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Abstract. Satellite remote sensing of smoke aerosol and estimates of aerosol forcing of 
climate require knowledge of the aerosol optical properties. A smoke aerosol physical and 
optical model is developed from a database of over 800 volume size distributions inverted 
from sky radiance data measured by the AERONET radiometer network in Brazil over a 
3-year period. The model represents total column, ambient conditions during the burning 
season in the Amazon Basin and cerrado region of Brazil. The mean volume size 
distributions are bimodal and can be represented by two lognormals. Accumulation mode 
modal radius is 0.13 ___ 0.02/•m with o- = 0.60 _+ 0.04, and coarse-mode modal radius 
ranges from 6 to 40/•m, with a mean of 11.5/•m and o- = 1.26 +_ 0.23. The volume of 
each mode varies with optical thickness, causing the ratio of accumulation mode and 
coarse mode to vary as well, but the effect on the optical properties is negligible. 
Refractive index is taken to be 1.43-0.0035i, and single scattering albedo is assumed to 
be 0.90, which is modeled with an external mixing of black carbon. The optical properties 
in the visible are dominated by the accumulation mode. Accumulation mode 
characteristics do not vary from year to year, from forest to cerrado region, with optical 
thickness or with precipitable water vapor. At one test location, accumulation mode 
characteristics do vary with air mass trajectory origin. The model is tested with 
independent data and can accurately predict the scattering phase function and path 
radiance in the backscattering direction that determines remote sensing properties and is 
responsible for scattering sunlight back to space. 

1. Introduction 

Smoke aerosol from biomass burning can cover one third of 
the South American continent during the burning season [Prins 
et al., this issue] and wide areas of tropical Africa and the South 
Atlantic [Herman et al., 1997]. it has been detected in the 
tropical South Pacific from indonesian sources [Folkins et al., 
1997] and observed at higher latitudes as well [Ferrare et al., 
1990; Stocks et al., 1996]. Because smoke aerosol is a global 
phenomenon, it is suspected of playing a role in Earth's global 
energy balance [Intergovernmental Panel on Climate Change 
(IPCC), 1996]. Smoke aerosol absorbs and scatters solar radi- 
ation and therefore may act as a negative direct forcing by 
scattering solar radiation back to space [Penner et al., 1992; 
Hobbs et al., 1997]. Smoke may also act through modifications 
to cloud microphysics to increase cloud albedo and create an 
indirect radiative forcing [Twomey, 1977b; Twomey et al., 1984; 
Kaufman and Nakajima, 1993; Kaufman and Fraser, 1997]. 
Quantification of these possible radiative forcing pathways and 
narrowing the uncertainties expressed in the IPCC report are 
dependent on estimations of smoke optical and physical prop- 
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erties. Hobbs et al. [1997] show that updating the optical pa- 
rameters in Penner's model results in a much reduced global 
forcing. 

Previous attempts to create generalized aerosol models did 
not include smoke aerosol [Shettle and Fenn, 1979; Lenoble and 
Brogniez, 1984] due to lack of measurements. Climate model- 
ers and satellite remote sensing scientists have relied on com- 
pilations of the results of individual field campaigns and sur- 
face-based in situ sampling stations. Southern African Fire- 
Atmosphere Research initiative (SAFARI) [Le Canut et al., 
1996a, b; Andreae et al., 1996], Transport and Atmospheric 
Chemistry Near the Equatorial Atlantic (TRACE A) [Ander- 
son et al., 1996], and Smoke, Clouds, and Radiation-Brazil 
(SCAR-B) [Reid et al., this issue] have provided samples of 
tropical biomass burning aerosol size distributions from air- 
craft measurements. Radke et al. [1991] present aerosol char- 
acteristics measured from aircraft in North America. Aircraft 

measurements ipermit resolution of the vertical profiles of 
aerosol charac!eristics but, in turn, must be integrated to 
achieve total column values. Aerosol above or below the ver- 

tical profile is either estimated or ignored [Ross et al., this 
issue]. Aircraft measurements are sparse in time. For example, 
Le Canut et al. [1996a] base their results on 48 profiles col- 
lected on only 10 days. In contrast, ground-based in situ sam- 
pling can be maintained over a long time period [Maenhaut et 
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al., 1996; P. Artaxo et al., unpublished data, 1997]. However, as 
Le Canut et al. [1996a] show, there does exist a vertical gradient 
to smoke aerosol particle size. Thus ground sampling may be 
biased when applied to total column aerosol. Both ground- 
based and airborne in situ measurements alter the aerosol 

before measuring IRemet et al., 1997] and are affected by the 
size-influenced sampling efficiency of each in situ system [Hue- 
bert et al., 1990]. Because some in situ measurements dry the 
aerosol, ambient size distributions are achieved only after a 
humidification factor is applied [Kotchenruther and Hobbs, this 
issue]. 

Automatic Sun/sky scanning spectral radiometers have been 
used successfully to retrieve total column, ambient spectral 
aerosol optical thickness, and volume size distribution [Holben 
et al., 1998]. These instruments, manufactured by Cimel, work 
every day, sunrise to sunset, week after week, for the duration 
of the burning season. A network of ground-based Sun/sky 
radiometers has been deployed in the Amazon Basin of Brazil 
during the burning seasons from 1993 to 1995 [Holben et al., 
1996a]. The radiometers use Sun measurements at 340, 440, 
670, 870, 940, and 1020 nm to derive spectral optical thickness 
and total column precipitable water vapor. Certain instruments 
have been upgraded to include measurements at 380 and 500 
nm. The instruments also invert sky measurements at 440, 670, 
870, and 1020 nm to obtain volume size distribution and phase 
function. The sky measurements are taken in the principal 
plane of the Sun during midday and in the Sun's almucantar (a 
plane defined by a fixed view elevation angle that includes the 
Sun) when the Sun is low in the sky. 

A similar network of these instruments located in the United 

States was used to develop a dynamical aerosol model for 
urban/industrial aerosol [Remer et al., 1996; Remer and Kauf- 
man, 1998]. The same technique was applied to the 1993 data 
of two Brazilian stations, and a preliminary model of smoke 
optical properties was constructed [Remer et al., 1996]. In this 
study we construct an optical model using the full 3 year data 
set that includes data from 13 stations. The additional data 

permit calculation of the uncertainties in the physical and 
optical parameters of the smoke model. The model is tested 
against similar data measured in Cuiab/t during the 1995 burn- 
ing season that was purposely withheld from the original da- 
tabase in order to achieve an independent testbed. Sensitivities 
to various values of refractive index and single scattering al- 
bedo are explored. The variability of smoke properties in Bra- 
zil is analyzed in terms of smoke transport, and the use of 
precipitable water vapor as a tracer for different smoke prop- 
erties is investigated. 

2. Data 

During the burning seasons of 1993-1995 a network of au- 
tomatic Sun/sky scanning spectral radiometers was deployed in 
the Amazon Basin as part of the Aerosol Robotic Network 
(AERONET) global network and in conjunction with the 
SCAR-B experiment [Kaufman et al., this issue; Holben et al., 
1996a]. Instruments were located at 13 semipermanent sites. 
Not every site was instrumented each year. The radiometers 
measure sky radiance in the Sun's almucantar once per hour in 
the morning and late afternoon, when the Sun's zenith angle is 
greater than 60 ø. This procedure provides at most six almucan- 
tar measurements per station per day. However, the almucan- 
tars are checked for symmetry of the sky radiance on either 
side of the Sun, and asymmetrical almucantars (difference 

> 10%) are discarded. Asymmetry occurs due to nonhomoge- 
neous atmospheric conditions. Cloud conditions are discarded 
as well. Altogether, over 800 symmetrical almucantars were 
retrieved for the period of deployment and used to construct 
the model. In addition, 27 retrieved size distributions from the 
Cuiab/t station in 1995 were set aside to be used in the testing 
process. 

The sky radiances from each symmetrical almucantar are 
inverted to achieve aerosol volume distribution [Nakajima et 
al., 1983, 1986]. Sensitivity tests of the inversion process show 
average errors in the 0.10-8/zm radius range of less than 10%, 
corresponding to uncertainties in calibration, stray light, as- 
sumptions of real and imaginery refractive index, and surface 
albedo [Kaufman et al., 1994]. The inversion is most sensitive to 
errors in scattering angle, which result in overpredictions of 
coarse-mode volume of 40% [Kaufman et al., 1994]. The in- 
version of volume in the radius range below 0.10/zm diverges 
from the true distribution because the inversion algorithm 
assumes that beyond the size limits of the inversion (0.07 and 
9/zm) the particle volume is zero. This assumption affects the 
resulting volume distribution by artificially increasing volume 
at the size limits of the inversion in order to compensate for the 
arbitrary and unphysically low volume just beyond the limits. 
These problems are isolated to the radius ranges near the 
edges of the inversion range. We correct the [Nakajima et al., 
1983, 1986] inversion at the small-particle end by assuming 
these particles can be represented by a single lognormal dis- 
tribution and by conserving the optical properties of the orig- 
inal inversion IRemet et al., 1997; Remer and Kaufman, 1998]. 
Note that although the small-particle range has been corrected 
for the inversion's overprediction, the large-particle range has 
not. The same artifact that affects the small particles also 
affects the large particles, and so the exact size of the coarse 
mode's modal radius may be physically incorrect. The correc- 
tion procedure has not been applied to the large-particle end 
due to possible contamination by stray light in the instrument 
and the relative insensitivity of the optical properties in the 
visible region to coarse-mode particles. The 800 volume size 
distributions were divided into cerrado stations and forest sta- 

tions, then sorted and ordered according to increasing aerosol 
optical thickness at 670 nm. The cerrado and forest subsets 
were analyzed separately. Most of the data (---625 size distri- 
butions) were retrieved from the cerrado stations, and the 
remainder from forest stations. Each 10-60 size distributions 

were averaged to give the mean size distribution for a partic- 
ular aerosol optical thickness [Kaufman and Holben, 1996]. 
The curves are plotted in Figure 1. 

The smoke aerosol appears to be bimodal with an accumu- 
lation mode peaking at 0.12-0.16/zm and a coarse mode at 
roughly 3-10/zm. In contrast, a trimodal volume size distribu- 
tion (r m = 0.13-0.15, 0.50 and >1.5 /zm) was found in 
aircraft measurements during TRACE A [Anderson et al., 
1996] and SAFARI [Le Canut et al., 1996a, b]. However, the 
mode at 0.50/zm is small and difficult to distinguish. Ground- 
based sampling suggests a bimodal distribution with modes 
peaking at approximately 0.15 and 1.5 /zm, respectively (P. 
Artaxo et al., unpublished data, 1997). Other measurements of 
smoke also find an accumulation mode with mean volume 

radius in the 0.12-0.17/zm range [Radke et al., 1991; Andreae 
et al., 1994; Ji et al., 1996; Reid et al., this issue]. Figure 1 shows 
that as aerosol optical thickness increases, aerosol volume in- 
creases in both modes in the cerrado, but mainly for the accu- 
mulation mode in the forest. However, the mean radius size of 
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Figure 1. Volume size distributions for several aerosol opti- 
cal thicknesses at 670 nm for the cerrado stations (top) and 
forest stations (bottom). Each curve represents a mean of 
10-60 individual size distribution retrievals. Size distributions 

corrected at small particle end for overprediction of volume by 
inversion method. Not every curve calculated is plotted. 

each mode remains more or less the same. This is in contrast 

to urban/industrial aerosol measured in the mid-Atlantic re- 

gion of the United States that show a distinctive increase in 
accumulation mode radius size with increasing aerosol optical 
thickness [Remer et al., 1996, 1997; Remer and Kaufman, 1998]. 

The reasons for the difference between smoke and urban/ 

industrial aerosol are complex. Urban/industrial aerosol is af- 
fected by gas phase oxidation that generates particles, cloud 
processing that creates most of the mass of the dry particles 
[Hoppel et al., 1990; Kaufman and Tanr•, 1994], and because of 
a large humidification factor, swelling from humidity. In con- 
trast, smoke has a much smaller humidification factor, and so 
particle growth from water intake is much smaller [Kotchen- 
ruther and Hobbs, this issue]. Also the smoke aging process is 
a shorter lived phenomenon that results in increases of mass of 
roughly 20-50%, at most a 15% increase in radius [Reid et al., 
this issue]. However, most of the aging takes place in dense 
smoke plumes and is finished before the sunphotometer mea- 
sures a well-mixed homogeneous sky and before the smoke 
spreads over a wide enough area to have a climatic effect. 

Figure 2 shows the error bars calculated from the standard 
deviation of the size distributions about the mean curves for 

four selected curves of Figure 1. The variations in size distri- 
butions are large at the small- and large-particle ends due to 
uncertainties in the inversion at the end points. The variation 

is also large at 0.55 /zm. This may be due to the elevated 
stratospheric aerosol concentrations caused by the Mount Pi- 
natubo eruption of 1991 that were still evident in 1993. Al- 
though the stratospheric mode was fitted by a lognormal [Re- 
met et al., 1996] and subtracted from the 1993 data in the 
database, some large variation in the size distributions have 
remained. Another possibility is that the mode at 0.50 
observed during TRACE A and SAFARI may be intermittent 
in the AERONET database. Overall, there is minimal devia- 
tion from the mean curve in the 0.1-0.3 and 1.0-5.0/zm ranges 
that define the accumulation and coarse modes, respectively. 

3. Aerosol Model 

We assume that each of the modes in Figure i can be 
represented by a lognormal given by 

dV Vo ( [ln (r/rm)] 2) d ln----• = 0.(2 •r) •/2 exp - 2 0 -2 (1) 
where d V/d In r is the volume distribution, V0 is the column 
volume of the particles per cross section of atmospheric col- 
umn, r is the radius, r m is the modal radius, and 0. is the 
standard deviation of the natural logarithm of the radius. The 
sum of the modes will reproduce the original, corrected vol- 
ume distribution curve for each particular optical thickness. 
Another way of expressing the modes is with a number distri- 
bution defined as 

dN No ( [ln (r/rg)] 2) d ln• = 0.(2•')]/2 exp - 20.2 (2) 
where No is the number of particles per cross section of the 
atmospheric column (cm-2), 0. is the same as in (1), and r.• is 
the modal radius of the number distribution. The parameter 
is related to r,• by 

rg = r,• exp (--30. 2) (3) 

Vo of (1) is related to N() by 

V0: 3 exp r} (4) 
Each of the mean curves in Figure 1 is fit to (1), and the 

parameters r,•, 0., and V0 are calculated. These values are 
given in Table 1 and depicted graphically in Figures 3 and 4. 
Also shown in Table 1 are the values calculated in the prelim- 
inary analysis of the 1993 cerrado stations [Remer et al., 1996]. 

3.1. Accumulation Mode 

The accumulation mode volume Vo increases with increas- 
ing aerosol optical thickness at nearly the same rate for both 
the cerrado and forest models. The accumulation mode parti- 
cle size r,• shows some variation with optical thickness for the 
clearest conditions, which may be due to atypical aerosol or 
meteorological conditions, then stabilizes at 0.145 p•m. The 
cerrado smoke has a slightly smaller r,• that does not vary with 
optical thickness. The cerrado r,• is remarkably consistent 
within each data set and between the 1993-1995 database and 

the preliminary 1993-only data set. Both the cerrado and forest 
values fall within the range of smoke values reported in the 
literature [Anderson et al., 1996; Le Canut et al., 1996a, b; 
Radke et al., 1991;Andreae et al., 1994; Ji et al., 1996; Reid et al., 
this issue]. On the other hand, accumulation mode 0. has in- 
creased from 0.50 in 1993 to 0.60 in the full 3-year data set. The 
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Figure 2. Four selected curves of Figure 1 cerrado data shown plotted with error bars representing the 
standard deviation of the individual retrievals about the mean curve. The mean curve bracketed by error bars 
in each panel is indicated by the optical thickness value. 

width of the accumulation mode as represented by o-may be 
affected by the subtraction of the stratospheric component in 
the 1993 data. It was previously noted that there is an increase 
in uncertainty in the volume size distributions in the 0.5-0.6 
tzm range (Figure 2). This radius range corresponds to the 
upper tail of the accumulation mode and may affect the cal- 
culation of o-. Both the old and new values of o- fall within the 

range of values (o- = 0.40-0.60) measured by Reid et al. [this 
issue]. Smoke properties at the forest stations tend to be more 
variable than at the cerrado stations. 

3.2. Coarse Mode 

The coarse-mode volume V o increases with optical thickness 
in the cerrado data set but varies randomly in the forest data 
set. The other coarse-mode parameters do not exhibit a steady 
increase with optical thickness and are fixed at their mean 
value. The variation in coarse-mode parameters is larger than 
the variation in the remarkably consistent accumulation mode 
parameters. The coarse-mode model has a large uncertainty 
because the coarse mode is plagued by possible sensitivity to 

Table 1. Lognormal Parameters and Uncertainties for the Cerrado and Forest Sites and From the Original Analysis of the 
1993 Cerrado Sites 

Cerrado Forest 1993 

Accumulation 

Vo, •m 
rm, 

Coarse 

l/0,/•m 
I' m , I•m 

ECCN/r (0.3%), /•m -2 
ECCN/r (1%), /•m -2 
aav, /•m2//•m 3 

-0.0089 + 0.31r670 -0.017 + 0.30r670 0-0.31 
0.132 _+ 0.014 0.074 + 0.36r670 (T670 < 0.20) 0.13 

0.145 ___ 0.025 (r670 --> 0.20) 
0.60 + 0.04 0.60 _+ 0.09 0.50 

0.035 + 0.81 
6-40 (mean 11.5) 
1.26 _+ 0.23 

123 _ 33 

162 _+ 60 

3.2 ___ 0.1 

0.15 _+ 0.11 0.04-0.27 

2-30 (mean 9.0) 6-20 
1.20 _+ 0.30 0.7-1.2 

Uncertainties represent standard deviations. Volumes are in units of volume per unit area. Also listed are calculations of effective CCN 
(ECCN) per unit optical thickness per unit area based on the critical radii at 0.3% and 1% supersaturations, and the accumulation mode volume 
scattering efficiency at 670 nm (aav). 
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stray light in the instrument and also to the problems with the 
inversion at the upper radius bound of the inversion range. 
Furthermore, we expect the larger aerosol to have shorter 
lifetimes and be more variable in space and time. Thus we do 
not place much emphasis on the model for the coarse mode. In 
the biomass burning regime the optical properties are domi- 
nated by smaller particles. For example, for 1-670 • 0.30 the 
accumulation mode accounts for roughly 95% of the total 
extinction. At 1-67o < 0.30 the coarse mode gradually makes a 
greater contribution to total extinction, so that in very clean 
conditions (1-67o = 0.05) the coarse mode contributes as much 
as 30% toward the total extinction. Still, in most smoky con- 
ditions the accumulation mode dominates, and uncertainties in 
the coarse-mode model are relatively unimportant. 

3.3. Volume Scattering Efficiency and Effective 
Cloud Condensation Nuclei 

The smoke aerosol accumulation mode (r < 0.5/•m) is the 
dominant mode describing the optical properties. The volume 
scattering efficiency of the accumulation mode, C•av, describes 
the ratio between the scattering cross section of the particles 
and their volume. A high scattering efficiency means a high 
scattering ability for a given aerosol mass. The parameter C•av 
is calculated and shown in Table 1 for the cerrado model. The 

mass scattering efficiency, O(am is given by C•av divided by the 
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Figure 4. Coarse mode lognormal parameters plotted as 
function of aerosol optical thickness for cerrado and forest 
stations. 

appropriate aerosol density. A density of 1.35 g/cm 3, measured 
by Reid and Hobbs [this issue], yields O/am = 2.4 m2/g at 670 nm. 
Reid et al. [this issue] measure a similar value of aam = 1.8 m2/g 
at 700 nm. 

Satellite estimates of the effect of aerosol on cloud proper- 
ties [Kaufman and Fraser, 1997] are based on the assumption 
that the satellite-derived optical thickness is proportional to 
the number of potential cloud condensation neuclei (CCNs) 
(particles larger than a given activation radius). This propor- 
tionality can be reduced due to instability of the aerosol size 
distribution and the corresponding ratio between the aerosol 
volume and number of particles. Our data show that for smoke 
the increase in optical thickness is due to an increase of total 
volume and number of the accumulation mode aerosol, not 
due to a shift of aerosol size into a more optically effective 
range. It is thus expected that optical thickness will also be 
proportional to the number of effective CCNs. Q. Ji et al. 
(Ground-based measurements of aerosol characteristics in bio- 
mass burning and industrial pollution episodes, submitted to 
Journal of Geophysical Research, 1997; hereinafter referred to 
as submitted paper) confirm the relationship between aerosol 
number and volume; they also show that the aerosol is hygro- 
scopic at high humidities. These data imply that an effective 
CCN (ECCN) per unit optical thickness can be calculated 
based on the critical radius as defined by 
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Table 2. Optical Parameters 

440 nm 670 nm 870 nm 1020 nm 

# 0.65 _+ 0.04 0.57 _+ 0.06 0.50 _+ 0.06 0.45 + 0.07 
/3 0.24 _+ 0.02 0.27 _+ 0.02 0.31 _+ 0.02 0.32 _+ 0.03 
too 0.90 0.90 0.90 0.90 

Asymmetry factor #, backscattering coefficient /3 [after Wiscombe 
and Grams, 1976], and single scattering albedo to o calculated from the 
cerrado model of Table 1 for four wavelengths. Uncertainties are 
calculated from the uncertainties of the cerrado model and encompass 
the variation exhibited by the other two models (see Figure 6). The 
single scattering albedo is an estimate based on the work by Kaufman 
et al. [1992], not a calculation. The estimate was tested against mea- 
sured sky radiance (see Figure 8). 

rc = 0.01458• -2/3 (5) 

where r c is the critical radius in microns and S c is the super- 
saturation [Twomey, 1977]. Data measured during SCAR-B 
show that (5) holds to within the experimental uncertainties 
(Q. Ji et at., submitted paper, 1997). Calculations are made for 
S c = 0.3% and 1% for the size distributions of the cerrado 
model and shown in Table 1. Note that even though Kotchen- 
ruther and Hobbs [this issue] found that the smoke humidifi- 
cation factors are small (1.25-1.5), Q. Ji et at (submitted paper, 
1997) found the aerosol to behave as efficient CCN in agree- 
ment with previous studies [Hobbs and Radke, 1969; Radke et 
al., 1991; Hudson et al., 1991; Rodgers et al., 1991]. 

4. Optical Properties 
The optical properties of the smoke aerosol are calculated 

using the Mie code of Dave and Gazdag [1970]. We assume the 
aerosol to be spherical, which is generally true for smoldering 
fires and less so for flaming fires [Martins et al., this issue]. In 
all the calculations, we take the complex refractive index to be 
1.43-0.0035i. This assumes a minimal amount of internally 
mixed black carbon in the aerosol. The single scattering albedo 
to o for this complex refractive index is 0.97. Additional absorp- 
tion is simulated with an external mixing of black carbon that 
brings to o down to 0.90. Hobbs et al. [1997] use to o = 0.88 in 
their calculation. Section 5 examines the sensitivity of the 
model to these assumptions of refractive index and absorption. 
Table 2 shows the values of asymmetry parameter g and back- 
scattering coefficient/3 calculated from the model. 

The spectral dependence of the extinction coefficient of the 
models is shown in Figure 5. The extinction coefficient has 
been normalized by values at 550 nm. The curves represent the 
three models listed in Table 1, each for a low and high optical 
thickness. Optical properties remain mostly constant for all 
optical thicknesses for the cerrado model. All five model- 
optical thickness combinations show very similar spectral de- 
pendence. The angstrom coefficient is defined as a in the 
equation 

r=AX -• (6) 

Angstrom coefficients calculated from these curves using wave- 
lengths between 380 and 1020 nm range from 2.1 to 2.4, with 
the cerrado model falling about midway in this range. Also 
shown in Figure 5 is the spectral dependence of the extinction 
optical thickness obtained from the direct Sun measurements. 
The Sun data curve represents the mean of approximately 100 
individual observations with r67 o • 0.40 from stations located 

throughout the cerrado region. These data are typical of any 
grouping of Sun data in smoky conditions. The Sun data show 
less spectral dependence (a - 1.82 _ 0.19) than the model 
data derived from sky radiance observations but do overlap the 
model data within the ranges of uncertainty. By any measure- 
ment, the smoke shows a much stronger wavelength depen- 
dence than urban/industrial aerosol, which has an angstrom 
exponent of around 1.5 for r > 0.2 [Remer and Kaufman, 1998]. 

The phase function calculated at two wavelengths using the 
model parameters is shown in Figure 6. The five curves repre- 
sent the same model-optical thickness combinations of Figure 
5. The error bars calculated for the cerrado model at 670 nm 

and plotted in the insert panel show that the variation between 
models lies within the variation expected of any individual 
model. Thus we conclude that the models listed in Table 1 are 

not significantly different from each other. There appears to be 
a very strong consistency in the smoke aerosol from region to 
region, from year to year, and for various amounts of smoke 
loading. Any of the models could be chosen to represent the 
smoke aerosol. In subsequent analyses done for this paper, we 
will employ the cerrado model because its optical properties 
fall midway among the different models. 

Figure 7 shows the mean fractional error of the cerrado 
model phase function as a function of scattering angle for two 
wavelengths and is based on the standard deviation of r m and 
cr expressed in Table 1. Despite the consistency in mean smoke 
aerosol size distribution and optical properties, there is vari- 
ability about the mean. On a day-to-day basis, errors in back- 
scattering phase function of within 20-30% can be expected 
2/3 of the time, while even greater errors can be expected 1/3 
of the time. 

5. Testing the Model 
The model is tested in two ways. First, the model was derived 

from volume size distributions that were retrieved from sky 
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Figure 5. Spectral dependence of extinction coefficient cal- 
culated for cerrado version of the model and for forest and 

1993 versions of the model for low and high values of optical 
thickness. Dotted line shows spectral dependence of extinction 
optical thickness calculated from Sun observations of the ra- 
diometers. Extinction coefficients are normalized by value at 
550 nm. Also shown are calculated values of mean angstr6m 
coeficient a and uncertainties due to uncertainties of lognor- 
mal parameters expressed in Table 1. Uncertainty of Sun data 
is calculated from the database. Uncertainties are unavailable 

from original 1993 derivation. 
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radiance data in the first 40 ø from the Sun. Thus the sky 
radiance data measured by the radiometers in the backscatter- 
ing direction provide an independent database to test model 
predictions. Second, the 1995 Cuiab•t data were excluded from 
the original database in order to retain additional independent 
data for test purposes. We use the model to predict smoke 
optical properties, specifically, phase function, and to compare 
these predictions to actual conditions measured at Cuiabfi in 
1995. 

5.1. Prediction of Backscattered Sky Radiance 

Figure 8 shows the observed downwelling normalized path 
radiance for a solar zenith angle of 60 ø and a scattering angle 
of 120 ø . Over 300 observations were made at this geometry. 
Also plotted are curves calculated from the Dave and Gazdag 
[1970] radiative transfer code using the cerrado size distribu- 
tion model described above. The Dave and Gazdag [1970] code 
is a full radiative transfer code that takes into account multiple 
scattering, although it does not include polarization. The pan- 
els on the left show the full range of optical thickness values 
encountered. The panels on the right expand the axes to show 
more clearly the lower optical thickness range. The plots depict 
the model sensitivity to different assumptions of refractive 

lO 

440 nm 

0.4 

0.3 

0.2 

1-• 0.80 
•Cerrado 

--e--Forest •0.10 

o Forest 'r=0.40 

......... 1993 'r=:O. ! 0 
-- - 1993 •---0.40 

0.1 
0 40 80 120 

scattering angle 

120 I 60 

160 

670 nm 

0.4 

0.3 

0.2 

1--•- o. 
Cerrado I 

-- e- - Forest .=-0.1 0 I 
o Forest -c==O. 40• 

......... 1993 .=-0.10 I 
1993 •-0.40 i 

0.1 

0 4O 8O 120 160 

scattering angle 

Figure 6. Calculated phase functions from the various smoke 
models at different optical thicknesses. Top panel shows 440 
nm, and bottom panel 670 nm. Insert in each plot shows en- 
largement of backscattering portion of the phase function. The 
670 nm insert shows errors bars on the cerrado curve (solid 
curve) representing the uncertainty in the phase function re- 
sulting from the uncertainty in the lognormal parameters of 
Table 1. 
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Figure 7. Mean fractional error in predicting the phase func- 
tion at 670 and 440 nm based on the uncertainty in calculating 
the mean size distribution parameters for the cerrado model of 
Table 1. Error represents one standard deviation from mean 
parameters. 

index and absorption. The observations are the same in each of 
the plots. The wavelength of 670 nm is chosen because it has 
remote sensing applications (channel 1 on a very high resolu- 
tion radiometer (AVHRR)) and because the standard wave- 
length representing the solar maximum (550 nm) is not avail- 
able on the sky radiometer (440, 670, 870, and 1020 nm). 

The top panels of Figure 8 show sensitivity to variations in 
the real part of the refractive index hr. From this analysis, 
values of nr from 1.35 to 1.6 seem to fit the data. This suggests 
that backscattering radiance is not sensitive to the values of n•. 
The value of n• = 1.43 used in our calculations of aerosol 
optical properties falls within the range of scatter of the data. 
Originally, 1.43 was chosen to represent the result of mixing a 
dry, yet hygroscopic, smoke particle (n• = 1.55) with water 
(nr = 1.33). Yamasoe et al. [this issue] make a more careful 
analysis to determine the refractive index of smoke aerosol. 
They find higher values for the real part of the refractive index 
(nr •-' 1.55) than the value we use, corresponding to the low 
humidification factor found by Kotchenruther and Hobbs [this 
issue]. 

The bottom panels of Figure 8 show the sensitivity of the 
model to variations in single scattering albedo. The complex 
refractive index was held constant at 1.43-0.0035i, while 
black carbon was added in an external mixture. We see that 

backscattering radiance is sensitive to single scattering albedo. 
The value used in the calculations of section 4, 0.90, is repre- 
sentative of mean conditions throughout the full range of op- 
tical thicknesses. Lower values of •o o measured in situ [Reid et 
al., this issue] do not fit the sky radiance data at moderate to 
high optical thicknesses. The precise determination of the re- 
fractive index and single scattering albedo is best left to other 
analyses [Yamasoe et al., this issue; Eck et al., this issue; Holben 
et al., 1996b; Reid et al., this issue]. The above analyses were 
done simply to show that the size distribution model developed 
from sky radiance in the first 40 ø from the Sun can successfully 
predict the sky radiance in the backscattering direction given 
reasonable values of index of refraction and single scattering 
albedo. 

5.2. Prediction of Optical Properties at Cuiab• 

The 1995 data from the Cuiabfi site were withheld from the 

original database used to construct the aerosol models of Table 
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Figure 8. Normalized downwelling path radiance at 670 nm for a scattering angle of 120 ø and a solar zenith 
angle of 60 ø as a function of aerosol optical thickness at 670 nm. Crosses indicate individual observations by 
the AERONET radiometers. The curves represent values calculated from the cerrado model in Table 1. The 
top panels show the sensitivity of the model to various values of the real part of the refractive index (nr) with 
single scattering albedo held constant at 0.90 and the imaginary part of the refractive index held constant at 
0.0035. The bottom panels show the sensitivity of the model to various values of single scattering albedo (to0) 
with the complex refractive index held constant at 1.43-0.0035i. The left panels show the full range of 
measured values. The right panels show values for •- -< 0.60 on an expanded axis. 

1. There were 27 almucantar inversions achieved from August 
22 through November 14, 1995. These data represent aerosol 
conditions ranging from optical thicknesses at 670 nm of 0.09- 
1.11. The retrieved phase functions from the Cuiabfi data set 
were sorted according to aerosol optical thickness and aver- 
aged for every three size distributions. Figure 9 shows the 

0 4o 8o 120 160 

scattering angle 

Figure 9. Phase function of the model calculated with cer- 
rado model parameters plotted with phase functions calculated 
from data collected at Cuiabfi in 1995 at different aerosol 

loadings. 

model phase function plotted on the same graph as the phase 
functions observed at Cuiabfi during this 1995 period. The 
model does an excellent job of predicting the phase function at 
Cuiabfi, especially at the higher optical thicknesses. There ap- 
pear to be systematic discrepancies between Cuiabfi data and 
the model at small scattering angles. These indicate a poor 
representation of the coarse mode in the model. However, the 
overall good agreement in phase functions indicates an accu- 
rate representation of the more important accumulation mode. 

6. Variability of Smoke Aerosol in Brazil 
The results from the modeling effort, above, suggest that all 

smoke is the same and all smoke can be predicted (within the 
calculated errors) from a model based on mean properties of a 
smoke database. Other studies suggest otherwise. In situ sam- 
ples and scanning electron microscope analysis from smoke 
plumes show that characteristics of smoke particles are very 
dependent on flaming/smoldering ratios of the fire or from the 
type of fuel burned [Martins et al., 1996, this issue]. It is pos- 
sible these differences maintain themselves only through a 
short lifetime and that the widespread regional haze measured 
by the AERONET instruments used in the modeling is a well- 
aged, mixed, much more uniform aerosol. Still, there is vari- 
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Figure 10. One example of each category of back trajectories from Cuiabfi at the 800 mbar level. 

ability in the regional haze. So far, this variability has been 
treated as random error. Now we take a closer look at the 

variability of the regional haze measured at Cuiabfi during the 
period August 26 to October 1, 1995. Back trajectories are 
calculated to separate the database into different categories 
dependent on the origin of the boundary layer air mass. We 
then investigate the different properties of the aerosol mea- 
sured by the AERONET instrument to determine whether or 
not there are systematic variations in the aerosol optical prop- 
erties. 

6.1. Back Trajectories From Cuiabfi 

Trajectories were run in 5 x 5 clusters within a 2.5 ø by 2.5 ø 
grid around Cuiabh using the NASA GSFC isentropic trajec- 
tory model. Three levels were resolved: 300, 600, and 800 
mbar. The model allows air parcels to start at specific pressure 
levels and multiple start times [Schoebed et al., 1993; Schoebed 
and Sparling, 1995; Pickering et al., 1996]. National Center 
Environmental Prediction (NCEP) analyses were used to drive 
the model. The 37 days of calculated back trajectories were 

Table 3. Seven Trajectory and Air Mass Origin Categories 

Category Definition Days q- 0/870/440 

1 E, strong descent 4 0.47 -1.90 1.70 
2 ENE, descent 4 0.79 - 1.81 2.90 
3 NE, descent, stagnant 9 0.87 -1.72 3.25 
4 ESE, descent 8 0.58 - 1.64 2.53 
5 Local, strong descent 3 0.70 -1.75 2.78 
6 SE, strong descent 2 1.00 -1.55 4.10 
7 S, W, ascent 7 0.68 -1.61 3.53 

Shown are the number of days falling into each category, the mean aerosol optical thickness at 670 nm 
(q-), wavelength exponent (0/870/440), and precipitable water vapor (P,) in each category observed at 
Cuiabfi on the day of the start time of the back trajectory. 
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Figure 11. (top) Mean aerosol optical thickness at 670 nm 
(r) and wavelength exponent (as7()/44()) of each air mass cate- 
gory as a function of the category mean precipitable water 
vapor P.,. (bottom) Mean wavelength exponent (as70/440) of 
each air mass category as a function of the category mean 
aerosol optical thickness. Lines are the linear regression 
through the data with the correlation coefficients shown. Data 
are given in Table 3. 

separated into seven categories, depending on origin sector 
and height and degree of stagnation. Figure 10 shows an ex- 
ample from each of the categories. 

The mean values of optical thickness r, two-wavelength ang- 
strom coefficient (ff87()/44()) and precipitable water vapor P,• 
measured by the AERONET radiometer at Cuiabfi during the 
study period are shown in Table 3 for each category. Note that 
ff870/440 is defined as 

In (I-870/I-440) 

ø•87ø/44ø: In (870/440) (7) 
which is different from the angstrom coefficient defined in 
section 4. Using a one-way classification analysis of variance 
and an F-test to test the statistical significance, we find that 
none of the categories is statistically the same in all the vari- 
ables. This supports the original division of the trajectories into 
categories. The relationship between these variables is de- 
picted in Figure 11. In Cuiab•_, large optical thicknesses are 
associated with larger amounts of water vapor in the column. 
Likewise, high P,, are associated with less spectral dependence 
or larger particles. One explanation for these relationships is 
that very heavy smoke is not locally produced in Cuiab•_ but is 
transported from deforestation zones on the rain forest fringe. 
Thus high optical thicknesses are associated with transport of 

higher humidity air located in the rain forest. Also, smoke 
particles transported from forest burning are larger, corre- 
sponding to the bigger particles found in the forest model of 
Table 1. 

The relationship between optical thickness and spectral de- 
pendence or particle size is less certain. Particle size variability 
can also be investigated by examining retrieved size distribu- 
tions. During the analysis period, 22 almucantar inversions 
were recorded. These were organized by trajectory category 
and averaged, so that we have a mean volume size distribution 
representative of the category. The results are shown in Figure 
12. Plotted are the retrievals of the Nakajima inversion with 
the correction for small particles. Lognormal parameters of the 
accumulation mode are given in Table 4. The coarse mode is 
extremely variable and optically unimportant at visible wave- 
lengths and will be ignored. The accumulation mode shows a 
degree of variability unexpected from previous work in creat- 
ing the smoke aerosol model. 

6.2. Precipitable Water Vapor as Air Mass Tracer 

The analysis of back trajectories at Cuiab•_ shows that some 
of the variability in the data may be indicative of different air 
masses over Brazil. Originally, we had divided the database 
into cerrado and forest stations in order to expose regional 
variations in smoke, but we found little evidence that the 
smoke varied significantly between the two regions. The back 
trajectory analysis at Cuiab•_ shows a different method of pa- 
rameterization. Because the smoke-laden air masses in Brazil 

move around, a tracer needs to be identified that can be used 
to differentiate between air masses and thereby differentiate 
between smoke characteristics. Two potential variables mea- 
sured by AERONET and possibly derived from remote sensing 
are optical thickness and precipitable water vapor. The original 
analysis showed that there was no systematic variation in aero- 
sol characteristics with optical thickness. The remaining vari- 
able to investigate is precipitable water vapor. 

Figure 13 shows the relationship between precipitable water 
vapor and aerosol optical thickness at 670 nm for the entire 
original database divided into cerrado and forest stations. The 
forest stations show virtually no relationship between the two 
variables, while there is a significant relationship at the cerrado 
stations. The forest stations have overall higher values of pre- 
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Figure 12. Mean category volume size distributions, cor- 
rected for small particles. Shown are the mean category optical 
thicknesses, calculated from the Sun data but measured at the 
time each almucantar was observed. 
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Table 4. Number of Almucantars, Mean Sun Optical 
Thickness at 670 nm at the Time of the Almucantar 

Measurements, and Lognormal Parameters for Mean 
Accumulation Mode in Each Category 

Category Retrievals r V0, /•m r m (r 

1 6 0.38 0.09 0.118 0.60 
2 3 0.46 0.06 0.152 0.70 

4 7 0.49 0.07 0.152 0.70 

5 2 0.75 0.19 0.135 0.70 

7 2 0.65 0.08 0.170 0.70 

cipitable water vapor because of the moister conditions of the 
adjacent rain forest. The aerosol loading has more to do with 
local fire counts than with variations in the already moist at- 
mospheric column. The cerrado stations have a greater vari- 
ability of precipitable water vapor, depending on air mass or- 
igin. Optical thickness in the cerrado depends on air mass 
origin as well as local fire counts. Moister air masses bring 
smokier conditions. We saw this originally in the small Cuiabfi 
1995 subset (Figure 11). In Figure 13 we see this generalization 
applies to all the cerrado sites. 

Despite the suggestion that smoky air masses could be pa- 
rameterized by precipitable water vapor, precipitable water 
vapor actually provides no advantage over optical thickness. 
Figure 14 shows the full database sorted by precipitable water 
vapor and then averaged for every 30-90 individual size dis- 
tributions. The accumulation mode has been corrected at the 
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Figure 13. Relationship between aerosol optical thickness at 
670 nm and precipitable water vapor using the full 3-year 
database collected at the cerrado stations (top) and the forest 
stations (bottom). 
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Figure 14. Volume size distributions as function of precipi- 
table water vapor calculated from all the stations over the 
3-year database (1993-1995). Each curve represents a mean of 
30-90 individual volume size distribution retrievals. Size dis- 

tributions are corrected at the small particle end for overpre- 
diction of volume by the inversion method. 

small particle edge as in Figure 1. Because precipitable water 
vapor is somewhat correlated to optical thickness (Figure 13), 
it is also correlated to total volume in the size distributions. As 

Pw increases, in general, aerosol volume also increases. From 
the analysis with the 1995 Cuiabfi data, we expected to find a 
shift in accumulation mode size from small particles at low 
values of Pw to larger particles at high values of P•. This is not 
evident in the full database. In fact, there is a suggestion that 
the opposite may be true. Accumulation mode particle size is 
largest for very low values of P•. This can be seen more clearly 
in Figure 15. However, the striking information of Figure 15 is 
not the variation in particle size at low P• but how consistent 
smoke aerosol particle size can be over most of the range of 
P•. Because of this consistency, there is no reason to prefer 
precipitable water vapor as the parameterization of smoke 
properties. Aerosol optical thickness remains the variable of 
choice due to its direct relationship to aerosol volume. 

7. Conclusions 

The smoke aerosol model presented here is based on a 
database of over 800 volume size distributions inverted from 

sky radiance data measured by AERONET in Brazil over a 
3-year period. The results show that the size distribution is 
bimodal. The accumulation mode can be represented as a 
lognormal with mean modal radius in the volume distribution 
of 0.132 _+ 0.014/•m and o- = 0.60 _+ 0.04. The mean charac- 
teristics of the accumulation mode remain basically the same 
from year to year and region to region. The properties do not 
systematically vary with aerosol loading or with air mass mois- 
ture. However, there is variability in the data set. At one 
location this variability in aerosol size distribution was associ- 
ated with different air mass origins. The model was tested 
against independent data sets. It was able to predict backscat- 
tering path radiance and phase function correctly to within its 
estimated uncertainties. The largest remaining uncertainties 
are refractive index and single scattering albedo. 

Although our database and resulting analysis does have 
many advantages, including a long time series, a wide spatial 
distribution of sites, and the measurement of undisturbed am- 
bient aerosol of the total aerosol column, it also has inherent 
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Figure 15. Modal radius of the accumulation mode calcu- 
lated from the curves of Figure 14. 

biases. Data are only collected during cloudless periods of 
homogeneous smoke. Our database does not include smoke 
that has recently been processed through a cloud or fresh 
smoke recently emitted by a fire. It tends to overemphasize 
data at the lower optical thicknesses because as aerosol loading 
increases, the tendency to encounter inhomogeneous skies also 
increases. Much of the heaviest smoke loading remains unac- 
counted for in the data set. The model was shown to accurately 
predict phase function of an independent data set, but this 
independent phase function was measured during the same 
homogeneous sky conditions that are well represented in our 
database. There remained a question of how well the model 
would work when applied to smoke in conditions ignored by 
the AERONET retrieval processes. Recently, the smoke 
model was incorporated in the Earth Observation System- 
Moderate Resolution Imaging Spectroradiometer (EOS- 
MODIS) aerosol retrieval software and applied to high- 
altitude remote sensing data over the Amazon Basin [Chu et 
al., this issue]. The analysis included several retrievals of ex- 
tremely high aerosol loading, well beyond the range used in the 
derivation of the model. The retrievals, dependent on the mod- 
el-predicted phase function, produce results that agree well 
with simultaneous data measured on the ground with sunpho- 
tometers. These results are encouraging and suggest that the 
smoke aerosol model is sufficiently robust to be used in the 
EOS-MODIS operational global retrieval of aerosol optical 
depth [Kaufman et al., 1997] and in climate models as well. 
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