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ABSTRACT. Data on light absorption by atmospheric particles are scarce relative to
the need for global characterization. Most of the existing data come from methods
that measure the change in light transmission through a filter on which particles are
collected. We present a calibration of a recently developed filter-based instrument
for continuous measurement of light absorption (model PSAP, Radiance Research,
Seattle, WA) that has been incorporated in several measurement programs. This
calibration uses a reference absorption determined as the difference between light
extinction and light scattering by unaltered (suspended) particles. In addition, we
perform the same calibration for two other common filter-based methods: an Inte-
grating Plate and the Hybrid Integrating Plate System. For each method, we assess the
responses to both particulate light scattering and particulate light absorption. We find
that each of the instruments exhibits a significant response to nonabsorbing aerosols
and overestimates absorption at 550 nm by suspended particles by about 20-30%. We
also present correction factors for the use of the PSAP.

INTRODUCTION AND BACKGROUND

The quantity of interest for assessing the ef-
fect of light-absorbing particles on global and
regional climate is the absorption coefficient,
oap, Which has dimensions of inverse distance.
The subscript ap refers to the absorption by
particles (excluding extinction by scattering or
by gaseous components). Measurements of
oap are relatively scarce (Heintzenberg et al.
1997). Most of the existing data are from filter-
based methods, which derive absorption from
the change in light transmission through a filter
on which particles have been collected. These

methods include the Integrating Plate (IP; Lin
et al. 1973), the Hybrid Integrating Plate Sys-
tem (HIPS; a variant of the system discussed by
Campbell et al. 1995), the Particle Soot Absorp-
tion Photometer (PSAP; Radiance Research,
Seattle, WA), and the Aethalometer (Hansen et
al. 1982). The PSAP and the Aethalometer pro-
duce real-time measurements. Other methods of
measuring o,p include the photoacoustic method
(Adams 1989; Arnott et al. 1997; Moosmiiller et
al. 1998) and the integrating sphere (IS; Fischer
1970; Heintzenberg 1982). This paper focuses
on an intercomparison of the IP, the HIPS, and
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the PSAP. A description of the PSAP, which has
not previously appeared in the literature, is given
in the following section.

Each of the methods discussed above has been
used in field measurements of o,,. Waggoner
et al. (1981) present IP data taken in urban and
rural areas in the United States. Clarke (1989)
reports 6 years of data collection in remote en-
vironments using the integrating sandwich, a
variant of the IP. The Interagency Monitoring
of Protected Visual Environments (IMPROVE)
program has produced a large data set of mea-
surements from the U.S. National Parks using
HIPS (Malm et al. 1994, 1996). The PSAP
is used in ground-based monitoring by the
National Oceanic and Atmospheric Adminis-
tration’s Climate Monitoring and Diagnostics
Laboratory (NOAA-CMDL) and in field cam-
paigns such as the Aerosol Characterization
Experiment (ACE-1, ACE-2) of the Interna-
tional Global Atmospheric Chemistry (IGAC)
program (e.g., Quinn et al. 1998).

These applications of filter-based methods
have been undertaken without the benefit of a
calibration that uses an independent measure-
ment of oyp. Lin et al. (1973) validated the IP
measurement within a factor of 2 by loading fil-
ters with laboratory aerosols of “known opti-
cal properties.” The HIPS was calibrated with
reflectance and transmittance standards trace-
able to NIST (Campbell et al. 1995). A cal-
ibration of the PSAP has not appeared in the
literature. Another technique that has been
used as a measure of absorption, the IS (Fis-
cher 1970), is actually calibrated as a measure
of Monarch-71 soot mass (Heintzenberg 1982).
Despite the fact that it was never compared
with an absolute measurement of light absorp-
tion by suspended particles, the IP with Nu-
clepore filters has frequently been taken as a
reference measurement of oup (Bodhaine et al.
1992; Bodhaine 1995; Clarke 1982b; Clarke
1989; Waggoner et al. 1981; Edwards et al.
1983; Heintzenberg and Leck 1994). Clarke
(1982a) recognized the need for corrections to
the method, attributing errors to internal reflec-
tions by the filter. He developed a correction
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scheme based on modeling and tests with dif-
ferent configurations of the IP (but no absolute
standard). The first calibration of the IP as a
measure of oy, to appear in the refereed lit-
erature (Horvath 1997) found that the IP sig-
nificantly overestimates o, especially under
conditions of high particulate light scattering.
Horvath (1997) used the difference between ex-
tinction and scattering as the reference mea-
surement of light absorption. In this paper, we
present a similar calibration of the PSAP.
Intercomparisons of light absorption mea-
surement methods have been reported. Sadler et
al. (1981) compared the responses of the IP and a
laser transmission method and found that the IP
measured lower by about a factor of 3. The First
International Workshop on Light Absorption by
Aerosol Particles, held in 1980 in Fort Collins,
CO (Gerber and Hindmann 1982) provided an
opportunity for participants to measure a com-
mon aerosol. Bennett and Patty (1982) com-
pared the IP with a photoacoustic detector and
found that the IP exhibited a greater response
to nonabsorbing aerosol. Clarke et al. (1987)
compared the IP with the integrating sphere. In
this work, we compare the PSAP to two other
filter-based measurements: the IP and the HIPS.

EMPIRICAL MODEL

As will be discussed, several factors can lead
to overestimation of absorption by filter-based
measurement methods. The focus of this pa-
per is on providing empirical observations to aid
in interpreting filter-based measurements rather
than offering a theoretical assessment of these
factors.

We use a simple empirical model to represent
the instrumental response, i.e., the apparent ab-
sorption by an aerosol deposited on the filter. We
assume that the instrumental response is a linear
function of both the absorption coefficient, oyp,
and the scattering coefficient, oyp, such that

Omeas = Klasp + KZGap- (1)

For an ideal measurement of absorption, K
would equal 0 and K> would equal unity. This
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model is similar to the method of Horvath
(1997), who suggested corrections based on
the ratio between absorption and scattering or
extinction measurements. Thissimple modelig-
nores some nonlinear effects that are discussed
in the following sections. Another correction
proposed by Petzold et al. (1997), based on the
fraction of light-absorbing mass in the sam-
ple, cannot be applied to a purely nonabsorbing
sample.

Response to Scattering

Filter-based methods will report an artifact ab-
sorption if transmission through the loaded filter
is reduced by particulate light scattering. Each
of the filter-based methods incorporates features
designed to minimize the response to light scat-
tering. The IP uses an opal glass diffuser to
transmit forward-scattered light and relies on
index of refraction matching between the parti-
cle and the polycarbonate Nuclepore surface to
minimize the sensitivity to backscattered light
(Lin et al. 1973). The HIPS and PSAP rely
on the optically diffusive properties of the fil-
ter medium itself to minimize the sensitivity to
forward scattering. To reduce the sensitivity to
backscattering, the HIPS measures and accounts
for the change in backscattered light, while the
PSAP uses fiber filters which allow the particles
to become partly or completely embedded in an
optically diffusive environment.

Despite these design features, some sensitiv-
ity to light scattering by particles could exist for
each of the methods. Other researchers (Ben-
nett and Patty 1982; Ruoss et al. 1992; Petzold
et al. 1997) have reported that filter-based mea-
surements of absorption respond to nonabsorb-
ing particles. We determine this sensitivity by
including the particulate light scattering as an
independent variable in a multiple linear regres-
sion; however, the sensitivity can also be deter-
mined by simply measuring the response of a
method to a nonabsorbing (white) salt such as
ammonium sulfate or sodium chloride.

The response of a filter-based measurement
to scattering aerosol depends on at least three
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factors that are not accounted for by using a
constant value of K1: (1) Presence of scatter-
ing particles on the filter. The PSAP shows a
decreased response to scattering when the fil-
ter is loaded with nonabsorbing particles. The
quantity of white particles required to change
this response by 10% is quite large, probably
greater than would be obtained in a typical field
measurement. (2) Presence of absorbing parti-
cles on the filter. The response to white particles
increases when absorbing particles are present
on the filter, presumably because white particles
can scatter light toward the dark particles, pro-
viding more opportunities for the dark particles
to absorb light. This effect will be discussed in
more detail later. (3) Size distribution of the par-
ticles. The backscattering by particles depends
on their size.

The linear correction scheme does not cap-
ture the variation in the response to scattering
discussed above. Our approach does constitute,
however, a significant, first-order correction that
can readily be applied to absorption measure-
ments whenever simultaneous light scattering
data are available.

Response to Absorption

The instrumental response to absorption is
enhanced over the value of absorption in the at-
mosphere if the particles have multiple oppor-
tunities to absorb light. To the extent that the
particles are embedded in the filter medium,
scattering of light by the filter allows the same
photon to pass through the layer of absorbing
particles more than once so that there are mul-
tiple opportunities for absorption. A correction
factor is usually applied to a filter-based mea-
surement to estimate absorption by suspended
particles.

When scattering particles are deposited on a
filter, multiple opportunities for absorption can
result even if the particles are not embedded in
the filter (e.g., Bennett and Patty 1982). This
effect can cause a variation in the response to
absorption, which, again, is not represented by
the use of the linear correction factor K ».
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PSAP
Operation

The PSAP produces a continuous measurement
of absorption by monitoring the change in trans-
mittance across a filter using a 567 nm LED.
(The calibration described here is referenced to
550 nm for consistency with the central wave-
length of the TSI nephelometer.) A sketch of
the operating portion of the instrument is given
in Figure 1. The simplest calculation of absorp-
tion coefficient, in units of m~ !, is given by the
equation below for any filter-based method:

, A1 |:Ioi| )
Op= — In{—1,
¥y I

where A is the area of the sample spot (the PSAP
assumes an area of 1.783 x 10~ ° m?; however,
the actual spot area is somewhat larger and varies
from unit to unit, as described by Equation (6)),
V is the volume of air drawn through the filter
during a given time period in m?, and 7o and 1
are the average filter transmittances during the
prior time period and the current time period,
respectively.

Equation (2) does not account for the mag-
nification of absorption by the filter medium or
for nonlinearities in the response of the unit as
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the filter is loaded. The value actually reported
by the PSAP (opsap) includes an empirical cal-
ibration that accounts for both of these effects:

/

Oy
, 3)
2(0.53987 + 0.355)
where 7 is the filter transmission (z = 1 for an
unloaded filter; this value is reset by the user
after installation of each new filter). The em-
pirical calibration was determined by the manu-
facturer using a procedure similar to the one de-
scribed in this paper: a comparison between the
instrument response and the difference between
extinction and scattering. The more extensive
calibration tests presented herein are a correc-
tion to the manufacturer’s calibration. During
our tests, we investigated the dependence of the
calibration on filter transmission and found that
the manufacturer’s equation accounted for this
effect satisfactorily. The calibrations presented
here are valid as long as the filter transmission
is greater than 0.7. For individual instruments,
inaccurate assumptions about flow rate and spot
size can result in significant errors in measured
values of absorption. The reported absorption
coefficient can be corrected for these effects by
using

OPSAP =

Oudj = oPSAPFf towFspot, ©)
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FIGURE 1. Cross-section of the filter setup in the PSAP. The sample is drawn through one of the holes, shown on
the left, and the particles are deposited on the filter. Filtered air is drawn through the hole shown on the right for a
reference measurement.
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where the subscripts adj and PSAP stand for the
values that have been adjusted and that are stated
by the instrument, respectively; Fr o, is a flow
correction factor; and Fy,os is a spot-size cor-
rection factor. Their determination requires that
the user measure the actual flow rate and spot
size, as discussed below.

We have found that the sample flow rate mea-
sured internally by the PSAP can be in error by
as much as 20%. Users of the instrument should
measure the flow rate directly and derive the flow
correction factor, Fr jow, as follows:

Qrsap
OPSAP Qmeas ’
where Qpsap is the air flow rate stated by the
PSAP and Qmeqs is measured with a high-
accuracy flow meter, such as an electronic bub-
ble flow meter (adjusted, if necessary, to the de-
sired temperature and pressure). This procedure
amounts to a recalibration of the instrument’s
internal mass flow meter.

If the seal between the holder and the filter
is imperfect, the spot area may be altered. An
imperfect seal can be caused by O-rings that are
too large or by a warped filter holder. For ex-
ample, the absorption measured by one of our
instruments with a slightly warped filter holder
was found to be about 30% low. Users can de-
termine the existence of a good seal by close
examination of the spot made by an absorbing
aerosol. If the spot has clean, sharp edges, the
seal is most likely adequate. If the edges appear
fuzzy, the absorption measurement is question-
able and the user should either obtain a new fil-
ter holder or replace the O-rings with a different
style.

We observed some variation in spot size
among instruments due to minor changes in de-
sign or differences in machining of the filter
holder. To account for these differences, a care-
ful measurement of the spot diameter can be
used in the following equation:

2

Ocalib D meas

Fsp ot = = ( 5 (6)
OPSAP D caiin

where Dcqip = 5.1 mm is the spot diameter of

Ocalib

F_f low = (5)
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the reference PSAP calibrated by the manufac-
turer and D j,eqs 1S the diameter measured for the
individual instrument.

Instrument Precision

Because routine calibration of the PSAP is not
possible, the user relies on the manufacturer’s
calibration and the consistent performance of
the instrument. In this section, we discuss noise
and unit-to-unit variability using field measure-
ments made in the spring of 1997 at a coastal
station (Cheeka Peak, WA) that samples both
marine and moderately polluted continental air.
Details of the experimental setup can be found
in Anderson et al. (1998). The analysis is based
on measurements of the sub-u m particles (parti-
cles with low RH aerodynamic diameters below
1 um); results for sub-10 um particles were not
significantly different.

After the corrections for flow rate and spot
size, linear regressions of the field data revealed
that two of the three PSAPs agreed within 1% of
each other, while the third differed by 4% from
the other two. Based on this result, we estimate
that unit-to-unit variability is within + 6% of
95% confidence, or
estope(Mm ™) = 0.0604p meas. (7)
The ability to measure low values is limited by
instrument noise, which has been estimated by
Anderson et al. (1998) from PSAP readings dur-
ing the measurement of particle-free air. A 95%
confidence interval for instrument noise is
€noise(Mm™ ") = 0.18v/ 70/ 7, ®)
where 7 is the averaging time and 7o = 24 min.

To estimate uncertainties due to changes in
face velocity, we compared field measurements
of instruments operating at 1 Ipm and 2 lpm. We
found no differences exceeding the 6% instru-
mental precision discussed above.

Unit-to-unit variability at higher levels of ab-
sorption is also of interest. Figure 2 shows
the percentage difference between two units as
a function of absorption level during the cali-
bration tests. The instruments generally agreed
to better than 5%; notable exceptions are sev-
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FIGURE 2. Percent difference between PSAPs for calibration tests.

eral tests with nonabsorbing aerosol, where the
PSAPs measured an artifact absorption, and a
few tests with externally mixed aerosol.

IP AND HIPS

The IP arrangement was that recommended by
Clarke et al. (1987) with the particle-laden sur-
face of the filter positioned away from the opal
glass and toward the detector. We used Nucle-
pore filters with a pore diameter of 0.6 um. For
the particle sizes and face velocities used in this
experiment, these filters have a collection effi-
ciency of 80-90% (Liu and Lee 1976).

We measured absorption at 4 wavelengths:
435, 525, 660, and 800 nm. The IP response we
present in this work is the inferred response at
550 nm, interpolated using the power-law wave-
length dependence between 525 and 660 nm.
The wavelength dependence of absorption, as
determined from the IP measurements, was ap-
proximately proportional to A~%2. Analysis of
a nigrosin solution at UC Davis showed that
the refractive index was constant with wave-
length. A wavelength dependence of A~ is

expected for particles that are “small compared
to the wavelength of light” (van de Hulst 1957),
but the accumulation-mode particle sizes used
in this study do not meet that criterion. Mie
calculations for particles with refractive index
1.67 + 0.26i show that the expected relation-
ship is A% for 400-nm particles.

The HIPS was a variant of the system de-
scribed by Campbell et al. (1995). The sam-
ples were analyzed according to the method-
ology currently used for IMPROVE sampling.
In this method, the reflectance (R) of a filter is
measured by placing the filter at one end of an
integrating sphere. Transmittance (7') is mea-
sured simultaneously with an integrating plate,
and the absorption coefficient is calculated as

A [I—R} ®)
o, = —_1In .
®y T

Because of the large number of filters analyzed
by this system, the filters are held in a photo-
graphic slide changer; there is a gap between
the filter and the integrating sphere or plate that
results in some loss of light. An empirical cor-
rection factoris applied to account for this effect,
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both in analysis for the IMPROVE network and
for the data presented here.

The HIPS operates at a wavelength of 633
nm, and we did not make any adjustments to ac-
count for the wavelength difference. Based on
the wavelength dependence given by the IP, the
HIPS results should be 5% lower than the other
measurements; that is, the absorption calibra-
tions given later should be multiplied by 0.96.

CALIBRATION METHOD

Highly concentrated aerosols were generated in
the laboratory at the University of Washington
and simultaneous measurements of light absorp-
tion by these aerosols were made with several in-
struments. While the concentration of particles
in the aerosol was much higher than in atmo-
spheric aerosols, the test durations were much
shorter than those typical of ambient tests. The
total mass loading on the filters was similar to
that common in ambient tests.

The tests took place in the laboratory at the
University of Washington during November of
1996 and January, February, June, and August
of 1997. Each instrument was present for dif-
ferent subsets of the experiment. An overview
of the intercomparison measurements is given
in Table 1, and the experimental setup for one
set of tests appears in Figure 3.

The measurements we will compare were
made simultaneously, and careful attention was
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given to aligning the beginning and ending times
for each instrument. For instruments that mea-
sure in real-time—the OEC, nephelometer, and
PSAP—the measured value of absorption is the
average over the time between the beginning
and ending time of the test. The beginning and
ending times also governed the routing of the
particle-laden flows through the filters for meth-
ods that intrinsically measure a test average—
the IP and HIPS. Tests were generally either 2
or 5 min long.

Reference Absorption

Our “reference” absorption is the difference
between extinction and scattering; our extinc-
tion measurements are matched to the scatter-
ing measurements for white particles. Absorp-
tion measured by this method should closely ap-
proximate light absorption in the atmosphere.
Opportunities for multiple absorption of scat-
tered light are limited because the particles are
not highly concentrated, and artifacts caused by
the presence of the filter medium are nonexis-
tent. When a “known” aerosol is used as a refer-
ence, assumptions of a refractive index and size
distribution are critical, whereas our reference
method does not require knowledge of these pa-
rameters.

The disadvantage of this method is the deter-
mination of absorption as the small difference
of two large numbers. Figure 4 shows scatter-

TABLE 1. Overview of instruments participating in intercomparison.

Filter Wavelength Meas. No.
Instrument Type (nm) Period Tests
Optical Extinction Cell (OEC) 550 nm Nov 96 125
Radiance Research (adj) Jan, Feb, Aug 97
Nephelometers (2) 450, 550, Nov 96 125
TSI, Inc. 700 nm Jan, Feb, Aug 97
Particle Soot Absorption Photometer (PSAP) Pallflex 550 nm Nov 96 63
Radiance Research, Seattle, WA E70-2075W Jan, Feb, Aug 97
Integrating Plate (IP, 4 wavelengths) Nuclepore 435, 525, Jan 97 24
University of Washington 0.6 um 600, 800 nm
Hybrid Integrating Plate System (HIPS) Teflo 633 nm Jan 97 25

Operated by UC Davis Personnel
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FIGURE 4. Extinction versus scattering for all calibration tests.

ing versus extinction for the 169 tests used in
this calibration. Because of the forced match
between the extinction and scattering for white

aerosol tests (discussed below), these tests lie
along the 1:1 line with the small deviations re-
flecting the measurement error. For absorbing
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aerosols, the deviation from the 1:1 line indi-
cates the size of the effect we are trying to quan-
tify. Even a small uncertainty in either extinc-
tion or scattering may result in a large error in
the reference absorption.

Scattering by particles is measured by two
3-wavelength nephelometers (TSI, Inc., Model
3563). This instrument has been extensively
characterized (Anderson et al. 1996), and we
followed the calibration and measurement pro-
tocols and adjustments for angular nonidealities
recommended by Anderson and Ogren (1998).
Following these procedures, the precision un-
certainty in this measurement was shown to be
within 1%, while the accuracy was within 7%.

We determined the extinction at a single
wavelength of approximately 550 nm with a
single-pass optical extinction cell (OEC, Radi-
ance Research). In this instrument, the broad-
band light from the source passes through an
opal glass diffuser, travels down the measure-
ment volume (which is 6.37 m long), and is col-
lected by a lens. The lens, designed to elimi-
nate the contribution of forward-scattered light
by limiting the viewing angle, focuses the light
on an aperture, directly behind which is a solid-
state detector (GaAs). The output of the in-
strument is proportional to the transmitted light
intensity divided by the light intensity at a ref-
erence detector located near the source, thus
accounting for shifts in light intensity of the
source. Bandpass filters with 70 nm bandwidth
are located immediately in front of both detec-
tors, which are actively temperature controlled
atabout 40°C. The output at zero- extinction (/o)
is measured as filtered air is passed through the
device. Light extinction by particles is calcu-
lated by measuring the output of the OEC as the
sample air is passed through it (/) and applying
the equation

bep = In(lo/I)/ L, (10)

where L is the length of the OEC. For these tests,
a typical value of o/ is 1.01, or a 1% change
in light extinction due to the aerosol.

The sensing volume of the OEC is a closed
tube through which the sample flow of approx-
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imately 100 L/min is drawn. The walls of the
sample volume are covered with a rough black
foam, which absorbs the light that is scattered
out of the sample volume.

The OEC manifests a significant response to
changes in air flow through the sample vol-
ume, resulting in an apparent drift if the air
flow through the device is changed. We main-
tained a constant air flow rate at all times,
and we allowed the OEC to stabilize at a con-
stant air flow rate for a minimum of 2 h (of-
ten overnight) before beginning any tests. We
also measured the zero-extinction output (/o) be-
fore and after each test and used the average of
the two in Equation (10). This adjustment was
not systematic and its absolute magnitude af-
fected the extinction coefficient by an average
of 0.6%. Ninety-five percent of the drift ad-
justments were below 2% of the extinction co-
efficient, meaning that the change in the mea-
surement of transmitted light was lower than
0.01%.

To assess the possibility of particle losses in
the OEC, we installed one nephelometer up-
stream of the OEC and one downstream. The
nephelometer measurements compared well.
The average ratio between the larger and smaller
measurement in each pair is 1.01 and 95% of the
measurements are within 2% of each other.

Measurements of extinction and scattering at
the same wavelength of light should be iden-
tical for nonabsorbing aerosol. However, the
wavelengths of the two instruments are not pre-
cisely matched, and the scattering efficiency of
small particles is strongly dependent on wave-
length. To account for this effect, we determined
an adjustment that would force a match be-
tween the OEC and the nephelometer. This ad-
justment, based on 82 measurements of nonab-
sorbing aerosol (ammonium sulfate and sodium
chloride), is

Oep.true = Oepmeas % (1.050 £ 0.006). 11)

The uncertainty is the 95% confidence interval
from a linear regression. The adjustment re-
mained quite constant over time. This adjust-
ment means that the following are true.
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1. Our reference absorption measurement is ul-
timately referenced to the accuracy of the
nephelometer;

2. we assume that our laboratory salts are truly
nonabsorbing; and

3. we assume that the nephelometer-based ad-
justment to the OEC applies identically to
extinction due to absorption and due to scat-
tering.

Table 2 summarizes the sources of uncertainty
in the reference measurement. The uncertainties
of 4.1% in the OEC and 1% in the nephelome-
ter contribute to the uncertainty in the differ-
ence. The 7% uncertainty in the accuracy of
the nephelometer is applied after the difference
is taken. Assumption (3) introduces an uncer-
tainty if the OEC adjustment is required because
of a wavelength difference between the neph-
elometer and the OEC and if the wavelength
dependence of the scattering differs from that
of the absorption. We estimate this uncertainty,
based on our measurements, as 4% of the ref-
erence absorption to 95% confidence. The un-
certainty varies with the relative magnitudes of
the scattering and extinction. When scattering
contributes 75%, 90%, or 95% of the extinction,
the uncertainty is 18%, 42%, or 84% of the dif-
ference, respectively. These random uncertain-
ties are applicable to individual measurements
of the reference absorption. The uncertainty of

TABLE 2. Sources of error in reference measurement.
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the calibration is lower than that for individual
measurements because we have included sev-
eral measurements over a wide range and sta-
tistically analyzed the relationship between the
measured and reference absorption.

The large uncertainties for weakly absorbing
aerosol highlight the potential uncertainties in-
herent in using the difference between extinc-
tion and scattering to determine a reference ab-
sorption. However, any reference method in-
volves uncertainties, whether they result from
extinction cell characteristics, interactions with
the filter medium, a refractive index assump-
tion for “known” aerosols, or the stability of the
“resonator quality factor” for the photoacoustic
method. We suggest that this reference for light
absorption is most closely representative of at-
mospheric absorption at visible wavelengths and
that the measurement community would bene-
fit from further calibration measurements using
this technique with an improved (stabilized and
better characterized) extinction cell.

Aerosol Generation

For a light-absorbing material, we used the
water-soluble form of nigrosin (Aldrich #19,
828-5). A common black pigment, nigrosin is a
short-chain polyaniline consisting of 8 nitrogen-
linked aromatic carbon rings. The chemical for-
mula is C48NoHsi. Its absorption spectrum is

Description Estimation Method € (95%)
OEC

Repeatability Comparison with nephelometer 3.2%

Zero drift Zero comparison before and after test 2.0%

Losses Nephelometer comparison upstream/downstream 1.4%

A adjustment Comparison with nephelometer 0.6%
Total 4.1%
Nephelometer

Repeatability Anderson and Ogren, 1998 1.0%
OEC minus Neph

Neph accuracy Anderson et al. 1996 7%

A adjustment Theoretical, using observed A dependence of 4%

scattering and absorption
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extremely broad and flat over the entire visi-
ble range (Justus et al. 1993). In a previous
aerosol study (Garvey and Pinnick 1983), the
refractive index of pure nigrosin was taken to be
1.67-0.26i.

Water solutions of pure nigrosin, pure ammo-
nium sulfate, and various mixtures of the two
were nebulized using bubblers, as shown in Fig-
ure 5. Theresulting droplets were dried and then
passed through a 1-um impactor (aerodynamic
diameter) to generate submicrometer aerosol
particles. The fraction of extinction due to scat-
tering (owp/(cap + Osp)), known as the single-
scatter albedo (o), is a measure of the “white-
ness” of the aerosol; for a pure white aerosol,
oo = 1.0. We used aerosols with single-scatter
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albedos ranging from 0.50 to 1.0, as shown in
Table 3.

Morphologies for each particle type were ex-
amined by transmission electron microscopy
and in all cases found to be spheroidal and in-
ternally uniform (no evidence of separate crys-
talline phases within particles). Observed parti-
cle sizes were from 0.1 to 0.5 ym in diameter,
which is similar to accumulation mode atmo-
spheric particles.

The mass absorption efficiency of nigrosin
particles has not been measured previously. For
six of our tests, aerosol mass was determined by
the weighing of nuclepore filters and nigrosin
mass could be estimated using the approximate
mass fractions given in Table 3. These tests indi-

Compressed Air
—

5 pm
impactor
Deionized Solution Dilution \ 4 FIGURE 5. Aerosol generation
H20 air 1 pm system.
impactor

To measurement
system

TABLE 3. Solutes used in aerosol generation system. The solvent was distilled, deionized water in all cases. A small
amount of isopropanol was added to solutions containing nigrosin to prevent foaming.

Aerosol Average Approx. single-
code Composition “ bep Mm™ Y scatter albedo

amsu (NH4)2 SO4 1060 1.00

NaCl NaCl 1580 1.00

an76 4:1 nigrosin to (NH4)2SO4 1520 0.76

an90 10:1 nigrosin to (NH4)2S04 1530 0.90

an95 20:1 nigrosin to (NH4)2SO4 2590 0.95

nigr Nigrosin 590 0.5

“Specified ratios are given in terms of mass and are approximate (i 10%).
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cated a mass absorption efficiency of 3 m? g~ !,

uncertain to about a factor of 2. Thus, nigrosin
is similar to elemental carbon (EC) in its rela-
tively high absorption efficiency. Estimates of
the absorption efficiency of EC are about 10 m>
¢~ ! based on Mie theory (Bergstrom 1973) and
about 6 m? g~ ! based on measurements of fresh
smoke (Dobbins et al. 1994).

The concentration of particles generated by
this method is not entirely repeatable and the
concentrations drift over a period of minutes.
However, the comparison tests were fairly short
(30 s to 5 min) and the readings were simultane-
ous. Thus, any variations in the characteristics
of the aerosol should not affect the comparison
between instruments.

RESULTS AND DISCUSSION
Statistical Analysis

Values of K1 and K 7, representing the response
of the instrument to scattering and absorption,
respectively, are given in Table 4. Although a
multiple linear regression is the simplest method
of determining these values, this approach is
questionable because there is error in the “in-
dependent” variables (the measured values of
scattering and absorption) and because the un-
certainties are different for each data point. We
determined the coefficients K1 and K, with a
weighted-least-squares method, following the
method of York (1966). In this approach, the
quantity minimized is the sum of the squares of
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the perpendicular distance to the line, with each
point weighted by the inverse of its squared un-
certainty.

The uncertainties given in Table 4 bound a
95% confidence interval and include the stan-
dard error from the regression as well as the
uncertainties in the accuracy of the reference
measurement (given under “OEC — Neph” in
Table 2).

Our reference absorption is evaluated at 550
nm, and applying the calibration factors given in
the table results in an estimate of absorption at
that wavelength. The actual wavelength sensed
by the absorption instruments differs from 550
nm, and this introduces a further uncertainty
which is also included in the 95% confidence
limits in the table. To illustrate, the light source
of the PSAP operates at 567 nm, so the value of
K implicitly includes a wavelength adjustment
and should be slightly altered if the spectral de-
pendence of the aerosol being measured differs
from that of the calibration aerosol. Assuming
that the wavelength dependence of atmospheric
aerosol may be as high as ™!, this considera-
tion introduces an additional uncertainty of 2%
into the value of K ».

PSAP response to scattering aerosol

The derived value of K 1 for the PSAP is 0.02 +
0.02, meaning that about 2% of the light scat-
tered is interpreted as absorption and that the
apparent single-scatter albedo of pure white
aerosol is 0.98. The 95% uncertainty range in-

TABLE 4. Response of instruments to scattering and absorption. The number of tests for each comparison and the
r? for each analysis are included. The uncertainties bound a 95% confidence interval and include the standard error
from the least-squares analysis, as well as possible systematic uncertainties in the reference absorption.

Instrument Kj K3* N ?
PSAP 0.02 £ 0.02 1.22 £ 0.11 63 0.94
IP, adjusted to 550 nm 0.09 £ 0.03 1.23£0.13 24 091
HIPS 0.04 £ 0.04 1.33£0.26 25 0.82

*Values of K; > 0 indicate a response to scattering. For ease of use, these values have been determined using nephelometer

data that are not corrected for angular nonidealities.

**Values of K» > 1indicate an exaggeration of absorption even after correction for the response

to scattering.
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cludes 0.00 (no response to scattering); however,
we note that none of the tests with pure white
aerosol showed a response less than 0.01 times
the scattering (see Figures 6 and 7).
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Figure 6 shows the apparent absorption read
by the three PSAPs when measuring a white
aerosol. We performed an additional experi-
ment to test the relationship between the ap-

120 7%
o
< 90
£
=3 o °
g ° °g e 5
S 60 8 o
g a 8 o 4d
% o
00
& 1%
£ 30 P 8p-f
o
oy @
3z
0
0 1000 2000 3000 4000
Scattering ("sp' Mm'1)
FIGURE 6. Apparent absorption: response of PSAP to nonabsorbing particles.
0.04
e}
3
o 0.03
o
Q
O
‘g 0.02 o
]
<% o PSAP #1
o PSAP #2
0.01 v  PSAP #4
0
1.0 0.9 0.8 0.7 0.6

Filter transmission

FIGURE 7. Artifact absorption of white aerosol when the filter has been previously loaded with absorbing aerosol.
The filter transmission indicates the amount of previous loading (mainly with nigrosin).
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parent absorption due to scattering aerosol and
the amount of absorbing aerosol on the filter.
We operated 3 PSAPs in parallel, loading each
instrument with a different amount of absorb-
ing aerosol before measuring the same white
aerosol. The results are shown in Figure 7. The
y axis shows the apparent coalbedo (1 — o) of
the white aerosol; the filter transmission, which
indicates the amount of nigrosin loading on the
filter, is shown on the x axis.

The lowest transmission corresponds to the
largest amount of dark particles on the filter;
these conditions, where a pure white aerosol is
sampled over highly absorbing particles, would
rarely be encountered in practice. At the high-
est transmission, where there is no absorbing
aerosol on the filter, the apparent absorption is
2% of the scattering. The latter is the response
to scattering found in the calibration data when
internally-mixed aerosols are used. Figure 7
suggests that the scattering response increases
when scattering and absorbing aerosols are ex-
ternally mixed on the filter.

The calibration experiments described here
were performed with submicrometer aerosol.
When an aerosol that included a coarse mode (up
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to 5 um aerodynamic diameter) was included,
the value of K| decreased to 0.014, possibly be-
cause backscattering by coarse particles is lower
than backscattering by fine particles. The frac-
tion of the response attributable to submicrome-
ter aerosol is not known, but the response to scat-
tering aerosol appears to be much lower in the
coarse mode than in the fine mode. For measure-
ments of nonabsorbing, primarily coarse-mode
aerosols (e.g., uncontaminated sea salt), the ap-
propriate value might be as low as 0.01.

The instrument response to scattering aerosol
can be obtained without measurements of ref-
erence absorption by measuring a nonabsorbing
aerosol with both the PSAP and a nephelome-
ter. Analysis of our tests in this manner gave
nearly the same values as the least-squares anal-
ysis given in Table 4.

PSAP response to absorption

The PSAP reading, corrected for the scattering
response, is shown in Figure 8. The derived
value of K> is 1.22 £ 0.11. The values pre-
sented in Figure 8 and used to calculate K, are
the readings of the PSAP corrected for flow rate

800

600

400

200

PSAP Measurement (Mm'1)

0 200

400 600 800

Reference Absorption (Mm'1)

FIGURE 8. PSAP measurement (with 2% of measured scattering subtracted) versus reference absorption. The slope

of the line is 1.22.
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and spot size. Since the manufacturer’s cali-
bration has already been incorporated into the
PSAP readings, our analysis suggests an addi-
tional 22% correction to that calibration.

We also suggest that the uncertainty in K,
(0.11) should be increased to account for addi-
tional uncertainties, such as the difference be-
tween atmospheric and laboratory aerosols in
terms of size, morphology, and composition.
Although the present experiments cannot quan-
tify these effects, we believe that the current un-
certainty in K7 is no smaller than 0.20.

PSAP Correction

The adjustment to and uncertainties in the PSAP
are summarized below:

Cap = X , (12)
where K; = 0.02+£ 0.02, K, = 1.22 £ 0.20,
o,4; 1s the reported value after the flow and spot
size corrections, oy is the scattering coefficient
at 550 nm, and egpe and e,oi5e are defined in
Equations (7) and (8).

Intercomparison

The responses of the IP and the HIPS to scatter-
ing and absorbing aerosol, also determined us-
ing the statistical analyses described previously
on the reference measurements of scattering and
absorption, are given in Table 4. In practice, the
uncertainty in K  for the IP should be increased
because the collection efficiency of the Nucle-
pore filter depends on the size distribution.

All of the instruments exhibit some apparent
absorption due to purely scattering aerosol. The
largest response to scattering aerosol is for the
integrating plate, for which 9% of the scattering
appears as apparent absorption. This high value
is to be expected, as this method does not em-
bed particles within a filter nor is a change in
backscattered light accounted for.

Each of the filter-based measurements has a
K greater than unity. That is, all the measure-
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ments are higher than the reference absorption.
The exaggeration of the absorption response is
similar for the three methods; the measurements
differ the most in their response to scattering.

The IP and HIPS readings are plotted against
the PSAP readings in Figure 9, with different
symbolsused for each aerosol composition. The
instrument readings have been adjusted by the
factors shown in Table 4. If the linear model
used to adjust each instrument were perfect,
each point would lie within the error bounds of
the 1:1 line. A large difference between two in-
struments suggests either measurement error or
deviations from the linear model for one or both
instruments.

For the IP (Figure 9a), the graph includes data
for which no reference absorption is available
(pure nigrosin and external mixtures). These
points lie below the equality line; either the
adjusted IP is too low or the adjusted PSAP
reading is too high. The enhanced absorption
response of the PSAP that was discussed previ-
ously may explain this difference for the exter-
nal mixtures. The other points (those marked
an76, an90, an95, and amsu) were those used
to determine K; and K, and generally agree.
However, a slight trend in the deviation with
single-scatter albedo can be observed for the ab-
sorbing aerosols; those with wg = 0.95 (an95)
lie slightly above the line, while those with
oo = 0.76 (an76) lie slightly below it. In Fig-
ure 9b, the HIPS measurements show somewhat
greater deviation from the line than do the IP
measurements. The trend with single-scatter
albedo just described for the IP is more pro-
nounced for the HIPS.

The accurate measurement of absorption is
important for the estimation of single-scatter
albedo (wp). Figure 10 shows values of wo,
derived from the adjusted measurements of ab-
sorption and nephelometer measurements, plot-
ted against the reference value of w, derived
from extinction cell and nephelometer measure-
ments. For the PSAP and the IP, 90% of the wg
are within 0.03 of the reference value. For wg
derived from the HIPS, 90% of the values are
within 0.06 of the reference value.
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FIGURE 9. Intercomparison of instruments: (a) IP and PSAP and (b) HIPS and PSAP. All instruments have been
adjusted according to the factors in Table 3. The error bars are 2-c estimates. The legend refers to the aerosol

composition given in Table 2.

SUMMARY

We have presented a calibration of the PSAP
against an empirical method of measuring light
absorption by particles suspended in the atmo-

sphere. The instrument is found to interpret
about 2% of the scattering as absorption; af-
ter correcting for this effect, the measured ab-
sorption is about 22% higher than the reference



598 T. C. Bond et al.

Aerosol Science and Technology
30:6 June 1999

1.1 G
=
o
2
3 1.0
© 8
¢ v v
D
= 09
oy
g v v
E v
(o]
2 o8 o PSAP
< o IP
- g v HIPS
3
0.7
0.7 0.8 0.9 1.0 1.1

o, (OEC and Neph)

FIGURE 10. Inferred single-scatter albedo. The absorption measurements were adjusted by the factors shown in

Table 4 prior to calculation.

absorption. We have also recommended correc-
tions for differences in the flow measurement
and spot size for individual PSAPs.

All filter-based measurements of absorption
show some response to scattering by particles.
The percentage of scattering that is measured
as absorption is 4% for the HIPS and 9% for
the IP. Even when the artifact due to scatter-
ing is removed, the absorption measured by the
IP and the HIPS is too high by 23% and 32%,
respectively.

Using any of the filter-based measurements
without correction would result in single-scatter
albedos that are too low, overestimating the ef-
fect of absorption on radiative transfer. The
scheme we present here could be used to im-
prove the accuracy of historical data sets. How-
ever, we caution that this calibration, which is
based on a single absorbing species (nigrosin
internally mixed with nonabsorbing ammonium
sulfate), has not been demonstrated to apply to
the full variety of atmospheric aerosols. Extend-
ing these results to realistic aerosols should have
a high priority in future research in this area.
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