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Blanchard, C., et al.: Effects of emission reductions on organic aerosol in the
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We thank the reviewers for their careful reading and helpful suggestions. Their
recommendations wilmprove the manuscript. We summarize the reviews gmjint
point, provide responses, and appandarkup version witmew text, tables, and graphs

indicated in red

Referee 1

Uncertainty analysisBoth reviewers suggest additional presentation of unngesi We

have added uncertainties as discussed more specifically in the proposed revised text. In
brief, the uncertainty of the mean OM/OC is estimated as + 0.2 based on potential biases
in the measured PM mass concentrations and the computed sumexfisp. A factor of

two uncertainty is estimated in the mean computed biomass burning OC (OCbb) based on
potential biases in identifying nesoil potassium (nsK) as a biomdssrning tracer

(Kbb) and in scaling from Kbb to OCbb (subject to the constraatt@Cbb < OC).
Uncertainties in the source apportionment by factor analysis are estimated using the range
of results among the two primary versions of principal component analysis (PCA) along
with the additional PCA sensitivity analyses and PMF analyseswh had applied to

CTR and JST data. The ranges of combustion factor OC across PCAs and PMF, for
example, are 0.6y nt° at YRK, 0.8ng m®at CTR, and 1.2g m* at JST. Taking one

half the range as a measure of uncertainty yields combustion factor OC uncertainties of =
0.3 to + 0.61y . For CTR, for example2008i 2013mean OCbb is 1.6y ni3 (0.817

2.4 gm®) compared with the medCA1combustion OC of 1.8g n® (0.97 1.7ng nv

3)_

In addition, Referee 1 recommends making more explicit comparisons of results from the
di fferent analytical approaches. Referee
analysesdnd to present a coherent picture, is important. We have added a summary

comparisor(Table5) and a discussion of the areas of agreement and disagreement
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among approacheBor CTR, again for example, this comparison adds additional
evidence from CMB recept modeling indicatingnean combustion OC of3.ng m3 (+

0.9ng m®) and aressource (fires) OC aof 4 ng M.

Comparisons are made with recently published studies, as indicated in the proposed

revised text.

Section 3.{EC-OC-S0O4). Clarifying text has been addétie ratio of JST EC/CTR EC
declinedby 25% whereas the ratio of JST OC/CTR OC declined by 20%. While these
declines are comparable, the difference suggests a greater-smbite influence at JST
than at CTR. We have noted that OC correlates with both EC and&Qor different
reasongcommon emission sources in the case of EC and chemistry in the casg.of SO
Consequently, EC and 3@lso correlate, but not as strongly and not as consistently

across time scales.

Section 3.Z0M/OC). Citations have been added in the proposed revisatroratory

RH (38%) was defined following Equation 1. It is usually less than 38% as SEARCH

tries to maintain filter samples at 33 + 2% (FRM requirement is 35 + 5%). As noted

above, the OM/OC uncertainty is estimated as + 0.2 and explained in the proposed

revised text. Comparison with published studies indicates that our mean OM/OC agrees

within error with celocated AMS results when paired in time at some times and places

but not others. Since our mean OC concentraiiomkich are wellsupported by the

length of the SEARCH recoridare sometimes the same and sometimes differ from mean

AMS OC (paired by site and time period, usually about one month duration, as calculated
from AMS OA using published OM/ OC), it isnoé6t
same material as the SEARCH filtbased OC. We think that our site mean OM/OC

ratosof1.52. 0 (N 0.2) support our previous state
at both wurban and rur al siteso), since we ar
componet . However, the APOAO terminology is am
this statement to read AThe consistency of t
0.2) indicates that relatively fresh emissions contribute a major portion of OA at both

urbanand rur al sites. O
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Section 3.3Biomass burning). We have added a discussion of estimated uncertainty in
OCbb and concluded that it is a factor of two. We also added comparison with AMS
results. Consistent with recent studies that show loss of levogluandasther organic
markers of biomass burning on a time scale of roughly one day or even less, Xu et al.
(2015a; b) were careful to note that their BBOA component likely represented only fresh
biomass burning, with more aged OA from burns perhaps appedatmylO-OOA. The
AMS BBOA was lower at CTR during SOAS, ~0.8§ nm> OC (using reported OM/OC

for BBOA) than at JST, ~0.8g nt® OC (during May and December 2012) and at YRK,
~0.6ng M2 OC (during December 2012 and January 2013) (Xu et al., 2015a; b).
Whether or not our lonterm results differ from available AMS @adepends on the
unknown ratio of aged biomassirning OA to BBOA. If it is a factor of two, the sum of
AMS BBOA (local-from levoglucosan tracer) and more aged material from burning
would fall within our error range. Our summary comparisons across nsetbeel later
table) suggest that our OCbb is overestimated1i)6 or more(butwithin our factorof-

two uncertainty estimate).

We recognize that potassium is an imperfect tracer of biomass burning. Zhang et al.
(2010), for example, showed that wasetubde K and levoglucosan correlate in winter
(when more biomass burning occurs in this area) but not in summer. Recent studies
indicate that levoglucosan is not conservatMay et al., 2012Bougiatioti et al., 2019

so we would expect levoglucosan to tteaith aging and yield BBOA concentration

biased low relative to a total. Levoglucosan will more quickly decay in the atmosphere
during warmer months, possibly accounting in part for the seasonal difference. One study
(presently in preliminary form) fowhthat levoglucosan loss led to a faetditwo
underestimate of BBOA in air masses over atorivo day transport time (lulia Gensch,
AChemical stability of I evoglucosan in |
per s p e cltintesnatidngl Cohférence on Carbonaceous Particles in the Atmosphere,
Berkeley, CA, August 1013, 2015).

Our computation of nsK was intended to remove the crustal component of K, and the data
show that nsK correlates with K ion. Kbb has its limitations as artraat does seem

capable of yielding estimates within an uncertainty estimated as ~ 2x in our case. Our

abor
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estimate of the scale factor between OCbb and Kbb is likely to contain a large uncertainty
related to the variability of fire intensity and combustillaterial properties. This

uncertainty is poorly characterized in the literature, although variability is documented.

The biomass burning contributions may in fact be driven by large events. If SOAS
experienced few such events, some difference betweenBBCH found in SOAS and

our longterm averages would be expected. The {tmrg) averages are a meaningful
representation of the impact of biomass burning on an annual basis, and should provide a
perspective that is missing from the-sieek SOAS samplingampaign.

Figure S9 shows modern TC vs. Kbb. Since we calculate TCbb = 32*Kbb and OCbb =
0.9*TCbb, plotting modern TC vs. OCbb will yield the same scatter. The intent of Figure
9 is to show that the limited carbon isotope data available support our $aatong

between TCbb and Kbb (32), which is based on the southeastern regional portion of the
National Emissions Inventory (e.g. Blanchard et al, 2013). In our proposed revision, we
use the observed scatter in Figure S9 (slopes ranging from 22 to 82]idgpan

possibly unique events) Bupportour estimate of a factasf-two uncertainty in scaling

from Kbb to OCbbWe also added discussion of emission source profiles, which exhibit
substantial variability in the ratio OCbb/Kbb across source typesharithplications of

this variability for seasonal variation in OCbb and fardhcertainty in our computed

OCbb concentrations.

We have added a clarifying statement in the proposed revision that the calculation of nsK
assumes that the ratio oftl§-Si is the same in the coarse and fine modes. This

assumption appears to us to be supported by Figures S7 and S8. Both show a strong
correlation between coarse K and Si. In the fine mode, the relationship is bimodal. One
limb shows that fine K vs. Si falls exactiy the line defined by coarse K vs. Si. A

second limb shows higher fine K concentrations especially occurring atioarer

average fine Si concentrations. As originally noted, we excluded high nsK values

occurring July 4 5 and Jan 1 2, apparently asstted with holiday fireworks.

Section 3.4PCA). We have added subheadings and the suggested comparisons in the
proposed revision. We also provide additional interpretations to link our factors to AMS
components. We clarify that our combustion factor esfigpostemission shifts in
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phase and chemistry and is not HOA identified with AMS measurements, nor should it be
considered as simply POA. The combustion factor describes origins, not oxidation state
or degree of aging. It tends to compare in magnitadeMS HOA, BBOA, COA (when

one or more such factors are found) and portions of @A, as would be expected to

the extent that M@DOA includes oxidized moterehicle exhaust, other anthropogenic

combustion emissions, or biomass burning.

Our sulfate OC fdor is clearly related to the isoprene OA factor found by AMS.
Although our mean contributions do not always agree (possibly because SEARCH and
AMS mean OC concentrations sometimes differ), the quantitative relationship of our
sulfate OC factor to SQs the same as the relationship between isoprene OA and SO
which Xu et al. (2015a; b) reported as 0P isoprene OA per hg n® SQu. Based

on their reported OM/OC for isoprene OA (1.97), their result is Bdr3 isoprene OC

per 1ng m3 SQy. For CTR (2008 2013, n = 383 days), we obtain 0.216 (+ 0.008, 1 SE)
my m° sulfateassociated OC perrfig m= SOy (PCAL), 0.190 (+ 0.004, 1 SEY m3
sulfateassociated OC perrfg m3 SQ; (PCA2), 0.213 (+ 0.003, 1 SEp m* sulfate
associated OC perrfig nt® SQu (PMF1), and 0.211 (+ 0.001, 1 S&) nT° sulfate
associated OC perrfig m® SQu (PMF2) (PMF1 andPMF2 modeling approaches differ

only in the weights used for the fitting species).

One of the differences between PCA1 and PCA2 is that PCAL uses potassium ion
measurements (available beginning 2008), whereas PCA2 uses the calculated Kbb

(available for tle whole record).

The revised text provides further explanation.

Referee 2

C o mme n {clarfiyAedominology and acknowledge interaction between biogenic and
anthropogenic emissions). Our appendix was an attempt to conceptually acknowledge
and document nteodological and terminological differences. We have now expanded
the introduction and clarified the interpretation of the PCA nomenclature relative to

conventional use of OC and EC source terminology (please see proposed revision for



148
149
150
151
152
153

154
155
156
157
158
159
160
161
162
163
164
165
166

167
168
169
170
171

172
173
174
175
176
177

new material). Ouseasonal ¢zong and sulfate PCA factors correspond within error to
previous work that has linked biogenic and anthropogenic emissions. We have prepared
a comparison to thmanuscripts of Xu et al. (2013a), which appear consistent with our
results. We hk our sulfate factor to the isoprene S@antified by Xu et al. (20154),

and we link our seasonal factor to the-ODA factor. The comparisons are provided in

the proposed revised text.

Our combustion OC factor is identified through its correlatioh WO, EC, and N©
This factor doesné6t correlate with sulfate.
and SQ as part of the combustion component, as our results do notesth@rSQ; or

SO ascomponerg of the combustion factoiWe hope that auevision of the section on
PCA will be clear about these distinctipn&s noted, there is a separate sulfate OC factor
that is consistent with the AMS isoprene OA factor. Our combustion OC factor is not
linked with either isoprene or nitrate SOA, risiit equivalent to HOA identified by AMS

or to POA. It is an emission souroelated factor, not a compositidrased factolWe
conclude that the combustion factocludes both fresh emissions and more aged and
oxidized OA, all deriving from sources that-emit CO, EC, NQ and, possibly, VOCs.
The factor represents an observable association among combustion emissions
notwithstanding the evolution of those emissions via atmospheric processes. We hope

that the new comparisons and text will clarify this fesu

C o mme n flink iGaBdlated OM and biomass burning estimates to other SOAS study
results). As indicated in the revised text, we provide an additional comparison of our
calculated OM to the OA and ORIC published by Xu et al (2015a). We also compar

our biomass burning OC (OCbb) to AMS BBOA estimates and estimate uncertainties for
our OCbb.

C o mme n fconfext and perspectiva)le had previously placed most of this material

in appendixWe have revised the introduction to summarize historical adgain
understanding carbonaceous aerosol and have added to the supplement a table
summarizing 19 studies in the SEARCH area that provide data from various types of
measurements and analyses. We also note in the revised appendix the ambiguities
associateavith intercomparisons, both in terms of atmospheric processes and emissions,
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and the methods of measurement of OC components. In the latter case, comparison of
observations from different sampling and analytical procedures, as well as differences in
time duration from shorterm campaigns to loaggrm averaging, would lead one to

expect differences rather than exact correspondence of results.

Co mme n {(PCAeRpmsition). Both reviewers indicated that this section was difficult

to follow. We revised the téxvith subheadings and provided more interpretation of the
PCA factorsWe could not find a way to shorten this section and still provide insightful
description and interpretation of the results. PI@A results are compared with the other
methods and theomparison is included in the proposed revislorthe submission, the
PCA results were presented in tabular form in the text, rather than as figures. Table 2
identifies the most important species associations and shows the consistency of these
associatias across the eight sites and two PCA applications. Table 3 lists the mean OC
concentrations associated with each PCA factor. We have augmented these two tables
with two new tables in the main text. New Table 4 summarizes the range of results
obtained acrss alternative PCA (and PMF) applications. We use these comparisons to
assess uncertainty. New Table 5 compares results across methods, so that the PCA
apportionments can be compared with other approaches. We appreciate the diagnostic
value of good figureg-or example, we have examined time series of 2013 data and PCA
apportionments to identify the dates when netwaitte crustal OC appeared along with
elevated concentrations of Al, Si, and Fe. We also examinedttzgektories for these

dates.

C o mmekdemisgsios summary). We are moving this section to the beginning of
AResults and Di scussi 0 rsoontéxoforthenahuscript. Ve ov i d e
extend previous CMB receptor modeling results to 2013 (and note this in the revised text)

and usé¢he CMB results in the summary comparison of methods to show areas of

agreement and disagreement. As noted by the reviewer, the CMB receptor model and the
correlations of ambient trends with emission trends are inherently linear. Nonetheless,
linearity exlains most of the relation between emission trends and ambient trends on an
annualaverage basis. Even ozone appears linear in relation to ambient NO

concentrations when considering the anniiahighest ozone in relation to annual

average N@(Hidy andBlanchard, 2015). We agree that nonlinearity should generally

7
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prevail between precursors and both(Blanchard et al., 2010; 2014) and SOA at finer

temporal resolution.

Detailed commentsTable 1 appears to have suffered in the conversion from Word to

PDFit hose fix0 sy+widml suwersyfmpblus. We will cor

OC correlates with both EC and $®ut for different reasons (common emission sources

in the case of EC and chemistry in the case af). STbonsequently, EC and $@lso

correlate, but not as strongly and not as consistently across time scales. We think our
concluding statement in this section is just
measurements indicate influence of multiple emission sources or atmospheric processes
affecin g al | SEARCH sites, though differently a

We have added uncertainty analyses to both sections 3.2 and 3.3, as discussed above, in
the proposed revised manuscript.

The supplement figuremreimprovedfor readaHity .

We haverevisdal the discussions of retene and PCA with VOC species as suggested.
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Abstract

Long-term (1999 to 2013) data from the Southeastern AeRssearch and
Characterization (SEARCH) network are usedhow thatanthropogenic emission
reductionded to important decreasesfine particle organic aerosol (OA) concentrations
in the southeastern U.S. On average, 45% (range 25 to 63%) of the ZI83A mean
organic carbon (OC) concentrations are attributed to combustion processes, including
fossil fueluse and biomass burning, through associations of measured OC with
combustion products such as elemental carbon (EC), carbon monoxide (CO), and
nitrogen oxides (NQ. The 2013 mean combustiaierived OC concentrations were 0.5

to 1.4y m3 at the five sites operating in that year. Mean annual combeigved OC
concentrations declined from 3.8 + @g nm® (68% of total OC) to 1.4 + 0.4y 3

(60% of total OC) between 1999 and 2013 at the urban Atlanta, Georgia, site (JST) and
from 2.9 + 0.4ng i (39% of total OC) to 0.7 + 0.4y M3 (30% of total OC) between

2001 and 2013 at the urban Birmingham, Alabama, site (BHM). The urban OC declines
coincide with reductions ahotor vehicleemissions between 2006 and 2010, which may
have @&creased mean OC concentrations at the urban SEARCH sitesrizym2 BHM
additionally exhibits a decline in OC associated witky 8@m 0.4 + 0.041g m3in 2001

to 0.2 = 0.03y N3 in 2013, interpreted as the result of reduced emissions from
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industrial sources within the city. Analyses using fsmil potassium aslaiomass
burningtracer indicate thatiomass burnin@C occurs throughout the year at all sites.
All eight SEARCH sites show an association of OC with sulfate)&Dging from 0.3
to 1.0ng mi® on average, representing ~25% of the 1999 to 2013 mean OC
concentrations. Because the mass ofi@@tifiedwith SQ; averages 20 to 30% of the
SQu concentrations, the mean $@ssociated OC declined by ~0.5 tod.nm™ as SQ
concentrationslecrease throughout the SEARCH region. The 2013 mean SO
concentrations of 1.7 to 2rfy n3 imply that future decreases in mean:S@sociated
OC concentrations would not exceed ~0.3 ton@® 513, Seasonal OC concentrations,
largelyidentifiedwith ozone (@), vary from 0.3 to 1.4rg m® (~20% of the total OC

concentrations).

1 Introduction

In much of North America, organic aerosol (OA) represents approximately half of
average PMs mass concentrations in ambient air (Kanakidou et al., 2005). OA derives
from primary source emissions and secondary atmospheric processes involving reactions
of volatile organic compounds (VOCs) of anthropogenic and natural of&gns
appendix) The latter is widely recognized in the southeastern U.S. with its potential
source of \OCs from dense vegetation (Hand et al., 2012). Initial speculation about
secondary organic aerosol (SOA) in the Southeast from natural terpenoid compounds
dates back to 1991 (e.g., Pandis et al., 1991). Wigvaduation of particle yields from
isoprene eidic-photochemical oxidation in smog chambers, interest in natural SOA
focused on this species (e.g., Kroll et al., 2006). The early 2000s investigations involving
isoprene and terpenoids identified chemical mechanisms hypothetically applicable in the
ambent atmosphere as well as tracers for reaction products (e.g. Hallquist et al., 2009).
These hypotheses included accounting for the effect of acidity and photochemical
linkages with the gas and condensed phases; a part of this chemistry involves the
interactions with inorganic acids in the atmospl@esailfur and nitrogen oxides, S@nd

NOx. More recentlyfield studies have adopted measurements from aerosol mass

spectrometry combined with gas chromatograph and mass spectroscopy to track indicator

11
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speciesdr SOA components, including species associated with isc{selfier oxide or
nitrogen oxide photochemistry (e.g., Gao et al., 2006; Surratt et al, 2007; Hatch et al.,
2011a,b Budisulistiorini et al., 2013:iao et al., 2015; Lin et al., 2013; 2014u et al.,
2015; Kim et al., 2015Xu et al., 2014, b).

In parallel with advances in organic aerosol chemistry, workers explored different

indirect means of estimating SOA from VOC sources. In Atlanta, Lim and Turpi)(200
used the carbon tracer method &atcalate summertime SOA concentrations from

collected filter samples. In the Southeast, Zheng et al. (2002; 2006) used chemical tracers
extracted from filters to identify primary OA, noting that an incomplete mass balance
could be SOA. Kleindienst et aR@07; 2010) and Lewandowski et al. (2013) used
chemical tracers to estimate SOA from isoprene and terpenes. The carbon tracer method
was expanded for natural species using carbon isotopes (e.g., Lewis et al., 2004; Tanner
et al., 2004; Zheng et aRP06;Ding et al., 2008). Thempirical approaches were

explored further by'u et al. (2007) an&lanchard et al(2008). Identification of water

soluble carbon as an SOA indicator also has been used (e.g. Weber et al., 2007). The
various evolving methods haveopided operationally defined OA as indicated

schematically in Figure S1.

The characterization of SOA in the Southeast is complicated by OA from open burning of
vegetation (e.g., Zhang et al., 20Hu et al., 201p Like other combustion sources,

wildfires and prescribed burning appear to be important components of OA and SOA
(e.qg., Zhang et al., 2010; Hidy et,&014; Washenfelder et al., 201%)A composition

in the southeastern U.S. provides indications of emission source origins, but results have
notbeen consitent across studi¢$able S). SOA particularly is known to be a complex
description of emissions, followed by evaporation, condensation, and chemical

interactions during species aging in the atmosphere.

The ambiguities in accounting for OAwwces and the chemistry of SOA helped motivate

a major suite of field experiments during the summer of 2013, the Southern Oxidant and
Aerosol Study (SOAS) (SOAS, 2014) and associated campaigns that comprised the
Southeast Atmosphere Study (SAS) (SAS, 20&4oundlevel measurements were

located at rural sites, with many studies situated at a Southeastern Aerosol Research and

12
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Characterization (SEARCH) network monitoring location outside Brent, near Centreville,
Alabama (CTR)e.g., Hu et al., 2015; Isaacm&anWertz et al., 2015; Nguyen et al.,

2015; Washenfelder et al., 2015; Xu et al., 201%aa site estimated to be regionally
representative (Hidy et al., 2014).

CTR and other SEARCH sites offer a letegm record of tracgas and patrticle
observationgHidy et al., 2014) that provide insight into the effects of anthropogenic
emission reductions on organic aerosol trends in the southeastern U.S. The SEARCH
record complements the sixeeklong SAS and SOAS investigations of key atmospheric
processes anthemical reactions. Specific questions relevant to SOAS and SAS goals
that can be addressed using the SEARCH data include:

1. What fraction of measured organic carbon (OC) was emitted by combustion processes,
such as motor vehicle exhaust and biomass bgPniHow has this fraction responded

to emission reductions?

2. Over a long period of record, can the fractions of OA directly emitted in the condensed
phase (primary organic aerosol, POA) and of SOA formed in the atmosphere via
reactions of gaseous or aenseegphase precursors be quantified or constrained
based on diurnal, seasonal, and annual variations of OC, elemental (or black) carbon
(EC), ozone (@), sulfate (S@), and other aerometric measurements? How have

inferred SOA concentrations responde@maission reductions?

3. Do the longerm gas and particle measurements indicate how much biogenic SOA is
present on daily, seasonal, or annual time scales? How has SOA of biogenic origins

been affected by anthropogenic emission reductions?

This paper desityes analyses of aerometric data from CTR and the other SEARCH sites
that address these questions. We apply five complementary data analysis methods that
provide insight into the sources of aerosol carbon in the Southeasgrelyithe long

term SEARCH dtabase. Because uncertainties and differences among previous studies
have been challenging to resolve due to inconsistent or ambiguous definitions and
terminology used to describe carbon measurements, an appendix defines terminology and

identifies unresoled questionsVe adopt in part the concepts of aerosol evolution from

13



364 initial emissionto multiscale ambient conditions postulated by Robinson et al. (2007),

365 noting accompanying uncertainties (e.g., Murphy and Pandis, 2010).
366
367 2 Methods

368 The data for thistady of aerosol carbon derive primarily from letegm SEARCH

369 measurements obtained from up to eight operating sites, comprising foururalaor

370 urbansuburban pairs, between 1999 and 2013 (e.g., Hansen et alA2@@3pheric

371 Research and Analysi& RA], 2014, Hidy et al., 2014). The dataset includes particle

372 mass concentrations and composition, gases, and meteorological parafieterdq14)

373 as previously described in Hansen et al. (2003) and Edgerton et al. (2005; 2006). Special
374 data from ancillargxperiments in the SEARCH network supplement the-teng data.

375 We also use emission data derived from the EPA National Emission Inventory (NEI),

376 augmented as described in Blanchard et al. (2013) and Hidy et al. (2014).

377 Multiple empirical methods are gitoyed to understand OA sources and SOA formation
378 in the southeastern U.S., utilizing the SEARCH data to obtain a-ypealtiand multi

379 season interpretation. The methods arecéiparison of observations with augmented
380 NEI emission estimates (Hidy et,&2014)and receptomodel prediction®ased on the

381 NEI, (2) comparison and correlation of measured OC with EC concentrations and use of
382 the OC/EC ratios as indicators of combustielated emissions and SOA formatio8), (

383 computation of organic mass (OM)C ratios utilizing PMs mass and sums of species
384 concentrations as evidence for the presence of oxidized4pAstimation obiomass

385  burningcontributions to measured EC and OC using biomass burning tracd(S)

386 application of receptor modeling {pcipal component analysis, PCA, supplemented with
387 comparisons to positive matrix factorization, PMF) to identify and quantify atmospheric
388 processes affecting OA roentrationsComputational details are described within the

389 results and discussion sectiand in the supplemental information.

390
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391 3 Results and Discussion

392 3.1 Emission sources and the relation of ambient to emission trends

393 This section incorporates previously published analyses by refeexterds them
394 through 2013and integrates finding&Results related to emission changes are compared

395 with those obtained using other approaches in Section 3.6 (Synthesis).

396 Southeastern emissions in 2013 are shown by source categ@iylenS2 comparison

397 with 2008 emissions reported in Blanchard e{2013) indicates reductions since 2008
398 Statistically significant (p<0.001) relationships were found between mean anngigl PM
399 EC and OC concentrations at SEARCH sites and #8C and OC emissions between
400 1999 and 2013 (Hidy et al., 201#mbient EC trendsvere significantly related to both
401 mobile sourceand total EC emissions, whereas ambient OC trends were significantly
402 related tamobile sourc€OC emissions but not to total OC emissions (Hidy et al., 2014).
403 PM.sEC emissions in the southeastern U.S. dediby approximately half between
404 1996 and 2013 due to reductions ofroad and nomoad motor vehicle emissions (Hidy
405 et al., 2014). Corresponding declines occurred Hnoad and nowoad motor vehicle

406 PM.50C emissions, but total PMOC emissionshowed little trend due tthe

407 dominanceof relatively constant biomass burning emissions (Hidy et al., 20abile

408 sourceOC emissions represent less than 10% of OC emissions in the Southeast

409 (Blanchard et al., 2013; Hidy et al., 2054)d only 4% as of®.3 (Table S with

410 biomass burning accounting for ~75% of OC emissions in emission inventories.

411 Using a receptor modeling approach, Blanchard et al. (2013) showed thaEEM

412 emissions generally account for reported mean annual EC concentratiorenals in
413 the SEARCH networkFigure ). Although thereceptorodel overpredicted EC

414 concentrationatthe Jefferson Streel$T) site in Atlanta, Georgiand underpredicted
415 ECconcentrationst other sites, the EC trends prediddgdhe modefrom theinventory
416 agreed with observed EC trentlarger dserved ambient EC decreases at SEARCH
417 sitescoincided with an EC emission decline occurring between 2005 and 2013 that
418 resulted from nevienvironmental Protection AgencigPA) standards for diesel engines

419 and fuels (effective in 2007 for emad vehicles, in mi@010 for noAroad mobile
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sources, and in mid012 for rail and marine sowes) (Hidy et al., 2014). Mobilsources
account for over 50% of EC emissions in the Southeast prior to 2007 (Blanchayd et al
2013) and decline to ~40% by 2013 (Tab®}, So ambient EC concentrations are
expected to decrease with declinmngbile sourcd&eC emissions.

Contrasting witlresults forEC (as well as CO, NQand SQ), greater differences
betweerreceptomodelpredcted OC and measured OC tremgesre observed (Figure

S3). These differences occurreden when comparing model predictions to the fraction
of measured OC that was not associated witar@d SQ (inventory OC emissions do not
represent SOA deriving fromdggenic emissions of isoprene and other gageshient

OC trends were more pronounced than trends predicted by thed fraod the inventory
(Figure S8). However, the receptor model reproduces observed OC trends more readily
for sites where themobile soure contribution is greatest (Figur&S Receptoimodeling
studies have consistently identifistbbile sourceontributions to ambient PM mass
concentrationgn Atlanta and Birminghame(g., Zheng et al., 2002; 2006; Baumanat

al., 2008; Lee et al., 209, a recent analysis indicated that mobile sources contributed 0.8
to 2.8y n3 to 2006i 2010 PM s mass concentratiorfbetween 6 7% and 19 21%

of PM2.s mass)in Atlanta and Birmingham (Watson et al., 2018gasured ambient
concentrations of nepolar PMs OC species associated with motor vehicles, such as
hopanes anderanes, declirtesubstantially (>50 %) at BHM and JST between 2006 and
2010, linkingmobile sourcemission reductions during those years with observed
decreases in urban OC concentrations (Blanchard et al.g28%4noted in the

appendix, emitted OC isot conservative, bus affected by evaporation and possibly
recondensation as secondary species, or by augimarby SOA derived from gaphase
emissionsA possible explanation for the observed OC trends is that diesel SOA
concentrationgwhich werenotincorporated in the receptor model predictions) were
greater prior to adoption of new diesel emission regulations beginning inl2007.
addition, ®anges in gasolinengine SOA concentrations may hageurred Reductions

of SO emissions aralsothought to have changed S@ssociated SOA concentiats

over time (Xu et al., 2015&), but thechemical mass balance (CMB)odelis set up to
predictOC that is not associated withs@nd SQ (Blanchard et al., 2013).
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Trends inmobile sourc&/OC emissios paralleled trends imobile sourcd’M. s OC and

EC emissions (Hidy et al., 2014; Blanchard et al., 2013). Similar to OC emigsiobite
sourceVOC emissions in the southeastern U.S. declined by approximately half between
1996 and 2013 due to reductiarfonroad and nomoad motor vehicle emissions (Hidy

et al., 2014), but total VOC emissions showed little trend due to dominance by relatively

constant VOC emissions frovegetation and soils (TabgD).

In summary, emission trends partially explaisarved ambient EC and OC trends. For
OC, the lirk between inventory emissionscaambient concentrations is less definitive
than is the case for links between reductionS@fCO, NQ,, and SQ emissions and
observed trends in ambielaC, CO, NG, SG, andPM:z5 SOy concentrations (Hidy et al,
2014).

3.2 Ambient EC and OC concentrations and trends

Trends and spatial variations are evident for mean annual and seasonal EC and OC
concentrations (Table 1 and Figure 1). Mean EC concentrations were 2.0 t0e3.5 ti
greater at J6than at CTR, thereby indicating twim threefold greater influence of
combustion sources within Atlanta compared to rural CTR because EC is a tracer of
combustion (appendix). Mean OC concentrations were 1.0 to 1.8 times greater at JST
than at CTR, indicating urban sources of OC possibly superimposed on a relatively high
regional baselinelhe ratio of JST EC to CTR EC declined from 2.8:1 to 2.1:1 between
the first and third fiveyear periods, whilehie JST OC to CTR OC ratio decreasexhf

1.5:1 to 1.2:1 between thedt and third fiveyear periodsSincethe ratio of JST

EC/CTR EC declined by 25%ndthe ratio of JSTOC/CTR OC declined by 20%, the
decreass are comparable bilte differencas consistent witla greatemobile source
influence at JST than at CTBoth EC and O@oncentrationexhibit decreasing trends

at all SEARCH sites (Hidy et al., 2014), particularly after 2007 but with a possible rise
between 2009 and 2011 (Figure H)gher mean monthly concentrations in 2011 were
followed by further decline in 2012 and 2013 (FigureVihereas longermambientEC

and OCtrendsare predicted by EC and Qfiobile sourcemissiorreductions (Section
3.1), changes between 2008 and 2013 are predicted from the enmssintory for EC
(Figure S2) but not for OC (Figure 53
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No season consistently exhibits the highest mean EC and OC concentrations but the CTR
mean OC concentrations and OC/EC ratios are highest during summer, interpreted as the
influence of aging and SOA formation durimgrmer months. In contrast, JST mean OC

and EC concentrations tend to be higher during autumn and winter (Table@).3, the

ratios of OC to total carbon (TC = EC + OC) in daalyerage filter samples were greatest

at CTR duringhe SOAS campaign (Figel S9. This result suggests thattes ofSOA

formation at CTR during SOAS exceed SOA formatatesat other sites in the region

and at other times of the yedhe differences between JST and CTR mean summer OC
concentrations decline from Ingy m3in 19992003 to less than Orig nt3in 2009

2013, interpreted as reductions of urban OC concentrations toward a regional baseline
level (Table 1).

Mean OC/EC ratios are higher at CTR than at JST, again consistent with regialeal
aging of ambiehaerosol and a relatively greater influence of SOA at CTR. The period
mean OC/EC ratios at JST range from 2.3:1 to 4.0:1, suggesting variable contributions
from multiple sources. For comparison, typical OC/EC ratios are ~1 in freshly emitted
motor vehicleemissions (Chow et al., 2004)ith important differences among vehicle
types (McDonald et al., 201,5y5:17 20:1 in neaisource biomass burning plumes
(Andreae et al., 1996; Andreae and Merlet, 2001; Hobbs et al., 1996; Lee et al., 2005),
and potentiall much greater than unity as oxidation and SOA formation proceed
(Robinson et al., 2007).

Temporal trends in ambient EC and OC correlated within individual sites and across the
SEARCH domain (e.g., CTR and JST, Figure 1), indicating regional coheremeads t

and seasonal variations for both EC and OC. The strong correlation of EC and OC at all
SEARCH sites, averaging times (annual, seasonal, monthly, daily), and s@aduas

S3 Figure SYindicates that combustion processes are a major source of@We@ver,
significant correlations of SQvith both EC and OC during summer suggest the

influence of S@on SOA formation in summer, consistent with results from SOAS (Xu

et al., 2018, b; Budisulistioriniet al., 2015)OC correlates with both EC and §®ut

for different reasons. Consequently, EC and &6bo correlate, but not as strongly and

not as consistently across time scalesummary, the EC and OC measurements
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indicate influence of multiple emission sources or atmospheric processes affecting all
SEARCH sites, though differegtht urban and rural locations.

3.3 OM/OC ratios

More oxygenated OA has higher ratios of OM/OC, so OM/OC potentially serves as an
indicator of atmospheric agir{@urpin and Lim, 2001)A low value (e.g., OM/OC ~ 1.4

to 1.6)suggests little aging (i.e., POA is a large fraction of OA), whereas a high value
(e.g., > 2) suggests more aging (SOA is a large fraction of OA). For comparison, OM/OC
ratios are 1.2 for pentane (and higher molecular weight alkanes), 1.1 for isopteR4) an

for isoprene epoxydiol (IEPOX) (a gavase intermediate of isoprene oxidation, yielding
SOA). The averagmotor vehicleOM/OC ratio is ~1.2 to 1.4 (Landis et al., 2007) while
biomass burning OM/OC averages ~1.4 to 1.8 (Reid et al., 2005).

We estimée the OM/OC ratio for the urban and rural SEARCH sites using a mass
balance computation based on particle composition. The sum of species concentrations,
including estimated particleound water (PBW) at laboratory temperature and relative
humidity (RH),is:

Sum of speciesf1/8Qy + f2AN0;3 + faANH4 + EC + OC + MMO + Na + Cl (1)

(inorganic species concentrations are from ion measurements). PBW at laboratory RH of
< 38% is represented by the coefficiefitEl.28),f> (1.15), ands (1.25) (Tombach, 2004,

as derived from Tang et al., 1996). The coefficierd an average of the coefficients for
NHsHSOy (1.27) and (NH)2SOy (1.29),12 is the coefficient for NENOs, andfs is a

weighted average reflecting higher &8an NQ concentrations. MMO is the sunfthe
concentrations of six crustal elements (Al, Ca, Fe, Mg, SixTiay fluorescencfXRF]
spectroscopyneasurements), expressed as oxides (Hansen et al., 2003). This estimate of
crustal mass is likely conservative, since it does not include Mn arabfumed Ca mass

(as CaO) would be less than the mass of GA@@resent).The carbon components,

metals and chloride are not adjusted for retained water at laboratory temperature and
humidity. This creates a potential for uncertainty in the calcuagigpecially in the case

of OC. Atmospheric OC is known to be hygroscopic at elevated humidity, but

experimental data suggest that water retention is mininkaB&% RH for laboratory
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539 filter analysis (e.g., Malm et al., 2005; Taylor et al., 20Mgasuements made during

540 SOAS indicate that organ&ssociated water was less than ~25% of total particle water in
541 mid-day ambient samples when ambient RH was less than ~50% (Guo et al., 2015). We
542 estimate an OC PBW uncertainty in Eq. (1)dsguminghatOC PBW is 10% of OC foc

543 =1.1), whichwould increase¢he calculated sum of species by 2¥d decreasthe

544 OM/OC (calculated belowby 0.1 unitson average.

545 The difference between Pidmass and the sum of species concentrations is denoted as
546 fineme asur e chass:( NM)

547 NM mass= PM2smassi Sum of species (2)

548 An upper bound for OM is calculated as OM* = OC + NM mass, which assumes that all
549 NM mass is associated with OA. Any mass that is missing from the computed sum of
550 species would bias NM mass high, theralso causing OM* to be higher than the true
551 OM. Similarly, underestimation of PBW would bias NM mass and OM* Higa.

552 estimate the combined effect of missing species and PBW to repoksible

553 overestimation oOM*/OC byup t00.2 unitson average. A opposing biapotentially

554 arises in Equation 2, because the FRM sampler that is used by SEARCH to provide the
555 PM:smass measurement is known to lose volatile speciesifmgganicparticle NQ).

556 We recalculated Equation 1 by replacing the measuregaN@CIl concentrations (which
557 are the sum of a Teflon front filter and a nylon bagkfilter located in the SEARCH

558 PCM sampler) with the Teflon filter concentrations. The effect was to reduce the

559 calculated sum of species, which then increased the aldd@M*/OC by0.2 unitson

560 average. Therefore, we estimate the uncertainty in the calc@df&tOC ratios as .2

561 units If no PBW is associated with inorganic species4{3@s, NH4), Equation would

562 underestimat®©M*/OC by 0.5 units on average. Howayinorganic PBW is expected

563 even at RH < 38%, so this potential bias appears less plausible than the documented bias

564 in FRM PM.s mass concentrations.

565 At all SEARCH sites, NM mass concentrations averaged 1.5 toyln®® (interquartile
566 range ~0.5 to ~8 ng ni° at all except YRK) during the most recent fiyear period
567 (2009 to 2013; Na and Cl ions were notasiered prior to 2008) (Figure E®aily NM
568 mass correlated with daily OC to varying degregsas 0.2 0.3 at Birmingham,
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Alabama (BHM), Gulfprt, Mississippi (GFP), (rural) Oak Grove, Mississippi (OAK),
and 0.4i 0.5 at CTR, JST, (rural) Yorkville, Georgia (YRK), (suburban) Outlying
Landing Field, Pensacola, Florida (OLF), and Pensacola, Florida (PNS). The average
OM*/OC varied by site from 1.8BHM) to 2.0 (YRK)(Figure 2)(DOM*/DOC

regression slopes @6 to 1.9 without intercept terpisigure S, which suggests a
regionally characteristic but spatially and temporally variable mix ofdestzed and
moreoxidized OA. The consistency of theeanvalues in the range of 1t6 2.0(+ 0.2)
indicates thatelatively fresh emissionsontribute a major portion of OA at both urban
and rural sites with variations in the degree of oxidation or SOA Hasgever, higher
OM*/OC and OM*/EC occur in the warmest montlsgure 2, consstent with seasonal
SOA formation and the seasonal variations discussed abaveiean OM*/OCis lower
thanreported in SOAS resear¢hHor examplemean CTR OM/OC of 2.18om aerosol
mass spectroscopy [AMS] measureméiis et al., 2015a). For identicahmpling

periods, our spring 20Irhean OM*/OCwas 1.34 at JST and 1.80 at YRK, which is
lower than mean OM/OC of 1.93 at JST and 1.98 at YRK reported by Xu et al. (2015b).
Our winter 201213 mean OM*/OCwas 1.51 at JST and 1.56 at YRK, which is higher
than mean OM/OC of 1.40 at JST and 1.31 at YRK reported by Xu et al. (2015b).

Comparisons are discussed further in Section 3.5.3.

3.4 Biomass burning

Emission inventories indicate that biomass burning, including prescribed burns, wildfires,
agricultural burs, and domestic heating, is the largest source ofs®MC emissions in

the Southeast on an anraalerage basis (Hidy et al., 2014). Prescribed burns are the
largest source diiomass burnin@C emissions, again on an annual basis (Hidy et al.,
2014). Inthe Southeast, prescribed burns are employed to manage roughly 4 million
hectares (ha) (~10 million acres) of land every year, primarily between January and
April; wildfires may occur yearound but are more frequent in warmer months (Wade et
al. 2000; Hames et al. 2001). Nearby (e.g., ~ 10 kigmass burninglumes are

sometimes evident in CTR hourly data and substantially affect observed concentrations
of EC, OA, CO, N@, NHs, and Q (Figure 8). However, the cumulative effect of

widespread and poteniiiawide-ranging biomass burning on lotgrm ambient OA
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concentrations is more difficult to determine. The available data record does not include
organicbiomass burningracers, such as levoglucosan, except during special studies such
as the sixweek SO/ campaignAlternatively, nonsoil potassium (K) has been used as

an indicator of biomass combustion in previous studies (Calloway et al., 1989; Lewis et
al., 1988; Lewis, 1996; Pachon et al., 2010; 2013) and can be determined from K
measurements reportedthe longterm SEARCH data. Using a single tracer species to
identify and quantifypiomass burningontributions to ambient OA is subject to

important uncertaintiesind ptassium is an imp#ect tracer of biomass burninghang

et al. (2010), for exani@, showed that watesoluble K and levoglucosan correlate in

winter (when more biomass burning occurs in the southeastern U.S.) but not in summer.
However, levoglucosan and its associagddiS markersmay persisin the atmosphere

for less than a dayMay et al., 2012Bougiatioti et al., 2014 Instability of organic

marker species could lead to differenceAMS biomass burnin@A compared with

estimates made using K as a tracer

Nonsoil K (nsK) is estimated from coarse KRM,,,,s.0r PMrs, PM betweer2.5 and 10

mm) and PM s XRF measurements of K and Si following teracer approach of

Pachon et al. (2013). Briefly, the methegresses measured K against species X
concentrations: K =& + b*X (where X derives primarily from crustal material). Si
measurements are used to represent the crustal species, X, because Si concentrations are
routinely well above the limits of detection atfe correlations of Si with Al and other

known crustal elements indicate few or no interfering sources of Si. The tonglaf

PMcoarseXRF K and Si are very strong, with consistent values of the $lepBK/DSi of

0.10 to 0.13 and'~ 0.8 at all sites (Figure®9$ S11). These slopes therefore define the
expected ratio of K/Si in crustal material in the region. The ratios are lower than, but
consistent with, a value of 0.15 + 0.01 reported for data f*hoenix, AZ (Lewis et al.,

2003). In contrast to PM, PM: s measurements exhibit large excesses of K over the

expected K/Si ratios, indicating the presence of one or morenustal sources of PM

K (Figures @ to SL1). For eaclplot, fine-particleK vs. Sif or ms one falsr ancho
on the line defined by coargarticleK vs. Sj indicating similar relationships between K

and Siwithin fine and coarsé&actions of crustaPM. High fine-particleK concentrations
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alsooccurat lowerthanaveragdine Si concentrationdVe apply the slopeb to

compute nsk = k b*Si from PM; s data(Figure 9). The agreement between computed
nskK and measured watsoluble K (K ion, KI; measured beginning 2008) supports the
interpretation of notsoil K as an indic@r of biomass burningl (Kbb) (which is water
soluble) at rural inland sites such as CTR (Figu®e SthoughcomputedKbb exceeds
measured ion concentrations by0:02i 0.03ng nT® on averagethedifference may

relate to thaliffering resolutions andensitivities othe XRF and ion measurements
(Figure S9)Later analyses (Section 3plink CTR Kbb with specie@ncluding CO and
EC)deriving from combustiorPossibly, both K ion and computed nsK could also have a
marine origin at some coastal sifesg., OLF) or an industrial process origin at some

urban sites (e.g., BHM). Detailed review of computed nsK indicated thata# 64 ngy

m occurred on or one day after 8 of July and January WS holidays and only at
urban sites (Figure13). This result appears to indicate fireworks as a source of nsk on
such occasions. Other than samples from January 1 and 2 and from July, 4vand
identify nskK ashiomass burningl (Kbb), recognizing some uncertainty in this
identification for BHM and coastal siteSince nsK can be computed from the XRF
measurements of K and Si for the full SEARCH record (1999 to 2013), whereas K ion
measurerants commenced in 2008, we use nsK asb@mmass burningracer.After
exclusion of obvious higK events folidayfireworks), our identification of nsK as an
indicator of biomass burnin@bb) could introduce a bias toward overestimation in the

calculaton of OCbb discussed below, if other sources of wat@uble K are important

The ratio ofTC to Kbb (TCbb/Kbb) inbiomass burnings known to vary widely among

fire types (e.g., wildfires differ from prescribed burns) and among fire stages (e.qg.,
tempeature, oflaming vs. smoldering)The variability of emissions among and within
fires implies thabiomass burningracers are more useful for estimating average impacts
than for quantifying burn contributions during individual events. We use a singlgave
scaling factor based on consideration of emissions information (Hidy et al., 201el)

we check using theorrelation of modern C with nesoil K (Figure 3.2). Inventory

annual average TCbb/KMbr firesis in the range 28:1. 36:1 (Blanchard et 312013).

For fires(prescribed burns, wildfire, agricultural field burns) plus area se(liagely
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open burning from agricultural, construction, and yard waste), the 2013 ratio of
TCbb/Kbb is ~ 23:1 (Table S2). The ratio varies among emission sawfdegpfrom

lower values of 5:1 and ¥ (solid waste combustion and agricultural burning,
respectively) to an intermediate value of 19:1 (wildfire) and higher values of 43.5:1 (slash
burning) and 61:1 (residential wood combustidRA, 2015; Reff et al.,GD9). Our
assumedixed scaling factor of 32 for TCbb/Kbb is similar to carbon isotope data from
CTR winter samples (Figureld, CTR regression slod8T Cmoderd DKbb = 43), when
prescribed burns are more common and SOA formation rates are Towedrigher slope

of DTCmoderd DKbb =71:1 at JST could reflect a different type of biomass burning (e.g.,
residential wood combustion), while the lesser coriggladf modern TC with nosoil K
(assumed to represent Kbb) at BHM and higher slope at PNS potentially seflect
variability or the confounding influence of industrial (BHM) or marine (PNS) sources of
nonsoil K. The mean ratio of woedurning OC conentrations determined by
Kleindienst et al. (2010) using organic trac@8@ samples, collected in May and August
2005, paired by site and date) to Kbb concentrations is 20:1 (varying by site from 16:1 at
BHM and CTR to 18:1 a@®NS and 29:1 at J$TThis result agrees with the inventory
TCbb/Kbb of ~ 23:1 averaged across fires and area sources (Table S2) assurtiieg that
corresponding ratio of woelkurning TGKbb is ~10% higher than woealurning

OC/Kbb. Since prescribed burns and residential wood combugtigher TCbb/Kbb)
generally occur during winter months, whereas wildfires, agricultural field burns, and
waste burninglower TCbb/Kbb) may occur during warmenonths ourassumed fixed
scaling factor of 324 for TCbb/Kbblikely fails to capture somef theseasonal

variability in TCbb.A higher scaling ratio (e.gQTCbb/DKbb =32 rather thar20) would
yield higher computed TCbb and therefore higher O®alsed orDOC/DEC in actual
biomass burningvents observed at SEARCH si{éggure 8), we computéOCbb =
0.9*TCbb (the ratio OCbb/TCbb could be higher in some burn evéhiskidering the
range among SEARCH sites of wini@FCmoderd DKbb (22:1 to 82:1, Figurel®), the
variability of TCbb/Kbb among source typesid the possibility thakbb could be
overestimated if there are sourcgler than biomass burnitigat contribug to nsK, ve
estimate theincertainty rangér OCbb as50% to 100% (factor of two)subject to the
constraint that OCbb < QC
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CTR monthlyaverage concentrations indicate a dowrmataend in OC but not in

computed OCbb, so that OCbb has become a larger fraction of OC at CTR since 2007
(Figure 3). The absence of trend in computed OCbb reflects the absence of trend in
measured K and computedkhsOCbb tends to be higher in winter mlasitwhen

prescribed burns are more common and residential heating needs are greatest, but OCbb
is present during all seasons (Figure 3) and at all SEARCH sites (Figd)rdR8iene, a

tracer of coniferous wood combustion, is evident at the sites wheas tneasured

(urban BHM and JST) with a pronounced seasonal cycle (Figdije Bis seasonality

could indicate that the summer OCbb has been overestimated, or itrmhoéde that

retene loss rates are greater during warmer moRgtene emissions froprescribed

burning in the Southeast are highly variable and depend largely on the amount of
softwood present in the fuel. Since historical fire suppression has led to the accumulation
of significant amounts of hardwood in a thick midstory of gioeninatedorests (e.g.
Provencher et al., 2001, Varner et al., 2005), retenet considered unique indicator

for prescribed burning emissions in the Southeast.

The analysis of K measurements from the SEARCH data reinforces the conclusion that
biomass burnings an important component of combusti@ated OA in the SEARCH
domain, at all sites and in all seasons. The contribution is especially important for
regionalscale OA, as suggested by the CTR data. Uncertainties in the estimation
procedure and scalingdtors imply thabur computed CTR mean OCbb (In§ n3,

19991 2013 averagejould beup to twice as high abetruemeanOCbbconcentration

If so, actual mean 1990 20130Cbb would bé.8 ng nm3, whichis higher thantAMS

mean biomass burning OA (10%, or ~0r&Hn® OC) at CTR during the siweek

SOAS period Ku et al., 2015&)). Although the majority of brown carbon aerosol mass
during SOAS is attributed to biomass burning rather than to SOA, biomass burning did
not contribute the majority of OA (Washenfelder et al., 20AS)previously noted, mer
biomass burning occurs in the southeastern U.S. during cooler months than during mid
summer(Zhang et al., 20100 the SOASampaigns expected to show less biomass
burningthan during other monthReportedAMS mean biomass burning OA
concentrationsvere higher at JST (~0rfiy m®> OC during May and December 2012) and
at YRK (~0.6ng m® OC during December 2012 and January 20X38) €t al., 2015a).
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Due to the loss of organic tracers on a time scale of aboutar dizgs the biomass
burning OA thais estimated using AMS is thought to yield an estimate of relatively
fresh burningas compared to ageedgionalburning leves (Xu et al., 2018, b). Estimates
of a regional pool omore aged biomass burning OA are not available. If the reported
AMS biomass burning OA concentrations aeeg.,~50%lower than the sum of fresh
and aged biomass burning OA, the resulting sumg(r® OC) would fall within our
OCbbuncertainty rangelhe lack oflongtermtrend in OCbb (Figur8) occurs
regardless of scaling uncertaintf@ssuming constant scaling of OCbb to Khi®cause
no trend exists in either K or Kbb concentrations.

3.5 Principal component analysis

Important insight into the origins of ambient aerosol can be obtained with multivariate
statistical methods, such as principal component analysis (PCA), which is a well
established method for PM source apportionment (DattneHapkle, 1982). PCA
generates mathematically independent groupings of measurements based on the
correlations among the measured variables (classically, the groups are geometrically
orthogonal to one another). The number of groups reproduces as largeoa bhtite

total variance of a data set as possible subject to optimization criteria, typically
explaining ~75 to 80% of the variance of, e.g., ~20 to 25 air pollutant species
concentrations with ~5 to 10 groups, also known as factors or components ghlthou
PCA factors may be identifiable with emission sources in some applications, factors
fundamentally represent correlations among species and potentially reflect a variety of
aerometric processes (e.g., secondary species formation, meteorological #ifects).
application, we interpret PCA factors as associations among species that are indicative of
variations in the chemical environment, and refer to such species associations as
components for brevity. A related methodology, positive matrix factoriz8@MF)

(U.S. EPA, 2014), differs in part from PCA in that PMF constrains factors to positive
values. This constraint is physically realistic if PCA factors are interpreted as unique
emission source contributioriBhe negative values permitted by PCA aréaict

meaningful and informative if, in addition to emissions, factors represent a larger suite of

26



750 physical and chemical processes (e.g., deposition; chemical loss processes; contrasts

751 between inland versus marine air mass transpentvell as speciesigms.

752 3.5.1 Application

753  We report two main versions of PCA, with additional versions used for sensitivity tests
754  and auxiliary information PCALlis applied to measurements made at SEARCH sites
755 from 2008 through 2013. The 23 gas and:BMeasurements cqrise dailyaverage

756  concentrations of P EC and OC (thermadptical reflectance, TOR), daily averages of
757 gases NH(measured continuously or at-Béur resolution) and continuous Nénd

758 NOg secondary species (daily peak@ir Q, plus PM.s SOy, NHs, and NQ), and PM s
759 crustal elements (XRF measurements of Al, Si, and Fe), species associated with salts
760 (PM2sNa, Cl, Mg, and Ca ions), and trace metals {f¥h, Cu). Both daily averages

761 and daily thourmaxima of gases (CO and gQ@re included to mah the temporal

762 resolution of the other daily data while also potentially capturing shautation plumes.
763 Watersoluble PMsK (K ion) is included as a potential indicator of biomass

764 combustion. Because some species used in PCA1 were not measuwrgddbtdhe 15

765 year SEARCH progranRCA2is carried out to interpret loAgrm OC trends from 1999
766 through 2013. PCA2 excludes measurements that commenced in 2008s(aibéx Ca,
767 Mg, K, Na, and CI). XRF Ca antK are used instead of watsoluble Ca and,

768 respectively. Without Na and Cl in PCA2, galinot detectable, as will be discussedsNH
769 is excluded from PCAZ2, since those measurements began in 2004aleifge @is

770 included in PCA2 to complement daily peak@&ur G.

771 The sensitivity of our ults to the choice of statistical method is examimgdomparing

772 PCA1 and PCA2 and hysing additional PCA and PMF applications. As described in

773 Section 3.5.3, the range of results obtained from PCA1, PCA2, other PCAs, and PMF is
774 used toestimateuncertanty. The alditional PCA applications are carried dytusing

775 special datadifferent suiteof measurementsr differentmeasurement periods. NMOC
776 measurements made every day at JST from 1999 through 2008 are incorporated to
777 generat?CA3as a modificabn of PCA2 (no ions and only XRF elements, and shorter
778 time period). Alternate versions of PCA2 are carried out for 20213 CTR data to see
779 if factor loadings are robust and relatively insensitivihéochoice okeasonal indicators
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780 (PCA4andPCAbL). The EPA PMF model (version 5; US EPA, 2014) was applied to the
781 same CTR and JST measurements used in PCA2. PMF requires estimates of

782 measurement uncertainty, which may be spegpesific or even samplgpecific. Two

783  sets of uncertainty estimates were emgpt: uniform (10% of species concentrations)
784 (PMF1), and speciespecific (incorporating detection limits and species uncertainties of
785 5 to 25% of measured concentratio(RMF2).

786 For PCA applications, the daily OC concentrations at each site are appdrtising
787 daily PCA factor scores. The OC apportionment is carriethpatultiple regression of
788 daily OC concentrations against daily factor scorefining those that are statistically
789 significant (p < 0.058)Since the PCA components are orthogotha regression

790 coefficients are more stable than would be the case for multiple regression against
791 various tracer species, which are typically intercorreldtbd. PMF model generates

792  source contributions internally.

793 3.5.2 PCA Components

794 PCAl and PCA2eved consistent sets of species associations, resultifg @ principal
795 components at each SEARCH site (Table 2). For clarity, we designate the components as:
796 (1) combustion, (2) crustal, (3) seasonal, (4}»,38) SQ, (6) metals, (7) salt, and (8)

797 other.These names are usasiddescriptors, rather thasdesignate@mission sources.

798 Component characteristics are discussed belbw.full orthogonal solutions are shown
799 in the supplement (Tablegt® Sl1). The values in TablesAS0 Sl1 are the coefficiets

800 of the linear combinations of standardized species concentrations (daily concentration
801 less mean divided by standard deviation); each tabled value is also the correlation (r)
802 between a given species and a particular component. High (~1) or laywWaues

803 indicate high correlation or antbrrelation, respectively; both are meaningful. A value
804 near zero indicates little or no correlation, so values in the rang@.6fte 0.5 represent
805 associations ranging from moderate aatirelation {0.5) to zeracorrelation to moderate
806 correlation (0.5).

807 The OC apportionments indicate statisticalignificant relationships between OC and
808 four to seven PCA components (Table &ad SB). Mean contributionsf each
809 statisticallysignificant component to daily O& each site using both PCA1 and PCA2
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are summarized in Table 3; these contributions are expressed as percentages of total OC
in Table S3. PCA1 and PCA2 each indicate that OC is associated with multiple
components at all sites. Except at YRK and OLF (PGAg), the overall OC

associations are strongest for the combustion component (Tddtle<SHL).

The PMF source profiles varied depending on the choice of uncertainty inputs, but
yielded averag®C apportionments that were qualitatively comparable t& P Figure

S15). ThePMF crustal OC and Sfassociated OConcentrationsvere comparableo

PCA (Figure 96). However, PMF source profiles combined CO angvihereas PCA
tended to separates@om CO, leading to differences in the apportionment of OC to
combustion and seasonal components (Figh&. ®ifferences between PCA and PMF
occur in parbecause the PCA seasonal component generally comprised contrasts (e.g.,
positive @, negativanorganic particulat&Oz) whereas PMF forced positive solutions.

In these applications, PCA predicted high OC concentratiare accuratelthan PMF

did (Figure 7).

Combustion All sites exhibit a suite of species associated with combustion processes
(EC, OC, COKDb or K ion,NOx or NO;). The variations in combusti@ssociations
among sites suggest different source mixes, differences in air mass ages (e.g., fresh
emissions at urban sites, more aged emissions at rural sites), or differing transport of
polluted air masses. For example, N©more strongly associatelasein NQ with the
combustion component at the two most rural sites, CTR and OAK. OC associated with
the combustion factor could therefore comprise material that would be classifitiaeas
POA or SOA by othemnalyticalapproachege.g., HOA or MD-OOA by AMS).

Mean combustion OC ranges from 0.7 to rigen for PCA1 (2008 2013) and from
1.5 to 2.6ng ni3 for PCA2 (1999 2013), except at YRK (Table 3). Daily PCA1 and
PCA2 combustion OC concentrations are correlated at all sites (Figg)eVihan
absolue differences between PCAhd PCA2 computed combustion @éhge from 0.1
to 0.7ng m (not tabled). However, the mean PCA1 and PCA2 combustion OC
concentrationsre averaged over different time periods, so the differences in their

averages arpartly due to declining EC, CO, and N@oncentrations (Table 1). Trends in
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OC components are discussed@ection 3.4.4Mean PCA2 combustion OC ranged from

25 to 63% of mean OC concentrations (Table 3).

Various combustion processas expected tmfluence indivdual SEARCH site$o
differentdegreesCTR OCbb correlates significantly < 0.M01) with PCAland PCA2
combustiorassociated OQ? = 0.54 and 0.58, respectiveRigure SPa), suggesting

that the combustion component at CTRiisnarily associated wht biomass burning.
Whereas OCbb is computed from Kbb (Section 3.4), PCA1 and PCA2 combustion OC
concentrations are determined from the principal component association of CO, EC, and
either K ion (PCAL) or Kbb (PCA2) (Table S5). The association of K iorkdudwith

CO and EC at CTR links potassium with a combustion prog¢€M and JST

multiple regression afombustionOC against NQgasphase organic speciélanchard

et al., 2010)and norpolar OC compounds (including PAHs and iso/anteisoalkanes, or
hopanes and steranes) (Blanchard et al., &0ddicates an association of fresh
emissions (NO) and neoxidized organic compounagth PCA combustion OC (Figure
S1%). The urban PCA combustion factor associates CO, EC, andadleghage NQ; 1-

hour maxmum NO and noroxidized organic compounzbncentratioawere notusedin
determiningeither PCA1 or PCAZTables S4 and SW\)rban PCA combustion OC is

more likely attributable primarily tanotor vehicleexhaust emissions than to biomass

burning.

Crustd. A crustal component is present at all sites, associated with Al, Si, Fe, and, to
varying degrees, Ca. At BHM, Fe associates more prominently with a metals component,
consistent with previous studies indicating the impact of industrial facilities (inglud

metals fabrication) on Pp$ at BHM (Baumann et al., 2008; Blanchard et al., 2014

The mean crustaissociated OC concentrations vary from 0.1 ta@.87° at inland sites
(Table 3). Coastal sites exhibit nemgnificant, minor, or inverse associations of OC with
crustal elements@.1 to 0.1ng m3, Table 3)Inverse associations indicate that OC
concentrations at coastal sites are lower than averhge Al, Si, and Fe concentrations
are elevated?CA1 and PCAZ2 crustal OC conceations correlate (Figure2®) and

crustal OC correlates with Si (Figur@B. Crustatassociated OCould derive from

regionwide phenomenge.g., transport of Saharan dusiyf mayalsostem from
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ubiquitous and widely distributed activities that suspend crustal material. Potential
sources include sederived OC (e.g., agricultural activities, construction, or road dust),
or biomass burning that lofts crustal material (¢lggugh plowing material into debris
piles). Road dust is known to include OC among its constituents (e.g., McDonald et al.,
2013).There are two episodes with high crustal OC at CTR during June R@iated
concentrations of Al, Si, and Fe-oacurredat all SEARCH sites during Jung 943 and
June 23 28,2013,thus suggesting regiewide events. Backrajectory calculations
indicate southdy air flow during trese times. Trajectories arrivadCTR and JST after

~24 hours overland transport from 1Belf coast, whereas trajectories arrived at OLF
from overwater transport other times, elevated concentrations of crustal elements

occur at single sites, indicating more local events.

SeasonalA seasonal component is present at all sites, but indmast positive @and

NHs (if measured), along with negatireorganic particulat®Os, at BHM PCA2, CTR,

GFP, JST PCA1, OAK, OLF, PNS, and YRK, or with reverse signs (e.g., relatively weak
negative @) at BHM PCA1 and JST PCA2. As noted, sign reversaiesent a change

in coordinate directions and need not have physical significance; however, the association
of OC with the seasonal component may differ depending on sign (discussed below). We
denote this component s e ashiethaslfagtorhnast her
photochemical properties, it is comprised of species with seasonality variations that result
from multiple processes: emissions (jHhotochemistry (), and temperaturend
RH-sensitive thermodynamic equilibriurm@rganic particudteNOz). The seasonal
component evidently represents seasonal variations not otherwise described by the
seasonal variations of the crustal,sSO and @ ot heBeoause of thpstrang nt s .
connection of the seasonal component §pg@asonal OC is plaib$y related to the LO

OOA component reported by Xu et al., (2015a; b)-QOA exhibits a strong diurnal

pattern, with night maxima and day minirf¥u et al., 2015a; bHowever, he LO-OOA

diurnal variation is opposite toz@iurnal variationswhich exhbit daytime maxima

Since PCA was applied to daifgsolution data, it is not possible to directly compare the
PCAseasonal OC to timeesolved LOOOA. We note that mteorological conditions

that result in high peak dailys@oncentrationgwith higher sesonal OC concentrations)

are also conducive to nitrate radical formation, which exhibits 1tigig maxima and is
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900 associated with LE&DOA (Xu et al., 2015a; bJurther comparisons are provided in
901 Section 3.5.3.

902 The mean PCA1 seasor@mmponent OC (OC assated with higher @ higher NH,

903 lower NQ, or lower PM s inorganicNOs) ranges from 0.4 to 018y ni° at all sites (e.g.,
904 23% of OC at CTR, 13% at BHM and JST, 28% at OLF), except at YRK where the
905 average is 1.6y n3. The positive association withs@uggests that this OC component
906 represents SOA formation from either or both anthropogenic and biogenic precursors.
907 PCAZ2 seasonal OC correlates with PCA1 seasonal OC, except at JST. The JST PCA2
908 seasonal OC shows an inverse correlation (FigRg, $hdicaing that the seasonal

909 component represents higher winter (lowey idgher NQ) OC concentrations, possibly
910 pointing to an influence from domestic wood combustion for heating. The positive
911 association of OC with €s quantified within the JST PCA2 $@omponent. The mean
912 absolute differences between PCA1 and PCA2 seasonghonent OC concentrations
913 range from 0.2 to 0.6y m3.

914 Sulfate SO;and NH; are always associated and usually represented by a single

915 component , 4 doe nHootweedandNg: @eP@t of the seasonal component
916 for PNS and YRK PCAZ2, suggesting that differentiation of the &@ seasonal

917 components is subject to uncertaintyg.i©associated with both seasonal and SO

918 components.

919 All SEARCH sites show an association of OC with,s$&hging from 0.3 to 0.6g m*

920 on average for PCA1 and from 0.5 to fnr3 on average for PCA2 (Table 3), with
921 PCA2 SQ OC representing 15 to 44% of the 1982013 mean OC concentrations
922 (15% at BHM; 22 25% at CTR, GFP, JST, and OAK; 44% at OLF). Mean PCA1
923 associations oDC with SQ were 14% of OC at CTR, 15% at BHM, 18% at OLF, 10%
924 at JST, and 11% at YRK. PCA1 and PCAZSXT concentrations are correlated (Figure
925 S23) with mean absolute differences in PCA1 and PCA2-&3ociated OC

926 concentrations of 0.2 to Orfiy nT3; PCA2 did not separate the seasonal and SO

927 components at PNS and YRK (Tablek0@nd 9.1). The mass of OC associated with
928 SOy averages 20 to 30% of the S€dncentrations (Figure2d), so that S@associated
929 OC concentrations decline over time along withrdasing S@concentrations. The
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presence and relative importance ofz%Qsociated OC is consistent with research
indicating the role of S@in transferring isoprene gahase reaction products to the
condensed phase (e.g., Surratt et al., 2007; Xu @0dl5; b). Seasonal variations,
discussed below, also support biogenic origins of-680. The quantitative relationship
of our SQ-associated OC factor to %3 the same as the relationship between isoprene
OA and SQ@, which Xu et al. (20154) reportedas 0.42vg m2 isoprene OA per by nT

3 SQy. Based on their reported OM/OC for isoprene OA (1.97), their result isyg.a13
isoprene OC per fig 3 SQu. For CTR (2008 2013, n = 383 days), we obtain 0.216 (+
0.008, 1 SEjrg n® Sr-associated OC perrfg n® SQ; (PCA1), 0.190 (+ 0.004, 1 SE)
ng m® SQy-associated OC perrig m® SQu (PCA2), 0.213 (+ 0.003, 1 SEY n* SQs-
associated OC perrfig m® SQu (PMF1), and 0.211 (+ 0.001, 1 SE) M SQu-

associated OC perrfg m2 SQu (PMF2).

SO. The SQ componentpresent at all sites, identifies influences of relatively fresh
plumes, whether from electric generating units (EGloglustrial or other S@sources.

At CTR, NO is more strongly associated with the 80@mponent than with the
combustion component, castent with relatively less aged plumes and moedag
general combustion influencBifferences between urban and rural sites are evident; for
example, OC at CTR and YRK is not significantly related to thef&ors, but OC is
related to the SgX¥actorsat urban sites. This difference indicates the influence ef SO
emission sources within urban areas, consistent with visual observations and

measurements made near emission sources in Birmingham (Blanchard et &)., 2014

OC associated with SQindicativeof fresh emissions, accounted for 0.07 to 1§73
on average (12% of OC at BHM, 2% at JST, 7% at GFP, 20% at OAK, and 10% at OLF,
none at other sites using PCA1) (Tables 3 ar).FACAL and PCA2 S£0OC

concentrations are correlated (Figugbs

Salt A salt(or saltlike)component (of marine ather origins) is evidenced by Na, Cl,

and Mg in PCALl. Na appears as a separate

ot

multiple urban sources of one or more of these spegiesi | e J ST idd€fihed Nnsal t o

by K, Cl, and Mg These species are not nes&rily unique marine tracers; various
combustion processes geaer Cl emissions, for example
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Coastal sites show an inverse association of OC with Na and Cl (sea salt) (Fldad1

a negative mean OC contribution from salt (Table 3). We interpsetabult as evidence

that OC concentrations are lower at coastal sites when marine salt species concentrations
are higher (i.e., antiorrelated), indicating that marine air masses are not an important
source of OC. In contrast, mean sasociated OC n@ges from 0.14 to 0. 1%y n3

(BHM and YRK) to 0.641g m3 (JST). The species associations for the BHM and JST

salt components suggest urban influences precluding identification of the salt component

with marine airmasseB.ecause K i s associ at edandwiott h t he

with the JST combustion component) and Na
component, it is possible that JST fAsalto
JST combustion component primarily represemtsor vehicleexhaust.

Metals Cu and Zrappear on a metals component at six sites (BHM, CTR, GFP [PCAZ2],
JST [PCA2], OAK, and OLF [PCAZ2]); otherwise, Cu and Zn are associated with

J
i s
OC

combustion or are split between the metal s a

correlations range from r = 0.@ 0.3 in the full 1999 to 2013 data set, which does not
suggest a simple @trongassociation between these two species. At JST, Cu correlates
with Pb.

Other A component designated as fAothero is
PCA1, PNS PCA2, and YRPCA1 and PCA2, indicating variability at urban and near

urban (YRK) sites not otherwise represented by the major components (Table 2).

3.5.3 Intercomparisons and uncertainty

For PCA3 (Table S), the sum of alkanes, sum of aromatics, afuinene are

associated with the combustion component, whereas isoprene is associated predominantly
with the SQ component. The measured alkane and aromatic species are known
constituents of motor vehicle exhaust (Blanchard et al., 2010), consistentmatbile
sourcecontribution to the JST combustion component. Correlations betavperene

and CO, EC, and NQange from r = 0.5 to 0.6, mathematically associating these species,
but the physical processes underlying the correlation are ambiguousdasgna or

meteorological versus common source emissions). Isoprene and pinenes can be factors in
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Oz formation, and the association of isoprene with, 8auld arise from a common
seasonality or from atmospheric chemical processes generating SOA fromesopre
(Surratt et al., 2007; Xu et al., 204,B). Additional work is needed to more fully
interpret VOC species associations.

PCA4 and PCAGS yield consistent results whersdHdaily-average @are either

included or excluded from the analysis (Tabl&)S1

Therange of mean OC concentrations associated with each PCA compas@taine
from the various applicatioreze listedor CTR, JST, and YRKn Table 4.Uncertainties
in the mean OC concentrations@gated with each PCA component agtimatedas
one-half the ranges for CTR and JSJdo(nprising botlPCA and PMF applications) and
the full ranges for YRK (PCA applications only), which generally yield comparable

uncertainties.

A summary of our PCAL1 result®mparedo the 2012 2013 source apportionmeant
reported by Xu et al. (2015a; b) is shown in Taldé&7 through 3.9. For these

comparisos, we determined the PCA1 means by matching days to each of the Xu et al.
(2015a; bmulti-weekstudy periodsThe PCA1 combustion OC tends to compare in
magnituded AMS hydrocarboAike OA (HOA), biomass burnin@A (BBOA), cooking

OA (COA) (when one or more such factors are found) entoe-oxidized OA(MO-

OOA). The last correspondence would be expected to the extent th&@@AOncludes
oxidizedmotor vehicleexhaist, other anthropogenic combustion emissions, or biomass
burning (Xu et al.2015ap). As previously noted for CTR, PCA S@ssociated OC
concentrations and AMS isoprene OA concentrations exhibit nearly identical regression
relationships with S@concentations.Some dfferences betweemeanPCA SQ-

associated OC andeanAMS isoprene OA (converted to OC) percentage
apportionmentsire evidentn Tables ST through 99, however. Such differences appear
to result fromambiguities in linking PCA elements WiAMS designationg]ifferent

numbers of factors (affecting the percentagas)l differences in mean observed OA

(OC) concentrations. The SEARCH and AMS mean OC concentrations are comparable
for the CTR (SOAS) and YRK (wintedata For JST (summer), JSWinter), and YRK

(summer), the mean AMS OC concentrations exceed the mean SEARCH OC
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concentrations by 40%, 49%, and 85% respectively. The reasons for these differences are
unknown, butoperationally could be related to sampling and analytical methbés. T
SEARCH mean OC concentrations during itingdti-weekcomparison periods are

consistent with longetermaverages from 2012, 2013, and 200013 (Tables Sai

S19). Since SEARCH reports PMsize fractions and AMS is based on Pdite

fractions, higher MS PM mass concentrations are not expedt@edAMS component

appears to correspond to the PCA crustal @iich could relate to the difference in size
fractions sampled. The PCA crustal OC concentrations are generally small except during

occasional eventss previously noted.

Comparisons of our results to results reported by Kleindienst et al. (2010) are shown in
Figure S26Kleindienst et al. (2010) determined organic tramercentrations on
archivedsamples from the SEARCH Carbonaceous Aerosol Chaizatien Experiment
(CACHE) archive. Twenty samples were analyzed, five each from BHM, CTR, JST, and
PNS, collected during May (7, 13, 22, 28) and August (17), 2R@sndienst et al.,

2010) SEARCH OC measurements are made on filters from a sampler eetiuder

placed upstream to remove organic gases, whereas the CACHE sampler was not denuded.
The CACHE OC concentrations were ~5000% higher than the SEARCH OC
concentrations (Figur826, with a CACHE averag®©C concentration of.32ng nr3
compared wh SEARCH OC average df62ng nmi® whenrestricted to the 17 samples

that hadooth CACHE andSEARCH OC concentrationgleindienst et al. (2010)
accounted for ~70% of the measured CACHE OC concentnasiogll source types, So
thar apportioned OC conagrationsareroughly comparable to measured SEARCH OC
concentrations. The sum of the Kleindienst et al. (2010) diesel and wood burning OC
concentrations correlates highly & 0.83) and agrees in magnitude (intercept = 0; slope
= 1) with PCA2 combustio®C (Figure S26). Wood burning OC concentrations also
correlate highly &= 0.76) with PCA2 combustion OC, corresponding to =30% of

the combustion OC concentrations (Figure S@&}bb(Section 3.4rorrelates less well

(r? = 0.38)with wood-burning OC and OCbb concentrations average ~30% higher than
wood-burning OC concentrations (Figure S26). As previously noted, the fixed scaling
factor used for estimating OCbb from Kbb does not reflect the vhiryadonong source

types in OCbh{bb, nor does it rééct seasonal variability in their source contributions
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(Section 3.4)The modest correlation of OCbb withganic tracebasedvood-burning
OC concentrations is expectdde toemissionsource variabilitypverprediction of
wood-burning OC by OCbb is expted during summer months when the principal
biomass burningources (agricultural field burns, open burning of wadilesly
predominateand have lower OCbkKbb. The sum of the Kleindienst et al. (2010) diesel
and woodburning OC concentrations correlstgighly (¢ = 0.92) with OCbb and CO in

a multiple regression model (Figure SZ8)pporting combustion origins of OCbb.

3.5.4 Temporal variations

Temporal variations of the 1996-2013 PCAZ2 results are described here primarily for
CTR and JST, represimg (as in Table 1) one rural and one urban location having
extensive SEARCH data records. At JST,-d&yveek variations are evident for the
combustiorderived OC and for the OC associated with crustal species (Figdre S2
consistent with the occurrenoéweekly activity cycles for driving, construction, and
other anthropogenic emission sources.Daweek variations are not apparent for other
OC associations at JST or for any OC factors at CTR. Seasonal a@mekSaziated OC
exhibit pronounced monthlariations at both CTR and JST, with higher values ofi SO
associated OC and of CTR seasonal OC occurring during warmer months (Fidlires S2
and S3®). The patterns for CTR Siassociated OC (highest in July and August) and
seasonal OC (higher in spring asgtumn than in July) are not independent.

Mean annual combustietterived OC concentrations decline from 3.8 £ 0.2t0 1.4 £ 0.1
mg M between 1999 and 2013 at JST (Figures3®) 8nd from 2.9 + 0.4 to 0.7 + Orfy
m between 2001 and 2013 at BHM (not shown). Declining combustion OC
concentrations at the urban JST and BHM sites coincide with reductionst@f vehicle
emissiongluring this time periodJection 3.}, though these urban sites may also be
affected by industrial emissions. BHM additionally benefits from a decline in OC
associated with SGrom 0.4 + 0.041g nmi2in 2001 to 0.2 + 0.08y n73in 2013,

probably as a refiction of declining emissions from industrial sources within
Birmingham. In contrast, combustialerived OC at CTR does not exhibit a statistically
significant decline, equaling 1.5 + Oty m3in 1999 and 1.3 + 0.6 m3in 2013
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(Figures 4, 80). At CTR, downward OC trends are evident only fors%@d seasonal
OC (mean decreases of @ nm> and 0.7mg m3, respectively) (Figur&31). The OC
associated with S£at CTR exhibits declines during all seasons, with the weakest such

change in winter (Figure32).

The trend results are consistent with the combined effects of (1) regmalalreductions

of ambient S@and Q concentrations, (2) reductions of urban OC due to declining
mobile sourcé®C and VOC emissions, and (3) likely predominance of biomassy

OC at CTR (Hidy et al., 2014). Carb@otope measurements from 2004 show that fossil
carbon represented ~20% of CTR TC that year (Blanchard et al., 2011), indicating that
mobile sourcer otherfossil fuelemissions affect CTR to some extent. Erdeghhourly
concentrations of EC, OC, and CO at CTR are associated with winds from the directions
of Birmingham, Tuscaloosa, and Montgomery (Hidy et al., 2014). EC declined by ~0.3
mg m at CTR between 1999 and 2013 (Figure 1), suggesting an influenezbidé
sourceemission reductions that is possibly too modest to detect using our PCA methods
or is masked by annual variability momass burningmissions. For comparison, mean

EC concentrations at JST decrease by #f).47° (Figure 1), and the overaiiean EC at

JST (1.351g M) is ~4 times the overall mean EC at CTR ((@5m°).

The trends in mean annual OC from each identified species association indicate that
anthropogenic emission reductions decreased mean annuakarbanstiorOC

concentratios by 2.4ng m® at JST and at BHM (and, by inference, other metropolitan
areas in the Southeast), and indirectly decrease@®®Dseasonal OC by ~1.1 to 13

m throughout the southeastern U.S. between 1999 and 2013 (Figure 4). As of 2013, the
overallmean annual combustiaterived OC is 1.3 to 1.4g m3at CTR and JST,

whereas the sum of the mean annual &@ seasonal component OC is 0.4 ton@ 8n>

at CTR and JST (Figure 4).

3.6 Synthesis

Various apportionments of PMOC concentrationarepresented in Sections 3.1, 3.4,
and 3.5. These apportionments are compared and contrasted in this sditioargh the

apportionments utilize different methods, thisreverlg of inputs. For example, Kbb i
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1109 used as an input in the multivariate regressthat generaté p r i aom@anig carbon

1110 ( APOCO) andorigearciomn daa (Bamcmrd etfalS ZD@ph)discussed

1111 her e) , dsmaditing $perievdused in the CMB receptor modehsgshown in

1112 Table 5the apportionmentsxhibit areas ofgreement as well as certain differences.

1113 Bothare summarized using ratios of the values listed in Table 5. We report averages and

1114 ranges across the sites.

1115 Comput e d pededl® (64% 76%) of mean OC concentrations, whereas

1116 1A S O @present29% (2%6-3 8 %) . As nistheeQL thatiis 85aCiated with

1117 Osand SQ, whichconstitutea porti on of SOA. APOCO i s asso
1118 Kbb, but may include oxidized OC that would be identified as 8O#ther analyses. For

1119 the CMB analysis, OC deed from areaourcegprimarily biomass burning)nobile

1120 sources, and point sources is summed to generate combustion OC. CMB combustion OC

1121 is97% (73% 118 %) of APOCO; this | evel of agreemen
1122 receptor modedf Blanchard etal. (2013used APOCO as a fitting spe
1123 PCA1 and PCA2 OC components are combustion, seasonal, arasSiiated OC. The

1124 sum of these three componeisisfor PCA1L, 87% (60% 139%) of mean measured OC

1125 (the overestimateyt PNS, is balaned by negative crustal and salt componémésg. For

1126 PCAZ2, the sum of combustion, seasonal, ang&Sociated OC is 81% &% - 101%) of

1127 mean measured OOther PCA OC components contribute smaller amounts (Table 5).

1128 PCA1 and PCA2 combustia@ach repremnt 57% (8% 103% and 33% 85%,
1129 respectively) of CMB combustio@ther PCA factors, including SOmetals, and salts
1130 (possibly denoting biomass burning when represented by K) may be related to specific

1131 types of combustion sources.

1132 Thesecomparisons sugst that the OCbb concentratioms Bkely biased high by 6

1133 or more, with less evident biases at inland stsgecifically, OCbb is 99% (66%d.21%)

1134 of APOCO a ndl42%hod CMB @arédoléice OC concentrationst inland

1135 sites, OCbb is 96% (79%111%) of CMB areaource OC concentrations, indicating

1136 approximate agreememlthough multipleanal yses ( OCb)used KbPa3C o , PCA
1137 an input variable, OChbis calculated using fixed scaling factor between OC and Kbb.
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As described, uncertainty this scaling factor is estimated to generate a faufttnwo

uncertainty in OCbb.

4. Conclusions

Fifteen years of measurements of an extensive suite of gas and particle species at eight
SEARCH sites offer important insights into the sources of QAtha effects of
anthropogenic emission reductions on OA concentrations in the southeastern U.S. Five
analytical methods indicate that a major component (~45% on average, 1999 to 2013, all
sites; intersite range 25% to 63%) of OA derives from combustrtas, including

motor vehicle and biomass burning, at all urban and rural sites and throughout the year.
Reductions of emissions from combustion sources decreased overall mean annual OC
concentrations by 2.4g m?3at JST and BHM (and, by inference, thghout the Atlanta

and Birmingham metropolitan areas) between 1999 and 2013. OA is identified partly
with an SQ-OA relationship (~25% of OC, on average), which is consistent with
hypothesized isoprene oxidation pathways. OA is also partly identifiecbtiién

seasonal atmospheric processes, including atmospgieriochemicateactions (~20%

of OC, on average). Reductions of anthropogenic emissionsoN&®), and VOC

suggest a decreaseSu-associated OC and seaseoamponent OC concentrations by
~117 1.3ng m?3 between 1999 and 2013 throughout the SEARCH regigniying that

reductions of anthropogenic emissiaitect SOA concentrations.

As of 2013, the SEARCH mean annual combustierived OC concentrations are 1.3 to
1.4ng m* at CTR and JST~60% of total OC), while the mean annual OC
concentrations associated with the,2@d seasonal components are 0.4 ta19.87° at

CTR and JST (~35% and ~22%, respectively). Additional attention to OC from
combustion emissions could yield further redoies of PM.s OC concentrations, now
averaging ~2.%g m3 in the southeastern U.S. Since biomass burning is a major source
of OC emissions in the southeastern U.S., minimizingthedextentandtiming of

these emissions could help improve regionatjaality.

Additional work could improve quantitative assessments of source contributions. Carbon

isotope measurements of archived SEARCH samples are in process, and will provide
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further insight into the observed OA trends. Future research could alscefiapttie
sensitivity of the S@associated OC and seasonal OC to ongoing reductions of
anthropogenic S®NOx, and VOC emissions. Current research by many investigators is
better defining the role of naturally occurring VOCs, including isoprene. The S0QAS
SAS campaigns of JurieJuly 2013 helpdresolve uncertainties and ambiguities in OA
chemistry specific to that time period. Extrapolation of the steonb results to seasonal
and interannual time periods can be achieved thraugeranalyses of lng-term EC

and OC monitoring data.

Appendix: Measurement conventions and issues

Carbonaceous aerosol is conventionally divided into EC and OC, operationally defined
by measurement protocol, either by thermal differentiation or by light absorption (for
clarity, protocols based on light absorption typically report data asdigsbrbing carbon
[LAC] or black carbon [BC]and sometimes as brown carbon [Brn@ther than as EC).

EC is comprised of extended aromatic rings, and is characteristically refractory,
insoluble, chemically inert, and light absorbing (Cappa, 2011). EC derives from
combustion and is believed to be exclusively from primary emission sources, including
motor vehicles, other transportation sources, industrial processes, and vegetatian burnin
(Chow et al., 2010; Watson et al., 2011). OC is the carbonaceous component of OA and
refers here to specific measurements, such aslhidteed measurements made by
thermaloptical reflectance (TOR) (Chow et al., 2005; 2007a; 2007b). Combustion

sourceshat emit EC also emit OC.

Organic compounds that are directly emitted in the condensed phase are typically
identified as POA, whereas SOA commonly refers to organic material transferring from
gases to the condensed phase through chemical transformatrakidcu et al., 2005).
Gases of varying degrees of volatility may be oxidized and incorporated into the
condensed phase (Robinson et al., 2007; Huffman et al., Z0@9nical reactions may
take place in the condensed phase in the presence of watertrahpey by phase are

key elements of uncertainty in describing SOA (e.g., Carlton and Turpin, 2013; Nguyen
et al., 2015; IsaacmavianWertz et al., 2015Atmospheric chemical reactions involving

41



1197
1198
1199
1200
1201
1202

1203
1204
1205
1206
1207
1208
1209

1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221

1222
1223
1224
1225
1226

VOCs (Hallquist et al., 2009), especially including comutaiof intermediate volatility

(de Gouw et al., 2011), are known to generate oxygenated reaction products on time

scales of minutes to days. Secondary organic species may be associated with other

secondary species, such asoDSQ, either through a commalriver of photochemical

oxidation processes or due to direct chemical relationships; this is an active area of

research.

The initial aging of fresh, concentrated emissions begins with turbulent dilution seconds

after hot exhaust effluent enters into tdo®ler atmosphere. Fine particle evolution then

takes place more slowly oveominal~5-7 day lifetimes as particles are mixed and

transported, and | ost by deposition.

These

freshly emitted aerosol. The agipgpcesses can be chemical in nature, or may involve

physical processes as well, including absorption in clouds or precipitation followed by

hydrometeor evaporation.

The exceptions to the definition of SOA as material transferring from gas to condensed

phases through chemical transformation include: (1) volatile or-sehatile material that

condenses into aerosol without undergoing chemical transformation (Kanakidou et al.,

2005), (2) gases absorbed into hydrometeors, leaving residual aerosol on eMaporati

which might be understood as either POA or SOA depending on absence or occurrence of

chemical transformation (Kanakidou et al., 2005), and (3) material emitted in the

condensed phase that undergoes chemical transformation, possibly shifting moigple ti

between gas and aerosol, and that appears as oxidized compounds on analysis of aerosol

samples (Donahue et al., 2009). The last exception is especially ambiguous: such material

may be classified as POA in an emission inventory, but be identified aa&®Ading to

measurements designated as fAmore oxygenated

spectrometry (AMS).

Dilution sampling is routinely used to characterize exhaust emissions because it yields

estimates of EC and OC at temperatures characteristie aihbient atmosphere, but

further phase exchange of POA may be expected in the real world with ongoing dilution.

Photochemical chamber studies demonstrate that organic aerosol from hot exhaust

emissions (e.g., diesel engine exhaust) shifts from POA to @@#Anance typically
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1227  within one or more hours of phetixidation (Presto et al., 2014). The comparability of

1228 POA measurements from such studies to emission inventory estimatebitd source

1229 PM is poorly characterized. For modeling, a volatility basig\¢BS) provides more

1230 realistic diluted emission estimates by recognizing that POA spans a range of volatilities,
1231 and cannot be treated as entirely nonvolatile (Robinson et al., 2007; Donahue et al., 2009;
1232 Donahue et al., 2012).

1233 The mass concentrationsBC are approximately conserved from emission sources to
1234 receptor sites, whereas losses due to volatilization of certai &fglanic compounds

1235 readily occur. OA concentrations may increase as SOA forms not only from POA

1236 vaporization, subsequent reacti@ml condensation, but also, perhaps predominantly,
1237 from atmospheric reactions of gabase precursors. Organic mass (OM), which includes
1238 not only carbon but also other atoms (e.g., oxygen and hydrogen) that are components of
1239 OA, is not conserved. Therens accepted measure of aging in atmospheric aerosols, but
1240 some workers have adopted OM/OC as an indicator. As POA ages, the ratio of oxygen
1241 to-carbon typically increases, increasing the mass of OM. Aerosol aging can, therefore,
1242 increase both the OM/EC ratand the OC/EC ratio (by definition, EC concentrations are
1243 not expected to increase with the formation of species during aging). A graphical

1244  depiction of various categorizations of OA is shown in the supplement (Figure S1).

1245 Receptomodeling methods havdentified POA source types using measurements of
1246 conservative organic tracer species (Schauer et al., 1996), indicating that motor vehicles
1247 contribute ~ 2 to 4g M3 to annualaverage OC concentrations in Atlanta (e.g., Zheng et
1248 al. 2002; 2006). SEARCH thermal desportigas chromatograph mass spectrometer

1249 (TD-GC/MS) measurements suggest that 30 to 50% of the observed 2006 to 2010 OC
1250 trend in Atlanta, Georgia dBirmingham, Alabama could be due to changerabile

1251 sourceemissions (Blanchard et al., 2@)4These trends need not be entirely from

1252 changes in POA emissions; diesel SOA, for example, is an important component of
1253 mobile sourc®A (Presto et al., 20}4and is linked to EC and POA emissions. Aside

1254 from motor vehicle exhaust, biomass burning is a major source of EC and the largest
1255 source of OC emissions in the southeastern U.S. according to emission inventories, with
1256 little evidence for substantial trédetween 1999 and 2013 (Hidy et al., 2014). Carbon
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isotope {C) measurements at SEARCH sites indicate that on averager@toi of

OC is modern in origin (rural and urban sites), with ~40% fossil in Atlanta and ~60%
fossil in Birmingham during 2004nd 2005 (Blanchard et al., 2011). Together, the
measurements suggest the presence of a large moaldon contribution added to
downwardtrendingmobile sourceontributions (Hidy et al., 2014).

Significant emissions of VOC from vegetation, includingoisme and terpenes, occur in
the southeastern U.S. and represent a major, and possibly a dominant, source of SOA
(Goldstein et al., 2009). Although incompletely quantifi@®A derived from

anthropogenic and biogenic VQ€oducst has been estimated to b&6 to 60% of the

OA observed in the southeastern URable S}, varying among samples and especially
by season (Lim and Turpin, 2002; Zheng et al., 2006; Saylor et al., 2006; Blanchard et
al., 2008). Field and laboratory work over the years has refireedhiemical pathways,

with evidence for both aqueous and-gasse chemistry. Grouddvel filter samples

from southeastern sites have yielded expected tracers off@@ation chemistry from
biogenic precursors (Gao et al., 2006; Surratt et al., 200 €ttal., 2010; Hatch et al.,
2011a; 2011b). The presence of naturally occurring VOCs, modulated by temperature
and solar radiation, is expected to be roughly constant over a period of years, suggesting
a near constant level of biogenic SOA. However, isoprconcentrations appear to have
increased at Atlantarea sites between 2002 and 2012 (Hidy et al., 2014); the reason for,
and significance of, this trend for SOA trends in the Southeast is unclear. Interaction of
biogenic and anthropogenic emissionsepailly affect SOA formation (Weber et al.,

2007; Shilling et al., 2012; Xu et al., 2@ 5s0 biogenic SOA trends could result from

anthropogenic emission reductions.

Determination of the fraction of OC not directly attributed to sources is complicated
both the influence of atmospheric processes on emissions and the methods of
measurement of OC or its components. The processing of atmospheric aerosols is
exceedingly complex as a result of the chemistry of volatile anevolatile carbon
emissions amhinteractions betweechemical and meteorologicatocessesn multiple
time and space scales. Advancing knowledge about the S@@boent has been

inhibited bythe lack of chemical detail in lorigrmobservationgnd the shorterm
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application of moreacent measurement methollkeasurements of atmospheric organic
carbon as POC and SOC refer to operational definitions, including those in Figure S1.
Historically, measuremestof OC and EC have relied on filter sampling and subsequent
analysis for OC cortguents in the laboratory. The filter sampling and recently

introduced continuous methods provide different data for EC and OC as well as some
identification of constituents resolved in space in time. However, their quantitative
comparison remains probhatic as indicated ithis study.Continuing research,

including method comparisons, and expanded detailed atmospheric observations will be

required to resolve these uncertainties.
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4.664 + 0.090

5.264 + 0.150

4.099 £ 0.125

4.283 + 0.135

4114 +0.077

3.852 + 0.093

2.828 + 0.155

2.774 +0.128

2.870 £ 0.095

2.934 +0.110

2.78

3.17

3.24

291

3.11

3.65

3.19

2.30

3.9

3.97

3.97

3.05

1684
1685
1686

a. Uncertainties are erstandard error of the means. OC/EC is computed as ratios of means.
Propagation of errors yields one standard error of OC/EC ranging from 0.30 to 0.49 for CTR (mean
0.41) and 0.10 to 0.29 for JST (mean 0.16).

1687 b. W = Dec, Jan, Feb; Sp = Mar, Apr, May; SurJJul, Aug; A = Sep, Oct, Nov
1688
1689

1690
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1691 Table 2. Species associated with each PCA factor (component). Component names are
1692 keyed to the species. Three species are listed in decreasing order of association for
1693 associations of 0.6 or greater (@.6 or smaller)Negative values indicate anti
1694 correlation. COand SQ* are thour daily maximum CO and SQrespectively. & is &
1695 hour daily maximum @ PCAL, 2008 2013; PCA2, 1999 2013. N = number of days.

PCA Site N Combustion  Crustal Seasonal SO SOs Metals Salt Other

1 BHM 364 CO,NQ,OC Al Si NOs SO, S@ NH4, SO Zn,Cu,Fe K NO,

1 CTR 383 EC,0OC,CO SiFe,Al NHs SO, SO* SO, NH:s  Cu,Zn Na, Cl, Mg

1 GFP 100 CO,CO,NO: Si,Fe,Al  Og NHs SO, SO* NHa, SO Cl,Na,Mg Ca

1 JST 516 CO,NQ,EC SiAl,Fe Oz NHs-NOs SO S NHs SO K,Cl,Mg Na

1 OAK 100 CO,CO Fe A,Si  NHs O SO, S@ SO, NHs NOy, Cu, Na, Cl, Mg

NOz, Zn

1 OLF 327 NO,CO,EC Si,AL,Fe  NHs O SO, SO* SO, NHs  Cu  Na, Mg, Cl

1 PNS 44 CO,NQ,EC Si, Al Fe Oz SO, SO* NHa, SO Na, Mg, Cl

1 YRK 426 NO, NO; CO Si,Fe,Al O OC,EC SO* S SO,NHs Cu Na ClL,Mg Zn

2 BHM 1513 CO,CO,NO« Al Si 03 O -NOs SO SQ NH4, SO Zn, Cu, Fe

2 CTR 1258 OC,EC,CO Si, Fe, Al 0s%, O3 SO, NO, SOy, NHa  Cu

SO
2 GFP 376 CO,CO,NQ SiFe, Al O3, OF SOX S NHs, SO Cu, Zn
2 JST 2593 CO,CO,NO« Si,Al,Fe NOs -0 -Os SO SQ NHs SO,  Cu
Os*
2 OAK 707 CO4,CO,EC Si Fe, Al Os, OF SO*, SQ SO, NHis  Cu, Zn
2 OLF 948 CO,CO,NQ Si Fe, Al Os, OF SO, S@& NH4, SO,  Zn, Cu
NO;

2 PNS 445 EC,CO,NQ Si, Al, Fe Oz, 03 SO, NHs SO, SQ Cu NO;

2 YRK 1435 CO, NO, NOs; Si, Fe, Al O, SQi, Oz, NHs SO, SO Cu Zn
1696
1697
1698
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1699 Table 3. Mean OC concentrations associated with compordaritified by PCA1 (2008
1700 71 2013) and PCA2 (19902013).NS = not statistically significant, NA = not applicable
1701 (component not present in PCA). Units agenis. Standard errors of the means ranged

1702 from 0.003 to 0.09g 3 (up to 0.251g mi3 for PNS P@1).

PCA Site N Combustion  Crustal Seasonal SOz SO Metals Salt Other

1 BHM 364 1.36 0.09 0.40 0.35 0.45 0.15 0.14 0.10
1 CTR 383 1.28 0.26 0.56 NS 0.33 NS NS NA
1 GFP 100 0.95 NS 0.45 0.15 0.25 NS -0.41 0.62
1 JST 516 1.09 0.16 0.49 0.07 0.27 NA 0.64 0.11
1 OAK 100 0.40 NS 0.50 0.37 0.53 0.32 -0.27 NA
1 OLF 327 0.74 -0.08 0.52 0.16 0.27 NS -0.09 NA
1 PNS 44 1.95 NS 0.33 NS 0.56 NA -0.63 NA
1 YRK 426 0.14 0.14 1.09 NS 0.26 0.16 0.15 0.47
2 BHM 1513 1.60 0.19 0.47 0.38 0.57 0.48 NA NA
2 CTR 1258 1.50 0.12 0.69 NS 0.66 NS NA NA
2 GFP 376 0.72 0.14 0.37 0.21 0.50 0.25 NA NA
2 JST 2593 2.58 0.32 0.08 NS 1.0 0.13 NA NA
2 OAK 707 1.50 NS 0.47 NS 0.59 NS NA NA
2 OLF 948 0.81 -0.08 0.25 0.09 1.02 0.20 NA NA
2 PNS 445 1.55 NS 0.45 0.17 NA NS NA 0.36
2 YRK 1435 0.76 0.20 1.4C¢ 0.05 NA 0.39 NA 0.29

1703 a. OLF PCA1 and PCA?2 crustal and PCA1 salt OC mean concentrations are negative due to inverse

1704 associations of OC with crustal and salt components at OLF (Tables S7 and S12).

1705 b. JST PCA2 seasonal OCassociated with N JST PCA2 S@component includes OC associated

1706 with Oz (Table 2).

1707 c.PNS and YRK PCA2 seasonal components include OC associated wi(fizile 2).

1708

62



1709
1710
1711
1712
1713
1714
1715
1716

Table 4. Ranges of mean OC concentrations associated with each PCA component. The
time period is 2009 2013. For each site, multiple methods were compared using a
common set of days. For CTR (6 methpdoth the standard deviatiand onehalf the

range of component mean concentrations are shown. For JST (3 methodsg)lf tme

range ofcomponent mean concentrations is shown. For YRK (2 PCA methods), ranges
are shown. YRK ranges are smaller than ranges for CTR and JST because no PMF
analyses were carried out for YRK. Tlaegerranges for CTR and JSbmpared with

YRK reflectthelarger dfferences between PCA and PMF.

Component

CTR? JST° YRKS®

Range/2 Std Dev Range/2 Range

Range/2 (% of Std Dev (% of Range/2 (% of Range (% of

(mgm3) mean) (ngm3 mean) (mgm°) mean) (mgm°) mean)

Combustion 0.44 18 0.30 12 0.34 12 0.34 14

Crustal 0.09 4 0.07 3 0.11 4 0.09 4

Sulfate 0.15 6 0.11 4 0.19 7 0.26 11

Seasonal 0.36 15 0.25 10 0.43 15 0.12 5

SO 0.03 1 0.03 1

Metals 0.07 2 0.04 2

Salt 0.33 12 0.16 7

Other 0.05 2 0.16 7

1717
1718
1719

1720
1721

a. Mean OC = 2.43rg mi3, n = 383 days, number of methods = 6 (4 PCA, 2 PMF)
b. Mean OC = 2.8%g m3, n = 398 days, numbef methods = 3 (2 PCA, 1 PMF)
c. Mean OC = 2.40rg mi3, n = 426 days, number of methods = 2 (2 PCA)
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1722 Table 5. Mean OC concentrations determined for the periodi2Q083 using four
1723 anal yti cal approaches: (1) mul thadetali, at e regr
1724 2008), (2) calculation of OCbb from Kbb tracer, (3) PCA and PMF analysis, and (4)
1725 CMB receptorimodeling (Blanchard et al., 2013, updated). Row indentations indicate
1726 subcategories. Units ang nT° unless specified as %.
Component BHM CTR GFP JST OAK OLF PNS YRK Unc?
OC (mean measured) 291 241 191 286 184 181 206 2.33 0.05
i POTO 185 1.78 140 212 135 136 157 161 25%
OCbb 158 160 164 140 163 162 177 1.37 2X
PCA1 Combustion 1.36 1.28 095 1.07 040 085 195 0.13 0.3-06
PCA2 Combustion 1.09 147 045 183 087 060 1.26 0.49 0.3-0.6
PMF Combustion NA 103 NA 122 NA NA NA NA 0.3-0.6

CMB Combustion Total 2.54 152 133 216 142 147 189 1.49 0.87

CMB Area Sources 201 144 115 150 135 134 168 135 20-33%
CMB Mobile Diesel 0.20 0.02 0.05 0.27 0.01 0.05 0.04 0.04 13-31%
CMB Mobile Gas 0.29 0.03 0.10 034 0.03 0.05 0.15 0.06 17-41%
CMB Point Sources  0.05 0.02 0.02 0.05 0.02 0.03 0.03 0.04 5-6%

PCAL Crustal 0.09 0.26 0.00 0.15 0.00 -0.14 0.00 0.14 0.09-0.11
PCA2 Crustal 0.20 0.12 0.17 035 0.00 -0.06 0.00 0.22 0.09-0.11
PMF Crustal NA 0.09 NA 017 NA NA NA NA 0.09-0.11
CMB Dust 0.09 0.02 0.04 0.03 0.03 0.02 0.04 001 9-22%
fi SOTo 1.10 0.66 056 0.75 048 048 0.50 0.77 25%
PCAl SeasonaBulfate 0.85 090 0.70 0.76 1.03 1.00 090 126 0.3-05
PCAL Seasonal 039 057 045 049 050 0.71 033 1.00 0.1-04
PCAL Sulfate 045 033 025 0.27 053 029 056 026 0.2-0.3
PCA2 Seasonal+Sulfate 0.92 095 081 0.76 099 093 041 086 0.3-05
PCA2 Seasonal 051 053 040 005 040 0.28 041 086 0.1-0.4
PCA2 Sulfate 042 042 041 071 058 065 0.00 0.00 0.2-0.3
PMF Seasonal+Sulfate  NA  0.77 NA 132 NA NA NA NA 0.3-0.5
PMF Seasonal NA 049 NA 086 NA NA NA NA 0.1-0.4
PMF Sulfae NA 028 NA 046 NA NA NA NA 0.2-0.3
N days (2008 2013, varies 366- 383- 100 443- 100- 327- 44- 426-
by analysis) 1313 606 -280 787 206 598 162 585
1727 a. Uncertainty for mean measured OC is 1 standard error of the theegrtainties
1728 for PCA andPMF are taken from Section 335Uncertainty for CMB combustion
1729 total is RMSE across sites and years, where error is defined as the difference
1730 between predicted and observed concentrations. Uncertainty for CMB
1731 components is based on uncertainties in imjuid across alternative versions of
1732 the model expressed asigma % of prediction (Blanchard et al., 2013).
1733 b. APOCO is the sum of OCKbasSOCOaisdtwith uBC
1734 OC associated with£and SQ. i PiSu€ed as a fitting speciesGMVB.
1735
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1736

1737

1738
1739
1740
1741
1742

1743

1744
1745
1746
1747

1748

1749
1750
1751
1752

1753

1754
1755

1756
1757

Figure Captions

Figure 1. Seasonal mean EC and OC concentrations at CTR and JST. All correlations
among the four time series are statistically significant (p < 0.05): CTR EC and OC, r =
0.68 (95% CI1 0.52 0.80); JST EC and OC, r =0.87 (95% CI 0i™®92); CTR EC and
JSTEC, r=0.76 (95% CI 0.620.85); CTR OC and JST OC, r =0.68 (95% CI Q.51
0.79).

Figure 2 Statistical distributions of the ratio OM3IC computed for daihaverage
measurementst SEARCH sites, 20002013.The distributions lsow the 18, 253", 50",
75" and 96 percentilesOM* is the sum of measured OC and the computed difference

of PM2.s mass minus the sum of measured species concentrations.

Figure 3. Monthlyaverage measured Qéblid blue linejand computetiomass brning
OCbb(solid green line with surrounding shaded area indicating estimated uncémainty
CTR.Trends in OQdashedlue line)are statistically significant (p < 0.05); trends in
OCbb(dashed greeline) are not statistically significant.

Figure 4.Trends in source contributions to OC at CTR and JST determined from PCA2
for 1999- 2013
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1787 Table S1. Aggregated estimates of composite OC and SOA (SOC) from various regional
1788 andlocal studies in the southeastern US using different methodologies. Unless otherwise
1789 stated, SOA (SOC) includes isoprene products and other products from reactions
1790 involving terpenoids and anthropogenic VOCs. Averages reported are shown for time
1791 periods isted. Investigators have used different terminologies with analytical methods
1792 (e.g., Figure S1), and analyses over different time periods, so that comparison of the OC
1793 percentages is necessarily qualitative to illustrate a range of SOC fractions, gcludin
1794 natural components. A detailed comparison of methods, time periods, and analysis
1795 limitations is not attempted within the scope of the present study.
Investigators Time Method? Rural Urban Comments
Period SOC %0C SOC %0OC and Notes
or or
SOA SOA
(Mg (Mg
m®) m®)
Lim and Turpin Summer EC Tracer - - 8.3 46 gegfession by
eming
(2002) 99 method ATL
(JSTY
Saylor et al. 02 EC Tracer 1.1 30 1.8 32 Regression by
(2006) York method
ATL, BHM;
CTR,YRK
Zheng et al. Sept 03 CMB-MM OA- 5.7 34 6.5 36 (Eé_H”l\?/I,S%T(I:_;
may
(2006) Jan04  POA e POA
Gao et al. June 04 Filter MS-GC 0.3 9.1 0.2 6.3 éSTL tBT'\I/I;
. olal
(2006) tracer; LCMS identified OA
as SOA; mostly
terpene
derivatives
Weber et al. June 04 Filter WSOC -- -- 2.8 58 g(lj_;A—wsoc
(2007) estimated 70 ’
80% biogenic)
Yu et al. (2007) <06 Semiempirical - - 1.0r 35 Sem?emp;ical
. continent
regional EC tracer Southeast 7
sites GA, AL,
SouthTN
Ding et al 04-05 CMB-MM; *4C 0.6 78 2.3 669 (SS%(SbSS"
+
(2008) (S0G) (SOG) contemporary
(SOG) (SOQ) BHM,ATL;
CTR
Blanchard et al. 01-04 EC tracer; -- 36-41 -- 15-48 ﬁgtugﬁl\im-
2008 regression; mass ' ;
( ) bagljance'l“'Cb CTR; range
) depends on
method used
Kleindienst et 05 Filter GCMS 2.37 42 2.08 20 BHM, CTR
al. (2010) tracer; SOC mass (Sr(e)pAO)rtEd as
fraction from lab.
study
Chan et al. Aug-Sept Filter GCMS 0.1-1.4 (10.7 0.1-0.9 (7.4 ATL YRK;
(2010) 08 GCToFMS/tracers isoprene) isoprene) €stimates from

sum of isoprene
products or
from

Kleindienst et
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Zhang et al.
(2010)

Blanchard et al.

(2013)

Budisulistiorini
et al (2013)

Lin et al (2013)

Lewandowski
et al. (2014)

Xu et al.
(201%, b

Liao et al.
(2015)

Hu et al (2015)

Kim et d.
(2015)

This study
(2015)

02-11

Summer
11

Summer
10

May-
Aug 05

JuneJuly
13
(SOAS);
~1yr
(12-13
SCAPE)

May-
June 12

JuneJuly
2013

Summer
fall 13

00-13

Filter WSOC -- --

Integrated gas -- --

particle CMB

ACSM (AMS) -- --

Filter GGEI-MS - (12-19
isoprene)

Filter GCMS 2.37 36

tracers; SOC mas

fraction from lab

study

HRToFMS and 4.5 89

ACSM (18
isoprene)

(NOAA) PALMS -- (2.2

IEPOXS04)

AMS low NOXx -- (17 IEPOX

(Quant. PMF of S0O4)

AMS signal)

Various air -- 60

ground meas./

modeling

Tracer/mass 2.9 39

balance/PCA

1.8

1.8

9.1

3.9

56

45

82
(33
isoprene)

17

69
(21
isopren€)

26

al. traeer (day
night
separation)

15 sites in
Southeast (light
absorbing
WSOC=SO0C)
ATL composite
OA =4 ug/m3
exclude
unaccounted
for mass

ATL. Mostly
correlations
between
identified
components of
aerosol mass
from PMF
YRK; OM%
isoprene
derivatives
only; both low
and High NOx
contributions
ATL, BHM,;
CTR;
differentiates
biogenic SOC
from
anthropogenic
SOC

ATL, CTR,
(summer);
PM1; OAD
segregated with
SOA sum of
LO-O0A, MO
OOA ; seasonal
isoprene OA
only in
summer;
particle nitrate
OA discussed
Aircraft near
ground values
IEPOX-SO4
only

Includes detils
of IEPOX SO4
estimation,
notes biomass
burning
ambiguity.
Integration of
ground and
aircraft obs.in
SE. Values
represent 1.8
km altitude;
biogenic
includes
isoprene and
terpenoid
derivative®
anthropogenic
SOA excluded
CTR, ATL;
SOC based on
PCA1; SOC=
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using SEARCH seasonal and
carbon and ngtlributions
associated data

e A A A
0000000000~~~
OO OOOOOO©
RORFROWO0~I0

B e
00 00 0000
o O OO
o < oG

“Methods include analytical techniques, air quality modeling and data analysis and interpretation. Irettaimienainalysis includes
thermal differentiation for OC and BC, gas chromatogiptass spectroscopy (GCMS, high resolution time of flight mass
spectroscopy (HRToFMS), water extraction and liquid chromatogragss spectroscopy, aerosol mass spectrggedgs),

carbon isotope analysis, particle analysis laser mass spectrometer (PALMS), and aerosol chemical speciation monitor (ACSM).
bData set included SEARCH public archives.

‘Southeastern region (15 monitoring sites for OC and EC) stated in urbaorgabed includes rural sites.

YReported as pgC/i estimates of SOC mainly isoprene and monoterpene derivatives

fThe SEARCH network sites included in studies were Jefferson Street, Atlanta, GA (JST or ATL), Centreville, AL (CTR)Yorkvill
GA (YRK) andBirmingham, AL (BHM). A site locator map and description is found in Hidy et al. (2014).

Parentheses isoprene derivative component of OC or OA (OM) only from AMS assignment.

9%0C is calculated as sum of fossil and contemporary SOC; values averageipgeafmns
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1809
1810
1811
1812
1813
1814
1815

1816
1817
1818

Table S2. Primary air pollutant emissions within AL, GA, MS, and NW FL in 2013.

Units are 1000 metric tons per year. Pjdpecies were determined from NEI emissions

of PM2s mass using SPECIATE or from the EPA MOVES model (EC and OC frem on
road diesel and gasoline). Zero values indicate emissions less thhalbthe smallest
reported significant figure (1 or 0.1 thousand metric tons). Source categories are defined
in Blanchard et al. (2013).

Speciated Pl¥s Emissions

Sector CO NOx EC OC K Al Ca Fe Si SO VvoC
Agriculture 0 0O 00 11 08 33 09 21 91 0 0
Area 294 11 39 164 24 0.0 0.0 0.0 0.1 0 246
Vegetation & soil 526 43 00 00 0.0 0.0 0.0 0.0 0.0 0O 5008
Commercial 5 7 01 01 00 0.0 0.0 0.0 0.0 4 0
Dust 0 0O 03 63 16 45 6.6 40 145 O 0
EGU 25 98 0.1 0.2 0.0 0.2 0.2 0.1 0.4 247 2
Fires 1996 39 8.1 89.0 2.7 0.2 03 0.1 02 16 314
Industrial 155 162 13 48 0.7 08 04 04 23 110 132
Nonroad 686 147 52 24 0.0 0.0 0.0 0.0 0.0 3 107
Residential 35 10 0.3 24 0.0 00 0.0 0.0 0.0 0 6
Onroad diesel 43 125 41 14 0.0 0.0 0.0 0.0 0.0 0 10
Onroad gas 1129 133 0.3 1.3 0.0 0.0 0.0 0.0 0.0 1 60
Sum 4893 775 24 125 8 9 8 7 27 382 5886
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1819

1820 Table S3. Correlationsgramong mean OC, EC, and Siased on annual, seasoraaid
1821 monthly averaging periods and on daily measurements. Summer is defined as June
1822 through August, winter is December through February, autumn is September through
1823 November, and spring is March through May.

Daily
All Daily Daily- Daily-
Monthly- Monthly- (n= 200913 Jan July
Annual Season¢Monthly Winter Summer 1382 (n=11C(n= 10€(n = 15C

Site Pair (n=15) (n=60) (n=180) (n=45) (n=45) 3993) -558) -338) -345)
BHM OCEC 0931 0.856 0.803 0.841 0.696 0.719 0.692 0.836 0.553
BHM OCSO4 0.843 0.425 0.331 0.305 0.690 0.211 0.127 0.057 0.514
BHM ECSO4 0.834 0.349 0.258 0.219 0.603 0.135 0.046 0.064 0.362
CTR OCEC 0.736 0470 0.508 0.653 0.402 0.648 0.602 0.805 0.533
CTR OC-SO4 0.772 0.492 0.350 0.293 0.360 0.181 0.181 0.024 0.520
CTR ECSO4 0.846 0.317 0.223 0.311 0428 0.166 0.104 0.051 0.561
GFP OCEC 0.894 0.749 0.718 0.689 0.711 0.680 0.708 0.712 0.541
GFP 0OCSO4 0.730 0.181 0.158 0.086 0.554 0.166 0.112 0.057 0.361
GFP ECSO4 0.801 0.054 0.054 0.146 0.487 0.084 0.086 0.097 0.189
JST OC-EC 0910 0.762 0.706 0.756 0.537 0.645 0.668 0.661 0.343
JST O0OCSO4 0.854 0.276 0.191 0.350 0.552 0.099 0.084 0.144 0.365
JST ECSO4 0.876 0.200 0.153 0.315 0.680 0.076 0.019 0.174 0.335
OAK OCEC 0.731 0.666 0.647 0.904 0.397 0.842 0.594 0.964 0.6
OAK 0OCS0O4 0.702 0.110 0.129 0.257 0523 0.060 0.066 0.016 0.402
OAK ECSO4 0.591 0.004 0.021 0.332 0.483 0.052 0.037 0.026 0.359
OLF OCEC 0.840 0.701 0574 0673 0517 0.590 0.684 0.748 0.520
OLF O0OCS0O4 0.721 0.361 0.316 0.321 0.651 0.238 0.103 0.100 0.559
OLF ECSO4 0.875 0.349 0.223 0.239 0.800 0.168 0.036 0.121 0.342
PNS OCEC 0.930 0.858 0.767 0.770 0.539 0.724 0.902 0.779 0.490
PNS OCS0O4 0.568 0.006 0.030 0.089 0.700 0.088 0.043 0.024 0.569
PNS EGCSO4 0.592 0.000 0.002 0.059 0.679 0.041 0.050 0.024 0.307
YRK OCEC 0839 0.636 0546 0.774 0.489 0.554 0.651 0.705 0.413
YRK OC-SO4 0.800 0.619 0.451 0454 0568 0.304 0.215 0.104 0.502
YRK ECSO4 0.764 0.414 0.293 0.453 0.782 0.253 0.097 0.096 0.391

1824
1825
1826
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1827 Table S4. PCA1 and PCA2 orthogonal tastfor SEARCH BHM daily data. PCAl: n =
1828 364, variance explained = 78%. PCA2: n = 1513, variance explained = 77%.

PCAl Combustior Crustal Seasonal SO SOy Metals Salt Other
CO 0.817 0.058 0.12 0.171 0.164 0.156 0.001 0.288
CO_max1 0.619 0.144 0.058 0.284 0.16 0.062 -0.039 0.323
NOx 0.806 0.069 0.285 0.065 -0.034 0.295 -0.029 0.188
EC 0.744 0.068 -0.091 0.321 0.16 0.155 0.051 0.137
ocC 0.784 0.063 -0.159 0.238 0.315 0.087 0.122 0.073
NO;, 0.409 0.062 0.127 -0.011 -0.007 -0.044 0.021 0.631
K 0.223 0.054 -0.035 -0.019 0.128 0.005 0.814 0.095
Al 0.106 0.949 -0.036 -0.063 0.006 0.078 0.06 0.016
Si 0.135 0.86 -0.069 0.116 0.048 0.3 0.105 0.21
Fe 0.394 0.373 0.186 0.002 0.043 0.677 -0.056 -0.135
Ca 0.237 0.199 -0.02 0.256 0.274 0.17 0.19 0.552
0O;_max8 0.282 0.062 -0.577 0.197 0.486 -0.112 -0.055 0.08
NH3 0.552 0.129 -0.395 0.087 0.284 0.078 0.101 0.022
NO3 0.144 -0.044 0.833 0.028 0.122 0.06 -0.048 0.108
SO, _maxl 0.296 -0.012 -0.055 0.861 0.168 0.01 0.037 0.08
SO 0.389 -0.002 -0.013 0.828 0.187 0.086 0.012 0.101
NH4 0.198 -0.03 0.117 0.122 0.945 0.017 0.018 0.047
SOy 0.111 0.056 -0.088 0.137 0.929 0.07 0.108 0.072
Na -0.108 0.255 0.289 0.376 -0.051 -0.026 0.417 -0.266
Cl 0.649 -0.034 0.306 -0.001 -0.178 0.221 0.306 -0.106
Mg -0.12 0.184 -0.116 0.161 0.013 0.527 0.544 0.426
Cu 0.399 0.137 0.072 -0.083 0.068 0.761 0.081 -0.124
Zn 0.083 0.052 -3.25E04 0.106 0.001 0.858 0.015 0.188
PCA2 CombustionCrustal ~ Seasonal SO, SO Metals

CO 0.91 0.054 -0.127 0.14 0.062 0.212

CO_max1 0.815 0.12 -0.066 0.188 0.053 0.109

NOx 0.81 0.035 -0.264 0.116 -0.169 0.306

EC 0.758 0.082 0.094 0.228 0.136 0.28

ocC 0.745 0.068 0.195 0.148 0.303 0.204

NO; -0.159 0.07 0.02 0.085 0.493 0.1

nsK 0.7 0.312 0.054 0.177 0.145 -0.043

Al -0.036 0.921 0.105 -0.038 -0.036 -0.017

Si 0.309 0.894 0.075 0.109 0.028 0.126

Fe 0.289 0.566 -0.029 0.104 0.04 0.653

Ca 0.334 0.557 0.033 0.119 0.134 0.428

O3 _max8 0.267 0.086 0.78 0.101 0.422 -0.01

O3 _24hr -0.042 0.004 0.823 0.019 0.39 -0.091

NOj3 0.197 -0.077 -0.751 0.04 0.263 0.009

SO, _max1 0.307 0.062 0.038 0.908 0.121 0.058

SO 0.482 0.088 -0.001 0.793 0.196 0.129

NH4 0.285 0.002 0.05 0.075 0.905 -0.04

SOy 0.26 0.072 0.204 0.081 0.854 -0.002

Cu 0.145 -0.02 -0.031 -0.012 -0.018 0.72

Zn 0.224 0.14 -0.047 0.112 0.083 0.764
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1830 Table S5. PCA1 and PCAZ2 orthogonal factors for SEARCH CTR daily data. PCAl1: n =
1831 383, variance explained = 79%. PCA2: n = 1258, variance explained = 79%.

PCAl Combustior Crustal Seasonal SO SOy Metals Salt Other
CO 0.7 -0.14 -0.118 0.194 0.205 0.238 -0.132
CO_max1 0.669 -0.066 -0.158 0.144 0.177 0.049 -0.108
NOx 0.238 -0.094 -0.531 0.453 -0.152 0.361 -0.197
EC 0.794 -0.017 0.132 0.111 0.145 0.141 -0.081
ocC 0.784 0.169 0.348 0.011 0.196 -0.002 -0.037
NO;, 0.566 -0.016 0.055 0.487 0.19 0.342 -0.053
K 0.769 0.085 0.095 -0.064 0.017 0.021 0.163
Al -0.037 0.951 0.018 -0.103 -0.054 -0.127 0.077
Si -0.053 0.963 0.057 -0.07 -0.036 -0.109 0.092
Fe 0.057 0.955 0.044 0.065 0.08 0.064 0.084
Ca 0.088 0.51 0.065 0.231 0.256 0.199 0.186
0O;_max8 0.395 -0.068 0.593 0.299 0.231 0.255 -0.117
NH3 0.409 0.148 0.689 -0.025 -0.092 0.121 0.058
NO3 0.27 -0.046 -0.535 0.308 -0.057 0.297 0.219
SO, _maxl 0.041 0.01 0.011 0.902 0.066 -0.06 -0.076
SO 0.141 0.024 -0.102 0917 0.142 0.051 -0.078
NH4 0.305 0.011 0.014 0.145 0.893 0.117 -0.051
SO 0.254 0.091 0.077 0.073 0.927 0.01 -3.62E04
Na -0.039 0.046 0.022 -0.025 0.018 -0.012 0.883
Cl -0.083 0.027 -0.085 -0.097 -0.023 0.084 0.86
Mg 0.01 0.352 0.026 -0.065 -0.049 -0.109 0.791
Cu 0.032 -0.004 0.068 -0.094 0.025 0.791 -0.033
Zn 0.293 -0.042 -0.081 0.173 0.107 0.741 0.047
PCA2 CombustionCrustal ~ Seasonal SO, SO Metals

CO 0.682 -0.139 0.016 0.446 0.045 0.234
CO_max1 0.715 -0.082 0.017 0.397 0.002 0.169

NOx 0.173 -0.074 -0.211 0.836 -0.025 0.039

EC 0.728 -0.044 0.217 0.189 0.357 -0.012

ocC 0.765 0.057 0.311 -0.012 0.347 -0.105

NO; 0.37 -0.017 0.522 0.41 0.222 0.035

nskK 0.741 0.26 0.19 0.023 -0.001 -0.056

Al -0.03 0.936 -0.133 -0.169 -0.061 -0.021

Si 0.005 0.967 -0.039 -0.133 -0.024 -0.067

Fe 0.063 0.952 0.026 0.078 0.077 0.081

Ca 0.069 0.575 0.383 0.287 0.049 0.086

O3 _max8 0.244 9.53E07 0.862 -0.014 0.333 0.016

O3 _24hr 0.204 -0.021 0.879 -0.089 0.269 0.016

NOj3 0.231 -0.021 -0.27 0.614 0.083 0.063

SO, _max1 0.038 0.012 0.2 0.808 0.058 -0.203

SO 0.103 -0.001 0.208 0.878 0.09 -0.162

NH4 0.233 -0.007 0.281 0.166 0.897 -0.038

SOy 0.137 0.031 0.289 0.038 0.917 -0.047

Cu 0.009 0.025 -0.003 -0.163 -0.091 0.852

Zn 0.243 0.053 0.18 0.587 0.11 0.496
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1832 Table S6. PCA1 and PCA2 orthogonal factors for SEARCH GFP daily data. PCAl: n =
1833 100, variance explained = 79%. PCA2: n = 376, variance explained = 79%.

PCAl Combustior Crustal Seasonal SO SOy Metals Salt Other
CO 0.927 -0.083 0.17 0.005 0.044 -0.133 0.103
CO_max1 0.915 -0.035 0.112 -0.044 -0.045 -0.165 2.63E04
NOx 0.904 -0.015 -0.06 0.212 -0.162 -0.074 0.033
EC 0.753 -0.068 0.262 0.042 0.266 -0.21 0.251
ocC 0.554 -0.066 0.389 0.111 0.201 -0.282 0.4
NO;, 0.45 0.087 0.421 0.031 0.306 -0.007 0.132
K 0.342 -0.083 0.35 -0.049 0.212 0.214 0.608
Al -0.105 0.98 -0.001 -0.033 0.047 0.072 0.056
Si -0.083 0.985 0.021 -0.029 0.041 0.05 0.06
Fe 0.124 0.98 0.02 0.032 0.039 0.033 0.043
Ca 0.059 0.195 -0.066 0.002 -0.051 -0.042 0.881
0O;_max8 0.202 0.019 0.747 -0.221 0.165 -0.291 -0.007
NH3 0.28 0.062 0.628 -0.023 -0.186 -0.047 0.043
NO3 0.52 -0.088 -0.152 0.049 0.433 0.245 0.286
SO, _maxl 0.044 -0.025 -0.065 0.94 -0.003 -0.12 -0.023
SO 0.125 -0.024 -0.041 0.956 0.019 -0.021 0.019
NH4 0.17 -0.039 0.04 0.043 0.952 -0.078 0.023
SO -0.005 0.149 0.069 -0.002 0.931 -0.042 -0.006
Na -0.077 0.087 0.068 0.034 -0.111 0.809 -0.081
Cl -0.114 -0.028 -0.236 -0.109 0.053 0.826 0.046
Mg -0.374 0.352 -0.075 -0.25 -0.039 0.62 0.185
Cu 0.448 0.071 -0.437 -0.114 -0.167 -0.176 0.038
Zn 0.744 0.007 0.135 0.38 0.08 -0.016 -0.058
PCA2 CombustionCrustal ~ Seasonal SO, SO Metals

CO 0.913 -0.109 0.053 0.022 0.158 0.083

CO_max1 0.93 -0.056 0.019 -0.013 0.014 0.067

NOx 0.853 -0.027 -0.279 0.212 -0.095 0.188

EC 0.679 0.098 0.098 0.095 0.408 0.192

ocC 0.538 0.132 0.295 0.17 0.498 0.256

NO; 0.553 -0.017 0.098 0.196 0.16 -0.126

nskK 0.126 0.413 0.003 -0.083 0.447 0.388

Al -0.087 0.971 -0.062 -0.034 -0.011 -0.069

Si -0.078 0.983 -0.035 -0.035 -0.012 -0.043

Fe 0.009 0.972 -0.051 0.021 -0.005 0.048

Ca 0.024 0.887 0.117 0.004 0.073 0.159

O3 _max8 0.233 0.01 0.879 -0.088 0.287 0.056

O3 _24hr -0.053 -0.047 0.895 -0.132 0.247 -0.019

NOs 0.369 0.009 -0.482 -0.142 0.449 0.159

SO, _max1 0.11 -0.019 -0.044 0.944 0.025 0.059

SO 0.209 -0.031 -0.109 0.92 0.093 0.049

NH4 0.206 -0.064 0.174 0.081 0.901 -0.048

SOy 0.05 0.025 0.284 0.078 0.849 -0.104

Cu -0.01 0.049 0.027 -0.027 -0.148 0.793

Zn 0.198 -0.005 -0.046 0.14 0.122 0.655
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1834 Table S7. PCAl and PCAZ2 orthogonal factors for SEARCH JST daily data. PCAl: n =
1835 516, variance explained = 78%. PCA2: n = 2593, variance explained = 78%.

PCAl Combustior Crustal Seasonal SO SOy Metals Salt Othe
CO 0.953 0.014 -0.012 0.122 0.015 0.08 0.039
CO_max1 0.88 0.018 0.057 0.096 -0.102 0.029 0.012
NOx 0.93 0.047 -0.097 0.211 -0.109 0.064 0.051
EC 0.883 0.059 0.175 0.108 0.133 0.08 0.103
ocC 0.741 0.031 0.226 0.015 0.279 0.314 0.035
NO; 0.447 0.02 0.373 -0.041 0.16 -0.059 0.27
K 0.346 0.064 0.071 -0.022 0.122 0.748 0.011
Al -0.065 0.954 -0.006 -0.094 -0.004 0.097 0.025
Si -0.045 0.97 0.014 -0.044 -0.01 0.055 0.034
Fe 0.532 0.778 0.046 0.128 0.018 0.034 0.088
Ca 0.165 0.523 0.218 0.358 0.124 0.201 -0.07
0O;_max8 0.017 0.009 0.741 -0.101 0.473 0.027 -0.108
NH3 0.29 0.086 0.654 0.066 -0.128 0.017 0.143
NO3 0.426 -0.119 -0.653 0.003 0.122 0.044 0.147
SO, _maxl 0.185 0.014 0.007 0.932 0.135 -0.017 -0.016
SO 0.343 0.004 -0.07 0.883 0.131 -0.006 -0.014
NH4 0.155 -0.006 -0.082 0.143 0.951 0.044 0.002
SO 0.007 0.072 0.135 0.144 0.942 0.058 0.009
Na 0.053 0.088 -0.026 -0.008 -0.025 0.216 0.866
Cl 0.329 0.035 -0.403 0.07 -0.011 0.691 0.138
Mg -0.109 0.457 0.15 -0.039 0.014 0.668 0.222
Cu 0.535 0.047 -0.007 0.132 -0.024 0.169 -0.327
Zn 0.749 -0.001 -0.202 0.233 0.114 0.174 -0.043
PCA2 CombustionCrustal ~ Seasonal SO, SO Metals

CO 0.935 0.06 0.041 0.162 -0.017

CO_max1 0.893 0.041 -0.007 0.179 -0.07

NOx 0.897 0.086 0.125 0.195 -0.126

EC 0.881 0.089 0.043 0.107 0.199

ocC 0.799 0.104 0.019 -0.011 0.329

NO; 0.354 -0.032 0.019 0.172 0.12

nskK 0.409 0.391 0.258 -0.195 0.168

Al -0.137 0.933 -0.052 -0.081 -0.043

Si 0.033 0.961 -0.076 0.019 0.039

Fe 0.554 0.716 -0.053 0.069 0.045

Ca 0.386 0.585 -0.094 0.276 0.171

O3 _max8 0.071 0.118 -0.672 -0.04 0.646

O3 _24hr -0.169 0.048 -0.671 -0.131 0.584

NOj3 0.218 -0.104 0.831 0.125 0.096

SO, _max1 0.145 0.031 0.071 0.924 0.034

SO 0.379 0.021 0.151 0.86 0.033

NH4 0.17 -0.031 0.107 0.132 0.935

SOy 0.093 0.023 -0.089 0.111 0.921

Cu 0.115 0.034 -0.014 0.017 -0.006

Zn 0.587 0.091 0.193 0.05 0.038
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1836 Table S8. PCAl and PCA2 orthogonal factors for SEARCH OAK daily data. PCAl: n =
1837 100, variance explained = 78%. PCA2: n = 707, variance explained = 78%.

PCAl Combustior Crustal Seasonal SO SOy Metals Salt Other
CO 0.623 -0.087 0.114 0.127 -0.043 0.551 -0.13
CO_max1 0.788 -0.004 0.005 -0.091 -0.25 0.061 -0.068
NOx 0.085 0.078 -0.056 0.243 -0.09 0.778 0.054
EC 0.55 -0.165 0.114 0.256 0.353 0.127 -0.058
ocC 0.58 -0.001 0.289 0.321 0.383 0.142 -0.183
NO;, 0.223 -0.048 0.438 0.344 0.157 0.651 -0.128
K 0.353 0.028 0.501 0.106 0.291 0.276 0.114
Al -0.031 0.981 -0.018 -0.062 -0.022 -0.027 0.045
Si -0.017 0.98 0.022 -0.064 -0.042 -0.036 0.04
Fe -0.035 0.982 0.009 -0.048 0.005 -0.003 0.04
Ca -0.07 0.775 0.151 0.041 4.30804 0.137 0.194
0O;_max8 0.17 -0.182 0.71 0.135 0.315 0.147 -0.148
NH3 -0.029 0.363 0.814 -0.064 -0.077 -0.038 -0.043
NO3 0.129 -0.011 -0.011 -0.018 -0.044 0.743 0.309
SO, _maxl 0.052 -0.059 0.045 0.921 -0.026 0.126 0.037
SO 0.129 -0.052 0.052 0.824 0.077 0.423 -0.031
NH4 0.037 -0.084 0.128 -0.013 0.934 0.095 -0.089
SO -0.056 0.05 0.06 0.008 0.942 -0.082 0.02
Na -0.093 0.088 -0.036 0.008 -0.013 -0.025 0.958
Cl -0.054 -0.046 -0.031 0.016 -0.089 -0.055 0.929
Mg -0.09 0.311 -0.065 -0.041 0.006 0.041 0.88
Cu -0.02 0.029 0.075 0.044 0.031 0.696 0.004
Zn 0.114 -0.075 0.092 0.155 0.121 0.6 -0.254
PCA2 CombustionCrustal ~ Seasonal SO, SO Metals

CO 0.797 -0.151 0.076 0.191 0.062 -0.064
CO_max1 0.813 -0.058 0.034 0.013 -0.082 -0.129

NOx 0.505 -0.126 -0.502 0.422 -0.204 0.033

EC 0.774 -0.018 0.142 0.068 0.279 0.074

ocC 0.75 0.037 0.275 0.033 0.294 -0.012

NO; 0.691 -0.031 0.253 0.236 0.173 0.115

nskK 0.465 0.485 0.172 0.061 0.096 0.317

Al -0.085 0.97 -0.08 -0.046 -0.033 -0.033

Si -0.076 0.981 -0.026 -0.041 -0.03 -0.016

Fe -0.069 0.977 -0.029 -0.023 0.018 0.02

Ca -0.016 0.892 0.114 0.002 0.023 0.095

O3 _max8 0.198 0.014 0.901 0.096 0.223 0.043

O3 _24hr 0.229 -0.026 0.908 0.112 0.143 0.085

NOs 0.598 6.90E05 -0.307 -0.004 -0.006 0.288

SO, _max1 0.02 -0.01 0.061 0.924 0.06 -0.011

SO 0.291 -0.039 0.1 0.887 0.095 0.026

NH4 0.29 -0.025 0.165 0.065 0.898 0.072

SOy 0.061 0.026 0.22 0.072 0.941 -0.041

Cu -0.183 0.102 0.132 -0.06 -0.188 0.766

Zn 0.194 -0.014 -0.029 0.061 0.177 0.628
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Table S9. PCA1 and PCAZ2 orthogonal factors for SEARCH OLF daily datal RCA

327, variance explained = 78%. PCA2: n = 948, variance explained = 76%.

PCAl Combustior Crustal Seasonal SO SOy Metals Salt Other
CO 0.755 -0.175 0.333 0.014 0.297 -0.056 -0.093
CO_max1 0.464 -0.043 0.438 -0.276 0.271 0.141 -0.079
NOx 0.761 -0.033 -0.155 -0.04 -0.138 0.208 -0.174
EC 0.739 -0.114 0.318 0.173 0.138 -0.008 -0.117
ocC 0.674 -0.086 0.5 0.123 0.27 0.022 -0.094
NO;, 0.395 -0.002 0.374 0.495 0.086 -0.476 -0.099
K 0.292 0.272 0.31 0.135 0.118 -0.078 0.303
Al -0.106 0.958 -0.014 -0.076 0.013 0.051 0.104
Si -0.102 0.964 -0.026 -0.048 1.60E04 0.089 0.115
Fe -0.06 0.958 -0.031 -0.022 0.03 0.117 0.143
Ca 0.002 0.788 0.052 0.062 -0.058 -0.115 0.095
0O;_max8 0.134 -0.195 0.635 0.303 0.347 -0.084 -0.046
NH3 0.039 0.105 0.801 -0.001 -0.117 0.096 -0.011
NO3 0.694 0.129 -0.151 0.277 -0.104 -0.353 0.179
SO, _maxl 0.064 -0.01 0.06 0.822 0.248 0.095 -0.077
SO 0.191 -0.039 0.06 0.862 0.227 0.056 -0.1
NH4 0.219 -0.07 0.056 0.262 0.877 -0.057 -0.072
SO 0.011 0.094 0.054 0.206 0.926 0.042 0.016
Na -0.206 0.325 -0.085 -0.217 0.089 -0.113 0.781
Cl 0.008 -0.007 -0.025 0.044 -0.129 0.181 0.732
Mg -0.218 0.483 0.001 -0.199 0.007 -0.095 0.738
Cu 0.287 0.157 0.165 0.298 -0.027 0.668 0.099
Zn 0.645 -0.143 -0.004 0.423 0.021 0.149 -0.008
PCA2 CombustionCrustal ~ Seasonal SO, SO Metals

CO 0.785 -0.152 0.006 0.195 0.309 0.129

CO_max1 0.854 -0.027 0.122 0.076 0.066 0.022

NOx 0.676 -0.04 -0.222 0.481 -0.058 -0.023

EC 0.606 -0.055 -0.051 0.072 0.564 0.099

ocC 0.509 -0.038 0.16 0.055 0.637 0.157

NO; 0.096 -0.028 -0.08 0.011 0.663 0.013

nskK 0.141 0.328 -0.14 -0.079 0.272 0.588

Al -0.062 0.97 -0.042 -0.056 -0.082 -0.004

Si -0.062 0.984 -0.036 -0.035 -0.063 -0.001

Fe -0.041 0.974 -0.032 -0.009 -0.018 0.047

Ca -0.043 0.928 0.069 0.02 0.056 0.1

O3 _max8 0.178 -0.024 0.737 -0.074 0.537 0.11

O3 _24hr 0.038 -0.072 0.757 -0.144 0.467 0.188

NOs 0.397 -0.008 -0.503 0.024 0.292 0.326

SO, _max1 0.15 0.008 0.003 0.945 0.103 -0.002

SO 0.205 -0.032 -0.07 0.9 0.242 0.044

NH4 0.114 -0.012 0.139 0.122 0.876 -2.62E04

SOy -0.023 0.07 0.215 0.103 0.826 -0.091

Cu -0.069 0.1 0.206 -0.118 -0.276 0.71

Zn 0.133 -0.091 0.006 0.102 0.231 0.732
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1842 Table S10. PCA1 and PCA2 orthogonal factors for SEARCH Rig dhta. PCAL: n =
1843 44, variance explained = 84%. PCA2: n = 445, variance explained = 79%.

PCAl Combustior Crustal Seasonal SO SOy Metals Salt Other
CO 0.959 0.044 0.036 0.054 0.029 -0.186

CO_max1 0.929 0.071 0.021 -0.012 -0.121 -0.178

NOx 0.919 0.084 -0.069 0.08 -0.142 -0.233

EC 0.908 -0.008 -0.087 0.067 0.279 -0.222

ocC 0.859 -0.029 0.104 0.067 0.266 -0.27

NO;, 0.608 -0.142 0.072 0.002 0.61 -0.205

K 0.726 -0.042 0.083 0.112 0.315 0.223

Al -0.109 0.971 0.009 -0.035 -0.044 -0.009

Si -0.09 0.971 -0.036 -0.04 -0.051 -0.011

Fe 0.212 0.88 0.061 0.053 0.017 0.153

Ca -0.06 0.276 0.371 0.056 -0.203 -0.04

0O;_max8 0.154 -0.049 0.845 0.023 0.351 -0.072

NH3 0.341 0.539 0.343 -0.063 -0.063 -0.433

NO3 0.654 0.004 -0.52 -0.019 0.405 0.06

SO, _maxl -0.035 0.021 -0.079 0.918 -0.02 -0.222

SO 0.072 -0.041 0.061 0.933 0.097 -0.257

NH4 0.113 -0.057 -0.028 0.064 0.961 -0.143

SO -0.037 -0.012 0.092 0.028 0.958 -0.026

Na -0.244 0.022 0.049 -0.137 -0.105 0.932

Cl -0.03 -0.04 -0.252 -0.172 -0.047 0.876

Mg -0.28 0.089 0.08 -0.145 -0.111 0.906

Cu 0.354 -0.011 0.224 0.425 0.028 0.151

Zn 0.851 -0.001 0.071 0.011 -0.091 -0.009

PCA2 CombustionCrustal ~ Seasonal SO, SO Metals Other
CO 0.893 -0.051 -0.001 0.135 0.027 -0.051
CO_max1 0.826 -0.043 0.014 0.164 0.086 -0.156
NOx 0.862 0.01 -0.173 0.215 0.044 -0.255
EC 0.91 0.001 0.089 0.077 -0.01 0.079
ocC 0.842 -0.014 0.251 0.07 -0.08 0.163
NO; 0.079 -0.03 0.033 0.119 0.107 0.827
nsK 0.659 0.314 0.058 -0.067 0.046 0.233
Al -0.091 0.959 0.005 -0.026 -0.081 -0.027
Si -0.099 0.962 0.011 -0.039 -0.08 -0.016
Fe 0.195 0.914 0.008 0.02 0.017 0.002
Ca 0.142 0.672 0.077 0.123 0.266 0.016
O3 _max8 0.095 0.067 0.934 0.01 0.12 -0.068
O3 _24hr -0.205 0.008 0.889 -0.113 0.115 -0.07
NOj3 0.681 0.017 -0.141 -0.038 -0.094 0.293
SO, _max1 0.135 0.007 -0.03 0.954 -0.022 0.058
SO 0.207 0.05 -0.032 0.937 0.009 0.078
NH4 0.282 -0.003 0.64 0.056 -0.488 0.374
SOy 0.117 0.045 0.677 0.017 -0.497 0.338
Cu 0.153 0.049 0.068 -0.006 0.755 0.153
Zn 0.695 0.105 0.005 0.081 0.153 0.11
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1845 Table S11. PCA1 and PCA2 orthogonal factors for SEARCH YRK daily data. PCAl: n =
1846 426, variance explained = 79%. PCA2: n = 1435, variance explained = 79%.

PCAl Combustior Crustal Seasonal SO SOy Metals Salt Other
CO 0.743 -0.098 0.468 -0.073 0.198 0.058 0.024 0.105
CO_max1 0.728 -0.061 0.38 -0.079 0.118 0.166 0.064 0.104
NOx 0.809 -0.093 -0.023 0.239 -0.131 0.046 0.07 -0.007
EC 0.308 -0.043 0.715 -0.012 0.208 0.076 0.14 0.294
ocC 0.12 0.075 0.773 -0.01 0.306 0.115 0.158 0.269
NO;, 0.392 0.039 0.699 0.211 0.136 -0.126 -0.101 0.038
K 0.132 0.353 0.488 0.059 0.043 0.05 0.317 0.299
Al -0.088 0.955 -0.014 -0.064 -0.028 0.004 0.076 0.007
Si -0.123 0.971 -0.003 -0.015 -0.011 0.024 0.069 0.012
Fe -0.045 0.957 0.055 0.022 0.074 0.031 0.088 0.041
Ca 0.084 0.53 0.025 0.126 0.118 0.112 0.205 -0.377
0O;_max8 -0.234 0.026 0.79 0.024 0.259 -0.043 -0.219 -0.089
NH3 -0.012 0.02 0.623 0.093 -0.125 0.163 0.135 -0.443
NO3 0.782 -0.05 -0.081 0.148 -0.01 -0.123 0.047 0.111
SO, _maxl 0.061 0.008 0.044 0.952 0.099 0.029 0.016 -0.005
SO 0.192 -0.007 0.084 0.942 0.114 0.007 -0.009 0.087
NH4 0.124 0.012 0.25 0.142 0.922 -0.04 -0.011 0.037
SO -0.07 0.07 0.253 0.097 0.932 -0.021 0.01 0.032
Na 0.024 0.15 0.116 0.011 -0.134 -0.116 0.802 0.071
Cl 0.183 0.092 -0.105 0.007 0.154 0.157 0.78 -0.102
Mg -0.14 0.564 0.163 -0.038 -0.017 0.016 0.583 -0.092
Cu 0.028 0.091 0.071 0.03 -0.049 0.93 0.021 0.074
Zn 0.234 -0.037 0.218 0.137 0.052 0.144 -0.005 0.668
PCA2 CombustionCrustal ~ Seasonal SO, SO Metals Other

CO 0.836 -0.058 0.294 0.032 0.042 0.092
CO_max1 0.837 -0.021 0.242 0.024 0.054 0.047
NOx 0.823 -0.061 -0.222 0.212 -0.089 0.012
EC 0.588 -0.009 0.581 0.029 0.147 0.101
ocC 0.384 0.108 0.724 0.024 0.233 0.149
NO; 0.294 -0.034 0.617 0.248 0.039 0.221
nsK 0.255 0.36 0.194 -0.049 0.516 0.221
Al -0.12 0.936 -0.108 -0.07 0.069 -0.105
Si -0.089 0.975 0.012 -0.02 0.05 -0.032
Fe -0.023 0.965 0.084 -0.011 0.043 0.023
Ca -0.032 0.65 0.301 0.086 0.004 0.412
O3 _max8 -0.217 0.039 0.883 0.043 0.058 0.125
O3 _24hr -0.307 0.027 0.835 0.045 0.113 0.192
NOs 0.703 -0.089 -0.064 0.179 -0.048 0.093
SO, _max1 0.092 -0.006 0.103 0.936 -0.021 -0.028
SO 0.271 -0.03 0.186 0.892 -0.037 0.115
NH4 0.302 0.028 0.825 0.094 -0.152 -0.088
SOy 0.121 0.07 0.858 0.071 -0.151 -0.106
Cu -0.094 0.019 -0.062 -0.027 0.876 -0.047
Zn 0.181 0.012 0.112 0.05 0.029 0.889
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1848 Table S12. Statistically significant regression results fdtipie regression of OC on
1849 PCAI factor scores. Factor composition is defined in Tables S2 througmi&9for
1850 mean OC arey nT. Factors are normalized (mean 0, variance 1), so argtsy ni3
1851 factorunit! for DOC/D factor. NS = not significant; NA ot applicable (component not

1852 present).

Parameter BHM CTR GFP JST OAK OLF PNS YRK
N 364 383 100 516 100 327 44 426
r? 0.836 0.799 0.732 0.772 0.605 0.797 0.892 0.802
2.904 2.422 2129 3.783 2.545 2.274 2.734 2.840
Mean OC °©0.040 °0.029 °0.07/78 °0.052 °0.102 ° 0.039 ° 0.107 ° 0.040
1.429 1.028 0.918 1.703 0.784 0.971 2.011 0.213
DOC/DCombustior ° 0.040 ° 0.031 ° 0.077 ° 0.048 ° 0.101 ° 0.038 ° 0.128 ° 0.035
0.100 0.201 0.140 -0.116 0.121
DOC/DCrustal  ° 0.043  ° 0.028 NS 0.023 NS °0.024 NS 0.021
0.371 0.455 0.607 0.406 0.424 0.641 0.342 1.270
DOCDSeasonal ° 0.048 ° 0.031 ° 0.069 ° 0.038 ° 0.076 ° 0.033 ° 0.109 ° 0.037
0.413 0.161 0.087 0.461 0.284
DOC/DSO; ° 0.046 NS °0.076 ° 0.038 ° 0.087 ° 0.053 NS NS
0.570 0.263 0.349 0735 0594 0409 0.672 0.634
DOC/DSQOy °©0.042 °0.028 ° 0.093 °0.056 ° 0.102 ° 0.047 ° 0.137 ° 0.049
0.182 0.250 0.432
DOCDMetals  ° 0.039 NS NS NA - 0.095 NS NA 0.033
0.159 NS -0.549 0.669 -0.268 -0.122 -0.532 0.212
DOC/DSalt ° 0.039 °0.095 ° 0.044 ° 0.073 °0.027 ° 0.092 ° 0.032
0.132 0.569 0.134 0.131
DOC/DOthef ° 0.051 NA ° 0.074 ° 0.031 NA NA NA 0.022
1853 a. "nOt her 0 i s pi4 @dMgratiBAIM, Na dt 35T, MrCat YRK.
1854
1855
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1856 Table S13. Statistically significant regression results for multiple regression of OC on
1857 PCAZ2 factor scores. Factor composition is defined in Tables S2 throudn&8 for
1858 mean OC arey n13. Factor scores are normalized (mean 0, variance 1), so theits
1859 ng m3 factorunit?! for DOC/D factor. NS = not significant; NA = not applicable (PCA
1860 component not present).
Parameter BHM CTR GFP JST OAK OLF PNS YRK
N 1513 1258 376 2593 707 948 445 1435
r? 0.750 0.800 0.728 0.751 0.682 0.711 0.800 0.750
3.938 2.990 2296 4.035 2.625 2.302 2.668  3.000
Mean OC °©0.034 °0.023 °0.038 °0.024°0.041 °0.025 °0.040 ° 0.023
2.097 1.442 0.920 1.882 1.641 0.687 1.685 0.626
DOC/DCombustior ° 0.036 ° 0.024 ° 0.049 ° 0.023 ° 0.047 ° 0.023 °0.042 ° 0.021
0.205 0.105 0.176  0.253 -0.054 0.180
DOC/DCrustal °0.035 °0.024 °0.036 °0.024 NS ° 0.027 NS °0.023
0.492 0.555 0.436 0.051 0.596 0.241 0.519 1.193
DOCDSeasonal ° 0.034 °0.022 ° 0.038 ° 0.023°0.043 °0.025 ~°0.042 ° 0.022
0.420 0.274 0.084 0.146  0.045
DOC/DSO; °0.033 NS °©0.045 NS NS °©0.023 °0.037 °0.021
0.841 0.635 0.776 0.7 0.656 0.937
DOC/DSQOy °©0.039 °0.023 °0.042 ° 0.023°0.044 ° 0.026 NS NS
0.635 0.315 0.103 0.218 0.389
DOCDMetals  ° 0.042 NS °©0.032 °0.040 NS ° 0.026 NS °0.022
DOC/DSalt NA NA NA NA NA NA NA NA
0.375 0.237
DOC/DOthef NA NA NA NA NA NA °0.039 ° 0.020
1861
1862

8%



1863 Table S14. Mean O@ssociated with components identified by PCA1 (20@813) and
1864 PCA2 (1999 2013).NS = not statistically significant, NA = not applicable (component
1865 not present in PCA). Units are percent. Mean concentrations are listed in Table 3.

PCA Site N Combustion  Crustal  Seasonal SO, SO4 Metals Salt Other
1 BHM 364 44.7% 3.0% 132% 11.5% 148% 49%  4.6% 3.3%
1 CTR 383 52.7% 10.7%  23.0% 13.6%
1 GFP 100 47.3% 224%  75% @ 12.4% -20.49% 30.8%
1 JST 516 38.5% 57% 17.3% 25%  9.5% 22.6% 3.9%
1 OAK 100 21.6% 27.0% 20.0% 28.6% 17.3% -14.6%
1 OLF 327 43.8% 30.8% 95%  16.0%
1 PNS 44 88.2% 14.9% 25.3% -28.596
1 YRK 426 5.8% 5.8%  45.2% 108% 6.6%  6.2% 19.5%
2 BHM 1513 43.4% 51%  12.7% 10.3% 15.4%  13.0%
2 CTR 1258 50.5% 40%  23.2% 22.2%
2 GFP 376 32.9% 6.4% 16.9% 9.6%  22.8% 11.4%
2 JST 2593 62.9% 7.8% 1.5% 24690  3.2%
2 OAK 707 58.6% 18.4% 23.0%
2 OLF 948 35.1% 2696 10.8% 3.9%  442% 8.7%
2 PNS 445 61.3% 17.8%  6.7% 14.2%
2 YRK 1435 24.6% 6.5% 45.3%  1.6% 12.6% 9.4%
1866 a. Negative due to inverse associations of OC with crustal and salt components at
1867 (Tables S7 and S13).
1868 b. JST PCA2 seasonal OC is associated with;NST PCA2 S@component
1869 includes OC associated withly Orable 2).
1870 c. PNS and YRK PCA2 seasonal components include €3Gcated with SO
1871 (Table 2).
1872
1873
1874
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1875
1876

1877
1878
1879

Table S15. PCA3 orthogonal factors for SEARCH JST daily data. PCA3,i 12038: n
= 426, variance explained = 79%. PCA2: n = 1435, variance explained = 79%.

PCA3 CombustionCrustal  Seasonal SO SO, Metals Other
Cco 0.916 0.032 0.165 0.107 -0.073 0.039 0.087
CO_max1 0.86 0.023 0.113 0.13 -0.108 0.036 0.1
NOy 0.875 0.043 0.199 0.16 -0.182 0.079 0.008
EC 0.841 0.056 0.256 0.074 0.157 0.029 0.038
ocC 0.731 0.077 0.319 -0.026 0.265 0.004 0.084
NO, 0.188 -0.04 0.05 0.059 0.075 -0.01 0.922
nskK 0.32 0.33 0.5 -0.108 0.057 -0.009 0.059
Al -0.012 0.929 -0.025 -0.036 0.015 -0.013 -0.068
Si 0.153 0.94 0.005 0.029 0.112 0.003 0.018
Fe 0.652 0.622 0.116 0.073 0.125 0.087 -0.006
Ca 0.363 0.53 0.123 0.239 0.223 0.082 0.123
0O;_max8 0.088 0.142 -0.225 -0.049 0.859 0.071 0.153
O3 24hr -0.163 0.087 -0.238 -0.13 0.802 0.068 0.162
NOs 0.077 -0.187 0.774 0.146 -0.257 -0.07 0.028
SO, _maxl 0.131 0.033 -0.01 0.941 -0.004 -0.007 -0.024
SO 0.332 0.006 0.117 0.881 -0.057 -0.035 0.071
NH4 0.13 -0.095 0.345 0.063 0.848 -0.081 -0.056
SOy 0.098 -0.016 0.149 0.05 0.905 -0.057 -0.104
Cu 0.126 0.006 0.012 0.001 0.005 0.961 -0.008
Zn 0.425 0.059 0.42 0.067 -0.011 0.146 -0.029
Alkanes 0.907 0.015 0.043 0.019 -0.087 -0.08 0.035
Aromatics 0.917 0.03 -0.008 0.011 -0.021 -0.033 0.069
Alpha pinene  0.803 0.04 -0.158 -0.047 -0.009 -0.088 -0.091
Isoprene 0.013 0.373 -0.282 0.054 0.583 -0.041 -0.136
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1880
1881
1882

1883
1884

Table S16. PCA4 (including Ngdand PCAS5 (excluding N#dincluding daly average

Os) orthogonal factors for SEARCH CTR daily data, 20@013. PCA4: n = 724,
variance explained = 76%. PCA5: n = 751, variance explained = 79%.

PCA4 Combustior Crustal Seasonal SO SOy Metals Salt Other
CO 0.733 -0.135 0.019 0.223 -0.044 0.313
CO_max1 0.731 -0.076 0.026 0.196 0.01 0.177
NOx 0.219 -0.093 -0.258 0.82 -0.097 0.102
EC 0.672 -0.039 0.07 0.187 0.45 -0.067
ocC 0.71 0.094 0.24 -0.043 0.458 -0.137
NO;, 0.52 -0.003 0.089 0.359 0.425 0.188
nskK 0.71 0.298 0.057 -0.054 0.162 -0.067
Al -0.052 0.946 -0.017 -0.131 -0.095 -0.058
Si -0.041 0.964 0.014 -0.111 -0.056 -0.087
Fe 0.026 0.963 -0.006 0.012 0.05 0.076
Ca 0.131 0.698 0.132 0.176 0.178 0.079
O3 _max8 0.252 0.009 0.548 -0.005 0.604 0.164
NH3 0.251 0.082 0.7%4 0.111 -0.122 -0.027
NOs 0.329 -0.004 -0.488 0.442 -0.07 0.054
SO,_max1 0.045 0.016 0.164 0.874 0.13 -0.073
SO 0.103 0.001 0.089 0.923 0.177 -0.059
NH4 0.196 0.009 -0.097 0.138 0.909 -0.027
SOy 0.081 0.048 -0.047 0.03 0.934 -0.045
Cu 0.03 0.018 0.05 -0.175 -0.096 0.839
Zn 0.31 0.011 -0.132 0.4 0.181 0.607
PCA5 CombustionCrustal  Seasonal SO SO Metals Other
CO 0.689 -0.141 0.071 0.239 -0.104 0.381
CO_max1 0.725 -0.078 0.041 0.217 -0.055 0.221
NOx 0.178 -0.101 -0.25 0.823 -0.035 0.189
EC 0.705 -0.044 0.154 0.217 0.392 -0.042
ocC 0.756 0.089 0.267 -0.013 0.368 -0.128
NO, 0.461 -0.005 0.415 0.401 0.265 0.248
nskK 0.739 0.29 0.114 -0.014 0.091 -0.038
Al -0.038 0.944 -0.107 -0.138 -0.046 -0.05
Si -0.021 0.964 -0.057 -0.112 -0.026 -0.086
Fe 0.024 0.962 0.004 0.014 0.059 0.084
Ca 0.132 0.702 0.226 0.193 0.072 0.054
O3 _max8 0.251 0.023 0.894 0.03 0.266 0.065
O3 _24hr 0.21 -0.01 0.905 -0.02 0.213 0.054
NOj3 0.191 -0.025 -0.362 0.456 0.149 0.309
SO,_maxl 0.077 0.024 0.149 0.876 0.012 -0.131
SO 0.114 0.005 0.112 0.926 0.094 -0.078
NH4 0.206 -0.001 0.197 0.167 0.917 0.014
SOy 0.122 0.042 0.227 0.059 0.913 -0.051
Cu 0.008 0.022 0.058 -0.205 -0.134 0.77
Zn 0.242 0.005 0.055 0.404 0.166 0.655
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1885

1886 Table S17. Comparison of PCA1 CTR sourcpaponment to Xu et al. (2015h).

OC from each PCA factor Unc AMS OC AMS OA
(% of mean OC) (%) (%) (%)
2008 AMS
PCA Factor 13 2013 SOAS Factof SOAS SOAS
Combustion 52 53 38 18 MO- 34 39
BBOA 11 10
Sulfate 11 13 13 6 Isop 20 18
Seasonal 14 22 23 15 LO- 35 32
Crustal 23 13 20 4
Fitted sum 100 100 94
Mean OA NA NA NA 5.0
Mean OC 241 226 2.63 2.31
Mean OC in
PCA subsét 243 232 261 NA
OoM/OoC 158 166 1.36 2.16
N days for
mean OC 606 156 40
N days in
PCA subset 383 105 29
1887
1888 a. MO-OOA (MO-), biomass burning OA (BBOA), isoprene OA (Isop), andQOA
1889 (LO-)
1890 b.ng m?

8¢



1891

1892 Table S18. Comparison of PCA1 JST sourqgeoaiponment to Xu et al. (2015kh).2

OC from each PCA factor Unc AMS OC AMS OA
(% of mean OC) (%) (%) (%)
2008 MJ ND AMS MJ ND MJ ND
PCA Factor 13 2012 2012 2012 FactoP 2012 2012 2012 2012
Combusion 38 41 29 57 12 HOA 14 25 10 19
MO- 22 26 27 31
Salf 23 21 20 7 11 BBOA 10 10 10 9
Othef 4 4 2 12 2 COA 14 23 11 20
Sulfate 10 6 9 1 7 Isop 19 21
SO, 3 1 1 1 1
Seasonal 17 18 25 11 15 LO- 21 17 21 19
Crustal 6 5 3 2 4
Fitted sum 100 95 89 91
Mean OX NA NA NA NA 91 7.9
Mean OC 288 298 336 3.65 470 5.45
Mean OC in
PCAsubsét 3.78 290 3.36 3.65 NA NA
OM/OC 151 137 134 151 1.93 1.40
N days for
mean OC 904 114 8 8
N days in
PCAsubset 516 109 8 8
1893 a. Sample periods are May 10un 2, 2012 (MJ2012) and Nov ®ec 4, 2012 (ND
1894 2012)
1895 b. MO-OOA (MO-), biomass burning OA (BBOA), isoprene OA (Isop), andQOA
1896 (LO-)
1897 c. Associated with K, Mg, ClI
1898 d. Associatd with Na
1899 e.ngm?®
1900

9C



1901

1902 Table S19. Comparison of YRK PCA1 sourceapionment to Xu et al. (2015h).2

OC from each PCA factor AMS OC AMS OA
(% of mean OC) (%) (%)
2008 JJ DJ Unc AMS JJ DJ JJ DJ
PCA Factor 13 2012 2012 2012 (%) FactoP 2012 2012 2012 2012
Combustion 5 4 2 14 14 MO- 25 42 30 49
Metals 21 20 11 27 2
Salf! 7 5 2 11 7 BBOA 35 30
Othef 6 7 7 8 5
Sulfate 11 6 5 8 11 Isop 38 36
Seasonal 42 46 47 27 5 LO- 37 23 34 22
Crustal 6 6 11 6 4
Fitted sum 97 95 84 102
Mean OA NA NA NA NA 11.2 3.23
Mean OC 233 236 3.06 1.78 5.66 1.73
Mean OC in
PCAsubsét 240 235 297 178 NA NA
OM/OC 1.78 177 1.8 1.56 198 1.31
N days for
mean OC 585 119 9 11
N days in
subset 426 97 7 10
1903
1904 a.Sample periods are June 2&uly 20, 2012 (JJ2012) and December 5, 2Qlghuary
1905 10, 2013 (DJ2012)
1906 b. MO-OOA (MO-), biomass burning OA (BBOA), isoprene OA (Isop), andQOA
1907 (LO-)
1908 c. Associated with Cu
1909 d. Associated with Na, Cl, Mg, K
1910 e. Associated witlZn
1911 f.nmg m®
1912
1913
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Increasing Oxidation State

Figure S1. Graphical depiction of various categorizations of OA. Traditional
measurements and delineation: EC, OC, POA, SOA as defined in the text. Composition
based categories: HOA, hydrocarHie OA; BBOA, biomasdurning OA; ISOP OOA,
isoprenederived oxidized OA; SVOOA, servolatile oxidized OA (also, lessxidized

OA); LVOOA, low-volatility oxidized OA (also, morexidized OA). Volatilitybased
categories (Donahue et al., 2009; 2012): SVOC, sataitile OC; LMOC, lowvolatility

OC; IVOC, intermediate volatility OC; ELVOC, extremely lexglatility OA. Arrows

denote correspondences. Composition categories (HOA, BBOA, SVOA) map to similar
volatility ranges (SVOC, LVOC), but differ based on oxidation state (Donahale,

2012). The traditional categorization (POA, SOA), e.g., as used in emission inventories,
tends to map some SVOA and LVOOA, principally organic material emitted in the
condensed phase but subject to volatilization and oxidation, within POA. oredi®C
measurements do not distinguish among compositased or volatilitybased

categories. Statistical analysis of mugdiecies data sets may identify correlations of OC
with combustion products (e.g., CO, EC, NGuggestive of lessxidized OA, orwith

Os and SQ, suggestive of morexidized OA.
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2052 emissions from 2012 and 2013 (Hidy et al., 2014).
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Figure S5. Correlations3qramong mean OC, EC, and S@sed on annual, seasonal,
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Figure S7. OM* vs. OC at SEARCH sites, 2002013. OM* is the sum of measured OC
and the computed difference of PMmass minus the sum of measured species
concentrations. OM* is an upper bound for OM (see text).
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2225 Figure S8. Observed biomass burning impacts at CTR on Mdrdi992014. The burn
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2235 related to the smoke plumetormore generagffects frommultiple missionsources in
2236 the region. The associationtble NH; peak with the smoke plume istrexplained, but
2237 could relate to fire chemistry.

2238

-Wind from

S

-3

TC (ugm )

_|
O
Q
>
o
T
O

3

T

1
(Lwbr) o3

I
o
T
1

N A O @

[
o
T

1

<1200
1000
MD'
800%
600 =
400 —*

PM,5 (ug m-a)

(qdd) AoN

9¢



L I L I L I L I L I L I L I L I L I
2239 87 — o
2240 Coarse: K=0.023 + 0.109*Si; r2 = 0.735

2241 7 '| Fine: Non-soil K = K - 0.109*Si
2242
2243
2244
2245
2246
2247
2248
2249
2250

2251 N coarse = 948
2252

2253 A N fine = 2968 [
2254 : , . . : —_—

2255
5956 0 5 1 15 2 25 3 35 4 45 5

2257 Silicon (g m-3)

2258 A R S S S
2259 16 7
2260
2261
2262
2263
2264
2265
2266
2267
2268
2269
2270
2271
2272
2273 1 :

2274 O 7 T 7 T T ! T T T T T T T
2275 0 .02 .04 .06 .08 A A2 14

2276 Potassium ion (KI) (mg m-3)

2277 Kbb =.018 + 1.077 * KI; R*2 = .838

2278

2279

2280 Figure S9. PMbarseand PM s K vs. Si at CTR (top) and computed mswil K (inferred as
2281 biomass burning K) vs. water soluble K (K ion) (bottom).

o
1

X -
x L

/{Kcrs vs Slers ||

X Kvs Si

&
1

Potassium ( mg m-3)

Biomass burning potassium ( Kbb) (mg m-)

10C



2282
2283
2284
2285
2286
2287
2288
2289
2290
2291
2292
2293
2294
2295
2296
2297
2298
2299
2300
2301
2302
2303
2304
2305
2306
2307
2308

Figure S10. PMb2sK vs. Si.
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