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Abstract. Secondary organic aerosol (SOA) in the south- cess of FRM WSOC (10 %) was observed in the summer of

eastern US is investigated by analyzing the spatial-tempora2007, however, comparisons of online WSOC measurements

distribution of water-soluble organic carbon (WSOC) and at one urban/rural pair (Atlanta/Yorkville) in August 2008

other PMy 5 components from 900 archived 24-h Teflon fil- showed substantially greater difference in WSOC (31 %) rel-

ters collected at 15 urban or rural EPA Federal Referencative to the FRM data, suggesting a low bias for urban fil-

Method (FRM) network sites throughout 2007. Online mea-ters. The measured Atlanta urban excess, combined with the

surements of WSOC at an urban/rural-paired site in Georgiastimated boundary layer heights, gave an estimated Atlanta

in the summer of 2008 are contrasted to the filter data. Basedaily WSOC production rate in August of 0.55 mgC fih—1

on FRM filters, excluding biomass-burning events (levoglu- between mid-morning and mid-afternoon. This study charac-

cosan< 50 ngnT3), WSOC and sulfate were highly corre- terizes the regional nature of fine particles in the southeastern

lated with PMps mass £2 ~ 0.7). Both components com- US, confirming the importance of SOA and the roles of both

prised a large mass fraction of BM (13% and 31 %, re- biogenic and anthropogenic emissions.

spectively, or~ 25 % and 50 % for WSOM and ammonium

sulfate). Sulfate and WSOC both tracked ambient tempera-

ture throughout the year, suggesting the temperature effects

were mainly linked to faster photochemistry and/or synopticl Introduction

meteorology and less due to enhanced biogenic hydrocarbon

emissions. FRM WSOC, and to a lesser extent sulfate, werdhe US EPA reported that the annual mean temperature

spatially homogeneous throughout the region, yet WSOCanomalies over the southern and southeastern US in the past

was moderately enhanced (27 %) in locations of greater precentury (1901 to 2005) were significantly lower than other

dicted isoprene emissions in summer. A Positive Matrix Fac-parts of the country http://www.epa.gov/climatechange/

torization (PMF) analysis identified two major source types science/recenttc.htinl Meanwhile, Portmann et al. (2009)

for the summer WSOC: 22 % of the WSOC were associatedshowed that changes in regional climate over the 20th cen-

with ammonium sulfate, and 56 % of the WSOC were as-tury were most pronounced over the southern US. Previ-

sociated with brown carbon and oxalate. A small urban ex-ous studies based on in-situ and satellite observations of
aerosol optical depth suggest that aerosols over these regions

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://www.epa.gov/climatechange/science/recenttc.html
http://www.epa.gov/climatechange/science/recenttc.html

6594 X. Zhang et al.: Spatiotemporal variation of WSOC in the southeastern US

may be the cause. The direct effects of aerosols on radiative
forcing are estimated to produce a summertime cooling of
—11+6Wn1?2 (Carrico et al., 2003) in urban Atlanta, and
a greater radiative cooling 6£3.9W n12 in summer than
in winter over the entire southeastern US (Goldstein et al.,
2009). These estimates are significant compared to the global
mean CQ radiative forcing of 1.66 Wm? and the global
mean aerosol direct radiative forcing 60.5+0.4 W n12
(IPCC, 2007). The southeastern 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 v 4 R TG 20
. . . i 908 . Isoprene emission flux [10*g m* hr'] .
from secondary organic aerosols (SOA) of biogenic origin 180w 1200 sow 0 60E 1208 180E
(Goldstein et al., 2009). SOA is known to form from gas-
phase photo-oxidation of precursor volatile organic com-
pounds (VOCSs), including biogenic hydrocarbons, such as
isoprene (Kroll et al., 2006) and monoterpenes (Hoffmann et
al., 1997; Ng et al., 2007), as well as aromatic compounds
(Odum et al., 1997) and possibly a host of other unidenti-
fied semi-volatile organic species from anthropogenic emis-
sions (Robinson et al., 2007; de Gouw et al., 2011). Other
processes may also play a role in SOA formation, such as
synergistic interactions between biogenic 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 agueous 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 in-
terspersed with a number of urban areas, where, including
the Atlanta metropolitan area, the fine particle (RfY1Na-
tional Ambient Air Quality Standards (NAAQS) are often
exceeded (Cohan et al., 2007). A number of ambient stud-
ies have been carried out to understand SOA formation 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 (SOC) con-
tributed approximately half of the measured OC in urban At-
lanta, and the hourly contribution of SOC could occasion-
ally range up to 88%. Using water-soluble organic carbon -88 -86 -84 -82 -80
(WSOC) as a measure of SOA carbon during summer, We-
ber et al. (2007) and Hennigan et al. (2009) reported similarFig. 1. Maps of(a) MEGAN-ECMWF global annual isoprene emis-
SOC fractions, and those fractions were consistently highesions in 2007(b) SO, point sources based on EPA National Emis-
(~75%) in rural areas due to reduced contributions of pri-sion Inventory (NEI) 1999, an¢c) geographic locations of FRM
mary OC (Weber et al., 2007). Zheng et al. (2006) investi-and co-located CSN sampling sites.
gated the spatial distribution of carbonaceous aerosols in the
southeast using molecular marker-based chemical mass bal-
ance (CMB-MM) modeling and found that the urban excesssummer of 2004 and found direct evidence for atmospheric
of OC was mainly from vehicle emissions and meat cookingprocessing of biogenic emissions (i.e. terpene oxidation) as
based on results of the urban-rural pair in Alabama. Blan-a source of HUmic-LIke Substances (HULIS). Also based
chard et al. (2011) also reported that most of the Atlantaon filter samples collected at these four sites in 2004—2005,
urban excess OC was from motor vehicle emissions with aDing et al. (2008) examined the spatial and seasonal trends
fossil carbon source based on analysis of SEARCH (Southef biogenic SOA tracers and found significant correlations
eastern Aerosol Research and Characterization) filter datdetween 2-methyltetrols, an isoprene oxidation product, and
Gao et al. (2006) analyzed polar organic components fromWSOC. Radiocarbon'{C) analysis on PMs WSOC col-
24-h filter samples collected at four SEARCH sites in thelected in urban Atlanta in summer during periods of minimal

®m Urban FRM sites |-
B Rural FRM sties |
O Urban CSN sites |-
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biomass burning emissions showed that roughly 70 to 80 %36 filters) and replicated filters (43 filters) were included
of the carbon in WSOC were modern rather than fossil. Thisfor quality control. PM s mass concentrations were deter-
suggested that most WSOC mass was linked to biogenienined gravimetrically by the state regulatory agencies. The
VOCs, assuming the main source of WSOC was SOA for-OC measurements (TOT NIOSH method) obtained from the
mation (Weber et al., 2007). Schichtel et al. (2007) estimatedsubset of EPA CSN sites were not adjusted for possible posi-
the average fraction of contemporary carbon was 92 % in theive sampling artifacts and thus represented an upper estimate
summer and 81 % in the winter of 2004 based on radiocarbomf ambient OC. The following chemical analyses were per-
data from PM 5 total carbon (OC and EC) collected at the formed after the filters had been archived for roughly a year
Great Smoky Mountains National Park in Tennessee. How<in the dark at a' < —20°C) and are restricted to water-
ever, most of these studies were based on filter samples witholuble species extracted from the Teflon filters.
low time resolution collected from a limited number of sites  Detailed descriptions of filter extraction and the subse-
over relatively short time periods and all are susceptible toquent analytical methods were presented elsewhere (Zhang
filter sampling artifacts. et al., 2010). Briefly, each filter was extracted in 30 ml of
The findings in this paper add to these ambient results byl8-MQ Milli-Q water via 30 min sonication. The liquid ex-

investigating the spatial and seasonal variability of secondaryract was then filtered using a 0.45 um PTFE disposable sy-
aerosols over the southeastern US based on measurementsrisfge filter. WSOC in the liquid extract was quantified with
WSOC, sulfate and other P\ chemical components ex- a Sievers Total Organic Carbon (TOC) analyzer (GE Wa-
tracted from 900 Federal Reference Method (FRM) filterster Systems, Boulder, CO) with a method limit of detec-
collected at 15 sites throughout the year of 2007. These retion (LOD) of 0.33 pug Carbon m? (ugC n2) and an over-
sults demonstrate the potential of the large array of FRM fil-all measurement uncertainty of 9 %. Levoglucosan and other
ters collected by various regulatory agencies for investigatingcarbohydrate compounds were quantified using a Dionex
fine aerosol sources and properties of the non-volatile comHigh-Performance Anion-Exchange Chromatography with
ponents. This paper focuses on non-biomass burning contriPulsed Amperometric Detection (HPAEC-PAD). Compound
butions to PMs; biomass-burning contributions based on separation was achieved with a Dionex CarboPac PA-1 col-
this data set are presented elsewhere (Zhang et al., 2010)mn and gradient elution of 200 mM NaOH (Zhang et al.,
Additionally, one summer month of online WSOC and other 2010). Water-soluble cations (sodium, ammonium, potas-
gas and aerosol data with high time resolution sampled at asium and magnesium) and anions (chloride, sulfate and ox-
urban/rural paired site in Georgia in 2008 provide a comple-alate) were measured with a dual-channel Dionex DX-500
ment to the 24-h integrated filter data and allow examinationlon Chromatograph with a Dionex CS12A cation column and
of SOA sources and formation on a much shorter time scalex Dionex AS11-HC anion column. Light absorption spectra
(diurnal) and with less susceptibility to sampling artifacts. of the bulk liquid extracts were determined using a UV/Vis
The comparison of WSOC diurnal trends between urban andpectrophotometer with long-path (1 m) Liquid Waveguide
rural areas provides important insights on the roles of bio-Capillary Cell (LWCC-2100, World Precision Instrument,
genic and anthropogenic emissions in SOA formation in theSarasota, FL). The average bulk absorption between wave-
southeast. lengths 360 and 370 nm4p3es in units of n 1) was used as

a measure of soluble brown carbon light absorption. Heco-

bian et al. (2010) provide a detailed description of the method

2 Methods and results of brown carbon sources, based in part on the
FRM filters used in this work.
2.1 Filter sampling and measurements FRM Teflon filters are not ideal for ambient Blcompo-

sition measurements since the un-denuded sampling method

Fifteen FRM filter-sampling sites in the southeastern USmay contribute to artifacts. The yearlong storage may also
were selected from the EPA FRM monitoring network. Theselead to loss of semi-volatile components (e.g. nitrate, semi-
sites are spread over three states (Alabama, Georgia, anslatile OC) (Watson et al., 2009). A comparison between
South Carolina); eight are classified as urban and seven as riFRM NHZ and Nl—[f measured from nylon filters from co-
ral sites based on their geographic locations and surroundinpcated CSN sites showed that CSN 1§|+¢oncentrations
major emission sources (Fig. 1c). Zhang et al. (2010) provideyere on average 15 % higher than FRM Nioncentrations

a full list of the sites with name, location and type. A sub- (corresponding to a linear regression slope of 1.15), reflect-
set of the sites (seven of the eight urban sites and one rurghg possible loss of semi-volatile I\[{Hassociated with NQ

site, Yorkville) was co-located EPA CSN (Chemical Specia- from the FRM filters (Zhang et al., 2010). Thus, nitrate mea-
tion Network) sites with additional aerosol composition data syrement from ERM filters is not deemed reliable and the re-
available, including OC, EC and metals (Flg 1C). A SUbsetported WSOC and other components (inc|uding£M‘]ass)

of FRM filter samples corresponding to every sixth day of should be viewed as a measure of the less volatile species as-
sampling in 2007 yielded 60 filters per site and a total of sociated with ambient Pjv.

900 filters for analysis. Additionally, a series of field blanks
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2.2 Online measurements 3 Results and discussion

From 2 August to 15 September 2008, as part of the 2008 Au3.1  Characteristics of fine aerosol composition over the
gust Mini-Intensive on Georgia Aerosol at SEARCH (AMI- southeast — a “sulfate-organic-rich” fine

GAS) field study, online Pils WSOC measurements were aerosol with widely uniform concentrations
conducted using a Particle-Into-Liquid Sampler (PILS) cou-

p|6d with a TOC analyzer (Sullivan etal., 2004) simultane- Seasonal average mass concentrations OjéDMd a num-
ously at two SEARCH sites in Georgia, i.e. Jefferson Streetper of its key chemical components at each of the 15 sam-
(JST) and Yorkville (YRK). JST (33.77N, 84.416 W) is  pling sites are presented in Fig. 2. Levoglucosan, an exclu-
an urban site approximately 4km northwest of central At-sive and relatively stable biomass burning emission tracer,
lanta and is located in a mixed commercial/residential areahad a |arge cold-warm season contrast due to enhanced do-
YRK (33.929 N, 85.0453W) is a rural site approximately mestic biomass burning emissions in the winter, as can be
55 km northwest of metro Atlanta. Detailed description of the seen from the generally higher levoglucosan concentrations
sampling sites was given by Hansen et al. (2003). The ambiat urban sites, as well as more frequent wildfires and pre-
ent fine particles were concentrated into a continuous |IQUIdscr|bed burnings in winter and spring; the |arge inter-site
flow via a PILS with an upstream URG RJ cyclone and  variability was due to random plume impacts (see Zhang
a parallel plate carbon denuder (Eatough et al., 1993). Threet al. (2010) for a detailed discussion of biomass burning
background WSOC measurements were performed daily (amissions from this data set). A possible secondary effect of
03:00, 10:00 and 19:00 EST) throughout the study period byaccelerated loss of levoglucosan via photo-oxidation in the
diverting the sampling flow through a Teflon filter (47 mm summer (Hennigan et al., 2010) may also account for some
dia., 2.0 um pore size, Pall Life Sciences). Ambient WSOCof the seasonal difference. To minimize the contribution of
data were blank-corrected and reported at 10-min resolupiomass burning to primary WSOC (WS@§) and focus
tion. The limit of detection (LOD) for WSOC was approxi- on secondary WSOC, a surrogate of SOA carbon (Sullivan
mately 0.1 ugC m? and the overall measurement uncertainty et al., 2004, 2006; Hennigan et al., 2009; Miyazaki et al.,
~10%. During the AMIGAS campaign, WSOC data at both 2009), filter samples with levoglucosan concentration greater
sites were available for 25 days from 12 AUgUSt to 6 Septem‘than 50 ng rf'T3 were not included in the fo||owing ana|y-
ber 2008, along with a suite of gas and meteorological datajs and discussion. The remaining data were assumed to be
that were routinely measured at these SEARCH sites. largely non-biomass-burning WSOC (WS, which in

The two PILS-TOC systems deployed at the two SEARCH warmer seasons was mainly comprised of secondary WSOC,
sites were compared side-by-side prior to and after the fieldyith minor contributions of primary WSOC from mobile
campaign on the roof of the Environmental Science andsource emissions at urban sites (Hecobian et al., 2010). In
Technology bU|Id|ng on the Georgia Institute of Technology colder seasons, the fraction of primary WS@Ccould be
campus for a period of 4 days. The data collected by the tWahigher due to reduced secondary WSOC formation from pho-
instruments were highly correlated?(= 0.96) and showed tochemistry.
good agreement with a linear regression slope of 0.88 and Organic material (OM) (calculated by assuming an
an intercept of 0.13pgC ™. The YRK WSOC data were  OM/OC ratio of 1.6) and ammonium sulfate were the two

modified to account for this small systematic difference. |argest components of PM mass throughout the year at all
, ) o sites (Table 1), consistent with previous studies (Tanner et al.,
2.3 Gridded monthly isoprene emission fluxes from 2004; Weber et al., 2007; Hand et al., 2012). On average, OM
MEGAN-ECWMF global inventory and ammonium sulfate accounted for 39+6 % and 50 +5 %

Monthly averaged isoprene emission data over the southea:%)tf the total PM.5 mass, respectively. The minor contributors

: o
(30-36 N, 80—89 W) were obtained from the websitettp: 0 PMy 5 mass included ECX 7 % in urban areas) and other

. ! X refractory materials such as mineral dust and sea salt that
/ltropo.aeronomie.be/models/isoprene.hiime global emis- . . o\ .
. X : were enriched in K and Mgt (6 % from a PMF analysis
sions of isoprene were calculated at“OrBsolution, based

o detailed by Zhang et al., 2010).
on the MEGAN (Model of Emissions of Gases and Aerosols Scatteryplots ign Fig. 3 sh)ow the tight correlations of
from Nature) version 2 (Guenther et al., 2006) and a detaileqN '

: : . SOGg and sulfate with PMs mass in urban and rural

multi-layer canopy environment model for the calculation of _. o
leaf temperature and visible radiation fluxes. The calculationSItes' The highk® values for both WSORg (0.70 at urban
) to 0.75 at rural sites) and sulfate (0.60 at urban to 0.66 at rural

was driven by meteorological fields provided by analyses Ofsites) with PM 5 mass indicate the widespread presence of

the European Centre for Medium-Range Weather Forecast
(ECMWF) (Muller et al., 2008) and included air temperature, t%ese two PMs components throughout the southeast. Con-

R . tributions from primary species to the total fine aerosol mass
cloud cover, downward solar irradiance, wind speed, and vol-. . .
. : . . . likely account for the slightly lower regression slopes &%d
umetric soil moisture in four soil layers. . .
values for both components at urban sites (Fig. 3). Assum-

ing a WSOM/WSOC ratio of 2.0 (Turpin and Lim, 2001),
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Table 1. Annual and seasonal average WS@@OCng mass ratios and fractions (%) of organic material (OM), ammonium sulfate, and
water-soluble organic material (WSOM) in BM, where OM is 1.6 x OC, WSOM is 2.0 x WSOC, and the subscript NB represents non-
biomass-burning, using levoglucosan concentration (less than Eoﬁpaa a criteria.

OM/PMy 5 mass| (NHg)2S04/PMy 5 mass | WSOMyg/PMa 5 mass|  WSOGys/OCnp
(levog. < 50 ng nt3)
Urban  Rurat | Urban Rural | Urban Rural| Urban Rurat
Annual 43.7 34.7) 40.7 50.4 235 26.3 51.9 55.8
Winter 44.0 34.3| 328 41.4 20.2 25.5 45.2 59.6
Spring 49.1 33.2] 39.7 47.0 24.8 26.7 46.8 41.2
Summer 40.9 36.1 49.1 53.6 26.4 28.9 56.3 52.6
Fall 40.5 33.1 46.2 56.7 229 24.3 51.2 69.7
* OM(OC) data are only available at one rural site: Yorkville (YRK).

” Winter (J, F, D) Spring (M, A, M) Summer (J, J, A) Fall (S, O, N)
8o 20
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Fig. 2. Seasonal mean concentrations(af PM, 5 mass,(b) OC, (c) WSOGyg, (d) sulfate and(e) levoglocosan (LG) for all 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 standar

deviations of WSOgg 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.

WSOMyg (a proxy of SOA mass) and ammonium sulfate to- 3.2 Seasonal and spatial variability of WSOC based on
gether contributed up to 76 % at urban and 82 % at rural sites FRM filter data

of the total PM 5 mass in the summer (Table 1). The large

mass fractions of WSONE and sulfate and their strong cor- 35 1 Seasonality of WSOC and other PMs

relations with PM 5 mass imply that the secondary processes
leading to the formation of both components largely influ-
ence and contribute substantially to the fine particle Ioadingf\;v

components

over the southeast throughout the year, which has significal hSe o Cr}:ontﬂly m_eal':“_ czncg_ntr?t:;)?s t(::\ Vk\J/_S@C anbd
implications on PM s control strategies and possible Py B Shown in Fig. 4 indicated that Ih€ biomass burn-

: . ; ing influences on WSOC were mostly in winter and spring,
responses to a changing climate (Goldstein et al., 2009). Wﬁereas during summer and early f;’” (September agd gc-

tober), WSOG@g was nearly negligible. Pronounced season-
ality for concentrations of Pl mass (Fig. 2), WSOGs

and sulfate were found, with maximum in summer and
minimum in winter. The mean summer (JJA)-to-winter

(JFD) ratio (xone standard deviation) averaged across all

www.atmos-chem-phys.net/12/6593/2012/ Atmos. Chem. Phys., 12, 65887, 2012
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Fig. 3. Scatter plots of(a) WSOGyg and (b) Sulfateyg (non-
biomass-burning) versus PM mass concentrations. Slope akdl
of the linear fit are shown separately for urban and rural sites. 2
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WSOC, pgC m”
o

0 0

i i f Jan ' Feb ' Mar ' Apr ‘Mayx Jun ' Jul XAug ' SepI Oct ' Nov ' Dec
the sites for sulfate, WSOC and OC concentrations was

25+0.6, 1.9+0.8, and 1.6+ 1.1, respectively. When filter- Fig. 4. Monthly mean concentrations of WS@g and WSO,

ing out samples with significant levoglucosan concentrationssulfate and temperature averaged over all sampling sites; regional
(> 50ng nT3) to remove biomass-burning influence, these average isoprene emission flux over the sampling domain (30—
ratios were nearly doubled, i.e. 4.5+ 0.4 for sulfate, 3.9+ 0.536° N, 80-83 W).

for WSOC, and 2.2 +0.9 for OC. A lower summer/winter ra-

tio for OC may reflect that roughly half OC was primary at

urban sites (although less at rural sites), which was not exlogical events (e.g. stagnation and precipitation), transport
pected to vary significantly with season (Lim and Turpin, and photochemistry. Emissions of precursor compounds may
2002; Weber et al., 2007). In contrast, the large summeralso play a role, but is probably minor from the analysis of
winter difference for WSOGgs and sulfate concentrations this data set.

was most likely due to the summertime enhancement of sec-

ondary chemical processes (e.g. enhanced photochemistB/2.2 Spatial homogeneity of WSOC and sulfate

due to higher oxidant levels and stronger solar radiation). As

shown in Fig. 4, WSOgs and temperature (and to a lesser One of the notable features of Fig. 2 is the insignificant
extent, sulfate and temperature) had a common seasonal patite-to-site variation of WSOgg and sulfate concentrations
tern (for WSOGg vs.T': r2 = 0.57; sulfate vsT r? = 0.38), throughout all seasons, especially during warmer months.
and there was a clear co-variability among these three fronThis is indicative of widely uniform concentrations of both
March to August; an unusually warm March had elevatedsecondary components throughout the region. Seasonally av-
WSOGyg and sulfate, whereas a cooler July correspondeckraged relative standard deviations (RSD; standard deviation
to lower concentrations. Much of this co-variability may be divided by mean for the season of interest) for WS@C
due to temperature effects on photochemistry and synopand sulfate, as labeled in Fig. 2 above each group, were
tic meteorology. The enhanced emissions of precursor commostly below 20 % except for WSQ in the winter. A de-
pounds (e.g. isoprene as a SOA precursor) during warmetailed site-to-site correlation analysis suggests that the con-
months may also explain some of the seasonality observedentrations of WSO and sulfate were not only similar
for WSOC. Studies have found evidence for biogenic hydro-but also well correlated to those at other sites. Taking the
carbons as a major contributor of SOA mass over the southSouth Dekalb (urban Atlanta) site as an example since it is
east (Gao et al., 2006; Weber et al., 2007; Ding et al., 2008|ocated in the center of the sampling region, Fig. 5 shows the
Goldstein et al., 2009; Chan et al., 2010b; Lin et al., 2012).correlation coefficients-€) of WSOCng and sulfate concen-
Monthly mean predicted isoprene emission shown in Fig. 4tration between South Dekalb and each of the other 14 sites
had a large seasonal variability and roughly increased 4 foldas a function of estimated distance between sites. WgOC
from winter to summer. However, since sulfate also exhib-at South Dekalb was strongly correlated with that at all other
ited an evident seasonality, yet $@missions did not have sites as indicated by the higi values & 0.65). For exam-

a strong seasonal dependence (US EPA National Emissiorale, for the Providence site, a rural site280 km away from
Inventory,http://www.epa.gov/tinchiel/trendsthe seasonal  South Dekalb, the? of WSOGys was as high as 0.93, sug-
variability of WSOGg based on 24-h filter data cannot be gesting the highly spatial homogeneity of WS@J(SOA),
related specifically to temperature-induced biogenic emissimilar to previous finding by Ding et al. (2008). The site-to-
sions and resulting SOA formation. The observed seasonalsite correlation for sulfate was weaker than WS@Qpossi-

ity for WSOGyp and sulfate may be due to a combination bly owing to the spatial distribution of the S@oint source

of various controlling factors, including synoptic meteoro- (Fig. 1b). For example, the very low? of sulfate between
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Fig. 5. Site-to-site correlations of WSOC and sulfate between South Dekalb (a site within urban Atlanta) and other 14 sites in the southeast.
Distance between South Dekalb and the other site is given in ascending order.

South Dekalb and Macon may be partially due to the large

coal-fired power plant near the Macon site. For all the com- |

bination of 15 sites¥ = 105), the mean (median) + standard

deviation ofr2 value was 0.64 (0.69)+£0.25 for WSQgE

and 0.46 (0.48) £0.28 for sulfate. .
The observed large seasonal variation and spatial homo-

geneity of FRM filter-based WSOC (i.e. non-volatile WSOC)

is consistent with biogenic VOC emissions that are both B0 aprons amision ok g mene'l Tropospheric NO, ook (10" molecues am]

highly temperature dependent and widely distributed over

the southeast. These patterns, together with observations ¢ B S

organic carbon in this region having a large modern (i.e.

biogenic) carbon component (Tanner et al., 2004; Weber efig. 6. Spatial _distributions of(a) isoprene emissiqn fluxes

al., 2007; Bench et al., 2007; Schichtel et al., 2007), sup-0-% > 0.5’) predicted from MEGAN-ECWMF global inventory

port the hypothesis that biogenic VOC oxidation is the ma-and (b) tropospheric N@ column density from OMI on board

ior SOA inth theast. H imil ith hNASA AURA satellite in August of 2007. Overlaid on the emis-
Jor source in the southeast. However, similar (althoug sion maps are the color-coded WS@_concentrations at the 15

to a lesser degree) seasonality and spatial uniformity havery sampling sites (urban: squares; rural: circles) in August 2007
been observed for sulfate. Sulfate is formed from oxidation(\ote that the WSORg color scale is set to investigate relatively

of SG, and the largest source of national S@mission is  small changes in absolute WS concentrations).

coal-fired electric power plants, accounting for 73 % of the

total S@ emission in 2007 (US EPA National Emissions

Inventory). As shown in Fig. 1b, the SQoint sources in  sulfate (e.g. WSOC formed through acid-catalyzed reaction)
the southeast are not uniformly distributed, unlike the VOC-so the uniform distribution of sulfate has some impact on
emitting vegetation. Thus, as discussed in Sect. 3.2.1, it iSSOA formation and thus the distribution of WSQ£& Re-
more likely the observed spatial homogeneity for these seceent work by Lin et al. (2012) found that reactive uptake
ondary compounds is largely due to meteorology, resulting inof gaseous isoprene-derived epoxydiols (IEPOX) onto acidic
a well-mixed regional aerosol characteristic of the southeastseed aerosols yielded the same aerosol constituents that have
Both WSOC (SOA) and sulfate are long-lived secondarybeen observed in the ambient aerosols in rural southeast. A
products with lifespan of days to a week. The southeast restudy contrasting regional distributions of WSQKCand a
gion is generally not well ventilated (unlike the coastal areasprimary species such as EC would provide additional insight.
where the sea/land breeze circulation disperses the pollution

daily, Zhang et al., 2012), especially during summer when3.2.3 .Spatial correflat'ions of WSOC concentrations with
high-pressure systems lead to frequent stagnation events. Isoprene emissions

Therefore, the pollutants with long lifetime, such as SOA . . .
and sulfate, can build up and eventually spread across th Ithough WSOGig was highly correlated and relatively uni-

whole southeast region. Thus, the regional W@ @er se ormly distributed throughout the whole region, some of the
does not exclusively indicate a widely distributed source 0f§patlal pattern may be linked to the spatial distribution of

SOA (i.e. biogenic VOC oxidation). An alternative explana- isoprene emissions. Figure 6a shows the color-coded mean

tion is that the formation of WSQG is not independent of ~Predicted isoprene emission flux with WSQE concen-
trations at each sampling site for August 2007. In August,
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N
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3.3 WSOC concentration gradient between urban and
3 rural sites based on FRM filter data and online
- WSOC measurements

%_ e

-3

3.3.1 Urban/rural FRM WSOC

A small urban/rural gradient of FRM WSQg was evi-
dent for all four seasons (Fig. 7), indicating an anthropogenic
component for primary WSQgg and/or SOA production in
] * : © @ Urban urban environments, consistent with the reported urban ex-
] ! MRual cess OC in the southeast (Zheng et al., 2006; Blanchard et
0- : : . . al., 2011; Hand et al., 2012). The largest urban/rural dif-
Winter Spring Summer Fall ference was seen in winter (on average urban WgOi6
_ _ 63 % higher than rural WSQ¢g), whereas in other sea-
Fig. 7.Box plots of the seasonal mean concentrations of WRC  sons the difference was within 20 %. The much higher ur-
segregated for urban and rural sites. The plot shows median valugsg, WSOGg in the winter was likely due to primary
(thick horizontal bar)_, 25th and 75th percentiles (Iow_er and upper, SOC emitted from fossil fuel combustion and possibly
box bounds, respectively), and 10th and 90th percentiles (lower and _ . . . .
) d . residential wood burning (although data with leveoglucosan
upper whiskers, respectively) for each bin. 3 . .
> 50ngnT* were filtered out) in urban areas. Based on the
FRM filter data, the widespread SOA was only moderately

biogenic emissions and SOA formation are significant dueenhanced by urban emissions, resulting in a small urban/rural
to the large vegetation mass, high temperature and intensg/adient (10%) in the summer. However, as noted earlier,
solar radiation. Quantitative interpretations from Fig. 6a areFRM filter sampling is subject to considerable negative arti-
limited by the coarse grids (& x 0.5°) and known large ~ fact so that the semi-volatile SOA components may not be in-
uncertainties for isoprene emission estimates (Guenther éluded. An online measurement is expected to have less sam-
al., 2006). However, some qualitative trends can be seen iR!iNg artifacts (Weber et al., 2003). Factors associated with
Fig. 6a. First, there was a rough west-to-east gradient in isoth® summer urban/rural difference were explored by con-
prene emissions and a corresponding W§@@onal trend. ~ ducting real-time in situ measurements at an urban/rural pair
WSOGys concentrations were lower by roughly 27 % at In Georgia: an Atlanta metropolitan site at Jefferson Street
the five sites on the east end of the sampling region, whicHIST) and a rural site at Yorkville (YRK, also a FRM site)
were also located in areas with less isoprene emissions. Off August of 2008. In the following analysis, online WSOC
smaller spatial scales, isoprene enhanced areas often corré@S €xpected to be WSQg since little biomass burning
sponded to high WSO (e.g. COL-CRS, Ashland and the C€ontributions were observed in the southeast during summer
three most western sites in AL). Interestingly, there were sev{Zhang et al., 2010), although no companion measurements
eral sites in the vicinity of urban Atlanta that exhibited high ©f biomass burning tracers were available.

WSOGys concentrations yet were not in isoprene-enriched

areas. It is possible that these sites were under stronger i-3-2 Online WSOC measurements at JST and YRK

fluence of anthropogenic emissions as seen from the satel- ) )
lite observed N@ column density in Fig. 6b. Previous am- For the entire 1-month study, WSOC concentrations (10-

bient studies have shown evidence for enhanced SOA forin averages) at JST and YRK were moderately correlated
mation from interactions between naturally emitted precur-(-> = 0.37). The time series of WSOC and other associated
sors with anthropogenic pollutants such asN@Veber et parameters at JST and YRK are shown in Fig. 8. Between the
al., 2007; de Gouw et al., 2008; Worton et al., 2011). Envi- two sites, WSOC exhibited both common and distinct tempo-
ronmental chamber studies also reported higher SOA yield$@l patterns. On a lower frequency scatedaily), urban and

for biogenic hydrocarbons in the presence of high,Nev- rura_ll WSOC generally tracked each other well, whereas on
els (Dommen et al., 2006; Chan et al., 2010a). Contribu-& higher frequency scale-(hourly), urban WSOC showed
tions from anthropogenic SOA formation in urban regions larger and more frequent fluctuations superimposed on the
would also account for higher urban WSOC. The extent ofgenerally less variable lower frequency varying rural WSOC.
the contribution from pure anthropogenic or anthropogenic-Since YRK is often located upwind of JST and so is not sub-
enhanced biogenic SOA to urban WSOC in the southeast i4€Ct t0 significant urban impact, as indicated by the consis-

discussed elsewhere (Zhang et al., 2011, 2012) as well as ifgntly lower CO and N concentrations (Fig. 8), the more
the following section. 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 con-
sistently lower concentrations of a variety of species at both

WSOCpg, Hg C m
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Fig. 8. Time series of WSOC and other parameters measured at Jefferson St. (JST) and Yorkville (YRK) from 12 August 2008 to 6 September
2008 during the AMIGAS field campaig(a) absolute WSOC concentrations at the two sifesWSOC difference AWSOC) between the

two sites (i.e. WSOgsTminus WSOGRk); () CO and NQ difference between the two sites (i.e. §g minus CQ/rk, NOy_jsTminus
NOx_YRK)-

sites during 21-26 August were mainly due to higher windthe CO emissions at JST are constant throughout the day (a
speeds and frequent rain events. The air masses impactirgignificant over-simplification) and a CO background level
both sites during this period originated either from the Gulf of 0.15 ppmv (based on GQk). The result shows that the
of Mexico or the Atlantic Ocean (Patlret al., 2011). The major source of urban excess WSOC is photochemical pro-
distinct WSOC pattern at the urban relative to the rural site isduction (i.e. AWSOC/ACO tracks solar radiation andsO
likely due to a combination of SOA precursor emissions andconcentrations), which is much more significant than the
chemical formation processes. Based on data from emissiomobile emissions leading to primary WSOC during morn-
inventories, isoprene emissions at these two sites are practing rush hour. An alternate approach to estimate the urban
cally identical (Fig. 6a), indicating that biogenic SOA pre- AWSOC production is to use the actual mixed layer height,
cursors were not the main reason for the difference. Highein which case the column integrated WSOC concentration
JST WSOC is generally associated with much higher COcan be calculated by multiplyinaWSOC concentrations
and NQ levels and lower wind speeds at the urban site (notby the mixed layer height. This product is directly related
plotted), indicating local production of WSOC under anthro- to the urban WSOC source per unit surface area, assuming
pogenic influence. Occasionally, YRK WSOC was higherthat WSOC concentrations above the mixed layer are neg-
(e.g. on 14, 17, 31 August 2008) due to stagnation eventsligible, no net advection of WSOC into the region or loss
of WSOC by deposition to the surface, and WSOC within
Average diurnal trends for CO,4&and WSOC at JST and the mixed layer is uniformly distributed. Mixed layer heights
YRK also showed distinctly different patterns at these twowere not measured during the AMIGAS study, so literature
sites (Fig. 9a, b). WSOC and CO at YRK were nearly con-values reported by Marsik et al. (1995) were used instead.
stant throughout the day. In contrast, JST CO clearly showedrigure 9c shows that the two approaches give similar diur-
a characteristic morning rush hour peak-a®7:00a.m. and nal profiles, both characterizing the photochemical produc-
roughly a factor of 2 night-to-day enhancement, which wastion with normalized WSOC concentrations peaking at ap-
attributed to lower nighttime mixed layer height leading proximately 15:00 local time, roughly 1-2 h later than when
to higher CO concentrations from nighttime mobile sourcesolar intensity reached its maximum value. The rate of in-
emissions. JST WSOC was constantly higher than YRK,crease in WSOC per unit surface area from morning to early
again indicating the urban enhancement of SOA formation.afternoon (i.e. increasing slope of WSOC column) gave an
Primary WSOC emissions can also make some contributionaverage urban WSOC production rate during this time period
as seen by the morning WSOC peak during rush hour, bubf approximately 0.55mgCnfh=1, or 1.1 mg n2 h—1 for
this was clearly minor compared to secondary photochemiWWSOM mass (shown as the red dotted line in Fig. 9¢). After
cal production when considering the effect of mixed layer ex-the peak near 15:00, bothWSOC /ACO and mixed layer
pansion. As a rough approximation, the effect of expandingAWSOC column decreased to background levels, possibly
mixed layer on WSOC variation can be determined by nor-owing to SOA production weakening and/or downward mix-
malizing WSOC concentration to a conservative species (e.gng of cleaner air mass from aloft (Blanchard et al., 2011).
CO). Figure 9c shows the diurnal profile AWSOC/ACO At night there was low production of WSOC, indicated by
(=WSOGysT-yreY(COjsT7— 0.15 ppmv), where it assumes
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[ PR B AR B during summer was onky 10 %. The inconsistency between
300 & amm=- 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. Consequently, 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.
0 Zhang et al. (2011) observed a similar average WSOC di-

b) /H\H_ 600 urnal profile as shown in Fig. 9 in Atlanta in the summer
i of 2010. Meanwhile, they made measurements of WSOC
- light absorption in Atlanta and Los Angeles and found that

the freshly-formed urban WSOC (i.aWSOC) in Atlanta
was much less light-absorbing @—6 times less) than those
freshly formed in LA. The LAAWSOC is proved to be
mainly from anthropogenic sources (Zhang et al., 2011;
Bahreini et al., 2012). As an approximation, taking light-
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gests that in Atlanta up to 25 % of the urbaWSOC was
from direct contributions of anthropogenic VOCs, and the
rest (75 %) was related to formation of biogenic SOA, possi-
bly enhanced under anthropogenic influence.
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N 0 3.4 Sources of summertime regional FRM WSOC

0 5 10 5 20 A Positive Matrix Factorization (PMF) analysis using the
Eastern Standard Time FRM PM, 5 chemical composition (WSOC, NaNH;, K,

Fig. 9. Composite diurnal profiles q&) CO, Oz at JST and YRK, Mg?t, SOE_, oxalate, xylose, and levoglucosan) and light
(b) WSOC concentrations at JST and YRK, solar intensity at JST,absorption data set from all 15 sites was performed to inves-
and(c) AWSOC/ACO and mixed layen WSOC column, where  tigate the sources of PM throughout the southeast region
AWSOC/ACO = WSOQ3sT.vyRKY(CO — 0.15ppmv), and mixed  gyer the year of 2007. A detailed description and procedures
layer AWSOC column= WSO(st.yrk)*MLH (mixed layer  for the PMF analysis were presented elsewhere (Zhang et
helght), during the AMIGAS §ampllng period. The red dottgd line al., 2010; Hecobian et al., 2010). PMF results focusing on
In panel(c) represents an estimate of urban WSOC production ratey, , artime FRM WSOC formation processes are discussed
in unit of mgC m < h™-. 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
the flat slopes, similar to findings from previous studies onF2) were related to biomass burning and refractory materi-
Atlanta WSOC (Hennigan et al., 2009). als, respectively. Factors 3 and 4 (F3 and F4) were associ-
The urban/rural comparison suggests that the anthroated with secondary processes, indicated by their highest rel-
pogenic emissions play an important role in the enhancemenrdtive contributions to Pls mass in summer and loadings of
of WSOC (SOA) in urban areas. Anthropogenic emissionsknown secondary components (WSOC, sulfate and oxalate).
could be involved in SOA formation in several ways, such asF3 is characterized mainly by high loadings of WSOC, ox-
direct contributions from anthropogenic SOA precursors, e.galate and water-soluble organic species that absorb light at
aromatics (Henze et al., 2008) and acetylene (Volkamer et al365nm (i.e. soluble brown carbghpzes (Fig. 10a). This
2009), evaporation and re-condensation of semi-volatile orfactor explains most of the variability of WSOC and oxalate
ganic vapors (Robinson et al., 2007; de Gouw et al., 2011)(56 % for each), and 25 % of the variability of brown carbon
NOy effect on both biogenic and anthropogenic SOA yields (bap3ss in the year of 2007 (Fig. 10b); the lower fraction of
(Presto et al., 2005; Song et al., 2005; Ng et al., 2007) as welbapzes associated with this factor is due to its main source
as SOA formed through reaction of N@adical with bio-  being biomass burning emission (Hecobian et al., 2010). F4
genic VOCs (Surratt et al., 2008; Brown et al., 2009). Basedis characterized by high loadings of IﬂTI—(86 %) and S(ﬁ
on the real-time data, the urban excess WSOC was on avef90 %) and a moderate amount of WSOC, which accounted
age 31 % of the rural (regional) WSOC. However, as shownfor 22 % of its yearly variability (Fig. 10b). Another PMF
in Fig. 7, for FRM filter WSOC the urban/rural difference analysis performed on the sub data set from the 8 CSN sites
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a) absorbing organic compounds (Bones et al., 2010; Sareen et
éfg- Factor 3 ;zzz - al., 2010), along with other aqueous SOA products includ-
& 504 £is- L ing oligomers and high molecular weight multi-functional
5 25 210 B compounds that could be included in the overall WSOC in
o o] L A ' N RS S EELL F3 (Surratt et al., 2007; Nguyen et al., 2012). Collectively,

g% 28°38% JEMAMI JASOND these components have been grouped as HULIS (de Haan
4100 F 8,5 L et al., 2009; Shapiro et al., 2009) and are linked to aque-
g o 2201 i ous chemical aging of the aerosol, which uniquely explains
5 25 F 210 L the presence of high MW compounds (Ervens et al., 2011).
= o TR e e b s wew e A AV L AR A Gao et al. (2006) have detected polar organics that are similar

221 835 g ;@ JEMAMI JASOND to HULIS on filters collected in rural areas in the southeast

and have shown evidence of atmospheric processing of bio-
genic emissions leading to HULIS as a typical pathway in the
b) 6% 1% background (regional) atmosphere. Hennigan et al. (2009)
and Zhang et al. (2012) studied WSOC gas/patrticle parti-
tioning in urban Atlanta and found evidence for WSOC par-
titioning to particle liquid water indicating that an agueous
chemical route is feasible. The fact that the PMF factor 3 ex-
plains 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
I F3 - secondary light absorbing WSOC in the southeast and other locations have attributed factors
F4 - secondary sulfate/ WSOC Ml residual with high organic carbon and ammonium sulfate loadings to
be associated with secondary aerosol formation through a va-
Fig. 10.Results from PMF analysis detailed by Zhang et al. (2010) riety of pathways. Correlations between WSOC and sulfate
showing:(a) composition profiles and relative contributionsf of fac- in some locations show clear evidence for a cloud formation
tors 3 and 4 throughout the year of 2007, dbpaverage loading of  ,r5cess (Huang et al., 2006); however, the lack of oxalate as-
WSOC and oxalate amongst the four PMF factors. sociated 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.,
including additional data (i.e. OC, EC, and metals) resolved2005; Kim and Hopke, 2006), or simply could be related to
an additional factor that was associated with mobile sourcdong-range transport (Saarikoski et al., 2008). We have noted
(Zhang et al., 2010; Hecobian et al., 2010). However, the rethe spatial and seasonal correlations of WSOC and sulfate
sults related to F3 and F4 and their relative contributions inand attributed some of this co-variability to both being sec-
the summer remain similar to the four-factor PMF analysisondary components with similar atmospheric lifetimes/loss
discussed here. processes. This would be consistent with F4 representing the
The very different composition profiles of F3 and F4 sug- regional/more aged aerosols mainly composed of sulfate and
gest different physical and/or chemical processes involved inVSOC. A more comprehensive data set that includes speci-
the regional WSOC (SOA) formation. The limited number ated SOA tracer compounds (e.g. IEPOX and other known
of species available for this factor analysis limits the identifi- monoterpene, sesquiterpene, and aromatic tracers) as well as
cation of multiple sources and prohibits definitive identifica- high-resolution aerosol mass spectrometry (HR-AMS) and
tion of the sources or processes leading to these two factor8/OC/SVOC data is needed to better resolve the causes for
but the differences between F3 and F4 are intriguing. In thedifferences between F3 and F4.
following we speculate on possible sources of the regional
WSOC in the southeast.
Factor 3: the association among oxalatéapzes and 4 Conclusions
WSOC of F3 is notable for a number of reasons. First, these
are all characteristics of biomass burning emissions (Factofhe spatial and seasonal variations of WSOC from the
1 detailed by Zhang et al., 2010). Although biomass burn-FRM filter samples (referred to as FRM WSOC) associated
ing cannot be completely ruled out, it is unlikely to cause with fine aerosols in the southeastern US were investigated
such a large fraction of the summertime FRM WSOC vari- through analysis of over 900 24-h integrated FRM Teflon
ability. Instead, numerous laboratory studies have shown thatilters collected from 15 urban and rural sites in 3 states in
chemical processes in agueous solutions produce both oxhe year of 2007. FRM WSOC was contrasted with sulfate
alate (Sorooshian et al., 2006; Lim et al., 2010) and light-to examine the possible causes of the observed spatial and

14% 1%

2%

15%

0%
WSOC Oxalate

M F1-biomass burning I F2 - refractory material
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seasonal patterns. Online measurements 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:

contrast, FRM WSOC urban/rural difference in sum-
mer was only~ 10 %, indicating that filters tend to pro-
duce a more uniform distribution, possibly due to poor
temporal resolution and loss of semi-volatile organic
species that were more likely associated with urban en-
vironments. Using the difference between the urban-

1. In the southeast, FRM PH was mainly composed rural WSOC and estimated boundary layer height, an

of organic aerosol and ammonium sulfate. On average,
OM (1.6 times OC) and ammonium sulfate accounted
for 39 % and 50 % of the total P mass, respectively.
Excluding biomass burning contributions (levoglucosan
<50ngnT3), FRM PM, 5 mass was tightly correlated
with both WSOC £2 of 0.70 urban, 0.75 rural) and sul-
fate (-2 of 0.60 urban, 0.66 rural). 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 in-
fluenced and substantially contributed to the fine par-
ticle loadings over the region throughout the year of
2007.

. Pronounced seasonality was observed for FRM WSOC
and sulfate. Both components showed maximum con-

urban Atlanta WSOC production rate in August was cal-
culated to be roughly 0.55 mgCthh~1 from morning
to mid-afternoon.

. APMF analysis was preformed on FRM filter data to in-

vestigate 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 con-
densed phase SOA formation route. The other factor
that accounted for roughly/2 of the FRM WSOC vari-
ability was associated with ammonium sulfate and may
represent a regional aged SOA, or a possible acid cat-
alyzed route. Further work is needed to investigate these
hypotheses.

centrations in the summer, apparently due to enhanced
photochemistry and meteorology associated with ele-
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