






on 17 and 23 June, while on 14 and 29 June the back
trajectories extended from SE Georgia/NE Florida and
mixed sources, respectively. Owing to the presence of
several coal-fired powered plants, extensive industrial ac-
tivity in the Gulf Coast, and large metropolitan areas near
(Atlanta, Birmingham) and upwind of the sampling sites
(Houston, New Orleans–Baton Rouge, Mobile-Pensacola,
Jacksonville, Orlando, and Tampa–St. Petersburg), all sets
of trajectories transported NOx and SO2 within a rich,
biogenic VOC background en route. All over the SE US,
there is a ubiquitous distribution of lush vegetation, much of
which emits terpenes abundantly year round, but with
higher emissions rates during the summer. Such similar
source gases and meteorological conditions would then
provide a regional environment for common in situ reac-

tions, in particular terpene oxidations, with possible partic-
ipation of NOx and SO2 as proposed earlier based on
chemical analysis. Owing to the lower volatility of the
products, secondary organic aerosols can subsequently form
and contribute significantly to the regional aerosol mass
loading. The remarkable similarity in the organic aerosol
composition of PM2.5 at JST, BHM and CTR sites on 17
and 23 June (auxiliary Figure S2 and Figure 10) strongly
supports such a scheme of SOA formation in the inland
region.
[33] In comparison, PNS is a coastal site on the northern

edge of the Gulf of Mexico, and experienced mainly
southerly flows from the Gulf in June 2004 according to
back trajectory analyses (Figure 11 and auxiliary Figures S3,
S4 and S5). Such flows and geographical location probably

Figure 11. Three-day back trajectories on 23 June 2004 (clockwise from top left: BHM, CTR, PNS, and
JST). The start height was 100 m. Back trajectories started every 4 hours starting at 1200 am EDT.
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led to a decreased concentration of terpenes, making it
difficult to form the m/z 294 ion according to our proposed
scheme. In addition, such trajectories would make it diffi-
cult to provide enough SO2 en route to the sampling site,
again suppressing formation of the m/z 294 ion. Indeed, this
species is never identified in the PM2.5 samples at the PNS
site, despite emissions of NOx and VOC from local trans-
portation sources. Furthermore, back trajectory analyses
reveal distinctly different flows on the four sampling dates,
i.e., south-southeasterly flow (originating from the vicinity
of Cuba) on 14 June, southeasterly flow (originating from
middle Florida) on 17 June, southerly flow (from the
vicinity of the Yucatan peninsula in Mexico) on 23 June
and stagnant south-southeasterly flow on 29 June. If primary,
oceanic sources from the Gulf of Mexico were mainly
responsible for PM2.5 at the PNS site, then the aerosol
composition would have been similar on all four sampling
days. However, this is not the case as seen in Figure 12,
where the temporal mass distribution pattern at the PNS site
is shown. Neither the most abundant species nor their
relative abundance displays a consistent pattern. Therefore
either other primary sources or secondary processes during
the onshore transport appear to have played a role in
influencing the PM2.5 composition at this site in June
2004. Among the four sites, the fraction of identified
organics in the total PM2.5 organic matter is the lowest at
the PNS site (0.4–1.7%). In contrast, 5.8–9.1% (temporal
average for each site) of the total organic matter is identified
for the other three sites (Table 1), and the temporal distri-
bution pattern for identified species is, again, rather consis-
tent. An example is shown in Figure 13, where only the 29
June case for the BHM site has somewhat different mass
distribution. Interestingly, the identified organic fraction in
this case is 2.5%, the lowest of all 12 continental samples.
There was primarily flow from the southwest in near
stagnant conditions mainly over Mississippi and Louisiana

but originating from the center of the Gulf of Mexico. This
unique meteorological condition, and consequently the
aerosol evolution, was likely responsible for the above
observations on 29 June. On other days, however, it appears
there is a rather stable June signature of the PM2.5 compo-
sition at the BHM site. This is also true for the JST and CTR
sites.
[34] The mass distribution pattern shown in Figure 10

from the LC-MS analyses resembles a typical mass spec-
trum, and can be readily compared with the corresponding
ion trap mass spectrum, such as the Figure 8 for the BHM
sample collected on 23 June. These two spectra show very
similar distribution patterns, detecting ions with m/z 171,
185, 187, 203, 215, 281, 294, 313 and 342 (all are [M-H]�)
as the most abundant species. In other samples, such a
comparison also yields similar mass distribution patterns,
which indicates the consistency of our measurements and
confirms the stable regional characteristics of fine particu-
late organic matter, especially the polar components being
targeted here.

3.4. Sources and Evolution of Detected Organic
Species: Correlation Study

[35] Another approach to understanding the sources of
detected organic species in PM2.5 is to examine the corre-
lation between the abundances of these species. To account
for the variation in the total organic mass in each sample,
the mass concentration of an organic species is normalized
by its corresponding total organic mass. Standard least-
square linear regressions are then carried out between the
normalized mass concentrations of two species, and their
correlation during SEARCH 2004, if statistically signifi-
cant, indicates that they likely share common sources and
evolution pathways. Such a correlation analysis is also
carried out between the mass concentration of a species
and other field variables, such as the degree of neutraliza-

Figure 12. Mass distribution pattern on four sampling dates at the PNS site.
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tion of the particle (a proxy for particle acidity), mean wind
speed, relative humidity and temperature to examine other
possible effects on aerosol composition.
[36] As discussed earlier, the m/z 171, 183 and 185 ions

are very likely oxidation products of monoterpenes. Their
ubiquitous presence in PM2.5 in the SE US in June 2004
strongly suggests that terpene oxidation is a common
secondary source for some PM2.5 components, and these
three species can serve as tracers for such a biogenic source.
We next examine the correlation between the abundances of
other species and these tracer species. In the MW range of
150–250 Da, 197, 203 and 215 ions are also commonly
detected. Table 2 shows the calculated coefficients of
determination (R2) values of the normalized mass concen-
trations of these species with that of m/z 171 and 185 ions,
respectively. Also listed are the numbers of data pairs with
positive detection and the corresponding threshold R2

values to be statistically significant at the 5% level. Al-
though alternative methods exist that can better determine
the correlation of data sets taking into account measurement
uncertainty, given the small number of data pairs, the
significance of correlation is simply estimated as (R2

calculated

� R2
threshold)/(1 � R2

threshold), which varies from 0 (at the
threshold for a significant correlation at the 5% level) to

100% (at a perfect correlation). It can be seen that the
m/z 197, 203 and 215 ions all have good or strong correla-
tions with the m/z 171 and 185 ions. Therefore terpene
oxidation appears to be also a major source for the 197,
203 and 215 ions. Indeed, their ion trap MS/MS spectra are
consistent with the structures we propose in Figure 3, and
their formation can be explained by known reaction mecha-
nisms, in some cases with peracid (RC(O)OOH) as an end
product [e.g., Yu et al., 1999; Winterhalter et al., 2003;
Aschmann et al., 2003].
[37] Whether terpene oxidation can also be a source for

higher-MW PM2.5 species (MW above 250 Da) can be
assessed by similar correlation analysis. We first examine
the most abundant species in the three inland sites, the
m/z 294 ion. Using m/z 171, 185, 187, 197, 203 and 215
ions as tracers, it can be seen that the m/z 294 ion is well
correlated with all these species, as shown in Table 3.
Combined with the earlier analyses of possible structures
and reaction pathways of the m/z 294 ion in sections 3.1 and
3.3, there is strong evidence that terpene oxidation is
probably a major source for the m/z 294 ion, at least for
some of its isobaric species. In addition, some other fre-
quently detected species, such as 253, 339 and 342 ions, are
also reasonably well correlated with the tracer species,

Figure 13. Mass distribution pattern on four sampling dates at the BHM site.

Table 2. Correlation of Mass Concentrations of the m/z 197, 203, and 215 Ions With Those of the m/z 171 and 185 Ions

[M-H]-of PM2.5 Species
R2 With the Normalized

Mass Concentration of Given Ion Number of Data Pairs Threshold of R2 Value
Significance of
Correlation, %

171 Ion
197 0.71 8 0.50 43
203 0.80 13 0.30 71
215 0.78 13 0.30 68

185 Ion
197 0.63 7 0.56 16
215 0.50 13 0.30 29
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suggesting a biogenic, secondary source as well. Possible
evolution pathways can be readily gleaned from the recent
laboratory chamber experiments discussed in section 3.1.
Not only is the m/z 294 ion present in the SOA from a-
pinene photooxidation (with the participation of NOx, SO2

and sometimes other VOC precursors), but the m/z 171,
183, 185, 197, 203 and 215 ions are also present. They
commonly have isobaric species, some of which elute the
LC column at retention times similar to the same-mass
PM2.5 species in SEARCH. The upfront CID mass spectra
of some of these species are also similar to their counter-
parts in the SEARCH samples, suggesting that a-pinene
photooxidation is a possible pathway. Gas-phase data such
as O3, SO2 and NOx mixing ratios are needed to fully
examine possible evolution pathways of the detected spe-
cies in PM2.5. Currently, these data are not yet available.
[38] Particle acidity (assessed by the degree of neutrali-

zation calculated as the mole-equivalent ratio of ammonium
to sulfate and nitrate) is found to have no correlation with
any detected species or other field variables obtained in
the SEARCH network in June 2004. As discussed in
section 3.1, in the MW range 150–400 Da, oligomers do
not appear to be present in PM2.5 in the SE US. Therefore
acid catalysis and subsequent oligomer formation does not
appear to be a main pathway to form major PM2.5 compo-
nents in this MW range. Rather, oxidation of monoterpenes
and sesquiterpenes can readily lead to many of the polar
species in PM2.5. Although possibility exists that some
species with MW above 400 Da are oligomeric in nature,
this is less likely than a direct extrapolation from recent
chamber experiments [Kalberer et al., 2004; Tolocka et al.,
2004; Gao et al., 2004b] would suggest. The polar nature of
the detected species in PM2.5 in the SE US suggests
oxidation is an important pathway to form aerosol compo-
nents, and these oxidation processes, both ozonolysis and
photooxidation, can occur continuously in the atmosphere.
Albeit unknown at this moment, it is also conceivable that
oxidation may be one of the pathways to decompose
oligomers. Indeed, as shown theoretically by Barsanti and
Pankow [2004], most accretion reactions proposed from
chamber studies do not appear to be thermodynamically
favorable pathways to form oligomers or grow aerosol
mass. It is possible that oligomers observed in chamber
experiments, the longest of which lasted less than 30 hours
[Kalberer et al., 2004], decompose by various pathways at a
prolonged aging time with complex atmospheric processing.
The average aging time for tropospheric aerosols is roughly
a week. Furthermore, the degradation scheme would sug-
gest that smallest oligomers are most likely to survive in the
fine aerosols (unless some large oligomers have highly
conjugated structures), as they are near the end of degrada-
tion pathways. However, our observations reveal a lack of

oligomers in the low MW range (150–400 Da). In all, little
evidence exists that oligomers comprise a major fraction of
PM2.5 in the SE US in the summer. Rather, strong evidence
exists that oxidation is a main pathway to form polar
particulate species there. Since similar species have been
observed in PM2.5 elsewhere [Gelencser et al., 2000, 2002;
Krivacsy et al., 2001; Kiss et al., 2003], this terpene
oxidation scheme is likely a ubiquitous pathway to form
major organic species in PM2.5 in rural, continental regions.
[39] Even though a detailed source apportionment study

has not been carried out in this work, it is possible to
estimate the source contribution of terpene oxidation to
PM2.5. Since most of the dominant organic species detected
in this work are associated with terpene oxidation, together
they can provide a lower-bound estimate of its source
contribution to the total organic matter in PM2.5 in the SE
US, which is 1.1–9.1% in June 2004. This is comparable to
the source contributions from diesel exhaust (14–30%),
meat cooking (5–12%), and gasoline-powered motor vehi-
cle exhaust (0–10%) in that region [Zheng et al., 2002].
Since wood smoke makes a much smaller contribution (less
than 30% in July 1999) to PM2.5 organic matter in the
summer [Zheng et al., 2002], terpene oxidation ranks
among the major regional sources during summer. Indeed,
the speculation [Zheng et al., 2002] that the exceptionally
high ratio of unexplained OC to the total OC in the summer
in the SE US is due to SOA formation is supported by this
work. By the same approach, at JST, CTR, BHM and PNS
sites in June 2004, terpene oxidation contributed to at least
0.2–5.2% of the total fine particulate mass.

3.5. Identified and Missing Fractions of Particulate
Organic Matter

[40] Six categories of chemical species in PM2.5 were
measured in June 2004 in the SEARCH network by various
techniques described by Hansen et al. [2003], i.e., sulfate,
nitrate, ammonium, black carbon, organic matter and major
metal oxides (including Al2O3, SiO2, K2O, CaO, TiO2,
Fe2O3). Together, they comprise 92.1 ± 6.9%, 95.4 ±
5.8%, 86.3 ± 7.0% and 78.2 ± 13.7% of the total PM2.5

mass at JST, CTR, BHM and PNS sites, respectively. Of the
six categories, total organic matter (TOM) mass, estimated
from multiplying the measured total organic carbon (TOC)
mass by the corresponding OM/OC ratio, comprise 36.8 ±
5.6 %, 42.7 ± 13.6%, 31.8 ± 2.4% and 20.5 ± 8.2% of the
total PM2.5 mass at JST, CTR, BHM and PNS sites,
respectively. The OM/OC ratio of 1.6 is used for the three
mainly urban sites (JST, BHM and PNS) while the ratio of
2.0 is used for the mostly rural site (CTR), as suggested by
recent work [e.g., Krivacsy et al., 2001; Turpin and Lim,
2001; El-Zanan et al., 2005]. This is consistent with the
relatively high (MW/carbon mass) ratios of many highly

Table 3. Correlation of Mass Concentrations of the m/z 171 Ion, 185 m/z Ion, One of m/z 187 Isobars, m/z 197 Ion, m/z 203 Ion, and One

of m/z 215 Isobars With That of the m/z 294 Ion

[M-H]-of PM2.5 Species
R2 With the Normalized Mass
Concentration of the m/z 294 Ion

Number of
Data Pairs

Threshold
R2 Values

Significance of
Correlation, %

171 0.60 12 0.34 40
185 0.49 12 0.34 23
187A 0.70 8 0.50 39
197 0.59 7 0.56 7
203 0.44 12 0.34 15
215B 0.69 8 0.50 38
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oxidized species identified in this study (e.g., as high as
2.46 for the m/z 294 species). Averaged over the four June
samples, the total identified organic species (Table 1)
account for 5.8%, 9.1%, 6.8% and 1.1% of the total
particulate organic mass at the JST, CTR, BHM and PNS
sites, respectively. Questions arise as to the nature of the
unidentified organic species in PM2.5.
[41] In the previous composition analysis and source

apportionment study of PM2.5 in the SE US, Zheng et al.
[2002] detected 107 organic compounds, which accounted
for no more than 12% of the total organic mass in PM2.5.
The majority of these detected compounds are rather non-
polar, such as alkanes, cycloalkanes, PAHs, steranes,
hopanes, long-chain alkanoic acids and resin acids. This is
due to the nature of the GC-MS employed by Zheng et al.
[2002], which is amenable primarily to detecting relatively
volatile and nonpolar species.
[42] By comparison, LC-MS is used in this work, which

is suitable to detecting relatively polar and acidic species.
Nonanedioic acid (azelaic acid) is the common diacid that is
detected by both Zheng et al. [2002] and this work. Owing
to the quantification of all m/z 187 isobaric species,
the mass concentration of the 187 ion is higher in this study
(30.63 ng/m3, on average, for JST, BHM and CTR sites)
than in Zheng et al. [2002] (6.28 ng/m3). Interestingly,
azelaic acid (C9) is a well-known secondary oxidation
product of unsaturated fatty acids [Stephanou and
Stratigakis, 1993], again suggesting a secondary pathway
for organic aerosols in the SE US. Smaller diacids (C3 to
C8) were detected by the GC-MS, but they were not

detected by the LC-MS, which is probably due to the loss
during the water washing step of the SPE technique. The
water effluents from SPE of all samples have been archived
at �20�C, and can be analyzed if necessary. However, these
diacids often have low occurrences [Yu et al., 2005] in the
SE US and are rarely more than 7 ng/m3 in PM2.5 [Zheng et
al., 2002]. In total, they are estimated to comprise only a
small fraction of the total organic mass in PM2.5, consistent
with observations at other rural continental sites [e.g.,
Sarvari et al., 1999]. The organic species detected in this
work, most of which appear to originate from terpene
oxidation, comprise on average 7.2% of the total organic
mass in PM2.5 at the three inland sites. Combining with the
speciation results by Zheng et al. [2002], about 20% of the
PM2.5 organic matter has been quantitatively identified.
[43] Whereas the chemical nature of the unidentified

organic species remains elusive, it is possible to estimate
the MW range of these species. Under the positive ion mode
in the ion trap MS, compounds with a broad range of
polarity can be detected as their Na+ adducts, as demon-
strated by Gao et al. [2004b]. Figure 14 shows the ion trap
mass spectrum of a PM2.5 sample collected in the CTR site
on 17 June 2004, which was extracted with the SPE
technique applied. The detection limit is determined from
the average and standard deviation of six field blanks with a
signal-to-noise ratio of 3 applied. It can be seen that
compounds with MW from �200–850 Da are present in
this sample. When SPE is not applied during filter extrac-
tion, most species increase in intensity by a factor of 2–3
and species with MW above 1000 are present, which is

Figure 14. Ion trap MS (positive ion mode) of the extract of the PM2.5 sample collected at the CTR site
on 17 June 2004. PM2.5 organic components cover a MW range of 200–850 (after the Na mass is
subtracted). The detection limit was determined from field blanks and was �1,120,000 as shown by the
dashed line.
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probably due to the adduct formation between charged
molecules and neutral ones and/or between metal ions and
organic species [Klaus et al., 2000; Leenheer et al., 2001;
Plancque et al., 2001]. In the mass spectra where inorganic
ions are mostly removed by SPE, such as the one shown in
Figure 14, the chance of adduct formation has been mini-
mized. Therefore the MW range of PM2.5 organic matter is
estimated to be 200–850Da in this sample. Other samples are
evaluated by the same approach. On average, organic species
in PM2.5 in the SE US in June 2004 cover a MW range of
150–800 Da. This is consistent with the recent estimate that
the upper MW limit of HULIS in ambient urban aerosols is
about 700 [Samburova et al., 2005]. This latter estimate was
based on two different analytical techniques, i.e., size exclu-
sion chromatography-UV spectroscopy and LDIMS, provid-
ing some independent confirmation of this conclusion.
[44] It can be seen from Figure 14 that compounds with

MW above 400 Da actually have higher abundances and
number of species than those with MW below 400 Da. If
similar response factors are assumed for all detected com-
pounds, those with MWabove 400 Da may comprise a major
fraction of the total organic matter. This suggests that these
relatively high-MW species, whose molecular structures are
not yet known, may explain a substantial fraction of uniden-
tified mass in PM2.5. However, it is possible that there is
large variation in response factors among species, especially
the high-MW ones of which response factors are not well
understood. In addition, despite the application of SPE,
adduct formation in the ion trap MS is still likely which
may have caused a shift in the MW range to larger numbers.
[45] Higher-MW, relatively polar, but unidentified species

in PM2.5 have been lumped together and named HULIS
owing to a speculation of their origin as the humic (and/or
fulvic) acids found in natural waters and soil [e.g., Havers et
al., 1998] (and references mentioned above). A primary
source for HULIS (i.e., direct release of actual humic matter
from the soil or natural waters) appears unlikely, owing to
the ubiquitous presence of HULIS in the fine particle size
range. It has been hypothesized that HULIS in continental
PM2.5 may be produced aloft from precursors emitted
directly from terrestrial sources [Gelencser et al., 2002].
However, calculation by the same authors show that this soil
flux appears too low (by about 1 order of magnitude) to
account for the observed total organic mass in PM2.5. On the
other hand, a photochemical secondary source for HULIS
has also been speculated [Gelencser et al., 2002; Szidat et
al., 2004; Samburova et al., 2005]. To our knowledge, we
have presented the first, direct evidence that some HULIS
species are probably formed via atmospheric oxidation of
VOC precursors. In the SE US, polar species with MW range
150–400 Da in PM2.5 appear to originate from the oxidation
of monoterpenes and sesquiterpenes. The ESI-mass spectra
of PM2.5 samples in the SE US bear resemblance to those of
aerosol and fog water samples in previous studies, such as
those of Krivacsy et al. [2001], Kiss et al. [2003] and
Cappiello et al. [2003], suggesting that similar HULIS
material is present in PM2.5 in different regions. A biogenic,
secondary source can be ubiquitous in the background
atmosphere in many continental regions, leading to a mul-
titude of relatively polar and acidic species in PM2.5. The
wide-ranging biogenic precursors and the complex reaction
pathways can result in a series of secondary aerosol compo-

nents with extremely similar but not identical structures.
This would be consistent with the commonly observed co-
elution of HULIS species on LC columns and regular mass
differences seen in the mass spectra. Of course, the structural
similarity between HULIS species in PM2.5 and humic/fulvic
acids in natural waters and soil [Martin et al., 1994, 1995;
Gelencser et al., 2000; Krivacsy et al., 2001] still indicates a
possible link between them, yet direct evidence has yet to be
found. Indeed, it is likely that both pathways exist and the
resultant ensemble of species is the so-called HULIS in
PM2.5. Indirect evidence for this appears to exist, such as the
somewhat different chemical nature between the m/z 294 ion
and other species in rural fine aerosols as reported by Kiss et
al. [2003]. In addition, it is possible that oligomerization
may be another pathway in forming HULIS species in
PM2.5, such as those with MW above 400 Da that likely
contain highly conjugated monomer units. Novel techniques
to unravel the structures of higher-MW species and unam-
biguously detect oligomers should be pursued. The ability to
quantify higher-MW species should also be pursued to
achieve a better mass closure of organic matter in PM2.5.

4. Summary and Conclusions

[46] Four analytical techniques have been used concur-
rently to identify and quantify polar organic components in
PM2.5 in the SE US. Forty distinct species are detected and
together they comprise on average 7.2% and 1.1% of the
total organic mass in PM2.5 at three inland sites and a
coastal site, respectively. These polar, acidic species cover a
MW range of 150–400 Da and do not appear to be
oligomeric in nature. The mass distribution pattern of these
species is rather consistent in the inland region due to the
rather uniform sources and meteorology, but this pattern
varies in the coastal region owing to the more complex
sources and meteorology.
[47] Chemical structure and correlation analyses strongly

suggest that most of these polar species originate from
terpene oxidation. Structures of some species are proposed
on the basis of fragmentation patterns in the MS/MS spectra
and known reaction mechanisms. In particular, the most
dominant species ([M-H]� has m/z 294) is likely from
monoterpene oxidation with the participation of NOx and
SO2 from anthropogenic sources. It is estimated that terpene
oxidation can be an important regional source for the
organic fraction of PM2.5 in the SE US, contributing to
1.1–9.1% of the total organic mass. Proposed oxidation
pathways can lead to other polar and possibly higher-MW
species in fine aerosols that have up to now evaded
detection. There is no direct evidence that oligomerization
or particle acidity plays a role in affecting the aged aerosol
composition or mass. The sufficient aging in the atmosphere
may decompose oligomers (if formed initially), which is yet
difficult to simulate in laboratory chamber studies. Never-
theless, in the MW range of 400–800 Da where organic
species are detected but unidentified, it cannot be precluded
that oligomers may be present and could comprise a fraction
of the total particulate organic mass.
[48] In rural areas in other parts of the world, terpene

oxidation can also be an important regional source, leading
to the formation of secondary organic aerosols. Indeed, a
biogenic, secondary source is likely ubiquitous for PM2.5 in
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the background atmosphere in continental regions, forming
some of the so-called HULIS species. We provide the first
direct evidence for this hypothesis. The validity and relative
importance of this source and the hypothetical natural
source (terrestrial and/or aquatic humic/fulvic acids) for
HULIS in fine aerosols await further investigation.
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