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Abstract

Secondary organic aerosol (SOA) in the Southeastern US is investigated by analyz-
ing the spatial-temporal distribution of water-soluble organic carbon (WSOC) and other
PM, 5 components from 900 archived 24 h Teflon filters collected at 15 urban or rural
EPA Federal Reference Method (FRM) network sites throughout 2007. Online mea-
surements of WSOC at an urban/rural-paired site in Georgia in the summer of 2008 are
contrasted to the filter data. Based on FRM filters, excluding biomass-burning events
(levoglucosan < 50 ngm™2), WSOC and sulfate were highly correlated with PM, 5 mass
and both comprised a large mass fraction of PM, 5 (13 % and 35 %, respectively). Sul-
fate and WSOC both tracked ambient temperature throughout the year, suggesting
the temperature effects were mainly on the photochemical processes that lead to sec-
ondary formation. FRM WSOC, and to a lesser extent sulfate, were spatially homoge-
neous throughout the region, yet WSOC was moderately enhanced (27 %) in locations
of greater predicted isoprene emissions in summer. A Positive Matrix Factorization
(PMF) analysis identified two major source types for the summer WSOC; 22 % of the
WSOC were associated with ammonium sulfate, and 56 % of the WSOC was associ-
ated with brown carbon and oxalate. A small urban excess of FRM WSOC (10 %) was
observed in the summer of 2007, however, comparisons of online WSOC measure-
ments at one urban/rural pair (Atlanta/Yorkville) in August 2008 showed substantially
greater difference in WSOC (31 %) relative to the FRM data, suggesting a low bias for
urban filters. The measured Atlanta urban excess, combined with the estimated bound-
ary layer heights, gave an estimated Atlanta daily WSOC production rate in August of
0.55 mng'2 h™' between mid-morning and mid-afternoon. This study characterizes
the regional nature of fine particles in the Southeastern US, confirming the importance
of secondary organic aerosol and the roles of both biogenic and anthropogenic emis-
sions.
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1 Introduction

The US EPA reported that the annual mean temperature anomalies over the Southern
and Southeastern US in the past century (1901 to 2005) were significantly lower than
other parts of the country (http://www.epa.gov/climatechange/science/recenttc.html).
Meanwhile, Portmann et al. (2009) showed that changes in regional climate over the
20th century were most pronounced over the Southern US. Previous studies based on
in-situ and satellite observations of aerosol optical depth suggest that aerosols over
these regions may be the cause. The direct effects of aerosols on radiative forcing are
estimated to produce a summertime cooling of —11 + 6Wm™ (Carrico et al., 2003) in
urban Atlanta, and a greater radiative cooling of ~3.9Wm™2 in summer than in winter
over the entire Southeastern US (Goldstein et al., 2009). These estimates are signifi-
cant compared to the global mean CO, radiative forcing of 1.66 Wm™2 and the global
mean aerosol direct radiative forcing of -0.5+ 0.4 Wm™2 (IPCC, 2007). The Southeast-
ern US has the highest predicted biogenic emission of northern mid-latitudes (Fig. 1a),
and the cooling haze over this region is thought to be largely from secondary organic
aerosols (SOA) of biogenic origin (Goldstein et al., 2009). SOA is known to form from
gas-phase photo-oxidation of precursor volatile organic compounds (VOCs), including
biogenic hydrocarbons, such as isoprene (Kroll et al., 2006) and monoterpenes (Hoff-
mann et al., 1997; Ng et al., 2007), as well as aromatic compounds (Odum et al.,
1997) and possibly a host of other unidentified semi-volatile organic species from an-
thropogenic emissions (Robinson et al., 2007; de Gouw et al., 2011). Other processes
may also play a role in SOA formation, such as synergistic interactions between bio-
genic and anthropogenic emissions (de Gouw et al., 2005; Weber et al., 2007) as well
as SOA formation through cloud processing (Ervens et al., 2008) and condensed aque-
ous phase chemistry (Hennigan et al., 2009; Lim et al., 2010; Tan et al., 2010; Ervens
et al., 2011).

The Southeastern US has a generally rural environment interspersed with a number
of urban areas, where, including the Atlanta metropolitan area, the fine particle (PM, 5)
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National Ambient Air Quality Standards (NAAQS) are often exceeded (Cohan et al.,
2007). A number of ambient studies have been carried out to understand SOA forma-
tion over this region (Lee et al., 2010 and references therein). Based on ratios of organic
carbon to elemental carbon (OC/EC), Lim and Turpin (2002) found that secondary OC
contributed approximately half of the measured OC in urban Atlanta, and the hourly
contribution could occasionally range up to 88 %. Using water-soluble organic carbon
(WSOC) as a measure of SOA carbon during summer, Weber et al. (2007) and Hen-
nigan et al. (2009) reported similar secondary OC fractions, and those fractions were
consistently higher (~ 75 %) in rural areas due to reduced contributions of primary OC
(Weber et al., 2007). Zheng et al. (2006) investigated the spatial distribution of carbona-
ceous aerosols in the southeast using molecular marker-based chemical mass balance
(CMB-MM) modeling and found that the urban excess of OC was mainly from vehicle
emissions and meat cooking based on results of the urban-rural pair in Alabama. Blan-
chard et al. (2011) also reported that most of the Atlanta urban excess OC was from
motor vehicle emissions with a fossil carbon source based on analysis of SEARCH
(Southeastern Aerosol Research and Characterization) filter data. Gao et al. (2006)
analyzed polar organic components from 24 h filter samples collected at four SEARCH
sites in the summer of 2004 and found direct evidence for atmospheric processing
of biogenic emissions (i.e. terpene oxidation) as a source of HUmic-Llke Substances
(HULIS). Also based on filter samples collected at these four sites in 2004—2005, Ding
et al. (2008) examined the spatial and seasonal trends of biogenic SOA tracers and
found significant correlations between 2-methyltetrols, an isoprene oxidation product,
and WSOC. Radiocarbon ('*C) analysis on PM, s WSOC collected in urban Atlanta
in summer during periods of minimal biomass burning emissions showed that roughly
70 to 80 % of the carbon in WSOC was modern rather than fossil. This suggested that
most WSOC mass was linked to biogenic VOCs, assuming the main source of WSOC
was SOA formation (Weber et al., 2007). Schichtel et al. (2007) estimated the average
fraction of contemporary carbon was 92 % in the summer and 81 % in the winter of
2004 based on radiocarbon data from PM, g total carbon (OC and EC) collected at the
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Great Smoky Mountains National Park in Tennessee. However, most of these studies
were based on filter samples with low time resolution collected from a limited number of
sites over relatively short time periods and all are susceptible to filter sampling artifacts.

The findings in this paper add to these ambient results by investigating the spa-
tial and seasonal variability of secondary aerosols over the Southeastern US based
on measurements of WSOC, sulfate and other PM, 5 chemical components extracted
from 900 Federal Reference Method (FRM) filters collected at 15 sites throughout the
year of 2007. These results demonstrate the potential of the large array of FRM fil-
ters collected by various regulatory agencies for investigating fine aerosol sources and
properties of the non-volatile components. This paper focuses on non-biomass burn-
ing contributions to PM, 5; biomass-burning contributions based on this data set are
presented elsewhere (Zhang et al., 2010). Additionally, one summer month of online
WSOC and other gas and aerosol data with high time resolution sampled at an ur-
ban/rural paired site in Georgia in 2008 provide a complement to the 24 h integrated
filter data and allow examination of SOA sources and formation on a much shorter
time scale (diurnal) and with less susceptibility to sampling artifacts. The comparison
of WSOC diurnal trends between urban and rural areas provides important insights on
the roles of biogenic and anthropogenic emissions in SOA formation in the southeast.

2 Methods
2.1 Filter sampling and measurements

Fifteen FRM filter-sampling sites in the Southeastern US were selected from the EPA
FRM monitoring network. These sites are spread over three states (Alabama, Georgia,
and South Carolina); eight are classified as urban and seven as rural sites based on
their geographic locations and surrounding major emission sources (Fig. 1c). Zhang
et al. (2010) provide a full list of the sites with name, location and type. A subset of the
sites (seven of the eight urban sites and one rural site, Yorkville) was co-located EPA
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CSN (Chemical Speciation Network) sites with additional aerosol composition data
available, including OC, EC and metals (Fig. 1c). A subset of FRM filter samples cor-
responding to every sixth day of sampling in 2007 yielded 60 filters per site and a total
of 900 filters for analysis. Additionally, a series of field blanks (36 filters) and replicated
filters (43 filters) were included for quality control. PM, 5 mass concentrations were de-
termined gravimetrically by the state regulatory agencies. The OC measurements (TOT
NIOSH method) obtained from the subset of EPA CSN sites were not adjusted for sam-
pling artifacts and thus represented an upper estimate of ambient OC. The following
chemical analyses were performed after the filters had been archived for roughly a year
(in the dark at a T < —20°C) and are restricted to water-soluble species extracted from
the Teflon filters.

Detailed descriptions of filter extraction and the subsequent analytical methods were
presented elsewhere (Zhang et al., 2010). Briefly, each filter was extracted in 30 ml
of 18-MQ Milli-Q water via 30 min sonication. The liquid extract was then filtered using
a 0.45 um PTFE disposable syringe filter. WSOC in the liquid extract was quantified with
a Sievers Total Organic Carbon (TOC) analyzer (GE Water Systems, Boulder, CO) with
a method limit of detection (LOD) of 0.33 ugCarbon m~3 (ngC m'3) and an overall mea-
surement uncertainty of 9 %. Levoglucosan and other carbohydrate compounds were
quantified using a Dionex High-Performance Anion-Exchange Chromatography with
Pulsed Amperometric Detection (HPAEC-PAD). Compound separation was achieved
with a Dionex CarboPac PA-1 column and gradient elution of 200 mM NaOH (Zhang
et al., 2010). Water-soluble cations (sodium, ammonium, potassium and magnesium)
and anions (chloride, sulfate and oxalate) were measured with a dual-channel Dionex
DX-500 lon Chromatograph with a Dionex CS12A cation column and a Dionex As11-
HC anion column. Light absorption spectra of the bulk liquid extracts were determined
using a UV/Vis spectrophotometer with long-path (1 m) Liquid Waveguide Capillary Cell
(LWCC-2100, World Precision Instrument, Sarasota, FL). The average bulk absorption
between wavelengths 360 and 370 nm (b 365, in units of m~') was used as a measure
of soluble brown carbon light absorption. Hecobian et al. (2010) provide a detailed
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description of the method and results of brown carbon sources, based in part on the
FRM filters used in this work.

FRM Teflon filters are not ideal for ambient PM, 5 composition measurements since
the un-denuded sampling method may contribute to artifacts. The yearlong storage
may also lead to loss of semi-volatile components (e.g., nitrate, semi-volatile OC) (Wat-
son et al., 2009). A comparison between FRM NH} and NH, measured from quartz
filters from co-located CSN sites showed that CSN NH; concentrations were on aver-
age 15% higher than FRM NHZ concentrations (corresponding to a linear regression
slope of 1.15), reflecting possible loss of semi-volatile NH:{ associated with NO; from
the FRM filters (Zhang et al., 2010). Thus, nitrate measurement from FRM filters is
not deemed reliable and the reported WSOC and other components (including PM, 5
mass) should be viewed as a measure of the less volatile species associated with
ambient PM, 5.

2.2 Online measurements

From 2 August to 15 September 2008, as part of the 2008 August Mini-Intensive on
Georgia Aerosol at SEARCH (AMIGAS) field study, online WSOC measurements were
conducted using a Particle-Into-Liquid Sampler (PILS) coupled with a TOC analyzer
(Sullivan et al., 2004) simultaneously at two SEARCH sites in Georgia, i.e. Jeffer-
son Street (JST) and Yorkville (YRK). JST (33.777°N, 84.416° W) is an urban site
approximately 4 km northwest of Central Atlanta and is located in a mixed commer-
cial/residential area. YRK (33.929° N, 85.045° W) is a rural site approximately 55km
northwest of metro Atlanta. Detailed descriptions of the sampling sites were given by
Hansen et al. (2003). During the AMIGAS campaign, WSOC data at both sites were
available for 25 days from 12 August to 6 September 2008, along with a suite of gas
and meteorological data that were routinely measured at these SEARCH sites.

The two PILS-TOC systems deployed at the two SEARCH sites were compared side-
by-side prior to and after the field campaign on the roof of the Environmental Science
and Technology building on the Georgia Institute of Technology campus for a period
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of 4 days. The data collected by the two instruments were highly correlated (r2 = 0.96)
and showed good agreement with a linear regression slope of 0.88 and an intercept of
0.13pug Cm™. The YRK WSOC data were modified to account for this small systematic
difference.

2.3 Gridded monthly isoprene emission fluxes from MEGAN-ECWMF
global inventory

Monthly averaged isoprene emission data over the southeast (30-36° N, 80—-89° W)
were obtained from the website: http://tropo.aeronomie.be/models/isoprene.htm. The
global emissions of isoprene were calculated at 0.5° resolution, based on the MEGAN
(Model of Emissions of Gases and Aerosols from Nature) version 2 (Guenther et al.,
2006) and a detailed multi-layer canopy environment model for the calculation of leaf
temperature and visible radiation fluxes. The calculation was driven by meteorologi-
cal fields provided by analyses of the European Centre for Medium-Range Weather
Forecasts (ECMWF) (Muller et al., 2008) and included air temperature, cloud cover,
downward solar irradiance, wind speed, and volumetric soil moisture in four soil layers.

3 Results and discussion

3.1 Characteristics of fine aerosol composition over the southeast — a “sulfate-
organic-rich” fine aerosol with widely uniform concentrations

Seasonal average mass concentrations of PM, 5 and a number of its key chemical
components at each of the 15 sampling sites are presented in Fig. 2. Levoglucosan,
an exclusive and relatively stable biomass burning emission tracer, had a large cold-
warm season contrast due to enhanced domestic biomass burning emissions in the
winter, as can be seen from the generally higher levoglucosan concentrations at ur-
ban sites, as well as more frequent wildfires and prescribed burnings in the spring; the
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large inter-site variability was due to random plume impacts (see Zhang et al. (2010)
for a detailed discussion of biomass burning emissions from this data set). A possible
secondary effect of accelerated loss of levoglucosan via photo-oxidation in the sum-
mer (Hennigan et al., 2010) may also account for some of the seasonal difference. To
minimize the contribution of biomass burning to primary WSOC (WSOCgg) and focus
on secondary WSOC, a surrogate of SOA carbon (Sullivan et al., 2004, 2006; Henni-
gan et al., 2009; Miyazaki et al., 2009), filter samples with levoglucosan concentration
greater than 50 ng m~ were not included in the following analysis and discussion. The
remaining data were assumed to be largely non-biomass-burning WSOC (WSOCy;),
which in warmer seasons was mainly comprised of secondary WSOC (as will be shown
below), with minor contributions of primary WSOC from mobile source emissions at ur-
ban sites (Hecobian et al., 2010). In colder seasons (e.g., winter), the fraction of primary
WSOC,g could be higher due to reduced secondary formation from photochemistry.
Organic aerosol (OA) mass (calculated by assuming an OM/OC ratio of 1.6) and
sulfate were the two largest components of PM, 5 mass throughout the year at all sites
with OC data available (Table 1), consistent with previous studies (Tanner et al., 2004;
Weber et al., 2007; Hand et al., 2012). On average, OM and sulfate accounted for
39 £ 6 % and 35 +£ 5 % of the total PM, 5 mass, respectively. When taking into account
the ammonium associated with the sulfate in the form of (NH,),SO,, more than 80 %
of the total PM, 5 mass throughout the region was comprised of organic components
and ammonium sulfate. The minor contributors to PM, 5 mass included EC (~7 % in
urban areas) and other refractory materials such as mineral dust and sea salt that were
enriched in K* and Mg2+ (6 % from a PMF analysis detailed by Zhang et al. 2010).
Scatter plots in Fig. 3 show the tight correlations of WSOCyg and sulfate with PM, 5
mass in urban and rural sites. The high R® values for both WSOCy;z (0.70 at urban to
0.75 at rural sites) and sulfate (0.60 at urban to 0.66 at rural sites) with PM, 5 mass in-
dicate the widespread presence of these two PM, 5 components throughout the south-
east. Contributions from primary species to the total fine aerosol mass likely account
for the slightly lower regression slopes and R? values for both components at urban
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sites (Fig. 3). Assuming a WSOM/WSOC ratio of 2.0 (Turpin and Lim, 2001), WSOMyg
(a proxy of SOA mass) and ammonium sulfate together contributed up to 71 % at urban
and 78 % at rural sites of the total PM, 5 mass. The large mass fractions of WSOMyg
and sulfate and their strong correlations with PM, 5 mass implies that the secondary
processes leading to the formation of both components largely influence and contribute
substantially to the fine particle loadings over the southeast throughout the year, which
has significant implications on PM, 5 control strategies and possible PM, 5 responses
to a changing climate (Goldstein et al., 2009).

3.2 Seasonal and spatial variability of WSOC based on FRM filter data
3.2.1 Seasonality of WSOC and other PM, 5 components

The monthly mean concentrations of WSOCgg and WSOCyg shown in Fig. 4 indi-
cated that the biomass burning influences on WSOC were mostly in winter and spring,
whereas during summer and early fall (September and October), WSOCgzg was nearly
negligible. Figure 4 also shows the monthly mean sulfate concentrations and tempera-
ture averaged over all 15 sites as well as the predicted isoprene emission flux over the
sampling domain (30-36° N, 80-89° W). Pronounced seasonality for concentrations of
PM, s mass (Fig. 2), WSOCyg and sulfate were found, with maximum in summer and
minimum in winter. The mean summer (JJA)-to-winter (JFD) ratio (+ one standard de-
viation) averaged across all the sites for sulfate, WSOC and OC concentrations was
25+0.6,1.9+0.8, and 1.6 £ 1.1, respectively. When filtering out samples with signifi-
cant levoglucosan concentrations (> 50 ng m'3) to remove biomass-burning influence,
these ratios were nearly doubled, i.e. 4.5+ 0.4 for sulfate, 3.9 +0.5 for WSOC, and
2.2+ 0.9 for OC. A lower summer/winter ratio for OC may reflect that roughly half OC
was primary at urban sites (although less at rural sites), which was not expected to vary
significantly with season (Lim and Turpin, 2002; Weber et al., 2007). In contrast, the
large summer-winter difference for WSOC,g and sulfateyg concentrations was most
likely due to the summertime enhancement of secondary chemical processes (e.g.,

9631

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
12, 9621-9664, 2012

Spatiotemporal
variation of WSOC in
the southeastern US

X. Zhang et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/9621/2012/acpd-12-9621-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/9621/2012/acpd-12-9621-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

enhanced photochemistry due to higher oxidant levels and stronger solar radiation).
As shown in Fig. 4, WSOCyz and temperature (and to a lesser extent, sulfateyg and
temperature) had a common seasonal pattern (for WSOCyg vs. T: r? = 0.57; sulfate
vs. T: r? = 0.38), and there was a clear co-variability among these three from March
to August; an unusually warm March had elevated WSOCyg and sulfateyg, whereas
a cooler July corresponded to lower concentrations. Much of this co-variability may be
due to temperature effects on photochemistry and synoptic meteorology.

The enhanced emissions of precursor compounds (e.g., isoprene as a SOA pre-
cursor) during warmer months may also explain some of the seasonality observed for
WSOC. Studies have found evidence for biogenic hydrocarbons as a major contributor
of SOA mass over the southeast (Gao et al., 2006; Weber et al., 2007; Ding et al., 2008;
Goldstein et al., 2009; Chan et al., 2010b). Monthly mean predicted isoprene emission
shown in Fig. 4 had a large seasonal variability and roughly increased 4 fold from winter
to summer. However, since sulfate also exhibited an evident seasonality, yet SO, emis-
sions did not have a strong seasonal dependence (US EPA National Emissions Inven-
tory, http://www.epa.gov/ttnchie1/trends/), the seasonal variability of WSOCyg based
on 24 h filter data cannot be related specifically to temperature-induced biogenic emis-
sions and resulting SOA formation. The observed seasonality for WSOCyg and sulfate
may be due to a combination of various controlling factors, including synoptic mete-
orological events (e.g., stagnation and precipitation), transport and photochemistry.
Emissions of precursor compounds may also play a role, but is probably minor from
the analysis of this data set.

3.2.2 Spatial homogeneity of WSOC and sulfate

One of the notable features of Fig. 2 is the insignificant site-to-site variation of
WSOC, and sulfate concentrations throughout all seasons, especially during warmer
months. This is indicative of widely uniform concentrations of both secondary compo-
nents throughout the region. Seasonally averaged relative standard deviations (RSD;
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standard deviation divided by mean for the season of interest) for WSOCyg and sulfate,
as labeled in Fig. 2 above each group, were mostly below 20 % except for WSOCyg
in the winter. A detailed site-to-site correlation analysis suggests that the concentra-
tions of WSOCyg and sulfate were not only similar but also well correlated to those
at other sites. Taking the South Dekalb (urban Atlanta) site as an example since it is
located in the center of the sampling region, Fig. 5 shows the correlation coefficients
(r?) of WSOC,\g and sulfate concentration between South Dekalb and each of the
other 14 sites as a function of estimated distance between sites. WSOCyg at South
Dekalb was strongly correlated with that at all other sites as indicated by the high r?
values (> 0.65). For example, for the Providence site, a rural site ~280 km away from
South Dekalb, the r? of WSOC,g was as high as 0.93, suggesting the highly spatial
homogeneity of WSOCyg (SOA), similar to previous finding by Ding et al. (2008). The
site-to-site correlation for sulfate was weaker than WSOC,g, possibly owing to the spa-
tial distribution of the SO, point source (Fig. 1b). For example, the very low r? of sulfate
between South Dekalb and Macon may be partially due to the large coal-fired power
plant near the Macon site. For all the combination of 15 sites (N = 105), the mean
(median) + standard deviation of r? value was 0.64 (0.69) + 0.25 for WSOC,g and 0.46
(0.48) + 0.28 for sulfate.

The observed large seasonal variation and spatial homogeneity of FRM filter-based
WSOC (i.e. non-volatile WSOC) is consistent with biogenic VOC emissions that are
both highly temperature dependent and widely distributed over the southeast. These
patterns, together with observations of organic carbon in this region having a large
modern (i.e. biogenic) carbon component (Tanner et al., 2004; Weber et al., 2007;
Bench et al., 2007; Schichtel et al., 2007), support the hypothesis that biogenic VOC
oxidation is the major SOA source in the southeast. However, similar (although to
a lesser degree) seasonality and spatial uniformity have been observed for sulfate.
Sulfate is formed from oxidation of SO, and the largest source of national SO, emis-
sion is coal-fired electric power plants, accounting for 73 % of the total SO, emission
in 2007 (US EPA National Emissions Inventory). As shown in Fig. 1b, the SO, point
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sources in the southeast are not uniformly distributed, unlike the VOC-emitting vege-
tation. Thus, as discussed in Sect. 3.2.1, it is more likely the observed spatial homo-
geneity for these secondary compounds is largely due to meteorology, resulting in the
well-mixed regional aerosol characteristic of the southeast. Both WSOC (SOA) and
sulfate are long-lived secondary products with lifespan of days to a week. The south-
east region is generally not well ventilated (unlike the coastal areas where the sea/land
breeze circulation disperses the pollution daily, Zhang et al., 2012), especially during
summer when high-pressure systems lead to frequent stagnation events. Therefore,
the pollutants with long lifetime, such as SOA and sulfate, can build up and eventually
spread across the whole southeast region. Thus, the regional WSOCy per se does not
exclusively indicate a widely distributed source of SOA (i.e. biogenic VOC oxidation).
An alternative explanation is that the formation of WSOC,j is not independent of sul-
fate (e.g., WSOC formed through acid-catalyzed reaction) so the uniform distribution of
sulfate has some impact on SOA formation and thus the distribution of WSOCyg. How-
ever, no strong evidence has been presented for a widespread acid-catalyzed reaction
in the Southeastern US (Gao et al., 2006; Peltier et al., 2007). A study contrasting
regional distributions of WSOC\g and a primary species such as EC would provide
additional insight.

3.2.3 Spatial correlations of WSOC concentrations with isoprene emissions

Although WSOC,g was highly correlated and relatively uniformly distributed throughout
the whole region, some of the spatial pattern may be linked to the spatial distribution of
isoprene emissions. Figure 6a shows the color-coded mean predicted isoprene emis-
sion flux with WSOCyg concentrations at each sampling site for August 2007. In Au-
gust, biogenic emissions and SOA formation are significant due to the large vegetation
mass, high temperature and intense solar radiation. Quantitative interpretations from
Fig. 6a are limited by the coarse grids (0.5° x 0.5°) and known large uncertainties for
isoprene emission estimates (Guenther et al., 2006). However, some qualitative trends
can be seen in Fig. 6a. First, there was a rough west-to-east gradient in isoprene
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emissions and a corresponding WSOCyg zonal trend. WSOCyg concentrations were
lower by roughly 27 % at the five sites on the east end of the sampling region, which
were also located in areas with less isoprene emissions. On smaller spatial scales,
isoprene enhanced areas often corresponded to high WSOCy; (e.g., COL-CRS, Ash-
land and the three most western sites in AL). Interestingly, there were several sites
in the vicinity of urban Atlanta that exhibited high WSOCyg concentrations yet were
not in isoprene-enriched areas. It is possible that these sites were under stronger in-
fluence of anthropogenic emissions as seen from the satellite observed NO, column
density in Fig. 6b. Previous ambient studies have shown evidence for enhanced SOA
formation from interactions between naturally emitted precursors with anthropogenic
pollutants such as NO, (Weber et al., 2007; de Gouw et al., 2008; Worton et al., 2011).
Environmental chamber studies also reported higher SOA yields for biogenic hydrocar-
bons in the presence of high NO, levels (Dommen et al., 2006; Chan et al., 2010a).
Contributions from anthropogenic SOA formation in urban regions would also account
for higher urban WSOC. The extent of the contribution from pure anthropogenic or
anthropogenic-enhanced biogenic SOA to urban WSOC in the southeast is discussed
elsewhere (Zhang et al., 2011, 2012) as well as in the following section.

3.3 WSOC concentration gradient between urban and rural sites based on FRM
filter data and online WSOC measurements

Urban/Rural FRM Filters: A small urban/rural gradient of FRM WSOC,g was evident for
all four seasons (Fig. 7), indicating an anthropogenic component for primary WSOCyg
and/or SOA production in urban environments, consistent with the reported urban ex-
cess OC in the southeast (Zheng et al., 2006; Blanchard et al., 2011; Hand et al., 2012).
The largest urban/rural difference was seen in winter (on average urban WSOCyj is
63 % higher than rural WSOC,g), whereas in other seasons the difference was within
20 %. The much higher urban WSOC,; in the winter was likely due to primary WSOC
emitted from fossil fuel combustion and possibly residential wood burning (although
data with leveoglucosan > 50 ng m~2 were filtered out) in urban areas. Based on the
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FRM filter data, the widespread SOA was only moderately enhanced by urban emis-
sions, resulting in a small urban/rural gradient (10 %) in the summer. However, as noted
earlier, filter sampling is subject to considerable negative artifact so that the semi-
volatile SOA components may not be included. An online measurement is expected to
have fewer sampling artifacts (Weber et al., 2003). Factors associated with the summer
urban/rural difference were explored by conducting real-time in situ measurements at
an urban/rural pair in Georgia: an Atlanta metropolitan site at Jefferson Street (JST)
and a rural site at Yorkville (YRK, also a FRM site) in August of 2008. In the following
analysis, WSOC was expected to be WSOC, since little biomass burning contribu-
tions were observed in the southeast during summer (Zhang et al., 2010), although no
companion measurements of biomass burning tracers were available.

Online Measurements at JST and YRK: For the entire 1-month study, WSOC con-
centrations (10 min averages) at JST and YRK were moderately correlated with an r?
of 0.37. The time series of WSOC and other associated parameters at JST and YRK
are shown in Fig. 8. Between the two sites, WSOC exhibited both common and distinct
temporal patterns. On a lower frequency scale (~ daily), urban and rural WSOC gen-
erally tracked each other well, whereas on a higher frequency scale (~ hourly), urban
WSOC showed larger and more frequent fluctuations superimposed on the generally
less variable lower frequency varying rural WSOC. Since YRK is often located upwind
of JST, and so is not subject to significant urban impact, as indicated by the consis-
tently lower CO and NO, concentrations (Fig. 8), the more constant YRK WSOC likely
represents the typical regional (i.e. rural) background levels, and the smooth variation
is due to synoptic meteorological processes. For example, the consistently lower con-
centrations of a variety of species at both sites during 21-26 August were mainly due
to higher wind speeds and frequent rain events. The air masses impacting both sites
during this period originated either from the Gulf of Mexico or the Atlantic Ocean (Padrd
etal.,, 2011).

The distinct WSOC pattern at the urban relative to the rural site is likely due to
a combination of SOA precursor emissions and chemical formation processes. Based
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on data from emission inventories, isoprene emissions at these two sites are practically
identical (Fig. 6a), indicating that biogenic SOA precursors were not the main reason
for the difference. Higher WSOC is generally associated with much higher CO and
NO, levels, which frequently occurs at the urban site. Occasionally, YRK WSOC was
higher (e.g., on 14, 17, 31 August 2008) due to stagnation events. The scatter plot
in Fig. 9 clearly shows that the largest differences of WSOC between the two sites
were observed at low wind speeds at JST and were often associated with higher CO
concentrations at urban site, indicating local urban production of WSOC.

Average diurnal trends for CO, O3 and WSOC at JST and YRK also showed dis-
tinctly different patterns at these two sites (Fig. 10a,b). WSOC and CO at YRK were
nearly constant throughout the day. In contrast, JST CO clearly showed a characteristic
morning rush hour peak at ~ 7 am and roughly a factor of 2 night-to-day enhancement,
which was attributed to lower nighttime mixed layer height leading to higher CO con-
centrations from nighttime mobile source emissions. JST WSOC was constantly higher
than YRK, again indicating the urban enhancement of SOA formation. Primary WSOC
emissions can also make some contribution, as seen by the morning WSOC peak
during rush hour, but this was clearly minor compared to secondary photochemical
production when considering the effect of mixed layer expansion.

As a rough approximation, the effect of expanding mixed layer on WSOC vari-
ation can be determined by normalizing WSOC concentration to a conserva-
tive species (e.g., CO). Figure 10c shows the diurnal profile of AWSOC/ACO
(= WSOC ys1.vRK)/(CO 5T — 0.15ppmv), where it assumes the CO emissions at JST
are constant throughout the day (a significant over-simplification) and a CO background
level of 0.15 ppmv (based on COyrk)- The result shows that the major source of urban
excess WSOC is photochemical production (e.g., AWSOC/ACO tracks solar radia-
tion and O3 concentrations), which is much more significant than the mobile emissions
leading to primary WSOC during morning rush hour. An alternate approach to estimate
the urban AWSOC production is to use the actual mixed layer height, in which case
the column integrated WSOC concentration can be calculated by multiplying AWSOC
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concentrations by the mixed layer height. This product is directly related to the ur-
ban WSOC source per unit surface area, assuming WSOC concentrations above the
mixed layer are negligible, no net advection of WSOC into the region or loss of WSOC
by deposition to the surface, and WSOC within the mixed layer is uniformly distributed.
Mixed layer heights were not measured during the AMIGAS study, so literature val-
ues reported by Marsik et al. (1995) were used instead. Figure 10c shows that the two
approaches give similar diurnal profiles, both characterizing the photochemical produc-
tion with normalized WSOC concentrations peaking at approximately 15:00 LT, roughly
1-2 h later than when solar intensity reached its maximum value. The rate of increase
in WSOC per unit surface area from morning to early afternoon (i.e. increasing slope
of WSOC column) gave an average urban WSOC production rate during this time pe-
riod of approximately 0.55 mng'2 h™', or1.1 mg m=2h~" for WSOM mass (shown as
the red dotted line in Fig. 10c). After the peak near 15:00 LT, both AWSOC/ACO and
mixed layer AWSOC column decreased to background levels, possibly owing to SOA
production weakening and/or downward mixing of cleaner air mass from aloft (Blan-
chard et al., 2011). At night there was low production of WSOC, indicated by the flat
slopes, similar to findings from previous studies on Atlanta WSOC (Hennigan et al.,
2009). More extensive urban/rural paired online studies would be valuable since the
estimates of urban production rates could be contrasted throughout the year.

The urban/rural comparison suggests that the anthropogenic emissions play an im-
portant role in the enhancement of WSOC (SOA) in urban areas. Anthropogenic emis-
sions could be involved in SOA formation in several ways, such as direct contributions
from anthropogenic SOA precursors, e.g., aromatics (Henze et al., 2008) and acety-
lene (Volkamer et al., 2009), evaporation and re-condensation of semi-volatile organic
vapors (Robinson et al., 2007; de Gouw et al., 2011), NO, effect on both biogenic and
anthropogenic SOA yields (Presto et al., 2005; Song et al., 2005; Ng et al., 2007) as
well as SOA formed through reaction of NO4 radical with biogenic VOCs (Surratt et al.,
2008; Brown et al., 2009). Based on the real-time data, the urban excess WSOC was
on average 31 % of the rural (regional) WSOC. However, as shown in Fig. 7, for FRM
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filter WSOC the urban/rural difference during summer was only ~ 10 %. The inconsis-
tency between filter and online data may be due to the loss of semi-volatile components
of the urban excess WSOC from the FRM filters during sampling and storage. Conse-
quently, the FRM WSOC data in both urban and rural areas showed little variation and
tend to be highly correlated as discussed in Sect. 3.2.

Considering the urban/rural difference obtained from the online data, it is of interest
how anthropogenic emissions were involved in the formation of urban WSOC in Atlanta.
Zhang et al. (2011) observed a similar average WSOC diurnal profile as shown in
Fig. 10 in Atlanta in the summer of 2010. Meanwhile, they made measurements of
WSOC light absorption in Atlanta and Los Angeles and found that the freshly-formed
urban WSOC (i.e. AWSOC) in Atlanta was much less light-absorbing (~4-6 times
less) than those freshly formed in LA. The LA AWSOC is proved to be mainly from
anthropogenic sources (Zhang et al., 2011; Bahreini et al., 2012). As an approximation,
taking light-absorbing WSOC as a measure of anthropogenic SOA suggests that in
Atlanta up to 25 % of the urban AWSOC was from direct contributions of anthropogenic
VOCs, and the rest (75 %) was related to formation of biogenic SOA, possibly enhanced
under anthropogenic influence.

3.4 Sources of summertime regional FRM WSOC

A Positive Matrix Factorization (PMF) analysis using the FRM PM, 5 chemical compo-
sition and light absorption data set from all 15 sites was performed to investigate the
sources of PM, 5 throughout the southeast region over the year of 2007. A detailed
description and procedures for the PMF analysis were presented elsewhere (Zhang
et al., 2010; Hecobian et al., 2010). PMF results focusing on summertime FRM WSOC
formation processes are discussed here.

Four factors were resolved by PMF from the full year data set that included all 15
FRM sites. Factor 1 and 2 (F1 and F2) were related to biomass burning and refractory
materials, respectively. Factors 3 and 4 (F3 and F4) were associated with secondary
processes indicated by their highest relative contributions to PM, 5 mass in summer,
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and loadings of known secondary components (WSOC, sulfate and oxalate). F3 is
characterized mainly by high loadings of WSOC, oxalate and water-soluble organic
species that absorb light at 365 nm (i.e. soluble brown carbon, b,,s65) (Fig. 11a). This
factor explains most of the variability of WSOC and oxalate (56 % for each), and 25 %
of the variability of brown carbon (b,,365) in the year of 2007 (Fig. 11b); the lower
fraction of b,,365 associated with this factor is due to its main source being biomass
burning emission (Hecobian et al., 2010). F4 is characterized by high loadings of NHZ

(86 %) and SOi‘ (90 %) and a moderate amount of WSOC, which accounted for 22 %
of its yearly variability (Fig. 11b). Another PMF analysis performed on the sub data set
from the 8 CSN sites including additional data (i.e. OC, EC, and metals) resolved an
additional factor that was associated with mobile source (Zhang et al., 2010; Hecobian
et al., 2010). However, the results related to F3 and F4 and their relative contributions
in the summer remain similar to the four-factor PMF analysis discussed here.

The very different composition profiles of F3 and F4 suggest different physical and/or
chemical processes involved in the regional WSOC (SOA) formation. The limited num-
ber of species available for this factor analysis limits the identification of multiple
sources and prohibits definitive identification of the sources or processes leading to
these two factors, but the differences between F3 and F4 are intriguing. In the following
we speculate on possible sources of the regional WSOC in the southeast.

Factor 3: The association among oxalate, b,,365 and WSOC of F3 is notable for
a number of reasons. First, these are all characteristics of biomass burning emissions
(Factor 1 detailed by Zhang et al., 2010). Although biomass burning cannot be com-
pletely ruled out, it is unlikely to cause such a large fraction of the summertime FRM
WSOC variability. Instead, numerous laboratory studies have shown that chemical pro-
cesses in aqueous solutions produce both oxalate (Sorooshian et al., 2006; Lim et al.,
2010) and light-absorbing organic compounds (Bones et al., 2010; Sareen et al., 2010),
along with other aqueous SOA products including oligomers and high molecular weight
multi-functional compounds that could be included in the overall WSOC in F3 (Surratt
et al., 2007; Nguyen et al., 2012). Collectively, these components have been grouped
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as HULIS (de Haan et al., 2009; Shapiro et al., 2009) and are linked to aqueous chemi-
cal aging of the aerosol, which uniquely explains the presence of high MW compounds
(Ervens et al., 2011). Gao et al. (2006) have detected polar organics that are similar to
HULIS on filters collected in rural areas in the southeast and have shown evidence of
atmospheric processing of biogenic emissions leading to HULIS as a typical pathway in
the background (regional) atmosphere. Hennigan et al. (2009) and Zhang et al. (2012)
studied WSOC gas/particle partitioning in urban Atlanta and found evidence for WSOC
partitioning to particle liquid water indicating that an aqueous chemical route is fea-
sible. The fact that the PMF factor 3 explains much of the variability of WSOC mass
concentrations suggests the importance of a potential summertime aqueous WSOC
formation route.

Factor 4: Previous aerosol source apportionment studies in the southeast and other
locations have attributed factors with high organic carbon and ammonium sulfate load-
ings to be associated with secondary aerosol formation through a variety of pathways.
Correlations between WSOC and sulfate in some locations show clear evidence for
a cloud formation process (Huang et al., 2006); however, the lack of oxalate associ-
ated with F4 seems to suggest this may not be the case in the southeast. WSOC-
sulfate correlations may result from possible acid-catalyzed effects on SOA formation
(Liu et al., 2005; Kim and Hopke, 2006), or simply could be related to long-range trans-
port (Saarikoski et al., 2008). We have noted the spatial and seasonal correlations of
WSOC and sulfate and attributed some of this co-variability to both being secondary
components with similar atmospheric lifetimes/loss processes. This would be consis-
tent with F4 representing the regional/more aged aerosols mainly composed of sul-
fate and WSOC. A more comprehensive data set with additional tracer compounds is
needed to better resolve the causes for differences between F3 and F4.
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4 Conclusions

The spatial and seasonal variations of non-volatile WSOC (referred to as FRM WSOC)
associated with fine aerosols in the Southeastern US were investigated through mea-
surements of over 900 24 h integrated FRM Teflon filters collected from 15 urban and
rural sites in 3 states in the year of 2007. FRM WSOC was contrasted with sulfate
to examine possible causes of the spatial and seasonal variability. Online measure-
ments of WSOC in August 2008 at an urban/rural pair were compared to the FRM filter
urban/rural differences and used for a more detailed analysis of the observed urban
excess WSOC. The major findings of this study are:

1. In the southeast, FRM PM, 5 was mainly composed of organic aerosol and am-
monium sulfate. On average, OM (1.6 times OC) and sulfate accounted for 39 %
and 35 % of the total PM, 5 mass, respectively. Excluding biomass burning contri-
butions (levoglucosan < 50ngm™2), FRM PM, 5 mass was tightly correlated with
both WSOC (r2 of 0.70 urban, 0.75 rural) and sulfate (r2 of 0.60 urban, 0.66 ru-
ral). WSOM (2.0 times WSOC) and ammonium sulfate together contributed up to
71 % at urban and 78 % at rural sites of the total PM, 5 mass, indicating secondary
processes largely influenced and substantially contributed to the fine particle load-
ings over the region throughout the year of 2007.

2. Pronounced seasonality was observed for FRM WSOC and sulfate. Both com-
ponents showed maximum concentrations in the summer, apparently due to en-
hanced photochemistry and meteorology associated with elevated temperatures.
Enhanced emissions of precursor compounds, such as biogenic hydrocarbons,
may also have contributed to the seasonality of WSOC, but links to biogenic emis-
sions and temperature were not as clear since both sulfate and WSOC responded
in a similar way.

3. FRM WSOC and sulfate were widely distributed and fairly spatially uniform
throughout the southeast, indicated by the significant site-to-site co-variability.
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Given the point source nature of sulfate precursor (SO,), the large scale spatial
homogeneity suggested that the dominant role played by secondary components
in PM, 5 mass (ignoring biomass burning contributions present mainly in winter)
combined with meteorology (a well-mixed region with limited ventilation) was the
major cause for the large regional aerosol loading. Spatial uniformity cannot be
mainly attributed to a widely distributed source of biogenic precursor VOCs. How-
ever, on smaller scales, spatial distributions of estimated isoprene emissions were
consistent with relatively small differences in FRM WSOC, providing evidence of
biogenic hydrocarbons as important SOA precursors.

. Online measurements of WSOC between an urban/rural pair (Atlanta/Yorkville) in-

dicated that on average urban WSOC was 31 % higher than rural levels during the
sampling period. The urban excess WSOC was clearly associated with local an-
thropogenic emissions since the WSOC enhancement was linked to CO and NO,.
In contrast, FRM WSOC urban/rural difference in summer was only ~ 10 %, indi-
cating that filters tend to produce a more uniform distribution, possibly due to poor
temporal resolution and loss of semi-volatile organic species that were more likely
associated with urban environments. Using the difference between the urban-rural
WSOC and estimated boundary layer height, an urban Atlanta production rate of
WSOC in August was calculated to be roughly 0.55 mng'2 h™' from morning to
mid-afternoon.

. A PMF analysis was preformed on FRM filter data to investigate the sources of

the regional FRM WSOC. Two factors were resolved that explained most (78 %)
of the FRM WSOC variability. One factor that explained over half of the 2007
FRM WSOC variability was loaded with oxalate and brown carbon, consistent with
a condensed phase SOA formation route. The other factor accounted for roughly
1/4 of the FRM WSOC variability was associated with ammonium sulfate and may
represent a regional aged SOA, or a possible acid catalyzed route. Further work
is needed to investigate these hypotheses.
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Table 1. Annual and seasonal averaged fractions of organic aerosol mass (OM) and sulfate
in PM, 5 and WSOC,z/OCyj ratios, where OM is 1.6 x OC and subscript NB represents non-

biomass-burning, using levoglucosan concentration (less than 50 ng m_3) as a criteria.

OM/PM, s mass SO /PM,s mass ~ WSOCyg/OCyg
(levog. < 50 ngm™2)

Urban Rural® Urban Rural Urban Rural®
Annual 43.7 34.7 25.7 31.0 51.9 55.8
Winter 44.0 34.3 20.2 25.5 45.2 59.6
Spring 491 33.2 24.4 28.9 46.8 41.2
Summer  40.9 36.1 30.2 34.2 56.3 52.6
Fall 40.5 33.1 28.4 34.9 51.2 69.7

& OM(OC) data are only available at one rural site: Yorkville (YRK).
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Fig. 1. Maps of (a) MEGAN-ECMWF global isoprene emissions in August of 2007, (b) SO, point
sources based on EPA National Emission Inventory (NEI) 1999, and (¢) geographic locations
of EPA FRM and co-located CSN sampling sites.
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Fig. 2. Seasonal mean concentrations of (a) PM, 5 mass, (b) OC, (c) WSOC,z (non-biomass
burning), (d) sulfate, and (e) levoglocosan (LG) at each of the 15 FRM sampling sites. OC data
are only available at 7 of the 8 urban sites and 1 rural site. RSD stands for seasonal average
relative standard deviations of WSOCg and sulfate data. The initials after each season indicate
the months included. Urban sites are labeled in blue and rural sites are labeled in red.
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Fig. 3. Scatter plots of (a) WSOC,g (non-biomss burning) and (b) Sulfateyg versus PM, s mass
concentrations. Slope and R? of the linear fit are shown separately for urban and rural sites.
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Fig. 6. Spatial distributions of (a) isoprene emission fluxes (0.5° x 0.5°) predicted from MEGAN-
ECWMF global inventory and (b) tropospheric NO, column density from OMI on board NASA
AURA satellite in August of 2007. Overlaid on the emission maps are the color-coded WSOCyg
(non-biomass burning) concentrations at the 15 FRM sampling sites (urban: squares; rural:
circles) in August of 2007 (Note that the WSOC,z color scale is set to investigate relatively
small changes in absolute WSOC,g concentrations).
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Fig. 7. Box plots of the seasonal mean concentrations of WSOC,g (non-biomass burning)
segregated for urban and rural sites. The plot shows median values (thick horizontal bar), 25th
and 75th percentiles (lower and upper box bounds, respectively), and 10th and 90th percentiles

(lower and upper whiskers, respectively) for each bin.

9660

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
12, 9621-9664, 2012

Spatiotemporal
variation of WSOC in
the southeastern US

X. Zhang et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/9621/2012/acpd-12-9621-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/9621/2012/acpd-12-9621-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
12, 9621-9664, 2012

Jaded uoissnasiqg

Spatiotemporal
6|.|.|.|.|.|.|.|.|..|.|.|.I.|..|.I.|.|.|.I.|.|.|._ — variationofwsocin
o s Z Rkweoe i -, the southeastern US
39 73
=5 k - o X. Zhang et al.
0 - &
_ 4 WSOC(yST-YRK) __ g
oo Wl : L e
it W g ol -
F s meon
160 IS ——
g 120 ) i=—Clean and wet period—= jzz = —
il i y - =R EEE
- A A e L , Z Y
0'|'I'I'I'|'I'I'I'"v'b’:_"N‘T"-~I-'|'I"“A'I'|'I'I'I'|'I'I'I'| m
I8/13/()8 8/17/08 8/21/08 8/25/08 8/29/08 9/2/08 9/6/08 g ! !
Eastern Standart Time 17:)
2.
Fig. 8. Time series of WSOC and other parameters measured at Jefferson St. (JST) and -30 ! !
Yorkville (YRK) from 12 August 2008 to 6 September 2008 during the AMIGAS field campaign: S ! !
(a) absolute WSOC concentrations at two sites; (b) WSOC difference (AWSOC) between the g
two sites (i.e. WSOC, s minus WSOCyry); (c) CO and NO, difference between the two sites ! !
(i.e. CO g1 minus COyprk, NOy gt minus NOy yrk)-
O
Q
(=
(2}
(2}
2
5
3
QO
©
@
.

9661


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/9621/2012/acpd-12-9621-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/9621/2012/acpd-12-9621-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

0 200 400 600
COWST-YRK), ppbv

1

SN
I
e®®

w
|
[ )
P
'b".
L
..
o
|

JST Wind Speed, m s
N
l
o
;s
e
9
o

]
®
$
e

-1 0 1 2 3 3 4
WSOC (JsT-YRK), HGC m
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age loading of WSOC and oxalate amongst the four PMF factors.
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