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Summertime concentrations of fine particulate carbon in
the southeastern United States are consistently under-
estimated by air quality models. In an effort to understand
the cause of this error, the Community Multiscale Air
Quality model is instrumented to track primary organic
and elemental carbon contributions from fifteen different
source categories. The model results are speciated using
published source profiles and compared with ambient
measurements of 100 organic markers collected at eight
sites in the Southeast during the 1999 summer. Results indicate
that modeled contributions from vehicle exhaust and
biomass combustion, the two largest sources of carbon in
the emission inventory, are unbiased across the region.
In Atlanta, good model performance for total carbon (TC)
is attributed to compensating errors: overestimation of vehicle
emissions with underestimations of other sources. In
Birmingham, 35% of the TC underestimation can be explained
by deficiencies in primary sources. Cigarette smoke and
vegetative detritus are not in the inventory, but contribute
less than 3% of the TC at each site. After the model
results are adjusted for source-specific errors using the
organic-marker measurements, an average of 1.6 µgC m-3

remain unexplained. This corresponds to 26-38% of
ambient TC concentrations at urban sites and up to 56%
at rural sites. The most likely sources of unexplained carbon
are discussed.

Introduction
In the southeastern United States, carbon is the largest
component of fine particulate matter (PM2.5) on an annual
basis within urban areas (1) and the second largest con-
tributor after sulfate to visibility degradation within Class I
areas (2). During the summer months, average carbon
concentrations in the Southeast are greater than those in
any other U.S. region (3). However, these summertime carbon
concentrations are systematically underestimated by current
air quality models (3-6). Diagnosing the cause of this bias
has proven difficult because particulate carbon originates
from numerous primary sources and secondary formation

pathways. Morris et al. (7) show that the underestimations
could be explained by biogenic secondary formation path-
ways and polymerization processes that are not treated in
most models. Zhang et al. (8) show that the model under-
estimations would be mitigated if primary organic aerosol
emissions are increased. In both of the aforementioned
studies, improvements in model performance are judged by
comparison with PM2.5 measurements from routine moni-
toring networks that distinguish organic carbon (OC) and
elemental carbon (EC) only. That distinction is insufficient
to determine the relative contributions of different sources
and formation pathways to the atmospheric loading of total
carbon (TC), and hence, does not build confidence in the
use of air quality models for regulatory applications in which
an accurate understanding of source contributions is para-
mount. In contrast, organic speciation techniques provide
tremendous insight into the origin of particulate carbon (9-
13).

To date, air quality models have been evaluated directly
against organic markers only in the Los Angeles metropolitan
area (14, 15). Three obstacles have prohibited such evalu-
ations over broader regions. First, ambient measurements
of individual organic species are available at very few
locations. Second, a detailed inventory of TC emissions from
the most important sources is needed. Third, a regional-
scale air quality model must be developed to simulate
atmospheric concentrations of the organic markers. Recently,
Zheng and co-workers compiled the first set of PM2.5 organic-
marker measurements that span a multi-state geographic
region (13). The U.S. Environmental Protection Agency
assembled a detailed national emission inventory (NEI) for
1999 (16), the same year when the ambient organic-marker
measurements were collected. The Community Multiscale
Air Quality (CMAQ) model was instrumented to track primary
OC and EC contributions from different source categories
simultaneously, permitting the computation of speciated
organic concentrations (17). In the present study, the CMAQ
model results are evaluated against organic-marker mea-
surements collected across the southeastern U.S. during
summer 1999, and the source categories that contribute to
model underestimations of TC are identified quantitatively.

Methodology
Ambient Measurements. A thorough description of the
organic-marker measurements is provided by Zheng et al.
(13). The subset of measurements used in the present study
is described briefly here. PM2.5 samples were collected daily
at eight sites in the Southeastern Aerosol Research and
Characterization (SEARCH) network in July 1999 and during
the Atlanta Supersite Experiment in August 1999. The
SEARCH sites are located at one urban location and one
suburban or rural location in four southeastern states:
Mississippi, Alabama, Georgia, and Florida. The 24-h filter
samples were analyzed for OC and EC using the thermal-
optical reflectance (TOR) method, and monthly composites
of the samples from each site were analyzed for 100 organic
markers by gas chromatography/mass spectrometry (GC/
MS). These markers were selected based on numerous earlier
analyses of the major sources of ambient particulate carbon
(10, 12, 14, 18). For example, hopanes and steranes are motor-
vehicle-exhaust tracers, levoglucosan and resin acids are
biomass-combustion tracers, nonanal and the selected
alkenoic acids are food-cooking tracers, and the selected
isoalkanes are cigarette smoke tracers. The average analytical
uncertainty of these marker concentrations is approximately
(20% (13).

* Corresponding author phone: +1(919)541-2194; fax: +1(919)-
541-1379; e-mail: prakash.bhave@noaa.gov.

† National Oceanic and Atmospheric Administration.
‡ Georgia Institute of Technology.

Environ. Sci. Technol. 2007, 41, 1577-1583

10.1021/es061785x CCC: $37.00  2007 American Chemical Society VOL. 41, NO. 5, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 1577
Published on Web 01/26/2007



Model Description. In the present study, CMAQ v4.4 is
used with the following options: Statewide Air Pollution
Research Center (SAPRC99) gas-phase chemical mechanism,
modal aerosol module v3 (AE3), Regional Acid Deposition
Model (RADM) cloud module, eddy vertical diffusion, and
piecewise parabolic method (PPM) advection. Emission
inputs are described in detail in the Supporting Information.
The aerosol module is described in detail by Binkowski and
Roselle (19), with CMAQ v4.4 updates described by Bhave et
al. (20) and references therein. The treatment of secondary
organic carbon (OCsec) in CMAQ v4.4 includes formation from
aromatic and aliphatic hydrocarbons (i.e., anthropogenic
OCsec) and monoterpenes (i.e., biogenic OCsec), as described
by Yu et al. (21). The aerosol size distribution is modeled as
a superposition of three lognormal modes that correspond
nominally to diameter (Dp) < 0.1 µm (i.e., Aitken mode), 0.1
< Dp < 2.5 µm (i.e., accumulation mode), and Dp > 2.5 µm
(i.e., coarse mode) size ranges. All model results discussed
below are sums of the first two modes.

To compute the concentrations of organic markers, CMAQ
v4.4 is instrumented to track primary OC and EC contribu-
tions from 15 different source categories: onroad and
nonroad diesel and gasoline vehicles, anthropogenic biomass
combustion, wild fires, coal, oil, and natural gas combustion,
food cooking, paved road dust, other crustal material, aircraft
exhaust, waste combustion, and miscellaneous industrial
processes. In the base model, primary TC is tracked as four
model species: Aitken-mode OC, Aitken-mode EC, ac-
cumulation-mode OC, and accumulation-mode EC. In the
instrumented model, a copy of these four species is added
for each of the 15 source categories. The new model species
are internally mixed within their designated aerosol mode
(i.e., Aitken or accumulation) and participate in advection,
diffusion, deposition, condensational growth, and coagula-
tion processes in a manner identical to the treatment of
primary OC and EC species in the base model. A 10-day test
simulation was conducted to verify that results from the
instrumented model are practically identical to those from
CMAQ v4.4. The carbon apportionment code is a publicly
available model option in CMAQ v4.5-4.6.

The model described above was used to simulate gaseous
and PM pollutant concentrations from June 12 to August 31,
1999. The first 3 days of model results are discarded to reduce
the effects of clean initial conditions. The model domain
covers the continental United States with a horizontal mesh
of 32-km cells depicted in Figure 1b of reference 3. Although
it is possible to conduct the simulations with finer horizontal
resolution, previous studies show that CMAQ model results
for TC in the Southeast are not improved noticeably with
12-km or 8-km grid spacing (5, 6). Meteorological inputs are
identical to those described by Arnold and Dennis (22). Hourly
CMAQ model results from the lowest vertical layer (height
≈ 38 m) in grid cells containing each monitoring location are
aggregated to monthly averages for the present analyses.
Model results are not spatially interpolated. The CMAQ
outputs of TC from each source category are multiplied by
organic speciation profiles (see the Supporting Information)
to obtain modeled concentrations of each measured mo-
lecular marker.

Results
A comparison of model results with ambient TC concentra-
tions reveals a model underestimation of 30% or more at all
sites except Atlanta (see Table 1). This model bias is consistent
with other recent model evaluations in the southeastern U.S.
during summer (3-6) and is discussed in the Supporting
Information. The following sections focus on comparisons
of model results with organic markers.

Source Apportioned CMAQ Results. CMAQ model results
for TC from each source category are summarized in the

upper portion of Table 1. For the present discussion, sources
with monthly averaged concentrations exceeding 0.1 µgC
m-3 are regarded as major contributors of TC. Based on the
CMAQ results, biogenic OCsec and anthropogenic biomass
combustion are major contributors at all sites. Onroad and
nonroad diesel are major sources at all sites except in rural
Alabama and Mississippi. Wild fires are major contributors
at all sites except Centreville and both Mississippi sites. The
very low wild-fire contribution at Centreville relative to nearby
Birmingham is indicative of deficiencies in the spatial
allocation of wild-fire emissions in the 1999 NEI (see the
Supporting Information). Food cooking is a major source in
Atlanta and Birmingham. Onroad gasoline, nonroad gasoline,
paved road dust, and anthropogenic OCsec are major sources
only in Atlanta. Coal combustion is a major contributor only
in Birmingham. Collectively, miscellaneous industrial sources
make a major contribution in Atlanta, Birmingham, Oak
Grove, and Yorkville. On the other hand, aircraft exhaust,
waste combustion, oil combustion, natural-gas combustion,
and crustal material make minor contributions to TC at all
sites based on the monthly averaged CMAQ output. These
results are generally consistent with patterns found in the
regional-scale emission inventory, as discussed in the Sup-
porting Information.

Other investigators have compared source-apportionment
results from an air quality model with those from a chemical
mass balance (CMB) receptor model (23). An analogous
comparison could be made using the results in Table 1 and
the CMB results in ref 13. Recent studies have shown that
CMB results are very sensitive to the selection of source
profiles and fitting species (24, 25). A thorough analysis of
the differences between CMAQ and CMB results would likely
require several sensitivity tests using the CMB model, which
is beyond the scope of this study. Rather than comparing
Table 1 with CMB results, numerous insights are gained by
comparing the model results directly with measured marker
concentrations.

Model Evaluation: Organic Markers. Modeled concen-
trations of individual organic markers are computed by
multiplying the source-specific TC concentrations in Table
1 by the published speciation profiles listed in the Supporting
Information. The implicit assumption, examined below, is
that all of the markers under consideration are neither
degraded in the atmosphere nor formed by secondary
processes (i.e., all markers are conserved tracers). In the
ambient data set, concentrations of individual organic
markers vary by 5 orders of magnitude (chrysene and/or
triphenylene ) 6 pg m-3 at Yorkville; dehydroabietic acid )
0.4 µg m-3 at Oak Grove). To evaluate model performance
for all markers in a compact display, we focus on modeled/
observed ratios. Assuming each species is a conserved tracer,
instances where a ratio departs from unity imply errors in
the emissions or transport of the given marker.

Zheng et al. (13) quantified 100 different organic markers
in at least one of the nine summertime ambient samples.
The R and S chiral forms of homohopanes, bishomohopanes,
and trishomohopanes were quantified separately in the
ambient samples, but each pair is summed together in the
model evaluation because the chiral structures are not
separately distinguished in many of the source profiles used
to speciate the model results. This leaves 97 compounds and
a total of 613 pairs of measured and modeled marker
concentrations displayed in Figure 1. Analyzing the full suite
of modeled/observed ratios yields insights about the TC
concentrations at given locations, the validity of the con-
served-tracer assumption for certain markers, and the
accuracy of emission estimates for specific source categories.
Major insights in these three areas are summarized below.

Site-Specific Comparisons. Anomalies in model perfor-
mance which are unique to a monitoring site can be identified
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by searching Figure 1 for patterns where a particular symbol
falls consistently above or below the remaining symbols for
a set of markers. At the Oak Grove site, modeled/observed
ratios are substantially lower than the ratios at all other sites
for alkanoic acids with twenty or more carbon atoms (Figure
1b), retene (Figure 1d), resin acids (Figure 1e), cycloalkanes,
nonanal, and levoglucosan (Figure 1f). This implies that the
model is missing or underestimating a source near Oak Grove.
Biomass-combustion smoke contains large quantities of
alkanoic acids, retene, resin acids, and levoglucosan (26).
Figure S2 indicates that episodic TC events on June 19, July
1, and July 3, which could result from local fires, are not
captured in the model. The Oak Grove site is located 10 km
south of Camp Shelby, a military installation encompassing
over 500 km2 of forested land. Prescribed burning is used
sporadically in the Southeast for land management and is
most intensive on military installations (24). In the 1999 NEI,
prescribed-burning emissions are distributed with monthly
resolution on a state-by-state basis. This allocation of
emissions is not sufficiently detailed to capture the impact
of prescribed fires near their source. Using an organic
speciation profile obtained from prescribed-burning sites at
two military installations in the Southeast (24) and the factor
of 6.4 difference between modeled and measured levoglu-
cosan concentrations (Figure 1f), we conclude that TC from
biomass combustion is underestimated at Oak Grove by
approximately 1.4 µgC m-3.

At the Birmingham site, modeled/observed ratios are
substantially lower than the ratios at all other sites for hopanes
and steranes (Figure 1c), polycyclic aromatic hydrocarbons
(PAH) (Figure 1d), and two aromatic ketones (Figure 1f).

Again, this implies that the model is missing emission sources
near Birmingham and three explanations are provided. First,
modeled concentrations for nine hopanes and steranes are
lower than the observations by a factor of 1.86 on average
(computed as the geometric mean of the modeled/observed
ratios), implying that TC from vehicle exhaust in Birmingham
is underestimated by up to 0.6 µgC m-3. Diesel exhaust is
also a significant source of PAH, which may explain a small
portion of the PAH underestimation. Second, the underes-
timation of PAH may be due to incorrect speciation of coal-
combustion TC, which is greater at Birmingham than at any
other site (see Table 1). Due to the unavailability of coal
combustion data, a Pittsburgh coke-production profile is used
in the present study to speciate coal-combustion TC. Third,
it is possible that PAH are emitted in large quantities from
miscellaneous industrial sources near the Birmingham site
(note the substantial contribution from this category in Table
1), which are predominantly iron and steel industries. These
source contributions are not speciated in the model results
because organic-marker profiles are unavailable.

Conserved-Tracer Assumption. An examination of Figure
1 reveals three distinct patterns that challenge the conserved-
tracer assumption for certain markers. In the first pattern,
modeled/observed ratios lie significantly above unity, in-
dicative of species that are subject to volatilization or
photochemical decay. The clearest example of this pattern
is in the PAH results (Figure 1d), where several of the
modeled/observed ratios approach 100. Atmospheric studies
in Los Angeles in 1982 suggest that PAH with molar mass less
than or equal to 252 g/mol (from fluoranthene to perylene
in Figure 1d) are depleted by volatilization and/or chemical

TABLE 1. Monthly Averaged, Source-Apportioned Concentrations of TC [µgC m-3] at all
SEARCH Sites in July 1999 and Atlanta in August 1999a

GFP OAK BHM CTR JST JST (Aug) YRK PNS OLF

CMAQ Model Results
onroad diesel 0.11 0.04 0.25 0.04 0.58 0.64 0.16 0.10 0.10
nonroad diesel 0.18 0.07 0.30 0.06 0.80 0.92 0.20 0.16 0.16
onroad gasoline 0.03 0.01 0.08 0.01 0.24 0.26 0.05 0.04 0.04
nonroad gasoline 0.06 0.02 0.05 0.01 0.17 0.20 0.03 0.05 0.05
aircraft exhaust 0 0 0.01 0 0.01 0.01 0 0.01 0.01
anth. biomass comb. 0.22 0.21 0.47 0.16 0.68 0.70 0.45 0.36 0.36
wild fires 0.04 0.04 0.38 0.07 0.14 0.16 0.22 0.44 0.44
waste combustion 0 0 0.01 0 0.01 0.02 0.02 0 0
coal combustion 0.01 0.01 0.17 0.04 0.04 0.07 0.05 0.03 0.03
oil combustion 0.01 0 0.01 0 0.04 0.03 0.04 0.01 0.01
natural gas combustion 0.01 0.01 0.01 0 0.03 0.03 0.01 0 0
food cooking 0.05 0.02 0.13 0.01 0.46 0.52 0.07 0.06 0.06
paved road dust 0.04 0.01 0.06 0.01 0.11 0.12 0.03 0.04 0.04
crustal material 0.03 0.01 0.03 0.01 0.05 0.06 0.04 0.03 0.03
misc. industrial sources 0.04 0.15 0.48 0.04 0.61 0.65 0.24 0.05 0.05
other primary sources 0.01 0.01 0.01 0.01 0 0 0 0.05 0.05
anthropogenic OCsec 0.02 0.02 0.05 0.02 0.10 0.10 0.06 0.03 0.03
biogenic OCsec 0.43 0.59 1.48 0.81 1.69 2.04 1.30 0.43 0.43

total carbon (CMAQ) 1.30 1.23 3.97 1.33 5.77 6.56 2.96 1.88 1.88

Observational Estimates of Model Bias (Negative Values Indicate Model Overestimates)
gasoline + diesel b c 0.57 c -1.44 -2.01 -0.28c,d b -0.25
biomass combustion 0.49 1.36 b 0.18 b b b -0.37 -0.55
food cooking 0.11 e 0.43 f f 0.48 0.13 0.29 0.07
cigarette smoke 0.02 g 0.08 g 0.05 0.13 g 0.05 g

vegetative detritus 0.02 0.03 0.10 0.02 0.07 0.17 0.02 0.06 0.02

total carbon (CMAQ + biases)h 1.93 2.62 5.14 1.53 4.45 5.34 2.83 1.91 1.16
unexplained carbon 1.09 0.43 1.99 1.91 1.55 2.00 1.39 1.16 1.48
total carbon (observed) 3.03 3.05 7.13 3.44 5.99 7.33 4.22 3.07 2.64

a GFP ) Gulfport, MS; OAK ) Oak Grove, MS; BHM ) N. Birmingham, AL; CTR ) Centreville, AL; JST ) Atlanta, GA; YRK ) Yorkville, GA; PNS
) Pensacola, FL; OLF ) Outlying Field #8, FL. Upper section: modeled source contributions from 16 primary and 2 secondary categories. Lower
section: model biases estimated from organic-marker evaluation. Bottom row: TC observations. Note that both Florida sites lie in the same 32-km
grid cell. b Model results and observations agree within measurement uncertainty. c Hopanes and steranes not quantified in these samples.
d Based on seven species for which modeled/min(observed) ratio exceeds unity. e Inconclusive, because the biomass deficit may contribute to
nonanal underestimates. f Nonanal not quantified in these samples. g Cigarette-smoke tracers not quantified in these samples. h CMAQ results
after adjusting for source-specific biases.
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reaction, whereas the heaviest PAH are conserved in the
particle phase (14). A 1993 field study during an intense
photochemical episode in Los Angeles indicates that indeno-
(cd)pyrene and indeno(cd)fluoranthene are also degraded

by atmospheric reactions (15). Laboratory experiments show
that nine of the PAH plotted in Figure 1d, including indeno-
(cd)pyrene and benzo(ghi)perylene, decay photochemically
under typical atmospheric conditions (27). Present results

FIGURE 1. Evaluation of model results for individual organic markers (EC and OC displayed for reference). Each symbol represents a monthly
averaged model result divided by an ambient measurement. Shaded symbols represent urban sites; unshaded symbols represent rural and
suburban sites. Different shapes correspond to different states. Omitted symbols imply that the given compound was not quantified in the
given ambient sample (e.g., benzo(a)pyrene in OLF#8). Downward-pointing arrows identify markers that were measured in ambient samples
but not in the speciation profiles and thus have zero concentrations in the CMAQ results. Dashed horizontal lines bound all comparisons
that agree within a factor of 2.
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are in agreement with the earlier studies and indicate further
that coronene, the heaviest PAH analyzed in the ambient
samples (300 g/mol), may be subject to atmospheric deg-
radation (geometric mean modeled/observed ratio equals
2.1). Another example of the pattern representative of
volatility and atmospheric degradation is seen in the tetra-
cosane and pentacosane results (Figure 1a). For both of these
species, model results greatly exceed observations at three
sites. Early source-reconciliation studies in Los Angeles
indicate that these species are conserved in the particle phase
(10), but Figure 1 of reference 28 demonstrates that these
compounds are, in fact, semi-volatile, which is supported by
the present results.

In the second pattern, modeled/observed ratios fall
significantly below unity, suggesting that these species are
formed in the atmosphere by secondary processes. Markers
fitting this pattern include aliphatic dicarboxylic acids,
7-oxodehydroabietic acid, nonanal, aromatic carboxylic
acids, and 1,8-napthalic anhydride, as shown in Figure 1e
and f. Aliphatic dicarboxylic acids are known to be formed
by secondary photochemical processes (see ref 10 and
references therein). Laboratory studies show that 7-oxode-
hydroabietic acid is a photochemical degradation product
of dehydroabietic acid (29), whereas nonanal is formed by
the oxidation of 9-octadecenoic acid (30). Aromatic carboxylic
acids are believed to be produced by secondary processes
(13, 18) following the oxidation of aromatic gaseous precur-
sors. In the CMAQ model, aromatic OCsec concentrations are
simulated explicitly and, as shown in Figure 2, are strongly
correlated with the summed measurements of six aromatic
carboxylic acids. This correlation indicates that the spatial
distribution of aromatic OCsec across the SEARCH sites during
summer is captured quite well in the CMAQ model. However,
no conclusions can be drawn regarding the magnitude of
the modeled OCsec concentrations because the marker/OCsec

ratios are unknown.
The third pattern is illustrated by unshaded symbols lying

above shaded symbols of the same shape. Markers exhibiting
this pattern include heavy alkanoic acids at the Georgia and
Florida sites (Figure 1b) and several heavy PAH (Figure 1d).
On face, this pattern indicates that the CMAQ results
overestimate ambient concentrations at rural sites to a greater
degree than at urban sites. An alternative interpretation is
that markers exhibiting this pattern are emitted in urban
areas and are degraded by chemical reactions during

transport to rural areas. This was proposed recently by
Robinson et al. to explain hopane concentrations in the
Pittsburgh area (31).

Source-Specific Markers. Perhaps the most valuable
information that can be obtained from Figure 1 is a
quantitative assessment of the emission inventory for specific
sources of TC. Such an assessment involves evaluating the
CMAQ model results for organic species that are source-
specific markers. The results of this assessment are sum-
marized in the lower portion of Table 1. Modeled concen-
trations of hopanes and steranes, markers for gasoline- and
diesel-vehicle emissions, are evaluated in Figure 1c. Model
results fall within 8% of the measurements when averaged
over all 42 modeled/observed pairs, implying that the regional
emission inventory is unbiased for the sum of diesel and
gasoline sources. Looking at each site individually, model
results exhibit varying levels of agreement with the observa-
tions. Average modeled/observed ratios are 0.54 in Birming-
ham (discussed above), 1.76 in OLF#8, 1.82 in Atlanta during
July, and 2.02 in Atlanta during August. Using the average
modeled/observed ratios at each site, the amount of excess
vehicle exhaust in the Atlanta and OLF#8 model results may
be estimated (see Table 1).

Levoglucosan is commonly used as a marker for biomass
combustion due to its source-specificity and high ambient
concentrations (32). Excluding the Oak Grove sample for
reasons discussed above, modeled and observed levoglucosan
concentrations agree within 5% on average, indicating that
the regional emission inventory is unbiased for biomass
combustion. Looking at site-to-site variability, modeled/
observed ratios are 0.34 in Gulfport, 0.57 in Centreville, 1.84
in Pensacola, and 3.22 in OLF#8. The modeled bias in TC
concentrations from biomass combustion may be estimated
from these ratios (see Table 1). Overestimations of biomass-
combustion TC at the Florida sites may be due to poor spatial
allocation of wild-fire emissions, as indicated in Figure S3.

At all sites except Oak Grove, model results exceed
observations for two alkenoic acidss9,12-octadecanedioic
acid and 9-octadecenoic acidscommonly used as food
cooking markers, possibly due to photochemical oxidation
that is not accounted for in the model (31). Cholesterol was
not quantified in the 1999 SEARCH samples due to analytical
limitations. Nonanal has been proposed as a food-cooking
marker (10, 12), but can be formed by secondary reactions
as noted above and its precursor has been measured at
prescribed-burning sites (24). Excluding the Oak Grove site,
nonanal is underestimated by a factor of 3 on average. If we
assume the nonanal underestimations are entirely due to
missing food-cooking emissions, an upper estimate of the
modeled deficits in food-cooking TC may be computed (see
Table 1). The deficits estimated in this manner range from
3 to 10% of the observed TC at each site, so it may be a
significant bias to explore in the future.

Although cigarette smoke is not included in the 1999 NEI,
an upper estimate of its contributions can be obtained by
dividing ambient measurements of anteisotriacontane and
isohentriacontane by the respective marker/TC ratios from
a published organic speciation profile (33). Both markers
were quantified in the Birmingham and Pensacola samples,
so cigarette-smoke contributions estimated from those
measurements are averaged together. In the Gulfport and
Atlanta samples, cigarette-smoke contributions are estimated
from a single marker. Cigarette-smoke contributions esti-
mated in this manner constitute less than 2% of the observed
TC concentration at each site (see Table 1).

Among the normal alkanes shown in Figure 1a, hentria-
contane and tritriacontane have the lowest modeled/
observed ratios (geometric mean ratio ) 0.2 for both species).
These are often used as markers for vegetative detritus (34),
which is another source of carbon that is missing from the

FIGURE 2. Model calculations of anthropogenic secondary organic
carbon compared with the summed measurements of six aromatic
carboxylic acids at all SEARCH sites in July 1999 and Atlanta in
August 1999.
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1999 NEI. Following the procedure of Hildemann et al. (35),
contributions of vegetative detritus to ambient TC are
estimated by assuming that the modeled deficit in both alkane
species is entirely due to vegetative detritus. Results suggest
that vegetative detritus contributes 2% or less of the observed
TC at each site (see Table 1).

Aromatic ketones have been proposed as markers for
natural gas combustion (10). Considering the 13 available
measurements of aromatic ketones, modeled concentrations
exceed the observations by a factor of 2.6 on average (see
Figure 1f). This confirms that natural gas combustion makes
a negligible contribution to ambient TC (see Table 1) and
qualitatively verifies the recent correction to natural-gas-
combustion PM2.5 emission factors in the NEI (see the
Supporting Information).

Discussion
When the CMAQ model results are supplemented with
organic-marker based observational estimates that add
missing vehicle exhaust, biomass smoke, food-cooking
aerosol, cigarette smoke, and vegetative detritus, model
results are brought closer to ambient TC concentrations at
the Mississippi and Alabama sites (see Table 1). However,
model results move further from the observed TC concen-
trations in all three Georgia samples and the OLF#8 sample
when they are adjusted for source-specific biases. The
departure of model results from observations in Georgia
occurs because motor-vehicle contributions are overesti-
mated at those sites in the CMAQ results. Thus, the good
model performance at the Atlanta site is quite likely due to
compensating errors: overestimations of vehicle emissions
and underestimations of other sources.

After the CMAQ model results are adjusted for source-
specific biases using the best available ambient measure-
ments and speciation profiles, they fall below observed TC
concentrations at all sites across the Southeast. Excluding
the Oak Grove site where results are somewhat inconclusive,
the average TC deficit is 1.6 µgC m-3. The unexplained
concentrations correspond to 56% of the observed TC at
Centreville and OLF#8, and 26-38% at the other sites. Recent
studies hypothesize that much of the unexplained carbon in
the Southeast during summer may be biogenic OCsec (7).
This hypothesis cannot be tested with the present data set,
but it will be explored in future studies using measurements
of 14C and organic markers for OCsec. A number of primary
sources which are not discussed above may also help explain
the missing carbon. First, due to the lack of a source-specific
profile, PM2.5 emissions from open burning of household
waste (SCC 2610030000) have been speciated in the 1999
NEI using a municipal-incinerator profile that fractionates
only 4.1% of the total PM2.5 emissions as carbon. Changing
the speciation profile for this SCC to a foliage-burning profile
(64-80% carbon by mass), which may be more representative
than the current profile assignment based on the combustion
characteristics of an open burn, would enhance the modeled
TC concentrations in Atlanta (0.16 µgC m-3 in July, 0.20 µgC
m-3 in August), Birmingham (0.09 µgC m-3), and Yorkville
(0.21 µgC m-3). Second, it is shown in Table 1 that aircraft
exhaust makes an infinitesimal contribution to modeled TC
concentrations at all sites. In a recent study, aircraft exhaust
was estimated to contribute 1 µgC m-3 around Atlanta (36).
Our model results exceed 0.1 µgC m-3 in many grid cells over
California (see Figure S4e). It is possible that the aircraft
emission inventory submitted by California for the 1999 NEI
is based on a more robust methodology than the default NEI
methodology applied over the southeastern states, but this
requires further exploration. Third, it has been proposed that
pollen fragments and fungal spores, which are not in the
NEI, may be an important source of TC in fine particles.
Glycerophospholipid measurements taken in Toronto from

May-June 2000 indicate that these biological sources
contribute between 12-22% of the OC in PM2.5 (37). Those
results are not directly applicable to the present study due
to the differing location and season, but measurements of
phospholipid species should be considered in future studies
in the Southeast.

The results of this study point to several areas of future
work that will help improve model performance for TC during
summer months in the Southeast. Assuming biogenic OCsec

is a major component of the unexplained carbon, the CMAQ
model should be updated to include OCsec formation from
isoprene, sesquiterpenes, and acid-catalyzed reactions (7,
38). Emission inventories for the Southeast should be
improved with a specific focus on TC from aircraft exhaust,
household waste burning, and possibly food cooking. Ad-
ditional source characterization studies are needed to obtain
organic speciation profiles for nonroad vehicles, coal-fired
power plants, iron and steel industries, and household waste
burning in the Southeast. Advancements in receptor model-
ing are needed to evaluate CMAQ model calculations for the
split between gasoline and diesel exhaust and between
onroad and nonroad sources. Ultimately, air quality model
results should be reconciled against receptor-based models
to build confidence in the source-apportionment results.
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