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HIGHLIGHTS

e Comprehensive measurements of aerosol properties during the Cal-Mex 2010 study.
o An average black carbon mass concentration of 2.87 + 2.65 ug m—>.
e Gasoline and diesel vehicles produce a significant amount of BC particles.
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ABSTRACT

We present measurements of submicron aerosols in Tijuana, Mexico during the Cal-Mex 2010 field
campaign. A suite of aerosol instrumentations were deployed, including a hygroscopic—volatility tandem
differential mobility analyzer (HV—TDMA), aerosol particle mass analyzer (APM), condensation particle
counter (CPC), cavity ring-down spectrometer (CRDS), and nephelometer to measure the aerosol size
distributions, effective density, hygroscopic growth factors (HGF), volatility growth factors (VGF), and
optical properties. The average mass concentration of PMgg is 10.39 & 7.61 pg m~>, and the derived
average black carbon (BC) mass concentration is 2.87 + 2.65 pug m~3. There is little new particle for-
mation or particle growth during the day, and the mass loading is dominated by organic aerosols and BC,
which on average are 37% and 27% of PM1 o, respectively. For four particle sizes of 46, 81, 151, and 240 nm,
the measured particle effective density, HGFs, and VGFs exhibit distinct diurnal trends and size-
dependence. For smaller particles (46 and 81 nm), the effective density distribution is unimodal dur-
ing the day and night, signifying an internally mixed aerosol composition. In contrast, larger particles
(151 and 240 nm) exhibit a bi-modal effective density distribution during the daytime, indicating an
external mixture of fresh BC and organic aerosols, but a unimodal distribution during the night, corre-
sponding to an internal mixture of BC and organic aerosols. The smaller particles show a noticeable
diurnal trend in the effective density distribution, with the highest effective density (1.70 g cm™>)
occurring shortly after midnight and the lowest value (0.90 g cm~3) occurring during the afternoon,
corresponding most likely to primary organic aerosols and BC, respectively. Both HGFs and VGFs
measured are strongly size-dependent. HGFs increase with increasing particle size, indicating that the
largest particles are more hygroscopic. VGFs decrease with increasing particle size, indicating that larger
particles are more volatile. The hygroscopicity distributions of smaller particles (46 and 81 nm) are
unimodal, with a HGF value close to unity. Large particles typically exhibit a bi-modal distribution, with a
non-hygroscopic mode and a hygroscopic mode. For all particle sizes, the VGF distributions are bimodal,
with a primary non-volatile mode and a secondary volatile mode. The average extinction, scattering, and
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absorption coefficients are 86.04, 63.07, and 22.97 Mm ™, respectively, and the average SSA is 0.75. Our
results reveal that gasoline and diesel vehicles produce a significant amount of black carbon particles in
this US—Mexico border region, which impacts the regional environment and climate.

Published by Elsevier Ltd.

1. Introduction

Tijuana, Mexico is located near San Diego at the United States—
Mexico border (Fig. 1). There are two international ports in Tijuana,
San Ysidro and Otay Mesas, through which more than 50 million
people pass each year (Border 2012, 2005). Since the enactment of
the North American Free Trade Agreement (NAFTA) in 1993, the
United States—Mexico border regions have experienced rapid
growth in population, maquiladoras (manufacturing plants within
the free trade zone), and cross-border transportation. This growth
has been especially prevalent in the Tijuana region, where the
population approximately was doubled between 1990 and 2010
(Border, 2012, 2011; Brinkhoff, 2012). The peak concentration of
Mexican maquiladoras occurred in Tijuana in 2001, with 820
simultaneously operating maquiladoras (Center of Information for
Men and Women Workers, 2004). However, this economic devel-
opment has been coupled with an undesirable environmental
impact.

There has been an increased governmental response to the
environmental conditions in this region. Border 2012 was a bi-na-
tional program started in 2002 that focused on protecting the
environment, public health, and sustainable development (Border,
2012, 2011). This program has been succeeded by Border 2020,
which focuses on decision-making, priority setting, and addressing
the environmental and public health strains (Border, 2020, 2012).

Two large-scale research endeavors have been conducted near
the California—Mexico border, the 1997 Southern California Ozone
Study (SCOS97) and Cal—Mex 2010. SCOS97, conducted in 1997,
analyzed a broad range of atmospheric constituents and air quality
indicators (Croes and Fujita, 2003; Zielinska and Fujita, 2003). The
Cal-Mex 2010 field campaign collected a detailed data set of
gaseous and particulate matter (PM) pollutants with the intent to
provide scientific expertise for future air quality and climate change
decision-making (Bei et al., 2013). The Cal-Mex 2010 was an
intensive field study of emissions in the U.S.—Mexico border cities
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Fig. 1. Map of Tijuana, Baja California, Mexico and back-trajectories using the NOAA—
HYSPLIT model to demonstrate the synoptic flow commonly observed during Cal—Mex
2010. The back-trajectories shown correspond to 31 May—07 June 2010.

of San Diego—Tijuana and Calexico—Mexicali. This bi-national
venture sought to characterize the sources of PM and precursor
gases, with the intent to study their transformation, transportation,
and impact on local air quality and climate. Historically, the region
has exceeded both the US Environmental Protection Agency (EPA)
National Ambient Air Quality Standards (NAAQS) and Mexico’s
Secretaria del Medio Ambiente Recursos Naturales (SEMARNAT) air
standards, stimulating a bi-nation interest. Mexican cities generally
have a much higher exceedance rate of the PM standard than its US
counterparts. For example, between 2005 and 2007, San Diego
exceeded the EPA’s and SEMARNAT’s 24 h PM;q standards (both
150 ug m~3) on 15 occasions compared to 223 cases exceeded in
Tijuana (EPA/CICA online data). This disproportionate distribution
of pollutants between the two neighboring US—Mexico cities was
also observed in Calexico—Mexicali (Chow et al., 2000) and in EIl
Paso—Ciudad Juarez (Kelly et al., 2006). Several studies have been
conducted in this region examining nitrogen oxides (NOy), volatile
organic compounds (VOCs) (Zielinska and Fujita, 2003; Zheng et al.,
2013b), ozone (Shi et al., 2009; Wang et al., 2009), organic aerosols
(Takahama et al., 2013), black carbon (BC) (Kelly et al., 2006; Shores
et al.,, 2013), and PM transportation and concentration (Chow et al.,
2000; Mendoza et al., 2010). Photochemical oxidation of VOCs in
the presence of NOy not only contributes to ozone formation
(Nesbitt et al., 2000; Bond et al., 2002; Zhang et al., 2004a), but is
also responsible for secondary organic aerosol formation (Zhang,
2010; Zhang et al., 2012). A comprehensive study of the proper-
ties of ambient aerosols in this region has yet to be reported.

Aerosols, formed from natural and anthropogenic sources, exert
profound impacts on the Earth—atmosphere system. For example,
aerosols influence the climate directly by reflecting solar radiation
(Haywood and Boucher, 2000; Ramanathan et al., 2001; Forster
et al., 2007; Zhang et al., 2007), indirectly by modifying cloud for-
mation (Fan et al, 2007, 2008), modulating photochemistry (Li
et al., 2005), and promoting multiphase chemistry (Zhang et al.,
1996a; Molina et al., 1997; Zhao et al., 2005a,b). Elevated aerosol
concentrations are a principal contributor to air pollution and have
negative impacts on human health, which are major concerns in
the region (Mokdad et al., 2004; Dominici et al., 2006). The degree
of aerosol impacts is dependent on their concentration, size, and
chemical composition (Wang et al., 2010a,b).

In this paper, we report measurements of ambient aerosol
properties conducted in Tijuana, Mexico, between 15 May and 30
June 2010. The particle size distribution, number concentration,
volatility (VGF) and hygroscopic (HGF) growth factors, effective
density, and optical properties were concurrently measured by a
suite of aerosol instrumentations, to evaluate the formation,
transformation, and properties of submicron aerosols in this region.

2. Methodology and instrumentation

The measurement site was located in Parque Morelos, near the
center of Tijuana, Baja California, Mexico. The instruments were
placed in an air-conditioned trailer. Measurements of aerosol op-
tical properties, effective density, and size distribution were made
simultaneously. Ambient aerosols were sampled at 10 L per minute



310 M.E. Levy et al. / Atmospheric Environment 88 (2014) 308—319

through a 6 m thermally insulated copper tube (3/8”). The aerosols
were then passed through several Nafion driers (PD-070-18T-24SS,
Perma Pure, Inc.) to reduce the relative humidity to 10%.

A Differential Mobility Analyzer (DMA, model 3081, TSI, Inc.), an
Aerosol Particle Mass analyzer (APM, model 3600, Kanomax Inc.,
Japan), and a Condensation Particle Counter (CPC, model 3760A,
TSI, Inc.) were used to obtain the particle size distribution and
effective density. When calculating the particle size distributions,
diffusion-controlled particle losses in the driers were accounted
using an inversion algorithm. A detailed description of this aerosol
operating system has been provided previously (Khalizov et al.,
2009a; Pagels et al., 2009; Xue et al., 2009a,b). Each DMA—APM—
CPC cycle observed a single size distribution from 20 to 600 nm and
followed by effective density measurements for four particle di-
ameters, which required approximately one hour to complete. The
particle effective density was calculated for four mobility diameters
(46, 81, 151, and 240 nm) from the DMA—APM measurements,

et = Vapm/Vapm,psL X PpsL (1)

where Vapy and Vapy pst are the peak APM voltages corresponding
to the masses of ambient and polystyrene latex (PSL) particles,
respectively, which are unique to each mobility diameter. The
material density of polystyrene latex is ppsy = 1.054 g cm . The
values for Vapmps. and Vapy for each mobility diameter are sum-
marized in Table 1.

A Hygroscopic—Volatility Tandem DMA (HV—TDMA) was used
to determine the size resolved HGF and VGF distributions. During
hygroscopicity measurements, monodisperse aerosols produced by
the first DMA were exposed to elevated humidity (~90%). As pre-
vious studies have focused on the effects of increased humidity on
atmospheric particles (Swietlicki et al., 2008; Khalizov et al., 2009b;
Massoli et al., 2009; Meier et al., 2009), we determined the aerosol
composition for our observational period on the basis of the pre-
vious studies. In our volatility measurements, the monodisperse
aerosols were exposed to increased temperatures (350 °C). Most
compounds volatilized at a characteristic temperature, and by
knowing the temperature we can deduce the remaining composi-
tion after heat exposure (Villani et al., 2007). After exposure to
temperatures near 350 °C, the remaining mass would be composed
of non-volatile materials, such as elemental carbon, crustal mate-
rial, sea salt, or char. Since both the hygroscopicity and volatility
routines alter the particle size due to hygroscopic growth or loss of
volatile materials, respectively, the particle were passed through
the second DMA to measure the changes in mobility diameters
(Gasparini et al., 2004; Khalizov et al., 2009b). The growth factor
was determined by the ratio of the initial dry particle diameter, D,,
and the processed diameter, Dy,

HGF or VGF = Dp/D, (2)

Optical measurements were carried out concurrently with a
two-minute temporal resolution. Aerosol extinction coefficients
were measured at 532 nm with a Cavity Ring-Down Spectrometer
(CRDS) (Smith and Atkinson, 2001; Khalizov et al., 2009a; Radney

Table 1
The values for Vapmps. and Vapy for each mobility diameter in the DMA—APM
settings.

Mobility diameter Varm RPM Vapm,psL
46 nm 295 7000 219
81 nm 774 5000 57.3
151 nm 2111.8 5000 346.8
240 nm 4275.2 3500 671.3

et al., 2009). Scattering coefficients at 532 nm were derived from
measurements by a commercial three-wavelength (450, 550, and
700 nm) integrating nephelometer (TSI 3563) (Anderson and
Ogren, 1998). Losses of optically important particles were esti-
mated to be less than 1%, and the detection sensitivity of this in-
strument was better than 0.5 Mm~L From the extinction and
scattering coefficients, the single scattering albedo (SSA) and the
absorption coefficients were calculated. The SSA is the ratio of the
scattering coefficients to the extinction coefficients, and the ab-
sorption (Abs) coefficient is the difference of the extinction (Ext)
and scattering (Sca) coefficients,

SSA = Sct/Ext 3)

The detection limit for absorption using the difference method
was within 0.6 Mm~', on the basis of laboratory calibration
(Khalizov et al., 20094, 2013; Xue et al., 2009b).

From measured size-resolved effective densities and number
size distributions, the mass concentration of particles between 20
and 600 nm was estimated, shown as PMgg (particulate matter
smaller than 600 nm in diameter),

600 nm

PMyg = / %deXWXDgxpeffoDo (4)

20 nm

In addition to the calculated PMpg concentration, aerosol
composition data was also collected by an Aerosol Chemical
Speciation Monitor (ACSM). The ACSM is a simplified Aerodyne
Aerosol Mass Spectrometer (AMS) without the time-of-flight
measurements (Takahama et al., 2013), which measures the non-
refractory PM1 aerosol total mass loadings and chemical compo-
sition of ammonium, sulfate, organics, nitrate, and chloride in
thirty-minute cycles (Sun et al., 2013). The ACSM was equipped
with a Pfeiffer Prisma quadrupole mass spectrometer with a time
resolution of 15—30 min. Since the ACSM system measures non-
refractory aerosols, sea salt and mineral dust are excluded; a
detailed description of ACSM has been previously reported else-
where (Ng et al,, 2011; Aiken et al., 2010; Takahama et al., 2013).

The mass concentration of BC was calculated by two indepen-
dent approaches. The concentration of BC (Opt_BC) was derived
from the light absorption coefficients, assuming uniform values of
the mass absorption cross-section (MAC) of 7.5 and 11 cm? g~ for
fresh and aged BC, respectively (Bond and Bergstrom, 2006),

Opt_BC = Abs/MAC (5)

The appropriate MAC value was selected by using the photo-
chemical age as a proxy for the mixing state of particles,

Photochemical Age = 1 — NOy/NOy, (6)

where NOy and NOy, are the summations of NO and NO; and the
total reactive oxidized nitrogen, respectively. The absolute error in
the BC mass concentration due to uncertainties in MAC and baps
was estimated to be within 0.21 mg m~.

Using the number concentration and the volatility measure-
ments, we derived an alternative BC concentration (referred to as
Vol_BC) for comparison. Assuming that the remaining mass was
composed of predominantly BC, the remaining mass after thermal
denuding in each VGF cycle was multiplied by the corresponding
total number concentration to obtain the Vol_BC. The aerosol
number concentration was determined from the size distributions
during the same period.
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3. Results and discussions
3.1. Meteorological conditions

During the field campaign, the weather pattern was predomi-
nantly clear and sunny. The back trajectories for the period of 31
May—07 June 2010 are shown in Fig. 1, depicting the synoptic flow
commonly observed during the Cal-Mex 2010. The air mainly
originated from the Pacific Ocean, carrying relatively clean marine
masses to this region. The maximum temperature each day was
near 21 °C (70 °F), and the minimum temperature was near 14 °C
(56 °F). The wind frequently came from the south during the early
mornings (1-6 am) and from the west/north west during the
remaining portion of day. Overnight, the winds were light, and the
winds peaked near noontime. There were little meteorological
events during the entire field campaign. A detailed description of
the meteorology during the campaign can be found in Bei et al.
(2013).

3.2. Aerosol size distributions

The size-resolved aerosol number concentration and the
normalized aerosol size distributions are shown in Fig. 2A and B,
respectively. The normalized plot is produced by dividing each
aerosol size distribution (consisting of approximately 150 points
between 20 and 600 nm) by the greatest concentration in each
distribution, illustrating the progression of the particle mobility
diameters throughout a day. The average number concentration is
26,300 + 15,300 particles cm 3 (one standard deviations). Overall,
the aerosol concentration rises sharply near sunrise, remains
elevated throughout the day, and decrease overnight (after 10 pm).
The highest concentrations are observed for aerosols between 20
and 75 nm, which is characteristic of vehicle emissions (Ban-Weiss
et al,, 2010). Atmospheric new particle formation and subsequent
growth of freshly nucleated particles represent a prominent feature
in many polluted urban environments (Yue et al., 2010). However,
there appears to exist little characteristics of new particle forma-
tion in this region. The lack of new particle formation is potentially
attributable to low concentrations of gaseous SO, and VOCs (Zhang
et al., 1996b; Zheng et al., 2013b), which enhance the nucleation
and growth rates of nanoparticles (Zhang et al., 2004b, 2009),
consistent with the low level of PM SO4 (Fig. 3). Fig. 2B shows that
the peak particle concentration during the daytime is consistently
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below 50 nm. The nighttime concentration of smaller particles
(<50 nm) is approximately 20% of the daytime, and the nighttime
particles are mainly greater than 50 nm. These particles can be
explained by emissions of primary organic aerosols or aged primary
particles coated with organic materials, to be discussed below.

Given the substantial cross-border transportation, it is reason-
able to attribute the significant daytime increase in particle con-
centrations to vehicle emissions. Gasoline and diesel engine
emissions have been found to be major sources of air pollution in
this region (Zheng et al., 2013b) and significant contributors to the
high BC concentration (Takahama et al., 2013). Interestingly, the
weekends (i.e., 4—6 June) have a slightly different diurnal trend in
the particle size distribution. On Fridays (04 June), the afternoon
concentration is greater and the total concentration is elevated
until after midnight. Previous studies have shown that on Friday
and Saturday nights there is on average 2—3 times more cars and
pedestrians crossing the border between midnight and 4 am
compared to the nights of weekdays (Lange et al., 1999). This after
midnight increase is also evident, but to a lesser extend on 05 June.
There are overall lessened particle concentrations on Sunday (06
June), particularly in the afternoon hours.

Table 2 summarizes the averaged particle properties during the
Cal—Mex 2010 field campaign.

3.3. Chemical compositions

The ACSM mass concentrations of ammonium, sulfate, organics,
nitrate, and chloride and the Opt_BC concentration calculated from
Equation (5) are shown in Fig. 3. It is evident that the chemical
composition is mainly composed of organic aerosols (3.54 ug m—>
or 37%) and Opt_BC (2.87 pg m~> or 27%), with lesser contributions
from NO3 (1.64 pg m—> or 14%), SO4 (0.81 pg m~> or 10%), NHy4
(0.92 pg m~3 or 9%), and chloride (0.24 pg m~2 or 3%). Similar to the
number size distributions, the highest mass loadings are observed
in the daytime, and the lowest mass loadings are observed over-
night. Given the little biogenic contribution in this region, indus-
trial and vehicle emissions are the major contributors to the organic
mass (Zheng et al., 20133, b). Industrial, vehicle, and diesel truck
emissions are also likely the main contributors to the nitrate mass
loading in this region (Zheng et al., 2013a, b). The average Opt_BC
concentration is 2.87 + 2.65 pg m~>, accounting for 27.41% + 9.44 of
the total PM1 g on average, but on several occasions the BC content
accounts for over 50% of the aerosol mass loading. The BC
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Fig. 2. Aerosol mobility size distributions: (A) Absolute number concentration (cm~>) of 20—400 nm diameter particles during the entire field observational period. The dates
marked correspond to the midnight of the local time (PST). (B) The normalized number concentration. The normalized plot is derived by dividing each observation (consisting of
approximately 150 points between 20 and 600 nm) by the highest concentration in each measurement.
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Fig. 3. The ACSM mass concentrations of ammonium (yellow), sulfate (red), organic (green), nitrate (blue), and chloride (purple) and the optically derived BC concentration
(Opt_BC). The summation of the mass concentrations of the various constituents provides the equivalent PM;o mass concentration (ug m~3). The dates marked correspond to the
midnight of the local time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

concentration is also derived on the basis of the volatility mea-
surements, with an average Vol BC concentration of
3.22 + 2.33 ug m>. The two BC concentrations determined by the
two methodologies are compared in Fig. 4A, showing a good
agreement with respect to the temporal trend and magnitude and
with a correlation coefficient of 0.73. A scatterplot of the compar-
ison is provided in Fig. 4B. Overnight, the Vol_BC concentration
may be slightly biased to a higher value due to increased charring
when aerosols are more heavily coated.

In Fig. 5, the PM; concentration (ug m>) determined by the
summation of the ACSM measured mass loadings and the Opt_Bc
concentrations is shown along with the PMg g concentration, which
is calculated from the measured number size distributions and
size-resolved effective densities using Equation (4). The average
mass concentration derived from APM measurements (PMpg) and
ACSM measurements (PMyg) is 1039 + 7.61 ug m~3 and
13.04 + 7.94 pg m~3, respectively. The two data sets exhibit a
similar temporal trend and concentration. These measurements are
comparable with the previously reported PM, 5 concentration of
16.00 =+ 3.50 ug m~> (Mota-Raigoza, 2012) in this region. Over the
average day, the peak mass concentrations occur near 8 am
(2757 pg m~3), and the lowest value is observed at 6 pm
(741 pg m~3). The highest 24 h mass concentration measured
throughout the field campaign is 16.70 pug m~> observed on 05 June.
The BC percentage in the PM1 g concentration is plotted in Fig. 5 to
depict the relative contribution of BC to PMj,. Overall, the BC
concentration accounts for a greater percentage during the day-
time. A strong correlation (with a correlation coefficient of 0.84)
between the Opt_BC concentration and PMg is observed (Fig. 4C),
indicating that BC emissions strongly influence the overall PMgg
population. Occasionally, the BC concentration alone exceeds the
annual US EPA standard of PM,5 of 12 ug m—>. The current US

Table 2
Summary of aerosol properties by particle size for Cal—Mex 2010 in Tijuana, Mexico.

Particle size Effective density Mode 1 Mode 2 Average HGF Mode 1 Mode 2

(g cm™?)
46 nm 1.32 £ 0.11 — 13 1.09 + 0.04 1.06 -
81 nm 1.31 +£0.10 - 1.17 1.09 £ 0.05 1.02 -
151 nm 1.21 +£0.13 0.64 1.44 116 £0.10 1 1.26
240 nm 1.27 £ 0.15 0.5 1.44 127 £017 1 1.36
Particle size Average VGF Mode 1 Mode 2 Concentration (cm™>)
46 nm 0.73 £ 0.03 0.51 0.99 13,500 + 7560
81 nm 0.66 + 0.04 0.41 0.95 7280 + 4805
151 nm 0.62 + 0.04 0.38 0.93 3.560 + 2634
240 nm 0.56 + 0.03 0.3 0.93 1.730 + 1021

standard for PMa 5 is 35 pg m > for a 24 h period, and the annual
average PMj 5 standard is 12 pg m~>. There currently does not exist
a PM; 5 standard prescribed by SEMARNAT.

3.4. Farticle effective density

Several previous studies have focused on the measurement of
the effective density of ambient aerosols (McMurry et al., 2002;
Geller et al., 2006; Malloy et al., 2009; Levy et al., 2013). In our
present work, the effective density distribution is measured for four
particle sizes (46, 81, 151, 240 nm), as shown in Fig. 6. The mea-
surements are conducted approximately one to two hours apart,
which allows for examination of the temporal trends and diurnal
cycle in the effective density. For each effective density distribution,
the weighted average effective density is calculated. The campaign-
averaged effective density distributions are shown in Fig. 7. In-
ferences about the aerosol composition can be made from the
average effective density and effective density distributions. Parti-
cles with an average effective density of near 1.77 g cm > are likely
to be composed of ammonium sulfate (Qiu and Zhang, 2012), and
an effective density between 1.00 and 1.40 g cm > (Turpin and Lim,
2001) can be attributed to organic aerosols. An effective density
below 1.00 g cm~3 indicates the presence of fresh or slightly aged
BC. In Fig. 8, the effective density distributions averaged during the
afternoon (1—4 pm) and nights (1—4 am) during the campaign are
plotted by the particle size.

Fig. 6A shows that the 46 nm particles have the most distinct
and consistent diurnal cycle, and the average effective density is
132 + 0.11 g cm™>. The effective density distributions of 46 nm
particles are unimodal, signifying a uniform or internally mixed
aerosol composition. The lowest average effective densities
(~0.90 g cm3) are observed during the afternoon hours (1—4 pm),
and the highest average effective densities (~1.70 g cm™>) are
observed in the early morning (1—4 am) before the traffic. The
lower effective density during the day likely corresponds with fresh
BC associated with vehicle emissions. The increased effective
density overnight may indicate the presence of emissions of pri-
mary organic aerosols or aged primary particles coated with
organic aerosols. During the night, particles associated with fresh
BC (<1.00 g cm™3) account for less than 10% (Figs. 6A and 8A);
however, during the day, this low-density mode accounts for a
greater percentage, indicating a higher concentration of fresh BC
during the day. Particles of 81 nm size, shown in Fig. 6B, exhibit a
comparable diurnal cycle (ranging from 0.80 to 1.60 g cm3) to that
of the 46 nm particles, and the average effective density
(131 + 010 g cm™3) is also similar. The effective density
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distributions of 81 nm particles are unimodal (Fig. 7), also sug-
gesting a uniform or internally mixed aerosol composition. The
difference between night and day averaged effective density dis-
tributions of 81 nm particles (Fig. 8B) is less distinct compared to
that of the 46 nm aerosols (Fig. 8A), but greater concentrations of
BC are also observed in the daytime for 81 nm particles.

Particles of 151 and 240 nm clearly exhibit different effective
density characteristics from the smaller particles. The average
effective densities for 151 and 240 nm aerosols are
121 + 013 g cm~3 and 127 + 015 g cm~3, respectively. The
effective density distributions are typically bimodal, indicating an
externally mixed aerosol population (Fig. 7). The effective density
distributions of 151 and 240 nm particles (Fig. 6C and D) show a

dominant (persistent) effective density mode near 1.50—
1.60 g cm > and another secondary (less frequent) mode around
0.50 g cm 3. Volatile organic compounds, formed from anthropo-
genic and biogenic sources, undergo photochemical oxidation to
form oxidized products (Lei et al., 2000; McGivern et al., 2000; Lei
and Zhang, 2001; Zhao et al., 2005a), some of which may be par-
titioned into the aerosol-phase (Zhao et al., 2005b; Qiu et al., 2011)
to contribute to formation of secondary organic aerosols. Given the
low biogenic contribution in this region (Zheng et al., 2013a, b), the
more prominent mode in these distributions may be attributed to
vehicle and industrial organic emissions and the secondary mode
to BC. In addition, it has been suggested that the origin of much of
organic aerosols observed in Tijuana (as much as 60% of organic
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Fig. 5. Mass concentrations of PMog and PMyq (g m~>) for the entire field campaign. The blue line indicates the calculated total mass concentration for 20—600 nm particles
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concentration and the optically derived BC concentration. The red dotted line designates the BC percentage of the PMgg concentration. The dates marked correspond to the
midnight of the local time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. The campaign-average aerosol effective density distributions for 46, 81,151, and
240 nm particles during the entire field campaign.

matter) may be the Southern California Air Basin, because of long-
range transport (Takahama et al., 2013). The effective density dis-
tribution of 240 nm particles demonstrate a third peak near
2.00 g cm 3 (Fig. 7), likely representing aged sea salt particles since
most of the air masses originated over the Pacific Ocean (Fig. 1) and
as also indicated by the presence of chloride in the ACSM compo-
sition measurements (Fig. 3). The secondary mode is most
frequently observed in the afternoon (Fig. 8C and D). During the
afternoon, about 40% and 30% of the effective density distributions
are below 1.00 g cm > for the 151 and 240 nm aerosols, respec-
tively, indicating a high concentration of BC. Overnight, an appre-
ciably increased effective density is observed, and the effective
density distributions become unimodal (Fig. 8C and D), indicating a
change in the particle mixing state. These large particles at night
likely correspond to an internal mixture of BC and organic aerosols.
The average particle effective densities obtained are also summa-
rized in Table 2.

3.5. Aerosol optical properties

The combined CRDS and nephelometer measurements provide
the time series of aerosol extinction, scattering, and absorption
coefficients (Fig. 9A) as well the SSA (Fig. 9B). In Fig. 10, the optical
measurements are hourly averaged to illustrate the temporal trend.
The average extinction, scattering, and absorption coefficients are
86.04, 63.07, and 22.97 Mm™, respectively. Over the course of a
day, the average extinction coefficient ranges between 161.02 and
47.80 Mm™!, as shown in Fig. 10. This is lower than measurements
from Mexico City (Paredes-Miranda et al., 2009), but higher than
observations from Houston, Texas (Levy et al., 2013). The highest
scattering and absorption coefficients occur in the morning (6—
10 am), and the lowest coefficients are observed near sunset. Since
the planetary boundary layer (PBL) expands during the daytime,
leading to aerosol dilution in the vertical direction, this likely ex-
plains the decreases in the total aerosol number concentration and
extinction in the afternoon hours. There is a slight increase in light
attenuation after sunset, likely due to the decrease in the PBL
height. During the weekdays (i.e., 31 May—04 June), the highest
scattering coefficients rarely exceed 150 Mm ™. However, on Friday
(04 June) and Saturday (05 June), there is an overall increase in
scattering (exceeding 250 Mm™') and absorption (exceeding
100 Mm™1), likely due to an increase of the traffic. There is also a
distinct increase in the early morning (1—4 am) on Saturday
correlated with the increased aerosol number concentration. The
scattering and absorption coefficients are lower on Sunday (06
June), and there is not a distinct midmorning peak.

The average SSA is 0.75 and ranges from 0.71 to 0.78 on a daily
base (Fig. 10), indicating a significant concentration of absorptive
aerosols. On several occasions, a value of SSA below 0.50 is
measured, which can be attributed to fresh emissions from diesel
vehicles (Sheridan et al., 2005). The SSA value measured in our
study is much lower than those in many highly populated US cities,
such as Atlanta, Georgia (0.87 + 0.08) in 1999 (Carrico et al., 2003)
and Houston, TX (0.94 + 0.04) in 2009 (Levy et al., 2013), but is
comparable to Mexico City, which ranges between 0.60 and 0.85
(Paredes-Miranda et al., 2009). There are two distinct minima in the
SSA diurnal trend. The lowest minimum is observed in the morning
(7—8 am), and the secondary minimum occurs in the evening (7—
9 pm). Although the magnitude of both scattering and absorption
coefficients increases notably on Friday and Saturday, there is not a
prominent change in the single scattering albedo. Only less than 1%
of the SSA measurements have a value of greater than 0.95; this is in
contrast to our optical measurements in Houston, TX, where much
higher SSA values have been observed due to the higher organic
and sulfate concentrations (Levy et al., 2013).
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3.6. Aerosol hygroscopicity

From the HV—TDMA measurements, HGFs for four particle sizes
of 46, 81, 151, and 240 nm are obtained. Approximately, five HGF
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Fig. 9. Optical properties of aerosols observed during the field campaign. (A) Measured
scattering (green) and absorption (blue) coefficients (Mm~") (B) Single scattering al-
bedo. The dates marked correspond to the midnight of the local time. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

distributions, consisting of 45 points with the HGF values between
0.80 and 2.20, are obtained between 8 am and 6 pm on a daily basis.
The weighted average HGFs of each distribution are shown in
Fig. 11, and the campaign-average HGF distributions are depicted in
Fig. 12. An HGF of unity indicates no modification to the particle size
after exposure to 90% relative humidity, and a value greater than
one indicates an increase in size. Pure ammonium sulfate exhibits
an HGF near 1.70 at 90% RH (Wise et al., 2003). Freshly emitted BC
particles are initially hydrophobic and exhibit HGFs near unity
(Khalizov et al., 2009b; Khalizov et al., 2012). Aged BC particles may
restructure upon humidification, resulting in a HGF below unity,
which is observed in the particles greater than 100 nm (Khalizov
et al., 2009b). Organic aerosols exhibit HGFs ranging from 1.08 to
1.17 at 90% RH dependent on the composition (Varutbangkul et al.,
2006; Gysel et al., 2007; Meier et al., 2009). It is evident from Fig. 11
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Fig. 10. Average diurnal cycle of the aerosol optical properties from the observational
period. Extinction (black), scattering (green), and absorption (blue) are plotted on the
left axis in Mm ™", and SSA is plotted on the right axis. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 11. Average aerosol hygroscopic growth factors (HGFs) measured between 31 May
and 07 June for the four particle sizes. The dates marked correspond to the midnight of
the local time.

that larger particles are more hygroscopic than smaller particles.
For the four particles sizes of 46, 81, 151, and 240 nm, the average
HGFs are 1.09 + 0.40, 1.09 + 0.05, 1.16 + 0.10, and 1.27 + 0.17,
respectively. The hygroscopicity measurements indicate that the
HGF distributions of 46 and 81 nm particles are dominantly
unimodal, consistent with the effective density measurements.
Both particle sizes exhibit a dominant hygroscopic mode between
1.00 and 1.10 and a small percentage in the HGF distribution above
1.20 (less than 1% and about 2%, respectively). The measured HGFs
indicate that smaller particles are largely composed of non-hy-
groscopic materials, such as primary organic aerosols or BC. The
HGF distributions of 151 nm particles are frequently bimodal
throughout the field campaign, with the peaks near 1.30 and 1.00.
The largest particles of 240 nm show also a bimodal hygroscopic
distribution with the major peak occurring near 1.40 and the sec-
ondary peak near 1.00 (Fig. 12) and have the highest average HGF
(Fig. 11). The HGF values of both 151 and 240 nm particles indicate
that these larger particles correspond to an external mixture of
fresh BC and secondary organic aerosols. Both 151 and 240 nm
particles exhibit HGFs below 1.00 (31% and 25% in the HGF distri-
bution, respectively), indicating restructured BC (Khalizov et al.,
2009b). The hygroscopicity measurements also indicate a low
concentration of ammonium sulfate, since little hygroscopicity
distribution exhibits HGF > 1.60 (Wise et al., 2003). Note that
during the observational period the HGF measurements are too
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Fig. 12. The campaign-average aerosol hygroscopicity growth factor (HGF) distribu-
tions for 46, 81, 151, and 240 nm particles. The solid vertical line indicates an HGF of
unity.

sporadic to resolve a clear temporal trend. The average HGFs ob-
tained are also summarized in Table 2.

3.7. Aerosol volatility

In the aerosol volatility measurements, aerosols are heated to a
temperature near 350 °C, and the remaining mass reflects non-
volatile materials, such as elemental carbon. The HV—-TDMA mea-
surements contain 45 points with the VGF values between 0.30 and
1.20 for each VGF distribution. Note that a decreasing VGF indicates
increasing volatility, and a value of unity would indicate that all of
the concentration persisted after heat exposure. The weighted-
average VGFs from each distribution are shown in Fig. 13, and the
campaign-averaged VGF distributions are provided in Fig. 14.
Similar to that of the hygroscopicity measurements, there is a clear
dependence of the particle volatility on particle size (Fig. 13):
smaller particles are less volatile than larger particles. All particle
sizes exhibit a distinct peak between 0.80 and 1.20 in the volatility
distribution, indicating a significant presence of non-volatile mat-
ter such as BC (Fig. 14). There is also a secondary peak below 0.60 in
all particle sizes. As the particles increase in diameter, the sec-
ondary peak becomes more volatile, most likely due to an increased
organic fraction (Salo et al., 2011). Particles of 46 nm have the
highest average VGF (0.73 + 0.03), ranging between 0.60 and 0.90
(Fig. 13) throughout the field campaign. The average VGF distri-
bution of 46 nm particles has one major peak near 1.00 and a broad
region of increased VGF between 0.50 and 0.85 (Fig. 14). For 81 nm
particles, the average VGF is 0.66 + 0.04, ranging between 0.55 and
0.76, and the two VGF modes occur at 0.41 and 0.95. For the 151 nm
and 240 nm particles, the average VGFs are 0.62 4+ 0.04 and
0.56 + 0.03, respectively. The bimodal peaks occur at 0.38 and 0.93
for 151 nm particles and at 0.30 and 0.93 for 240 nm particles.
Interestingly, the highest peak of the non-volatile material (VGF
between 0.80 and 1.20) is observed for 151 nm particles, consistent
with the lowest effective density observed in this size (Table 2) and
the highest peak in the low-density mode (about 0.5 g cm~3). This
is explained by the fact that the frequency of the presence of BC is
the highest for this particle size averaged over the entire campaign
period. The 240 nm particles have the most volatile secondary peak
(Fig. 14), which is also consistent with the largest HGF for this
particle size (Fig. 12). Diurnally, VGFs are lower at night for the 151
and 240 nm particles and higher during the day (Fig. 13), reflecting
a larger organic fraction during the night, since aged BC with
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Fig. 13. Average aerosol volatility growth factors (VGF) measured between 31 May and
07 June for the four particle sizes. The dates marked correspond to the midnight of the
local time.
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Fig. 14. The campaign-averaged aerosol volatility growth factor (VGF) distributions for
46, 81, 151, and 240 nm particles. The solid vertical line indicates a VGF of unity.

increased organic coating is more volatile. This VGF diurnal
behavior is consistent with the higher effective density at night and
the lower effective density in the afternoon. Hence, VGFs decrease
with increasing mobility diameter, indicating a greater amount of
volatile materials. This is also consistent with the observed
increasing hygroscopicity with particle size. The average VGFs ob-
tained are also summarized in Table 2.

4. Conclusions

The Cal-Mex 2010 field campaign was conducted to obtain
concentrations of gaseous and PM pollutants that may be used by
policymakers in future air quality and climate decisions. A
comprehensive set of properties of ambient submicron aerosols
was measured in Tijuana, near the California—Mexico border dur-
ing May and June 2010, including the chemical compositions, op-
tical properties, and the particle size, effective density,
hygroscopicity, and volatility for four distinct particle sizes.

The average number concentration is 26,300 =+ 15,300 particles
cm~> during the entire campaign period. The average mass con-
centration of PMgg is calculated to be 10.39 + 7.61 pg m~3, ranging
between 6 and 20 pug m~> on a daily basis. Typically, the aerosol
concentration rises sharply near sunrise, remains -elevated
throughout the day, and decreases overnight. The highest aerosols
concentrations are observed between 20 and 75 nm. There is little
new particle formation or particle growth during the day in this
region.

Measurements made by ACSM and the calculated BC content
show that the mass loading is dominated by organic aerosols (37%)
and BC (27%), along with small amount of nitrate, ammonia, and sea
salt. The BC content is derived using two independent approaches
on the basis of optical properties and volatility measurements, with
the average BC concentrations of 2.87 + 2.65 ng m~> and
3.22 +2.33 ug m~3, respectively. The BC content in this US—Mexico
border region is much higher than most of US urban cities, but
comparable to that previously reported in other Mexican Cities (Yu
et al., 2009; Hernandez-Mena et al., 2011; Levy et al., 2013).

For four particle sizes of 46, 81, 151, and 240 nm, the particle
effective density, HGFs, and VGFs are measured. For smaller parti-
cles of 46 and 81 nm, the effective density distribution is unimodal
during the day and night, signifying a uniform or internally mixed
aerosol composition. Also, the smaller particles show a noticeable
diurnal trend in the effective density distribution, with the highest

effective density (1.70 g cm~>) occurring shortly after midnight and
the lowest value (0.90 g cm™>) occurring during the afternoon. In
contrast, larger particles of 151 and 240 nm exhibit a bi-modal
effective density distribution during the daytime, indicating an
external mixture of fresh BC and organic aerosols, but a unimodal
distribution during the night, corresponding to an internal mixture
of BC and organic aerosols, which is characteristic of aged BC.

Both HGFs and VGFs measured are strongly size-dependent.
HGFs increase with increasing particle size, indicating that the
largest particles are more hygroscopic. On the other hand, VGFs
decrease with increasing particle size, indicating that small particles
are more non-volatile. The hygroscopicity distribution of smaller
particles (46 and 81 nm) is unimodal, with a HGF value of close to
unity. Large particles typically exhibit a bi-modal distribution, with a
non-hygroscopic mode (i.e., a HGF value of close to unity) and
another hygroscopic mode (with the HGF value of 1.3 and 1.4 for 151
and 240 nm particles, respectively). For all particle sizes, the VGF
distributions are bimodal, with a primary non-volatile mode and
secondary volatile mode. The secondary VGFs decrease with
increasing particle size. The hygroscopicity measurements also
reveal that smaller particles are largely internally mixed, while large
particles are externally mixed. Hence, the HGF and VGF measure-
ments can both be explained by the particle mixing state, which is
also consistent with the effective density measurements.

The average extinction, scattering, and absorption coefficients in
Tijuana are 86.04, 63.07, and 22.97 Mm™ !, respectively. The highest
daytime extinction coefficients are observed in the midmorning
hours, concurrent with the increase of BC and total mass concen-
tration (PMgg). The average SSA is 0.75, which is much lower than
those observed in many large US cities, also indicating a significant
concentration of absorptive aerosols. Our working progress in-
cludes modeling of PM formation and transformation in this region
using chemical transport models, to be reported separately.

In summary, our results reveal that gasoline and diesel vehicles
produce a significant amount of BC particles in this US—Mexico
border region, which impacts the regional environment and climate.
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