 
concentra t ion. T h i s m e t h o d , as well as 
being m u c h s impler , has t h e advantage 
tha t it allows smoke : fuel ra t io assess
men t s to b e m a d e a t any t ime dur ing a fire. 

H o w m u c h g o e s u p 

T h e t eam ' s latest measuremen t s for 
Wes te rn Aust ra l ian prescr ibed b u r n s p u t 
t h e p ropor t ion of fuel end ing u p as smoke 
particles at 1 . 5 - 4 % ; bo th me thods of 
calculating t he rat io have consistently 
come u p wi th figures in this vicinity. F o r 
h igh- in tens i ty b u r n s , t he figure is lower. 
M e a s u r e m e n t s by t he t eam over a very ho t 
fire in Victoria , designed to remove as 
m u c h fuel as possible from a forest s i te , 
showed tha t less t h a n 0 . 5 % of t h e fuel 
changed to smoke. 

T h e reason for t he difference is t ha t 
combus t ion is m u c h m o r e comple te in a 
ho t fire t h a n in a mi ld one . T h i s shows u p 
as well in t he composi t ion of t he smoke 
part icles. 

I n smoke f rom the p resc r ibed b u r n s , o n 
average, 7 0 % of t he particles were tar a n d 
char , most ly tar. T h i s compares wi th a 
figure of about 4 0 % in smoke f rom t h e 
in tense Victorian fire, where t a r and char 
quanti t ies were abou t equal . T h e rest of 
t he smoke—abou t 6 0 % in t h e case of t he 
intense fire b u t only 3 0 % for t h e mi ld 
fires—was minera l ash, wh ich of course 
can ' t b u r n . 

•Thick smoke near a fire can 
contain as many as a million 
particles per cubic centimetre. 

T h e smoke particles are very smal l . 
M e a s u r e m e n t s by t h e t eam gave mos t a 
d iameter of abou t a t e n - t h o u s a n d t h of a 
mi l l imet re , a l though some of t h e tar 
part icles are u p to a twen t i e th of a mil l i 
m e t r e across. T h i c k smoke near a fire can 
contain as m a n y as a mill ion par t ic les pe r 
cub ic cen t imet re . 

D r M c K e n z i e ' s analyses of t he part ic les , 
par t icular ly t h e ash, shou ld give an idea o f 
t h e quanti t ies of various minera l nu t r i en t s 
going u p in t h e smoke . T h e quant i t ies lost 
i n a fire depend also on t h e dis tance 
particles t ravel f rom a fire before r e tu rn ing 
to t he g round—for example , whe the r they 
r e tu rn to t he forest or are lost ou t to sea. 
Obviously this will vary great ly f rom fire 
to fire. M r Packham hopes to begin work 
soon to t ry to t race t he fate of smoke 
particles f rom prescr ibed b u r n s . 

M e a s u r e m e n t s by D r Vines a n d h i s 
colleagues indicate tha t mos t of t h e ash 
res idue f rom fires remains on t he g round . 
F o r seven W e s t e r n Aust ra l ian p resc r ibed 
b u r n s , the i r es t imate of t h e p ropor t ion of 
t h e ash showing u p in the smoke ranges 
from as little as 0 . 1 % to 1 0 % . T h e lowest 
figures were recorded on days w h e n 
t e m p e r a t u r e inversions blocked t h e 
smoke 's ascent. 

N i t r o g e n a n d s u l p h u r 

T h e gases given off w h e n forests b u r n can 
also con t r ibu te to losses of nu t r i en t s , 
par t icular ly n i t rogen . T h e scientists s o m e 
t imes detected concentra t ions of n i t rogen 
oxides in smoke slightly above t h e na tura l 
background level, a n d laboratory tests 
indicate tha t m o r e of t he e lement is given 
off as n i t rogen gas t h a n as oxides. 

However , n i t rogen is lost cont inuously 

f rom soil, a n d fires can only briefly speed 
t h e process . W h e t h e r any long - t e rm loss 
occurs depends on h o w rapidly t h e l o s t 
n u t r i e n t is replaced, mainly b y n i t rogen 
taken f rom t h e air by leguminous vegeta
t ion. 

S u l p h u r is ano ther n u t r i e n t t h a t goes 
u p in t h e smoke—as su lphur dioxide. Bu t 
t h e scientists detected none o f this gas, 
indicat ing t h a t t h e concent ra t ion i n t h e 
smoke t h e y examined was be low 0 . 0 1 
p . p . m . , t h e lower l imit of the detectors . 

T h i s is a surpr is ing resul t , because 
calculations based o n t he a m o u n t of 
su lphu r in forest fuel suggest t ha t 
concentrat ions u p to 0 . 0 4 p . p . m . could b e 
expected. Par t of t he explanat ion seems 
to b e tha t m u c h of t he su lphu r remains in 
t he ash on t he forest floor; laboratory 
b u r n s confirm th i s . Also t he leaf canopy 
m a y s top some of t h e su lphu r escaping 
wi th t he smoke. Wha teve r t he full 
explanat ion m a y b e , t h e small scale of t he 
su lphur loss is good news for t h e forests. 

A n o t h e r impor t an t ques t ion is w h e t h e r 
any of t h e gases given off could r e t u r n to 
g r o u n d level i n sufficient quant i t ies t o 
cons t i tu te a hea l th hazard . O n all t he 
evidence t o da te , t he answer is no . Con-
centrat ions measu red in t h e thickest 
smoke p lumes were always below t h e 
accepted risk levels, a n d t h e gases are 
rapidly di luted. 

O z o n e 

T h e only possible cause for concern 
seems to b e ozone, formed n o t in t h e fire 
b u t at t he t o p of t h e smoke p l u m e . Ozone 
is t h e pr inc ipa l ingredient of p h o t o 
chemical smogs in cities. I t forms in 
smoke , a n d in cities, w h e n n i t rogen oxides 
a n d hydrocarbons react toge ther u n d e r t he 
s t imulus of ul traviolet radia t ion f rom the 
sun . 

T h e scientists have measu red ozone 
concentra t ions as h igh as 0 . 2 p . p . m . a t t he 
t o p of p lumes from in tense fires, a figure 
of abou t t h e size expected in severe smogs 
in Sydney or M e l b o u r n e . However , p l u m e -
t o p readings for p resc r ibed b u r n s are 
m u c h lower, usually n o t exceeding 0 . 0 8 
p . p . m . 

T h e y have found t h a t m a x i m u m smoke 
concentra t ions do n o t coincide w i t h 
m a x i m u m ozone levels. I n s t ead , ozone 
seems to bu i ld u p , b u t n o t indefinitely, 
w i t h t h e l eng th of t ime t h e smoke is 
exposed to t h e ultraviolet rad ia t ion . 

Fo r example , measu remen t s in t he 
p l u m e f rom one prescr ibed b u r n revealed, 
5 k m d o w n w i n d of t h e fire, a layer 100 m 
thick whe re ozone concentra t ions rose 
slightly above t he background level of 
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a b o u t 0 . 0 2 5 p . p . m . ; t h e smoke h a d b e e n 
exposed to sunl ight for abou t 15 m i n u t e s . 
However , 24 k m fur ther d o w n w i n d , t h e 
concentra t ion h a d r isen to 0 . 0 6 5 p . p . m . a t 
t h e t o p of t h e p l u m e , a n d t h e layer 
conta ining m o r e ozone t h a n t h e s u r r o u n d 
ing air was 300 m thick. A t this po in t t h e 
smoke h a d been exposed to t h e s u n for 
75 minu t e s . 

Research b y M r Evans a n d colleagues 
f rom t h e Divis ion of Appl ied Organ ic 
Chemis t ry shows t h a t t h e t o p layers of 
smoke block ul traviolet radia t ion a n d th is 
p reven ts ozone forming lower in a p l u m e . 
T h e smoke lower d o w n is jus t as capable of 
s t imula t ing ozone p r o d u c t i o n ; t he 
scientists p roved this b y exposing samples 
to t h e sun . 

T h e y also found t h a t m o r e ozone forms 
if n i t rogen dioxide is added to t h e smoke . 
T h i s suggests t ha t t h e n i t rogen oxides in 
smoke , r a the r t h a n t h e hyd roca rbons , 
de t e rmine h o w m u c h ozone is p r o d u c e d . 
A d d i n g extra n i t rogen dioxide increased 
ozone p roduc t ion b y as m u c h as 5 0 % . 

O v e r a c i ty 

Ozone si t t ing at t h e t o p of a smoke p l u m e 
can ' t d o any h a r m to peop le , b u t i t is 
possible t h a t smoke drif t ing over a city 
could con t r ibu te to t h e deve lopment of 
photochemica l smog there . M r Evans 

calculates t h a t smoke from fires i n t h e 
ja r rah forests—if it becomes t r a p p e d u n d e r 
a t empera tu re invers ion, drifts over P e r t h , 
a n d receives a n injection of n i t rogen 
oxides f rom city po l lu t ion—should b e 
capable of raising ozone levels in t h e city 
b y abou t 0 . 0 4 p . p . m . 

W h e t h e r th is ever happens is very h a r d 
to judge . Smoke seriously reduces v is 
ibil i ty in P e r t h once o r twice i n m o s t 
p rescr ibed b u r n i n g seasons ; w h e t h e r t h e 
smoke comes from these b u r n s o r f rom 
fa rmers ' fires is a m a t t e r o f local 
controversy. 

T h e W e s t e r n Austra l ian H e a l t h D e p a r t 
m e n t has ozone records for o n e of these 
occasions, showing a peak o f 0 . 0 7 p . p . m . 
in P e r t h compared w i t h t h e n o r m a l value 
o f u p to 0 . 0 4 p . p . m . B u t i t was imposs ib le 
t o tell whe the r t he smoke con t r ibu ted t o 
t h e ozone b u i l d - u p ; city pol lu t ion a lone 
m a y have been responsible . M u c h m o r e 
work needs to b e d o n e before t h e chances 
of forest fire smoke con t r ibu t ing t o p h o t o 
chemical smogs can b e fully assessed. 
However , t h e r isk seems r a the r small . 
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Melbourne on a smoggy day—the scientists are examining whether forest 
smoke can worsen city pollution. 

A tower of smoke shoots u p from the 
p l u m e over the Darwin fire. 
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Smoke still rises as the sun sets. 


