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if· Prescribed burning is the scientific appl ication 
of fire as a vegetation management tool (Society 
of knerican Foresters 1980 a) • In shrubl ands. 
obj ectives of prescri bed burn1 ng may incl ude 
reduction of wildfire hazard by eliminating 
acc\mlU) ated fuel. improvement of wl1 dlife habitat, 
preparation for conversion to grass or trees, 
increasing water yield. and increasing accessibility 
to· livestock and recreationists (Green 1981). 
However. in most situations. the 1apd manager 
must take steps to minimize the adverse effects 
of the emissions on other resources and sensitive 
locations including highways. airports, and inhab1ted 
areas with hospi tal s and school s. Vis1 bllity 
is most often adversely affected. In interpreting 
the 1977 Clean Air Act crnendments that protect 
v1sibility. the U.S. Environmental Protection 
Agency urged that enissions from prescribed fire 
be reduced where feasible, and that alternatives 
to burning be considered (U.S. Environmental 
Protection Agency 1979). Consequently. land 
managers have suggested smoke management procedures 
(Society of knerican Foresters 1980b) and developed 
impro.-ed gui clel 1 nes for prescri bed burn planni ng 
(U. S. Dep. Agric•• Forest Servo 1982; Wright 
and Bail ey 1982). 

Smoke management involves three main functions: 
appraisal. specif1cat10ns and scheduling, and 
execution (U. S. Dep. Agric•• Forest Serv • . 1982). 
In . its simpl est terms. the task ' 1 nvol vessel ect1 ng 
a favorable w1nd direction and cond1tions for 
dispersion that will prevent v1s1bility and pollution 
concentrat1on standards from being exceeded. 
The fire manager also has to consider many other 
fixed and variable elements that determine fire 
intensity which 1n turn regulates emission rates 
of pollutants from woody fuels (Table ll. Invariably. 
the exper1ence and intuition of the f1re manager 
and osupport staff cletermine whether the prescr1bed 
burn will meet 1ts vegetation management and 
a1 r qual ity protect1 on .goal S. The maj or 
deci si onma·ki ng tool s avail abl e 1 ncl ucle knowl edge 
of fuel conditions. weather, and the burn area. 
and a cho1ce of ignition patterns (Green 1981). 
To est1mate downwind impact of smoke, several 
types of atmospheric transport and dispersion 
moclel s may be considered, but these are usually 
not sui tabl e for compl ex terra1 n w here most chaparral 
burning is done <U.S. Dep. Agric., Forest Servo 1982; 
Fox and Fairobent 1981). 

This chapter exam1nes the current knowledge 
of fuel types, the combustion process, types . 
of enissions, transport and dispersion of smoke, 
ond the effects of smoke COCI'.ponents onvlsib11ity, 
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Abstract: Prescribed burning is a valuable shrubland 
management tool, but the result1ng em1ss10ns 
may have adverse effects on air quality. Vis1b11ity 
impairment is often a most sensitive issue. 
The most signif icant hazards to hl.lllan heal ttl 
are inhalation of carbon monoxide and particles 
contai ni ng benzo[aJpy rene, a carci nogen. Fonnation 
of ozone in smoke plLlTles may add slightly to 
existing ozone pollution. Carbon d10xide produced 
by both prescribed and wildfire contributes to 
the unfavorable accumulation in the global atmosphere, 
but regul atl on of prescri bed burni ng woul d have 
a negl igible influence on this phenomenon. Chemical 
makeup, size distribution, amount. and moisture 
content of shrubland fuels largely detennine 
fire intensity and emission rate. Emissions 
can best be control 1 ed by burni ng duri ng opt1ml.lll 
weather and fuel conditions, and by using suitable 
ignition procedures. Smoke dispersion models 
a1d in predict1ng the behav10r of plLlTles• . 
Alternatives to burning need to be considered 
near sensitive areas including highways. airports, 
hospital s, and school s. 

heal th, and ecosystem components. Infonnation 
gaps are filled w1th knowledge from forest burning. 
It also summarizes regulations that pertain to 
prescribed burning and how emissions can be minimized 
by choice of prescription variables. 

FUa OlARACTERISTICS 

The chemical makeup. size, distr1but1on. 
amount, and moisture content of shrubland fuels 
are important elements that determine fire 1ntensity 
and the em1ssion rate. The chemical makeup of 
fuel vari es with speci es and between live and 
dead fuels of the same species. Wood.is the 
princip<.l con~ituent of most fuels, and cellulose 
makes up about hal f of the woody framework of . 
pl ants (Mobley .fi.li. 1976; Sandberg llM. 1979). 
L 19ni n compri ses 16 to 33 percent with softwoods 
hav1ng higher amounts than hardwoods. Hemicellulose 
compr1 ses about 15 to 30 percent of wood. Ether 
extractives from wood range from 5 to 30 percent 
and i ncl ude ta nni ns, 011 s, fats. resl ns, waxes. 
and starches. The ether extract1ve portion of 
leaves from 18 species of forest and shrub species 
ranged from 2.3 to 19.1 percent (Montgomery 1976; 
Rothermel 1976). Extractives have about tw 1ce 
the heat value of cellulose and thus may contribute 
to fl ame height and 'forward propagation of the . 
fire (Philpot 1969). Ash-for:ming materials comprise 
from 0.1 to 3 purcent of wood (Forest Products 
Laboratory 1974). 

Each fuel cnmponent partiCipates to a different 
degree in preiglition (pyrolysis), fla~ing (gas 
pha~e oxidation), and glowing (solid oxidation), 
thE: three major phases of combustion (Ryan and 
McMahon 1976). The many types and sizes of 1ndividual 
fuelel ements (leaves, twigs, branches, and main 
stems) and thei- random configuration result 
1n variable heae transfer, varying rates of pyrolysis. 
and combust1on. Rapid heating produces highly 
flammable gases (hydrogen, carbon monoxide, and 
hydroca rbons) ;;1 ow heating produces 1ess fllrnmabl e 
gases and more \later and carbon monoxide. Charcoal 
production is 1,,., under rapid heat1ng and conversely 
tar product1onis high. f.'oisture in both dead 
and live fuels .lctS as an energy sink; this 
contri butes to \fari abl e states of heat transf 
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Table 1-Fire intensity as influenced by elanents of a burn prescription for standing chaparral (Green 1981) 

val ues that produce given fire intensity response 
Jndi cators Unlts .' iCM !tedium HlghU 

~ 
Total bi anass 
Avail abl e fuel 

kg 
kg 

x 
x 

10~/hectare 
10 / hecta re 

7 
7 

to 22 
to 13 

25 
13 

to 148 
to 22 

153 to 222 
22 or more 

Dead fuel pct of totAl 2ll tc. l.Q 31 to 45 46 or more 
Live fuel moisture pct S. _ lit: ,.~ to 60 59 to 45 
Continuity of fuel pct cover < 40 41 to 70 71 to 90 
Slope pct o to 19 20 to 40 41 to 70 
Aspect· N, NE E, SE, NW, W SW. S 
Season Spring Winter, 

early spri ng 
late sunmer,fa". early 

winter 
nammable chanical content Low Madi urn High 

hL1Ib]~ 
Dead fuel moisture pet f us1 st i ck 
when fuel is 

20 to 30 percent dead 12 to 9 8 to 6 5 to 3 
31 to 45 percent dead 18 to 12 11 to 7 6 to 5 
46 to 65 percent dead 20 to 15 14 to 9 8 to 6 
66 to 100 percent dead 30 to 19 18 to 11 10 to 8 

Rel ative hLrnidity pct 
when fuel is 

20 to 30 percent dead 35 to 26 25 to 18 17 to 15 
31 to 45 percent dead 45 to 36 35 to 24 23 to 18 
46 to 65 percent dead 60 to 41 40 to 31 30 to 25 
66 to 100 percent dead 75 to 41 40 to 36 35 to 20 

Windspeed 
Ai r temperature 

kmlh 
°c 

o to 6 
7 to 15 

8 to 13 
16 to 26 . 

15 
27 

to 19 
to 35 

Time of day Early Late morni ng, Early to 
mornin~ late afternoon midafternoon 

· 	 1n the fuel bed. 1imits the eff1c1.ency of ttle 
pyrolysis and flaming phases, and results" in 
greater aniss10ns of sane pollutants. The importance 
of dead and live fuel moisture content in chaparral 
prescribed burns was thoroughly discussed by 
Green (1981>. 

KINDS OF EMISSIONS 

Primary 

Primary produ~s emitted during canbustion 
of woody fuel s are carbon di oxi de (C~). water 
(HzO), carbon monoxide (CO), particulates, 
hydrocarbons such as methane (CH4)' and nitrogen 
oxides (NzO, ~, and NO). "The stoichianetric 
canbustibn of 1 ton (908 kg) of wood (containing 
50 percent carbon, 6 percent hydrogen, and 43 
percent oxygen) would yield 3.670 pounds (1,666 kg) 
of COz, and 1.0eo pounds (490 kg) of H,O. Roughly 
7 tons (6,356 kg) of air or 175,000 cubic feet 
(4,956 cubic meters). would be required" (Sandberg 
n £1. 1979) . Estimated ranges of emission factors 
for the maj or canbusti on products of dry wood 
1 ncl ude these (Gec.met, Inc. r9781t 

Primary Product Emission Ran9!l 
(kg metric ton-1) 

1001 - 1752~ 
H2 0 250 - 751 
CO 10 - 250 
Part1culates 9 - 34 
liydroca rbons 5 - 20 
N;zO and NO 1 - 3 

On a global scale, b10mass burning contributes 
substant 1.1.1:)'--~the...tl,/,ldgets .c!. ca.... hy.cl.rogen 
(Hz), methane (CH4)' nitrous oxide (H2O), nitric 
oxide (NO), methyl chloride (CH,Cl), and carbonyl 
sul fide (COS) (Crutzen.n.tl. 1979). " 

Carbon dioxide is not usually classified 
as an ai r poll uta nt; however, unf avorabl e cl imatic 
changes may resul t f ran a net COz input to the 
global atmosphere (Emanuel .tl.li. 1980). Within 
60 to 80 years the global CO2 concentration is 
expected to double. The greenhouse effect .created 
by higher COz concentration will cause a global 
tanperature rise of 1.5 0 to 4.5 0 C--an increase 
sufficient to raise sea levels, diminish water 
supplies, and alter rainfall patterns (Carbon 
Dioxide Assessment Committee, National Research 
CounCil 1983). The gross input of carbon dioxide' 
to the atmosphere fran burning wood, particularly 
fran forest fires and prescribed fires in boreal, 
temperate, and tropical regions, is estimated 
to be 5.7 x 10 15 g of carbon ~r year. The net 
input is estimated at 1.5 x 1015 g of carbon 
per year (Wong 1~78). It is not known what proportion 
of th\! net 1nput is due to prescri bed burni ng 
t il. ~rate regions. 

A proven hazcrd to human health, CO results 
fran the inefficient combustion (smoldering) 
of heavy or damp fuel s and may reach 250 kg metric 
too-1 (Ryan and '-'cMahon 1976). Concentration 
of CO mea sured ne a r fl ames was 200 ppm and 1ess 
than 10 ppm at lCO feet fran the fire (Ryan 1974). 
The human health hazards of CO are discussed 
in the section or adverse effects on health. 

Particul ate ~o" utants from lif) dfires and 
prescribed burns account for 24 percent of all 
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particulates 1n the atmosphere (fI,art1n n.£l. 1977), 
and may reach 75 kg metr1 c ton- 1 fran w11 df 1res 
(Ward ll..u. 1975). Part1cul atas produced by 
head1ng fires (those moving with the wind) were ' • 
three t1mes the quantity from backing f1res (those 
mov1ng against the wind) (Ryan and McMahon 1975). 
Sack 1 ng f 1 res produce black, sooty pa rt1 cu 1 ates 
while head1ng f1res produce particulates that 
are yellow1sh " to dark brown and oily. The benzene 
soluble fract10n from forest fire part1culates 
(which may 1ncl ude carc1nogens) ranges from 40 
to 75 percent compared w1th 8 percent in ambient 
air (Sandberg liM. 1979). Al3proximlltely 80 percent 
of the mas:; of parti cu) ates 1 n smoke have d1 ameters 
less than 1 p.m, as measured in forest f1re plumes 
(Radke i1~. 1978). Light scattering and resultant 
visib11ity impairment 1s caused almost entirely 
by particles in the size range 0.1 to 1.0 p.m 
(Ch arl son n Al. 197 8) • '. 

Total concentration (ppbC) of nonmethane 
hydrocarbons measured by 1nstrumented aircraft 
1n the v ici ni ty of a slilsh burn was 13.5 upw ind, 
542 in the pl ume over the burn, and 142 at !i.6 km 
downwind in the plLme (Westberg liM. 1981>' 
Some of these hydrocarbon compounds participate 
1n the photochemical formation of ozone. 

Polynuclear aromat1c hydrocarbons are also 
present in forest f1re smoke. The most studied 
of these canpou:'1ds 1s benzo[a)pyrene which 1s 
classified as strongly carcinogenic. In the 
laboratory, backing fires in pine needles produced 
more beruco[a)pyrene (274 mg 9-1 total suspended 
particulates - TSP) than .did heading fires (3 mg 
g-1 TSP) (McMahon and Tsoukal as 1978). Concentration 
of benzo(a]py rene in the ai r arOun d Ca racus, 
Venezuela, was 2.5 times higher during the 3 
driest months of the year when fo.rest fire~ ar!'! 
frequent (Moral es n.Al.. 1979). 

Nitric oxide (NO) is formed during combust1on 
of forest and chaparral fuel s when ai r is heated 
higher than 1540 0 C (Hall 1972>' Such high 
temperatures are unusual duri ng the fl aming phase 
of combustion. The usual range is from 300 to 
1400 0 C (Sandberg tl,li. 1979). Nitrogen oxides 
may be formed in th 1 s temperature range from 
the reaction of hydrogen-free radicals with nitrogen 
compounds in fuels (Tangren n..u. 1976). In 
a slash fire plLme in southeastern Washington, 
the NO concentration reached 29 ppb. 1.1 km downwind 
of the bu rn w hl1 e NO;z exceeded 50 ppb, 3.2 km 
downw 1nd (Westberg tl.tl. 1981). In the slime 
study, upw ind NO and NO;z concentrati ons di d not 
exceed 5 ppb. Stith II Al.· (1981) observed 50 ppb 

• 	 of NO and NOi at 3 km downwind and 20 ppb at 
10 km. " 

Sulfur d10xide is often an important urban 
and 1 ndustrial ai r poll utant. The sulfur content 
of woody fuels 1s too low to produce a significant 
amount of sulfur d1ox1de 1n smoke (Stith ~ M. 1Qa1). 

Secondary Products 

Secondary emission products are formed in 
the atmosphere from primary products. " The wel1-known 
photochemical mechanism for ozone formation in 
which reactive hydrocarbons (olefins) and n1trogen 
dioxide produce II net bul1dup of ozone in the 
presence of ultraviolet light is the most prominent 
exampl e. An oz one concentrati on of 100 ppb .... as 
reported after 4S mi nutes of 1rradi at1 on of an 
air sample from a forest fire plume in Australia 

(Evans ll,li. 1974). In the tops of sl ash fire 

pl Lmes, ozone concentrations in the range of 

40 to 50 ppb above the ambient background (20 


eto 40 ppb) have been reported (Westberg li.Al.. 1981; 
St1th n .ll.1981; Radke n.ll. 1978). The max1mum 
concentrations of ozone observed 1n stud1es carr1ed 
out by Westberg tl Al. (1981) lind Stith .n Al.. (1981) 
(SO to 60 ppb) do not exceed the I-hour Federal 
ozone standard of 120 ppb .... hen added to background 
(2O to 40 ppb). The concentration of 100 ppb 
reported by Evans ~ sl. (1974) was determ1ned 
from air samples irradiated in plastic bags whlle 
the other stud1 es represent real-time pll.llle sampl es. 

In the rural sett1 ngs ty p1 cal of prescri bed 
f1res, .... here plumes usually do not mix back to 
the surface, the chance 1s small that ozone 
concentrations would be high enough or of sufficient 
duration to1 nj ure pl ant or an1mal life. In 
some Californ1 a ai rsheds, al ready poll uted by 
ozone from urban sources of hydrocarbons and 
nitrogen oxides, the addit10nal ozone formed 
1 n smoke pl urnes coul d ca use the 120 ppb sta ndllrd 
to be exceeded. The highest concentrations would 
result when ozone 1s transported to h1gher elevations 
(1220-2135 m) where the concentrations remain 
higher for lo~ger per10ds each day. 

Small amounts (- 2 ppb) of another secondary 

product peroxyacetyl n1trate (PAN) were observed 

near Cal gary, Al berta, where ai r trajectories 

sugge sted that forest fire smoke may have prCN ided 

the precqrsors (NOz and hydrocarbons) for PAN 

synthesis (Peake tlAl. 1983). 


mVCRSE EFFECTS OF SK>KE 

Impaired Yis1bil~ 

In some forested regi ons, parti cul arly the 
Pacific Northwest and the Southeast, prescribed 
burns contribute heav11y to visibility 1mpai~~~ 
(Cooper and Watson 1979; Tangren 1982). Reduction 
of visi bll1ty 1s most important in Cl ass I areas, 
i.e., National Parks and wilderness areas because 
long vistas are a major part of the visitor's 
experience. A comprehensive review of the vis1bility 
issue including statutory requirements, fundamentals 
of physics and chem1stry. and identificat10n 
of sources and control strategies is ava11able 
(U.S. Env1ronmental Protection Agency 1979). 

Heal th Ri sks 

Primary concerns with part1~ulate pollutants 
and their effects on human health are depth of 
deposition in the respi ratory system and resultant 
clearance times for insoluble particles. Io'ost 
coarse particles are deposited in the extrathoracic 
region--the head and throat. They are moved 
by mucqciliary clearance, that is 1n mucous expelled 
by cn ia, usually in minutes. Both fine and 
coarse particles are deposited in the 
trachea-bronchi al region where they can cause 
constrict10n of the bronch1a, reduced mucocll iary 
clearance, aggravation of chronic respiratory 
ci seases, and poss1 bly cancer. Particl es 1ess 
than 10 J.lm diifT1eter can be absorbed 1n the deepest 
(alveolar) region of the lungs where they may 
remai n for weeks to years. They may aggravate 
chroniC lung disease by disturbing normal ventllation 
and causing a reflex constr1ction of blood vessels 
that supply parts of the lung; inflammation ane 
fi brosi s may al so resul t (Hll eman 1981). The 
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particulate emissions from forest fire smoke 
have a mul t1modal Sf%8 di strfbut'ton wftil I\ost 
of the mass contained 1 n the 0.1 to 1 11m d1l!1neter .) 
range (Radke ll.tl. 1978). The mass of fine 
particles « 10 JIm) deposited in the alveol ar 
region 1ncreases 10 to 20 percent dur1 ng mouth 
breathing (Hileman 1981). The heavy exercise 
associated with fire ignition and control activities 
should tend to increase the amount of mouth breathing 
and deep inhalation of particulates. Benzo[a)pyrene, 
a well-known carc1 nogen, is associ ated with part1cl es 
in the smallest size range .(Ryan and McMahon 
1976) • 

The recent upsurge of wood burning as a source 
of domestic heat has resulted in new community 
air pollution problems and an increased concern 
for the poss1 bl e actverse heal th effects of smoke. 
Certai,n gases, trace el ements. ana organic compounds 
in canbinat10n with fine particulates may cause 
significant adverse health effects in relatively 
low concentrations COuncan ~ sl. 1980). Organic 
extracts of fine particles produced during wood 
combustion contain polyaromat1c hydrocarbons 
(e.g., benzo[aJpyrene) quinones. phenols. and 
acids of polycyclic aromatics. The biological 
activ ity of these compounds is tested with the 
Salmone11a typh1mut1l1Il plate incorporation assay 
(Ames II sl. 1975) for the ab111ty to cause mutagenic 
effects in the Salmonella tester strains. The 
implication of the mutagenic effect in Salmonella 
is that the test compounds may be carcinogenic 
in humans. One of the latest findings is that 
NOz alone and NOz plus C3 increase the mutagenicity 
of dl1 ute wood soot. The gaseous po" utants 
were injected into smoke filled chambers from 
wh1 ch smoke sampl es were ] ater col 1ected on f 11 ters. 
extracted. then used in the hnes test. Mutagenicity 
increased as a function of tha"' length ortlme 
that the wood smoke, ozone. and NOz were allowed 
to react. !-bre mutagenicity was observed from 
the combination of Os and NOz with wood smoke 
than from NO;z alone (Kamens ll.tl. 1983). 

The adverse effects of CO on human heal th 
are we11-known and exposure standards have been 
established (Committee on Mad. and Biol. Effects 
of Environ. Pollutants 1977). The EPA standard 
for CO is 9 ppm max1mllIl for an 8-hour average 
exposure or 35 ppm maximum for I-hr average exposure. 
Uptake rate increases 'w 1th exercise. The adverse 
reactions to be expected include decreases in 
vigilance and reaction time. 

Prolonged work under. conditions of poor 
velrtl1at1on near a smoldering fire conceivably 
could cause decreases in oxygen-carrying molecules 
1'n the blood. Adequate ventl1at1on or limitation 
of exposure time is essential to prevent adverse 
exposure to carbon monox1 de. 

Neither Os nor ND.z should cause adverse health 
effects in the near viCinity of a pr-esc:rtbet1: 
burn, but these pollutants may add to an existing 
'photochemical smog problem in some California 
air basins. 

.lliects on Plants and Microorganisms 

Neither SD.z or NO;z is present in SIloke from 
prescribed burns at concentrations sufficient 
to ca use ,pl ant 1 nj ury. Ethy 1 ene and v ar1 ous 
other hydrocarbons (Ryan and McMahon 1976) are 
emitted during combustion of woody material, 
but there is no evidence that concentrations 

and durations of exposure would be sufficient 
to cause pl ant 1nj ury. 

Ozone formation in smoke plllIles resulted 
1n concentrations 40 to 50 ppb above the ambient 
background (Westberg n.tl. 1981; Stith ~ oli. 1981; 
Radke n n. 1978). The resultant concentration 
of 70 to 100 ppb coul d 1 nj ure sens1 tive herbaceous 
species if sunny, stagnant conditions persisted 
for 48 to 72 hours. Some w11 dl ands are al ready 
exposed to ozone transported from urban areas 
in California. In this case the ozone synthesized 
in smoke plumes may temporarily exacerbate a 
chronic regional problem but without any visible 
increase of plant injury. Favorable atmospheriC 
dispersion conditions selected for prescribed 
burning probably would prevent ozone accumUlation 
nea r ground 1evel • 

The work of Panneter and Urenholt <l975a; 
1975b) may be the only test of the effect of 
smoke (pine needles and grass) on forest 
micro-organisms. Spore genn1nation and growth 
of several fungal pathogens were reduced and 
germination of one fungus was enhanced. The 
smoke component responsible for these effects 
was not identified. 

When fires are nvt hot enough to produce 
a pl l.ITle and/or dur1 ng the SIlol der1 ng phase of 
intense f 1 res, the snoke may interact with the 
remai n1 ng pl ant canopy above and at the margins 
of th~ burn. Under these conditions. the leaf 
and stem surfaces create turbulence and reduce 
w1ndspeed. larger smoke particulates settle by 
gravitational force an~ smaller particles impact 
on surfaces. SOT!e scavenging of gases (C02" 
ND.z) by leaves is expected. Gas and particle J 
removal by surfaces is called dry deposition 
(Sehmel 1980; Hosker and Lindberg 1982). Extreme 
variability is encountered. for example. deposition 
velocities of gases range over four orders of 
magnitude and deposition rates of particles range 
over three orders of magnitude. The characteristics 
of m1crometeorology variables. surface variables, 
and properties of particles and gases combine 
1 n many ways to 1nfl uence depos1 ti on rates (Sehmel 
1980) • 

Al though pl ant canopi es remove partic] es 
and gases frOT! the atmosphere. the probability 
is snall that the dose of pollutants in smoke 
frOT! prescribed fires is sufficient to cause 
pl ant i nj ury. 

REGLLATION OF FRESCRIBED BU~:::NG 

The Clean Air Act and its 1977 Amendments 
provide standards for the control of several 
gaseous poll ut, nts and total suspended part1cul ates. 
Prqect10n from visibility impa1nnent in Class I 
Federal areas 1 s the most recent requ1 rement 
of the Act (U. S. Env i ronmentll Protecti on Agency 
1979). Prescribed burning is a temporary po11ut1on 
source and is rot regulated under the proviSions 
of the Act designed to prevent significant 
deterioration cf air quality in Class I areas• 

The California Air Resources Board (CARB), 
in 1971. established its own rules to regulate 
agricultural and forestry burning under Title 17 
of the California Administrative Code. These 
rules include meteorological criteria for determining 
"permissive-burn days." i.e., days on which existing 
and expected meteorological conditions w11' adequately 
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disperse and transport the emissions from agricultural 
burnl ng. In 1983, the Board deci ded to impl ement 
in the Sacramento Valley Air Basin only the 
permissiv~burn/no-burn system in conjunction 
with a variable burn acreage control strategy 
(CrOo'e and Ki nney 1983). 

hnbient air qual ity standards for Cal ifornia 
spec1fy concentrations of individual pollutants 
which cannot be equaled or exceeded during specified 
averaging times ranging from 1 to 24 h (California 
Air Re~rces Board 1982). Eml?sions from prescr1bed. 
burns in California must not exceed these specified 
values (Tab1e 2). FOr 'vlslbl1ity, the standard 
states .thoat dur1ng one observat10n the preval1ing 
visibility cannot be reduced to less than 16 km 
at 70 percent rel ative htmlidity. Standards for 
the size range of particulates that reduce visibility, 
and total suspended particulates, are 'more likely 
to be exceeded than are those for gases because 
stable atmospheriC conditions required for gas 
accumulation are usually not coincident with 
fi res. Al so, vi si bl1ity- reduci ng pa rtl cul ates 
scatter light effectively at relatively low 
concentrati ons. 

The USDA Forest Serv.ice, California Department 
of Forestry, and certain other fire protection 
agenCies are authorized by CARB to issue burn 
perm1ts jointly with the local Air Quality Management 
District (AQMD). A desired burn date is requested 
7 days in advance. The P£lM) provides 4B-hour 
permissiv~burn/no-burn meteorological forecasts 
each day until a permissive burn notice can be 
Issued up to 48 hours befc~e the scheduled date. 
The final determination of whether the follOWing day 
will meet burn requirements is announced before 
1500 h or it can be as 1 ate as 0745 h on the proposed 
burn day. The CARS can cancel ar.; 'burn per:,,~t i;;sued 
more than 24 h in advance; the local P£lf.{) al so has 
this authority. 

Certain exceptions should be acknowledged. 
Prescribed burning permits are not required for 
elevations above 1830 m except in the Lake Tahoe 
Basi n. Burns may be conducted under permit on a 
no-burn day between January l and May 31 provided 
that more than SO percent of the fuel has been 
modified by crUShing, fell ing, or spraying. Local 
AOMDs may enforce rules more stringent than the CARB 
rul es. For exampl e, San Di ego County requi res a 
minimlJ'11 number of drying days for various types of 

. fuels. 

• Table2-Air qual ity standards in California 
(Californi a Ai r Resources Board 1982) 

Po" utant Averaging Concentrati on 

time 


hours JIg m-3 ppm 

Oxi dant 1 200 0.10 


Carbon monoxide 8 10,000 9.0 

1 23 ,000 20.0 

Nitrogen dioxide 1 470 0.25 

Sulfur di oxi de 24 131 0.05 

1 1,310 0.50 

Total suspended 24 100 

particul ates 


MINIMIZING EMISSIONS 

By carefully choosing the fuel and meteorological 
variables that influence fire intensity (Table 1) 
(Green 1981), the fire manager can minimize emissions 
from a prescribed burn. Fire intensity is defined 
by the rate of energy rel ease per unit of time 
and length of' fire front (Rothermel 1972). High 
fire intensities promote pllJ'11e rise and improve 
smoke dispersion. High intensities are characteristic 
of heading fires. Heading fires can produce 
up to three times as much particulate material 
as do backing fires (Ryan and McMahon 1976: Tangren 

.ll,li. 1976). The pllJ'11e ri se advantage of the 
headi ng fi re may be offset because the mai n combusti on 
zone moves ahead rapidly leaving a large zone 
of parti ally constmled, smol deri ng f uei. In backi n9 
fires, more fuel is consumed in the flaming zone 
and smoldering time is reduced (Ryan and McMahen 
1976). It is harder to propagate backing fires 
because a continuous distribution of fine fuels 
is needed. 

The ignition pattern can be varied to achieve 

the type of combustion desired. Perimeter firing 

is frequently used on steep chaparral slopes. 

A back fire is established at the ri dgeline followed 

by ignition along the sides and finally at the 

bottom. A heading fire develops at the bottom 

and rushes to meet the flanking and backing fires 

(Green 1981). Delaying the setting of the heading 

fi re may hel ~ to reduce emi ssi ons. Center-perimeter 

firing may be used to increase pllJ'11e rise when 

surface winds are 100'. The fire is started In 

the center of the burn area first and then In 

concentric rings around the center until the 

perimeter is reached. Flames rushing toward 

the center reinforce tl)e convection col umn, but 

i arge areas of smol derl ng fuel may be 1eft beh i nd. 

The behavior of other ignition patterns Including 

strip head firing, flank firing, and area. ignition 

have been discussed (Green 1981; Wright and Bailey 

1982) • 


Emissions of carbon monoxide, hydrocarbons, 
and particulates are lower from dry fuel than 
from moi st fuel s (Oarl ey .tt,lie 1965). A lower 
proportion of green fuel will also reduce emissions. 
The ether-extractabl e components of chaparral 
shrubs are highest during the autumn months when 
they increase the hydrocarbon emissions during 
combustion (Philpot 1969). For example, the 
extractive content of chamise (Adenostana 
fascicuJatum) was 8.5 percent in spring and 12 percent 
in fall • 

Burning is best done from midday to midafternoon 

when fuels are the driest, and air temperatures 

and winds are relatively high. These conditions 

reduce the smoldering phase of the fire so emissions 

will be minimal during the stable, nighttime 

atmospheri c condi ti ons. 


In addition emissions will be lowest from 
backi ng fires conducted duri ng midday to 1ate 
afternoon with moderate winds in dry fuel s with 
a low proporti on of green fuel and durl ng winter 
months when the 1 evel s of ether-extractabl e components 
are the 1 Oo'est. 

DISPERSION MODELING 

Because meteorol 09i cal factors infl uence 

fire behavior and smoke dispersion (see rev1ews 

by Sandberg llM. 1979; wright and Bailey 1982). 
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smoke dispersion model ing is part of the prescribed 

burn planning and evaluation process (U.S. Dep. 

Agric., Forest Servo 1982). The discussion of 

model appl ication will be limited here to an 

out11 ne of current pract 1ces. 


M::>deling beg1 ns with the vert1cal rise of 

the smoke pl une. , Pl une r1 se is i nfl uenced by 

heat rel ease to the atmosphere. temperature of 

the surround1 ng atmosphere. its stability, and 

the wind profile (U.S. Dep. Agric., Forest Servo 

1982). The pllJl1e r1se model of Briggs (969) 

has been adapted to open purn1 ng. Not allfi res 

are hot -enough to contribute to pllJl1e rise, or 

after the m'ost 1ntens1ve period of the fire. 

smoke is no longer entrained in a convective 

colunn. The he1ght of the plune 1s the effective 

height at which dispersion begins. '. 


The uses and limitations of part1cular air 

quality model s have been eval uated by the National 

Comm1ssion on Air Qual ity (Fox and Fa1robent 

1981). Three types of model s have been adapted 

to smoke dispersion: the Box model, Grid model, 

and Gaussian model. The Gaussian model 1s most 

often used to predict smoke dispersion from fires 

on flat or rolling terrain, but it (and all other 

models) has serious 1 imitations in mountainous 

situations. The Air Resource Allocation Model 

(ARAM) tested in the Los Padres National Forest 

(Fosberg and Record 1980) is based on a Gaussian 

dispersion model; interactions of terrain and 

d1spersion are evaluated to determine the increments 

of additional pollution permissible in individual 

a1 rsheds. A day/ni ght Box model has been developed 

to determine the statistical effect of prescribed 

fire on air quality (total suspended particulates) 

in the Willamette Valley in Oregon where terrain 

vari ability is not a seri cus probl <Iii (Lavadds' 

1982). , A sl.l'l'llTlary of the availab11ity and input 

requirements of dispersion model s is ava11 able 

(U. S. Dep. 'Agric., Forest Serv. 1982). M::>del s 
alone should not be used as a basis for deciding 
w hen to burn. There is no subst i tute for the 
experience and good judgment of the fire manager. 
particul c:rly becayse oersonnel safety and preyentjon 
of fire spread beyond the byrR area are so jmoortant. 

RESEAAD-! NEEDS 

General categories of current research 
'requ1 rements incl ude (a) quant1tat1ve smoke management 
systems, (b) smoke chem1stry and physics, (c) 
atmospher1 c transport and r8llov al, (d) receptor 

• response, and (e) inherent trade-offs (Sandberg 
n,li. 1979). Improved capability to model smoke 
dispersion in complex terrain continues to be 
a high priority need (Society of knerican Foresters 
1980b) • Recent f i ndi ngs that oz one and n1 trogen 
di oxi de reacti ons with d11 ute wood smoke may 
increase the mutagenicity of smoke particles 
suggest a need , for a better understandi ng of 
the bealth effects of smoke (Kamens n M. 1983). 
The issue of the effects of continued C~ buildup 
in the global atmosphere and the contribution 
of prescribed burning requires .careful consideration. 
Are there feasible alternatives to burning that 
will accomplish the same vegetation management 
goal s1 
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