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Abstract. Light absorption of fine particle (PM2.5) aqueous
extracts between wavelengths of 200 and 800 nm were inves-
tigated from two data sets: 24-h Federal Reference Method
(FRM) filter extracts from 15 Southeastern US monitoring
sites over the year of 2007 (900 filters), and online measure-
ments from a Particle-Into-Liquid Sampler deployed from
July to mid-August 2009 in Atlanta, Georgia. Three main
sources of soluble chromophores were identified: biomass
burning, mobile source emissions, and compounds linked
to secondary organic aerosol (SOA) formation. Absorption
spectra of aerosol solutions from filter extracts were simi-
lar for different sources. Angstrom exponents were∼7±1
for biomass burning and non-biomass burning-impacted 24-
h filter samples (delineated by a levoglucosan concentra-
tion of 50 ng m−3) at both rural and urban sites. The ab-
sorption coefficient from measurements averaged between
wavelength 360 and 370 nm (Abs365, in units m−1) was
used as a measure of overall brown carbon light absorp-
tion. Biomass-burning-impacted samples were highest dur-
ing winter months and Abs365 was correlated with levoglu-
cosan at all sites. During periods of little biomass burn-
ing in summer, light absorbing compounds were still ubiqui-
tous and correlated with fine particle Water-Soluble Organic
Carbon (WSOC), but comprised a much smaller fraction of
the WSOC, where Abs365/WSOC (i.e., mass absorption effi-
ciency) was typically∼3 times higher in biomass burning-
impacted samples. Factor analysis attributed 50% of the
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yearly average Abs365 to biomass burning sources. Brown
carbon from primary urban emissions (mobile sources) was
also observed and accounted for∼10% of the regional yearly
average Abs365. Summertime diurnal profiles of Abs365 and
WSOC showed that morning to midday increases in WSOC
from photochemical production were associated with a de-
crease in Abs365/WSOC. After noon, this ratio substantially
increased, indicating that either some fraction of the non-
light absorbing fresh SOA was rapidly (within hours) con-
verted to chromophores heterogeneously, or that SOA from
gas-particle partitioning later in the day was more light-
absorbing. Factor analysis on the 24-h integrated filter data
associated∼20 to 30% of Abs365 over 2007 with a secondary
source that was highest in summer and also the main source
for oxalate, suggesting that aqueous phase reactions may ac-
count for the light-absorbing fraction of WSOC observed
throughout the Southeastern US in summer.

1 Introduction

Carbonaceous species are a significant fraction of ambient
fine aerosols and can have many chemical forms. Since com-
prehensive speciation has not been possible, grouping these
compounds by physicochemical properties has been an ef-
fective means of characterizing their sources, impacts and
atmospheric fate (Sullivan et al., 2004; Zhang et al., 2005;
Decesari et al., 2000). Based on thermal and optical proper-
ties, carbonaceous aerosols are often divided into elemental
carbon (EC) and organic carbon (OC) (Turpin et al., 1990;
Birch and Carey, 1996), with the delineation a function of
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the measurement method (e.g., thermal/optical transmission,
TOT, versus thermal/optical reflectance, TOR) (Chow et al.,
2004). EC (graphitic carbon) is refractory and highly light
absorbing (Seinfeld and Pankow, 2003). When measured
based on light absorption, this graphitic component is re-
ferred to as black carbon (BC) (Hansen and Novakov, 1990).
Soot is also a term used for light absorbing carbon. How-
ever, soot can include black carbon and other adsorbed or-
ganic species that may or may not absorb light. EC is di-
rectly emitted from most combustion processes (Seinfeld and
Pankow, 2003) and often internally mixed with other com-
bustion products.

Organic aerosol (as measured by organic carbon mass,
OC) includes a vast array of chemical species (Hamilton et
al., 2004) that can have both primary and secondary sources.
OC has been divided into a number of sub-groups, such as
pure hydrocarbon organic aerosol (HOA) versus oxygenated
organic aerosol (OOA) (Zhang et al., 2005). This catego-
rization tends to follow the classification of water-insoluble
organic carbon (WIOC) and water-soluble organic carbon
(WSOC), respectively (Kondo et al., 2007; Miyazaki et al.,
2006). WIOC has been found to be mainly from primary
emissions (Miyazaki et al., 2006; Hennigan et al., 2009),
which includes combustion of both fossil and biomass fu-
els. WSOC can be emitted directly from sources (primary
emissions) or result from atmospheric processes (secondary
sources). Biomass burning is a significant primary source of
WSOC (with small contributions from fossil fuel burning)
(Sullivan et al., 2006; Yan et al., 2009), and gas-to-particle
conversion processes in which volatile organic compounds
(VOCs) are oxidized to semi-volatile forms that partition to
the aerosol (e.g., SOA formation) are a significant secondary
source for WSOC (Sullivan et al., 2006; Miyazaki et al.,
2006; Weber et al., 2007).

WSOC has been further divided by other physicochemi-
cal properties. A common sub-classification has been based
on Solid Phase Extraction techniques that segregate WSOC
into more hydrophilic (soluble) versus more hydrophobic
(less soluble) components (Duarte et al., 2005; Graber and
Rudich, 2006; Sullivan and Weber, 2006a). The more hy-
drophobic components have been found to have properties
that include, higher molecular weight (Kiss et al., 2003),
ability to cause surface tension depression (Facchini et al.,
2000; Asa-Awuku et al., 2008) and light absorption (Havers
et al., 1998; Varga et al., 2001; Hoffer et al., 2006), and are
referred to as Humic-Like Substances (HULIS) (see (Graber
and Rudich, 2006) for a review).

Black carbon (BC) has been recognized and exten-
sively studied as the strongest light-absorbing component of
aerosols, especially in the visible and near infrared region
(400 to 700 nm wavelength range) (Bond, 2001; Rosen et
al., 1980). Mineral dust and some organic aerosol compo-
nents also absorb light (Yang et al., 2009). As a group, light-
absorbing organic aerosols have been referred to as Brown
Carbon (Andreae and Gelencser, 2006) since they are com-

posed of compounds that are most absorbing near the UV
region of the UV-Vis spectrum.

A variety of studies have investigated sources of brown
carbon. Incomplete and smoldering combustion of hydro-
carbons, especially that associated with biomass burning, is
known to directly produce particulate brown carbon (Duarte
et al., 2005; Hoffer et al., 2006; Lukacs et al., 2007). There
is also evidence based on ambient studies for a secondary
source (Duarte et al., 2005; Marley et al., 2009) and labora-
tory studies show formation of chromophores (components
of molecules that absorb light) through a variety of mecha-
nisms, including ozonolysis of terpenes subsequently aged in
the presence of ammonium ions and humidity (Bones et al.,
2010), and a variety of additional aqueous phase reactions,
such as lignin (Hoffer et al., 2004) and isoprene oxidation
(Limbeck et al., 2003), and reactions of carbonyls (e.g., gly-
oxal, methyglyoxal) in acidic solutions (Noziere et al., 2007;
Noziere and Esteve, 2005; Sareen et al., 2010), with amino
acids (de Haan et al., 2009a; Noziere et al., 2007), methyl
amines (de Haan et al., 2009b), or ammonium salts (Noziere
et al., 2009; Sareen et al., 2010; Shapiro et al., 2009). These
aqueous reactions not only produce brown carbon but also
other characteristics associated with HULIS, such as higher
molecular weight and surface-active properties (de Haan et
al., 2009b; Shapiro et al., 2009; Sareen et al., 2010). A goal
of this work was to gain insight on the chemical nature and
processes that influence the ambient organic aerosol through
measurements of light absorption and chemical properties of
the water-extractable aerosol components.

2 Methods

Data were generated from two sources; archived Teflon fil-
ters collected at various sites throughout the Southeastern US
in 2007, and from an online measurement system deployed
from July to mid-August of 2009 in Atlanta, GA. In both
cases, light absorption properties of water extracts contain-
ing dissolved aerosol components were measured with the
same UV-Vis Spectrophotometer.

2.1 Light absorption measurements

Light absorption spectra of water-soluble aerosol compo-
nents were measured with a UV-Vis Spectrophotometer and
Long-Path Absorption Cell. Liquid samples either from
FRM filter extracts or the online system (Particle Into Liq-
uid Sampler, PILS) were injected via syringe pumps into a
1-m path-length Liquid Waveguide Capillary Cell (LWCC-
2100, World Precision Instrument, Sarasota, FL), with an
internal volume of 250 µL. A dual deuterium and tungsten
halogen light source (DT-Mini-2, Ocean Optics, Dunedin,
FL) and absorption spectrometer (USB4000 spectrometer,
Ocean Optics, Dunedin, FL) were coupled to the wave-guide
via fiber optic cables (QP400-2-SR, Ocean Optics, Dunedin,
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Fig. 1. Locations and designation (rural/urban) of FRM filter col-
lection sites in Southeastern United States.

FL). Absorption spectra were recorded over a wavelength
range of 200 to 800 nm with an Ocean Optics Spectra-Suite
data acquisition software system (Ocean Optics, Dunedin,
FL).

During operation, the system was cleaned with a 0.6N so-
lution of HCl and Milli-Q (>18 M�) DI water after each fil-
ter aliquot analysis, and every three days for the online sys-
tem (online samples were much more dilute requiring less
frequent cleaning). Following cleaning, the baseline was ze-
roed using the Spectra-Suite software so that zero absorption
was recorded at all wavelengths for milli-Q (>18 M�) DI
water.

2.2 Filter measurements

The Georgia Department of Natural Resources (DNR) rou-
tinely measures ambient aerosol PM2.5 mass at sites located
throughout the state following a Federal Reference Method
protocol. This involves collecting particles on 46.2 mm
Teflon filters (Pall-Life Science, Ann Arbor, MI) using a
fine particulate cyclone size selector and non-denuded sam-
pler operating for 24 hours at a flow rate of 16.7 L min−1.
At many sites these filters were collected every six days,
subsequently weighed to determine mass concentrations and
archived. Other states in the region follow a similar protocol.
In 2008, archived filters for the year of 2007 were obtained
for a range of sites from the Georgia DNR, the South Car-
olina Department of Health and Environmental Control and
the Alabama Department of Environmental Management and
Jefferson Co. (Alabama) Department of Health. Sites were
chosen to include a range of rural and urban locations spread
throughout the Southeastern US (Fig. 1, Table 1). An every-
sixth day sampling frequency at each site resulted in 60 filters
per site and a total of 900 filters for analysis for the year 2007.
Filters were shipped from the monitoring stations in coolers
with blue ice and then immediately transferred to a freezer

Table 1. Names and locations of the FRM sampling sites used in
this study. A map is provided in Fig. 1. A subset of the sites were
also speciation sites (∗) with additional measurements of aerosol
components (e.g., OC, EC, and metals).

Site Location (Abbreviation) Urban/ Latitude Longitude
Rural

Ashland R 33.2849 −85.8036
Athens (Atns-UGA)∗ U 33.9179 −83.3446
Augusta (Aug-Brs)∗ U 33.4339 −82.0224
Birmingham (N Birming)∗ U 33.5530 −86.8149
Columbus (Col-Crs)∗ U 32.4309 −84.9318
Crossville R 34.2886 −85.9699
Decatur (S. DeKalb)∗ U 33.6881 −84.2902
Long Creek R 34.8053 −83.2377
Macon∗ U 32.7773 −83.6412
Providence R 33.4596 −87.3055
Rome∗ U 34.2611 −85.3230
Sandersville R 32.9747 −82.8089
Trenton R 33.7400 −81.8536
Wylam U 33.4997 −86.9241
Yorkville (Yrk) R 33.9285 −85.0453

(nominally −10◦C) where they were stored until analysis.
Thus, these filters had been in storage at below freezing tem-
peratures for approximately one year prior to analysis. Zhang
et al. (2010a) provides an overview of the study and methods
used to extract and analyze these filters.

Filters were extracted in 30 mL of>18 M� Milli-Q water
(Barnstead Nanopure System, Thermo Scientific, Weltham,
MA) in 30 mL amber Nalgene HDPE bottles with screw top
lids that had been triple-rinsed. Liquid was extracted from
the bottle with a 5 mL disposable (HDPE) syringe and trans-
ferred to another 30 mL amber bottle and filtered using a
0.45 µm PTFE disposable syringe filter. The bottles were
stored in the dark at 4◦C until analysis, typically completed
within 2 to 3 days following extraction. Aliquots of sample
were taken from the bottle for a series of analysis.

A Dionex (Sunnyvale, CA) ion chromatography system
(DX-500), LC25 Chromatography Oven, GP40 Gradient
Pump and ED50 Electrochemical Detector were used for the
measurement of a range of carbohydrates, including levoglu-
cosan, a biomass-burning tracer (e.g., Puxbaum et al., 2007).
The mobile phase eluent was made from 50% v/v sodium hy-
droxide (NaOH) stock solution. The solution was degassed
by purging with ultra pure helium for 30 minutes before the
beginning of daily measurements. Separations were achieved
with a Dionex CarboPac PA-1 column and gradient mobile
phase as follows: 7.2 mM NaOH for the initial seven min-
utes, 7.2 mM NaOH ramp to 72 mM NaOH from the 8th to
the 25th min, 180 mM NaOH from 28th to 43rd minutes to
clean the column and 7.2 mM NaOH from the 43rd to the
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59th minute to achieve column re-equilibrium. Samples were
loaded unto the PA-1 column from a 100 µL sample loop.
Carbohydrate standards were made from stock solutions of
solid dissolved in Milli-Q DI water. Complete calibrations
were repeated three times during the study and in all cases
the r2 values were greater than 0.99 and slope variability
ranged from 2 to 25% for the various compounds. Even
though the PA-1 column provided the peak separation for
many of the carbohydrates of interest, levoglucosan and ara-
bitol co-eluted (Iinuma et al., 2009). The correction for the
co-elution of arabitol and levoglucosan was accomplished by
using mannitol, which has a strong linear correlation with
arabitol (Zhang et al., 2010a).

Water-soluble organic carbon (WSOC) concentration of
filter extracts was determined in 10 mL aliquots using a Siev-
ers Total Organic Carbon (TOC) Analyzer (Model 900, GE
Analytical Instruments; Boulder, CO). The TOC analyzer
was calibrated at the beginning and near the end of the mea-
surements with a series of sucrose standards (linear regres-
sionr2 = 0.9997,N = 5).

For the absorption measurements, an automated multiport
syringe (Klohn, LTD; Las Vegas, NV) was programmed to
inject 1 mL of sample into the 0.25 mL LWCC. Complete ab-
sorption spectra were recorded 30 seconds after the injection
of the aliquot. Following each measurement, the LWCC was
flushed with 1 mL of a 0.6N solution of HCl and 3 mL of
Milli-Q DI water.

A series of field and laboratory blanks, and laboratory pre-
pared standards, were also analyzed during analysis to assess
interferences and measurement precision. Field blank filters
ere analyzed as regular filters. For every 10th filter in the
sample queue, a water blank and a single standard (a range of
standards were used) were analyzed. The limit of detection
(LOD) of WSOC was calculated from 3σ (standard devia-
tion) of the filter blanks, whereas LODs for the carbohydrates
were calculated from 3σ of the noise of the typical baseline
of the IC system (field and water blanks had non-detectable
levels of carbohydrates). The LOD for WSOC was 0.15 µgC
m−3, and ranged from 0.2 to 0.6 ng m−3 for the carbohy-
drates. Comparisons of concentrations from co-located fil-
ter measurements (measurement precision) were within 4%
for WSOC and 13% for levoglucosan. Finally, measurement
uncertainties were calculated as quadrature sum of relative
errors associated with extraction water volume, variability
in calibration standards, filter blanks and precision, resulting
in±9% for WSOC and±21% for levoglucosan.

2.3 Online measurements of WSOC and light absorp-
tion

An automated online system was constructed to provide
semi-continuous measurements of both the absorption spec-
tra and carbon mass of water-soluble aerosol components by
adding a LWCC to a PILS-WSOC system (Fig. 2). In this in-
strument ambient particles are concentrated into a continuous

Fig. 2. Schematic of the online light absorption and WSOC mea-
surement system.

flow of high purity water by a steam-condensation-droplet
impaction collection system (Sullivan et al., 2004). Two sy-
ringe pumps with automated selection valves (Klohn, LTD.;
Las Vegas, NV) continuously draw sample from the PILS
through a debubbler and pump liquid sample at a nominal
rate of 0.5 mL min−1 through a 0.45 µm PTFE disposable
syringe filter followed by the LWCC and the TOC analyzer.
The TOC analyzer was operated in normal mode (non-turbo),
drawing sample into the detector at a flow rate of 0.4 mL/min
and recording average liquid carbon concentrations at a 6-
min duty cycle. Upstream of the PILS a non-rotating multi-
orifice impactor (MSP; Shoreview, MN) was used to exclu-
sively sample PM2.5 aerosols. Possible positive artifacts due
to interfering gases were reduced with an activated carbon
denuder (Eatough et al., 1993) and a pre-programmed auto-
mated valve that shunted sample through a Teflon filter (Pall-
Life Science, Ann Arbor, MI) to provide an automated blank.
Subtraction of this blank accounted for possible interferences
due to collection and analysis of any water-soluble organic
gases and contaminants in the ultra-pure water used in this
system. Complete absorption spectra were collected every
five minutes and absorption data for selected wavelengths of
interest (250, 365, 400 and 700 nm) were collected every 20
seconds. Background measurements were performed twice
per day (4:30 and 18:30 local time) for 45 min, for the du-
ration of the study. Ambient WSOC concentrations were
determined by subtraction of blanks determined by a lin-
ear interpolation between consecutive blank measurements.
The uncertainly of this system has been estimated at 8% and
the limit of detection (LOD)∼0.1 µgC m−3 (Sullivan et al.,
2006). Figure 3 shows an example of non blank-corrected
ambient WSOC (liquid) concentration and light absorption
at 365 and 700 nm using the online PILS-LWCC-TOC sys-
tem. Periods of dynamic blank measurements are evident in
the figure in both the WSOC and absorption at 365 nm.
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Atlanta, GA. Measurements during periods of automated dynamic
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From 1 July to 15 August 2009, online water-soluble
aerosol absorption measurements were performed in Atlanta,
GA, with this system. The site was located in the Georgia In-
stitute of Technology Ford Environment Sciences and Tech-
nology air quality laboratory situated on the building’s top
floor approximately 20 to 40 m above ground level (depend-
ing on the side of the building). This sight is a straight-line
distance of roughly 840 m from a major interstate highway.
A number of atmospheric chemistry studies have been pub-
lished based on data from this location (e.g., Hennigan et al.,
2009).

To assess any effect of adding an LWCC on WSOC mea-
surements, Milli-Q water (18 M�) and different solutions of
oxalate were used to check for positive and negative artifacts.
Background carbon levels increased from a typical concen-
tration of 25 ppbv to 50 ppbv. This background increase was
accounted for in the blank corrections. The TOC response to
oxalate solutions with the LWCC inline compared to offline
did not change significantly (linear regressionr2 = 0.998, in-
tercept = 5.6 ppbv, slope = 1.07 and N = 6), indicating no
adverse effect on the WSOC concentrations.

2.4 Interpretation of solution absorption data

Light absorption measured by the spectrophotometer as the
log base-10 of intensity of transmitted (I ) to incident (I0)
light at a given wavelength (Aλ) follows Beer’s Law,

Aλ = −log10(I/I0) = l ·C ·ε = l
∑

i

(Ci ·εi) = l ·Absl (1)

Where the measured absorptionAλ is linearly dependant
on the concentration of light absorbers in solution (C), their
mass absorptivities (ε also call mass absorption efficiency),

and absorbing path length (l). For solutions containing mul-
tiple types of chromophores, the light absorption recorded
is the sum of all chromophore concentrations times their
mass absorptivity over all species (i), and is referred to as
the light absorption coefficient (Absl , where herel denotes
a liquid sample). Zeroing over all wavelengths with pure
water blanks (the solvent) accounts for any absorption not
due to chromophores in solution. In this study, to account
for baseline drift during analysis periods (e.g., between solu-
tion zeroing), absorption for all wavelengths were referenced
to absorption at 700 nm (mean between 695 and 705 nm)
where there was no absorption for ambient aerosol solutions
(see Fig. 3). To convert the absorption coefficient due to
chromophores measured in solution to ambient aerosol chro-
mophore concentrations, which depend on the particle col-
lection method (e.g., FRM-filter and PILS), and referencing
to absorption at 700nm to account for any drift, all absorption
data in this study were converted to an absorption coefficient
at a given wavelength (Absλ) by:

Absλ = (Aλ −A700)
Vl

Va · l
· ln(10) (2)

whereVl is the volume of water the filter was extracted into
(30 mL) or PILS liquid sample flow rate (0.7 mL min−1) and
Va the volume of sample air that passed through the fil-
ter (16.7 L min−1 for 24 h) or the PILS sample-air flow rate
(15 L min−1). The absorbing path length is 0.94±0.01 m, ap-
proximately the length of the 1-m wave-guide (Belz et al.,
1999). The resulting absorption coefficient in units of m−1

was also converted from log base-10 to natural log to be con-
sistent with how atmospheric measurements are typically re-
ported.

Although the complete light absorption spectra were
recorded from 200 to 800 nm, for simplicity the absorption
coefficients averaged between 360 to 370 nm (Abs365) were
used as a general measure of the absorption by all aerosol
chromophore components (absorption spectra are discussed
below). This wavelength was chosen because it is far enough
from the UV region to avoid interferences from non-organic
compounds (e.g., nitrate) and is similar to what has been used
in other studies (e.g., (Lukacs et al., 2007)). Furthermore,
Abs365 is highly correlated to the sum of measured absorp-
tion over 300 to 400 nm (r = 0.92). Brown carbon specifically
associated with HULIS has been investigated in a number of
other studies by first isolating HULIS from the filter aque-
ous extracts. This eliminates possible interferences from in-
organic species, however, the analytical procedure is more
complex and an online measurement is not possible.
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3 Results

3.1 Absorption spectra

The wavelength (λ) dependence of particulate absorption is
often fit with a power law of the form:

αab = K ·λ−Åp (3)

Where αab is the aerosol mass absorption efficiency
(or mass absorption cross-section),K a constant related
to aerosol mass concentration andÅp is the particulate
Ångstrom exponent for absorption that depends on particle
size and composition (e.g., refractive index). An analogous
equation can be used to describe the wavelength dependence
for absorption by chromophores in solution, which depends

only on the types of chromophores (e.g.,ε ∼ λ−Å, and so

Absλ ∼ λ−Å).
In urban environments, where light absorption is domi-

nated by soot, multi-wavelength absorption measurements
for particles collected on filters show thatÅp is close to 1
(Bond, 2001; Kirchstetter et al., 2004), whereas values be-
tween roughly 1 and 2 were recorded for ambient biomass
burning aerosols (Marley et al., 2009; Kirchstetter et al.,
2004), and 3.5 for a polluted region in China impacted by
coal and biomass burning emissions (Yang et al., 2009). In
the case of aqueous samplesÅ ∼7 were recorded in water-
soluble HULIS (Hoffer et al., 2006) extracted from the ambi-
ent aerosol in Amazonian biomass burning plumes, whereas
values ranging from∼7 to 16 were recorded in laboratory
generated smoke from smoldering wood of various types
(Chen and Bond, 2010). Aqueous extracts of SOA produced
from the ozonolysis of terpenes in the presence of ammo-
nium produced̊A ∼7 for fresh SOA and∼4.7 for more aged
(days old) SOA (Bones et al., 2010).

Absorption spectra of aerosol compounds in the FRM fil-
ter extracts were analyzed in this study. Figure 4 shows Absλ

versus wavelength for conditions of significant and insignif-
icant biomass-burning for selected samples from an urban
and rural site. To determine̊Angstrom exponents, a linear re-
gression fit was applied to the logarithms of Absλ and wave-
length. The data were first smoothed with a running average
of ±5 nm and the range of the fit determined by the linear
region of Absλ and wavelength on log-log plots (see Fig. 4).
For the South DeKalb site the power law fit well over a range
of 330 to 600 nm. For Yorkville data, the fit range was from
330 to 475 nm for levoglucosan less than 50 ng m−3 and 330
to 500 nm for levoglucosan greater than 50 ng m−3. In all
cases this resulted in fits that were better thanr =−0.99.
Ångstrom exponents from this analysis ranged from approx-
imately 6 to 8 indicting no significant difference between
biomass burning samples and samples from summer when
biomass burning was generally negligible, or between urban
or rural sites. (If all curves are fit over the same wavelength
range of 330 to 500nm,̊Angstrom exponents remain largely
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Fig. 4. Examples of absorption spectra from FRM filters col-
lected at a representative urban, (South Dekalb,(a) and (b))
and rural (Yorkville, (c) and (d)) site for biomass burning (lev-
oglucosan>50 ng m−3) and non-biomass burning (levoglucosan
<50 ng m−3) periods. Sample date (MM/DD) of 2007, levoglu-
cosan concentraction (ng m−3), and theÅngstrom exponents (Å)
are given. These sampling days are also identified in Fig. 6.

unchanged with a maximum difference of 9% and span the
range of 6.2 to 8.3). These̊Angstrom exponents are similar
to those of biomass burning HULIS (Å∼7.1) (Hoffer et al.,
2006) and fresh aqueous extracts of terpene ozonolysis SOA
(Å∼7) (Bones et al., 2010).

3.2 FRM filter results

3.2.1 Seasonal trends and comparisons between winter
and summer

As in other studies, the FRM filter data demonstrated that
biomass burning was a significant source for brown carbon.
Figure 5 shows the median WSOC, levoglucosan, and ab-
sorption coefficient (Abs365) for all sites. A detailed analysis
demonstrating that levoglucosan was a reasonable biomass-
burning tracer throughout the year for this data set is reported
elsewhere (Zhang et al., 2010a). Highest contributions from
biomass burning (as indicated by levoglucosan) were ob-
served in the winter months (November through March).
In 2007 extensive burning episodes over a broad region of
Southern Georgia resulted in smoke impacts over much of
the Southeast and accounted for the high WSOC variabil-
ity (error bars) in May 2007 (see (Zhang et al., 2010a) for
more details). In a general sense, the absorption coeffi-
cient (Abs365) had a similar seasonal trend as biomass burn-
ing emissions, and an analysis of Abs365 and levoglucosan
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error bars are the WSOC standard error. The cutoff of 50 ng m−3

for a biomass-burning influence is shown as a horizontal line.

at individual sampling sites showed that they were highly
correlated at both urban and rural locations when samples
were impacted by biomass burning (Fig. 6). This trend was
observed at most sites. For example, when levoglucosan
was greater than 50 ng m−3 for the 15 sites, (mostly winter
months, Fig. 5), mean correlation between Abs365 and lev-
oglucosan wasr = 0.9.

Division of the FRM-filter data into biomass burning and
non-biomass burning-influenced periods using levoglucosan
concentrations of 50 ng m−3 was somewhat arbitrary; winter
and summer mean levoglucosan concentrations were 170 and
19 ng m−3, respectively (Zhang et al., 2010a). Background
levoglucosan concentrations in Europe have been reported to
be in the range of 5 to 52 ng m−3 (Puxbaum et al., 2007).

In contrast to the colder periods at the beginning and end
of the year, during the warmer seasons during the middle of
the year both levoglucosan and Abs365 were much lower (see
Fig. 5); however, WSOC remained high, presumably due to
secondary organic aerosol formation (Zhang et al., 2010a;
Hennigan et al., 2009), which produced a significantly lower
proportion of WSOC light-absorbing compounds (mass ab-
sorption efficiency) compared to biomass burning. Figure 6
shows the difference in fraction of light-absorbing species to
total WSOC (i.e., slopes of Abs365 vs. WSOC) during pe-
riods of high and low levoglucosan. Regression results for
all sites are summarized in Table 2. For most sites, there
was a high correlation (r) between Abs365 and WSOC con-
centration, with meanr ∼0.84 for biomass burning periods
and ∼0.73 for non-biomass burning (Table 2). On aver-
age, Abs365 relative to WSOC (based on regression slopes or
average of Abs365/WSOC ratios) at various monitoring sta-
tions demonstrate that for a given category (biomass-burning
or non-biomass-burning) the average mass absorption effi-
ciency was not highly variable between sites, with a relative
variability (Std/Mean) less than 20% for biomass burning pe-
riods at both urban and rural sites and less than 30% for non-
biomass burning (slopes in Table 2b). In both cases, lower
variability was observed at the rural sites. Overall, a com-
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tion spectra for the circled data points are shown in Fig. 4.

parison between the two categories delineated by a levoglu-
cosan of 50 ng m−3 shows that the Abs365 per WSOC mass
was approximately a factor of 3 times higher in the biomass
burning-impacted samples versus the non-biomass-burning
samples.

A reasonable correlation between Abs365 and WSOC
(r ∼0.73) at each site throughout the Southeast indicates a
regional light-absorbing component to WSOC that is not as-
sociated with biomass combustion sources since during sum-
mer most WSOC is from secondary sources and there was no
correlation between Abs365 and levoglucosan.

3.3 Factor analysis results

Using the year-long FRM filter data set, Zhang et al., (2010a)
undertook a statistical analysis to identify a small set of fac-
tors that could explain the observed temporal variability of
aerosol components measured from the filters. Applying a
factor analysis over large spatial and temporal scales using
the pooled data set provided greater statistical power, but im-
plies some degree of consistency in emissions and sources
over these scales of space and time. The resolved source pro-
files (factors) are thus representative of the regional sources
or processes that influenced variability in the selected com-
ponents throughout the year. (Note that an analysis of rural
or just urban sites results in nearly identical source profiles
as the pooled data set). Here, only a brief discussion on the
approach is provided, see Zhang et al. (2010a) for more de-
tails. Two analyses were performed: 1) Using the more lim-
ited number of components quantified from all FRM filters.
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Table 2a. Summary of Abs365 to WSOC regression slopes and ra-
tios in units of m2 gC−1 (i.e., mass absorption efficiency) for each
24-h FRM filter site. Data from Long Creek are excluded due to
spurious Abs365 measurements and regressions with lowr (Atns-
UGA r = 0.33) are not included in the statistical calculations. For
each site classification (Urban or Rural) Sites are in descending or-
der of Mean Abs365/WSOC. N is the number of data points (filters).
(a) Levoglucosan>50 ng m−3 (mostly Winter data).

Urban Site Slope r Mean Median Stdev N

S. DeKalb 0.60 0.83 0.84 0.89 0.23 20
Atns-UGA 0.71 0.86 0.74 0.75 0.28 22
Rome 0.47 0.76 0.72 0.75 0.24 25
N Birm 0.52 0.92 0.70 0.73 0.23 18
Wylam 0.62 0.87 0.68 0.67 0.24 18
Aug-Brs 0.87 0.84 0.65 0.73 0.22 31
Macon 0.75 0.89 0.65 0.59 0.21 24
Col-Crs 0.54 0.88 0.62 0.62 0.24 26
Mean 0.64 0.86 0.70 0.72
Std 0.13 0.07 0.09
Std/Mean 0.21 0.10 0.13

Rural Site Slope r Mean Median Stdev N

Ashland 0.63 0.78 0.67 0.67 0.31 25
Providence 0.65 0.88 0.66 0.67 0.28 14
Crossville 0.48 0.70 0.62 0.64 0.22 27
Yorkville 0.41 0.78 0.62 0.62 0.19 23
Trenton 0.65 0.92 0.60 0.62 0.17 21
Sandersville 0.67 0.91 0.57 0.50 0.20 19
Mean 0.58 0.83 0.62 0.62
Std 0.11 0.04 0.06
Std/Mean 0.19 0.06 0.10

2) In addition to these variables, some FRM stations were
also speciation sites (limited to only urban sites, see Ta-
ble 1), and the factor analysis was repeated with added com-
ponents OC, EC and selected metals (see supplemental ma-
terial Figs. S1 and S2, respectively). Positive Matrix Factor-
ization (PMF) resolved four factors in the first case and five
factors in the second. The factors were identified as follows.
F1: biomass burning due to high fractions of levoglucosan,
xylose, WSOC and measured solution absorption at 365 nm
(A365, which equals log10(I/Io)averaged overλ of 360 to
370 nm, see Eq. 1), F2: Refractory due to high fractions
of magnesium and sodium, F3: Secondary WSOC/Oxalate,
with high fractions of WSOC, oxalate, andA365, and F4:
Secondary Sulfate/WSOC, characterized by ammonium, sul-
fate, and WSOC. For the speciation sites, the extra variables
produced the same four factors, but with an additional fac-
tor, F5: Mobile sources, characterized by high EC, OC, iron,
and copper. Relative to other factors, F1 (biomass burning)
was highest in winter, factors F3 and F4 (secondary) were
both highest in summer, and F2 (refractory) and F5 (mobile

Table 2b. Levoglucosan<50 ng m−3 (mostly Summer data).

Urban Site Slope r Mean Median Stdev N

Wylam 0.25 0.78 0.42 0.34 0.22 41
N Birming 0.21 0.72 0.38 0.34 0.17 41
S DeKalb 0.21 0.79 0.36 0.31 0.20 35
Atns-UGA 0.33 0.29 0.24 0.18 26
Aug Brs 0.13 0.79 0.28 0.27 0.11 25
Col-Crs 0.09 0.72 0.25 0.22 0.13 29
Rome 0.13 0.73 0.24 0.21 0.13 30
Macon 0.18 0.86 0.21 0.21 0.08 31
Mean 0.17 0.77 0.31 0.27
Std 0.06 0.07 0.05
Std/Mean 0.33 0.24 0.20

Rural Site Slope r Mean Median Stdev N

Providence 0.13 0.56 0.32 0.23 0.22 46
Yorkville 0.12 0.75 0.30 0.26 0.15 32
Sandersville 0.15 0.73 0.29 0.26 0.15 29
Ashland 0.20 0.65 0.28 0.24 0.16 35
Crossville 0.21 0.74 0.26 0.26 0.13 26
Trenton 0.13 0.74 0.26 0.22 0.16 38
Mean 0.16 0.70 0.29 0.24
Std 0.04 0.02 0.02
Std/Mean 0.26 0.08 0.08

sources) were consistent fractions throughout the year (see
Supplementary Figs. 1S and 2S).

In this study of brown carbon sources, the division of ab-
sorption amongst these factors is of interest. Figure 7 sum-
marizes the fraction ofA365 apportioned to the various fac-
tors averaged throughout 2007 for all FRM sites and for only
urban speciation sites. For both analyses, approximately
55% of theA365 was associated with biomass-burning fac-
tor F1. At the urban speciation sites, 13% ofA365 was as-
sociated with mobile sources. This factor was not resolved
in the analysis of all FRM sites since no mobile (traffic)
source tracers were available (e.g., EC or metals). A signifi-
cant fraction ofA365 was associated with secondary factors.
The WSOC/Oxalate factor F3 was 34% for all FRM sites
and 18% for the urban speciation sites. For the combined
secondary factors at the urban speciation sites (F3 + F4) the
yearly average fraction was 26%. The 34% ofA365 associ-
ated with F3 for all FRM sites is likely an upper limit since
if mobile source tracers had been included a mobile source
factor may have been resolved, lowering F3. However, it is
unlikely to be substantially lower since mobile source contri-
butions are low at many of the more rural FRM sites.

Absorption (A365) associated with secondary
WSOC/Oxalate factor F3 is particularly interesting since
it is linked to SOA formation (e.g., F3 is much higher in
summer) and consistent with photochemical heterogeneous
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Fig. 7. PMF results on the 2007 average distribution ofA365
amongst(a) the four factors resolved for all FRM sites (rural and
urban) using a limited suite of species, and(b) the five factors re-
solved for only urban speciation sites listed in Table 1. The fac-
tors were identified (Zhang et al., 2010a) as, F1: Biomass Burn-
ing, F2: Refractory Material, F3: WSOC/Oxalate, F4: Ammonium
Sulfate/WSOC, F5: Mobile Sources, remaining is the unresolved
fraction.

conversion of some fraction of the SOA to chromophores
as aerosols age. Oxalate, for example, is known to have a
variety of sources, one of the main being production via
particle aqueous-phase reactions within cloud or fog drops
(Huang et al., 2006; Sorooshian et al., 2006). Heterogeneous
conversion of SOA formed in urban or rural locations would
readily explain the regional component of light absorbing
WSOC recorded throughout the Southeastern US. Summer
time contributions from combustion sources (biomass
burning or mobile sources) cannot be ruled out, but seem
unlikely to account for the Abs365 – WSOC correlation
throughout the southeast since both are very minor fractions
of summer WSOC. Brown carbon linked to SOA formation
or its chemical evolution would most readily explain the
light-absorbing component of the water-soluble aerosol
fraction observed throughout the Southeastern US during
summer.

Results discussed so far from the FRM filters likely do
not include semi-volatile species due to the filter sampling
method and length of time in storage and so represent the
more stable and aged components of the ambient aerosol.
They are also highly averaged over time and the variabil-
ity that drove the PMF analysis is on time scales of days to
weeks (FRM 24-h averaged filters collected every 4 days)
and so driven more by synoptic scale dynamics. The online
measurements are less susceptible to artifacts and can also be
used to investigate daily variability of light absorption char-
acteristics relative to WSOC. These measurements focused
on non-biomass burning Abs365 and WSOC recorded during
summer.

3.4 Online measurement results: diurnal trends

Summer patterns in diurnal variability of the absorption co-
efficient (Abs365) relative to WSOC and other emissions can
provide insight into other non-biomass burning sources of
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Fig. 8. (a)Hourly medians of Ozone, CO, WSOC and light absorp-
tion coefficient at 365 nm (Abs365) from online measurements in
Atlanta, GA, 1 July to 15 August 2009. Hourly means of WSOC
and Abs365 are also plotted in (a). Variability in WSOC and Abs365
hourly medians is the standard error. Ratios of hourly medians are
shown in the plot along with solar radiation on 11 July(b). Gaps
at 04:00 and 18:00 are periods of dynamic blanks. Number of data
points for each hour used to compute medians or means of Abs365
and WSOC are between 225 and 325.

light-absorbing species. Figure 8 shows the median diurnal
trends for data between 1 July to 15 August 2009 for online
Abs365 and WSOC data binned into hourly averages. CO and
ozone measured over the same period are included for com-
parison, but were measured at a different site; the Southern
Aerosol Research Characterization Study (SEARCH) moni-
toring station (Jefferson Street, Atlanta)∼4 km away.

3.4.1 Brown carbon and SOA

Abs365, and WSOC to a greater extent, both show moder-
ate diurnal variability relative to a high background, typical
of the regional characteristics of Southeastern US pollutants
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(Zhang et al., 2010b). For WSOC there was a clear day-
time increase of∼20 to 30% over the average nighttime con-
centration. This is attributed to photochemical SOA produc-
tion linked to urban emissions since this increase was not
observed at a rural site (Yorkville, GA)∼70 km from cen-
tral Atlanta, GA (Zhang et al., 2010b). Although the WSOC
daytime increase was small, it is related to substantial pro-
duction of WSOC given the significant growth in boundary
layer height from night to day in the summer (Marsik et al.,
1994) and low WSOC concentrations at higher altitudes (We-
ber et al., 2007) (see (Zhang et al., 2010b) for more details).
Evidence of this is indicated by the WSOC/CO ratio, which
shows a substantial increase during daytime. A similar day-
time WSOC increase has been observed in Atlanta in other
summers (Hennigan et al., 2009) and at other urban sites,
such as Mexico City (Hennigan et al., 2008), and has been
linked to photochemical production.

In contrast to WSOC, the light absorption diurnal trend
differed. The rapid increase in WSOC following sunrise
was not observed in Abs365 (except for an increase seen in
mean Abs365 at morning rush hour, discussed further be-
low). Instead, the absorption coefficient (Abs365) generally
decreased during the morning, likely due to dilution as the
boundary layer expanded, indicating that relatively freshly
formed WSOC (e.g., SOA) contained few chromophores at
our detection levels. Although there was a small increase
in Abs365/CO in the morning (Fig. 8b), the median mass
absorption efficiency (Abs365/WSOC) was on a decreasing
trend until approximately noon. Following noon, however,
light absorption levels in the aqueous samples began to in-
crease and Abs365 relative to WSOC and CO substantially
increased. The lack of corresponding and significant in-
crease in WSOC or CO suggests that the increasing Abs365
was not linked to primary WSOC emissions. It is possi-
ble that at this specific time of day some primary source
of highly efficient light absorbing compounds (e.g., highε),
contributed a very small amount to the overall WSOC con-
centrations, but accounted for the increase in absorption, al-
though we view this as unlikely. The Abs365 increase be-
gan in early afternoon (13:00) and peaked in the 15:00 to
16:00 h, too early for afternoon rush-hour traffic. Persis-
tent advection of a different aerosol to the sampling site at
this time of day also seems unlikely since at the rural site
(Yorkville) WSOC had a different diurnal trend (Zhang et al.,
2010b). Two plausible explanations are: 1) Heterogeneous
photochemical conversion of WSOC to more light absorbing
compounds, which would account for the lack of substantial
increase in WSOC concentration and increase in mass ab-
sorption efficiency (Abs365/WSOC) in the afternoon when
oxidant levels were high. The rate of this reaction, how-
ever, would have to be much faster than what has been ob-
served in laboratory studies. 2) In the afternoon much more
efficient light absorbing SVOCs, (e.g., highε), partitioned
to the aerosol and may have contributed a small amount to
the overall WSOC concentrations, but accounted for a sig-

nificant increase in absorption. In either case, the diurnal
trend indicates that fresh SOA formed in the morning did
not contain measureable levels of chromophores, however,
rapid (within a few hours) heterogeneous conversion, or SOA
gas-phase precursors formed in the afternoon during periods
of higher oxidant concentrations do produce water-soluble
chromophores. These processes appear to be substantial
given that the magnitude of the afternoon Abs365 increases
during a period when the summertime boundary layer is deep
and well mixed.

3.4.2 Primary brown carbon from vehicles

There is also evidence of a primary and/or non-
photochemical source of light-absorbing WSOC compo-
nents. The summer median Abs365 and mass absorbing ef-
ficiencies (Abs365/WSOC ratios) increased following sunset
and were consistently higher at night. The trend is somewhat
similar to CO and so could be linked to primary emissions
(e.g., vehicle fossil fuel combustion) and diurnal trends in
boundary layer height, accounting for the concentrating ef-
fect after sunset. In Fig. 8, the morning rush-hour (07:00)
peak in mean Abs365 and minor change in WSOC indicate a
primary combustion source of chromophores of high mass
absorption efficiency. Some portion of the nighttime in-
crease, however, could also be linked to production of sec-
ondary light absorbing organics through nitrate radical chem-
istry, especially with biogenic VOC emissions (Brown et al.,
2009). Dark aqueous reactions involving ammonium salts,
which are ubiquitous in the southeast, leading to light ab-
sorbing products are also possible (e.g., (Noziere et al., 2009;
Sareen et al., 2010)).

Differences between sites for the FRM filter data also give
some evidence for an anthropogenic brown carbon source.
On average, sites with highest mass absorption efficien-
cies determined either from Abs365/WSOC average ratios or
slopes, such as Birmingham and DeKalb (Table 2b), are also
sites more impacted by anthropogenic emissions. For ex-
ample, when levoglucosan was less than 50 ng m−3, mean
EC at Birmingham and DeKalb was∼1.3 µgC m−3, com-
pared to 0.5 to 0.7 µgC m−3 at Atns-UGA, Aug-Brs, Col-Crs,
Rome, and Macon. However, a statistically significant dif-
ference in mean Abs365/WSOC ratio between pairs of sites
was only found for N Birmingham and other sites (typically
t-testp<0.01, except with DeKalb,p = 0.84). Difference in
mean Abs365/WSOC ratios between other urban versus urban
(p>0.3), rural versus rural (p>0.4), or rural-urban (p>0.3)
pairs were generally not statistically significant.

Overall, the inferences based on summer diurnal trends are
consistent with the PMF analysis and comparisons between
sites; that apart from biomass burning, a significant compo-
nent of the yearly-average Abs365 was associated with sec-
ondary formation processes and that mobile sources (e.g.,
internal combustion engines) was also a source for brown
carbon, but mainly in urban settings.
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4 Summary

Light absorption spectra over wavelengths of 200–800 nm
were recorded for water-soluble components of ambient
fine (PM2.5) particles using a spectrophotometer with 1-
m long Liquid Waveguide Capillary Cell for high sensitiv-
ity. Absorption spectra had the brown carbon spectral char-
acteristic of rapidly increasing absorption with decreasing
wavelengths, at wavelengths below∼400 nm. Based on a
power law fit,Ångstrom exponents were similar for biomass
and non-biomass-burning-influenced ambient samples and
ranged between 6 and 8; similar to that reported for aque-
ous samples of biomass burning HULIS and fresh SOA from
ozonolysis of terpenes.

Seasonal data based on water-soluble components ex-
tracted from FRM filters throughout the Southeastern US
showed that biomass burning was the most significant source
of brown carbon during the colder months. At these times,
absorption by brown carbon was highest and highly corre-
lated with levoglucosan. Mass absorption efficiencies based
on ratios of light absorption at 365nm to WSOC from lin-
ear regression slopes, or average of Absorption /WSOC
ratios, both indicated that the fraction of chromophores
in the WSOC was∼3 times higher when biomass burn-
ing was prevalent compared to the non-biomass burning
warmer summer periods. In contrast, a fairly consistent light-
absorbing component of WSOC was also observed through-
out the southeast in summer and correlated to WSOC mass.
During summer, there was evidence for both primary and
secondary sources. Primary WSOC from mobile sources
(e.g., fossil fuel combustion) may account for the slightly
higher mass absorption efficiencies observed at the more pol-
luted urban sites, however, the widespread regional brown
carbon was more likely related to aged SOA. Average diurnal
trends indicated that fresh secondary WSOC formed in the
morning contained no measurable levels of chromophores
that absorbed at 365 nm, however, in the afternoon during
periods of higher oxidant levels the fraction of chromophores
substantially increased relative to water-soluble carbon mass.
A factor analysis of the 24-h filter data linked much of the
brown carbon throughout the southeast in summer to an ox-
alate source, consistent with aqueous heterogeneous conver-
sion of some components of SOA to chromophores. It is
not clear from this data set if the afternoon increase in light
absorbing components were from a similar process, how-
ever, an earlier study in Atlanta has linked WSOC forma-
tion to aerosol liquid water (Hennigan et al., 2009). If the
afternoon increase in WSOC (i.e., SOA) mass absorbing ef-
ficiency was due to chemical aging, the production of chro-
mophores was much faster (within hours) than what has cur-
rently been reported (days). Instead, the afternoon increase in
Abs365/WSOC could have been due to partitioning of chem-
ically different SVOCs at that time.

A number of investigators have shown evidence for chem-
ical evolution of SOA. In Atlanta we found that fresher

WSOC, observed during periods of photochemical smog,
contained higher fractions of hydrophilic WSOC (e.g., low
molecular weight acids and carbonyls, among other things),
relative to a persistent fraction of WSOC (∼50%) with prop-
erties of HULIS (e.g., higher molecular weight, more sur-
face active and light absorbing) (Sullivan and Weber, 2006b,
a). The evolution of fresh SOA to higher mass absorbing
efficiencies reported in this study is consistent with those re-
sults. In other regions, SOA has been found to rapidly evolve
to a lower volatile more oxygenated state (DeCarlo et al.,
2010). Many of the observed changes in SOA reported in
this and other studies may result from a common chemical
aging mechanism. In the Southeastern US a mechanism con-
sistent with our various studies is aqueous phase chemical
conversion. Alternatively, properties associated with HULIS
could just simply represent common characteristics of an
aged aerosol that reaches that state through many different
processes.

Supplementary material related to this article is available
online at:
http://www.atmos-chem-phys.net/10/5965/2010/
acp-10-5965-2010-supplement.pdf.
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