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Abstract

The mass absorption efficiency (MAE) of elemental carbon (EC) in Beijing was quan-
tified using a thermal-optical carbon analyzer. The MAE measured at 632 nm was
8.45+1.71 and 9.41+1.92m? g_1 during winter and summer, respectively. The daily
variation of MAE was found to coincide with the OC (organic carbon) abundance, es-
pecially the OC to EC ratio, perhaps due to the enhancement by coating with organic
aerosol (especially secondary organic aerosol, SOA) or the artifacts resulting from
the redistribution of liquid-like organic particles during the filter-based absorption mea-
surements. Using a converting approach that accounts for the discrepancy caused
by measurements methods of both light absorption and EC concentration, previously
published MAE values were converted to the equivalent MAE, which is the estimated
value if using the same measurement methods as used in this study. The equivalent
MAE was found to be much lower in the regions heavily impacted by biomass burn-
ing (e.g., India), probably due to the influence of brown carbon. Optical properties of
water-soluble organic carbon (WSOC) in Beijing were also presented. Light absorption
by WSOC exhibited strong wavelength (1) dependence such that absorption varied ap-
proximately as /1_7, which was characteristic of the brown carbon spectra. The MAE
of WSOC (measured at 365 nm) was 1.83 and 0.70 m? g'1 during winter and summer,
respectively. WSOC in Beijing has been demonstrated to be strongly linked to SOA;
and the seasonal pattern of its MAE was attributed to the difference in the precursors
of SOA such that anthropogenic volatile organic compounds (AVOCs) should be more
important as the precursors of SOA in winter. Moreover, the MAE of WSOC in Bei-
jing was much higher than results from the southeastern United States which were
obtained using the same method as used in this study, perhaps due to the influence of
biomass burning.
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1 Introduction

Carbonaceous aerosol has been the focus of extensive studies during the last decade
due to its complex effects on human health, visibility and climate change. Carbona-
ceous aerosol is an aggregate of thousands of poorly characterized species with a wide
range of chemical, thermal and optical properties (Pdschl, 2005; Andreae and Ge-
lencsér, 2006). As a result, its characterization is more difficult and complex compared
with other components in ambient aerosol (e.g., sulphate and mineral dust). Though
it is still impossible to completely identify carbonaceous aerosol on a molecular level,
a variety of techniques has been developed to classify it into different fractions result-
ing in several “instrument-operational definitions” which are usually not congruent. In
speciation monitoring, carbonaceous aerosol is commonly divided into organic carbon
(OC) and elemental carbon (EC) by thermal-optical (or thermal) method (Chow et al.,
1993; Birch and Cary, 1996). Another widely used definition is black carbon (BC), which
is the light-absorbing carbon measured by optical instruments such as Aethalometer
(Hansen and Novakov, 1990). In the emission-inventory and climate-science commu-
nity, black carbon is usually used synonymously with EC, because the emission factors
of BC are typically measured by thermal-optical (or thermal) methods (e.g., Chen et al.,
2009). Recently, scientific attention has shifted from the role of black carbon as a pollu-
tant to its importance as a driver of global warming (Jacobson, 2001; Ramanathan and
Carmichael, 2008). Moreover, atmospheric heating caused by black carbon may affect
the large scale circulation and the hydrological cycle with significant regional climate
effects that contribute to the observed precipitation and temperature changes in China
(Ramanathan et al., 2001; Menon et al., 2002).

The mass absorption efficiency (MAE, m? g'1), a parameter characterizing the opti-
cal properties of black carbon, is defined as:
b
2 -1\ _ Yabs
MAE(m g )_—BC (1)
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where b, and BC is the absorption coefficient (Mm™') and mass concentration of
black carbon (ug m_3), respectively (Liousse et al., 1993). When calculating MAE by
Eq. (1), EC measured by thermal-optical (or thermal) method is typically used as BC,
and absorption measurements have most frequently been performed by filter-based
techniques (e.g., Aethalometer) which measure the change in the light transmittance
through a filter due to the deposition of airborne particles (Sharma et al., 2002; Jeong
et al., 2004; Snyder and Schauer, 2007; Knox et al., 2009; Chan et al., 2010). However,
significant artifacts are associated with the filter-based method, due to the aerosol-filter
interactions, shadowing of the incident light with increasing filter loading, and aerosol
scattering effects (Arnott et al., 2003; Weingartner et al., 2003; Petzold et al., 2005;
Sandradewi et al., 2008). For example, results from downtown Toronto showed that the
MAE calculated based on Aethalometer was about 2.4 times the value based on pho-
toacoustic spectrometer (PAS) which can measure light absorption directly on airborne
particles (Knox et al., 2009). On the other hand, during the 2006 Texas Air Quality
Study/Gulf of Mexico Atmospheric Composition and Climate Study, it was found that
the ratio of b,,, measured by the Particle Soot Absorption Photometer (PSAP, also
a filter-based method) to that measured by the PAS, AR,,, depended on the abundance
of organic aerosol (OA) such that R, was increased by about 8 % for every 1 g m™2
increase in OA; and R,,; was estimated to be 1.12, 1.40 and 1.69 for rural, urban
and heavily polluted regions, respectively; moreover, R,,s was found to correlate more
strongly with the OA to BC ratio rather than just OA concentration (Lack et al., 2008).
A companion laboratory study also indicated that A, increased with the OA to BC
ratio (Cappa et al., 2008a). Another concern in the determination of MAE is the in-
fluence of mixing state (Schnaiter et al., 2003, 2005; Bond et al., 2006). When BC
is internally mixed with other components such as sulphate and organic carbon, the
coatings can focus light into the BC core of the particle which would increase the MAE
value (Bergstrom et al., 1982). Enhancement of MAE by coating can be described
by absorption amplification. Laboratory studies showed that the amplification factor
was 1.8 ~ 2.1 for diesel soot particles when coated with secondary organic carbon
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produced by the oxidation of a-pinene (Schnaiter et al., 2005), whereas the amplifica-
tion factor was estimated to be 3 ~ 6 during a field campaign conducted at Jeju Island,
South Korea (Flowers et al., 2010). The effects of coatings can also be evaluated by
using a thermal-denuder which volatilizes the coatings (or a fraction of the coatings)
by heating the airborne aerosol before absorption measurement. For example, Knox
et al. (2009) found that the MAE of freshly emitted BC, which was calculated based on
Aethalometer at 880 nm, was reduced by about 25 % (from 19.3 to 14.4 m? g_1) after
heating.

Black carbon is typically treated as the only light-absorbing species in climate mod-
els (Kirchstetter et al., 2004). However, it has been recently made clear that certain
organic carbon species in addition to black carbon may also contribute to light absorp-
tion by atmospheric aerosols, indicating a continuum of carbonaceous components
(Poschl, 2005; Andreae and Gelencsér, 2006). Light absorbing organic aerosol is
usually termed brown carbon. Sources of brown carbon include residential coal com-
bustion (Bond, 2001), biomass burning (Kirchstetter et al., 2004; Clarke et al., 2007;
Bergstrom et al., 2007; Zhang et al., 2010), biogenic materials (Andreae and Crutzen,
1997), and atmospheric reactions (Gelencsér et al., 2003; Hecobian et al., 2010). Lab-
oratory studies also provide additional evidence for the presence of brown carbon
(Schnaiter et al., 2006; Chakrabarty et al., 2006, 2010). The “tar balls”, which have
been widely observed in Africa, Europe (Posfai et al., 2004), North America (Hand
et al., 2005) and Asia (Alexander et al., 2008), are considered as an important type
of brown carbon. Though both can absorb light, “tar balls” differs substantially from
black carbon in terms of morphology. “Tar balls” are large, amorphous, and predomi-
nantly isolated carbon spheres with diameter of 100—400 nm (Alexander et al., 2008),
whereas black carbon typically consists of aggregates of spherules mostly 20-50 nm
in diameter (van Poppel et al., 2005). The mass absorption efficiency of brown carbon
increases sharply from long to short wavelengths, resulting in its brown appearance
(Alexander et al., 2008). Absorption of ultraviolet (UV) light by brown carbon is im-
portant since UV irradiance significantly affects the tropospheric ozone production and
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photochemistry (Jacobson, 1999). Moreover, a significant fraction of brown carbon
is water-soluble (Hoffer et al., 2006). Dissolution of brown carbon into cloud droplets
could result in homogeneous absorbing droplets that affect the overall cloud absorp-
tion, especially in the UV range, indicating that brown carbon might have important
influence on climate (Andreae and Gelencsér, 2006).

The radiative forcing of carbonaceous aerosol is one of the difficult challenges in
climate modeling. Substantial uncertainties are due to the complexity in optical pa-
rameters of EC in the real atmosphere and the presence of light-absorbing organic
carbon which is still poorly understood. In this study, optical properties of carbona-
ceous aerosol in Beijing, a representative mega city in East Asia, are presented. The
MAE of EC is quantified using a thermal-optical carbon analyzer. A converting ap-
proach that accounts for the discrepancy caused by the measurement methods of both
light absorption and EC concentration is also developed. Moreover, light absorption
characteristics of the PM, 5 water extracts are presented.

2 Methods
2.1 Field sampling

Ambient PM, 5 samples were collected by a five-channel Spiral Ambient Speciation
Sampler (SASS, MetOne Inc.) at the Tsinghua University campus in Beijing. Twenty-
nine and thirty sets of daily PM, ; samples were collected during winter and summer
of 2009, respectively. Parallel quartz filters (denuded) and Teflon filters (un-denuded)
were used in the present study. Detailed operating configuration of the SASS sampler
during each sampling period was described by Cheng et al. (2010). The activated car-
bon denuder (provided by MetOne) is 20 mm long and 38 mm in diameter with about
1000 of 1mm x 1 mm channels. A new denuder was used for each sampling cam-
paign. The denuder efficiency for removing the positive artifact was demonstrated to
be 100 % throughout each sampling period; particle loss due to diffusion to the walls of
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the denuder, volatilization of particulate organic carbon during transportation through
the denuder, and the shedding of the denuder material were also shown to be negligible
(Cheng et al., 2010).

The quartz (2500 QAT-UP) and Teflon (R2PJ047) filters were from Pall Corp. (Ann
Arbor, Ml), and were 47 mm in diameter. The face velocity was 9.8 cm s~ atthe oper-
ating flow rate (6.7Lmin'1). All of the quartz and Teflon filters used throughout each
campaign were taken from the same lot. The quartz filters were pre-baked at 550°C
in air for 24 h, whereas the Teflon filters were used as received from the manufacturer.
Twenty-nine quartz filters were kept as filter blanks. The OC concentrations of the
blank filters averaged 0.44+0.15ug Ccm™2, and no EC was detected. All of the data
reported have been corrected by the filter blank concentration.

2.2 Sample analysis
2.2.1 Thermal-optical analysis

Quartz filters were analyzed using a DRI Model 2001 thermal/optical carbon analyzer
(Atmoslytic Inc., Calabasas, CA) to determine the EC concentration and optical atten-
uation. Using the increase of the transmittance signal at the end of the inert mode
as an indicator of premature evolution of light-absorbing carbon (including native EC
and pyrolyzed OC), Cheng et al. (2010) identified that the premature evolution was
significant when the NIOSH (National Institute for Occupational Safety and Health) or
similar temperature protocols (e.g., Speciation Trends Network protocol, STN) were
used; and the premature evolution was attributed to the high peak inert mode temper-
ature (between 850—900 °C). In fact, the premature evolution was found to begin when
the peak inert mode temperature was increased from 580 °C used in the IMPROVE
(Interagency Monitoring and Protective Visual Environmental)-A temperature protocol
to 650°C (Cheng et al., 2010). As a result, the IMPROVE-A temperature protocol
was implemented in the present study. EC was defined as the carbon evolved after
the filter transmittance (monitored at 632 nm) returned to its initial value in the oxidizing
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atmosphere (He/O,). The transmittance charring correction was implemented because
the optical attenuation (ATN) is calculated based on the transmittance signal. ATN is
defined as:

ATN =1In </7°) )

where / and /, are the transmittance signal before and after the thermal-optical anal-
ysis. ATN of blank quartz filters averaged 0.00+0.01 (N = 29), indicating the ATN of
loaded filter could approximately be attributed to the presence of light-absorbing car-
bon (the mineral dust is far less absorbing, Yang et al., 2009). ATN calculated by Eq. (2)
agreed well between duplicate analyses with a slope of 0.99 (Ft’2 =0.984, N =28; in-
tercept was set as zero). The determination of ATN by the carbon analyzer is similar
to the Aethalometer, which simultaneously measures light passing through a loaded
and a particle-free reference quartz filter. Moreover, the equivalence between ATN re-
trieved from the carbon analyzer and that measured by the Aethalometer, when the
measurement wavelength was the same, has been demonstrated (Ram and Sarin,
2009). As a result, ATN retrieved from the carbon analyzer can be used to determine
the absorption coefficient (b,,s) of the loaded aerosol by the same approach as used
in the Aethalometer, which is calculated as:

baps(Mm™") = ATN x é (3)

where A is the filter area with particle loading (mm2) and V is the volume of air sampled
(m3). The mass absorption efficiency (MAE) is then calculated as:

bas ATNxA ATN
MAE(m2g-1)= 228 _ L TX~2

= = = 102 4
EC - ECxv _EC, *° @

where EC (ug Ccm'z) is the filter loading of EC. Among the artifacts associated with
the filter-based measurement of absorption, the multiple scattering effects have been
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typically corrected by an empirical correction factor, C. Weingartner et al. (2003) sug-
gested a value of C = 3.6 for the internally mixed aerosol when using Aethalometer.
Because the equivalence of optical measurement by the Aethalometer and the carbon
analyzer has been demonstrated (Ram and Sarin, 2009), the same empirical factor
was used in the present study:

_ MAE ATN 1
MAE o rrected (ng 1) = 36 = EC, X 36

All the MAE values presented in the present study have been corrected for the multiple
scattering effects using Eq. (5). Another artifact associated with the filter-based method
is the shadowing effect, which could partially be identified by the dependence of ATN on
EC loading (EC;). As shown in Fig. 1, during the winter, ATN and EC, correlated well
(,‘-?2 =0.915) with a slope of 29.0 m? g_1 and an intercept of 5.7 m? g‘1 when ECg was
below 7 ug C cm™2, whereas the linearity did not extend for EC exceeding 7 pgC cm™2
indicating the presence of shadowing effect. During the summer, EC4 was much lower
(below 4uchm'2), and the shadowing effect was not identified. As a result, winter
samples with EC4 exceeding 7 ug C cm™2 were not included when calculating the MAE
values by Egs. (2) to (5).

x 10° (5)

2.2.2 Water-soluble organic carbon and brown carbon analysis

Each Teflon filter was placed in a pre-cleaned 60 ml amber HDPE (High-density
Polyethylene) bottle and extracted with 40 ml of 18-MQ Milli-Q water via 30 min son-
ication. The liquid extract was then filtered using a 0.45um syringe filter and then
stored in a refrigerator (~ 4 °C) until analysis, which was completed within 2 days after
extraction. Water-soluble organic carbon (WSOC) in the extract was quantified using
a Sievers Model 900 Total Organic Carbon Analyzer (GE Analytical Instruments, Boul-
der, CO).

The light absorption spectra of the liquid extracts were measured over the wave-
length range of 250-800nm with a UV-Visible Spectrophotometer and Long-Path
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Absorption Cell, following the method of Hecobian et al. (2010). Water extracts were
injected into a 1-m path-length Liquid Waveguide Capillary Cell (LWCC-2100, World
Precision Instrument, Sarasota, FL) with an internal volume of 250 uL. A dual deu-
terium and tungsten halogen light source (DT-Mini-2, Ocean Optics, Dunedin, FL) and
absorption spectrometer (USB4000, Ocean Optics, Dunedin, FL) were coupled to the
wave-guide via fiber optic cables (QP400-2-SR, Ocean Optics, Dunedin, FL). The ab-
sorption spectra were recorded with an Ocean Optics Spectra-Suite data acquisition
system.
Light absorption of the liquid extracts is defined as:

/
ATNA:—Iogw(E) :szi(c,.xeu) (6)

where /, and / are the intensity of incident and transmitted light, respectively. ATN; is
linearly dependent on the concentration of light-absorbing substances in solution (C;),
their wavelength-dependent mass absorption efficiency (¢; ;), and the absorbing path
length (L). ATN, is then converted to the absorption coefficient (b,,s), by:

Vv
(Daps); = (ATN, = ATN7qg) x x L

where W is the volume of water into which the filter was extracted (40ml), V' is the
volume of air sampled, and L is the absorbing path length (0.94 m). Absorbance at
700 nm (average between 695 and 705 nm, where there is no absorption for ambient
aerosol water extracts) is used to account for baseline drift during analysis. In(10)
converts from common logarithm (base 10) to natural logarithm. The mass absorption
efficiency (MAE,) of the water extracts is calculated as:

b

x In(10) (7)

(8)
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3 Results and discussion
3.1 Optical properties of elemental carbon
3.1.1 MAE values of EC in Beijing

The MAE of EC calculated at 632nm by Egs. (2)—(5) was 8.45+1.71 and 9.41 %
1.92m? g‘1 during winter and summer, respectively. The MAE values exhibited sig-
nificant daily variations, differing by a factor of up to 2.3. Moreover, the daily pattern
of MAE seemed to coincide with the OC abundance, especially the OC to EC ratio
(Fig. 2a,b). OC to EC ratios include important information about the extent of sec-
ondary organic aerosol (SOA) production such that ambient OC to EC ratios greater
than those characteristic of the primary emissions for a given area have long been
used as an indicator for the SOA formation, giving rise to the EC-tracer method. Us-
ing this approach, Cheng et al. (2011) predicted the SOC (secondary organic carbon)
and POC (primary organic carbon) concentration of Beijing based on the same sets of
samples as used in this study. As shown in Fig. 2c,d, the daily pattern of MAE also
coincided well with that of the SOC to OC ratio, whereas no correlation between MAE
and the POC to OC ratio was seen. The agreement between the daily pattern of MAE
and the OC to EC ratio perhaps indicates the enhancement of MAE by coating with or-
ganic aerosol (especially SOA). Another possible explanation for the agreement is the
artifacts resulting from the redistribution of liquid-like organic particles (Subramanian
et al., 2007; Cappa et al., 2008b) during the filter-based absorption measurements
(Lack et al., 2008), which include (i) a physical change in the shape of the liquid-like
organic particles as they deposit and then coat the filter fibers, and (ii) the possible
coating of pre-existing absorbing particles with the liquid-like organic particles (pre-
sumably oxidized) during sampling. We stop further discussion because neither PAS
(which can avoid the artifacts associated with filter-based absorption measurement)
nor the thermal-denuder (which can be used to investigate the influence of coating)
was included in the present study.
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3.1.2 Effects of the measurement methods

Previous studies have quantified the MAE by the filter-based method at a variety of lo-
cations (Table 1). However, quite different measurement methods of both ATN and EC4
have been implemented, introducing complexity and difficulty in the direct comparison
of MAE across studies and regions. As a result, an approach was developed to account
for the discrepancy caused by measurements methods of both ATN and EC,. Based
on this approach, previously reported MAE values were converted to the equivalent
MAE, which is the estimated value if using the same measurement methods (of both
ATN and ECy) as used in this study. This was done using the following procedures.

(1) EC method conversion. The thermal-optical method is widely used for the deter-
mination of EC. A variety of operational protocols have been employed that differ mainly
with respect to (i) temperature protocol, including temperature plateaus and residence
time at each plateaus, and (ii) charring correction by light reflectance or transmittance.
EC values defined by transmittance correction (EC) are usually lower than those de-
fined by reflectance correction (ECR), because the filter reflectance signal typically
returns to its initial value before the transmittance (Chow et al., 2004). Influence of
the charring correction methods on EC values is shown in Table 2. When using the
IMPROVE or the IMPROVE-A temperature protocol, the ECg to EC+ ratio was about
1.3 ~ 1.8 for ambient samples whereas the ratio was a little lower (about 1.2) for motor
vehicle exhaust samples. As a result, when converting MAE values in which EC was
determined by the IMPROVE (or IMPROVE-A) temperature protocol with reflectance
correction, the reported MAE was multiplied by 1.3 ~ 1.8 to account for the discrepancy
caused by charring correction methods.

Measured EC values have also been shown to vary significantly among the various
temperature protocols (Schauer et al., 2003; Subramanian et al., 2006; Cheng et al.,
2010). Based on results from North America and Europe, ambient EC defined by the
IMPROVE temperature protocol (ECjprove) Was about 1.2 ~ 1.5 times the value of
that defined by NIOSH (ECyosH) When both using the transmittance correction (Cheng
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et al., 2010 and references therein). Few studies about the EC;prove t0 ECyjosH ratio
were available for Asia and quite different results have been reported. Results from
Schauer et al. (2003) suggested that the ratio was about 1.5 for a regional background
site in Korea whereas recent work by Cheng et al. (2010) indicated that the ratio may
be greater than 2.0 for Beijing, China. Importantly, the discrepancy between EC val-
ues determined by different methods was suggested to be strongly linked to brown
carbon such that the discrepancy was larger when the contribution of brown carbon
was high (Reisinger et al., 2008). The EC,\;prove 10 ECyiosH ratio for Asia is expected
to be higher than that for North America and Europe, due to the much stronger emis-
sions from the biomass burning and residential coal combustion (Bond et al., 2004;
Venkataraman et al., 2005; Gustafsson et al., 2009) which are known to emit large
amounts of brown carbon. When converting the MAE values in which EC was de-
termined by the NIOSH temperature protocol with transmittance correction, different
converting factors were used to account for the discrepancy caused by the tempera-
ture protocol: if the reported MAE was measured in North America or Europe, it was
divided by 1.2 ~ 1.5; if the reported MAE was measured in Asia, it was divided by 1.5 to
obtain upper estimate of the equivalence MAE. Moreover, it should be pointed out that
the EC\yprove 10 ECyiosh ratio for North America and Europe (1.2 ~ 1.5) has included
results from the heating (wood burning) season when the influence of biomass burning
is expected to be more significant.

(2) Wavelength measurement correction. As discussed in Sect. 2.2.1, it is accept-
able to assume that ATN quantified by the carbon analyzer and that calculated by the
Aethalometer differ only in the measurement wavelength (Ram and Sarin, 2009). As
a result, when converting the MAE values in which ATN was determined by Aethalome-
ter, only the wavelength (1) dependence of MAE was considered, which can be repre-
sented as a power-law relationship using an Angstrém exponent (A):

MAE,; =K x 174 ©)
where K is a constant that includes the aerosol mass concentration. Then the MAE

measured at a given wavelength (MAE,) could be converted to that measured at
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632 nm (MAEgs,) by Eq. (10):

A
MAEgs, = MAE; x (é) (10)
Kirchstetter et al. (2004) found that light absorption by the motor vehicle aerosols
(roadway and tunnel samples) exhibited relatively weak wavelength dependence such
that absorption varied approximately as 17", whereas the biomass smoke aerosols
(produced by wood and savanna burning) had much stronger wavelength depen-
dence, approximately A~2. Schnaiter et al. (2003) also suggested a value of 1.056
for the Angstrom exponent of diesel soot. Comparably, results quantified by the elec-
tron energy-loss spectrum in the transmission electron microscope showed that the
Angstrdm exponent of ambient soot and “tar balls” (a typical type of brown carbon) was
about 1 and 1.5, respectively (Alexander et al., 2008). When performing the wavelength
correction by Eq. (10), a value of Angstrdm exponent = 2 was used in the present study
if the reported MAE was measured during the period or in the region that impacted by

biomass burning; in other cases, we assumed the Angstrc’jm exponent was 1.

(3) The whole converting approach. After incorporating the EC method conversion
and the wavelength measurement correction, the whole converting approach to calcu-
late the equivalent MAE from reported values is:

. A
equivalent MAE = MAE, x fenarting (i> (11)
protocol 632

Tenarring i the converting factor of charring correction method. fying = 1.3 ~ 1.8 for
the reported MAE in which EC was determined by the IMPROVE (or IMPROVE-A)
temperature protocol with reflectance correction. 1 co IS the converting factor of
temperature protocol. With respect to the reported MAE in which EC was determined
by the NIOSH temperature protocol with transmittance correction, f 10001 = 1.2~ 1.5 if
the reported MAE was measured in North America or Europe (including that measured
during the heating or wood burning season), whereas f, o0 > 1.5 if the reported MAE

24740

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
11, 24727-24764, 2011

MAE of EC and
water-soluble OC in
Beijing, China

Y. Cheng et al.

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/24727/2011/acpd-11-24727-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/24727/2011/acpd-11-24727-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

was measured in Asia. 1 is the wavelength at which the reported MAE is measured.
Ais the Angstrdm exponent. A = 2 if the reported MAE was measured during the period
or in the region that impacted by biomass burning; in other cases, it is assumed that
A = 1. Moreover, with respect to the absorption measurement, only the wavelength de-
pendence was considered in the current converting approach (Eq. 11); as a result, the
approach was only used to convert the reported MAE values based on Aethalometer
or carbon analyzer (Table 1).

Effects of the converting approach on the reported MAE values depend on the mea-
surement methods of both light absorption and EC concentration. As shown in Table 1,
if the reported MAE were calculated by ATN measured at a wavelength greater than
632nm (e.g., 880 nm) together with EC defined by the IMPROVE temperature proto-
col with reflectance correction, the equivalent MAE would be substantially higher than
the reported value, because the reported MAE would be increased by both the EC
method conversion and the wavelength measurement correction process. For exam-
ple, it seems that MAE values obtained in this study were about 1 ~ 2 times higher
than those reported by Babich et al. (2000); but the converting approach increased the
reported MAE values by a factor of 1.8 ~ 2.5, indicating the MAE values reported by
Babich et al. (2000) were in fact comparable with results from this study. With respect to
the reported MAE values which were quantified by ATN measured at 880 nm together
with EC defined by the NIOSH temperature protocol with transmittance correction, the
converting approach would increase the reported MAE values by a factor of 1.3~ 1.6
if the contribution of biomass burning is important (e.g., Krecl et al., 2007); in other
cases, the converting approach has little influence on the reported MAE values (e.g.,
Rattigan et al., 2010).

3.1.3 Effects of biomass burning and brown carbon

Other factors in addition to measurement methods that influence MAE values can be

investigated based on the converting approach described above, which would pro-

vide deep insight into the optical properties of elemental (or black) carbon. Before
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further discussion, the equivalent MAE values shown in Table 1 were classified into two
groups. The first group includes most of the results from North America and Europe,
in which the equivalent MAE values were between 4 ~ 11 m? g‘1 except an extremely
high value (15~ 19 m? g'1) measured in Philadelphia, PA during severe sulphate haze
episodes occurred in the summer of 2002 (Jeong et al., 2004). The second group com-
prises results from Asia and those measured in North America and Europe during the
periodszimp1acted by biomass burning. In this group, the equivalent MAE were between
2~9m°g .

In a recent review, Bond and Bergstrom (2006) suggested that the MAE of un-
coated elemental carbon was typically between 6.3 ~ 8.6 m? g‘1 (averaging 7.5 m? g_1)
at 550 nm, which was between 5.5 ~ 7.5 m? g'1 (averaging 6.5 m? g'1) after account-
ing for the measurement wavelength. As shown in Fig. 3, most of the equivalent
MAE values in the first group (Table 1) were generally within the suggested range
(55~75 m? g_1), whereas substantially higher values were measured in five Ameri-
can cities perhaps due to (i) the enhancement of MAE by coating with sulphate and/or
organic carbon, or (ii) the artifacts resulting from the redistribution of liquid-like organic
particles during the filter-based absorption measurements were more significant. Com-
paring with the first group, the most noticeable feature of the second group was that
several equivalent MAE values were significantly lower than the suggested range, in-
cluding those measured in four Indian cities and in Philadelphia, PA during a Canadian
forest fire event (Fig. 4). EC in India has been shown to be dominated by emissions
from biomass burning (Bond et al., 2004; Venkataraman et al., 2005; Gustafsson et al.,
2009), which is known to emit a significant amount of brown carbon that can not be di-
rectly measured by the currently-used thermal-optical equipments. Wonaschitz et al.
(2009) introduced an optical method, which relies on calibration curves of carbon black
(a standard for soot) and humic acid sodium salt (a proxy for brown carbon), to sep-
arate brown carbon from soot according to their different wavelength dependence of
light absorption characteristics. Based on this approach, Reisinger et al. (2008) and
Wonaschutz et al. (2009) found that thermal and thermal-optical method overestimated
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EC concentration when the contribution of brown carbon was important, indicating
a considerable fraction of brown carbon can be classified as EC. On the other hand,
brown carbon is less absorbing comparing with native EC. For example, the MAE of
“tar balls” (a typical type of brown carbon) and soot was found to be 3.6 ~4.1 and
43~4.8m° g_1 at 550 nm, respectively (Alexander et al., 2008); whereas much lower
MAE values (below 1 m? g'1 at 532 nm) were suggested for the whole brown carbon
(Favez et al., 2009; Flowers et al., 2010). As a result, brown carbon is expected to de-
crease the value of MAE, indicating that the large amount of brown carbon in the atmo-
sphere of India, which is emitted from biomass burning, is the most likely factor leading
to its significantly lower MAEvalues compared with other regions. The hypothesis was
further supported by results from Philadelphia, PA such that the equivalent MAE was
only 2.1 ~ 2.6 when heavily impacted by biomass burning (Jeong et al., 2004).

3.2 Optical properties of water-soluble organic carbon

WSOC averaged 7.3 and 3.4 ung_s, and constituted 22 % and 39 % of OC (mea-
sured by the denuded quartz filter), during winter and summer, respectively (Cheng
et al., 2011). The light absorption spectra over the wavelength range of 250-800 nm
were recorded for the liquid extracts. The power law fit well in the wavelength range
of 330-480 nm as shown in Fig. 5. The Angstrom exponents calculated by Eq. (9) av-
eraged 7.5+ 0.9 and 7.0+ 0.8 during winter and summer, respectively. The Angstrom
exponents were similar to those of humic-like substances (HULIS) isolated from the
ambient aerosol in Amazonian biomass burning plumes (Hoffer et al., 2006), and are
also comparable with those of the water extracts measured in the southeastern United
States (Hecobian et al., 2010). The absorption spectra observed for the WSOC (Fig. 5)
is characteristic of the brown carbon spectra with a sharply increasing absorption when
wavelength decreases (ATN ~/1_7), which strongly supports that WSOC (or a fraction
of WSOC) obtained in this study is brown carbon. In fact, a significant quantity of
evidence for the atmospheric presence of brown carbon comes from the spectral prop-
erties of water extracts of continental aerosol (Andreae and Gelencsér, 2006; Lukacs
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et al., 2007). Recently, a fraction of brown carbon was found to be non-water-soluble
(Chen and Bond, 2010), but this fraction was not the focus of this study.

Though the light absorption spectra were recorded from 250 to 800 nm, the absorp-
tion coefficient (b,,s) and mass absorption efficiency (MAE) of WSOC were calculated
at 365nm (average between 360 and 370nm) by Egs. (6) to (8). This wavelength
was chosen to avoid interferences from non-organic compounds such as nitrate and
to maintain consistency with previously published results (Lukacs et al., 2007; Heco-
bian et al., 2010). During the winter, b,,s and WSOC correlated well with a slope
of 1.83+£0.03m?g~" (R? = 0.977), whereas the regression between baps and WSOC
showed a slope of 0.70+0.03 m? g'1 during the summer (,‘?2 =0.734, Fig. 6). Cheng
et al. (2011) found that WSOC correlated well (/-?2 =0.84 ~ 0.94) with the secondary or-
ganic aerosol (SOA) predicted by the EC-tracer method, indicating a substantial frac-
tion of WSOC is SOA in Beijing; moreover, the estimated SOA accounted for about
40 and 50 % of organic aerosol (OA, measured by the denuded quartz filter) during
winter and summer, respectively, suggesting considerable SOA production despite the
low temperature in winter. Importantly, the emission of biogenic volatile organic com-
pounds (BVOCs) in Beijing showed a distinct seasonal pattern such that the BVOCs
emission reached a maximum in summer (e.g., 4.4 x 10° g C in July) whereas the emis-
sion was significantly lower during winter (e.g., 6.3 x 10° g C in January, Wang et al.,
2003). As a result, anthropogenic volatile organic compounds (AVOCs) should be more
important as the precursors of SOA during winter compared with summer. Given the
fact that WSOC is strongly linked to SOA in Beijing, the difference in the precursors of
SOA is a most likely cause of the discrepancy in the MAE of WSOC during winter and
summer.

Previous studies suggested that biomass burning is another source of WSOC (Sul-
livan et al., 2006; Weber et al., 2007; Snyder et al., 2009). Effects of biomass burning
on the MAE of WSOC could be illustrated by results from Hecobian et al. (2010). In the
southeastern United States, the MAE (measured at 365 nm using the same method as
used in this study) were 0.31m? g™ (0.21~0.42m?g~") and 0.29 (0.26 ~0.32m?g™")
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for urban and rural sites, respectively, when the contribution of biomass burning was not
important (identified by levoglucosan < 50ng m=3, typically in the summer); whereas
the MAE averaged 0.70 m? g‘1 (0.62~0.84 m? g_1) and 0.62 (0.57 ~0.67 m? g‘1) for
urban and rural sites, respectively, when the influence of biomass burning was sig-
nificant (identified by levoglucosan > 50 ng m~3, typically in the winter and spring).
These results seem to indicate that WSOC emitted from biomass burning is more light-
absorbing compared with that formed by atmospheric reaction. This hypothesis was
supported by the much higher MAE value in Beijing (0.70 ~ 1.83 m? g'1) where the lev-
oglucosan concentration was above 100 ng m~2 all year round (averaging 307 ng m~3,
Zhang et al., 2008). The high levoglucosan concentration throughout the year was
mainly due to the agricultural waste and firewood that is commonly consumed as do-
mestic fuel in the rural areas of Beijing as well as in neighboring provinces, which
resulted in a background contribution of biomass burning to Beijing aerosol existing
throughout the year (Zhang et al., 2008). Moreover, Beijing might also be heavily im-
pacted by the open burning of agricultural waste in nearby provinces (open burning is
prohibited in Beijing), which was significant only in the harvest season such as early
summer when wheat is harvested and autumn when maize is harvested (Duan et al.,
2004; He et al., 2006; Zhang et al., 2008; Li et al., 2010). Recent results from source
apportionment by CMB (chemical mass balance) suggested that biomass burning ac-
counted for 11 and 26 % of ambient OC in Beijing during summer (not within the period
when wheat is harvested) and winter, respectively, which was consistent with the lev-
oglucosan to OC ratio (0.6 and 1.4 % during summer and winter, respectively, Wang
et al., 2009). On the other hand, He et al. (2006) found that the levoglucosan to OC
ratio was comparable (about 0.2 %) during winter and summer (not within the harvest
season), indicating the contribution of biomass burning to ambient OC in Beijing was
comparable during winter and summer. A similar seasonal pattern of the levoglucosan
to OC ratio was also found by Zhang et al. (2008). These results suggest that the
biomass burning contribution and its seasonal pattern is still highly uncertain for the
Beijing region. Given the fact that the WSOC in Beijing was dominated by SOA during
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both winter and summer (Cheng et al., 2011), it could only be concluded that biomass
burning might be responsible for the much higher absolute value of MAE of WSOC in
Beijing comparing with the southeastern United States; whether it contributes to the
seasonal variation of MAE in Beijing is still inconclusive.

4 Conclusions

The MAE of EC in Beijing was quantified using a thermal-optical carbon analyzer. The
absorption measurement was performed at 632 nm and the EC concentration was de-
termined by the IMPROVE-A temperature protocol with transmittance charring correc-
tion. The MAE was 8.45+1.71 and 9.41 +1.92m? g'1 during winter and summer,
respectively. The daily variation of MAE seemed to coincide with the OC abundance,
especially the OC to EC ratio, perhaps due to the enhancement by coating with OA
(especially SOA) or the artifacts resulting from the redistribution of liquid-like organic
particles during the filter-based absorption measurements.

A converting approach, including the EC method conversion and the wavelength
measurement correction, was developed to account for the discrepancy caused by
measurements methods of both light absorption and EC concentration. Based on this
approach, previously published MAE values were converted to the equivalent MAE,
which is the estimated value if using the same measurement methods (of both ATN
and EC,) as used in this study. The equivalent MAE values were found to be much
lower in India (below 2.7 m? g~ for two urban sites, Table 1), probably due to the large
amounts of brown carbon emitted from biomass burning. This hypothesis was strongly
supported by results from North America and Europe such that the reported MAE
values were much lower during the periods impacted by biomass burning. For example,
the equivalent MAE of Philadelphia, PA was only 2.1 ~2.6 m? g'1 during a Canadian
forest fire event.

The absorption spectra of WSOC in Beijing was characteristic of the brown carbon
spectra with a sharply increasing absorption when wavelength decreases (ATN ~ /1'7).
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The MAE of WSOC (measured at 365 nm) was 1.83 and 0.70m? g~ during winter and
summer, respectively. Our previous study has demonstrated that WSOC in Beijing was
strongly linked to SOA and the SOA to OA ratio was comparable during winter and
summer (40 % and 50 %, respectively, Cheng et al., 2011). Moreover, the emission
of biogenic volatile organic compounds (BVOCs) in Beijing was approximately 1000
times lower during winter compared with summer, indicating that anthropogenic volatile
organic compounds (AVOCs) should be more important as the precursors of SOA in
winter. As a result, the observed seasonal pattern of the MAE of WSOC was attributed
to the difference in the precursors of SOA. The MAE of WSOC in Beijing was found to
be much higher than results from the southeastern United States which were obtained
using the same method as used in this study, perhaps due to the influence of biomass
burning.

5 Implications

The importance of optical properties of ambient aerosol has been widely recognized in
China, due to increasing concerns on visibility, haze, and climate change; however, the
optical measurements are still very lacking. This study introduces a method that quan-
tifying the MAE of EC by a thermal-optical carbon analyzer, which has the advantage of
not requiring an additional instrument to measure the light attenuation. As a result, this
method is suitable for China at present, especially when the optical instruments (e.g.,
Aethalometer and PSAP) are not available. On the other hand, the absorption mea-
surement in this method is challenged by the similar artifacts that bias other filter-based
instruments. As a result, extensive studies are necessary in the future to investigate
how to account for the artifacts associated with the filter-based absorption measure-
ments, with the inter-comparison between the filter-based instruments and those can
measure light absorption directly on airborne particles (e.g., PAS) of particular impor-
tance.
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This study also develops an approach that accounts for the influence of measure-
ment methods on the MAE of EC, which is very meaningful for the integration or com-
parison of MAE values across studies and regions. The converting approach also
suggests the benefits and importance of standardized methods for the determination
of EC concentration and its optical parameters (e.g., baps)-

Brown carbon has recently come into the forefront of atmospheric research. One
concern that brown carbon contributes to is the potential radiative forcing due to ab-
sorption similar to black carbon, as well as interference with black carbon measurement
made by absorption-based instruments. Though there has been a lot of evidence for
the atmospheric presence of brown carbon (e.g., WSOC, humic-like substances and
“tar balls”), more efforts should be made to quantify the total mass concentration of
brown carbon, which is essential to a better understanding of brown carbon.
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Table 1. Previously published mass absorption efficiency (MAE, in m? g'1) of elemental carbon
(EC). The lower and upper estimates of the equivalent MAE, which is the estimated value if
using the same measurement methods as used in this study, are also shown. See Supplement
for the detailed converting process.

Sampling site Sample description Methods of b,s* Methods of EC Reported Equivalent MAE®  Reference

MAE®  Lower Upper
Group 1°
Philadelphia, PA Severe sulfate haze episodes ~ Aethalometer (880 nm) NIOSH (TOT)® 16.6 15.4 19.3 Jeong et al. (2004)
Riverside, CA Urban, summer Aethalometer (880 nm) IMPROVE (TOR)' 4.4 79 11.0 Babich et al. (2000)
New York Urban, April to September Aethalometer (880 nm) NIOSH (TOT) 9.2 8.6 10.7 Rattigan et al. (2010)
Chicago, IL Urban, autumn Aethalometer (880 nm) IMPROVE (TOR) 4.0 7.3 10.1 Babich et al. (2000)
Phoenix, AZ Urban, winter Aethalometer (880 nm) IMPROVE (TOR) 3.8 6.8 9.4 Babich et al. (2000)
Bakersfield, CA Urban, winter Aethalometer (880 nm) IMPROVE (TOR) 3.3 6.0 8.3 Babich et al. (2000)
Dallas, TX Urban, winter Aethalometer (880 nm) IMPROVE (TOR) 3.3 59 8.2 Babich et al. (2000)
Philadelphia, PA Urban, summer Aethalometer (880 nm) IMPROVE (TOR) 3.3 5.9 8.2 Babich et al. (2000)
Uniontown, PA Sub-urban, summer Aethalometer (530 nm) IMPROVE (TOR) 5.0 55 7.6 Allen et al. (1999)
New York Urban, October to March Aethalometer (880 nm) NIOSH (TOT) 6.4 6.0 75 Rattigan et al. (2010)
Evans, Canada Urban, winter Aethalometer (880 nm) MSC (TOT)? 2.6 52 7.2 Sharma et al. (2002)
Scotland, UK Rural, June to December Aethalometer (880 nm) NIOSH (TOT) 6.1 5.7 71 Quincey et al. (2009)
Atlanta, GA Urban, summer Aethalometer (880 nm) NIOSH (TOT) 5.7 5.3 6.6  Limetal. (2003)
Toronto, Canada Urban, annual Aethalometer (880 nm) NIOSH (TOT) 55 5.1 6.4 Knox et al. (2009)
Durham, NC Urban, summer Aethalometer (880 nm) NIOSH (TOT) 5.4 5.0 6.3 Rice (2004)
Egbert, Canada Rural, summer Aethalometer (880 nm) IMPROVE (TOR) 2.4 4.4 6.1 Sharma et al. (2002)
Riverside, CA Urban, summer Aethalometer (880 nm) NIOSH (TOT) 5.1 4.8 6.0 Snyder and Schauer (2007)
Palmerston, Canada  Urban, summer Aethalometer (880 nm) MSC (TOT) 21 4.1 57 Sharma et al. (2002)
Group 2
Beijing, China Urban, summer DRI analyzer (632 nm) IMPROVE-A(TOT)" 9.4 This study
Beijing, China Urban, winter DRI analyzer (632 nm) IMPROVE-A (TOT) 8.5 This study
Lahore, Pakistan® Urban, winter Aethalometer (880 nm) NIOSH (TOT)! 5.8 na. 7.5 Husain et al. (2007)
Lycksele, Sweden®? Urban, wood burning season  Aethalometer (880 nm) NIOSH (TOT) 37 4.8 6.0 Krecl et al. (2007)
Manora Peak, India®  High altitude, winter Sunset analyzer (678 nm) NIOSH (TOT)' 6.9 n.a. 5.3 Ram and Sarin (2009)
Mt. Abu, India® High altitude, winter Sunset analyzer (678 nm) NIOSH (TOT)' 4.6 n.a. 3.5 Ram and Sarin (2009)
Hisar, India® Urban, winter Sunset analyzer (678 nm) NIOSH (TOT)' 3.6 n.a. 27 Ram and Sarin (2009)
Allahabad, India® Urban, winter Sunset analyzer (678 nm) NIOSH (TOT)' 3.1 n.a. 24 Ram and Sarin (2009)
Philadelphia, PA? Canadian forest fire event Aethalometer (880 nm) NIOSH (TOT) 1.6 21 2.6 Jeong et al. (2004)

& The operating-wavelength shown in parentheses, which is the value of A in Eq. (11);

® MAC values corrected by the multiple scattering effects using an empirical correction factor of C = 3.6;

¢ A=1inEq. (11);
d4=2inEq. (11);

€ NIOSH temperature protocol with transmittance correction. In Eq. (11), Tenarring = 15 forotocol = 1.2~ 1.5;
" IMPROVE temperature protocol with reflectance correction. In Eq. (11), Tenarring = 1.3~ 1.8, fyrotocol = 15
9 MSC (Meteorological Service of Canada) temperature protocol with transmittance correction. EC determined by
the MSC method was 1.09 times the value of that determined by the IMPROVE temperature protocol with reflectance

correction (Sharma et al., 2002). In Eq. (10), foharing = (1.3 ~ 1.8) x 1.09, fyrot0c01 = 1 " IMPROVE-A temperature
protocol with transmittance correction.
"In Eq. (11), Tehariing = 15 forotocol 2 1.5. As a result, only the upper estimate of equivalent MAE is available.
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Table 2. Ratios of reflectance-defined EC (ECg) to transmittance-defined EC (ECy).

Protocol Sampling site Sample description Ratio Reference
IMPROVE Multiple, US Urban, sub-urban, and rural 1.78 Chow et al. (2001)
IMPROVE Multiple, Mexico  Urban 1.47 Chow et al. (2001)
IMPROVE Fresno, CA Aug 2002—Apr 2003; urban 1.49 Chow et al. (2004)
IMPROVE Fresno, CA Aug—-Sep 2005; urban 1.33  Chow et al. (2009)
IMPROVE-A Beijing, China Winter and summer, 2009; urban 1.78 Cheng et al. (2010)
IMPROVE - Motor vehicle exhaust; source 1.21  Chow et al. (2001)
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Fig. 1. Dependence of light attenuation measured at 632 nm (ATN) on the EC loading (EC,)
during winter (a) and summer (b), respectively. Linear regression results are shown with K
as the slope and b as the intercept. Data points with EC, exceeding 7uchm‘2, as shown
by the open squares, indicated presence of the shadowing effect and were not included when
calculating the MAE values.
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Fig. 2. Daily variation of MAE in Beijing during summer. The daily pattern of OC concentration
(a), OC to EC ratio (b), percentage of SOC in OC (c), and percentage of POC in OC (d) are

also shown for comparison.
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Fig. 3. The equivalent MAE of the first group presented in the same order as Table 1. The
boundary of the box closest to zero indicates the lower estimate of the equivalent MAE, whereas
the boundary farthest from zero indicates the upper estimate. The red dashed line indicates
the range (5.5~7.5 m? g'1) suggested by Bond and Bergstrom (2006) for uncoated EC. See
Table 1 for references.
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Fig. 4. The equivalent MAE of the second group presented in the same order as Table 1.
The values shown for Lycksele, Sweden and Philadelphia, PA were average of the lower and
upper estimate of the equivalent MAE (marked by blue circle), whereas the values shown for
Lahore, Pakistan and the four Indian sites were the upper estimate (marked by the green circle).
The red dashed line indicates the range (5.5 ~7.5m?g~') suggested by Bond and Bergstrom

(2006) for uncoated EC. See Table 1 for references.
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Fig. 5. Representative adsorption spectra of WSOC during winter and summer, respectively.
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Fig. 6. Dependence of b,,; measured at 365nm on the WSOC concentration during winter
and summer. Linear regression results are shown with K as the slope (intercept is set as zero).
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