Taylor & Francis
- o Taylor & Francis Group
AEROSOL '
SCIENCH

AN TECHNOLOGY Aerosol Science and Technology

ISSN: 0278-6826 (Print) 1521-7388 (Online) Journal homepage: http://www.tandfonline.com/loi/uast20

An Inter-Comparison of Two Black Carbon Aerosol
Instruments and a Semi-Continuous Elemental
Carbon Instrument in the Urban Environment

David C. Snyder & James J. Schauer

To cite this article: David C. Snyder & James J. Schauer (2007) An Inter-Comparison

of Two Black Carbon Aerosol Instruments and a Semi-Continuous Elemental Carbon
Instrument in the Urban Environment, Aerosol Science and Technology, 41:5, 463-474, DOI:
10.1080/02786820701222819

To link to this article: http://dx.doi.org/10.1080/02786820701222819

% Published online: 08 May 2007.

\J
[:J/ Submit your article to this journal &

||I| Article views: 478

A
& View related articles &'

@ Citing articles: 16 View citing articles (&

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=uast20

(Download by: [University of North Texas] Date: 15 January 2017, At: 05:29 )



http://www.tandfonline.com/action/journalInformation?journalCode=uast20
http://www.tandfonline.com/loi/uast20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/02786820701222819
http://dx.doi.org/10.1080/02786820701222819
http://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/02786820701222819
http://www.tandfonline.com/doi/mlt/10.1080/02786820701222819
http://www.tandfonline.com/doi/citedby/10.1080/02786820701222819#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/02786820701222819#tabModule

Aerosol Science and Technology, 41:463—474, 2007
Copyright © American Association for Aerosol Research
ISSN: 0278-6826 print / 1521-7388 online

DOI: 10.1080/02786820701222819

Wit

An Inter-Comparison of Two Black Carbon Aerosol
Instruments and a Semi-Continuous Elemental Carbon

Instrument in the Urban Environment

David C. Snyder and James J. Schauer

Environmental Chemistry and Technology Program, University of Wisconsinr—Madison, Madison,

Wisconsin, USA

Aerosol absorption coefficients were obtained using two versions
of the Magee Scientific Aethalometer and a Particle Soot Absorp-
tion Photometer (PSAP) in Riverside, California during July and
August of 2005. These measurements were subsequently compared
to each other and to hourly elemental carbon (EC) mass concen-
trations as determined by a Sunset Labs semi-continuous OCEC
analyzer. Measurements from all four instruments were shown to
be highly correlated (R? = 0.83 to 0.92). Differences between ab-
sorption values measured by the PSAP and the Aethalometer were
found to be dominated by differences in the filter media used by the
respective instruments. Comparison of optical and thermal mea-
surements revealed that the specific attenuation cross section (o Arn)
of light absorbing carbon (LAC) varied as a function of the time
of the day, most notably during weekdays. Minimum o ,rn values
were observed during morning rush hour when EC concentrations
were at their greatest and maxima were seen in the late afternoon.
These variations correlated with changes in the OC/EC ratio and
the Angstrom exponent for absorption, which is consistent with
changes in the mixing state of elemental carbon associated with
secondary aerosol condensation on primary EC particles.

INTRODUCTION

The ability to determine the mass concentration of light-
absorbing carbon (LAC) in ambient aerosols using filter-based
optical instruments depends on two important assumptions: first,
that the attenuation of light through a particle-laden filter is
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directly related to the mass of light absorbing material on the fil-
ter and second, that this relationship, represented by the specific
attenuation cross section (oarn), remains constant over time at
a given receptor site. The relationship between filter attenuation
and absorption of light by particles is, unfortunately, not entirely
straight forward. While the attenuation of light through a filter is
a function of absorption, it is also, to some extent, a function of
scattering by both particles and filter fibers (Hitzenberger 1993;
Horvath 1993; Petzold et al. 1997; Bond et al. 1999). The scat-
tering of light by the filter material can be particularly complex
as multiple scattering by fibers creates a tortuous path for inci-
dent light along which there exists an increased probability for
photons to encounter and be absorbed by particles. Attenuation
due to scattering is not expected to be strongly correlated with
the mass of absorbing material on the filter (Petzold et al. 1997)
and thus can potentially result in an overestimation of LAC as
the apparent attenuation cross section fluctuates in response to
scattering effects (Hitzenberger 1993; Horvath 1993; Petzold
et al. 1997; Bond et al. 1999).

Attenuation enhancement caused by filter scattering is de-
pendant on the type of filter used, both in terms of the amount
of scattering and the extent to which particles are embedded
within the filter matrix (Bond et al. 1999; Arnott et al. 2005).
These differences are thought to be contributing factors in the
differences between light absorption measurements reported by
two of the most commonly deployed filter-based optical instru-
ments, the Radiance Research Particle Soot Absorption Pho-
tometer (PSAP) and the Magee Scientific Aethalometer (Hansen
etal. 1984; Weingartner et al. 2003). Whether filter enhancement
is the dominant factor in the differences between these two in-
struments is unclear due in part to uncertainties regarding how
filter loading affects both absorption and scattering (Weingartner
et al. 2003; Bond and Bergstrom 2006). Numerous correction
factors for both instruments have been proposed but, with the
exception of those included in the PSAP algorithm, these correc-
tions are not universally applied making it all the more difficult
to compare PSAP and Aethalometer data.

In addition to LAC mass concentration, attenuation data
from filter-based instruments is also utilized to determine the
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TABLE 1

Published values for the specific attenuation cross-section of ambient aerosols
o atn (m? g’l) Optical method A (nm) Thermal method Authors
9.81t0254 Aethalometer/ PSAP 5504 Cachier (Liousse et al. 1993)
5to 25 PSAP 5504 NIOSH (Quinn et al. 2004)
5.6to 10.8 PSAP 5504 EGA (Mayol-Bracero et al. 2002)
6.6t07.0 Aethalometer 880 Cachier (Kuhlbusch 1995)
3t09 PSAP 5504 NIOSH (Huebert et al. 2003)
6.4 to 20.1 Aethalometer/ PSAP 5504 Various (Sharma et al. 2002)
9.3 Aethalometer 880 Cachier (Lavanchy et al. 1999)
5.91t054.8 Aethalometer 880 Sunset (Jeong et al. 2004)

“Wavelength adjusted from 565 nm assuming inverse wavelength dependence.

mass absorption efficiency or specific absorption cross sec-
tion (o) of ambient aerosols. To determine o, attenuation is
typically divided by the mass concentration of elemental car-
bon (EC) as determined by a thermal-optical method. Deter-
mination of o by such methods also relies on an important
assumption, namely that absorbance of light by particles col-
lected on a filter is analogous to the absorbance of light by am-
bient aerosols. Given the difficulties in relating filter attenuation
with absorbance outlined previously, it is difficult to rely on
this assumption, and as a result, it is perhaps more appropri-
ate to refer to the quotient of attenuation and EC as the spe-
cific attenuation cross section (oarN) of filter-bound particles. It
should also be noted that the specific attenuation cross section
is dependant on how EC is defined by a given thermal-optical
method as the EC to OC split can vary significantly between
methods utilizing different temperature profiles (Schauer et al.
2003b).

As shown in Table 1, published values of oarN span a fairly
wide range, which can be explained by several factors, includ-
ing differences in the optical instruments and thermal methods
used to measure attenuation and EC. Additionally, the absorp-
tive properties of ambient aerosols are a function of sources,
aerosol aging, and mixing state, and as a result, the attenuation
cross section of LAC can vary from location to location (Liousse
etal. 1993; Petzold and Niessner 1995). From studies at different
locations, Liousse et al. (1993) concluded that regional values
of oarn are determined by the dominant source(s) of aerosols
within that region and as such, are not expected to vary signifi-
cantly. Subsequent studies, however, indicate that the absorptive
properties of LAC can also exhibit seasonal variations and can
undergo rapid changes when a site is impacted by sulfate haze
events and bio-mass burning (Sharma et al. 2002; Jeong et al.
2004). This suggests that the ability to predict changes in oarn
is dependant on an understanding of the factors that influence
the sources and mixing state of LAC.

The motivation behind the present study is to provide a
framework for the inter-comparison of ambient measurements
of LAC by filter-based light absorption methods and the inter-

comparison of LAC measurements with EC mass concentrations
reported by acommon thermal-optical method. Filter based light
absorption instruments, in particular the PSAP and Aethalome-
ter, provide investigators with a method for measuring LAC that
is relatively inexpensive, robust, and simple to operate when
compared to thermal methods. These factors have combined to
make such instruments extremely popular and ideal for a variety
of uses by a variety of users. At last count, there were more than
one thousand Aethalometers in use across the globe (Hansen,
personal communication, 2006) making it imperative to have a
firm understanding of how measurements reported by this in-
strument compare to the PSAP and to commonly used thermal
methods.

In order to accomplish this objective, this study uses at-
mospheric data to compare attenuation values generated by a
PSAP and two versions of the Aethalometer in order to de-
termine the level of reproducibility in such measurements and
to ascertain what factors dominate the differences in attenua-
tion values reported by the PSAP and Aethalometer. Addition-
ally, hourly attenuation, elemental carbon, and organic carbon
(OC) measurements are utilized to demonstrate the range of
the specific attenuation cross section of LAC in the urban en-
vironment and to suggest some of the factors influencing this
range.

EXPERIMENTAL SECTION

Aerosol Measurements

Aerosol measurements were obtained at the Air Pollution
Research Center on the campus of the University of California—
Riverside during July and August of 2005. The sampling site
was located approximately 5.0 km from downtown Riverside
and 1.0 km from a major highway (US 215) in an area where
EC concentrations have historically been dominated by mobile
sources (Schauer et al. 1996; Gray and Cass 1998).

Aerosol absorption data were obtained from two single
wavelength PSAPs (Radiance Research, Seattle, WA), operated
in succession during the campaign, and two 7-wavelength
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model AE-31 Aethalometers (Magee Scientific, Berkeley, CA)
operated concurrently. Aethalometer #1 was fitted with a stan-
dard “high sensitivity” sampling head featuring a 0.5 cm? circu-
lar collection spot and operated at a flow rate of 5.9 L min~! with-
out benefit of a size-selective inlet. Aethalometer #2 was fitted
with the optional “extended range” sampling head, which con-
tains a 1.67 cm? oval shaped collection spot, and operated a flow
rate of 5.0 L min~! from an inlet which included a PM; s sharp-
cut cyclone (BGI, Waltham, MA). Both Aethalometers were
programmed to provide data over a five minute averaging period.

PSAP #1 was operated throughout the majority of the cam-
paign and was replaced by PSAP #2 during the last two days of
sampling. PSAP #1 was operated at a flow rate of 1.0 L min~!
initially, but in order to facilitate less frequent filter changes, the
flow rate was changed to 0.5 L min~! during the first week of the
campaign. Sampling was accomplished through the same inlet
used by Aethalometer #1, which did not include a cyclone. The
averaging period for PSAP data throughout the campaign was
one minute.

Thermal measurements of elemental carbon and organic car-
bon were obtained by two methods. Hourly EC and OC concen-
trations were measured using a Sunset Labs semi-continuous
OCEC analyzer (Sunset Labs, Tigard, OR) programmed to col-
lect aerosol for 47 minutes beginning at the top of each hour with
the analysis cycle executed during the remainder of the hour. The
analysis of carbonaceous aerosols by this instrument is based on
the NIOSH 5040 method and a description of its operation and
validation can be found in Bae et al. (2004). Sample collection
was accomplished at flow rate of 24.0 L min~! through an inlet
equipped with a sharp-cut PM; s cyclone and a carbon impreg-
nated parallel plate organics denuder (Sunset Labs, Tigard, OR)
designed to remove gas-phase organic compounds upstream of
the collection filter. Calibration of the Sunset Labs field ana-
lyzer was accomplished by an internal calibration using a 5%
methane in helium mixture in a fixed volume loop automatically
repeated at the conclusion of each analysis cycle, and an external
calibration using sucrose spikes on clean, pre-baked filters.

As a part of the quality assurance procedure for the semi-
continuous analyzer, aerosol samples were also collected on
pre-baked 90 mm quartz-fiber filters (Pall Gellman, Ann Arbor,
MI) by four URG-3000B (URG, Chapel Hill, NC) particulate
samplers. Filters were stored in sealed Petri dishes lined with
baked aluminum foil and kept in a freezer at or below 20°F be-
fore and after sampling. The URG samplers were operated at
92 L min~! and were each fitted with a PM, 5 cyclone. Three
five hour samples and one nine hour sample were collected con-
secutively each day, along with 20% field blanks, and samples
were subsequently analyzed for OC and EC content using the
ACE-Asia method. (Schauer et al. 2003a).

Filter Comparison Experiment

Two PSAPs were operated concurrently at the Midwest
Supersite in East St. Louis during January of 2006, and hourly
absorption coefficients were obtained from each instrument
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over 48 hours in two phases of 24 hours each. In the initial
phase, both instruments collected aerosol on the tissue-glass
filters used by both PSAPs in Riverside (Pallflex E70-2075W).
In the second phase, one of the tissue-glass filters was replaced
by a length of the filter tape used by the Aethalometer (Pallflex
quartz 2500 Q205). The sampling regime, including flow rate
and inlet construction, used in this comparison was identical to
that used in Riverside.

Data Treatment

The PSAP provides a measurement of the absorption coeffi-
cient (b,,) of LAC by dividing the change in light attenuation,
AATN (A, t), by the optical pathlength of the sample, V/A (sam-
ple air volume divided by the collection area of the filter), such
that by, is defined as the attenuation of light by the sample in
the air per unit pathlength (Equation [1]). As the Aethalometer
provides a direct reading of LAC mass concentration, average
hourly b,, values were calculated for each Aethalometer from
attenuation data wherever possible using Equation (1) in or-
der to provide consistency between the treatment of PSAP and
Aethalometer data. During hours when the filter tape advanced,
causing an interruption in attenuation readings, direct concentra-
tion readings taken from the Aethalometer were utilized instead
(Equation [2]). A comparison of the two calculation methods
revealed that there are no significant differences between them.

by Mm ') = AATN(L, £)/(V/A) (1]
by, Mm™') = o'(1/2)%[LAC] (gm ) [2]

Attenuation as determined by the Aethalometer is defined in
Equation (3) with the factor of 100 added by the manufacturer
for numerical convenience. This factor was removed when cal-
culating by, values. In Equation (2), o (1/A), which has units of
m? g~!, is the instrumental specific attenuation cross section of
LAC provided by the manufacturer. This constant is wavelength
dependant and is used to provide a measurement of LAC mass
concentration by relating light attenuation through the filter to
the mass of light absorbing material on the filter via Equation (4).

ATN = —100xIn(Iy/T) [3]
ATN(L) = o (1/0)+LAC(g m™~2) [4]

During the treatment of the Aethalometer data, no correction
factors were utilized with the exception of correcting for differ-
ences in reported versus actual flow rate and a correction for the
extended range sampling head that was applied when utilizing
Equation (1). The second correction was necessary because, ac-
cording to the manufacturer, for instruments which use the larger
spot size, sample deposition is not uniform across the entire col-
lection spot, and as a result, concentrations may be over-reported
as mass tends to accumulate preferentially in the center of the
spot directly above the photo-diode detector (Hansen, personal
communication, 2005). This has prompted Magee Scientific to
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include what it calls a “mean correction” factor to the algorithm
which calculates LAC concentration.

PSAP data was treated in much the same fashion as
Aethalometer data in order to determine absorption coefficients.
Although, as stated previously, the PSAP does provide a di-
rect reading of by, it also applies what the manufacturer calls a
“transfer function” to this data in order to account for the effect
of increasing particle load on the filter. As the Aethalometer does
not incorporate any such correction and since the focus of this
study is to compare attenuation reported by both instruments, the
transfer function was not utilized in determining b,, from the
PSAP. Instead the attenuation was calculated using the signals
from the reference and signal beams using Equation (5), which
is similar to the algorithm used by the Aethalometer. As with
the Aethalometer, the only corrections made were for collection
spot size and the sample flow rate. PSAP attenuation values were
then plugged into Equation (1) in order to generate by, values.

ATN = —In((sbo/sb)/(rbo/rb)) (5]

In Equation (5), sb and sby refer to the signals of the sensing
beam at the beginning and the end of the averaging period re-
spectively, and similarly, rb and rby refer to the reference beam
signals at the beginning and the end of the averaging period.

Slopes, intercepts, r-squared values, and uncertainties for all
regression analyses were calculated using SPSS for Windows
v.13.0.

RESULTS AND DISCUSSION

Semi-Continuous EC vs. Integrated Filter EC

As previously outlined, filter samples were collected and an-
alyzed for OC and EC concentrations as a part of the QA/QC
procedure for the Sunset Labs semi-continuous field analyzer
(Bae et al. 2004). Additionally, this was done to provide us with
a framework with which to compare our results with previous
work, including that of Liousse et al. (1993) and Sharma et al.
(2002), in which thermal EC was determined by integrated fil-
ter sampling and analysis. Figure la shows the results of the
comparison of semi-continuous EC as determined by the Sunset
Labs field instrument and EC determined by analysis of the fil-
ter samples. The result of the two methods were well correlated
(R? = 0.90), although the slope of 1.11 + 0.05 deviated signif-
icantly from unity. A small zero off-set was observed (4+0.17 £
0.04); however, given that the two methods varied on average
by less than 15%, they appear to be quite comparable.

PSAP vs. Semi-Continuous EC

Good agreement was noted between the absorption coeffi-
cients (b,p) determined by the PSAP and semi-continuous EC
(R? = 0.83 and oAy (slope) = 18.24 4 0.59) as shown in Fig-
ures 1b and lc. In order to evaluate the significance of filter
loading, b,, values were separated into three bins determined by
filter transmittance. The upper bin included all data points gen-

D. C. SNYDER AND J. J. SCHAUER

A
-
£ 4
2
23
?
=
o
=]
£2
=
o
Q
E
g1 Slope=1.11%0.05
R*=0.90
0 T -
0 1 2 3 4 5
Filter EC (ug m™3)
120
e Transmittance 0.30 to 0.49 B
100 o Transmittance 0.50 to 0.69 v
v Transmittance 0.70 to 1.00 v
T 80
£
=
o 60
o
o
z 40
Qo
Slope =18.24+0.46
20 Intercept =4.35+0.59
0 J) R*=0.83
0 1 2 3 4 5
Thermal EC (ug m™3)
120
o PSAP#1 c
100 o  PSAP#2 .
o
' 80
=
% 60
[
o
;40
< Slope =18.24+0.46
20 Intercept =4.35+0.59
“ R =083
0 T .
0 1 2 3 4 5
Thermal EC (ug m™3)
FIG. 1. Comparisons of semi-continuous thermal EC (Sunset Labs instru-

ment) with integrated filter measurements of EC (Figure 1a) and with absorp-
tion coefficients (bap) as determined by two co-located PSAPs (Figures 1b and
1c). PSAP data is segregated by transmittance values and by instrument in Fig-
ures 1b and lc, respectively. The resulting slope of these plots represents the
specific attenuation cross-section (oatn). Two PSAPs were used sequentially
during the study. Regression statistics for each subset are available in Table S1
in the supplemental materials accompanying this article.

erated when the filter transmittance reported by the instrument
equaled or exceeded 70%. The significance of this value lies in
the submission of Bond et al. (1999) that the instrument’s fil-
ter loading correction is not recommended when transmittance
falls below 70%. The remaining bins are from 50 to 70% trans-
mittance and from 30 to 50% transmittance. Examination of by,
values determined when transmittance fell below 30% revealed
that the correlation between the PSAP and the Sunset Labs an-
alyzer declined drastically, and consequently, these values were
not included.

As shown Figure 1b, there appears to be no significant differ-
ence in the correlation between absorption coefficients reported
by the PSAP and EC at transmittance values above 30%. It is
important to keep in mind that the by, values in Figures 1band 1c
were calculated from the detector signals and not taken directly
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from the instrument, which reports b,, corrected for filter load-
ing based on the transmittance value measured during the data
averaging period. Although there is some scattering in the data,
it seems clear that the filter loading artifact described by Bond
et al. (1999) and corrected for by the transfer function incorpo-
rated within the PSAP algorithm does not represent a significant
concern under urban conditions. In addition, the data suggests
that the 50% transmittance cutoff recommended by the manu-
facturer appears to be conservative as b,, values reported by the
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PSAP (without the transfer function) retain a strong correlation
with EC mass concentrations to as low as 30% transmittance.
Figure 1c demonstrates that data from PSAP #2, which was op-
erated on the last day of sampling, also consistently reports a
strong correlation with semi-continuous EC.

Aethalometer vs. Aethalometer

The comparison between Aethalometer #1 and Aethalometer
#2 shown in Figure 2 demonstrates that despite the use of the
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FIG. 2. Comparison of absorption coefficients (b,,) determined by two co-located Aethalometers. Aethalometer #1 utilized the standard “high-sensitivity”
collection spot while Aethalometer #2 was fitted with the optional “extended-range” collection head. Six of the seven available wavelengths are shown. All values

are in Mm~'.
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correction factor for the extended range spot size, absorption
coefficients from both instruments are highly correlated across
all wavelengths (R> = 0.84 to 0.92 and slope = 0.99 £ 0.01
to 1.04 £ 0.02). The differences in the sample flow between
the two instruments (5.9 vs. 5.0 L min~!) appeared to have had
no significant impact despite the fact that the instrument with
the higher flow (Aethalometer #1) performed automated filter
changes with a greater frequency. This suggests that, like those
reported for the PSAP by Bond et al. (1999), the filter loading
artifacts reported by Arnott et al. (2005) appear to be relatively
minor under ambient conditions in the urban environment.
With regards to the “mean correction” factor applied to the ex-
tended range sampling head used by Aethalometer #2, the best fit
between the two instruments was found when using 0.82 rather
than the 0.85 suggested by the manufacturer. This suggests that
further work is warranted in order to better understand and quan-
tify this effect and its associated uncertainty and to characterize
instrument to instrument variability among Aethalometers.

Aethalometer vs. PSAP

Although both the PSAP and the Aethalometer operate on
the same basic principles, two significant differences exist. First,
despite the fact that they are manufactured from similar materi-
als, some physical differences exist between the filters used in
the two instruments. The Pallflex 250F (Pallflex, Putnam, CN)
quartz filter tape used by the Aethalometer is significantly thicker
than the Pallflex E70-2075W (Pallflex, Putnam, CN) tissue glass
filters, which can allow particles to become more deeply em-
bedded in the filter matrix. In addition to the filter media, the
method used to change out filters is a second difference between
the PSAP and the Aethalometer. The Aethalometer automati-
cally advances a roll of filter tape when the attenuation value
recorded by the instrument reaches a pre-set value, while the
PSAP requires that the operator manually change the filter when
the transmittance falls below an established value (the manufac-
turer recommends that it be changed ... before it falls too far
below 0.50.”).

The automated filter change enables unattended operation
of the Aethalometer, but we found that it further complicates
inter-comparison of Aethalometer and PSAP data. Amongst the
difficulties encountered was the significant number of times the
PSAP filter had to be changed on any given day, even when
the flow rate was set to 0.5 L min~!. As previously noted, data
collected when the transmittance was below 0.30 was not con-
sidered in this analysis. The practical consequences of this was
that, quite often, significant portions of early morning data had
to be discarded as the transmittance typically fell well below
the established threshold prior to the operator arriving at the site
each day.

Despite these factors, Figures 3a and 3b demonstrate that b,
values tabulated from Aethalometer #1 (590 nm channel) and the
PSAP (565 nm) were strongly correlated throughout the study
(R? = 0.86). However, the slope was significantly different than
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FIG. 3. Comparison of absorption coefficients determined by PSAP and

Aethalometer. PSAP data is segregated by transmittance in Figure 3a and by
instrument in Figure 3b. Note that while the correlation between the two in-
struments is strong, the slope demonstrates a significant deviation from a 1:1
relationship. Regression statistics for each subset are available in Table S1 in
the supplemental materials accompanying this article.

unity (slope = 0.71), indicating that an appreciable bias beyond
the differences in wavelengths exists within one of the data sets.
Nevertheless, it should be noted that like the PSAP/EC compar-
ison no significant differences in the relationship between by,
values derived from the Aethalometer and those of the PSAP
exists for transmittances above 30% (Figure 3a) or between the
two PSAPs (Figure 3b). Data from Aethalometer #1 was used
in this and all subsequent comparisons in order to eliminate any
uncertainty due to uneven deposition on the extended range spot
size used by Aethalometer #2.

Aethalometer vs. Semi-Continuous EC

As one might expect from the comparison of the Aethalome-
ter and the PSAP, Figure 4 shows that the correlation between b,
values from Aethalometer #1 and EC from the semi-continuous
instrument is strong for all seven wavelengths (R> = 0.83 to
0.88 and oarn (slope) = 34.50 £ 0.61 to 17.04 &+ 0.26). How-
ever, like the PSAP/EC comparison, significant zero offsets were
also observed (Figures 1b and 1c). A plot of the wavelength
dependence (Figure 5) of both oarn and the intercepts shown
in Figure 4 demonstrates that both have similar wavelength
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FIG. 4. Comparison of hourly thermal EC (Sunset Labs RT instrument) and absorption coefficients as determined by Aethalometer #1. Although significant
zero-offsets are observed, a strong correlation between attenuation and thermal EC across a wide range of wavelengths is demonstrated by these plots. As in Figures
1b and 1c, the slopes represent the specific attenuation cross section (carn). Six of the seven available wavelengths are shown.

dependence. The cause of these intercepts is related to diurnal
changes in oarN, a matter which is discussed later in this paper.
A further discussion of these intercepts, along with a graph-
ical representation, can be found in the supporting materials
accompanying this article. In brief, two distinct populations of
particles were observed in Riverside each having significantly
different specific attenuation cross sections. When absorption

coefficients for both sets of particles are plotted vs. EC mass
concentrations, as they are in Figure 4, the slope of the regres-
sion line represents an average oarN value. However, hours dur-
ing which by, values were at their highest coincide with the
lowest absorption cross sections. This results in the regression
line being pulled away from the origin giving a significant zero
offset.
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FIG. 5. The wavelength dependence of the slopes (oarn) and intercepts shown
in Figure 4.

Comparison of PSAP and Aethalometer Filters

Few published studies are available in which ambient data
from the PSAP and the Aethalometer are compared. Work by
Sharma et al. (2003) found that reasonable agreement between
the two instruments was observed at some sampling sites but
found significant disagreement at others. It is likely that some
of these disagreements may be due to the application of fil-
ter loading and/or scattering corrections to absorption coeffi-
cients generated by the PSAP without the application of similar
corrections to Aethalometer data. However, extensive work by
Arnottetal. (2005) using well-characterized laboratory aerosols,
clearly demonstrates that significant differences exist between
the filters used by the two instruments and that these differences
may lead to a greater enhancement of attenuation due to multiple
scattering by the Aethalometer filter.

Ambient data shown in Figure 3 demonstrates that the
Aethalometer consistently over-reports b,, values when com-
pared to the PSAP. Since these data are reported without benefit
of any correction factors, and since the frequency and number of
filter changes/advances performed by the Aethalometer does not
appear to greatly affect the reproducibility of ambient data, the
most significant difference between the two instruments appears
to be the filter media.
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FIG. 6. Comparison of the performance of PSAP and Aethalometer filters.
Figures 6a and 6b show a side-by-side comparison of absorption coefficients
and transmittance values, respectively, from two co-located PSAPs both using
the tissue-glass filters. Figures 6¢ and 6d show side-by-side comparisons of by,
values and transmittance values from the same two instruments when one of the
tissue-glass filters is replace with the tissue-quartz filter used in the Aethalome-
ter (in effect, changing both reference and sample filters). Dashed lines in the
transmittance plots represent the 1:1 line.

Figure 6 illustrates the result of the filter comparison experi-
ment conducted in East St. Louis in which two PSAPs were op-
erated side-by-side first with identical filters of the type typically
used by the PSAP (Figures 6a and 6b) and then operated with two
different filters (Figures 6¢ and 6d). Figures 6a and 6b demon-
strate that, using identical filters, the two PSAPs are nearly per-
fect in their agreement both in terms of the absorption coeffi-
cients reported (Figure 6a) and in terms of the decrease in light
transmittance as filter loading increases (Figure 6b). In sharp
contrast, Figure 6¢ shows a consistent over-reporting of b,, by
the PSAP when it is fitted with an Aethalometer filter when com-
pared with an instrument fitted with a PSAP filter. Interestingly,



AN URBAN COMPARISON OF BC AND EC INSTRUMENTS

TABLE 2

Specific attenuation cross-section (oarn) measured in this study
Wavelength Slope (o aTN) Intercept

(nm) (m*g™") (Mm™1) R?
370 34.50 £ 0.61 10.6 & 10.83  0.83
470 30.16 £ 0.50 8.3+ 10.68 0.85
520 27.50 £ 0.45 7.36 + 0.61 0.88
565 (PSAP) 18.26 + 0.46 4.35+0.59 0.83
590 24.93 £+ 0.40 6.52 £ 0.54 0.86
660 23.73 £ 0.37 6.11 &+ 0.51 0.86
880 18.54 £+ 0.38 4.62 + 0.38 0.87
950 17.04 £ 0.35 4.15+0.35 0.88
PSAP 5507 17.92 + 0.45 424 +0.58 0.83
Aethalometer 5504¢  17.77 &+ 0.34 477 £ 0.48 0.86

“ Adjusted to 550 nm from 565 nm (PSAP) and 590 nm (Aethalome-
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ation and the mass of absorbing material collected on a filter
exists. In order to determine whether this relationship is rela-
tively constant or whether there is significant daily variability in
the specific attenuation cross section, oarn was determined for
each hourly period during the study (n = 504 hours) by plotting
hourly b,, values with hourly thermal EC concentrations and
then grouped by weekday and weekend. The results indicated
that, while weekend values of oxrn demonstrate some variability
with no discernable pattern, weekday values, shown in Figure 7a,
demonstrate a clear pattern in which the absorption cross section

ter).
“Corrected for filter enhancement.

this enhancement, given by the slope of the regression line, is
identical to the value of 0.71 seen in the PSAP/Aethalometer
comparison from Riverside (Figure 3). It should be noted that
both the sample and reference values for the PSAP are derived
from different portions of the same filter, so fitting a PSAP with
a section of Aethalometer filter tape, in effect, replaces both the
reference and sample filters.

In addition, Figure 6d illustrates significant differences in
transmittance values occur as the two filters are loaded with
aerosol. The regression slope is similar to that seen in Figure
6¢ supporting the conclusion that while a filter loading artifact
may be present in Aethalometer data, attenuation by the filter
dominates differences between PSAP and Aethalometer data.

Table 2 summarizes the relationship between attenuation and
EC mass concentration for the PSAP and for all seven wave-
lengths of the Aethalometer. As shown, the Aethalometer ap-
pears to overestimate the value of oarny When compared with
the PSAP. However, when Aethalometer and PSAP data are ad-
justed to 550 nm using the power law wavelength dependence
derived in Figure 5 and the Aethalometer data is multiplied by
the slope of the PSAP/Aethalometer relationship (Figure 3) the
subsequently derived specific attenuation cross section, as well
as the zero-offset, for the Aethalometer is comparable to that
reported by the PSAP. This suggests that filter enhancement
of attenuation is by far the most significant difference between
these two instruments.

Comparison of Hourly Aerosol Optical Properties
and Bulk Chemical Composition

The relationship between attenuation and EC mass concen-
tration shown in Figures 1 and 4 have been seen in numerous
studies and support one of the assumptions outlined in the in-
troduction, namely that a strong relationship between attenu-
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FIG. 7. Diurnal variations in the light absorbing properties of ambient aerosols
during SOAR along with selected bulk chemical measurements. Similar patterns
in weekday oarn are observed in data from the Aethalometer and PSAP (Figure
7a). These patterns appear related to the OC/EC ratio (Figure 7b) and changes
in Aap (Figure 7e) but unrelated to average OC (Figure 7c) and EC (Figure 7d)
concentrations. Error bars shown represent standard error. n = 504 hours.
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declines during the morning hours and shows a marked increase
in the afternoon. Minimum oy values appear during morn-
ing peaks in EC mass concentration (Figure 7d) attributable to
morning rush-hour traffic. Additionally, the daily trend in the
attenuation cross section seems consistent with daily changes in
the OC/EC ratio shown in Figure 7b; however, the trend in oarn
appears to be unrelated to changes in OC (Figure 7c).

The lack of a clear pattern during the weekend may be ex-
plained by the absence of rush hour traffic periods which result
in increased concentrations of fresh, externally mixed LAC over
relatively short periods of time. It is worth noting, however, that
weekend attenuation cross sections were on average, higher than
those observed during weekdays, which may be indicative of the
dominance of internally mixed LAC during weekends.

The wavelength dependence of absorbing aerosols across the
entire wavelength range used by the Aethalometer was also de-
termined as a function of the time-of-the-day for weekdays. Al-
though this dependence, shown in Figure 7e, is quite variable,
in general, the wavelength dependence increases from morning
to afternoon signaling more preferential absorption in the UV
range in the afternoon hours. This is consistent with changes in
the wavelength dependence of LAC as it becomes coated with
secondary organics (Schnaiter et al. 2005). This coating, which
has been shown to increase the absorption cross section of LAC
by 35% or greater (Schnaiter et al. 2003; Schnaiter et al. 2005),
may explain the diurnal pattern of oarn observed in Riverside.

CONCLUSIONS

Accurate measurement of LAC by filter-based optical instru-
ments requires a thorough understanding of the relationship be-
tween the attenuation of light through a particle-laden filter and
the absorbance of light by ambient aerosols. Toward this objec-
tive, we offer the following conclusions. First, we find that the
ratio of attenuation to EC mass concentration was not constant
during this study but instead varied in a fairly consistent pattern
during the weekdays. Secondly, variation in the specific attenua-
tion cross-section, which ranges from 25.58 to 35.31 m? g‘1 for
the Aethalometer and from 16.29 to 25.99 m? g~! for the PSAP,
appears to be related to changes in the wavelength dependence
of light attenuation and to changes in the bulk composition of
carbonaceous aerosols. Lastly, these relationships suggest that,
in urban environments, changes in the mixing state of LAC can
occur quite rapidly due to the condensation of semi-volatile or-
ganic compounds on primary EC particles. Such changes need
to be taken into account when using filter-based light absorption
instruments such as the PSAP and the Aethalometer to measure
LAC in the urban environment.

With regards to comparisons between filter-based optical in-
struments, we find that the largest single factor which accounts
for differences in attenuation reported by such instruments is
the type of filter used. Although there is evidence to suggest that
there may be some enhancement of attenuation due to filter load-
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ing and light scattering by filter-bound particles, such artifacts
appear relatively minor when compared to the effects of filter
enhancement. On the whole, we find that attenuation reported
by the PSAP and the Aethalometer, regardless of the sampling
head, are highly reproducible.

Further study is clearly needed to investigate how changes
in oa7N are affected by seasonal conditions and by different en-
vironments and how these may affect the inter-comparison of
light-absorption instruments. It should be noted, however, that
the accurate measurement of LAC concentrations and a complete
understanding of its optical properties is dependant on the devel-
opment of a standardized method for the measurement of EC, as
this is the primary method for calibrating light-absorption instru-
ments. Clearly, until such a method is made available, an accurate
comparison of LAC measurements made in different environ-
ments or during different seasons cannot be accomplished.
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Specific attenuation cross section (oaTn) values for Fridays demonstrate two distinct populations. The morning values (open circles) demonstrate a low

attenuation cross section, presumably due to an infusion of fresh, externally mixed LAC from morning rush-hour traffic. During the afternoon and evening (closed
circles), oar is distinctly lower, representing the dominance of externally mixed LAC. The result of these distinct populations of oAt is a significant intercept
in the linear relationship between ATN and EC mass concentration. The slope of the b,,/EC line during the morning (dashed line) is significantly lower than that
of the afternoon/evening line (upper line). The best fit line though all points results in an intercept due to the influence of morning data and this may be a primary
cause of the intercepts seen in the relationship between ATN reported by both the PSAP and the Aethalometer and EC mass concentration.
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