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Optical Properties of Organic-based Aerosols 
Produced by Burning Vegetation 

Robert A. Sutherland* 
Atmospheric Research Division, U.S. Army Atmospheric Sciences Laboratory, White Sands 
Missile Range, NM 88002 

Raj K. Khanna 
Department of Chemistry and Biochemistry, University of Maryland, College Park, MD 20742 

The real and imaginary refractive indexes of organic- 
based nonvolatile aerosols produced by burning vegeta- 
tion are reported for the infrared spectral region. The 
data were obtained by an iterative Kramers-Kronig 
analysis of the transmission spectra (2-25 pm) ob- 
tained from thin-film samples deposited on a KBr 
substrate immersed directly in the smoke plumes of 
small-scale test fires. The results include samples from 
fires fueled by lawn grass, alfalfa, mesquite, tumble- 
weed, pine needles, and mixed twigs, leaves, and weeds. 
The most significant characteristics of all spectra are as 
follows: (a) strong absorptions in the 3-5-pm region 
owing to condensed water and CH,/CH, groups of 
aliphatic hydrocarbons; ( b )  characteristic peaks in the 
6-, 8-, and 10-pm regions owing to skeletal modes of 
aromatic and terpenic groups; and ( c )  relatively little 
absorption in the 10-12-pm region. The imaginary 

refractive index of all samples is comparable (- 
0.10-0.30) in the 3-5- and 8-10-pm regions and is 
3-10 times lower in the 10-12-pm region. In the 3-5- 
pm region, most of the absorption takes place in the 
interval between 3 and 4 pm as opposed to the 4-5-pm 
interval which shows significantly less absorption. It is 
also noteworthy that there is insignificant absorption in 
the 2.0-2.5-pm window region. Results are signifi- 
cantly different from values for elemental carbon which 
are known to'be relatively wavelength independent in 
these spectral regions and of magnitude between - 0.50 
and 1.0 for the imaginary index. Theoretical calcula- 
tions, assuming particle sizes in the Rayleigh scattering 
regime, yields a mass extinction coefficient (rn2lg) for 
the organic smokes on the order of - 0.20 for the 
8-10-pm region and as high as 0.40 at 3 pm to near 
zero at 5 pm in the 3-5-pm window. 

INTRODUCTION 

In studies of atmospheric aerosols it is usual 
to separate the carbonaceous constituents into 
two major components: one accounting for 
elemental, or "graphitic, " carbon (also 
called black carbon, or carbon black) and 
the other accounting for organic carbon. The 
elemental carbon component is the major 
constituent of what is commonly referred to 
as "soot," although by practical definition 
soot may also contain significant amounts of 
other substances, including organic compo- 
nents. Both elemental carbon and soot are 
highly absorbing at wavelengths from the 
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visible through the infrared and, as a conse- 
quence, are manifested by a blackened ap- 
pearance in smoke plumes. The organic car- 
bon component is considerably more com- 
plicated than the elemental counterpart and 
is, as the name implies, composed of many 
different types of complex organic com- 
pounds, some of-which may exist as organic 
vapors and others that may either attach to 
other smoke constituents, including soot par- 
ticles, or may condense into oil-like droplets. 
These type aerosols, unlike the elemental 
counterparts, are usually nonabsorbing at 
the visible wavelengths and are manifested 
by a whitened appearance in smoke plumes 
(as also are water droplets and certain other 
aerosols). 
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332 R. A. Sutherland and R. K. Khanna 

TABLE 1. Brief Listing of Major Chemical Types 
Found in Vegetative Fire Smokes 

Chemical type 

Aromatic hydrocarbons 
n-Alkanes 
Branched alkanes 
Alkenes 
Terpenes/terpenoids 
n-Alkanols 

It is customary to further separate the 
organic component into the two categories 
of volatile (organic vapors) and nonvolatile 
(also called residual carbon in the smoke 
jargon). Going even further, Eatough et al. 
(1989) consider a semivolatile component. 
Over the years researchers have also found 
traces of a wide variety of other types of 
compounds in vegetative fire smokes, in- 
cluding namely, nitrates, sulfates, and phos- 
phates, in Chapparal fires (Cofer et al., 
1988). Other studies have identified traces 
of halogens, salts, and metals in wood 
smokes (Rau, 1989), and still others have 
identified metals and silicates in airborne ash 
(Weinman et al., 1981). Two other con- 
stituents of passing general interest are 
potassium, which is used as a tracer of wood 
fire smokes (Andreae, 1983; Calloway et 
al., l989), and polycyclic aromatic hydro- 
carbons (PAH), which are of environmental 
concern (Dragoescu and Friedlander, 1989). 
In other studies, Kaaijak (1986) and Suther- 
land and Khanna (1987) presented evidence 
for the existence of terpenes and terpenoids 
in vegetative fire smokes, which is in part 
corroborated by Standley and Simoneit 
(1987), who have identified abietic acid and 
dehydroabietic acid as tracers of vegetative 
fire smokes. Other studies have identified 
numerous chemical compounds traceable to 
vegetative fire smokes in ambient atmos- 
pheric aerosols, including raindrops, at vari- 
ous stations over the world. A thorough 
discussion of these chemical types and their 
ultimate effects on the atmosphere is well 
beyond the scope of the work here; how- 

ever, for more information the reader is 
referred to other sources (Simoneit and 
Mazurek, 1982, 1989; Standley and Si- 
moneit, 1987). 

In one of our own earlier cooperative 
field experiments conducted in Europe, 
Kaaijak (1986) identified over 60 chemical 
compounds in medium-sized vegetative test 
fires from grab samples collected near the 
fire source. The results from this test, sum- 
marized in terms of chemical types, are 
listed in Table 1. 

The listing in Table 1 is by no means 
inclusive and is intended only as a guide for 
convenience in interpreting later results. In 
practice, the actual abundances of the vari- 
ous organic types are quite variable and will 
certainly differ somewhat from those shown 
in Table 1. There is, in fact, considerable 
variation even in considering only the total 
elemental and organic components. For ex- 
ample, in one study Dod et al. (1989) report 
that for burning plywood, elemental carbon 
makes up - 50-75% of the particulate con- 
tribution to the total emission factor (i.e., 
the emission factor is defined as the ratio of 
the mass of a particular constituent emitted 
to the total mass of fuel consumed) for both 
open and restricted ventilation conditions in 
medium-scale controlled experiments. In an- 
other study, Rau (1989) reports that, for 
well-ventilated ' 'hot" burning flame wood 
fires, elemental carbon accounts for - 
55-75% of the total carbon emission factor 
but, for poorly ventilated or ' 'cool" -burning 
smoldering wood fires, the situation is re- 
versed as organic carbon accounts for - 
95% of the total. Dasch and Cadle (1989) 
report that for the Detroit area, the largest 
carbon source is residential wood-burning, 
which accounts for 60% of organic carbon 
emissions and 49% of elemental carbon 
emissions. Other values reported in the liter- 
ature for vegetative fires usually fall within 
these extremes. 

In modeling the effects of carbonaceous 
aerosols on the atmospheric optical (and ra- 
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diative) properties, researchers often ignore 
the organic component entirely and assume 
the underlying aerosol to be adequately rep- 
resented by the elemental component 
(Chylek et al., 1981). In some cases this 
assumption may be valid, but, in the general 
case, one must also consider the more com- 
plex organic component. Although there is a 
range of uncertainty in selecting values ap- 
propriate for atmospheric studies, measure- 
ments of the refractive indexes for the ele- 
mental component are available (Twitty and 
Weinman, 197 1). For vegetative-based fire 
smokes, however, one must also include the 
more illusive organic component for which 
data on the refractive indexes are much more 
difficult to find. In some of our previous 
work we have attempted to fill this void 
through measurements on 'laboratory-grade 
samples of the various chemical compounds 
associated with fire smokes (Sutherland and 
Khanna, 1987). In later sections we will 
have occasion to refer back to some of these 
data; however, for the most part this paper 
is focused on our most recent and more 
straightforward approach through the analy- 
sis of in situ samples collected directly in the 
plumes of small-scale test fires. 

The findings are germane to at least two 
topical areas: first, studies of the effect of 
such aerosols on the earth-atmosphere ra- 
diative balance and hence climate alteration, 
and secondly, studies of the effect on remote 
sensing sensors and military systems that 
use the all important atmospheric windows 
for a variety of airborne and ground-based 
applications. 

METHODOLOGY 

The measurement method consists of five 
parts: (a) collection of the samples in the 
field, (b) laboratory measurements to deter- 
mine the raw sample transmission spectra, 
(c) determination of sample thickness, (d) 
correction for Fresnel reflection at the vari- 
ous sample cell interfaces, and (e) mathe- 

FIGURE l. Sketch of the smoke sampling appara- 
tus. 

matical analyses to extract the complex 
refractive indexes from the sample transmit- 
tance spectra using a Kramers-Kronig analy- 
sis. 

Sample Preparation 

The samples were collected in the field using 
various configurations and adaptations of the 
apparatus sketched in Figure 1. The entire 
apparatus is operated outdoors and consists 
of a commercially purchased oil drum in- 
verted and placed vertically over the fire 
source to channel the smoke to the sampling 
chamber. The drum is mounted - 50 cm 
above the fire to allow ventilation from the 
surroundings in through the bottom. The 
channeled smoke passes through an opening 
in the top of the drum into a horizontally 
mounted, 10-cm diameter escape vent. The 
samples are collected on circular KBr (n  - 
1.56) substrates, or optical "end windows," 
suspended in a vertically oriented and open- 
ended sampling vent attached to the escape 
vent (Figure 1). Prior to use, the KBr sub- 
strates (- 5 cm in diameter and 1 cm thick) 
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334 R. A. Sutherland and R. K. Khanna 

were polished optically flat using a 600-grit 
pumice and then cleaned with alcohol; oth- 
erwise no other preparations of the substrate 
were required. Throughout the course of 
acquiring a sample, the outlet vent (Figure 
1) was adjusted to limit, and to some extent 
control, the smoke density in the sample 
area. In this configuration it would take 
- 30-45 min to collect a sample a few 
micrometers thick, which was about optimal 
for the transmission measurements. In all 
cases the fires produced a thick, nearly 
white, smoke with a slight yellow-brown 
hue nearest the flame. The smokes all had a 
strong acrid odor characteristic of vegetative 
fire smokes. In practice, the samples ap- 
peared as an oil-like yellow-hued film de- 
posited on both sides of the substrtate. After 
deposition, the samples and substrate were 
transported intact to the laboratory for anal- 
ysis. In the laboratory, one side of the sub- 
strate was cleansed of any sample material 
leaving only a one-layered sample-substrate 
configuration to be considered in the trans- 
mission analysis. This two-layer configura- 
tion is the most preferred and commonly 
used for this type of experiment. 

Transmission data 
The transmission measurements were made 
with a Perkin-Elmer Corp. (Norwalk, 
Conn.) model 1800 Fourier transform in- 
frared spectrometer (FTIR) operated over a 
spectral interval from 5000 to 400 cm-' 
(2-25 pm) at a resolution of - 1 cm-' 
The measurements were made directly from 
the samples as collected on the KBr sub- 
strates used in the field. For each sample, 
the raw transmission signal was corrected 
for background and normalized to a refer- 
ence, or baseline, signal obtained by fitting 
through points of maximum transmission 
significantly removed from absorption peaks. 
Plots of the corrected and normalized trans- 
mission, T*(v) , for four samples -alfalfa, 
mixed weeds, lawn grass, and abietic 

acid-are reproduced in Figures 2-5 and 
are discussed in more detail in later sections. 

Sample Thickness 
The first step in the analysis of the transmis- 
sion data is to obtain an accurate measure of 
the sample thickness, d. If the film is uni- 
formly flat and if the substrate refractive 
index is significantly different from that of 
the sample, then the channel fringes provide 
an extremely accurate method for measuring 
the film thickness. Unfortunately, neither of 
these conditions were met in this work; con- 
sequently, an alternate method was adopted. 
The spectrum of synthetic abietic acid liquid 
was recorded in a cell of known thickness 
from which the extinction coefficients were 
determined using standard procedures. The 
spectral characteristics of abietic acid are 
similar to those of the smoke films, espe- 
cially in the CH , /CH , stretching mode re- 
gion in and around 3 pm. The sample film 
thickness was then estimated by calibrating 
on the CH, /CH, peaks assuming the ex- 
tinctions coefficients for abietic acid. An 
independent check was made by weighing 
the KBr substrate before and after removing 
a portion of the sample. The thickness was 
then calculated using a bulk density of 0.90 
g/cm3, which is characteristic of many plant 
oils. This method yielded thickness esti- 
mates that were consistently 15 -25 % higher 
than those obtained using the CH , /CH , 
peaks. 

Fresnel Reflection 

The next step is to account for effects of 
Fresnel reflection losses at the various air, 
sample, and substrate interfaces. The trans- 
mission signal appropriate for propagation 
through a sample film of thickness d (refrac- 
tive indices n = n,; k = k,) deposited on a 
nonabsorbing substrate (n = n,; k, = 0) im- 
mersed in air (n, = 1; k, = 0) is written, 
approximately, as (Khanna et al., 1988; Os- 
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pina et al., 1988) as shown below in Eq. 
(I), where Is represents the actual transmit- 
ted signal and I, represents the baseline 
signal. The algebraic factor in brackets ac- 
counts, approximately, for Fresnel reflection 
losses at the various interfaces of the sam- 
ple-cell system, a, is the sample absorption 
coefficient and, as before, d represents the 
sample film thickness. 

The higher-order terms in Eq. (1) account 
for all possible multiple reflections at the 
sample-cell interfaces and are included here 
for completeness, although the actual effects 
on the results were found to be negligible in 
comparison with other uncertainties. It is 
possible to derive a rigorous expression to 
account for the higher-order terms although 
the resultant algebraic equations are quite 
cumbersome (cf. Sill et al., 1980; Warren, 
1986). In our sensitivity studies we found 
that for a worst-case example using a sample 
thickness of 1 pm and a wavelength of 25 
pm, the error due to the higher-order terms 
is no larger than 2% as compared with 
errors of 15-25% in sample thickness. For 
thicker samples or shorter wavelengths the 
resultant errors were found to be even 
smaller. 

In Eq. (1) the factors R,,  R,, R, repre- 
sent the Fresnel reflectances at the air-sam- 
ple, sample- substrate, and substrate-air in- 
terfaces, respectively, and are written in 
terms of the refractive indexes of the various 
sample-cell media using the well-known 
Fresnel expressions (cf. Bohren and Huff- 
man, 1983): 

Air-film Interface. 

2 
(n, - I), + k: 

R ,  = R T  = 
b f  - 1) 

(n, + + k; (nf + 1)2 

Film - Substrate Interface. 
2 

(n, - ns)2 + k,2 R* - (nf -ns )  
R ,  = 2 - 

(nf  + ns)2 + k; (n, + n J 2  

Substrate-Air Interface. 

where we have made explicit use of the fact 
that ks = k, = 0 and n, = 1 .O. Note that the 
quantities denoted by the asterisk, which 
refer to the baseline signal, I,,, are obtained 
by setting kf = 0. 

Mathematical Analysis: Determination of 
n, and k , .  

The method for extracting the sample com- 
plex refractive indexes (n, and k,) is started 
with a rough estimate for the extinction co- 
efficient, a,[= a,(v) - I lnT*l/d],  from 
which an estimate of the imaginary refrac- 
tive index is obtained through the definition: 

k(v) = a(v)/2nv. (3) 

With k( v) [actually k,( v)] so determined 
then an estimate for n,(v) is obtained 
through the (subtractive) Kramers-Kronig 
integral relationship written here in general 
form as: 

where Prin{X) denotes the Cauchy principle 
value. In writing Eq. (4), we have used a 

(1 - R l ) ( l  - R2)(1 -R3)/(1 - R 2 R 3 )  
f higher-order terms 

(1 - R?) (1 - R;) (1 - ~ ; ) / ( l  - RX) 
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form suggested by Wood and Roux (1982) 
that is equivalent to the more conventional 
form but is computationally more efficient in 
treating the mathematical singularities. The 
actual evaluation of the integral does require 
care in order to avoid artifacts that could 
arise in the regions of singularities. The 
Kramers-Kronig method has been used suc- 
cessfully in the past by Hale and Querry 
(l973), Wood and Roux (l982), and Warren 
(1986). 

These estimates for nf(v) and kf(v) are 
then used with Eqs. (1) and (2) to obtain a 
better estimate for T*(v) and hence crf(v) 
and k, (v). The process, including the 
Kramers-Kronig analysis of Eq. (4), is con- 
tinued until the values of n, and k, con- 
verge, which typically requires about four to 
five iterations. A key feature of this tech- 
nique is that it takes into account the fre- 
quency (or wavelength) dependence of the 
reflection losses at the interfaces, a detail 
which, if overlooked, can cause serious er- 
rors in the determination of the extinction 
coefficients, especially in the regions of 
strong absorption. 

WAVELENGTH (qm) 
2 3 4 5 10 50 

RESULTS 

0. g 
0 
Z 

2 
a 
V) 
Z a 0.5 
er 
F 

Two examples of the normalized transmis- 
sion spectra, T*(v), obtained from the al- 
falfa and mixed weed samples are shown in 
Figures 2 and 3. The data here have been 
corrected for instrumental effects and have 

5000 4000 3000 2000 1000 0 
WAVE NUMBER (CM-') 

FIGURE 3. Transmittance spectrum of the weed- 
mix sample. 

5000 4000 3000 2000 1000 0 
WAVE NUMBER (CM-'1 

FIGURE 2. Transmittance spectrum of the alfalfa 
sample. 

:ALFALFA 
.. 

been normalized to unity using standard 
techniques. These results are typical of sam- 
ples that were collected later into the project 
after we had made several practical im- 
provements in the sampling technique that 
allowed thicker, more uniform films in a 
shorter sampling time. Some of the earlier 
samples were too thin to allow reliable anal- 
ysis to extract the refractive indexes. 

For all samples, including those of Figure 
2 and 3, it was found that, as might be 
expected, regardless of specific source type, 
all spectra exhibited the same general fea- 
tures characteristic of complex organic com- 
pounds. It was also found, however, that 
there are both marked similarities (in gen- 
eral) and marked differences (in detail) from 
sample to sample. For example, in the mid- 
infrared region ( - 3000 cm- '), all spectra 
showed the broad band absorption owing to 
0-H . . . 0 hydrogen-bonded groups cen- 
tered near 3250 cm-' and the three super- 
imposed sharp absorption lines at 2950, 
2920, and 2850 cm- ' to CH, /CH, stretch- 
ings (Bellamy, 1975). Also, in the far in- 
frared region beginning at - 1800 cm- ' 
and extending down to slightly < 1000 
cm-', all samples exhibit a complex struc- 
ture that is, in general, similar from sample 
to sample but different in detail. Many of the 
features in this region can be associated with 
various molecular bonds known to absorb 
strongly in this region. For example, most 
of the region < 1400 cm-' exhibits absorp- 
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tions resulting from skeletal C-C stretches 
and C-C-C, C-OH in plane and out of 
plane-bending vibrations. Other significant 
features are the two small isolated absorp- 
tion peaks near 760 and 620 cm- ' owing to 
CH , /CH , rocking and twisting modes. 

It is significant for our applications that, 
for all samples, there is substantially less 
absorption in the far infrared window region 
< - 1000 cm-' than in the region above. 
This finding can be quite important in re- 
mote sensing work in that the data indicate 
that the 10-12-pm region might offer a bet- 
ter window for probing through such smokes 
than the more often used 8-12-pm window. 
It is also noteworthy that the two regions 
from 2500 to 2000 cm-' (4.0-5.0 pm) and 
from 5000 to 4000 cm-' (2.0-2.5 pm) are 
relatively void of strong absorption. 

In the far infrared region, the two spectra 
of Figures 2 and 3 are again similar in that 
both show the rather sharp transitions defin- 
ing the region of generally significant ab- 
sorption beginning at - 1800 cm-' and 
ending at - 1000 cm-'. There are several 
other points of similarity that are evidenced 
in Figures 2 and 3, such as the two sets of 
double peaks: one near 1500 cm- ' and the 
other near 1300 cm-' and the two isolated 
absorptions mentioned earlier at 760 and 
620 cm- '. It is also significant, however, 
that there are noticeable differences as well 
as similarities in other details that are evi- 
dent from inspection. 

In Figure 4 we show another example 
obtained from a lawn grass sample which, 
as expected, is similar overall to the alfalfa 
and weed-mix samples although there are 
also differences. The sample used to gener- 
ate the lawn grass data was collected in 
some of the earlier experiments which pro- 
duced somewhat thinner films and hence 
higher bulk transmission than those of Fig- 
ures 2 and 3. A significant difference in the 
lawn grass spectrum as compared to the 
alfalfa and weed-mix samples is the promi- 
nent absorption line at the leading edge of 
the far infrared region near 1750 cm-'. The 

FIGURE 4. Transmittance spectrum of the lawn 
grass sample. 

line can also be seen in the alfalfa and 
weed-mix samples but is relatively less 
prominent, especially in the alfalfa sample. 
In our experience we have observed that this 
particular spectral feature is a good indica- 
tion of the presence of terpenes and ter- 
penoids in the samples. 

In order to demonstrate the effect of ter- 
penes and terpenoids we show, in Figure 5, 
a spectrum obtained from a laboratory grade 
sample of abietic acid, which, as mentioned 
earlier, has been identified as a constituent 
of vegetative fire smokes. The overall simi- 
larities with the vegetative samples are fairly 
evident, as also are the differences. In par- 
ticular, the acid sample shows the character- 
istic broad band and absorption peaks in the 
3000-cm-' region which is also evident in 

FIGURE 5. Transmittance spectrum of the abietic 
acid sample. 
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338 R. A. Sutherland and R. K. Khanna 

all vegetative samples and in other ter- 
penoids (Sutherland and Khanna, 1987). The 
differences in the far infrared region, how- 
ever, are more marked although the overall 
similarity is also evident. In our studies of 
terpenes and terpenoids, we have found that 
the strong peak near 1750 cm-', which is 
prominent in the lawn grass sample and also 
present in all samples (some not shown) is 
somewhat unique to abietic acid. We have 
other ongoing work based upon laboratory 
grade samples that may shed more light on 
this topic in the future but which is beyond 
the scope of this paper. 

Although we have traced down data in 
the literature that show transmission spectra 
of the various individual chemical com- 
pounds associated with fire smokes, we have 
very few direct measurements on real vege- 
tative fire smokes to compare with those 
shown here. An exception, published in a 
fairly obscure source, is the work of Barrett 
et al. (1969) who used a KBr fiber filter to 
collect smoke samples produced from burn- 
ing hay. The spectra from these older results 
are remarkably similar, qualitatively, to 
those reported here for alfalfa (Figure 2) and 
are, in fact, almost identical in essential 
overall features. The most significant dif- 
ference is that the earlier work (Barrett et 
al., 1969) shows a small continuous back- 
ground in the region < 1000 cm-' with two 
broad humps centered near 800 and 600 
cm- '. We believe that this difference which 
is also apparent in our earlier samples (Fig- 
ure 4) can probably be ascribed to the small 
film thickness and lower spectral resolution 
in the earlier work. It is noteworthy that the 
region < 1000 cm-' is characterized by 
very weak CH, /CH, absorptions that may 
be swamped by other sampling artifacts. 

REFRACTIVE INDEXES 

The real and imaginary refractive indexes of 
the alfalfa and weed-mix samples, which are 
more or less representative of the samples as 
a whole are plotted in Figure 6. 
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FIGURE 6. Real and imaginary refractive indexes 
for the alfalfa and weed-mix samples. 

For these samples the real index has a 
nominal value near 1.50 and exhibits signif- 
icant fluctuations as high as - 1.75 at the 
extreme maximum near 1000 cm-' and as 
low as - 1.25 at the extreme minimum near 
1800 cm-'. These fluctuations are, of 
course, a consequence of the changing imag- 
inary index as demanded by the Kramers- 
Kronig relationship of Eq. 4 used in the data 
analysis. The imaginary component for the 
alfalfa sample is generally lower than that of 
the weed-mix sample by - 25 % . This dif- 
ference could be real but is more likely a 
manifestation of the measurement accuracy 
which is, for the most part, dominated by 
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TABLE 2. Numerical Listing of the Real and Imaginary Refractive Indexes of the Mixed Weed Sample 
Averaged over 25-cm- ' Intervals 

v (cm-') n (v) k (v) v (cm-') n (v) k (v) v (cm-') n (v) k (v) 
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TABLE 2. (continued). 

v (cm-') n ( v )  

3675 1.419 
3650 1.414 
3625 1.408 
3600 1.403 
3575 1.398 
3550 1.394 
3525 1.391 

errors in the determination of the sample 
thickness. Results, averaged over 25-cm- ' 
intervals, for the weed-mix sample, which 
we consider most representative for vegeta- 
tive smokes in general, are listed in Table 2. 

As an exercise to demonstrate the signif- 
icance of the findings on the optical effects 
that such organic aerosols may have in ap- 
plications we have used the Mie scattering 
theory to calculate the aerosol mass extinc- 
tion coefficient (m2/g) spectrum that might 
exist in applications. The results, shown in 
Figure 7, were obtained using the FORTRAN 

program published by Bohren and Huffman 
(1983). For demonstration purposes we have 
assumed spherical aerosols of bulk density 
0.90 g/cm3, typical of plant oils, and have 
made the calculations for droplet diameters 
of 0.01, 0.20, and 0.40 pm. As is evident 
from Figure 7 the results for the smaller 
droplets (0.01 and 0.20 pm) are nearly inde- 
pendent of droplet size. For the most part 

FIGURE 7. Calculated extinction spectrum based 
upon the measured weed-mix indexes for assumed 
aerosol diamete~s of 0.01, 0.20, and 0.40 pm. 

WAVELENGTH (qm) 

WAVE NUMBER (CM-'1 

the extinction spectra tracks closely with the 
imaginary index spectrum especially at the 
lower wavenumbers and smaller size 
droplets. These results are not surprising in 
a qualitative sense and are, in fact, indica- 
tive of extinction in the long wavelength 
regime which is dominated by absorption (as 
opposed to scattering). The result for 0.40 
pm is slightly above the Rayleigh regime as 
indicated by the added scattering most evi- 
dent at wavenumbers > - 3000 cm- l. In 
the far infrared region the extinction is com- 
pletely dominated by absorption and the re- 
sults follow the imaginary index spectrum 
almost precisely for all droplet sizes. Parti- 
cles on the order of 0.10 pm or smaller are 
most likely for vegetative fires according to 
measurements by Pinnick et al. (1982) and 
indirect determinations by Uthe et al. (1982). 
For wood fire smokes Helspar et al. (1980) 
report mean particle diameters from - 0.01 
to 0.12 pm, and, for smoldering wood fires, 
Mulholland and Ohlerniller (1982) report 
geometric mean diameters of 0.20-0.30 pm 
and mass median diameters of 2-3 pm. 

Some rough estimates based on the calcu- 
lations of Figure 7 indicate that, on the 
average, the extinction coefficient in the 
8- 10-pm region ( - 0.20) is somewhat 
larger than that in the 3-5-pm region (- 
0.15) although the peak value in the 3-5-pm 
region (- 0.40) is larger than both. On the 
other hand, the average over the entire 
8-12-pm region is about half that of the 
8 - 10-pm region and of course, the average 
over the 10- 12-pm region is nearly negligi- 
ble in comparison to the other bands. It is 
also significant that there is substantially 
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more absorption in the 3-4- than in the 
4- 5-pm interval. Obviously, in interpreting 
broadband, low resolution, measurements 
great care must be taken to define and ac- 
count for details of the instrumental band- 
pass. 

There have been attempts to determine 
broadband extinction ratios directly from 
transmission as measured through actual 
smoke plumes in the field. In some of our 
own cooperative field tests, we have esti- 
mated extinction coefficient ratios between 
the far (8- 12 pm) and mid- (3-5 pm) in- 
frared spectral bands from data obtained 
using the transrnissometer system of Watkins 
et al. (1988). Some results obtained from 
transmission measurements through an ac- 
tual small-scale smoke plume are shown in 
Figure 8 in the form of optical depth, or 
"Log T" correlation plots. From the slope 
of the plot we estimate a far-to-mid aver- 
aged extinction coefficient ratio of - 0.78 
as opposed to the theoretical estimates of 
Figure 7, which yielded a somewhat lower 
value ( - 0.67). There are many reasons to 
not expect close agreement here but the 
results do give at least some feel as to the 
magnitude of the effects of other (perhaps 
more volatile) aerosols that probably exist in 
real smoke plumes but are not collected by 
our technique. 

DISCUSSION AND SUMMARY 

Infrared spectral measurements performed 
on bulk samples of smoke produced by 
burning vegetation indicate the existence of 
numerous organic compounds that produce 
complex, spectrally dependent, absorption 
in both the 3-5- and 8-14-pm atmospheric 
sensing windows. Spectra of samples from 
several different source types show similar 
overall results that, however, differ in detail 
especially in the 8-14-pm region. In the 
3-5-pm region the absorption is dominated 
by three distinct absorption peaks in the 
2900 cm- ' region that are superimposed on 
a broad band centered near 3250 cm-'. The 

f 0.3 

SLOPE = 0.78 

a 0.1 
0 

OPTICAL DEPTH (3-5 qm) 
FIGURE 8. Log T correlation plot from mid- and 
far-infrared broadband field transmission measure- 
ments through a vegetative fire smoke plume. 

average value of the imaginary index, k, is 
near 0.20 in the 8-10-pm region, and varies 
from a peak of - 0.40 at 3 pm to near zero 
at 5 pm in the 3-5-pm region. The imagi- 
nary index is near zero in both the 10-12- 
and 2.0-2.5-pm window regions. 

Results of Mie calculations in the 
Rayleigh regime yield extinction coefficients 
on the order of 0.20 and 0.15 for the 3-5- 
and 8 - 10-pm regions, respectively. Results 
from field transmissometer tests indicate an 
extinction ratio of - 0.78 for the 8- 12- and 
3-5-pm bands as compared to a ratio of 
about 0.67 based on the Mie calculations. 
For submicrometer particles most of the ex- 
tinction in the 3-5-pm region takes place in 
the 3-4- rather than the 4-5-pm interval. 
Extinction in the 10-12-pm portion of the 
far infrared atmospheric window is about a 
factor of 10 times lower than in the 8- 10-pm 
portion. These latter results strongly suggest 
that the 10-12-pm region is significantly 
better for probing through these smoke types 
than the more commonly used 8-12- or 
8- 14-pm regions. 
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