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Abstract—A controlled study was carried out to evaluate three measurement techniques used for the
determination of aerosol light absorption coefficients from aerosol samples collected on various filter
substrates. These techniques were found to agree within about 10-30 %, when applied to a range of filter
loading obtained for a laboratory generated calibration aerosol. Microphysical properties of the calibration
aerosol were used to model its optical effects using Mie theory. The measured and modeled optical properties
were found to differ by less than 30 %. Qualitative and quantitative agreement of these techniques indicate
that they provide a reasonable indirect method for the determination of atmospheric aerosol absorption
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coefficients and the related concentration of elemental carbon aerosol.
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INTRODUCTION

The optical properties of elemental carbon (EC)
present in soot particles in the atmosphere are of
interest in view of the potential effects that EC may
have on radiative transfer in the atmosphere and on
climate (Charlson and Pilat, 1969). These include
effects in urban areas (Kawa and Pearson, 1984),
regional effects of polluted air masses (Ball and
Robinson, 1982), and the transport of this material in
the troposphere such as pollution haze in the Arctic
(Clarke, 1984; Heintzenberg, 1982) including its re-
moval to the snowpack (Clarke and Noone, 1985). The
interpretations of current effects and possible trends
depend directly upon the ability to quantify the optical
effects of aerosol EC concentration and its distribution
in the atmosphere.

A variety of approaches for the measurement of EC
are presently in use that often employ calibration
methods, if any, that are particular to each technique. A
summary of many of the current techniques can be
found in the Proceedings of the First International
Workshop on Light Absorption by Aerosol Particles
(Gerber and Hindman, 1982) and in Applied Optics,
Vol. 21, 1982. Here we present and intercompare
results from three optical absorption techniques cur-
rently in use along with theoretical modeling of
measured aerosol characteristics appropriate to the
interpretation of optically derived data. Most atten-
tion will be given to the Integrating Plate (IP) method
(Lin et al., 1973; Weiss and Waggoner, 1982; Clarke,
1982a), Integrating Sphere (IS) method (Heintzenberg,
1982) and the Integrating Sandwich (ISW) method
(Clarke, 1982b) using Monarch 71 (Cabot Corp.) soot

as a calibration aerosol. We will also report the results
of incorporating a neutral density filter (NDF) in the
standard IP method as a partial correction for possible
overestimates of absorption by that method (Clarke,
1982a).

BACKGROUND

The presence of elevated concentrations of soot in
the atmosphere associated with combustion sources is
observed over many areas of the globe. This soot has
EC as its major light-absorbing constituent which,
when collected on appropriate substrates, causes a
distinct discoloration (blackening or graying) of the
filter. During the past two decades, increased interest
and concern over the optical and climatic aspects of air
pollution have led to the development of techniques
that attempt to determine the important aerosol
optical parameters [e.g. absorption coefficient, b, and
scattering coefficient, b, both with units of inverse
length which together describe the single scatter
albedo, @ = b,/(b,+ b,)], needed for modeling atmos-
pheric radiative transfer. These coefficients depend on
the real and imaginary refractive indices of the par-
ticles and are also functions of the particle size
distribution and the wavelength of light.

Numerous measurements of atmospheric aerosol
have confirmed the bimodal character (accumulation
mode and coarse mode) of the aerosol mass size
distribution observed for particle diameters above
0.1 um. In the atmosphere, most EC mass is confined
to the accumulation mode and log-normally dis-
tributed with a geometric mass mean diameter, D, in
the range of 0.1-0.5 um with 0.2 um as a representative
value (Whitby, 1979). The value of D, is influenced in
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part by the nature of the sources, the fuel, type of
combustion, dilution factors, residence time at dif-
ferent concentrations, and condensation processes on
the particles. Although the integration of sources and
dilution in urban areas tend to keep D, at a few tenths
of a um, this variability can affect the overall optical
characteristics such that any instrument calibration
based on a certain size distribution may not be
appropriate for a measured atmospheric aerosol
having a different size distribution.

Except under unusual circumstances associated with
very high concentrations of crustal dust (the only
common natural non-combustion-derived absorber)
in the atmosphere, b, is dominated by absorption due
to EC (Heintzenberg, 1982; Weiss and Waggoner,
1982). This is due to the large value of the imaginary
part of its complex refractive index (Jantzen, 1979;
Twitty and Weinman, 1971) which is about one to two
orders of magnitude greater than natural crustal
absorbers at 550 nm wavelength. This results in a large
value for the mass absorption coefficient, B, (units
m?g~!, also called specific absorption), for EC
(Roesler and Faxvog, 1980). B, is a property of the
individual particles; it must be multiplied by the mass
concentration of particles in the atmosphere to obtain
b,.

Measurement of aerosol light-absorption coef-
ficients are directly valuable for studies of atmospheric
visibility, radiative transfer, and atmospheric heating
rates, while determinations of EC concentrations are of
direct value for source monitoring and for the study of
life cycles of EC aerosol. In principle, it should be
possible to convert either type of measurement into the
other by using appropriate values for specific absorp-
tion, B,. While this conversion is routinely done in the
reporting of data collected using some of the tech-
niques currently in use, these reports frequently
overlook details of the assumptions made and the
consequent uncertainties inherent to this type of
conversion. Apart from instrumental calibrations and
measurement uncertainties, a given mass of EC aerosol
can yield significantly different optical properties (e.g.
B,, w) depending upon such things as the geometric
mass mean diameter, Dg, and shape of the size
distribution, the morphology of the particles, the
complex refractive index, and the presence of particle
coatings or condensates. Since EC size distributions
are seldom measured coincidentally with either light
absorption or total EC mass concentration, this un-
certainty in the conversion factor should be kept in
mind when conversions are made between EC concen-
trations and associated optical effects. Some of these
considerations, both observed and modeled theoreti-
cally, will be presented here as they relate to our
calibrations and intercomparisons.

EXPERIMENTAL

Figure 1 is a flow diagram of the experimental apparatus
used to generate and sample EC aerosol. Heintzenberg (1982)
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Fig. 1. Schematic diagram for aerosol ge-
neration and sampling system used for
M71 test aerosol (see text).

introduced the commercially available channel soot Monarch
71 (M71) as a reference material for absorption of light by
acrosol. For this comparison, a hydrosol prepared from
100 mg of M71 was mixed in 80 ml water with 20 ml
isoprophyl alcohol added to improve soot miscibility before
being placed in an ultrasonic water bath for 30 min to disperse
the M71 particles. The hydrosol was then put into a Harvard
syringe pump and injected continuously into a filtered carrier
air stream via a 1 mm-diameter catheter tube submersed in an
ultrasound bath to prevent coagulation and deposition to the
walls of the tube. The suspension was nebulized to form an
aerosol, diluted with dry filtered air, dispersed through a bed
of glass beads and drawn through a modified cyclone
(Bendix-Model 18) to remove most particles greater than
0.8 um diameter. The aerosol stream was then diluted a
second time with dry filtered air before entering an integrating
nephelometer (Meteorology Research, Inc. 1550, 1 = 490)
used to measure the scattering coefficient of the aerosol. The
size distribution of the M71 test aerosol generated here (mass
mean diameter = 0.59 um, 0, =147) resulted inonlya 1 %
difference in the calculated mass scattering coefficient for 4
= 490 nmand 4 = 550 nm. Hence, comparison of b, values to
b,measured at 4 = 550 nm is possible without corrections for
this particular size distribution. After passing through the
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nephelometer, the air stream went to a vertical plenum tube.
Six sampling ports and filters were arranged to ensure
identical sampling of the aerosol stream. Valves controlled
flows which were measured using calibrated dry gas meters
and set so that M71 mass loading per unit area on each filter
would be similar. A calibration of each gas-flow meter
referenced to a wet test meter was carried out prior to the
experiment, and flow corrections for each meter were de-
termined. After correction, the resultant flow uncertainty is
about 3 9 or less. Measurements of effective filter areas are
prone to a systematic uncertainty of about 4 %;. The resulting
absolute uncertainty in sampled air volumes, except for very
low flows, is considered to be less than 8 9. One filter from
each test, hereafter called mass filter (25 mm diameter, 0.4 um
pore size Nuclepore), was operated at high flow rate in order
to collect a mass of EC sufficient for gravimetric analysis and
weighed three times on a CAHN electrobalance before and
after exposure. This measured mass and the volumes sampled
were used to estimate mass on the remaining filters used in the
optical calibration, all of which had too little deposited soot to
allow gravimetric determination. This arrangement also
allowed the mass filter, having optical absorbance of 1040 %,
for the IP method, to be compared to the order-of-magnitude
lower mass per unit area on the other filters analyzed by the
more sensitive IS and ISW methods. The results reported here
will refer only to measurements on Nuclepore (0.4 um pore
diameter) and Microsorban latex (Delbag A. G., Berlin) as
these are most commonly used for the methods being
compared here.

ABSORPTION MEASUREMENT METHODS

The integrating plate method (Lin et al., 1973) has
been used by numerous investigators due to its sim-
plicity. A light-diffusing support (e.g. opal glass),
Fig. 2a, is used to provide a nearly Lambertian light
source upon which a substrate (typically 0.4 um
Nuclepore filters) can be placed for analysis. The
transmission of the substrate is measured before and
after the collection of aerosol particles, and the change
in transmission is related to the absorbing component
of the aerosol. As originally presented it was argued
that, because the light striking the substrate was
isotropic in one hemisphere, the amount of light in the
transmitted flux scattered away from the detector was
equal to that scattered toward the detector, so that the
net transmission change was due to the absorption
only. It was recognized that light backscattered from
the aerosol was not directly accounted for in this
arrangement but this was not considered a substantial
error due to the typically small fraction of light
scattered into the backward direction by most ambient
aerosol. Consequently, the IP method was considered
to yield aerosol optical depths directly from the
measured transmission change on the filter by appli-
cation of Beer’slaw, I /1 , = exp(—d) (where I  is initial
intensity, I is final intensity and d is the optical depth).
The original description and tests of the IP claimed
accuracy only to within a factor of two, but a
subsequent field test (Weiss and Waggoner, 1982)
showed agreement with other independent techniques
within about 25 9.

Numerous IP measurements of laboratory and
ambient aerosol later revealed that a systematic over-
estimate of the absorption of light by fine particles
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appeared possible with this method. These obser-
vations indicated that the presence of aerosol on the
Nuclepore surface could alter the internal reflection
coefficient of the filter in a way that results in increased
absorption of the particle/filter combination. This
effect and measurements of the back reflectance chan-
ges of the filters that can be introduced in an optical
model to obtain the corrected absorption are discussed
elsewhere (Clarke, 1982a). While the exact effect
depends on a variety of factors and decreases with
higher concentrations of absorbers on the filter, a 30 7
positive bias of absorption for typically measured
transmission changes (about 10-30 ;) is not uncom-
mon. This has recently been confirmed independently
by more direct methods (Weiss and Waggoner, 1984).
A method that provides a partial reduction of this bias,
achieved simply by placing an appropriate neutral
density filter (NDF) between the Lambertian reflector
and the substrate (Clarke, 1982a; illustrated in Fig. 2b),
is included as one of the measurement types reported
here.

A third and more sensitive technique, the integrat-
ing sandwich (ISW), has been developed for very low
concentrations of absorbing material present on a
substrate. Here the substrate is placed between two
plates, each with diffuse reflectance of about 96 %,
(Fig. 2c). Light penetrating one side of the ‘sandwich’
experiences multiple diffuse reflections inside the sand-
wich while passing through the substrate and thereby
amplifies the net absorption by the aerosol as de-
termined by a detector on the other side of the
‘sandwich.” Optical properties of the Nuclepore filter
substrate are included in the modeled response to the
instrument, and results agree well with the laboratory
calibration of the ISW. Though nonlinear, the re-
sponse provides a gain in sensitivity of about 40 for
filter transmission changes less than a few 9 and
allows rapid sample collection for low ambient levels
of absorbing aerosol. Measurements are insensitive to
the relative amounts of scattering aerosol present and
(like the IP and IP-NDF methods) are non-destructive
to the samples. Both theory and instrument calibration
are presented elsewhere (Clarke, 1982b).

The integrating sphere (IS) technique for measure-
ment of light absorption by aerosol was described by
Fischer (1970). It was modified in the present instru-
ment to increase the precision of the optical measure-
ment while accommodating samples collected on
various substrates. A sphere, its inside coated with
diffusely reflecting white paint, is illuminated through
a small hole (Fig. 2d). The light (550 nm wavelength)
strikes the absorption sample suspended in the center
of the sphere. Part of the light is absorbed by the
sample and the remainder is transmitted by the sample
or reflected to the walls. The detector, which is
screened from direct light, measures the light reflected
from the walls through another hole in the sphere. This
arrangement ensures that any reduction in signal after
insertion of a sample will be due to absorption by the
aerosol particles. The detected signal is referenced to
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Fig. 2. Schematic illustration of principal features of the four indicated

measurement methods being compared here. Each method is shown with

incident light approaching from below and being detected above after

passage through the system: (a) Integrating Plate (IP); (b) Integrating

Plate with neutral density filter (IP-NDF); (c) Integrating Sandwich
(ISW); (d) Integrating Sphere (IS).

light leading from the incandescent lamp, through a
chopper, to the detector. A microcomputer measures
the light signals consisting of photon counts from a
photomultiplier tube while sensing the position of the
chopper blade. The all-digital operation of the photo-
meter allows high precision measurements down to
about 0.1 9; transmission change due to the sample. A
sample consists of aerosol material deposited on
polycarbonate film or latex fibres (Microsorban) which
have been dissolved in 3.5 ml dimethylchloride and

dispersed in an ultrasound bath. It rests in a round
glass flask suspended on a glass bar. As sample
treatment is destructive, it comes last in any sequence
of chemical analyses. However, it has several
advantages:

(1) The particles are suspended in a solution during
the optical analysis, which is closer to their airborne
state than measurements on thick deposits, and closer
to conditions assumed in Mie scattering calculations.

(2) Interfering effects by non-absorbing (but scat-
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tering) particles in the sample are reduced by raising
the refractive index of the suspending medium from 1.0
(air) to 1.35 in the solution.

(3) Samples can be analyzed in parts to avoid
nonlinear responses at the high end of the absorption
scale (Heintzenberg, 1982).

(4) The optical effects of light-absorbing organics in
the sample is reduced by dissolving the sample in di-
methyl chloride (Heintzenberg, 1982) (this could
possibly result in improved EC estimates but less
accurate atmospheric absorption coefficients).

Primary IS calibration is based on absorption
measurements made on samples of our reference soot
M71 which have been weighed on a microbalance and
then volume-diluted to achieve optical signals covering
the whole working range of the instrument (0.1-100 ug
of M71 per sample). IS measurements are reported
either in terms of optical equivalent weights of M71 or
absorption coefficients based upon the specific absorp-
tion of 9.68 m?g~! (Donoian and Medalia, 1967)
determined for M71 aerosol when particle diameters
above 0.45 um diameter are excluded. More details
about the instrument are given by Heintzenberg
(1982).

This paper will present and intercompare data from
the above techniques: IP, IP-NDF, ISW, IS and for
either the same filter sample or filter samples collected
in parallel during the experiment. In addition, some
reference to other data will be made when appropriate.

RESULTS

In order to judge the relative constancy of the
aerosol optical properties at the various concentra-
tions used during the test, we plot b, obtained from the
Nuclepore filter on which the primary measurement
was made against b_ (Fig. 3) for all samples. The values
for b, were obtained directly from the nephelometer
which had Rayleigh scatter removed but have been
multiplied by 1.1 to adjust for an estimated 10 %,
angular truncation error in this instrument for particle
sizes used here (Weiss and Waggoner, 1984). The
values for b, were determined using the IP method
with corrections based upon the change in back
reflectance from the filter as a function of transmission
change (Clarke, 1982a). For the range of b, measured
here these corrections resulted in a 10-25 % reduction
from values using the uncorrected IP method. Error
bars in Fig. 3 represent our assessment of uncertainties
in instrument precision for measurements of both b,
and b, The slope of the fitted line corresponds to a
mean single-scatter albedo of about 0.40, a property of
the aerosol that does not depend on concentration.
The constancy of this ratio also indicates that the
aerosol optical properties and size distribution of the
M71 did not change significantly during the exper-
iment, as was supported by a sample of scanning
electro-micrographs (SEM) of these filters, so that
comparisons of data from different samples are valid.
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A direct comparison of three sets of data are
presented in Fig. 4 for the IS using Microsorban and
Nuclepore filters and the ISW using the Nuclepore
filter. Each point is plotted as the estimated particle
mass based on the gravimetric mass measurement and
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relative sample volumes vs the optically estimated mass
based upon an assumed specific absorption, B, of
9.68 m2g~! for all methods. The dashed line rep-
resents perfect agreement between measured and opti-
cally determined masses. Several observations can be
made from the figure:

(1) All methods show relatively good agreement
and linear responses over an order of magnitude
change in M71 mass. The IS (Nuclepore) method
appears to give systematically higher and more
variable absorption estimates than the other two.

(2) The IS (Microsorban) and ISW (Nuclepore)
measurements agree quite well and often differ by less
than that due to the 8 % uncertainty in flow rate.

(3) All methods indicate less absorption for a given
measured M71 mass than expected. This is a con-
sequence of the properties of the size distribution of
the test aerosol resulting in a lower value of B, than
9.68 m? g~ ! and is not due to instrumental calibration,
as shown below.

(4) The overall differences between these methods
appear to be less than the variability expected in
atmospheric EC optical properties, as shown below.

The IP and ISW methods have the advantage of
determining an absorption coefficient independent of
mass on the filters. However, intercomparison with the
IS measurements and the modeled properties of the
size distribution is facilitated by making comparisons
of the specific absorption, B,, obtained by each
technique. The IS technique uses measured absorption
to make a determination of soot mass based upon a
measured value of B,=9.68 m?g~! (Donian and
Medalia, 1967) for M71 particles with diameters below
0.45 m. Hence, the ratio of the M71 mass inferred from
IS measurements to the measured M71 mass on the
test filter can be multiplied by this value of B, to obtain
the effective B, for these samples using IS technique.
This value can then be compared to the B, values
determined by the IP and ISW methods, as shown in
Table 1 for the same data plotted in Fig. 4.

M71 masses and the %, uncertainty for each of the
ten runs are included in columns 2 and 3 of Table 1.
The remaining data are presented as the specific
absorption values determined from measured masses
and the absorption determined from each technique.
Columns 4, 5 and 6 are, respectively, the integrating
plate measurements on the mass filter for the uncor-
rected IP method, neutral density filter IP-NDF, and
model-corrected IP values after Clarke (1982a).
Column 7 is the ISW value for the Nuclepore filter
including the model filter corrections. Columns 8 and 9
are IS data for Nuclepore and Microsorban filter data,
respectively. Column 10 is the ratio of IS Nuclepore to
IS Microsorban B, values and 11 is the ratio of IS
Microsorban to ISW Nuclepore B, values. In calculat-
ing the means and standard deviations given in
Table 1, samples numbered 5, 6 and 10 were ignored
because of mass uncertainties greater than 20 % due to
the low mass on the filters. The ambient samples in
Table 1 will be discussed later. In spite of a limited data
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set, the following observations can be stated:

(1) The Integrating Plate (IP) data show a decrease
in apparent absorption for the neutral density filter
(NDF) measurement and a further decrease for the
values corrected by the model of Clarke, 1982.

(2) Integrating Sandwich (ISW) modeled values lie
between the IP-NDF and IP model values.

(3) Integrating Sphere (IS) samples collected on
Nuclepore filters are higher than those on
Microsorban filters by about 40 9, significantly
greater than that due to a maximum possible sys-
tematic uncertainty (about 15 %) in the ratio of their
flow rates.

(4) Integrating Sphere Microsorban values are
about 12 9% lower than Integrating Sandwich
Nuclepore values and remain within the maximum
systematic uncertainty of 15 % in their ratio.

(5) Most values of B, are considerably lower than
the 9.68 m? g~ ! obtained by Donian and Medalia for
M71 particles with diameters less than 0.45 um.

In order to compare the above results to those from
another approach, we also examined two samples
(M71WEISS1 and M71WEISS2) generated from a
sonic jet in a M71 suspension followed by an impinger
for the removal of larger particles (Weiss and
Waggoner, 1984). These were measured using the three
IP methods indicated in Table 1. The two values for B,
in parentheses for these samples are those directly
measured with the extinction cell (Weiss and
Waggoner, 1984). Values of B, are significantly higher
for each method than the values of the M71 prepared
for the test described above. This difference can be
accounted for by observed differences in the M71
aerosol size distribution (Figs 5 and 6). A third test,
Table 2, compared filtered hydrosol samples prepared
from a weighed mass of M71 (Heintzenberg, 1982) that
was diluted to three different concentrations. Three
filtrations of each dilution were made; two were
measured using the Integrating Sandwich and one was
measured using the Integrating Sphere. The ISW
determinations were in close agreement with the
expected value based upon the dilution. The IS values
(Table 2) showed changes consistent with the dilutions
but were about 25 % lower than ISW measurements
and the expected values.

Table 2. Hydrosol test

Expected ISW NUC. IS NUC.

mass mass mass IS MICR/
Hydrosol ug ug Hg ISW NUC.
M71 201 0.57 0.50
M71 202 0.57 0.53
M71 203 0.57 — 0.46 0.89
M71 101 1.90 1.94
M71 102 1.90 2.04
M71 103 1.90 — 1.32 0.66
M71 301 5.70 5.82
M71 302 5.70 6.23
M71 303 5.70 — 4.14 0.69

See Table 1 for abbreviations.
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Fig. 5. Scanning Electron Micrographs for several aero-
sol samples discussed in the fext. Associated mass mean
diameters and geometric standard deviations in pm are:
(a} M1 testaerosol, D = 657 ¢ g™ 1.47, (b) M7t Weiss,
Dpx 040, o_= 1.39; (c)ambient tunnel, D_ =024, ¢
= 1.38; {d} ambient UW (University of Washington), B,
=027, g,= 130, (¢} M7 hydrosol, D;=031, o
= 1.36.

Two samples of ambient aerosol coliected at the
University of Washington campus and a motor vehicle
tunnel in ceniral Seattle were also iaken for inter-
comparison purposes. Soot is only & small fraction of
the toial filterable mass in most urban atmospheres, so
the specific absorption values are understandably
much smaller for ambient samples compared to those
of M7l (ses Table 1}. The overall relationships be-
tween the various measurement technigues on ambient
samples are similar to those mentioned for the M7
intercomparison. However, the ratio of absorption for
IS Microsorban to ISW Nuclepore is about 07
compared to the 0.88 average for M71. More inter-
comparisons of ambient asrosol must be done before
this difference can be interpreted.

THEORETICAL ANALYSIS

The optical properties of a specific agrosel depend
upon its size distribution. Here we present the asrosol
size distributions measured for the above experiment
in order to compare theoretical and measured aerosol
optical properties. Figure 5 shows five scanning elec-
tron micrograph (SEM) photos for some of the aerosol
sampies discussed here. Manual sorting was performed
on enlarged SEM phctos in order to generate rep-
resentative size distributions for each. Approximately
26 size bins for particle diameters between 0.06 and
0.9C um were used to partition the aercsol. The
resulting distributions were piotted on log-probability
paper and found to be essentially log-normal. Log-
normal ‘best fits’ to the mass distributions were
performed by computer and the fitted parameters
describing the distributions are included in the caption
of Fig. 5. ‘Best fit’ parameters were considered valid
when differences between caliculated values for specific
absorption and specific scattering determined for the
measured size distributions and the parameterized log-
normal distributions were less than a few ¥%.
Differences between optical properties determined for
the measured size distributions and the log-normal
‘best-fit’ distributions were not significant, even though
the shapes of the measured distributions differ greatly
from the log-normal shape (compare Fig. 62 with 6d).
This indicates that at most only two parameiers Dy
¢ g are needed to characterize a distribution for the
purpose of absorption and scattering by & polydisper-
sion of soot particles.

Mie theory describes the interaction of an elec-
tromagnetic wave with a homogeneous sphere. The
theory is applicable to soot spheres if their com-
positional inhomogeneities occur only on spatial scales
smaller than the wavelength, which is probably true in
most cases for soot. The soot particies are not spheres,
and the method to be used for estimating the radiusrof
an ‘eguivalent’ sphere {with the same absorption and
scatiering cross-sections} depends on the wavelength 4.
For particles with » < A the equal-volume sphere is
appropriate, whereas for r» A the sphere with the
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Fig. 6. Optical properties of soot, calculated using Mie theory, for measured and lognormal size
distributions. The measured size distributions shown in (a) were obtained for the micrographs shown
in Fig. 5. The last two points on the ‘M71 test’ size distribution are very uncertain due to the small
number of particles in these large size classes. The lognormal distributions are characterized by their

mass mean diameters D and their ]ognormal widths o

The lognormal fits corresponding to the

measured size dlstnbutlons are givenin Fig. 5. The B, amf o from those lognormal fits agree well with
those calculated from the measured size distributions.

same surface/volume ratio is the best equivalent
sphere. [In the latter case the number of equivalent
spheres per unit volume is different from the number
of true nonspherical particles, so that both the total
surface area and the total volume are conserved in
going to the equivalent-sphere description.] This latter
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formula for finding equivalent spheres was found by
Pollack and Cuzzi (1980) also to be valid for particles
of size comparable to the wavelength, which is the case
of interest in this paper, for the purpose of calculating
scattering and absorption cross-sections. The scatter-
ing theory for spheres is used here in Fig. 6 simply
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because it is what is available. The scattering by
nonspherical particles can differ greatly in the details
of the phase function, especially for very nonspherical
particles. The particles shown in the electron micro-
graphsin Fig. 5, however, are roughly equidimensional
so that the use of scattering theory for spheres is
probably not a large source of error, especially since we
are computing only angular-averaged quantities, not
the phase functions. The Mie calculations use the
algorithms of Wiscombe (1980), and they all use
complex refractive index m = 2.00 —0.66i. This was
recommended by Bergstrom (1972, 1973) based upon
measurements of Senftleben and Benedict (1917). It is
used here as a typical value, but different types of soot
will of course have somewhat different values of m. For
example, Jantzen (1979) obtained m = 2.0— 1.0,
whereas Roessler and Faxvog (1979) used m = 1.75
—0.5i.

The measured size distributions for the aerosols in
Fig. 5 are shown in Fig. 6a along with the correspond-
ing values of B, and w (Fig. 6a, b, c) plotted as func-
tions of wavelength. The mass mean diameters, D,,
for these experimental samples range from 0.24 ym to
0.59 um. Figure 6d,e,f includes similar plots for eight
log-normal distributions with mass mean diameters of
0.2to 1.2 yum and o values of 1.3 and 2.0. These ranges
bracket those generally observed for atmospheric EC
and should be compared to those in Fig. 6a determined
for the various measured size distributions. At A
= 550 nm the range of D, presented in Fig. 6a results
in theoretical values of B, ranging from about 4.4 to
9.0m?g~!. This particle size distribution difference
can account for the different B, values for M71
generated by the two different methods. Variability
over visible wavelengths is shown in Fig. 6b using two
different geometric standard deviations for each mass
mode diameter (1.3 is typical of several distributions
reported here and 2.0 is a value often mentioned for
urban soot). A factor of two variability in B, can be
seen for a typical range of distributions over the
wavelength range associated with many atmospheric
measurements (500-650 nm).

The modeled values of B, (Fig. 6b) and B, (specific
scattering, m*g~', not shown) for the M71 size
distributions are larger for the smaller particle sizes
indicated in Fig. 5. Values of B, obtained from each
technique lie within the range of theoretical values
after allowances for experimental uncertainty. The
difference between measured values and theory is
generally less than among the measured values. The
single scatter albedo, w, shows less dependence on
particle size than either B, or B, as these parameters
both increase with decreasing particle size. For the
M71 calibration the modeled value for w is 0.47
compared to the measured value of 0.40. This suggests
either a systematic underestimate of b with the
nephelometer, a systematic overestimate of b, by all
techniques, an inappropriate complex refractive index
chosen for modeling M71, or a combination of the
above. Since the nephelometer was used to measure the
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relative constancy of aerosol optical properties a
careful absolute calibration was not performed. Hence,
we suspect the nephelometer data but cannot eliminate
the other possibilities.

An ambient sample collected at the University of
Washington campus (UW AMBI2 in Table 1) and one
collected in a motor vehicle tunnel in central Seattle are
included in Figs 5 and 6. These represent possible
examples of urban aerosol containing soot from
diffuse and near sources, respectively. The high mod-
eled values of B, for these samples seen in Fig. 6a reflect
the smaller particle sizes for these ambient aerosols
compared to the M71 as shown in Fig. 5. The value for
the tunnel sample is highest, as expected for aerosol
collected near its source, and would be expected to
decrease during atmospheric aging of the aerosol. If
the soot fractions of these two aerosols have a size
distribution similar to that shown for the total and if
their optical properties are close to those modeled here,
then the modeled specific absorption of 9-10 m? g~ * at
550 nm (Fig. 6b) brackets the reference value of
9.68 m? g~ ! mentioned earlier. We believe this degree
of agreement is fortuitous and that ambient soot
variability will result in values that show greater
differences. However, the use of this value as a
reference value for the evaluation of ambient data
appears reasonable.

CONCLUSION

We have presented an intercomparison of several
techniques used to measure light-absorbing properties
of M71 particles having a known size distribution. A
linear relationship between optically derived absorb-
ing carbon mass and gravimetrically determined
carbon mass was present with all techniques for an
order of magnitude range of concentrations collected
on the filters. Empirically determined specific absorp-
tion values were compared to theoretical estimates
based upon measured properties of the M71 aerosol
size distribution. These comparisons indicate that
absorption measurements made by the integrating
plate, integrating sphere and integrating sandwich
methods generally show agreement within about 30 %.
The variation in specific absorption as a function of
size expected from Mie theory was observed by all
methods and quantitative agreement within about
20 % was found.

Comparisons of the integrating plate method, with
and without a neutral density filter (NDF), showed the
former to give a positive bias to the absorption
measurement as discussed elsewhere (Clarke, 1982;
Weiss and Waggoner, 1984). Integrating plate values
corrected according to the model of Clarke (1982a)
were lower than both normal or NDF values and
closest to theoretical values.

The use of 9.68 m?g~! as a representative cali-
bration value for specific absorption (at 550 nm) of
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M71 appears reasonable provided M71 particle dia-
meters are kept close to ambient values, 0.1 <D
< 0.3 um. The lower values of B, found by all tech-
niques for the larger M71 test aerosol used here are
consistent with the modeled value for these sizes. The
measurement discrepancy seen among techniques pre-
sented here is about 10-30 9, and probably smaller
than the uncertainties associated with absorption
measurements on ambient soot aerosol due to the
natural variability in its size distribution and mor-
phology. Moreover, the conversion of optical absorp-
tion data to soot concentrations and vice versa are
likely to be uncertain by more than this amount for
data typically obtained without detailed microphysical
data on the soot size distribution. Consequently, a
further improvement in the accuracy of measurement
techniques may be of limited value. It is hoped that
similar and more extensive intercomparisons of other
techniques may allow greater comparison of diverse
data sets by identifying any systematic differences
among the methods.
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