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PM. s characterization and source-receptor
relations in South Carolina

D. David Calhoun, Lynn G. Salmon, James J. Schauer, and
Christos S. Christoforou

Abstract: Ambient PM, 5 aerosol samples were collected at three sites at Clemson University during January and June of
2001. The PM,s mass concentrations averaged 12.2 peg/m® in January and 21.2 jzg/m?® in June. Chemical characterization
of the samples identified an average of 99% of the fine particulate matter collccted in January and 96% in June, The
primary ingredients of the PMa 5 aerosol were organic carbon compounds (49% in January and 44% in June) and sulfales
(21% in January and 33% in June). Total heavy metals on average contributed 0.3% of the fine aerosol mass. Source-
receptor reconcilialion was completed for the fine aerosol using a chemical mass balance model, Chemical Mass Balance
v. 8 (CMB8). In January, approximalely 105% of the measured mass was accounted for, and the major sources were soil
dust, ammonium sulfate, and ammonium nitrate. In June, an average of 80% of the measurcd mass was accounted for,
and the major sources were the same as in January, except that the coniribution of ammonium nitrate was negligible, A
composite source of organic compounds that includes gasoline vehicle exhaust, meal cooking, cigarette smoke, and wood
burning, was one of the major sources for both June and January seasons.

Key words: PM, s, CMB8, source receptor modeling.

Résumé : Des échantillons de particules en suspension PM, s dans I'air ambiant ont été recueillis 1 trois siles de
I"universilé Clemson en janvier et juin 2001, La moyenne des concentrations massiques des PM; 5 était de 12,2 jg/m?
en janvier et de 21,2 ¢g/m® cn juin. La caractérisation chimique des échantillons a permis d’identifier une moyenne e
99 % des matitres particulaires fines collectées en janvier et 96 % en juin. Les ingrédients principaux des particules

en suspension PM, 5 étaient les composés carbonés organiques (49 % en janvier ct 44 % en juin) ct des sulfates (21 %
en janvier et 33 % en juin). Les métaux lourds totaux ont contribué en moyenne 0,3 % de la masse de particules fines

en suspension. Les données source-récepteur pour les particules fines en suspension ont été rapprochées en utilisant un
modele de bilan massique chimique (« CMB — Chemical Mass Balance »), le CMBS8, En janvier, environ 105 % de la
masse mesurée €tait comptabilisée et les sources majeures étaient la poussiere du sol, le sulfate d’ammonium et le nitrate
d’ammonium, En juin, une moyenne de 80 % de la masse mesurée était complabilisée, et les sources majeures étaient
les mémes qu’en janvier, sauf que la contribution du nitrate d’ammonium était négligeable. Une source composite de
compos¢s organiques, qui comprend ['échappement des véhicules & essence, la cuisson de la viande, la fumée de cigarelte
et le brillage du bois, était I'unc des sources principales pour juin et janvier.

Mos clés: PMy 5, modele CMBS, modélisation de la relation source-récepteur,
[Traduit par la Rédaction)

Introduction others may form in the atmosphere as secondary pollutants.
Fine PM mass is generally dominated by sulfates, nitrates, and
organic compounds, with soil dust making up a small but mea-
surable fraction. PMy s is largely responsible for the visibility

reduction commonly associated with polluted areas, and its de-

Fine particulate matter, or PMj 5, has been 2 topic of much
interest in recent years. These particles are capable of causing
a variety of adverse health and environmental effects. Anthro-

pogenic PM; 5 comes primarily from combustion of fossil fuels,
such as in transportation, manufacturing, and power generation.
Some particles are released directly into the atmosphere, while

position onto surfaces and materials may canse damage to them
(Wark et al. 1998). The potential health cffects of PMa s are a
concern because the particles are small enough to be inhaled
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deeply into the lungs, where they may deposit and cause dam-
age. A number of studies have indicated that increased levels
of patticulate malter lead to adverse health effects (Dockery
et al. 1993; Pope et al. 1995). A recently published study fol-
lowed 500 000 adults beginning in 1982 and linked risk factor
data with air pollution, vital status, and canse of death data for
the participants through the end of 1998, This study found that
for every 10 pg/m? increase in long-term PMj 5 exposure lev-
els, the risk of cardiopuimonary related death increased by 6%,
while the risk of denth resuiting from lung cancer increased by
8% (Pope et al. 2002). In addition, the health effects resulting
from PMj 5 exposure might be exacerbated if the particulate
matter contains toxic heavy metals,

In response to increasing concerns from the scientific com-
munity, on 18 July 1997 the U.S, Environmental Protection
Ageney (EPA) promulgated new National Ambient Air Qual-
ity Standards (NAAQS) for PMz 5 and ozone. The new NAAQS
for PMay,5 sets the allowable limit at 2 maximum annual average
concentration of 15 gg/m?,

Should the NAAQS for PMa 5 be exceeded, it would be nec-
essary te control the PMa 5 concentration at the sources of the
emissions. These sources must therefore be identified. The first
step in source identification is the collection and chemical char-
acterization of the particulate matter, Sampling and analysis
methods employed in this study were consistent with previ-
ous research, in which PMa 5 was collected and characterized
(Solomon et al, 1998; Christoforou et al. 2000; Andrews et al,
2000; Ligocki et al, 1993; Polissar et al, 2001). The data result-
ing from the analyses can then be used in source-receptor mod-
els. Mass balance source-receptor models take the composition
profiles of various sources and attempt to find a linear com-
bination of sources whose emissions account for the ambient
acrosol, While some recent studies have utilized these models
with specific organic compounds as tracers (Schauer et al, 1996;
Schauer and Cass 2000), modeling here was carried out using
more general species, as has been also successfully employed
(Salmon et al. 1995; Friedlander 1973; Cass and McRae 1983).

This paper presents the mass concentrations and chemical
composition of ambient PMa,5 on the campus of Clemson Uni-
versity. Chemical Mass Balance v. 8 (CMB8), a source-receptor
mode! (Watson et al, 2001) is used to determine the primary
sources contributing to the ambient fine aerosol.

Experimental methods

Sample collection

Three sites were selected for ambient sampling, all on the
campus of Clemson University: under the stands of the football
stadium, under the soccer stadium stands, and under a shel-
tered portion of a nearby loading dock. The three sites were
approximately 750 m apart from each other,

All sampling events were 24 h in length, with the samplers
running from midnight to midnight every other day in order
to associate each sampling event with a calendar day. Three
sampling events were carried ont in January 2001 (21st, 231d,
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25th} and five sampling events were carried out in June 2001
(17th, 19th, 21st, 23rd, 25th).

The sampling system used is similar to those used in the
past for particulate matter collection and characterization stud-
ies (Solomon et al, 1988; Ligocki et al, 1993; Polissar et al.
2001; Schauer et al, 1996; Salmon et al. 1995). In the cor-
rent work, fine PM samples were collected after air was drawn
through a glass inlet tube and passed through a Teflon-coated
ATHL cyclone separator operated at 26 L/min to remove parti-
cles larger than approximately 2.1 zm (John and Reischi 1980).
From the cyclone, the flow pussed through Teflon tubing to
four parallel 47-mm filter holders. Two contained quartz fiber
filters (Pallfex® Tissuequartz 2500 QAQ-UP) to collect sam-
ples for carbon analysis and two contained Teflon membrane
filters (Teflo® 1.0 or 2.0 Am pore size) to collect samples for
gravimetric, ion chromatographic, and XRF analyses,

Total suspended particulate (TSP) samples were also col-
lected during this study. The data obtained were used primarily
in consistency checks of the PMns data. The samples were
analogous to the fine PM snmples, with 4 filters (2 Teflon and
2 quartz) from each sampling event at each location, Samples
were collected on filters in four open-face filter halders, The
filters were treated identically to those from fine PM sampling
in terms of preparation, collection, preservation, and analysis,

Quality assurance — quality control

A number of measures were taken in this study for the pur-
poses of QA-QC, All quartz filters were baked at 550 °C over-
night prior to sampling to lower tesidual carbon levels, Addi-
tionally, the quartz filters were stored prior to sampling in plastic
petri dishes sealed with Tefion tape and lined with aluminum
foil dises that had 2lso been baked overnight at 550 °C to reduce
contamination, All Teflon filtets were pre-weighed ns they were
used in gravimetrie analysis, and were stored prior to sampling
in plastic petri dishes sealed with Teflon tape, After sampling,
all filters were replaced in their original petri dishes and frozen
upright until re-weighing and analysis.

Both laboratory and field blanks were used to account for
inherent blank contamination and potential field contamination,
Laboratory blanks remained in the laboratory until an alysis,
and this measure accounted for inherent filter contamination.
Field blanks were used to check for potential contamination in
the field due to londing-unloading practices or conditions. For
each sampling event, one filter of each type was taken into the
field, placed into the filter holder of the sampling apparatus,
and removed to serve as a field blank, These filters remained in
their petri dishes in the field for the duration of the sampling
event and were retrieved and stored in the same manner as
actual samples. The site at which the field blanks were loaded
and unloaded was rotated each day in order to check for any
site-specific contamination.

The fow rate through each filter assembly was controlled by
a critical orifice following the Alter assembly, nnd the flow rate
was measured before and after each sampling event by a DryCal
DC-Lite Primary Flow Meter (Model No, DCLT20K Rev. 1.08),
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Timers were used to control the systems (Grasslin Controls
Corporation, Model FM/1 digi 20), and cononters were used to
ensure that the systerns ran for 24 h (Redington Counters, Inc.,
Model 710-0035),

Sample analysis

Out of every sampling set, both Teflon filters were analyzed
gravimetrically to determine the mass concentration of particu-
late matter. Prior to weighing, these filters were equilibrated for
24 hin eroom maintained at 70—80°F (21 —27 °C) and 45£5%
relative humidity, Filters were weighed before and after sam-
pling on a Mettler-Toledo UMT-2 microbelance, which reports
masses at the level of (L1ztg, Mass concentrations were then
determined by difference by dividing the mass of PM collected
by the volume of air sampled as determined by the average of
the two flow measurements (before and after sampling) for each
filter.

One of the quartz filters from each set were shipped with cold
packs to the Environmental Quality Laboratory, California In-
stitute of Technology (Pasadena, Calif.) for elemental carbon
- organic carbon (EC-OC) analysis. These filters were ana-
lyzed with a thermal-optical technique according to the method
of Birch and Cary (1996). During the procedure, a small por-
tion from the filter being analyzed is placed into an oven, in
which analysis proceeds in two steps. First, the temperature is
raised under a pure helium atmosphere to volatilize organic car-
bon, which is catalytically converted to methane and detected
by a flame jonization detector (FID). Some of the organic car-
bon may, however, be pyrolytically converted to char (elemen-
tal carbon). To correct for this charring effect, a Iaser is used
to measure the filter transmittance thronghout the procedure.
When organic carbon is pyrolized to char, the transmittance de-
creases. The second step occurs under a mixture of oxygen and
helivm, and the amount of carbon that is detected up to the point
that the transmittance retums to its original value is counted as
organic carbon, with the remaining carbon being detected as
elemental carbon (Birch and Cary 1996,

Of the Teflon filters from each sampling set, one of the two
was analyzed by ion chromatagraphy (IC) for water soluble
ions, while the other was analyzed for 23 elements by X-ray
fuorescence (XRF) spectroscopy. The filters analyzed for ions
were firstextracted with 200uL of ethanol (to wet the hydropho-
bic filter surface), followed by 9 mL of distilled, deionized
(DDI) water (Derrick and Moyers 1981). The filters were then,

" placed on a shaker table operating at 150 rpm for 3 h to com-
plete the extraction. Aliquots were subsequently removed for
IC analysis, Ion analysis was completed with the use of 2 Wa-
tezs IC-Pak Cation M/D column (WAT036570) for cations and
a-Waters IC-Pak Anion HR column (WAT026765) for anions,
A Waters 432 conductivity detector was used for ion detection.

_ Analysis was completed forNat, K+, NHF, Mgt2, Cat2, CI™,
NO3, PO4 ,and SO

Xray ﬂuorescence analysis was completed with the use of
a wavelength dispersive XRF (WDXRF) spectrometer (Rigaku
RIX 3000), palibration was achieved with the use of thin-film
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standards (Micromatter Company). Seven of the elements mea-
sured were used to determine the crustal dust componeit of the
particulate matter. In this determination, it was assumed that
these elements were present as their common oxides (Aly O3,
5102, K50, Ca0, TiO3, MnO3, and Fe;03), and the crustal dust
is the sum of those oxides (Christoforou et al, 2000; Andrews
et al. 2000).

Results and discussion

Mass concentrations

Figure 1 shows the mass concentration of PMy 5 at each of
the three sites for all sampling events. The heavy line indicates
the NAAQS limit of 15 ug/m® as a yearly average.

The concentrations were quite similar between sites for each
sampling event. It is also apparent that the PMy 5 concentration
was substantially higher on both June 19th and June 21st. The
PM; 5 concentrations were greatly decreased on June 23rd and
25th, but this was most likely due to arain event that occurred on
June 22nd. The overall winter average was 12.2ug/m?, while
the overall summer average was 21.2g/m3, Across all sam-
pling events and Iocations, the average mass concentration was
16.7pug/m3,

Total susperded particulate measurements showed a qualita-
tively similar pattern to the above mentioned fine PM data, On
average, approximately 48% of the TSP was in the fine mode,

Chemical characterization

Figure 2 shows the charge balance for both PMj3 5 and TSP
8s determined by ion chromatography. The solid line repre-
sents neatrality, and the locations are denoted by FS (football
stadium), SS (soccer stadium), and LD (lozding dock).

Two distinct regions are apparent. The upper cluster consists
entirely of the particulate matter collected on June 19th and
21st at all three sites, This result highlights the increased mass
concentrations found on those days, as discussed previously, In
addition, it can be seen that the samples from those two days
were slightly anion deficient, while the lower cluster indicates
that the majority of the other samples were essentially nentral,
On the whole, charge neutralization averaged 98.5%, indicating
that all major ionic species were properly accounted for in the
analyses and that the aerosol was essentially neutral,

Table 1 shows the chemical characterization of the PMj 5
aerosol, arranged by location and sampling event. The largest
component of PM3 5 mass in January was organic carbon com-
pounds, followed by sulfate, ammonium, and nitrate. The com-
position was reasonably similar at each site, with organic com-
pounds making up a slightly larger portion at the soccer stadium
and the loading dock than at the football stadium, In general, the
aerosol was well-characterized at all sites, with a mass balanice
closure of 99%,

In June, the composition profiles were again quite similar, Or-
ganic compounds contributed the largest portion of the aerosol
mass, though slightly less than in the January samples. Sulfate
contributed the next largest portion, and the percentage was
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Fig. 1. PMas ambient concentrations at the three sampling locations. The solid horizontal line at 15 seefm® denotes the annual average
for PMas taken from the EPA,
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higher than that found during January, suggesting that sulfate
levels incrensed in June. Mass closure on these samples aver-
aged 96%. At each site, there was only a small amount of nitrate
present (less than 19b), unlike the January samples, in which ni-
trate comprised 9% of the aerosol. This lack of nitrate is likely
due to the equilibrium behavior of the particulate species. The

primary fine particulate form of nitrate is ns ammonium nitcate,
but this exists in equilibrium with goseous ammeonia and nitric
acid. The equilibrium is somewhat complex, and it is highly de-
pendent on arbient temperature and relative humidity (Watson
et al, 1994), Chow and Watson (1998) note that it has been esti-
mated that at temperatures about 30 °C, most of the nitrate will

©2003 NRC Canndn




Calhoun st al,

Table 1. Chemicnl characterization of PMas aerosol.
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Other Trace Not
Date Mass EC OC" NHf NO; SO;% Crostal’  identified® metals?  identificd
Foolball stadivm ~ 21-Jan 957 008 334 103 066 253 025 0.39 0.06 1.23
23-Jan 1279 030 673 093 1,04 202 038 0.25 0.02 L.09
25-Jan 870 012 399 0°51 10! 202 0326 0.24 0.52 0.00
17-June 1333 000 920 141 000 393 048 0.54 0.00 0.00
19-June 3144 025 9.63 382 010 1053 049 1.31 0.31 5.00
2l-lune  35.18 046 1066 408 029 1130 0.6l 1.50 0.02 6.27
23-June 857 (.01 478 096 000 293 017 021 0.00 0.00
25-June 1555 006 496 187 000 583 (.47 0.39 0.00 1.48
Soceer stadimn 2[-Fan 1316 025 6.18 140 0.80 334 066 0.29 1.19 0.00
23-Jan 1523 043 892 109 122 245 029 017 0.00 0.68
25-Tan 1034 0.13 528 094 139 218 044 0.14 0.59 0.00
[7-Jume 13,13 0.00 593 140 000 391 036 0.59 0.00 0.24
19-June 3253 004 964 386 000 1054 062 131 0,03 640
21-June  39.07 044 1497 409 017 11.33 096 141 0.14 5.54
23-Jure 937 0,08 535 059 0.00 2.88 046 0.24 (.00 0.00
25-June 1547 0.06 322 1982 00O 5.59 050 0.53 0.15 1.53
Londing dock 21-Jan 1321 046 558 128 0.1 343 036 0.24 0.00 0.94
23-Jan 1534 038 1034 131 122 227 030 0.50 0.20 0.00
25-Jan 10,79 Q.17 551 098 136 2,06 026 0.18 0.14 0.13
17-June 1338 007 819 137, 000 3.89 031 0.49 0.00 0.00
[9-Tune 3046 005 1083 375 000 1011 041 1.53 0.00 3.67
21-June 3697 0.3 1209 398 007 1147 062 1.71 0.11 6,78
23-hme  7.82 0.09 594 058 000 282 016 0.30 0.03 0.00
25-June 1593 0,00 692 180 000 585 022 0.56 0.02 0.38

Note: All units in j2ofm?,

“ Orgenic componids, uses 1.4 as conversion fuctor in January and 2.0 in June,
# S of oxldes of Al, Fe, 8i, Mn, Ti, K, Ca, ns delermined by XRF and IC.
€ CI—, Mg+, Nt and exgess sulfur (sbove 804'3 from IC), ns determined by XRF and IC.

# Pb, Cr, Co, NI, Se, As, G, Te, Cu, Hg, U determined by XRF,

exist in the gas phase as nitric acid, Below that point, the relative
amoumnt of particulate ammonium nitrate present in the aerosol
increases until most of the nitrate is present in particulate form
at approximately 15 °C or below (Chow and Watson 1998).
During the snmpling events in June, the average temperature at
the time of filter collection was 29 °C, so it is reasonable that
significant amounts of nitrate were not found in the analysis
of the fine pacticulate matter collected in June. In Janvary, the
average temperature during filter coflection was 9 °C, so all of
the nitrate present should have been in the particulate form.

Nitrate can also exist as a coarse species, Coarse particulate
nitrateis generally more stable, and this form results from the re-
action of nitric acid vapor on the surface of existing coarse parti-
cles (Pakkanen 1996), Sodium nitrate is a common nitrate form
that exists primarily in the coarse mode, but smaller amounts
may also befound in the fine mode, as with soil dust. Therefore,
the appearance of smail amounts of nitrate, possibly as sodium
nitrate, in the fine mode is reasonable,

An important consideration in chemical characterization is
the organic compound component, In completing the chemical
characterization, the EC-OC procedure only reports the mass of
organic carbon present. In ambient particulate matter, though,

organic carbon is actually present in compounds that include
varying amounts of oXygen and hydrogen. A conversion factor
from organic carbon mass to organic compound mass is there-
fore required, and many studies have used a factor of 1.4, a
value determined from two measurements of TSP gathered in
Los Angeles in 1973 (Gray et al, 1986; Grosjean and Friedlan-
der 1975; White and Roberts 1977),

In recent years, this value has been questioned (Andrews et
al. 2000; Saxena et al. 1995; Hegg et al, 1997; Turpin and Lim
2001), and the prevailing opinion seems to be that there is no
universal factor, The value of the factor will vary depending on
the level of oxidation of the organic compounds. More highly
oxidized (polar) organic compounds will have a higher mass
and, therefore, larger conversion factor associated with them
than less polar organic compounds, Less polar compounds are
generally most associated with urban areas, while less urban-
ized areas often contain more polar organic compounds (Hegg
et al, 1997). This may be the result of transport and atmospheric
oxidation of the compounds from urban areas to nop-urban ar-
eas, or of direct release of natural organic compounds, which
tend to be more polar (Saxena et al. 1995). Turpin and Lim
(2001} completed a review of existing data and recommend a
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value of 1.6 2= 0.2 for urban areas and 2.1 == 0.2 for non-trban
areas, but they note that the actual factor will likely vary with
location, season, and even time of day.

For the current study, a factor of 1.4 was applied to the data,
and provided a good fit for the aerosol collected in January. Use
of this factor for samples taken in June, however, resulted in an
average mass balance closure of only 83%. The lack of a mass
balance closure in June suggests that a higher factor may be
appropriate. Application of a factor of 2.0 to the data collected
in June resulted in a mass balance closure of 96%. The use of
a higher factor is reasonable because the more intense sunlight
und higher temperatures of June are expected to lead to greater
photachemical oxidation of organic compounds present in the
atmosphere as they are transported.

Heavy metal concentrations

Individual heavy metal concentrations were generally low,
on the order of 0.01 ~ 0,14,.g/m?, and total heavy metals on
average contributed approximately 0.3% of the fine PM mass,

Comparison of the contribution of heavy metals to FM mass
in this study to other published results is complicated by the fact
that different metals were often examined in various studies.
PMaz 5 studies conducted in California, Colorado, and Illinois,
as summarized by Chow and Watson (1998}, provide some ba-
sis for comparison to the results of the present study. For the
snme metals examined in those studies, results from this work
show an average contribufion to fine PM mass of 0.11+0.18%
versus 0,04% for California, 0.09% for Colorade, and 0.18%
for lllinois (Chow and Watson 1998), This comparison suggests
that the results from the current study are in the same general
range.

Source-receptor reconciliation

The theory behind the operation of chemical mass balance
models has been presented in a variety of sources (Schauer et
al. 1996; Schaver and Cass 2000; Salmon et al. 1995; Cass and
McRae 1983) and is summarized here. In these models, the mass
concentration of each chemical species in the ambient aerasol
is assumed to be a linear combination of the emissions of those
species from individual sources., Therefore, source emission
profiles are an essential part of these madels. The basic equation
used in these models is shown below:

nr
M ce=) ayfipsp
i=l

where ¢ is the mass fraction of chemical species # in ambient
sample &, a;; is the mass fraction of chemical species ¢ in emis-
sions of source j, fijr is the fractionation coefficient for species
i as it travels from source j to ambient location £, 5 is the mass
fraction of ambient sample & that is due to all of the chemical
species in emissions of source j, i.e., the fraction of the ambient
sample mass that is contributed by souree j,
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The unknowns in this analysis are the values of sy for the m
sources that combine to give the ambient aerosol. The fractiona-
tion coefficient, fjj, is used to account for differential removal
of selected species from the emission of 2 source as the emitted
aeroso] fravels to the ambient sample site. For this project, it
was assumed that all species are removed from the atmosphere
at equal rates during transport, i.e., fjjx = 1.0 in all cases, For
each ambient sample, eq, [2] is written # times— once foreach
species included in the analysis. For the models to work, n must
maich or exceed m, i.e,, the system of linear equations must be
exactly specified or over-specified. A linear regression analysis
is then used to solve the system of equations and determine
the combination of sources, and their respective contributions,
that explains the composition of the ambient aerosol with the
minimum square residual error,

The computer madel nsed in this work was CMB8 (Watson
et al, 2001), distributed by the U.S. Environmental Protection
Agency, The input to the program consists of the ambient data
and source profiles as well as the uncertninties in ench species,
and the effective variance weighted least-squares technique is
used in the solution of the system of equations. In this technique,
the inclusion of uncertainties provides a better estimate of the
uncertaintiss in the source contributions. The technique also
gives greater influence to those species that are known with
more precision in both ambient data and source profiles (Watson
et al. [984), The model output then consists of the contribution
of each source to the ambient aerosol and the uncertainty in that
estimate,

Included in the CMBS distribution package is a set of source
profiles gathered during a study in the San Joaguin Valley in
California in the late 1980s, One of the provided source profiles
for agriculiral soil was used in this work due to the lack of a
full soil source profile for the Clemson area, More recent source
profiles for antomobile emissions, cigarette smake, medium-
duty diesel trucks, wood burning (oak), and meat charbroiling
were also added (Kleeman 2002), Cigarette smoke and meat
cooking were added because significont cigarette smoking was
known to occur in the immediate area of the sampler at the
loading dock, and Hildemann et al, (1994) found that meat
cooking was the single largest contributor to organic carbon
compounds in the Los Angeles aerosol in 1982, Added in the
source profiles are ammonium sulfate, ammonium nitrate, and
sodium nitrate, These are all secondary aerosols and, therefore,
have na specific source, but they have been included to represent
inorganic secondary aerosols,

One of the issues involved in using CMBS with only general
source profiles (rather than with specific organic compounds as
tracers) is that those profiles shounld be chemically distinet. If
two or more sources are too similar in chemical composition, it
is imposslble for the program to distingnish between the two.
The similar sources are said to be collinear and = solution to
the system giving the contribution of each individual source
cannot be found. Frequently, this condition results in one of the
collinear sources being estimated as a negative quantity, which

v
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Table 2. Source contributions to ambient aerosol as determined by CMBS.

Foothall stedium Soceer stadium Loading dock

(avpto in pg/m?) (avgte in pgfm') (avgte in prg/m®)

Jonwary 2125 June 17-25  January 21-25  June 17-25  January 21-25  June 17-25
Apgricultural soil dust 0.4110.40 1.45+0.77 1.4621.02 1.50+0.48 1.600.53 0.3140.94
Ammonlum suifate 2.7540.25 9.124+0.75 3.18+40.32 014074 3461031 9044071
Ammonimmn niteate 110016 — 1.37£0.26 — 1.13%0.27 —
Sodium nitrate — 0.13+0.20 0.07-40.10 0024005  0.35240,10 0.02%0,14
Diesel vehicle exhaust 0,1040.57 0.20::0.97 0.06::0.60 0,19:£0.52 0.4640.57 0.074:0,58
Other? 5.80:£0,97 6.87:£1.71 B.55:4:1.22 721145  6.54%0.04 5.774+1.08
Som of identified sources  10,173:0.88 17.77£1.99  14,702-1.48 18.07+£1.65 13,54+0.98 1521145
Measured mass 10.350,77 2081+1.50 12.9140.46 21.91+2.02 13.18+1.06 20.91%2.91
Total mass explained 98% 85% 114% 82% 103% 73%
R 0.99 0.99 0.98 1.00 1.00 1.00
X2 0.47 0.28 1.78 0,16 0,01 0.06

Nole: o denotes the uncertainty [n the estimate from CMBS. R2 i5 the comelation coefficient, showing the goodness of lit of the mode! to the datn,
x2 is tho sum of the square of the residunl errors between data and model predietions.
2 fncludes gasoline vehicle exlinnst, ment cooking, cigarette smoke, and wood burming,

is meaningless and would require the model fo be mn again
without the negative source included. To circumvent the esti-
mation of negative source contributions, this version of CMB
allows the simulation to be run with the option for sources with
negative contributions to be antomatically eliminated in sub-
sequent iterations, In this way, the most likely sources with
positive contributions are always selected (Watson et al, 2001).
This option was vsed in the current work, An important point to
recognize, however, Is that this method leads to an estimate of
the contribution of only one of the collinear sources, when in
reality the true contribution is likely some combination of all of
the collinear sources, A number of sources in this work exhib-
ited this behavior. The source profiles for automobile emissions,
meat cooking, cigarette smoke, and wood burning were dom-
inated by organic carbon and were all sufficiently similar to
cause collinearity problems,

When simulations were run without the CMB program op-
tion involving automatic removal of sources with negatively
estimated contributions in subsequent iterations, the model es-
timated some of the arganic carbon sources as having unreason-
ably high contributions (i.e., greater than the total mass of the
aerosol), while other organic carbon sources were estimated as
having laege negative contributions, As discussed earlier, CMB8
was unable to determine the individual contribution of the or-
ganic carbon sourees with similar source profiles, i.e., automo-
bile exhaust, meat cooking, cigarette smoke, and wood burning.
Between these effects and the similarity in the source profiles
themselves, it was determined that the aforementioned organic
carbon sources were sufficiently collirear that CMB could not
distinguish between the individual contributions of each,

Due to the relatively rural nature of Clemson, S.C., biogenic
organic carbon emissions might also contribute to the ambi-
ent aerosal. Such emissions are typically gases, which are then
photochemically oxidized to form secondary organic carbon
particulate matter, No source profile conld be found for such

emissions, so this source was not included in the modeling. In
addition, even if a source profile had been availuble, it would
very likely have suffered from collinearity as discussed above,
making the determination of its individual contribution to the
aerosol difficult,

Inmodeling the aerosol, the data were averaged by season but
kept separate by location, so that six distinct ambient data sets
were modeled, The source profiles employed were ammonium
sulfate, ammonjum nitrate, sodinm nitrate, meat charbroiling,
cigarette smoke, automobile exhaust, mediuni-duty diesel truck
exhaust, agricultural soil dust, and wood smoke. The source
profiles available for automobile emissions were for cars with
catalytic converters and without catalytic converters (Kleeman
2002). In an attempt to mitigate the collinearity effects of the au-
tomobile sources, the simplifying assumption was made that the
distribution of cars in the Clemson University area was approxi-
mately 80%~20% catalytic to non-catalytic converter-equipped
cars,

Table 2 shows the contribution of each ideatified sonrce to
the ambient asrosol during each season at each site. The to-
tal mass estimated by the model was somewhat more aceurate
for the Tanuary samples than for the June samples, averaping
105% in January and 80% in June, although the uncertainty
of the model estimntes was on the order of 10%-20%. The
correlation coefficient (R%) was close to 1 for each location,
which implies that the mode] provided a good fit to the data in
all cases. Chi-square (x2) is the weighted sum of the squares
of the deviations between the measured and predicted species
concentrations, Ideally, therefore, this value would be zero for
a perfect fit. In general, a value less than 1.0 represents a very
goodfit to the data, while a value between 1 and 2 is acceptable.
For simulations like those performed in this study, x2 values
of this size are not statistically different fron1 zero at the 99%
confidence level (Watson et al. 2001), indicating that the model
predictions explain the ambient aerosol well,
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Table 3. PM; 5 species concentrations as measured and gs predicted by CMVBS.

Football stadium

{averagesto in pg/m®)

Januvary 21-25 June 17-25

Measured Predicted by CMB8 ~ Measured Predicted by CMB8
Nitrate 0.9030£0.1039  0.8689:0.0854 0.0788+0.1484  0.11184:0.0104
Sulfate 2.192240,1908  2.114140.2001 6.9019:£0.5532  6.8004::0.6632
Ammonium 0,95884-0.0284 0.9659-4-0.0791 2427400781 2.4345::0.2491
Sodium ND 0.0010-£0.0002 0.1702::0,1782  0.0428::0.0036
Elementnl catbon  0.168940.3362  0.1184::0.0006 0.15560.5500  0.15454:0.0020
Orgnnie carbon 3.3476+£0.5363  3.3672:+0.0048 3.022540.9264 3.9210%0.0156
Potassium 0.0602::0.0102  0.0594-:0.0015 0,0525::0.0242  0,0532-0,0052
Titanium ND 0.0034:-0,0004 0,01044:0.0305 0.0121:+0.0013
Mangancse 0.031420,0263  0.0006:0,0001 0.0163:0.0197  0.0019:0.0001

Saccer stadinm

(averagesto in geg/m®)

January 21-25 June 17-25

Measured Predicted by CMB8  Mecasured Predicted by CMBE
Nilrate 1,1736+0,1754  1.1187--0.1066 0.0335£0.0355  0.0353::0.0048
Sulfate 2.6545+0.2499  2,5581£0.2315 6.8477+0,5526  6,7725::0.6646
Ammonium 1.14224:0,0319  1.1484:£0.0923 24514£0.0672  2.455240.2496
Sodium 0.0285:£0.0284  0.0313:0.0020 0.1010::0.1536  0.0144=£0,0009
Elemental catbon  0.2675+0.3361  0.26602-0.0024 0.1445+0,2967  0.1447+0.0021
Organic carbon 4.8507+0,6590 4.8563+:0.0166 4.11204£0.7990  4.1099:£0.0162
Potassium 0.0695+0.0319  0.0752+0.0053 0.0549:0,0140  0.0553::0,0054
Titanium 0.0540+0.0545 0.014220.0013 0.0194::0,0533  0.0126=£0.0014
Manganese 0.07792:0.0354  0.002020.0002 0.00910.0131  0.0020:0.0002

Loading dock

(average-to in pp/m*)

January 21-25 June 17-25

Measured Predicted by CMB8  Measured Predicled by CMB8
Nitrate 1.164340,1993  1.1406::0,0916 0.0149:0.1051  0.0204-£0.0015
Sulfate 2,58884-0,1747 2.5706-£0.2518 6.8281:£0.4044  6,7668+0.,6573
Ammonium 1.1902%0,0313  1.19210.0080 2.3949-4:0,0702  2.4021-:0.2468
Sodium 0.0957+0.0265 0.09674:0.0094 0.1732:%0.3528  0,0063--0.0005
Elemental carbon  0.3396::0.3256  0.3383+0.0023 0.1048-:0,3338  0,1040-:0.0004
Organic carbon 5.1011x0.6901  5.10463:0.0173 4.3974:£0,7997  4.3992:£0.0040
Polassium 0.0092+0.0141  0.09912-0.0058 0.0526£0,0288 0.052340.0011
Titanium 0.0109:£0,0340  0.01350.0014 ND 0.003240.0003
Manganese ND 0.0021-+0.0002 ND 0.0004::0.0001

Note: ND, below method detection limit. o - T standard deviation for mensured concentrations or uncertainty in
prediction os caleulated by CMBS,

The primary contributions to the aerosol in January were
made by soil dust, ammonium sulfate (secondary aerosol), am-
monium nitrate (secondary aerosol), and a source consisting
primarily of organic carbon. As discussed earlier, CMB8 was
unable to determine the individual contribution of sources with
similar source profiles. The program, therefore, identified only
one source as making the last contribution, e.g., cigarette smoke
at the loading dock. Since itis unlikely that the single identified
source made such a large contribution to the aerosol at each
site, the contributions were reported in Table 2 in an “other®

category, In the moedeling, this eategory included automobile
exhaust, meat cooking, cigarette smoke, and wood burning, In
reality, all of these sources probably contributed to the serosol.
Itisalsolikely that biogenic secondary organic compounds con-
tributed, as well. Due to their secondary nature and the lack ofa
source profile, this source was not included in the modeling, but
it could be considered to be a part of the “ather* category, since
its inclusion would not have changed the output of CMB3,

In June, the main contributions were similar to those in Jan-~
uary, except that the contribution of ammonium nitrate was neg-

©2003 NRC Canada




LA

ey ey

»

e et o

ot At 4

£y

AT

TEEEY
b

e

ST

e e s

Calhoun et al.

449

Fig. 3. Compnrison of measured and predicted concentrations by CMBS of selected particulate matter constituents.
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ligible. Simnilarly to the January data, the actual contributions of
autornobile exliaust, meat cooking, and cigarette smoke (s well
as the likelihood of biogenically derived organic compounds)
could not be determined, 50 the contribution was attributed to
the “other” category, The inability of the program to determine
the indiviclual contributions of sources with similar source pro-
files highlights the utility of using specific organic compounds
as tracers, as this type of data would facilitate a differentiation
between the individual contributions of similar sources.

In all cases, diesel exhavst was identified as a contributing
source, bt only at levels below the uncertainty associated with
the estimate, This condition indicates that the contribution is
below a limit of detection, The contribution made by sodinm
nitrate (secondary aercsol) is similar, though in several cases
the levels; are closer to the uncertainty than in the ense of diesel
exhaust. In such cases, it can be assumed that the upper limit
of the source contribntion is two or thres times the uncertainty
estimate (Watson et al. 2001). The small contributions made
by sodium niteate are supported by the previous discussion on
the relative thermodynamic stability of the predominant fine
species, ammonium nitrate, and the more stable predominantly
coarse species, sodivm nitrate.

Inusing CMBS, fitting species must be selected. These species
are the components used in fitting the model to the data and de-
termining the quality of the fit. The fitting species, therefore,

* must have been quantified in both the ambient aerosol samples

and in all of the source profiles. Subject to this constraint, nine
fitting species were chosen, and the species concentrations, as
mensored and as predicted by CMBS, are shown in Table 3,

© . In most cases, the ngreement between measured and calculated

concentrations was good, o5 expected from the &2 and x? values
presented enrlier. The primary exceptions were manganese and
to n lesser extent titanium, Bxcept for the cases where a mea-

" “surable level was not detectable, the calculated concentration

of manganese was lower than the measured concentration by a
factor ranging from 5 to 52, Inspection of the uncertainty esti-
mates for the measured concentrations indicates, however, that
actual differences may be much smaller or even insignificant in
some cases, The discrepancy may be due to a difference in the
manganese and titaniom content of the soil in the Clemson aren
versus the California soil that was used as a source profile. As a
typical illustration of the agreement between measured and eal-
culated concentrations, Fig. 3 shows the comparison batween
the two for the average January aerosol at the soccer stadium.

Conclusions

Ambient PMj 5 and TSP saerosol samples were taken at three
sites on the campus of Clemson University during Janvary and
June of 2001. On average, approximately 48% of the TSP was
in the fine mode, Chemical characterization of the samples in-
dicated that in both seasons, PMg s mass was dominated by
organic carbon compounds and sulfate, with smaller but still
significant contributions by ammonium, soil dust, and nitrate
(in January only). On average, 99% of the gravimetrically de-
termined PMz 5 mass was chemically identified in the J anuary
samples, with.96% identified in the June samples. The average
mass concentration was higher in June than in January, with
an average value of 12,2 pg/m? in Janvary and 21,2 pg/m? in
June, resulting in an overall average of 16,7 pug/m?3. It appears
that an increase in sulfate was largely responsible for the higher
mass concentrations found in June than in January, and this may
be due to greater photochemically enhanced procluction of sec-
ondary sulfates (Polissar et al, 2001),

In determining the mass composition of the fine and TSP
aerosol, a factor of 1.4 was used for the January samples to
convert from organic carbon (the measured component) to or-
ganic compounds, while a factor of 2.0 for the June samples
provided a better fit to the gravimetrically determined mass.
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These factors correspond well to the values recommended by
Turpin and Lim (2001}, and by the greater photochemical oxi-
dation oceurring in June than in January, which wonld resnlt in
the formation of more highly oxididized organic compounds,
thus giving them a higher average molecular weight,

Due to health-related concerns over the association af texie
heavy metals with fine PM, chemical characterization included
heavy metal analysis. Individunl heavy metal concentrations
were relatively low, on the order of 0.01-0.14 zg/m?, and total
heavy metals on average contributed 0.3% of the fine aerosol
moss,

If future control of fine PM is to be practiced, the sources
of the aerosol must be determined since control of an ambi-
ent aerosal is only possible at the level of the source. Source-
receptor reconciliation was completed for the fine aerosel in
this study using a chemical mass balance model, CMB8. Mod-
eling results show that the major sources of the ambient aerosol
sampled in this work were soil dust, ammonium sulfate, am-
monium nitrate (only in January), and a single source at each
site consisting primarily of organic carbon. The identification
of a single source is a consequence of the similarity (collinear-
ity) of the source profiles for automobile exhaust, meat cook-
ing, cigarette smoke, and wood burning. In reality, it is highly
likely that all of the collinear sources actually contributed to the
aerosol, in addition to the likely contribution of biogenic sec-
ondary organic carbon, Therefore, results were reported with a
composite source of organic compounds that included all of the
collinear sources, To determine the individual contribution of
each source to the aerosol, specific organic compounds would
have to be used as tracers in source-receptor reconciliation.
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