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Abstract. A thermal/optical carbon analyzer equipped with
seven-wavelength light source/detector (405-980nm) for
monitoring spectral reflectance (R) and transmittance (T) of
filter samples allowed “thermal spectral analysis (TSA)” and
wavelength (1)-dependent organic-carbon (OC)-elemental-
carbon (EC) measurements. Optical sensing was calibrated
with transfer standards traceable to absolute R and T mea-
surements, adjusted for loading effects to report spectral
light absorption (as absorption optical depth (z3,,)), and ver-
ified using diesel exhaust samples. Tests on ambient and
source samples show OC and EC concentrations equivalent
to those from conventional carbon analysis when based on
the same wavelength (~ 635nm) for pyrolysis adjustment.
TSA provides additional information that evaluates black-
carbon (BC) and brown-carbon (BrC) contributions and their
optical properties in the near infrared to the near ultraviolet
parts of the solar spectrum. The enhanced carbon analyzer
can add value to current aerosol monitoring programs and
provide insight into more accurate OC and EC measurements
for climate, visibility, or health studies.

1 Introduction

Thermal/optical analysis (TOA) quantifies particulate-matter
(PM) organic carbon (OC) and elemental carbon (EC) col-
lected on quartz-fiber filters (Watson et al., 2005; Cao et

al., 2007; Bougiatioti et al., 2013). TOA based on the IM-
PROVE_A protocol (Chow et al., 2007a, 2011) has de-
termined OC and EC concentrations in tens of thousands
of samples each year from long-term chemical speciation
networks operated in the US (IMPROVE, 2014; U.S.EPA,
2014), Canada (Dabek-Zlotorzynska et al., 2011), and China
(Zhang et al., 2012). IMPROVE_A specifies stepped heating
up to 580°C in an inert helium (He) atmosphere (> 99.99 %
purity), where most organic compounds are either evaporated
or decomposed (Chow et al., 1993), followed by a second
stage of stepped heating to 840 °C in 98 % He / 2% O, to re-
move EC on the filter. Since some of the OC is converted to
EC through pyrolysis in pure He, as evidenced by darkening
of the filter, IMPROVE_A also specifies a reflectance pyrol-
ysis adjustment. Reflected light at wavelength A = 633 nm is
monitored throughout the heating (Huntzicker et al., 1982).
OC and EC are defined as carbon evolved before and after the
filter reflectance (R) returns to its initial level, respectively.
In addition to reflectance, some TOA protocols use trans-
mitted light (T) to monitor the pyrolysis (Birch and Cary,
1996; Turpin et al., 1990). ECs based on R or T splits are re-
ferred to as ECR and ECT, respectively. In addition to parti-
cle deposits, adsorbed organic vapors within the quartz-fiber
filter (Chow et al., 2010; Watson et al., 2009) can pyrolyze
during the analysis (Yang and Yu, 2002; Chow et al., 2004).
ECR differs from ECT since the R signal is dominated by
pyrolyzed OC (POC) on the filter surface, while the T sig-
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nal is influenced by POC both on and within the filter (Chen
etal., 2004; Chow et al., 2004). Unlike IMPROVE_A, which
reports both ECR and ECT, other TOA protocols employ dif-
ferent temperature steps, often reporting only the ECT results
(Birch and Cary, 1996; Cavalli et al., 2010; NIOSH, 1999;
Schauer et al., 2003; Peterson and Richards, 2002).

The R and/or T measurements as part of TOA can infer
the light absorption coefficient (baps), analogous to the prin-
ciple of optical absorption monitors such as the aethalome-
ter (Hansen et al., 1984), particle-soot absorption photometer
(PSAP; Bond et al., 1999), and the multi-angle absorption
photometer (MAAP; Petzold and Schénlinner, 2004). Both
the aethalometer and PSAP apply T attenuation, while the
MAAP incorporates both R and T attenuations in the cal-
culation of baps. In any case, it is necessary to compensate
for multiple-scattering and loading effects of the particle-
filter matrix that cause deviations from the simple Beer’s
law (Chen et al., 2004; Arnott et al., 2005b; Virkkula et
al., 2005). Black-carbon (BC) concentrations can be derived
from baps by applying a mass- and wavelength-specific ab-
sorption efficiency (MAE;, typically in m?g~1). Many col-
located measurements show high correlations but different
slopes in BC/EC comparisons (Ahmed et al., 2009; Quincey
etal., 2009; Reisinger et al., 2008; Snyder and Schauer, 2007;
Chow et al., 2009). This confirms the overlapping concept of
EC and BC but also signifies the complex nature of carbona-
ceous material and uncertainties in such measurements (An-
dreae and Gelencséer, 2006; Moosmiiller et al., 2009; Petzold
et al., 2013; Lack et al., 2014).

While BC (or EC) absorbs light strongly across the so-
lar spectrum (300-1000 nm), some organic compounds that
evolve in the OC step can also absorb light, especially
at shorter wavelengths (< 600 nm). These compounds have
been termed “brown carbon” (BrC) and are associated with
the smoldering phase of biomass burning and some end prod-
ucts of secondary aerosol formation (Andreae and Gelencsér,
2006; Clarke et al., 2007; Zhang et al., 2011). The spectral
dependence of byps is often described by «:

B dIn(bans (1))

*M ="

: 1)

where « (1) is the absorption Angstrém exponent. For BC (or
EC) with graphitic-like structure and a constant refractive in-
dex, o = 1 and baps is proportional to A~1. For BrC and min-
eral dust, o varies with A and is mostly > 1 (Moosmuller et
al., 2009; Chen et al., 2015), causing baps t0 increase more
rapidly towards shorter wavelengths (blue and ultraviolet)
than is the case for BC. The aerosol deposit thus appears
to be brown — or sometimes yellow, red, or chartreuse — as
the longer wavelengths of illuminating light are reflected and
the shorter wavelengths are absorbed. The multi-wavelength
aethalometer has revealed different spectral patterns that are
indicative of BC, BrC, dust, and their mixtures (Sandradewi
et al., 2008; Favez et al., 2009; Yang et al., 2009).
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Given the large number of samples per year analyzed by
TOA worldwide, the optical data acquired as part of the anal-
ysis could be used, in addition to OC and EC, for stud-
ies relevant to source apportionment, human health, visi-
bility, and climate. Described and characterized here is a
retrofit of a TOA carbon analyzer that expands the single-
wavelength R and T monitoring to seven wavelengths for the
IMPROVE_A analysis, hereafter designated thermal spec-
tral analysis (TSA). Equivalence of the OC and EC frac-
tions from TOA and TSA is demonstrated for several source
and receptor samples, and the wavelength dependence of the
OC-EC split is investigated. An approach to report spectral
baps (as absorption optical depth) and « for decoupling the
BC and non-BC components is also introduced. As an aid to
readers, all abbreviations used in this paper are listed in the
Supplement (Table S1).

2 Instrument design and calibration

The 633 nm He/neon (Ne) laser in the DRI Model 2001 car-
bon analyzer (Chow et al., 2011; Chen et al., 2012) is re-
placed with a package of seven diode lasers with wavelengths
(») of 405, 450, 532, 635, 780, 808, and 980 nm. The use
of diode lasers substantially reduces the cost of the optical
module. It also provides stronger signals than using a light-
emitting diode (LED) in other designs (e.g., Hadley et al.,
2008), despite being limited by the wavelengths commer-
cially available. While the 635 nm approximates the He/Ne
laser, other wavelengths were selected to cover the visible
and near-infrared regions. The lasers are alternately pulsed (2
consecutive pulses per laser, 14 pulses per cycle) and lock-
in amplified at a frequency of 30 Hz, resulting in two cycles
and ~ four pulses for each wavelength every second. The bi-
furcated fiber optic for delivering the He / Ne laser to the re-
flectance light pipe is replaced with an eight-furcated optical-
fiber bundle, one for each of the lasers and the last for trans-
ferring the light reflected from the filter punch (0.5cm?) to a
photodiode (Fig. 1). Another light pipe on the opposite side
of the filter directs the transmitted light toward a separate
photodiode detector.

Photodiode signals are acquired with an N16216 data ac-
quisition system (National Instruments, Austin, TX) at a rate
of up to 100000 data points per second. The system inte-
grates the product of photodiode and reference (30 Hz square
wave) signals every second to suppress noise (e.g., from
60 Hz power supply and oven glow, random noise, and base-
line drift). The resulting integrals are reported as the spectral
laser reflectance and transmittance (LR, and LT, respec-
tively). Example thermograms with LR; and LT, are illus-
trated in Fig. S1 of the Supplement.

LR; and LT, are relative terms depending on not only
the optical properties of the sample but also laser inten-
sity, the geometry of the laser/detector setup, and the re-
sponse of the photodiode. They are related to absolute fil-
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Figure 1. Configuration of optical sensing (left) modified from the DRI Model 2001 analyzer (Chen et al., 2012). The seven-laser module
(i.e., L1-L7) represents seven diode lasers with wavelengths of 405, 450, 532, 635, 780, 808, and 980 nm. Reference (top right) and laser
(middle right) signals are modulated at 30 Hz for a lock-in amplification of the reflectance or transmittance signals (bottom right). Only 30 Hz
signals with the same phase as the reference are amplified at gains proportional to the reference signal voltage and number of data points

integrated.

ter reflectance and transmittance (FR; and FT,, i.e., frac-
tion of light reflected from or transmitted through the fil-
ter, respectively), using a set of transfer standards con-
sisting of eight PMy 5 quartz-fiber filters acquired using
high-volume samplers from the Fresno Supersite (Watson
et al., 2000; Chow et al., 2009), with EC loadings ranging
from 0.9 to 15.8 ugcm—2 (Fig. S2). The high-volume filters
(406 cm?) represent well-characterized urban aerosol, while
providing sufficient sample for extensive testing. FR; and
FT, of the transfer standards were predetermined using an
integrating-sphere spectrometer (Lambda 35, Perkin Elmer,
Massachusetts, USA; seg, e.g., Zhong and Jang, 2011; Chen
etal., 2015) traceable to NIST (National Institute of Standard
and Technology) standards for wavelengths between 300 and
1000 nm.

Figure 2 compares LR, and LT, with FR, and FT,, re-
spectively, for the transfer standards. Within the range of FR;,
(0.1-0.8) and FT, (0.0001-0.1), highly significant linear re-
lationships (2 > 0.9) demonstrate the stability of the LR;,
and LT, measurements and the feasibility of converting them
to FR;, and FT), through calibration with a standardized spec-
trometer. Figure S1 illustrates the changes in FR;, and FT,,
retrieved from LR and LT, throughout a typical TSA. The
uncertainty of the FR; and FT, retrievals may be evaluated
by the coefficient of variance of the root mean square resid-
ual (CV-RMSR) in the FR;, /LR; and FT, /LT, regression,
respectively:

1 Yeal — Yobs)?
CV-RMSR = | 22(Yeal — Yobs)” )

Yobs n—2

www.atmos-meas-tech.net/8/451/2015/

where Yops is the FR;, or FT; measured by the integrating-
sphere spectrometer, Ycq is the FR;, or FT; calculated from
LR, or LT,, respectively, and n is the number of samples.
FRe33 nm and FTe33 nm based on the He / Ne laser of a typi-
cal Model 2001 analyzer exhibit a ~ 3 % uncertainty (Fig. 2).
For this retrofit, FR; uncertainties range from 3 to 11 % and
FT, uncertainties range from 5 to 18 %, with the best preci-
sion shown at 450 and 808 nm. The divergence in uncertainty
is attributed to the quality of the laser and the sensitivity of
the photodiode detector for different wavelengths. Ongoing
efforts to improve the signal-to-noise ratio of R and T mea-
surements by using different lasers and averaging algorithms
will be documented in subsequent papers.

3 Consistency of the OC-EC split

Several source and ambient PM, 5 samples (Table 1) are
used for testing the system. Samples from the Fresno Super-
site (2 April 2003-28 December 2003) contain a mixture of
carbonaceous materials from fresh engine exhaust, biomass
burning, and cooking (Chen et al., 2007; Chow et al., 2007b;
Gorin et al., 2006; Schauer and Cass, 2000). Reno ambi-
ent samples were acquired during the period of Rim Fire
(17 August 2013-24 October 2013) and are dominated by
an aged biomass burning plume containing mixed flaming
and smoldering emissions. Source testing as part of the Lake
Tahoe Prescribed Burning Study (Malamakal et al., 2013)
and Gasoline/Diesel Split Study (Fujita et al., 2007) provided
pure biomass burning and diesel exhaust samples, respec-
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Table 1. Comparison of TC, OCR, OCT, ECR, and ECT between the 633nm (TOA) and 635nm (TSA) optical splits following the IM-

PROVE_A protocol.?

L.-W. A. Chen et al.: Multi-wavelength optical measurement

Sample type Optical split (nm)b Sample no. and avg.  Corr.  Deming regression: y =m x x + b RD: 2(y —x)/(y +x)
X y n X y r2 mc(:l:lod) bc(:l:l(rd) mean =+ lo P
TC
Fresno Supersite 635 633 10 2030 20.05 1.00 0.97+0.05 0.38 £ 0.75 —0.01+0.04 0.56
Reno wildfire 635 633 14 30.69 30.21 1.00 0.91+0.06 2.14+1.18 0.04 £0.09 0.15
Prescribed burn 635 633 9 1927 2011 1.00 1.06%+0.09 —-032+1.12 0.01+0.14 0091
Diesel exhaust 635 633 11 8.10 7.78 097 0.99+0.05 —0.26 + 0.48 —-0.06+0.15 0.21
All 635 633 44 2034 2023 099 0.95+0.07 0.89 £+ 1.00 0.00£0.12 0.85
OCR
Fresno Supersite 635 633 10 16.02 1591 099 0.97 £0.06 0.44 +0.76 0.00 £0.05 0.85
Reno wildfire 635 633 14 2762 2699 100 0.90=+0.07 2.09 +1.27 0.03+0.09 0.30
Prescribed burn 635 633 9 1722 1825 1.00 1.07+0.06 —0.12 +0.76 0.03+0.13 0.65
Diesel exhaust 635 633 11 4.08 391 052 095+0.35 0.04 +1.35 —0.04 £0.17 0.6
All 635 633 44 1697 1691 099 0.94+0.08 0.90 £+ 0.99 0.00+£0.12 0.68
OCT
Fresno Supersite 635 633 10 1780 1782 100 1.01+0.03 —0.17 +£0.43 0.00 £0.04 0.85
Reno wildfire 635 633 14 29.07 2864 100 0.92+0.06 193 +1.19 0.03+0.08 0.14
Prescribed burn 635 633 9 1811 1892 1.00 1.07 £0.05 —0.37 £0.72 0.01+0.13 0.65
Diesel exhaust 635 633 11 442 414 046 1.01+0.46 —-0.33+1.901 —0.07+020 0.32
All 635 633 44 1810 18.07 0.99 0.96 &+ 0.07 0.74 £ 0.94 —0.01+£0.13 0.75
ECR
Fresno Supersite 635 633 10 4.28 415 100 0.99 +0.06 —-0.11+0.17 —0.06 £0.08 0.06
Reno wildfire 635 633 14  3.07 322 099 1.04+0.07 0.02 +£0.15 012+0.23 0.14
Prescribed burn 635 633 9 205 186 0.88 0.92+0.18 —0.03+0.34 —-0.13+025 0.25
Diesel exhaust 635 633 11 4.02 3.87 099 0.97+0.07 —0.03+0.23 -0.17+030 0.12
All 635 633 44 337 331 099 1.00+0.03 —0.05 £+ 0.08 —-0.04+025 0.17
ECT
Fresno Supersite 635 633 10 2.50 223 099 0.78+0.12 0.29 +£0.22 —-0.07+0.14 0.13
Reno wildfire 635 633 14 162 157 098 0.82+0.02 0.24 +0.07 0.10+0.30 0.33
Prescribed burn 635 633 9 116 118 0.85 0.87+0.10 0.17 +£0.13 0.07 £0.30 0.50
Diesel exhaust 635 633 11 3.68 364 099 0.92+0.13 0.24 +0.30 —-0.08+0.33 0.70
All 635 633 44 224 216 098 0.90+0.03 0.14 £+ 0.06 0.01+0.28 0.74

aTC: total carbon; OCR: organic carbon by reflectance; OCT: organic carbon by transmittance; ECR: elemental carbon by reflectance; and ECT: elemental carbon by transmittance
following the IMPROVE_A thermal/optical carbon analysis protocol (Chow et al., 2007a). TOA: thermal/optical analyses; TSA: thermal/spectral analyses. bxis by retrofitted
seven-wavelength carbon analyzer; y is by conventional single-wavelength (633 nm) DRI Model 2001 thermal/optical carbon analyzer. ¢ Concentration in pug em=2; m is the slope; b is the

intercept in ugcm—2. 9 o standard deviation.  Student’s ¢ test p values.

tively. All these samples were analyzed by both TSA (using
the retrofit) and TOA (using conventional Model 2001 ana-
lyzers) following the IMPROVE_A protocol.

Table 1 compares total carbon (TC), OC, and EC by re-
flectance (i.e., OCR and ECR) and transmittance (i.e., OCT
and ECT) between TSA with the 635 nm and TOA with the
normal 633nm OC-EC split. As expected, TC is equiva-
lent, with the averages agreeing within £ 5% and regression
slopes (m) ranging from 0.91 and 1.06 for each of the four
sample types. The relative difference (RD), defined as the ra-
tio of the difference divided by the average of two measure-
ments (i.e., TSA and TOA) on the same sample, does not
differ from 0 at the 5% significance level (p > 0.05). The

Atmos. Meas. Tech., 8, 451-461, 2015

standard deviations of RD, a measure of random error, are
higher for source (14-15 %) than for ambient (4-9 %) sam-
ples, indicative of greater deposit inhomogeneity for these
samples, possibly due to variable sampling conditions over
short sampling durations.

TSA and TOA also yield statistically equivalent OC and
EC results, either by R or T (Table 1). Figure 3 visualizes the
comparisons. With respect to the standard deviation of RD,
OCR and OCT are similar to TC, while ECR and ECT are
higher (up to 33 %) due to a lower fraction of EC in TC. By
category average, ECR and ECT account for 10-50 and 5-
46 % of TC, respectively. In general, ECR > ECT, as reported
in previous studies (Khan et al., 2012; Han et al., 2013; Chow

www.atmos-meas-tech.net/8/451/2015/
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Figure 2. Calibration of spectral laser (a, b) reflectance and (c, d)
transmittance measurements (LR; and LT, respectively, in milli-
volts (mV)) from the retrofitted seven-wavelength carbon analyzer
at room temperature against absolute filter reflectance and trans-
mittance (FR; and FT,, respectively) quantified by the Lambda
integrating-sphere spectrometer, using eight Fresno ambient sam-
ples (5/6, 6/6, 6/19, 7/3, 9/29, 11/4, 11/13, and 12/28 of 2003)
of various loadings as transfer standards. The 633 nm data are from
a conventional carbon analyzer. 2 and CV-RMSR evaluate the re-
gression performance.

etal., 2001; Schmid et al., 2001), consistent with organic va-
pors pyrolyzed within the filter leaving the sample after na-
tive EC and POC in the surface deposit have evolved (Chen
et al., 2004). POC was least apparent for the diesel exhaust
samples where optical adjustments were negligible.

The basic assumptions for optical adjustment include the
following: (1) OC does not absorb light and (2) POC has
the same apparent MAE as EC. Within-the-filter POC shows
no apparent MAE by R (i.e., cannot detect it for any wave-
lengths) but high MAEs by T (higher than EC due to a
multiple-scattering effect (Chow et al., 2004; Subramanian
et al., 2006)). This leads to divergent ECR and ECT re-
sults. Since the multiple-scattering effect is larger for shorter
wavelengths, ECT is expected to decrease with the wave-
length at which the split is made. On the other hand, Chow et
al. (1993) observed that the operational definition for EC by
any TOA protocol might contain some light-absorbing OC.
BrC, if present, would lower the baselines of R and T (prior
to thermal analysis) for shorter wavelengths, resulting in ear-
lier split points and larger EC reported than that from longer
wavelengths.

Table 2 compares OC-EC splits for 635nm with splits
derived from shorter (450nm) and longer (808 nm) wave-

www.atmos-meas-tech.net/8/451/2015/
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Figure 3. Comparison of organic and elemental carbon by re-
flectance optical correction (i.e., OCR and ECR, respectively) be-
tween the conventional thermal/optical analysis (TOA based on
633 nm optical split) and seven-wavelength thermal/spectral analy-
sis (TSA based on 635 nm optical split) following the IMPROVE_A
protocol. Note that x and y axes are on log scales.

lengths that have the lowest LR or LT uncertainties. ECRs
based on the 635 nm split agree well with those based on the
808 nm split (i.e., slopes within the standard error from unity
and p(RD) > 0.02) for all the sample types. This demon-
strates that the 633nm R split commonly used for optical
adjustment since Huntzicker et al. (1982) does not signif-
icantly respond to BrC absorption compared with longer
visible or infrared wavelengths. For ECT, the 880 nm split
yielded higher values than the 635nm split, especially for
biomass-burning-dominated samples. This is consistent with
ECT being influenced by POC within the filter and decreas-
ing ECT with decreasing wavelength.

The 450 nm split appears to be sensitive to BrC content, as
evidenced by larger ECR than those determined with 635 nm
(except for diesel exhaust samples, where BrC contents are
low). The difference is largest for the aged Reno wildfire
samples, which may also contain some secondary organic
aerosol formed during transport over the 200 km distance be-
tween Yosemite National Park and Reno, Nevada. As demon-
strated in Fig. S1, shorter wavelengths produce earlier splits,
resulting in higher ECR concentrations. The increase of ECT
due to a 450 nm optical correction is not evident, which may
be due to the opposing effects of BrC and POC at the shorter
wavelength.

Atmos. Meas. Tech., 8, 451-461, 2015
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Table 2. Comparison of TSA-determined 635 nm ECR and ECT with 880 nm and 450 nm following the IMPROVE_A protocol.

Sample type Optical split (nm)?@ Sample no. and avg.b Corr.  Deming regression: y =m x x +b RD: 2(y —x)/(y +x)

x y n X y r2 mb(:l:lac) bb(:l:lac) mean+ lo pd

ECR
Fresno Supersite 635 450 10 4.28 474 100 1.23+0.04 —0.55+0.13 0.01 +£0.13 0.82
Reno wildfire 635 450 14 3.07 429 095 1.90+0.58 —155+1.24 0.14+£0.25 0.06
Prescribed burn 635 450 9 205 214 098 141+0.23 —0.74 +£0.39 —-0.03+0.16 0.57
Diesel exhaust 635 450 11 4.02 393 100 1.00+0.01 —0.10 £+ 0.06 —0.08+0.11 0.06
All 635 450 44 337 3.86 090 1.36=+0.28 —0.71 + 0.66 0.02+0.19 0.76
Fresno Supersite 635 808 10 4.28 412 100 0.95+0.08 0.06 + 0.22 —0.05+0.05 0.03
Reno wildfire 635 808 14 3.07 322 100 1.04+0.08 0.03 +£0.17 0.15+0.23 0.02
Prescribed burn 635 808 9 205 212 099 1.00+0.09 0.06 £+ 0.17 0.03+£0.09 0.30
Diesel exhaust 635 808 11 4.02 400 100 1.00=+0.00 —0.02 +£0.02 —0.01+0.02 1.00
All 635 808 44 337 340 1.00 0.99 +0.03 0.05+0.07 0.04+0.16 0.19
ECT

Fresno Supersite 635 450 10 250 244 100 1.00+0.02 —0.05 £+ 0.07 —0.04+0.08 0.16
Reno wildfire 635 450 14 1.62 135 099 0.85+0.06 —0.02 £+ 0.06 —0.20+0.14 0.00
Prescribed burn 635 450 9 116 1.07 098 1.06+0.25 —0.16 +£0.22 —0.08+024 0.16
Diesel exhaust 635 450 11  3.68 359 100 0.97=+0.01 0.01 £+ 0.04 —0.04 +£0.06 0.07
All 635 450 44 224 210 099 0.97+0.02 —0.08 £ 0.03 —0.10+0.16  0.00
Fresno Supersite 635 808 10 250 267 100 1.03+0.04 0.10 £+ 0.08 0.08 £0.04 0.00
Reno wildfire 635 808 14 162 200 099 1.24+0.04 —0.01 +0.08 0.18 £0.18 0.00
Prescribed burn 635 808 9 116 127 099 110+0.12 —0.01+0.12 —0.09+0.60 0.13
Diesel exhaust 635 808 11  3.68 353 100 0.99+0.01 —0.11 £ 0.07 —-0.24+041 0.01
All 635 808 44 224 238 099 1.01+0.07 0.11 +£0.12 0.00 £0.38 0.02

@ x and y are both by modified seven-wavelength carbon analyzer but with optical pyrolysis adjustment at different wavelengths. b Concentration in pgem—

intercept in ugcm—2. Co: standard deviation. & Student’s ¢ test p values.

4 Multi-wavelength absorption retrieval

Light absorption by particles on the filter is often estimated
by transmittance attenuation (ATN):

FToi
ATN; = —In (FTi;) , ©)

where i and f indicate FT, measured before and after ther-
mal analysis, respectively. FT;  approximates a blank fil-
ter since all of the carbon has been removed. ATN, includes
scattering and absorption within the substrate. On the other
hand, the absorption optical depth (za,,) measures only the
light absorption. For diesel soot samples with negligible BrC
and POC,

Ta,» = MAE; ec x [EC], 4)

where [EC] is the areal concentration of EC on filter in
g cm~—2. If there were no filter effects, ATN and 7 would
be identical for a given A as described by Beer’s law. With
the knowledge of sampling volume (V') and filter area (A),
ambient bgns can be calculated from z; x A/ V.

The relationship of [EC] and ATNg35 nm throughout the
EC2 step (740°C in a 98 % He / 2% O, atmosphere) of the

Atmos. Meas. Tech., 8, 451-461, 2015

2: m is the slope; b is the

IMPROVE_A analysis for a diesel exhaust sample is shown
in Fig. 4. Since in this case carbon evolved during EC2 is ex-
clusively EC, the temporal variation in [EC], i.e., d[EC] / dr,
can be determined from carbon released and detected by the
carbon analyzer. Arnott et al. (2005b) proposed a quadratic
relationship between [EC] and ATN, derived from

dATN, M) x MAE; gc  d[EC] ©)
= X
dt JVI¥ B, x[EC] dr
and thus
Bs. 2
EC] = ATN
[EC] A(M; x MAE;, g0)2
1
ATN,, (6)

+ ]W)L X MAE)L’EC

where M, and B, account for the wavelength-specific
multiple-scattering and loading effects, respectively. Eq. (6)
fits the relationship in Fig. 4 well (2 > 0.99), thereby al-
lowing M, and B, to be estimated. EC (quantified by IM-
PROVE_A ECR or ECT) of all the diesel exhaust sam-
ples exhibits a consistent dependence on the initial sample
ATNg35 nm (prior to TSA) (Fig. 4). This supports the use of
ATNe3s nm as a surrogate for EC and light absorption. Simi-

www.atmos-meas-tech.net/8/451/2015/



L.-W. A. Chen et al.: Multi-wavelength optical measurement

20

[EC] during the EC2 step 1.4
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Figure 4. Relationship of EC concentration, [EC], versus
ATNg35 nm from all 1s measurements during the EC2 step (740°C
in a 98 % He /2% O, atmosphere) of IMPROVE_A analysis for a
diesel exhaust sample (CIFQ074 from the Gas/Diesel Split Study
(Fujita et al., 2007)). Also shown are paired [EC]-ATNg35 nm of 11
diesel exhaust samples, where EC is determined from IMPROVE_A
and ATNg35 nm from initial filter transmittance. Circles and er-
ror bars indicate the average and spread, respectively, of EC by
transmittance and reflectance (i.e., ECT and ECR, respectively).
Ta,635 nm Was further calculated from a MAE of 7.4 m? g~1 x [EC],
and the regression result between t; 635 nm and ATNg3s nm s
shown in green.

lar relationships hold between [EC] and ATN for other wave-
lengths (Fig. S3). The largest scatter observed for 532 nm
corresponds to the highest uncertainty in FTs32 nm, retrievals;
it results from the slow laser response time to modulation and
the low sensitivity of the transmittance photodiode detector
at this wavelength, which will be addressed in a subsequent
design of the retrofit optics.

To relate 7a635 nm t0 ATNg3zsnm, @ MAE (EC) of
7.4m?g~1 at 635nm was used. The MAE was derived
from concurrent baps, by a photoacoustic sensor at 1047 nm,
and EC, by IMPROVE_A, measurements during the Gaso-
line/Diesel Split Study (Arnott et al., 2005a) and assuming
an « of 1 in Eq. (1). The quadratic relationship holds for all
of the available wavelengths, as seen in Fig. 5. Light absorp-
tion is enhanced by the filter since any a5 <1 corresponds
to a larger ATN,,, with more amplification towards shorter
wavelengths. These 7, ,—ATNj,, relationships would apply to
any samples, regardless of the nature of light-absorbing ma-
terial (e.g., EC, BC, BrC, or mineral dust). Particle penetra-
tion depth and, to a lesser degree, single-scattering albedo
and the asymmetry g factor can influence the 7, ,—ATN, de-
pendence, though for a similar sampling configuration and
filter material/thickness with typical loading, the perturba-
tion is expected to be small (Chen et al., 2004; Arnott et al.,
2005Db). Retrieval algorithms employing both R and T such as
those in Petzold and Schonlinner (2004) should be developed
in the future to utilize all the information available.
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Figure 5. 75 3—ATN,, relationships for 405-980 nm wavelengths,
based on a diesel exhaust reference sample. Results for 532 nm are
not shown owing to lack of sufficient detector signal-to-noise ratio
at this wavelength.
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Figure 6. Product of absorption optical depth (z ;) and wavelength
(1) as a function of A by sample type. 5 5 shown represents aver-
ages over each of the sample types.

Using the relationships in Fig. 5, 73, was calculated for
all samples from the initially measured ATN, values, with
the average 1, x A by sample type compared in Fig. 6.
The nearly constant t, ; x A for diesel exhaust samples, i.e.,
Tan X 21, is consistent with the exclusive contribution of
EC to light absorption. BC derived from the z, , would be
equivalent to diesel EC. Averaged t;, x A increases by fac-
tors of 1.5, 3.0, and 3.9 from 980 to 405 nm for the Fresno
ambient, Reno wildfire, and prescribed-burning samples, re-
spectively. This reflects different levels of non-EC contribu-
tion.

Atmos. Meas. Tech., 8, 451-461, 2015
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Table 3. Average 7 635 nm for four sample types and their respective BC and BrC fractions, BrC absorption Angstrém exponent, and diesel-
EC-equivalent BC (BCq) concentration. IMPROVE_A ECR and ECT determined by the 635 nm optical adjustment are compared to BCyq in

terms of average and p value of the relative difference (RD).

Sample type Ta,635 nm  Ta,635nm,BC  Ta,635 nm,BrC agc oBrC BCB ECR ECT p value p value
(% in 73) (gem=2)  (ugem=2)  (ugem=2)  (RDpcecr)  (RDgcect)
Fresno (ambient) 0.33 0.30 0.03 (10 %) 1 48+15 4.0 4.3 25 0.02 0.87
Reno (wildfire) 0.10 0.07 0.02 (26 %) 1 48+17 1.0 3.1 1.6 0.00 0.00
Prescribed burning 0.04 0.02 0.02 (46 %) 1 42+18 0.3 2.1 1.2 0.00 0.00
Diesel exhausts 0.26 0.26 0.00 (1 %) 1 23+01 35 4.0 3.7 0.05 0.06
2 pre-assumed values. © Calculated from , 635 nm,gc/(7.4m2 g~ 1).
5 Separation of BC and BrC contributions Table 3 shows that BCq as determined from

A simplified two-component model consisting of BC and
BrC, each with explicit absorption Angstrém exponents (agc
and aprc), is used to explain the spectral dependence of
in the samples:

Aa = gBC X A7%BC 4 gprc x ATYEC, (7)

where ggc and ggrc are fitting coefficients. This is analogous
to the approach of Sandradewi et al. (2008), who considered
the two components to be traffic and wood-burning particles
and Hadley et al. (2008), who modeled two components of
BC and char. Assuming an agc of 1 the same as diesel EC,
then

Tax X A =qBc +gaic x A~ 8™ D, (8)

Fitting coefficients in Eq. (8) were obtained for apc val-
ues between 2 and 8 by least-square linear regression, and
the apyc that led to the overall best fit in terms of 2 was se-
lected as the effective absorption Angstrém exponent of BrC
with which t,, Bc and a . Brc can be calculated from the
first and second terms of Eq. (7). This fitting takes advantage
of all six wavelengths. For each of the 44 samples, Fig. S4
shows that fitted 7, ; are within 5% of the measured val-
ues for z, , > 0.01. Examples of the 7, , decomposition as a
function of wavelength are shown in Fig. S5.

Table 3 summarizes the apportionment of 73635 nm iNto
BC and BrC fractions along with average apc, “diesel-EC-
equivalent” BC (termed BCy hereafter), ECR, and ECT by
sample type. Consistent with Fig. 5, BrC contributions to
7a,635 nm are much higher in prescribed burning than in diesel
exhaust samples (averaging 46 % versus 19%) while some-
where in between (10-26 %) for Fresno and Reno wildfire
samples. Effective agyc compares well among Fresno, Reno
wildfire, and prescribed-burning samples (4.2-4.8) and is
consistent with BrC of a similar nature from biomass burn-
ing (Bahadur et al., 2012; Kirchstetter and Thatcher, 2012).
Even in the infrared region BrC accounts for 3, 6, and 24 % of
72980 nm for the Fresno, Reno, and prescribed-burning sam-
ples, respectively, on average. aprc in diesel exhaust, de-
tectable in 5 of 11 samples, appears to be significantly lower
(2.3 +0.1) than in other sample types.

Atmos. Meas. Tech., 8, 451-461, 2015

7,635 nmBC / MAEgas nm  (7.4m?g~1) are lower than
ECRg35 nm. The differences are especially significant
(i.e., p value of RD <0.01) for Reno wildfire and Tahoe
prescribed-burning samples with relatively high BrC con-
tributions. The comparisons do not change with ECRgog nm
(with low BrC influence) replacing ECRg35 nm. A continuum
of light-absorbing carbon from biomass burning — ranging
from BrC and char to soot — as suggested by Pdschl (2003)
and Masiello (2004) may explain the phenomenon. As char
and soot resulting from pyrolysis and high-temperature
graphitization, respectively, are both quantified as EC by
TOA (Han et al., 2009), they may have distinct optical
properties. BCqy that was calibrated against diesel EC would
represent just the soot fraction because there is little char
material in diesel exhaust. ECTg35 nm is substantially lower
than ECRg35 nm due to the aforementioned POC effect and is
much closer to BCy for the Reno and Tahoe biomass burning
samples but not the Fresno and diesel exhaust samples.

6 Conclusions

Thermal/optical analysis that combines thermal separation
and optical monitoring is potentially a powerful tool for ana-
lyzing carbonaceous aerosol on filters. Spatiotemporal varia-
tions and long-term trends in aerosol loading, chemical com-
position, sources, and effects have been inferred from OC
and EC measurements (e.g., Chen et al., 2012; Hand et al.,
2012; Malm et al., 1994; Murphy et al., 2011; Park et al.,
2006). As many archived samples may be retrieved for re-
analysis and ~ 40000 new samples are collected per year
in the US long-term networks alone, an enhanced multi-
wavelength thermal/optical analyzer would benefit the sci-
entific community that uses the data.

The seven-wavelength (visible to near-infrared regions)
TSA with both R and T sensors allows the determination
of the OC-EC split at different wavelengths and light ab-
sorption measurements to be made with wavelength-specific
loading corrections. In the selected ambient and source
PM, 5 samples, contributions of BC and BrC to light ab-
sorption were decoupled, assuming an absorption Angstrém

www.atmos-meas-tech.net/8/451/2015/
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exponent of unity for BC and much higher values for BrC.
Thus, BC concentrations optically equivalent to diesel ex-
haust EC, i.e., BCy, can be calculated. BrC with an average
absorption Angstrém exponent of 4.2—-4.8 is found to be en-
riched in samples influenced by biomass burning.

Despite the modifications in light source and detection
technique, it is shown that the TSA measures OCg3s5 nm and
ECs35 nm equivalent to OCg33 nm and ECg33 nm from conven-
tional TOA following the same IMPROVE_A protocol with
either R or T pyrolysis adjustment. ECRg35 nm iS also con-
sistent with those determined with longer wavelengths (e.g.,
808 nm), though OC-EC splits with shorter wavelengths
(e.g., 450nm) increase ECR appreciably, showing the ef-
fect of BrC. For ECT, the BrC effect is somewhat canceled
by an opposite POC effect. The optically derived BCy un-
derestimates ECRg35 nm or ECRspg nm in biomass-burning-
dominated samples with relatively high BrC content though
the agreements are good for other samples. This discrepancy
calls for further studies on the optical properties of EC, in-
cluding soot and char, from biomass burning in contrast to
those of diesel soot particles.

The Supplement related to this article is available online
at doi:10.5194/amt-8-451-2015-supplement.
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