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Abstract

Individual organic compounds such as hopanes and steranes (originating in lube oil) and selected polycyclic aromatic

compounds (PAHs) (generated via combustion) found in particulate emissions from vehicles have proven useful in source

apportionment of ambient particulate matter (PM). Detailed information on the size-segregated (ultrafine and

accumulation mode) chemical characteristics of organic PM during the winter season originating from a pure gasoline

traffic freeway (CA-110), and a mixed-fleet freeway with the highest fraction of heavy-duty diesel vehicles in the state of

California (I-710) is reported in this study. Hopanes and steranes as well as high molecular weight PAHs such as

benzo(ghi)perylene (BgP) and coronene levels are found comparable near these freeways, while elemental carbon (EC) and

lighter molecular weight PAHs are found much elevated near I-710 compared to CA-110. The roadway organic speciation

data presented here are compared with the emission factors (EFs) measured in the Caldecott tunnel, Berkeley, CA

[Phuleria, H.C., Geller, M.D., Fine, P.M., Sioutas, C., 2006. Size-resolved emissions of organic tracers from light- and

heavy-duty vehicles measured in a California roadway tunnel. Environmental Science and Technology 40, 4109–4118] for

light-duty vehicles (LDVs) and heavy-duty vehicles. Very good agreement is observed between CA-110 measurements and

LDV EFs as well as I-710 measurements and corresponding reconstructed EFs from Caldecott tunnel for hopanes and

steranes as well as heavier PAHs such as BgP and coronene. Our results, therefore, suggest that the EFs for hopanes and

steranes obtained in tunnel environments, where emissions are averaged over a large vehicle-fleet, enable reliable source

apportionment of ambient PM, given the overall agreement between the roadway vs tunnel concentrations of these species.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Several epidemiological studies have shown posi-
tive associations between adverse health effects and
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fine particles (diametero2:5 mm) (Pope and Dockery,
2006; Schwartz et al., 2002) as well as ultrafine
particles (with aerodynamic diameter o100 nm)
(Peters et al., 1997). Although the causal mechan-
isms are still uncertain, particle characteristics such
as particle chemistry, number and size have been
linked to the associated health effects.
.
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In urban environments, vehicular emissions are
the major sources of ultrafine and fine particles
(Schauer et al., 1996; Sternbeck et al., 2002), which
are of particular interest because of their potentially
toxic components, such as polycyclic aromatic
compounds (PAHs) and trace metallic elements,
their high number and surface area relative to larger
particles, and their ability to penetrate cell mem-
brane and alleviated cardiovascular responses (Nel
et al., 2006). A number of health studies have
demonstrated the adverse health effects of diesel
exhaust particles (Diaz-Sanchez et al., 2003; Mauderly,
1994; Weingartner et al., 1997). Children living near
freeways have been shown to have increased
prevalence of asthma and symptoms of airway
allergies (Brunekreef et al., 1997; Kleinman et al.,
2005; McDonald et al., 2004).

Vehicular emissions have been examined using a
number of different methods including roadside
measurements (Biswas et al., 2007; Hitchins et al.,
2000; Kuhn et al., 2005a, b; Zhu et al., 2002a, b,
2004), on-road chase experiments (Canagaratna
et al., 2004; Kittelson, 1998), laboratory dynam-
ometer studies (Rogge et al., 1993; Schauer et al.,
1999; 2002; Zielinska et al., 2004), and measure-
ments inside of roadway tunnels (Chellam et al.,
2005; Geller et al., 2005; Kirchstetter et al., 1999;
Phuleria et al., 2006). Emission measurements based
on dynamometer and chase experiments offer the
advantage of precise and controlled testing condi-
tions, which enable the evaluation of emission
control technologies over different driving condi-
tions and cycles, including cold-start (Schauer et al.,
2003b). However, these tests cannot capture the
large variation in engine type, age of the vehicles
and maintenance history due to the high cost and
complexity of such tests, and thus may not provide
a good representation of the in-use vehicle-fleet on
the road. Such studies may also not account for
particle aging effects, the mixing of emissions from
different vehicles (Weingartner et al., 1997), and
non-tailpipe emissions from tire wear, break-wear,
and re-suspended road dust (Allen et al., 2001).

More realistic estimates of vehicle emissions,
under actual on-road driving conditions, are possi-
ble using air-quality measurements in highway
tunnels and near-roadside measurements. Roadway
tunnel studies measure the cumulative contribution
of the emissions from a large population of the on-
road vehicle-fleet mix under real-world driving
conditions, thus more closely approximate actual
on-road emissions than dynamometer tests. Limita-
tions of tunnel measurements include sampling only
the specific driving conditions of the tunnel (thus
missing cold-start emissions), and under dilution,
temperature, and humidity conditions that may
differ from ambient. Similar to tunnel studies,
roadside studies provide the opportunity for parti-
culate matter (PM) measurements under actual
ambient conditions and a representative large
vehicle-fleet. They also can provide the real ex-
posure to vehicular emissions near—or within the
freeway environment where people spend a signifi-
cant amount of time during commute.

Several studies have utilized gas chromatogra-
phy–mass spectrometry (GC–MS) methods for
identification and quantification of individual or-
ganic compounds in atmospheric PM samples (Fine
et al., 2004; Fraser et al., 1998, 1999, 2003a;
Phuleria et al., 2006; Schauer et al., 1996; Simoneit,
2002; Venkataraman et al., 1994). Many of these
compounds or combinations of compounds are
unique to different primary PM sources and have
been used to apportion ambient PM using chemical
mass balance (CMB) methods (Fraser et al., 2003a,
b; Schauer et al., 1996; Schauer and Cass, 2000).
These methods rely on representative and up-to-
date source profiles for successful application.
Hopanes and steranes, which are found in the
lubricating oils employed by both gasoline- and
diesel-powered motor vehicles, have been frequently
used as organic tracers of primary vehicular particle
sources (Cass, 1998; Schauer et al., 1996). High
molecular weight PAHs such as benzo (ghi)
perylene (BgP) have been reported as a tracer of
gasoline-powered vehicles, while diesel vehicles
predominantly emit the lighter PAHs (Miguel
et al., 1998; Zielinska et al., 2004).

Assessment of the relative contributions of diesel
and gasoline vehicles to the overall PM urban load
in the United States remains an elusive scientific
undertaking (Gertler, 2005). While some studies
using organic molecular markers to trace emissions
have attributed greater contribution to ambient PM
from diesel vehicles (Fraser et al., 2003a; Schauer
et al., 1996; Zheng et al., 2002), others incorporating
cold-start and poorly maintained gasoline engine
source profiles attribute larger contributions to
gasoline vehicles. These inconsistencies in sources
attribution emanate largely from the differences in
source profile selection, seasonal differences in
emissions and the time and place of the studies
(Fraser et al., 2003a; Gertler, 2005). From a
regulatory standpoint, it is very important to
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accurately segregate diesel and gasoline particulate
emissions and thus, more representative and robust
real-world source profiles for these classes of
vehicles are desired.

The primary goal of this study is to provide
detailed information on the chemical characteristics
of organic PM originating from a pure gasoline
traffic freeway, and a mixed-fleet freeway with the
highest fraction of heavy-duty diesel vehicles in the
state of California. Size-resolved PM samples
(ultrafine and accumulation mode) were collected,
and speciated organic tracer concentrations were
measured using GC–MS methods. A comparison is
made between the roadway organic speciation data
presented here with the emission factors (EFs)
measured in the Caldecott tunnel, Berkeley, CA
for light-duty vehicles (LDVs) and heavy-duty
vehicles (HDVs), in order to validate their use in
source apportionment models.

2. Experimental methods

2.1. Sampling locations

Field samples were collected near the CA-110
freeway as well as near the I-710 freeway in Los
Angeles, CA. A detailed description of the CA-110
freeway environment, traffic characteristics and
sampling procedure is described by Kuhn et al.
(2005a). Briefly, measurements were conducted at
the CA-110, between downtown Los Angeles and
Pasadena, CA. On this stretch of the freeway, only
LDVs are permitted thus affording a unique
opportunity of studying emissions from pure light-
duty traffic under ambient conditions. The study
took place in January 2005, from about 12 p.m. to 7
p.m. every day, capturing the evening rush-hour
traffic. Samples were collected from two different
sites, one of which was very close to the three
northbound traffic lanes, at a distance of around
2.5m from the edge of the freeway. The other site
was chosen to characterize background aerosols at a
greater distance to the freeway ð�150mÞ. During
the sampling period, the prevalent wind direction
was south–southwest impacting the pollutant levels
downwind at the background site.

Detailed description of the I-710 freeway measure-
ments can be found elsewhere (Biswas et al., 2007;
Ntziachristos et al., 2007) and only a brief description
follows. The sampling location was directly adjacent
to the roadway, at approximately 10m from the
centerline of the freeway, with no other immediate
sources either upwind or downwind. Background
measurements were conducted at Downey, CA, a
location 1.6 km southeast (hence downwind) of the
freeway, at the facilities of Rancho Los Amigos
National Rehabilitation Center. The sampling cam-
paign took place during February and March of
2006, and from 11 a.m. to 7 p.m. each day, similar to
the CA-110 measurements.

2.2. Traffic characterization

Traffic volume and average speed data in each
freeway were obtained from the California Depart-
ment of Transportation. Manual and videotaped
counts were also taken for 1min out of every 5min
during selected sampling intervals. Estimates for
counts broken down by vehicle type were done by
analyzing the videotapes and counting the number
of axles per vehicle. The average traffic density on
the CA-110 freeway was about 4500–5400 vehicles
per hour. Average traffic speed was fairly constant
during the day ð�55mphÞ and, even during evening
rush hour no significant slowing of traffic was
observed (Kuhn et al., 2005a). The traffic volume
and vehicle characteristics on the I-710 freeway
during the sampling campaign are described by
Ntziachristos et al. (2007). HDVs comprised an
average of 17% of the total vehicles on the I-710.
Total traffic counts on this freeway are also very
high, with approximately 10,000–11,000 vehicles per
hour passing the sampling location. Average vehicle
speeds at I-710 was �50mph with slower speeds
during evening rush hours ð�35mphÞ.

2.3. Pollutant measurement and sample collection

Gaseous and particulate pollutant concentrations
near the freeways were measured with various
continuous and time-integrated instruments. PM
collection was accomplished with a custom built,
high-volume (450 lpm) sampler designed to separate
and collect coarse ðDp42:5mmÞ, accumulation
ð0:18mmoDpo2:5mmÞ, and ultrafine mode
ðDpo0:18mmÞ aerosols (Misra et al., 2002). The
sampler collects particles with aerodynamic diameters
greater than about 0:18mm onto quartz-fiber impac-
tion strips. A preceding impaction stage with a 2:5mm
aerodynamic diameter cut-point removes coarse parti-
cles. Downstream of the ultrafine impactor, an 8�
10 inch high-volume filter holder containing Quartz-
fiber filters (Pallflexs TissuquartzTM 2500QAT-UP-
8x10, Pall Corporation) is used to collect the ultrafine
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PM fraction. Field blanks for quartz filters contained
negligible levels of the compounds quantified in this
study. Quartz filters and substrates were pre-baked at
550 �C for 8h and stored in baked aluminum foil prior
to deployment (Phuleria et al., 2006).

For gravimetric measurements, two micro-orifice
uniform deposit impactors (MOUDI, MSP Inc.,
Minneapolis, MN) were sampled concurrently at
30 lpm at the freeway and background sites. The
4.7 cm PTFE filters were used as impaction sub-
strates for coarse and accumulation mode PM, and
a 3.7 cm PTFE filter was used to collect ultrafine
PM. Similar to high-volume sampler, the MOUDI
was used to collect coarse ð10mmoDpo2:5 mmÞ,
accumulation ð2:5mmoDpo0:18 mmÞ, and ultrafine
ðDpo0:18mmÞ size particles. These MOUDI sam-
ples were collected for gravimetric mass determina-
tion and speciated metal analysis, reported
separately in our earlier publications (Kuhn et al.,
2005a; Ntziachristos et al., 2007). Elemental carbon
(EC) and total carbon (TC) were measured using
thermal desorption/optical transmission analysis
(Kuhn et al., 2005a) utilizing the HiVol-collected
quartz substrates. CO2 measurements were made
using Qtrack plus CO=CO2 analyzer (model 8554,
TSI Inc., St. Paul, MN).

2.4. Organic speciation analysis

Methods for the quantification of individual
organic compounds in ambient PM were based on
earlier established solvent extraction methods
(Schauer et al., 1999; Schauer and Cass, 2000;
Sheesley et al., 2003). Procedures for sample
extraction and molecular quantification for the
organic tracers are described in detail elsewhere
(Phuleria et al., 2006) and only a brief summary is
presented here. The quartz filter samples from the
high-volume sampler were spiked with known
amounts of isotope-labeled internal standard com-
pounds, including three deuterated PAHs, two
deuterated alkanoic acids, deuterated cholestane,
deuterated cholesterol, and C13-labeled levogluco-
san. Samples were extracted in dichloromethane
and methanol and were combined and reduced in
volume to approximately 1mL by rotary evapora-
tion followed by pure nitrogen evaporation. One
fraction of the extracts was derivatized for organic
acid analysis, the results of which are not presented
here. The other fraction was further reduced to a
specified volume ranging from 50 to 200mL by
evaporation under pure nitrogen. The final target
volume was determined based on the amount of
organic carbon mass in each sample (Phuleria et al.,
2006).

The underivatized samples were analyzed by
auto-injection into a GC/MSD system (GC model
5890, MSD model 5973, Agilent). A 30m�
0:25mm DB-5MS capillary column (Agilent) was
used with a splitless injection. Along with the
samples, a set of authentic quantification standard
solutions were also injected and used to determine
response factors for the compounds of interest.
While some compounds are quantified based on the
response of a matching compound in the standard
mixtures, others for which matching standards were
not available are quantified using the response
factors of compounds with similar structures and
retention times. Analytical errors for these methods
have been reported to be no more than 25% (Fine
et al., 2004; Sheesley et al., 2003).

3. Results and discussion

3.1. Mean measured organic species concentrations

The ambient concentrations of each organic
species at the CA-110 were found to be higher near
the freeway site compared to the background site
(Table 1a). However, the difference is not very
significant (i.e., in the order of 20–30%) for most of
the chemical species, PM mass, and EC (Table 2),
indicating a significant impact of freeway emissions
at the distant site. The traffic impact on that site is
also manifested by the somewhat higher CO2

concentrations measured during our study ð427�
44 ppmÞ compared to typical background CO2 levels
of 375–380 ppm (Ntziachristos et al., 2007). The
relatively similar levels for these PM species are in
contrast to the influence of freeways on nearby sites
based on particle numbers as well as gaseous co-
pollutants such as CO, NOx that originate from
traffic sources (Zhu et al., 2002a, b, 2004). Previous
studies by our group have shown that particle
number concentrations fall significantly as one
moves away from freeway. This decrease is parti-
cularly pronounced for the sub-50 nm particles
because of the combined effects of atmospheric
dilution and particle loss mechanisms such as
volatilization (since most of these particles are
semi-volatile), as well as scavenging by coagulation
with larger particles in the accumulation mode (Zhu
et al., 2002a). In contrast, the mass concentrations
of the organic tracers measured in this study were
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found only slightly higher in the proximal to the
freeway sites compared to the background, as most
of the mass in ultrafine size mode is contributed by
particles larger than 50 nm (Miguel et al., 2004),
whose concentration decreases with distance from
the freeway at much slower rate compared to
smaller particles (Zhu et al., 2004). Given the
smaller-sized primary particles emitted by vehicles,
Table 2

Mean concentrations of the meteorological and bulk-chemical

parameters measured near CA-110 and I-710 freeway

Parameters CA-110 I-710

Freeway Background Freeway Background

Mean SD Mean SD Mean SD Mean SD

CO2 (ppm) 476 39 427 44 430 28 383 10

T ð�CÞ 21.6 3.0 21.3 3.4 18.9 2.9 18.0 2.2

RH (%) 50.7 14.2 50.1 15.3 46.0 11.8 45.3 7.0

PM2:5 ðmgm�3Þ 20.0 11.2 15.7 5.6 15.4 5.1 12.0 6.0

EC2:5 ðmgm�3Þ 1.8 1.2 1.4 0.9 3.3 0.6 0.7 0.3

OC2:5 ðmgm�3Þ 14.9 5.2 11.4 6.6 6.9 1.8 5.4 1.6

 

Fig. 1. Correlation of organic species between freeway and backgroun

steranes; (b) accumulation size mode for hopanes and steranes; (c) ult

PAHs. Uncertainty in the measurements is presented in terms of stand
most of the organic species were measured to
be an order of magnitude higher in ultrafine than
the accumulation mode. The dominant PAHs
near the CA-110 freeway are BgP, coronene,
and pyrene. 17aðHÞ�21bðHÞ�29�norhopane and
17aðHÞ�21bðHÞ�hopane are the predominant ho-
panes in both size modes and at both sites. Similar
to PAHs, hopanes and steranes are measured in
comparable amounts at freeway and background
sites near CA-110 in both size modes (Figs. 1a, b).

Unlike the CA-110, the concentrations of EC and
several organic species are substantially higher at
the proximal site of the I-710 freeway compared to
the urban background site (Tables 1b and 2),
possibly a result of the longer distance to that
background site ð�1:6 kmÞ downwind of the free-
way) compared to the background site at the CA-
110. The CO2 level in the urban background site is
also close to its typical background levels (Table 2).
Lighter PAHs are an order of magnitude higher
near the freeway site, while heavier PAHs, such as
BgP and coronene as well as hopanes and steranes
are about 3–4 times higher near I-710 freeway
site compared to background measurements for
 

d sites near CA-110 in (a) ultrafine size mode for hopanes and

rafine size mode for PAHs; and (d) accumulation size mode for

ard error (SE).
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ultrafine PM. The accumulation mode PM concen-
trations are comparable at both locations, and
account on average for 10% or less of the total
PM2:5 concentrations of these organic species.
Pyrene, benzo(ghi)fluoranthene, benzo(a)anthra-
cene, BgP, and coronene are the predominant PAHs
near the freeway. Benzo(b)fluoranthene has the
highest concentrations in the accumulation mode
at the freeway as well as background sites. Hopanes
and steranes are about 3–4 times higher at the
freeway than the background site for most species in
ultrafine size mode (Fig. 2a); however, similar levels
are observed in the accumulation mode between the
two sites (Fig. 2b).

Figs. 1a–d illustrate the impact of CA-110 free-
way emissions to the background site. The very high
correlation ð�1Þ and slopes ð�0:8Þ of the plotted
linear regressions suggest that emissions from gaso-
line vehicles on CA-110 are the predominant and
possibly the single source of PAHs and hopanes and
Fig. 2. Correlation of organic species between freeway and background

(b) accumulation size mode for hopanes and steranes; (c) ultrafine si

Uncertainty in the measurements is presented in terms of SE. Also, the c

only (c and d).
steranes at a distance 150m away from the freeway.
Also, the mass of the organic tracers is dominated
by the ultrafine mode (90%) at both the sites.

Similarly, Figs. 2a–d present the correlations
between the concentrations of PAHs and hopanes
and steranes in different PM size mode at the I-710
freeway and background sites. Unlike the case of
the CA-110, we find a lower linear regression slope
between the proximal and distant sites for these
species. High correlation, but smaller slope for
hopanes and steranes, indicates that background
site is influenced by the freeway emissions, but to a
lower degree, as a result of higher atmospheric
dilution, given its distance from the freeway. The
ultrafine mode concentrations of PAHs and hopa-
nes–steranes are roughly 0.25–0.37 those of the
freeway site, and about 50% lower than those of the
freeway site in the accumulation mode. The degree
of correlation and linear regression slopes between
the freeway and background sites for both ultrafine
sites near I-710 in (a) ultrafine size mode for hopanes and steranes;

ze mode for PAHs; and (d) accumulation size mode for PAHs.

orrelation coefficient for PAHs is calculated for PAHsX252 MW



and accumulation PM mode are quite similar
between higher MW PAHs and hopanes–steranes,
whereas the degree of correlation decreases for the
more volatile, lighter PAHs. This finding is con-
sistent with previous experimental (Biswas et al.,
2007; Kuhn et al., 2005a, b) and theoretical (Zhang
et al., 2005) studies on the fate of semi-volatile labile
species emitted from vehicles as they move away
from the freeway, indicating a greater decrease in
concentration with distance from the freeway due to
evaporative losses in addition to atmospheric
dilution.
3.2. Comparison of CA-110 and I-710 measurements

Direct comparison in the PAH and hopanes–
steranes levels at CA-110 and I-710 freeway sites
reveals that higher concentrations are observed near
the CA-110. While HDVs generally emit one order
of magnitude higher hopanes and steranes than
LDVs (excluding poor maintenance high emitters
and non-cat gasoline-driven vehicles) (Phuleria
et al., 2006; Schauer et al., 2002; Zielinska et al.,
2004), the higher levels at CA-110 (which is a pure
gasoline freeway) may be due to lower atmospheric
dilution and high background influence compared
to I-710. CO2 concentrations, which have been used
as a measure of atmospheric dilution ratio (Ntzia-
christos et al., 2007), are quite similar at the I-710
freeway site and the CA-110 background site, and
substantially higher at the CA-110 freeway site,
suggesting significantly higher atmospheric dilution
during the field experiments at the I-710 (Table 2).
While the CO2 levels are starkly different in these
two studies, the temperature and relative humidity
are similar between these measurements.

Based on the above discussion, a direct compar-
ison of the measurements near these two freeways
may not be appropriate without taking into account
the higher atmospheric dilution conditions during
the measurements at I-710. In order to account for
the different background sources and different
degrees of atmospheric dilution, the concentrations
of hopanes–steranes and PAHs at the freeway sites
were adjusted by subtracting the background and
normalized according to the following equation:

normalized pollutant concentration

¼ ðPFW � PBGÞ=ðCO2 FW � CO2 BGÞ, ð1Þ

where PFW and PBG are the organic species concen-
trations measured at freeway and background sites
and CO2 FW and CO2 BG are the corresponding CO2

concentrations measured at the freeway and back-
ground sites, respectively. Assuming insignificant CO
levels, this normalization effectively provides a road-
way emission rate per unit of fuel. These normalized
concentrations (or pseudo-emission rates) are shown
in Figs. 3a and b. Similar normalized concentrations
for hopanes and steranes can be observed for CA-110
and I-710 freeways (Fig. 3a), especially given the
uncertainty in the measurements. This implies that
even at the I-710, with a HDV fraction of about 20%,
the overall levels of hopanes and steranes are
dominated by gasoline vehicles. Heavy MW PAHs
also have similar normalized concentrations on these
freeways (Fig. 3b). As the levels of species at the
background site were comparable to the freeway site
in CA-110 (Table 1a), subtracting them resulted in
larger uncertainty. The difference in the absolute
levels of these PAHs, however, is not as striking,
possibly because heavy molecular weight PAHs are
shown to be emitted more in creep and transient
driving modes (Shah et al., 2004) as well as cold-start
conditions (Cadle et al., 1999; Schauer et al., 2003b),
compared to the cruise driving conditions of our study
at both I-710 and CA-110. In contrast to hopanes–
steranes and heavy PAHs, the emission of EC and
lighter PAHs are dominated by diesel-powered
vehicles (Fig. 3b), implying a significantly higher
contribution of diesel vehicles to the ambient con-
centrations of these species.

3.3. Chemical profiles of organic markers

The concentrations of vehicular molecular mar-
kers measured in this study are compared with the
EFs measured in a similar study conducted at the
Caldecott roadway tunnel in Berkeley, CA (Phuleria
et al., 2006
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Fig. 3. Comparison of measured—(a) hopanes and steranes (normalized to DCO2); and (b) PAHs and EC (normalized to DCO2)—

between CA-110 and I-710 in PM2:5 size mode. Error bars represent SE. The comparison between two freeways is expressed as background

subtracted freeway concentration normalized to DCO2 corresponding to Eq. (1) in the text.

H.C. Phuleria et al. / Atmospheric Environment 41 (2007) 4653–46714662
where EFReconstructed represented the expected
mixed-fleet EF for the 20% HDV fraction on
I-710 based on EFLDV and EFHDV, LDV and
HDV EFs measured in the Caldecott tunnel,
respectively. The reconstructed EFs were calculated
to account for the 20% HDV fraction measured at
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I-710 based on our traffic counts during this study
period. The reconstructed EFs normalized to TC (in
ng of organic species per mg of TC) are compared
with those of normalized measurements from the
I-710.

Fig. 4a shows the normalized chemical profile of
hopanes and steranes at the CA-110 freeway against
those measured inside the pure LDV bore of the
Caldecott tunnel. The normalized mass concentra-
tions of these molecular markers have virtually
identical chemical profiles in these two different
environments. The normalized tunnel concentra-
tions are observed in approximately half of the
corresponding CA-110 measurements, possibly be-
cause of the higher TC levels due to some positive
artifacts in the ultrafine size mode at the tunnel
compared to the freeway. This is because higher
concentrations of gas-phase organics in the tunnel
would result in overestimation of TC due to
increased adsorption of these species on the PM-
collecting filters and therefore might be responsible
for the somewhat observed lower hopane–sterane/
TC ratios in the Caldecott tunnel compared to the
CA-110 measurement. Similarly, Fig. 4b, demon-
strates generally very similar chemical profiles
measured at the I-710 freeway compared to the
reconstructed normalized concentrations from the
Caldecott tunnel measurements.

Several studies have shown similar source profile
of hopanes and steranes between gasoline and diesel
engines tested on dynamometer facilities (Cadle
et al., 1999; Zielinska et al., 2004) as well as between
on-road LDV and HDV fleets in tunnel environ-
ment (Phuleria et al., 2006). Fraser et al. (1999) have
also shown consistent agreement between relative
chemical distribution of hopanes and steranes
measured in ambient air vis-à-vis tunnel emission
rate measurements. In order to illustrate the internal
consistency among individual hopane and sterane
species, a correlation between the CA-110 measure-
ments (normalized to sum of hopanes and steranes)
and LDV EFs (normalized to sum of hopanes and
steranes) from the Caldecott tunnel study is given in
Fig. 5a. Correlations between normalized I-710
measurements and normalized reconstructed EFs
obtained from the Caldecott tunnel are shown in
Fig. 5b. The very high correlations and slopes �1
illustrate the conservative nature of these organic
markers and reaffirm their use as reliable markers of
vehicular emissions. This correlation is reflective of
the natural distribution of hopanes–steranes found
in the crude oil stock used to make lubricating oil. It
should be noted that the lower number of data
points in Fig. 5b is due to the fact that a few
hopanes are not reported and correlations are only
obtained for the available data. The data plotted in
Figs. 5a and b show that the relative concentrations
(normalized to sum of hopanes and steranes) of
these individual species are similar in vehicles
powered by either gasoline or diesel engines,
consistent with the notion that these species
originate from lubricating oil (Fine et al., 2004;
Fraser et al., 1998). Zielinska et al. (2004) have
studied the fuel and oil properties used in gasoline
and diesel engines and showed that hopanes and
steranes are only present in lubricating oil and not
in the fuel.

Similar to the hopanes and steranes data,
Figs. 6a and b present the normalized chemical
profile of the measured PAHs at the CA-110 and
I-710 against normalized EFs measured for LDVs
and HDVs from the Caldecott tunnel, respec-
tively. (The concentrations are normalized to TC
measured in the respective studies.) The normalized
PAH concentrations are about 2–3 times lower in
the freeways than the corresponding normalized
concentrations of the tunnel for lighter PAHs,
while for heavier PAHs the chemical profiles
become more comparable, especially for the I-710
data. Part of these differences may arise from
different vehicle-operating conditions, such as
engine load and speed (considering that the
Caldecott tunnel has a 4% grade), ambient tem-
perature and atmospheric dilution (affecting the
ambient sites but not the tunnel measurements)
as well as catalytic converter efficiency in these
two different environments (Schauer et al., 2003b).
Since PAHs result from fuel combustion in the
engines, they strongly depend on the factors
influencing combustion, including engine load
and ambient air temperature (Kean et al., 2003).
Furthermore, the gas-particle partitioning of
semi-volatile PAHs can be strongly influenced by
ambient temperature (Mader and Pankow, 2001;
Finlayson-Pitts and Pitts, 2000), particularly for
low molecular weight PAHs whose vapor pressures
are higher than heavier PAHs and the hopanes
and steranes (Schauer et al., 2003b). It should be
also noted that the plotted data in these figures
reflect concentrations normalized to TC, which
themselves are also affected by engine-operating
parameters, thus influence the fraction of carbon
emitted as these organic markers. Photochemical
degradation of PAHs on the filter (Schauer et al.,
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Fig. 5. Correlation of hopanes and steranes (normalized to sum

of hopanes and steranes) in PM2:5 size mode between (a) CA-110

study and Caldecott (LDV) study; and (b) I-710 study and

reconstructed Caldecott study. Error bars represent SE. Recon-

structed Caldecott EFs are obtained using Eq. (2) in the text.
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2003a) as well as in the atmosphere (Zielinska, 2005;
Finlayson-Pitts and Pitts, 2000) affect both the
TC as well as particulate phase PAHs concentra-
tions measured near the roadway environments.
In tunnel studies, these phenomena are expected
to be minimal. All of these factors may com-
promise the use of PAHs as tracers of vehicular
emissions.

The relationship between PAHs and hopanes–
steranes (normalized to TC in PM2:5 size mode) in
the ultrafine and accumulation size modes at the
CA-110 and the corresponding levels for the LDVs
measured in Caldecott tunnel are shown in Figs. 7a
and b, respectively. The normalization to TC is
done in order to bring the units to same scales
between the freeway and reconstructed Caldecott
studies, and does not affect the slope and correla-
tion coefficients of the linear regressions between
these species. The high correlations in the CA-110
as well as for LDVs at the Caldecott tunnel
show that high emissions of a PAHs and hopanes
and steranes in one mode are accompanied by
high emissions in the other mode, thus indica-
ting similar particle size distributions for these
species, consistently with results shown earlier
(Fig. 4a). Hopanes and steranes appear to be
distributed similarly in both tunnel and freeway
environments (slope �0:1 and R2

X0:9) between
accumulation and ultrafine PM modes. In contrast,
there appears to be a shift toward the accumulation
mode for PAHs at the CA-110 compared to the
Caldecott data, particularly for lighter PAHs. There
may be several reasons for these changes in size
distribution observed between the two environ-
ments. Earlier studies have reported that more
volatile PAHs tend to partition into larger particle
size fractions (Marr et al., 1999; Miguel et al., 1998).
Moreover, since the presence of poorly maintained
gasoline vehicles (gross emitters such as white and
black smokers) significantly affects the total PAHs
levels (Schauer et al., 2002; Zielinska et al., 2004),
different fraction of these high emitters in these
studies might be partially responsible for the
observed differences.

The relationship between the ultrafine and
accumulation size modes of PAHs, hopanes and
steranes (normalized to TC in PM2:5 size mode) at
the I-710 and their corresponding reconstructed
emissions factors from the tunnel measurements are
shown in Figs. 8a and b, respectively. Unlike the
CA-110 and Caldecott LDV measurements, some
differences in the size distribution of hopanes and
steranes can be observed between I-710 and re-
constructed tunnel measurements. Hopanes and
steranes are shifted more toward the accumulation
mode in the reconstructed emissions from the
Caldecott study (slope ¼ 0.23) compared to those
of the I-710 (slope ¼ 0.13). Based on CO2

measurements, the dilution factor ratio between
the I-710 study and the Bore 1 of the Caldecott
tunnel (corresponding to HDV measurements) is of
the order of 8–10 (Ntziachristos et al., 2007), which
implies a stronger background influence at the I-710
site. Since hopanes and steranes come from both
vehicle types, the more prevalent LDVs in the
background as well as the high number of LDVs on
the I-710 tend to bring the size distributions closer
to those of LDVs. The fact that the freeway site
measurements in the accumulation mode are rela-
tively similar to background concentrations in I-710
study (Fig. 2b; Table 1b), suggests that, while
hopanes and steranes in ultrafine mode are primar-
ily from fresh emissions in the I-710, the accumula-
tion mode concentrations may also be influenced by
background emissions of LDVs in the surrounding
urban area.
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Comparing the PAHs distribution in two size
modes (Figs. 8a and b), the influence of the urban
background as well as the larger number of LDV
cars (60% more than on CA-110) at the I-710 is
even more pronounced. The accumulation mode
PAH concentrations are affected significantly by
local combustion sources, including LDVs (in
addition to the large number of cars already on
I-710), which are more regional in nature and likely
influence the measurements near freeway site. In
addition to the impact of background sources,
the higher dilution at the I-710 compared to the
g . 7 . C
tunnel measurements affects the gas-particle
phase partitioning of semi-volatile PAHs, and may
be responsible for the observed scatter in the
distribution of PAHs in these size modes. Compared
to the CA-110 data, hopanes and steranes are
partitioned more in the accumulation mode,
although in lower fractions compared to the
Caldecott data, as noted earlier. This reflects the
influence of HDVs at the I-710 and is consistent
with previous studies showing higher emission rates
in the accumulation mode by HDVs for these
species (Phuleria et al., 2006).
o r r e l a t i o n o f m e a s u r e d o r g a n i c s p e c i e s ( n o r m a l i z e d t o T C i n P M : 5 s t u d y ; a n d ( b ) C a l d e c o t t ( L D V ) s t u d y . E r r o r b a r s r e p r e s e n t S E . H . C . P h u l e r i a e t a l . / A t m o s p h e r i c E n v i r o n m e n t 4 1 ( 2 0 0 7 ) 4 6 5 3 – 4 6 7 1 4 6 6 7
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Fig. 8. Correlation of measured organic species (normalized to TC in PM2:5) between ultrafine and accumulation size modes in (a) I-710

study; and (b) reconstructed Caldecott study. Error bars represent SE. Reconstructed Caldecott EFs are obtained using Eq. (2) in the text.
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4. Summary and conclusions

The main objective of this study is to compare the
concentrations of vehicular organic markers mea-
sured near freeway environments to those based on
EFs measured for LDVs and HDVs inside the
Caldecott tunnel. Very good agreement is observed
between CA-110 measurements and tunnel-based
LDV EFs for hopanes and steranes as well as
heavier PAHs. The reconstructed profiles from the
Caldecott tunnel also agree quite well with the I-710
measurements. The comparisons between the che-
mical profiles of these organic species in environ-
ments affected by different atmospheric dilution,
meteorological conditions, and different fleet com-
position, validate the EFs measured in our earlier
study in the Caldecott tunnel. PAH concentrations
are affected by various factors such as fuel type,
engine-operating parameters as well as meteorolo-
gical conditions. However, high MW PAHs seem to
be less influenced and hence show better agreement
between roadside and tunnel measurements as



ARTICLE IN PRESS
H.C. Phuleria et al. / Atmospheric Environment 41 (2007) 4653–4671 4669
compared to lighter PAHs. A potential limitation of
roadway measurements is their inability to capture
cold-start emissions, which are significantly higher
than the prevailing cruise or transient mode emis-
sions of this study as well as those in roadway
tunnels, and which affect the average emission
profiles significantly, especially in the winter season
(Manchester-Neesvig et al., 2003; Shah et al., 2004).
Recognizing this limitation, our results suggest that
in general, the EFs for hopanes and steranes
obtained in tunnel environments, where emissions
are averaged over a large vehicle-fleet, enable
reliable source apportionment of ambient PM, given
the overall agreement between the roadway vs
tunnel concentrations of these species.
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