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Abstract. Particulate matter (PM) emissions were measured
in July 2010 from on-road motor vehicles driving through a
highway tunnel in the San Francisco Bay area. A soot particle aerosol mass spectrometer (SP-AMS) was used to measure the chemical composition of PM emitted by gasoline
and diesel vehicles at high time resolution. Organic aerosol
(OA) and black carbon (BC) concentrations were measured
during various time periods that had different levels of diesel
influence, as well as directly in the exhaust plumes of individual heavy-duty (HD) diesel trucks. BC emission factor distributions for HD trucks were more skewed than OA distributions (N = 293), with the highest 10 % of trucks accounting
for 56 and 42 % of total measured BC and OA emissions, respectively. OA mass spectra measured for HD truck exhaust
plumes show cycloalkanes are predominate in exhaust OA
emissions relative to saturated alkanes (i.e., normal and isoparaffins), suggesting that lubricating oil rather than fuel is
the dominant source of primary organic aerosol (POA) emissions in diesel vehicle exhaust. This finding is supported by
the detection of trace elements such as zinc and phosphorus
in the exhaust plumes of individual trucks. Trace elements
were emitted relative to total OA at levels that are consistent

with typical weight fractions of commonly used additives
present in lubricating oil. A comparison of measured OA and
BC mass spectra across various sampling periods revealed a
high degree of similarity in OA and BC emitted by gasoline
and diesel engines. This finding indicates a large fraction of
OA in gasoline exhaust is lubricant-derived as well. The similarity in OA and BC mass spectra for gasoline and diesel
engine exhaust is likely to confound ambient source apportionment efforts to determine contributions to air pollution
from these two important sources.

1

Introduction

On-road motor vehicles, especially those with diesel engines,
are important sources of fine particulate matter (PM2.5 ) emissions (Dallmann et al., 2010). Exposure to PM2.5 has been
linked to various negative health effects (Pope and Dockery,
2006; Brook et al., 2010). PM2.5 emissions from motor vehicles are of particular importance in urban areas where emissions occur in close proximity to exposed populations (Jerrett
et al., 2005; Brugge et al., 2007). For example, the fraction of
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primary emissions that is inhaled by people is approximately
an order of magnitude greater for vehicles operating in urban areas compared to coal-fired power plants that have tall
stacks and tend to be in more remote locations (Evans et al.,
2002; Marshall et al., 2005). Motor vehicle exhaust PM2.5
is primarily composed of carbonaceous species, including
black carbon (BC) and organic aerosol (OA). The relative
abundance of BC depends on various factors, including engine type, engine operating conditions, and the presence of
emission control equipment (Chow et al., 2011). In general,
diesel engines tend to have higher BC emission rates relative
to OA, and conversely for gasoline engines (Ban-Weiss et al.,
2008; Chow et al., 2011).
Exhaust OA emissions consist of low volatility organic
compounds derived from fuel and lubricating oil. Recent
studies of emissions from combustion sources have shown
that exhaust OA is semi-volatile, and undergoes gas-particle
phase partitioning (Robinson et al., 2007; Grieshop et
al., 2009). Partitioning of semi-volatile organic compounds
(SVOC) between the condensed and gas phases is thought
to be governed by absorptive partitioning in the atmosphere
(Pankow, 1994) and therefore depends on temperature, concentrations of the condensed organic phase, and the SVOC
volatility distribution (Donahue et al., 2006; Robinson et al.,
2010). In the case of motor vehicle emissions, where BC / OA
ratios are typically higher than observed in the atmosphere,
sorption of organic compounds to BC particle surfaces may
also influence gas-particle partitioning (Roth et al., 2005).
Upon emission, rapid cooling of motor vehicle exhaust promotes condensation of organic vapors and partitioning is
shifted towards the particle phase. As exhaust is diluted with
ambient air, concentrations of gaseous SVOC are reduced,
leading to evaporation of SVOC to maintain phase equilibrium (Robinson et al., 2010). Measurements of OA emission
factors for motor vehicles are thus dependent on dilution and
temperature conditions of the sampled exhaust (Lipsky and
Robinson, 2006; Grieshop et al., 2009).
The relative contributions of diesel fuel and lubricating oil
to OA emissions depend on fuel and lubricating oil properties, temperature, engine operating speed, engine load, and
engine age and condition (Kweon et al., 2003; Lapuerta et al.,
2003; Sakurai et al., 2003; Brandenberger et al., 2005; Maricq, 2007). Several laboratory and on-road investigations of
diesel exhaust using aerosol mass spectrometers and similar
instruments have concluded that lubricating oil is the dominant source of exhaust OA, based on comparisons of OA
mass spectra for diesel exhaust, diesel fuel, and lubricating
oil (Tobias et al., 2001; Sakurai et al., 2003; Canagaratna et
al., 2004, Worton et al., 2014). Other researchers employing
apportionment methods utilizing molecular markers to distinguish between fuel and lubricant-derived OA report larger
contributions from fuel (Kleeman et al., 2008; Sonntag et al.,
2012). The divergent findings reported in the literature on
the nature and sources of primary organic aerosol emissions
in motor vehicle exhaust are not easily reconciled.
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Minor components of motor vehicle exhaust PM include
inorganic species such as sulfate and other trace elements
(Kittelson et al., 2006; Maricq, 2007). Sulfur is present as an
impurity in fuel and is also used in additives found in lubricating oil. Trace elements, including zinc, phosphorus, calcium, and magnesium are commonly used in lubricating oil
additives (Cadle, 1997; Spikes, 2004; Maricq, 2007). Emission rates of these trace elements in exhaust PM are low relative to carbonaceous species. However, trace metals may
enhance the toxicity of particles emitted by motor vehicles
(Gerlofs-Nijland et al., 2007; Bell et al., 2009). Also, for
diesel engines, emissions of lubricant-derived elements are
the focus of increasing scrutiny due to their potential negative effects on the performance of advanced emission control systems such as diesel particle filters. Lubricant-derived
trace elements are not effectively removed during normal filter regeneration processes and thus have a tendency to form
incombustible ash deposits on particle filters, which may degrade the performance and durability of these new control
technologies (Sappok and Wong, 2011; Cross et al., 2012).
The primary objective of this study is to characterize the
chemical composition of motor vehicle exhaust particulate
matter emissions using a soot particle aerosol mass spectrometer. Individual chemical components of the exhaust
PM emitted by large numbers of in-use gasoline and dieselpowered vehicles were measured to determine the composition of vehicular PM emissions, and to investigate the
origins of OA emitted in diesel exhaust. This study also
presents novel measurements made at high time resolution
of lubricant-derived trace elements in the exhaust plumes of
individual diesel trucks.

2
2.1

Methods
Field measurement site

Motor vehicle emissions were measured in July 2010 at the
Caldecott tunnel in Oakland, CA. These measurements were
made as a part of a study that also quantified gas and particle
phase pollutant emission factors for heavy-duty (HD) diesel
trucks (Dallmann et al., 2012) and light-duty (LD) gasoline
vehicles (Dallmann et al., 2013). All measurements of the
exhaust particle emissions described here were made in bore
1 of the tunnel, which carries a mix of gasoline-powered passenger vehicles as well as medium-duty (MD) and HD diesel
trucks. MD trucks are defined in this study as those with two
axles and six tires (i.e., four tires on the rear axle). HD trucks
are defined as those having three or more axles. Further information on the vehicle classification system used here can be
found in Dallmann et al. (2013). The tunnel is 1 km long and
bore 1 contains two lanes of eastbound traffic, with vehicles
driving uphill on a 4 % roadway grade. Sampling was conducted on 4 weekdays (22, 23, 26, 27 July) and 2 weekend
www.atmos-chem-phys.net/14/7585/2014/
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days (24, 25 July), with analytical instrumentation operating
from 10 a.m.–6 p.m. each day.
As described in Dallmann et al. (2012), measurements of
individual diesel exhaust plumes were made throughout the
day on each of the 4 weekdays. In addition, 2 hr intensive
operating periods (IOPs) were specified for each day of sampling, during which vehicles were counted and classified, and
filter samples of particulate matter were collected. Sampling
dates and times were chosen to study the impact of varying levels of diesel truck traffic on tunnel pollutant concentrations and emission factors. Two IOPs were conducted on
each weekday, from 12–2 p.m. and 4–6 p.m. On the weekend,
there was only one IOP per day, from 2–4 p.m. The midday
(12–2 p.m.) IOPs on weekdays corresponded to the highest
levels of diesel truck traffic in bore 1, measured both by absolute numbers of trucks and as a fraction of total vehicle
counts. LD vehicle activity was highest during the weekday late afternoon (4–6 p.m.) IOPs, which led to a relatively
low diesel truck fraction during these times. While LD vehicle traffic volumes during the weekend IOPs were similar to
weekday levels, diesel truck traffic activity was much lower
on the weekend.
2.2

Measurement methods

A new soot particle aerosol mass spectrometer (SP-AMS)
described by Onasch et al. (2012) was used in this study
to measure PM mass concentrations and chemical composition. The SP-AMS adds a 1064 nm continuous wave intracavity laser vaporizer to an existing Aerodyne high resolution aerosol mass spectrometer (HR-AMS). In the standard HR-AMS configuration, sampled particles are focused
into a narrow beam using an aerodynamic lens. This particle beam is transmitted through a vacuum system to a resistively heated tungsten vaporizer at 600 ◦ C, on which particles impact and vaporize. Neutral molecules formed by the
vaporization of non-refractory particle components (e.g., organic compounds, ammonium, sulfate, nitrate) are subsequently ionized by 70 eV electron impact ionization and detected by high resolution time-of-flight mass spectrometry
(Jayne et al., 2000; DeCarlo et al., 2006). In the standard
HR-AMS, lower volatility refractory materials such as black
carbon (BC) are not vaporized at the operating temperatures
of the tungsten vaporizer and, thus, are not detected by the
instrument.
The inclusion of a laser vaporization source in the SPAMS enables the characterization of refractory particles in
addition to the standard components (e.g., organics, sulfate,
nitrate, ammonium). The laser cavity is incorporated into the
AMS vacuum chamber perpendicular to the incident particle
beam. As particles cross the laser beam, absorbing BC particles heat up to several thousand kelvin before vaporizing into
neutral carbon clusters (Onasch et al., 2012). As the BC component of sampled particles is heated by IR absorption, both
BC and any coatings associated with these particles are vawww.atmos-chem-phys.net/14/7585/2014/
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porized and detected. Coating species may include organics,
inorganics, and refractory metals. Transit times for particles
passing through the laser beam are on the order of 5–20 µs.
Due to the high vacuum in the ionizer chamber and short
time scales for vaporization, the likelihood of significant oxidation of particulate material is low. Particles that either do
not intersect with the laser beam or that pass through the laser
beam without vaporizing will impact on the tungsten vaporizer, where non-refractory components are vaporized. Ionization and detection of vapor molecules in the SP-AMS follows
standard HR-AMS methods.
For the measurements presented here, both the tungsten
and laser vaporizer of the SP-AMS were turned on, enabling
the characterization of non-refractory PM species and refractory BC along with associated coatings. A focus of this
project was to characterize the chemical composition of particles in individual diesel truck exhaust plumes. These truck
plume events occur over short (typically < 30 s) time intervals and thus, fast sampling modes for the SP-AMS were
prioritized. In general, the SP-AMS was operated in the mass
spectrum (MS) data acquisition mode, whereby the particle
beam is alternatively transmitted and blocked using a chopper wheel. Mass spectra measured while the particle beam
is blocked correspond to the instrument background and are
subtracted from the mass spectra measured while the particle
beam is transmitted to isolate the signal for each ensemble of
sampled particles (DeCarlo et al., 2006; Kimmel et al., 2011).
This operating mode enabled the characterization of particle
mass spectra with a nominal time resolution of 1 s. Instrument background measurements (i.e. particle beam blocked)
were conducted for 20 s of every 120 s sampling cycle. The
time-of-flight mass spectrometer was operated with ion optics in the V-mode setting, which provided a mass resolving
power of 2500 at 200 amu. This resolution enabled the separation of individual chemical ions at the same nominal massto-charge (m/z) ratio in particle mass spectra.
The SP-AMS was set up in the Aerodyne mobile laboratory, which was parked at the east end of the tunnel. As
described in Dallmann et al. (2012), additional instruments
to characterize gas and particle-phase pollutants were set up
in the mobile lab and in a ventilation duct directly above the
tunnel traffic. Tunnel air samples were drawn from a position approximately 0.1 m below the ceiling of the traffic bore
through a ventilation plenum on the floor of the ventilation
duct approximately 50 m from the tunnel exit. Air samples
were delivered continuously to instruments set up in the mobile lab through 35 m of 1.4 cm inner diameter copper tubing
at a flow rate of 16.7 l min−1 . A URG (Chapel Hill, NC) cyclone was installed upstream of the aerosol instrumentation
to remove particles with aerodynamic diameters larger than
2.5 µm.
Use of the long sampling line to deliver tunnel air samples to instruments located in the mobile lab led to significant diffusive losses of small particles. The particle transmission efficiency as a function of particle diameter for the
Atmos. Chem. Phys., 14, 7585–7599, 2014
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extractive sampling technique used here was quantified using
a combination of experimental measurements and theoretical
calculations. A more detailed description of these methods is
included in the Supplemental Information. Results indicated
that there was 50 % particle transmission through the sampling line for 50 nm diameter particles. Smaller (i.e., nuclei
mode) particles were not efficiently transported through the
sampling line. Sampling losses of larger particles (> 100 nm
in diameter) are estimated to be less than 10 %. Previous
measurements of particle size distributions at the Caldecott
tunnel show that while sub-50 nm particles account for the
majority (> 75 %) of total particle number emissions in motor vehicle exhaust, the contribution of these ultra-fine particles to total particle volume and mass is relatively minor
(< 10 %) (Ban-Weiss et al., 2010). Thus, while the long sampling line used here is not well suited for describing total particle number concentrations or ultra-fine particle size distributions, characterization of particle mass concentrations and
chemical composition is not expected to be significantly impacted by sampling line losses.
Additional instrumentation deployed at the Caldecott tunnel provided supporting data for the interpretation and analysis of the SP-AMS data. A full description of gas and particle phase species measured at the tunnel and corresponding instrumentation is presented in companion publications
(Dallmann et al., 2012, 2013). Supporting data utilized in
this study include non-dispersive infrared absorption measurements of CO2 concentration (LI-COR model LI-6262,
Lincoln, NE), and BC mass concentrations measured with
a multi-angle absorption photometer (MAAP, ThermoFisher
Scientific model 5012, Waltham, MA). Additionally, average mass concentrations of OA, BC, and PM2.5 were quantified for each 2 hr sampling period using thermal-optical
and gravimetric analyses of collected quartz and Teflon filter samples, respectively.
2.3

Data analysis

The SP-AMS data were processed using standard HR-AMS
software toolkits SQUIRREL (Sequential Igor Data Retrieval, version 1.52C) and PIKA (Peak Integration by Key
Analysis, version 1.11C). The direct measurement provided
by the SP-AMS is a summed ion rate for individual chemical species (Is , units of Hz = ions s−1 ). This ion rate can
be converted into a mass concentration (Cs , µg m−3 ) utilizing instrument calibrations and known sample flow rate
(Q = 1.4 cm3 s−1 ) (Jimenez et al., 2003; Allan et al., 2004;
Onasch et al., 2012):
P
i Is,i
(1)
Cs =
CEs × RIEs × mIENO3 × Q,
where mIENO3 is the mass specific ionization efficiency for
nitrate (ions measured per picogram of nitrate sampled), CEs
is the SP-AMS collection efficiency for species S, and RIEs
is the relative ionization efficiency of species S, and is deAtmos. Chem. Phys., 14, 7585–7599, 2014

fined as the ratio of the mass specific ionization efficiency
of particulate species S to mIENO3 . mIENO3 was determined
to be 600 ± 120 ions picogram−1 based on standard AMS
ammonium nitrate instrument calibrations performed during
the field sampling campaign. RIEs values for nonrefractory
species typically measured by HR-AMS instruments have
been characterized through laboratory calibrations (Alfarra
et al., 2004; Canagaratna et al., 2007). Similarly, RIEBC was
experimentally determined to be 0.2 ± 0.1 based on laboratory calibrations using aerosolized Regal black particles
(Onasch et al., 2012).
The laser vaporization source utilized in the SP-AMS extends the range of chemical species detected by the instrument to include refractory species associated with BC containing particles, such as metals derived from lubricating oil
additives. Experimentally derived RIEs values are not available for these species. For ions generated by electron impact
ionization, RIEs values can be estimated from electron impact ionization cross sections and number of electrons for
the species of interest (Jimenez et al., 2003; Salcedo et al.,
2012). Based on literature-reported electron impact ionization cross sections, RIEs values for lubricant-derived trace
species considered in this study are estimated as 1 ± 0.3 (Pottie, 1966; Tawara and Kato, 1987; Freund et al., 1990; Mozejko and Sanche, 2005). Calcium and magnesium ions may
also be generated through thermal ionization mechanisms,
which would result in higher than expected ion signals for
these species and an overestimate of their sampled mass.
The collection efficiency in the denominator of Eq. (1) represents the fraction of sampled particles that are detected by
the SP-AMS and is dependent on the chemical and physical properties of sampled particles and their interactions with
the laser and tungsten vaporizers (Matthew et al., 2008). The
CE for non-refractory species, which can be vaporized by
both the laser and tungsten vaporizers, is governed by losses
due to particle bounce effects at the tungsten vaporizer, and
is assumed to be equal to 1 (i.e., negligible losses) for the
motor vehicle exhaust emissions considered here (Slowik et
al., 2004; Matthew et al., 2008; Onasch et al., 2012). The
CE value for refractive BC is largely dependent on the degree of overlap in the particle and laser beams, and was estimated through comparison with a collocated MAAP instrument, as discussed below. SP-AMS collection efficiencies
for lubricant-derived trace species have not yet been empirically characterized. CE values will depend on the interactions of these species with the laser and tungsten vaporizers.
Species with boiling points below the operating temperature
of the tungsten vaporizer (e.g., phosphoric acid, boiling (decomposition) point = 158 ◦ C) are likely readily vaporized at
both vaporizers and have similar CE values to non-refractory
species. Species with boiling points above the operating temperature of the tungsten vaporizer may still generate ion signals from both vaporizers and thus have CE values between
refractory BC (laser only) and non-refractory species. Salcedo et al. (2012) demonstrated the capability of a tungsten
www.atmos-chem-phys.net/14/7585/2014/
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vaporizer operated at 600 ◦ C to vaporize zinc (boiling point =
907 ◦ C) in ambient air samples, though time scales for evaporation were slower than for non-refractory species. More
refractory species such as calcium and magnesium (boiling
point = 1484 and 1090 ◦ C, respectively) are likely vaporized
more readily through the heating of BC particles at the laser
vaporizer. Based on these considerations, CE values for the
lubricant-derived trace species are estimated as unity with
the same uncertainty as non-refractory species (20 %) for
phosphorus/phosphate and with greater uncertainty (50 %)
for zinc. Due to the higher level of uncertainty in the vaporization and ionization mechanisms for calcium and magnesium, ion signals were not converted to mass concentrations
for these species.
2.4

Diesel truck exhaust plume analysis

The fast time response SP-AMS operating mode used for
this project enabled the characterization of average mass
spectra and chemical species emission factors for individual diesel truck exhaust plumes. Video recordings of vehicle activity at the tunnel on each day of sampling (weekdays
only; 10 a.m.–6 p.m.) were analyzed to determine the times
at which individual HD trucks passed beneath air sampling
inlets. Instances where an individual truck passage resulted
in a rise and fall (peak) in the measured CO2 concentration
discernible above background tunnel levels were identified
in previous work (Dallmann et al., 2012), and are used as the
basis for further data analysis including SP-AMS results presented here. Observed CO2 concentration peaks were used to
delineate the time period of exhaust plume capture for each
passing truck. Corresponding peaks in measured concentrations of other pollutants are indicative of their presence in the
exhaust plume, and provide information on the emission profile of each truck. In this study, mass spectra for individual
trucks were obtained by subtracting the tunnel background
mass spectrum measured immediately prior to sampling of a
truck plume from the average mass spectrum measured during the truck plume event. Fuel-based emission factors for
particulate species were calculated following the carbon balance method (Dallmann et al., 2011; 2012):
R t2

t1 [S]t − [S]t1 dt
(2)
EFS = R t2
 wc ,
t1 [CO2 ]t − [CO2 ]t1 dt
where EFS is the emission factor for particulate species S
(g kg fuel−1 ) and wc = 0.87 is the weight fraction of carbon
in diesel fuel. The period of exhaust plume measurement is
represented by the time interval t1 ≤ t ≤ t2 . ([S]t − [S]t1 ) is
the tunnel background-subtracted concentration of species S
at time t (µg m−3 ), and similarly for [CO2 ] (mg C m−3 ). Carbon dioxide concentrations are typically much larger than
those of other carbon-containing species in diesel exhaust
and thus, CO2 is used here to estimate total fuel-derived carbon associated with the exhaust plume.
www.atmos-chem-phys.net/14/7585/2014/

Figure 1. Comparison of 10 s average BC concentrations measured
by SP-AMS and MAAP instruments. The slope of the linear fit describes the SP-AMS collection efficiency for BC as 0.27.

3
3.1

Results and discussion
Instrument intercomparisons and IOP average
concentrations

The ability of the SP-AMS to measure BC emitted by motor vehicles was evaluated through a comparison with a collocated MAAP absorption photometer. Black carbon concentrations measured with the MAAP were in good agreement with other approaches (e.g., aethalometer, photoacoustic spectrometer, thermal-optical analysis of quartz filters)
used to characterize BC during this field campaign (Dallmann et al., 2012). Figure 1 shows a comparison of 10 s average BC concentrations measured by SP-AMS and MAAP
for 4 of the 6 days of sampling considered here. This comparison does not include 23 or 24 July, as the MAAP was offline on those days. In general, BC concentrations measured
by the two instruments are well correlated, with R 2 = 0.92
based on a linear least squares fit of the data. On average,
MAAP BC concentrations are approximately 4 times larger
than SP-AMS BC concentrations. In a previous application
of the SP-AMS to measure particulate matter emitted by motor vehicles, Massoli et al. (2012) report an underestimate of
a factor of 9 in BC concentrations measured by SP-AMS relative to the MAAP. The authors attribute this disparity to particle losses within the SP-AMS resulting from sub-optimal
alignment of the laser vaporizer and particle beams. In cases
where regions of the particle beam do not overlap with the
laser beam, BC particles are not vaporized and thus are not
detected (Onasch et al., 2012). The slope of the linear fit
to the data shown in Fig. 1 therefore defines the effective
Atmos. Chem. Phys., 14, 7585–7599, 2014

7590

Characterization of particulate matter emissions: T. R. Dallmann et al.

Figure 2. Comparison of average PM2.5 concentrations and composition measured during each 2 hr sampling period. Three measures
of PM2.5 mass are shown for each period, derived (reading left to
right) from analysis of Teflon filters, quartz filters, and SP-AMS
data. Sampling periods are identified using codes of the form ddhh,
where dd indicates the day during July 2010, and hh is the starting hour of sampling. In the middle of the figure, 24 and 25 July
were weekend days with lower diesel truck traffic volumes. Q-QBT
OA concentrations correspond to quartz filter-derived OA measurements adjusted to account for organics measured on separate quartzbehind-Teflon (QBT) filter samples collected in parallel. QBT organic concentrations are also shown here as unshaded green bars.

collection efficiency of the SP-AMS with respect to the BC
component of sampled PM, CE = 0.27. Based on this analysis, SP-AMS BC mass concentrations presented here are
multiplied by a factor of 3.7 (i.e., 1/CE).
SP-AMS measurements of carbonaceous aerosol mass
concentrations for each IOP are shown in Fig. 2, together
with corresponding measurements of BC and OA derived
from thermal-optical analysis of quartz filter samples, and
PM2.5 mass concentrations from gravimetric analysis of
Teflon filter samples. In this figure, tunnel PM2.5 , OA, and
BC mass concentrations are shown in blue, green and black,
respectively. For quartz filter OA measurements presented
in Fig. 2, quartz filters located behind (i.e., downstream of)
teflon filters (QBT) were used to correct for a positive sampling artifact in determining tunnel OA concentrations from
front quartz filters. The positive artifact results from the adsorption of low volatility organic vapors to the quartz filters.
Volatilization of collected OA from the front quartz filter
may result in a negative sampling artifact, though this effect
has been found to be small relative to the adsorption of organic vapors for emissions from gasoline and diesel engines
(Schauer et al., 2002; Shah et al., 2004; Lipsky and Robinson, 2006; May et al., 2013). Tunnel OA concentrations were
estimated by subtracting organic mass measured on QBT filters from bare quartz filters collected in parallel. Resulting
OA concentrations for each IOP are shown in Fig. 2 as solid
Atmos. Chem. Phys., 14, 7585–7599, 2014

green bars (Q-QBT). The measured organic concentration
derived from QBT filter samples (corresponding to adsorbed
organic vapors) is shown as unshaded bars above the corrected front quartz filter OA estimates. Organic carbon mass
loadings determined from the quartz filters were converted to
equivalent OA mass by multiplying by a factor of 1.25. This
factor represents the organic aerosol to organic carbon mass
ratio (OA / OC) and accounts for additional mass, mainly hydrogen, associated with organic carbon present in the particle
phase. The OA / OC ratio for PM in the Caldecott tunnel was
calculated using SP-AMS data following methods developed
by Aiken et al. (2007, 2008). Throughout the field study, SPAMS OA concentrations were approximately 40 % higher
than OA concentrations derived from the corrected quartz filter samples (Q-QBT). Uncertainties in the quantification of
these sampling artifacts likely contribute to the discrepancies
observed in filter and SP-AMS OA measurements. For example if the volatilization of particulate organic compounds
collected on front quartz filters is non-negligible, treatment
of the back quartz filter OA measurements followed here may
underestimate actual tunnel OA concentrations.
As shown in Fig. 2, fine particulate matter measured in the
tunnel is composed primarily of carbonaceous species. The
sum of OA and BC contributions estimated from quartz filter
samples and the SP-AMS accounted for 87 ± 8 and 99 ± 8 %
of Teflon filter-derived PM2.5 mass, respectively. This finding
is consistent with the knowledge that motor vehicle exhaust
PM2.5 is mainly composed of carbonaceous species, with minor contributions from inorganic species such as sulfate and
metallic ash (Fujita et al., 2007; Maricq, 2007; Ban-Weiss
et al., 2008). The largest difference between PM2.5 and carbonaceous aerosol mass concentrations was observed for the
22 July, 12–2 p.m. sampling period shown at the left of Fig. 2.
During this time period, tunnel maintenance staff carried out
street sweeping of the traffic lanes, which is expected to have
enhanced contributions to PM2.5 from non-tailpipe sources
(e.g., resuspended road dust).
Total PM2.5 mass measurements provided by the SPAMS, including carbonaceous species and inorganic ions
(e.g., sulfate, nitrate, ammonium, chloride), are further compared with Teflon filter derived PM2.5 mass concentrations
in Fig. 3. Excluding anomalous data from one sampling period with street sweeping activity, PM2.5 mass concentrations
determined by the two methods are generally in good agreement, with a slope near one and a correlation coefficient of
0.82. Inorganic ions accounted for less than 5 % of total particle mass measured by the SP-AMS during weekday IOPs,
and 8 and 14 % of total mass on Saturday and Sunday sampling periods, respectively, when tunnel concentrations were
lower. Ammonium concentrations were well correlated with
the sum of the nitrate molar concentration and the sulfate
molar concentration multiplied by a factor of 2 (R 2 = 0.98),
suggesting the main source of these species was likely ammonium nitrate and ammonium sulfate present in the ambient background air drawn inside the tunnel. Motor vehicle
www.atmos-chem-phys.net/14/7585/2014/
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Figure 4. Species concentrations measured during individual diesel
truck plume event. Clear peaks are visible for trace elements, indicating presence in truck exhaust plume.
Figure 3. Comparison of gravimetrically determined PM2.5 mass
concentrations and (blue triangles) SP-AMS total mass including
carbonaceous species (OA, BC) as well as inorganic ions (sulfate, nitrate, ammonium, chloride), and (red circles) carbonaceous
species (OA, BC) determined from thermal-optical analysis of
quartz filter samples. Boxed points at the right of the figure were
excluded from the regression analysis due to an anomalous street
sweeping event that occurred during the IOP2212 sampling period.

contributions to inorganic ions measured in the tunnel may
also result from the presence of trace impurities and additives in fuel and lubricating oil, particularly in the case of
sulfate (Maricq, 2007).
3.2

Chemical composition of diesel exhaust PM

The concentration time-series response of the SP-AMS to a
passing HD truck is shown in Fig. 4 for BC, OA, and several elements. A clear peak in the measured CO2 concentration above background levels is visible and defines the period of exhaust plume measurement (∼15 s). Corresponding
peaks in the measured OA and BC concentrations are similarly well-defined, indicating the presence of these species in
the exhaust plume. Fig. 4 also shows clear peaks in several
trace elements associated with diesel fuel and lubricating oil
additives (Cross et al., 2012).
A prior analysis of data collected during ∼30 h of sampling over the 4 weekdays considered here identified 809
candidate HD trucks for which individual truck exhaust
plume contributions of CO2 were discernible above background levels inside the tunnel (Dallmann et al., 2012). Due
to a lower duty cycle relative to CO2 analyzers (i.e., frequent background checking) and more frequent instrument
calibrations, SP-AMS data were only available for 293 of
the 809 successful plume captures. As discussed below, this
sub-sample was used to calculate emission factors for OA,
www.atmos-chem-phys.net/14/7585/2014/

BC, and various trace elements from individual trucks. For
the mass spectral analysis discussed here, additional criteria were defined to identify trucks for which exhaust plume
PM mass spectra were sufficiently distinct from tunnel background mass spectra. In this case, only trucks with OA and
BC emission factors greater than 0.05 g kg−1 , as calculated
using Eq. (2), and peak exhaust plume CO2 concentrations
at minimum 100 ppm higher than tunnel background levels
(corresponding to an approximately 10 % increase for typical
tunnel CO2 concentrations of 1000 ppm) were considered for
mass spectral analysis. These criteria excluded trucks with
low particle mass emission rates and truck plumes that were
highly dispersed in the tunnel prior to their measurement. Of
the 293 trucks for which SP-AMS data were available, 145
met these acceptance criteria.
The average SP-AMS mass spectrum for this population
of trucks is shown in Fig. 5, with mass spectra for carbon
and organic ions shown in the lower panel and ions associated with trace elements shown in the top panel. Tunnel
background-subtracted mass spectra for each truck were normalized to the total ion signal and then averaged to obtain
the results shown in Fig. 5. In the average diesel PM mass
spectrum, the height of each bar indicates the relative percent of the total ion signal for a given mass-to-charge ratio
(m/z), and uncertainty bars show the 95 % confidence interval. The use of a high-resolution mass spectrometer enabled
identification of individual chemical ion contributions at the
same nominal m/z and the separation of spectra according to
chemical families. Ion fragments of the family C+
x indicate
clusters of carbon atoms and represent the BC signal, shown
in black in Fig. 5. On average, the BC signal accounted for
approximately 9 % of the total ion signal measured for diesel
exhaust PM. The largest carbon ion signals are from the frag+
ments C+
1 (m/z = 12) and C3 (m/z = 36), which together account for 77 % of the total carbon ion signal for m/z in the
Atmos. Chem. Phys., 14, 7585–7599, 2014
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Figure 5. Average relative ion signal for 145 diesel truck exhaust
plumes. Error bars show 95 % confidence interval. Legend includes
correlation of signal from each ion group with the total OA signal.

range 10–360. Likewise, small carbon clusters of 1–5 car+
bon atoms (C+
1 –C5 ) account for greater than 97 % of the total carbon ion signal in this mass range. These findings are
consistent with previous measurements of BC mass spectra
for individual diesel buses in New York City (Massoli et al.,
2012).
The OA component of the diesel truck mass spectrum is
dominated by hydrocarbon ion fragments of the Cx H+
y family. The largest observed signals in the OA mass spectrum
+
are from the ion fragments C3 H+
5 (m/z = 41), C3 H7 (m/z
+
+
= 43), C4 H7 (m/z = 55), and C4 H9 (m/z = 57), which together account for 27 and 30 % of the total ion and OA ion
signals, respectively. In sum, ions of the Cx H+
y family contributed 91 % of the measured OA signal and 79 % of the total ion signal. The predominance of the Cx H+
y family in the
OA mass spectrum is expected for primary exhaust OA from
diesel engines and is consistent with previous characterizations of the chemical composition of PM emitted by in-use
vehicles (Canagaratna et al., 2004; Chirico et al., 2011; Massoli et al., 2012). Organic aerosol emitted by diesel trucks is
largely unoxidized, with oxidized organic ion fragments of
the families CHO and CHO>1 contributing less than 10 %
of the total organic signal. Atomic ratios (O / C, H / C) and
the organic aerosol mass to organic carbon ratio (OA / OC)
of the diesel truck OA were evaluated following methods
developed by Aiken et al. (2007, 2008). Average values of
O / C, H / C, and OA / OC for the diesel trucks considered
here are 0.06 ± 0.02, 1.90 ± 0.05, and 1.24 ± 0.03, respectively. These values agree with other ratios measured in laboratory investigations of diesel engine exhaust (Mohr et al.,
2009; Chirico et al., 2010).
Sources of OA in diesel exhaust include unburned fuel and
lubricating oil and their partially oxidized products (Maricq,
2007). Though both fuel and oil are derived from petroleum
Atmos. Chem. Phys., 14, 7585–7599, 2014

sources, different processing techniques lead to large differences in the molecular weights and chemical structures. For
example, diesel fuel is typically composed of hydrocarbons
with carbon numbers ranging from C10 –C25 , while lubricating oils consist of less volatile hydrocarbons with carbon
numbers ranging from C14 –C45 (Tobias et al., 2001; Kweon
et al., 2003; Isaacman et al., 2012). Additionally, while diesel
fuels have high concentrations of n alkanes, lubricating oils
tend to be dominated by cycloalkanes, due to the deliberate
removal of n alkanes during a dewaxing process (Tobias et
al., 2001; Isaacman et al., 2012).
Previous studies of diesel PM using AMS and similar instruments have investigated the relative contributions of fuel
and lubricating oil to diesel exhaust OA (Tobias et al., 2001;
Sakurai et al., 2003; Canagaratna et al., 2004). Three main
hydrocarbon ion series were identified in both fuel and lubricating oil: (1) Cn H+
2n+1 (m/z 29, 43, 57, 71, 85, 99. . . )
typical of saturated alkyl compounds (n alkanes, branched
alkanes), (2) Cn H+
2n−1 (m/z 27, 41, 55, 69, 83, 97. . . ) typical
of unsaturated aliphatic compounds (cycloalkanes, alkenes)
and (3) Cn H+
2n−3 (m/z 67, 81, 95, 109. . . ) ion fragments derived from bicycloalkanes (McLafferty and Turecek, 1993;
Tobias et al., 2001; Canagaratna et al., 2004). Also, previous investigations found that saturated alkane ion signals are
larger than neighboring cycloalkane-derived ion signals in
the ranges m/z = 67–71 and 81–85 for diesel fuel, while the
opposite is true for lubricating oil (Tobias et al., 2001; Sakurai et al., 2003; Canagaratna et al., 2004). In each of these
prior studies, the predominance of m/z = 69 versus 71, and
m/z = 83 versus 85, in diesel OA mass spectra indicates that
the lubricating oil contribution to diesel OA dominates over
contributions attributable to diesel fuel.
All three of the main hydrocarbon series noted above are
apparent in the diesel truck plume OA mass spectrum measured in this study (shown in Fig. 5). Average diesel PM
ion signal ratios at m/z = 69 to 71 and m/z = 83 to 85
were 1.51 ± 0.08 and 1.66 ± 0.08, respectively. Sakurai et
al. (2003) measured particle mass spectra for diesel exhaust
particles and for mixtures of varying ratios of lubricating oil
to diesel fuel. Results from these experiments show ion signals at m/z 71 and 85 were larger than signals at m/z 69 and
83, respectively, for mixtures containing 20 % fuel: 80 % oil
and 10 % fuel: 90 % oil. Cycloalkane signals in these mass
ranges were only clearly dominant over saturated alkane signals for a mixture of 5 % fuel: 95 % oil. Based on these results, the authors concluded that measured diesel exhaust particles, whose spectra had ratios at m/z = 69 to 71, and m/z =
83 to 85 greater than unity, are comprised of at least 95 %
unburned lubricating oil. While the lack of measurements of
pure fuel and lubricating oil samples preclude a similar analysis in the present study, ion ratios greater than one at m/z =
69 to 71 and m/z = 83 to 85 support a similar conclusion that
lubricating oil was the predominant source of OA measured
in the exhaust of diesel trucks operating in the Caldecott tunnel. Alkenes formed from incomplete combustion of diesel
www.atmos-chem-phys.net/14/7585/2014/
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fuel may contribute to the signal measured at m/z = 69 and
m/z = 83, though this contribution is expected to be minor
relative to the cycloalkane signal (Worton et al., 2014).
Further information concerning the origin of OA in the exhaust of the 145 HD diesel trucks considered here is derived
through an analysis of other trace elements measured in individual exhaust plumes. Trace elements included in this analysis were selected based on their inclusion in lubricating oil
and on their prior identification in diesel exhaust PM in a
laboratory study that used the SP-AMS (Cross et al., 2012).
These trace species are typically present as additives or impurities in diesel fuel and lubricating oil. For example, zinc
and phosphorus are present in zinc dialkyl dithiophosphate
(ZDDP), a widely used lubricating oil additive that enhances
anti-wear and antioxidant properties of the oil (Spikes, 2004).
Similarly, calcium and magnesium are components of detergent additives in lubricating oils (Cadle et al., 1997). Lubricating oil additives such as calcium, zinc, and phosphorus are
typically not present at detectable levels in diesel fuel, and
can thus be used as tracers for lubricant-derived OA in diesel
exhaust (Spencer et al., 2006; Shields et al., 2007). Sulfur is
present both as a trace species in diesel fuel, as well as in
lubricating oil additives. Other species considered here include potassium and sodium associated with diesel fuel, and
lead associated with engine wear (Cross et al., 2012). While
these trace elements typically account for a small fraction of
the total PM mass emitted by diesel engines, trace element
emissions may accumulate over time and negatively affect
the performance of diesel particle filters, as ash deposits related to these species are not readily removed from exhaust
filters by oxidative regeneration schemes that are used to remove accumulated BC and OA (Maricq, 2007; Sappok and
Wong, 2011).
The top panel of Fig. 5 shows the average relative ion
signal measured for trace elements in the exhaust of diesel
trucks operating at the Caldecott tunnel. The mass resolving
power of the high resolution time-of-flight mass spectrometer used in the SP-AMS enabled the simultaneous identification of these trace elements and hydrocarbon fragments at the
same nominal m/z. Included in the legend are the correlation
coefficients for a comparison of the summed ion signal for
each ion group with the total OA signal across the sampled
population of trucks. For trace elements, the highest correlation with OA was observed for lubricant-derived species, including phosphorus containing ions (phosphorus/phosphate),
zinc, and magnesium. Figure 4 shows an example of a
truck plume where signals for these species were particularly
strong and readily discernible above both background signals
and SP-AMS instrument noise. Emission mechanisms for lubricating oil include volatilization of oil components at high
temperatures and liquid oil emissions (Tornehed and Olofsson, 2011). In Fig. 4, the correspondingly large BC signal
suggests these elements were likely associated with BC particles and vaporized as a result of the heating of laser-light
absorbing BC particles. Across the sampled truck population,
www.atmos-chem-phys.net/14/7585/2014/
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Figure 6. Average BC mass spectrum for 145 diesel truck plumes.
Ion signals for each carbon ion (C+
x ) are normalized to total carbon
ion signal. Note 13 C isotopes are excluded here for sake of visual
clarity.

the identification of lubricant-derived species in exhaust PM
is further supported by a positive correlation (R 2 = 0.71) between the average plume phosphorus/phosphate and zinc signals, suggesting a common source for both of these trace elements. The presence of lubricant-derived trace metal species
in diesel exhaust plumes and their positive correlation with
OA further suggests lubricating oil as a major contributor to
diesel OA emissions.
In Fig. 5, a clear signal for calcium, another common lubricating oil additive, is visible at m/z = 40, though the correlation with OA is weaker than for other lubricant-derived
elements. Uncertainties arose in the definition of the exhaust
plume calcium (40 Ca) signals due to interferences from the
gas phase argon (Ar) signal at the same m/z. The mass resolving power of the SP-AMS was not sufficient to differentiate 40 Ca from 40 Ar. Argon levels in tunnel air are expected
to be relatively stable, thus for this analysis signals for 40 Ca
and 40 Ar were summed and any increase in the combined
signal above baseline levels was assumed to represent a contribution from 40 Ca. Uncertainties due to the higher baseline
signal in this approach may explain the larger diesel truck
exhaust signal for calcium relative to other lubricant-derived
species, as well as the weaker correlation with OA.
The average diesel truck BC mass spectrum, normalized
to total carbon ion signal, is shown in Fig. 6. A key feature
of this spectrum is the low variability in the distribution of
carbon ion signals across the sampled truck population, as
evidenced by the relatively small uncertainty in contributions
to the total signal associated with each carbon ion. This low
variability suggests that the distribution shown in Fig. 6 could
define a BC emissions source “fingerprint” for in-use diesel
Atmos. Chem. Phys., 14, 7585–7599, 2014
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Figure 8. OA (green) and BC (black) mass spectra for high (top
panel) to low (bottom panel) levels of diesel truck influence. Pie
charts show relative contributions of OA and BC to total carbonaceous mass.

Figure 7. Emission factor log-probability plots (top) and distributions (bottom) for OA, BC, zinc, and phosphorus/phosphate.

trucks that may be useful in future applications of the SPAMS to source apportionment of ambient BC (Onasch et al.,
2012).
3.3

HD diesel truck emission factors

Emission factors for individual chemical components of PM
emitted by diesel trucks were evaluated for the entire population of trucks for which SP-AMS data were available, including low-emitting trucks not included in the mass spectral analysis presented above. Emission factors were calculated using Eq. (2), and species considered here include OA,
BC, zinc, and phosphorus/phosphate. Fleet-average emission
factors for a sample of 293 HD diesel trucks are presented
in Table 1, and emission factor distributions are shown in
Fig. 7. Note that trucks with zero or negative emission factors calculated using Eq. 2 are not included in this figure.
For each of the emitted species considered here, between
Atmos. Chem. Phys., 14, 7585–7599, 2014

5 and 11 % of the total measurements were for trucks with
no detectable emissions. Both the OA and BC distributions
are lognormal, though the BC distribution is more skewed
than OA: 10 % of BC and OA measurements accounted for
56 and 42 % of total emissions of the respective pollutants.
The fleet-average BC emission factor from the SP-AMS is
2.6 ± 0.8 times the value of the corresponding OA emission
factor. Resulting OA to BC (OA/BC) and OC to BC (OC/BC)
mass emission ratios for diesel trucks are 0.38 ± 0.12 and
0.31 ± 0.10, respectively. A prior vehicle emission study at
the Caldecott tunnel estimated an OC/BC ratio for diesel
trucks of 0.34, which is in good agreement with the ratio
reported here (Ban-Weiss et al., 2008). Because diesel PM
is predominantly carbonaceous, the sum of the OA and BC
emission factors, 0.86 ± 0.17 g kg−1 , should provide a reasonable estimate of the PM2.5 emission factor for HD diesel
trucks. Note that OA emission factors reported here are representative of the dilution conditions of the individual exhaust
plumes sampled. Further dilution of exhaust to atmospheric
levels may lead to volatilization of SVOC and a reduction
in primary OA mass (Lipsky and Robinson, 2006; Robinson et al., 2007). Dilution ratios for the exhaust plume measurements reported here ranged from 60–3600, with an average (±95 % confidence interval) of 650 ± 60. HD truck BC
and OA emission factors presented here are approximately 3
times the values measured during a recent dynamometer test
of an uncontrolled HD diesel truck operating on an urban dynamometer driving cycle, though similar OC/BC ratios were
measured in both studies (May et al., 2014).
The ability of the SP-AMS to detect refractory PM
components enabled the quantification of lubricant-derived
trace element emission factors for individual HD trucks.
www.atmos-chem-phys.net/14/7585/2014/
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Table 1. Fleet-average emission factors for HD diesel trucks (N = 293).
Species

BC
OA
Zinc
Phosphorus/
phosphate

Emission factor ±95 %
confidence interval

Emission
factor units

0.62 ± 0.17
0.24 ± 0.04
0.26 ± 0.04
0.18 ± 0.02

g kg−1
g kg−1
mg kg−1
mg kg−1

Emission factor
ratio to OA
emission factor
(ppm)

Lubricating oil
elemental
weight fraction
(ppm)a

1100 ± 250
760 ± 160

1226
985

a Lubricating oil elemental composition reported for an SAE 15 W-40 CJ-4 diesel engine oil (Sappok and Wong, 2011).

Fleet-average emission factors for zinc and phosphorus/phosphate are reported in Table 1. Fleet-average emission factors for lubricant-derived elements are on the order
of 0.1–1 mg kg−1 and are nearly 3 orders of magnitude lower
than OA and BC emission factors. Emission factors reported
here agree to within a factor of 4 with emission factors derived from a near-roadway study at a freeway in Los Angeles
with high HD diesel truck activity (Ning et al., 2008). Emission factor distributions for zinc and phosphorus/phosphate,
shown in Fig. 7, were lognormal and similar to OA in their
degree of skewness.
The ratio of each trace element emission factor to the fleetaverage OA emission factor is presented in Table 1, along
with the weight fraction of each element in a CJ-4 diesel engine oil as reported by Sappok and Wong (2011). Ratios define the emission factor for a given species to the emission
factor for OA, and reported units of ppm are equivalent to
units of ppm used for bulk lubricating oil weight fractions.
In general, the measured emission factors for these elements,
when normalized to the OA emission factor, correspond well
with their bulk oil concentrations. For both zinc and phosphorus/phosphate, OA normalized emissions are within 25 %
of lubricant concentrations. Furthermore, the relative magnitudes of emission factors for these trace species follow their
abundances in lubricating oil. These findings further support
the conclusion that lubricating oil, rather than diesel fuel, was
the dominant source of exhaust OA emissions for trucks operating in the Caldecott tunnel. If a large fraction of OA emissions were derived from unburned or partially oxidized fuel,
emission factors for these trace elements would be expected
to be significantly lower when normalized to OA emissions.
3.4

Comparison of diesel and gasoline exhaust PM

Differences in PM emitted by gasoline and diesel motor vehicles were studied through a comparison of the chemical
composition of carbonaceous aerosols measured in the tunnel during periods of varying diesel truck influence. Figure 8 shows the average BC and OA mass spectra and relative mass concentrations for six different sampling periwww.atmos-chem-phys.net/14/7585/2014/

ods/vehicle emission event types: individual diesel exhaust
plume measurements (sample of 145 trucks considered for
mass spectral analysis, top panel); 4 weekday 12–2 p.m. and
4–6 p.m. IOPs (second and third panels); the Saturday and
Sunday 2–4 p.m. IOPs (fourth and fifth panels); and a high
PM-emitting gasoline vehicle (bottom panel). The panels are
thus arranged from top to bottom in order of decreasing
diesel engine influence. The relative contribution of diesel
engines to vehicle-derived carbon for each IOP was calculated using measured CO2 concentrations and vehicle count
data, and is included in the label for each IOP in Fig. 8. In
general, PM contributions from individual gasoline vehicles
were not discernible above tunnel background levels, and the
direct characterization of PM composition for a representative sample of individual gasoline vehicle exhaust plumes
was not possible. In the case of the gasoline vehicle plume
event shown in Fig. 8, a clear OA signal was associated with
the passing of a small truck. Concurrent time-resolved measurements of carbon monoxide, benzene, and toluene emissions support the conclusion that this high-emitting vehicle
was equipped with a gasoline engine.
A main feature of Fig. 8 is the increasing trend in the
OA to BC mass ratio with decreasing diesel influence. On
average, diesel trucks were found to emit 2.6 ± 0.8 times
more BC than OA, with a corresponding OA/BC ratio of
0.38 ± 0.12. For weekday 12–2 p.m. and 2–4 p.m. sampling
periods, when diesel trucks accounted for between 7 and
18 % of total vehicle-derived carbon dioxide emissions, concentrations of OA and BC were similar (OA/BC = 1.1). The
OA/BC ratio further increased to 2.3 during the Sunday afternoon sampling period, when diesel trucks accounted for
2 % of vehicle-derived carbon dioxide. For the high-emitting
gasoline vehicle, PM emissions consisted primarily of OA.
Fleet-average OA and BC emission factors for light-duty vehicles have been evaluated separately for this field campaign,
and the corresponding OA/BC emission ratio was 1.7 ± 0.6
(Dallmann et al., 2013). Thus, the increasing influence of
gasoline vehicles on the measured OA/BC ratio was observed
in this study for weekend sampling periods when the influence of diesel trucks was lower.
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Table 2. Molar element ratios and OA / OC mass ratios for on-road motor vehicle emissions.
Sampling period
HD Diesel truck plume average
(N = 145)
Weekday 12–2 p.m. average
(N = 4)
Weekday 4–6 p.m. average
(N = 4)
Saturday 2–4 p.m.
Sunday 2–4 p.m.
High-emission gasoline vehicle

O/C

H/C

OA / OC

0.06 ± 0.02

1.90 ± 0.05

1.24 ± 0.03

0.07 ± 0.04

1.89 ± 0.05

1.25 ± 0.05

0.06 ± 0.03

1.91 ± 0.04

1.24 ± 0.03

0.09 ± 0.04
0.10 ± 0.05
0.020 ± 0.003

1.87 ± 0.07
1.86 ± 0.08
1.99 ± 0.01

1.28 ± 0.06
1.30 ± 0.07
1.192 ± 0.004

Though relative contributions of BC and OA varied significantly, there was very little difference in the corresponding
mass spectra among sampling periods, as shown in Fig. 8.
Here, the diesel truck BC and OA mass spectra are selected
as reference mass spectra. Black carbon mass spectra shown
in Fig. 8 all have similar distributions of carbon ions, with the
+
BC signal dominated by C+
1 –C3 carbon ions in each case.
Black carbon mass spectra across all sampling periods were
highly correlated (R 2 > 0.99 in all cases) with the reference
diesel truck spectrum shown in the top panel of Fig. 8. Results from this study indicate that fuel-specific BC emission
factors for diesel trucks are approximately 50 times greater
than for LD gasoline vehicles (Dallmann et al., 2013). Consequently, diesel trucks contributed the majority of BC measured during the weekday 12–2 p.m. and 4–6 p.m. sampling
periods, though HD trucks accounted for only 7–18 % of
vehicle-derived carbon dioxide. Thus, the high degree of correlation observed between the weekday IOPs and diesel truck
BC mass spectra is expected. Even small numbers of diesel
trucks observed in the tunnel during the Sunday IOP still
may have contributed significantly to measured BC, though
in this case light-duty vehicles are expected to be the dominant source of BC in the tunnel. The correspondence of the
BC mass spectra for the Sunday sampling period and highemitting gasoline vehicle with the diesel truck mass spectrum
therefore suggests carbon ion distributions measured with the
SP-AMS are similar for gasoline and diesel vehicle-derived
BC. This in turn suggests that apportionment of gasoline versus diesel contributions to BC using SP-AMS carbon ion
spectra may be difficult to achieve due to the similarity of
the source profiles.
Similar to what was found for BC, varying levels of diesel
truck traffic did not produce discernible differences in OA
mass spectra measured with the SP-AMS. All OA spectra
are dominated by ion fragments of the Cx H+
y family, with
prominent peaks at m/z = 41, 43, 55, and 57. Organic aerosol
mass spectra for the 2 hr weekday and weekend sampling periods and the high-emitting gasoline vehicle were all wellcorrelated (R 2 > 0.98) with the diesel truck OA mass spectrum.
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Average O / C, H / C, and OA / OC ratios are reported in
Table 2, and were generally in good agreement across sampling periods considered here. The OA / OC and O / C ratios
were slightly higher during the Sunday IOP, possibly due to
a higher relative contribution from more oxidized ambient
PM during this sampling period. However, these differences
were not significant and values are in line with prior characterizations of motor vehicle OA (Aiken et al., 2008). These
results show, for the fleet of in-use vehicles measured at the
Caldecott tunnel, OA emitted by gasoline and diesel vehicles
produces similar mass spectra when characterized using the
SP-AMS. As discussed previously, several lines of evidence
indicate that lubricating oil was the dominant source of OA
emitted by diesel trucks operating in the tunnel. Although
there are differences in lubricating oil formulations used in
gasoline and diesel engines, the chemical composition of the
oils is similar, and distinct from both gasoline and diesel fuel
(Rogge et al., 1993; Fujita et al., 2007). The similarity of OA
mass spectra for gasoline vehicle-dominated sampling periods therefore suggests that a large fraction of OA emitted by
gasoline vehicles is lubricant-derived as well. The high degree of similarity in the chemical composition of OA from
both gasoline and diesel engines will again make it difficult
to conduct ambient source apportionment studies to determine contributions to air pollution from these two important
sources.
The Supplement related to this article is available online
at doi:10.5194/acp-14-7585-2014-supplement.
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