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a b s t r a c t

Aerosol optical properties measured at the Pasadena, CA site during the CalNex field campaign in May
eJune 2010 are summarized. Average measurements of PM2.5 aerosol extinction, scattering, absorption
coefficients, and single scattering albedo (bext, bscat, babs and SSA) at l ¼ 532 nmwere 62 Mm�1, 58 Mm�1,
4 Mm�1, and 0.92, respectively. The aerosol optical densities were 5 times lower than during the SCAQS
study in 1987, highlighting major progress in PM control in the Los Angeles area in the last two decades.
The period May 30eJune 8 2010 was characterized by exceptionally high aerosol loading (bext up to
250 Mm�1). During this period, bext, bscat, and SSA tended to peak during the mid-morning. Correlation of
PM2.5 bext, bscat with mass concentration data yielded mass scattering and mass extinction coefficients of
3.5e5.1 m2 g�1 for 532 nm. Aerosol babs were compared directly to mass concentration of elemental
carbon (EC) yielding a campaign average mass absorption cross section (M.A.C.) of 5.7 � 1.8 m2 g�1. TEM
analysis of particles suggests soot was often internally mixed or adhering to sulfate and/or organics. Total
non-refractory PM1 mass was a good quantitative indicator of coated soot fraction. Alteration of M.A.C.
with mixing/coating state was not detected, however, increases in M.A.C. were linked to the presence of
light absorbing, water-soluble organic carbon (WSOC) suggesting a possible role of this material invisible
light absorption in the LA basin.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric particles (aerosols) of nmemmdimensions that are
often present at concentrations of less than 40 mg m�3 of air can
have profound effects on air quality, climate, and human health
(I.P.C.C., 2007; Bell et al., 2010; Atkinson et al., 2010). Developing
a better understanding of the chemical and physical processes
involved in the production, transformation, and fate of atmospheric
particulate matter is important to constrain the aerosols effect on
climate. Atmospheric aerosols scatter and absorb sunlight in the
atmosphere and thereby decrease solar irradiance at Earth’s surface
and alter tropospheric actinic flux and photochemistry. To quantify
these optical effects, aerosol related scattering can be described
by the scattering coefficient (bscat). Similarly, aerosol-related
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pson).
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absorption can be quantified by absorption coefficient (babs). Both
bscat and babs have units of inverse distance (often Mm�1 units
used). The extinction coefficient (bext) is the total light attenuation
resulting from the sum of both optical effects. Light attenuation can
then be described through a simple BeereLambert law approach:

bext ¼ bscat þ babs (1)

I
�
z
�

¼ I0e
�1extz (2)

where z is the path length through the medium.
While both scattering and absorption can attenuate light, the

photochemical and climate implications of these optical effects
differ. For instance, pure scattering leads to a cooling effect on
climate. On the other hand, absorption by aerosols can increase
solar heating aloft and potentially lead to a climate warming effect.
Therefore, apportioning extinction into the separate effects of
scattering and absorption is key for understanding the climate
effects of aerosols. A useful variable to describe the relative effects
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of scattering vs. absorption is the single scattering albedo (SSA). SSA
is a dimensionless number between 0 and 1 and is defined as the
ratio of the scattering and extinction coefficients:

SSA ¼ bscat
bext

(3)

Non-absorbing aerosols have SSA ¼ 1, while those that absorb
are associated with a lower value. Accurate and precise measure-
ments of SSA are important since small changes in its value can
significantly influence the net radiative forcing of aerosols
(Haywood and Shine, 1995; Haywood and Boucher, 2000).

It is also convenient to link the optical properties of aerosols to
mass concentrations through parameters called mass extinction
(mext), mass scattering (mscat), and mass absorption (mabs) efficien-
cies or cross sections (all with units of m2 g�1). These values express
an optical effect per unit mass and, can be thought of as the slope of
the best-fit line linking each optical effect with the mass concentra-
tion of the aerosol. For absorption, it has historically been believed
that the elemental carbon fraction (EC, here assumed tobeequivalent
to soot) is primarily responsible for absorption of visible light. So
often the focus lies solelyon themass absorptioncross sectionofECe
here termedM.A.C. However, more recent research suggests organic
compounds in aerosols (brown carbon) may also contribute to light
absorption, and if not accounted for can bias determination ofM.A.C.
to falsely high values (Andreae and Gelencsér, 2006).

The CalNex 2010 field campaign performed research at the nexus
of climate change and air quality in California, USA (http://www.esrl.
noaa.gov/csd/calnex/, http://cires.colorado.edu/jimenez-group/wiki/
index.php/CalNex-LA, http://www.arb.ca.gov/research/calnex2010/
calnex2010.htm.). The campaign measurement strategy featured
simultaneous measurements at several ground sites, and on-board
instrumented aircraft and ships. The Pasadena ground site featured
an impressive array of >40 particle and gas phase measurements to
investigate trends for a continuous onemonth sampling period (May
15eJune 15 2010). In this paper, we highlight PM2.5 optical properties
of aerosols observed at Pasadena during CalNex. This includes:

(1) Presentation of a statistical treatment of optical data and
diurnal patterns for the period of study, and comparison with
past values in the Los Angeles basin and current values in
developing world megacities. Results suggest substantial
improvements in regional air quality.

(2) Correlation analysis of optical andmass concentration data that
report aerosol mass scattering and extinction coefficients (mscat
and mext; m2 g�1). This data allows reconstruction of aerosol
optical effects from ground based measurements of mass
concentration.

(3) A comparison of babs with EC mass concentration to determine
campaign average M.A.C. Results are similar to values postu-
lated for fresh soot. However, the soot M.A.C. measurement is
influenced by water-soluble brown carbon absorption.

(4) A transmission electron microscopy (TEM) study that indicates
soot particles often exist internally mixed with organics and
sulfate e and the resulting particles exhibit complex morphol-
ogies. Soot coating fractions obtained through TEM increase
with AMS non-refractory (NR) PM1 mass concentrations.

2. Experimental

2.1. Sampling site, meteorology & period

The sampling site was located at 34.140582 N, �118.122455
(þ34� 80 26.1000, �118� 70 20.84) in Pasadena, CA on the campus of
the California Institute of Technology. Themeasurement periodwas
from May 15, 2010 0:00 (local) to June 16 0:00 (local). A typical
daily temperature cycle during the measurement period featured
temperatures of 10e15 �C at night rising to approx. 25 �C during the
day. Ambient relative humidity (RH) often approached 100% over-
night and fell to z50e60% by late afternoon local time. The pre-
vailing winds were often from the southwest (often near 200�) and
usually light (<4 m s�1) with a strong diurnal cycle. Sunrise was
typically approximately 5:30 AM and sunset approximately 8:00
PM local time during the sampling period. Wind roses, tempera-
ture, and relative humidity data has been presented in
Supplementary material figs. S-1 and S-2 available online.

2.2. Aerosol optical measurements from aerosol Albedometer

The aerosol albedometer has been described previously
(Thompson et al., 2008; Dial et al., 2010) so only an overview is
provided here. Aerosol extinction, bext is measured through ring-
down spectroscopy while bscat is measured simultaneously by
integrating sphere nephelometry. The scattering measurement was
calibrated through use of a span gas (SUVA, R-134a) with a Rayleigh
multiplier of 7.25 times air (Zadoo and Thompson, 2011). The SSA
can then be computed directly after applying a correction scheme
for angular truncation (Qian et al., submitted for publication; Qian,
2011) and babs was determined by the difference between extinc-
tion and scattering:

babs ¼ bext � bscat (4)

The correction factors were generated through use of size-
distribution data obtained using a scanning mobility particle sizer
(SMPS) at the site and empirical observations of albedometer
response as a function of particle size. The correction factors used
are presented in Supplementary material fig. S-4 available online.

Albedometer measurements weremade fromMay 15 to June 10.
Instrument calibration and checks were performed periodically by
the instrument operator (often near 8:00 AM and 5:00 PM local
time). Prior to optical measurement, the ambient aerosol was
sampled through a PM2.5 cyclone (BGI Inc.) before passing through
an approx. 6 m of 1.2 cm i.d copper tubing. The precision for
measurement on aerosols (5 min averaging time) is estimated to be
3 Mm�1 on both scatter and extinction channels yielding a propa-
gated precision on the absorption channel of 4.2 Mm�1. The optical
cell pressure was consistently 0.96e0.97 atm. Cell temperature
varied between 281 and 309 K and sample relative humidity (RH)
for the data reported was <50%. A diffusion dryer (TSI 3062) was
used to dry the sample. Optical properties or diameters of aerosols
usually do not change significantly below 50% RH (Yan et al., 2009;
Hand et al., 2010; Malm et al., 2005; McMurry and Stolzenburg,
1989).

2.3. Aerosol mass spectrometer

The concentrations of submicron non-refractory (NR-PM1)
organic and inorganic (nitrate, sulfate, ammonium) aerosol parti-
cles were measured using a high resolution time-of-flight aerosol
mass spectrometer (DeCarlo et al., 2006) (HR-ToF-AMS, Aerodyne
Research Inc.). The HR-ToF-AMS sampled from an inlet equipped
with a PM2.5 cyclone located 2 m above the roof of the container
housing the instrument. The ambient air passed through a 6.8 m
insulated copper inlet line and a silica (5/15 00:00e6/9 14:00 PDT)
or Nafion (6/9 14:00e6/16 00:00 PDT) drier prior to sampling by
the HR-ToF-AMS. The resulting data was averaged over 2.5 min
intervals. The ion paths through the time-of-flight chamber were
alternated between “V” and “W” mode every 150 s, and the
reported concentrations from the HR-ToF-AMS correspond to V-
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mode acquisition periods only. All data were analyzed using stan-
dard HR-ToF-AMS software (SQUIRREL v1.51 and PIKA v1.10) within
Igor Pro 6.2.1 (Wave Metrics, Lake Oswego, OR) (Sueper, 2011).

2.4. TEM analysis

For theTEManalysis, aerosol particleswere collectedwith3-stage
impactor samplers (MPS-3, California Measurements, Inc.). We used
TEM grids from the smallest impactor stage, with 50% lower and
upper cut-off aerodynamic diameters at 0.05 and 0.3 mm, respec-
tively. TEMimageswere obtainedusingaCM200 (PhilipsCorp.) at an
accelerating voltage of 200 kV. In total, 465 TEM samples were
collected during the CalNex campaign. For most days, TEM samples
were collectedat1-h intervals from7:00 to22:00 (local time)and3-h
intervals for the rest of the day. Sampling times were <30 min, and
most were <10 min. The sampling time for the TEM samples were
adjusted to collect adequate particle number concentrations on the
substrates, and only a small fraction of particles may coalesce with
each other on the TEM grids when collected.

TEM images were obtained from w20 areas on each TEM grid,
and each image included w30 aerosol particles. We chose repre-
sentative TEM images for each sample to determine the fraction of
coated soot particles. The fractions were estimated from TEM
images and have large uncertainties because of limited particle
numbers, shadowing by other particles, and evaporation of semi-
volatile materials within the TEM chamber. We grouped coatings
on soot into five bins: 1) none observed, 2) light, 3) moderate, 4)
heavy, and 5) complete. Here light, moderate, and heavy are
approximately equivalent to 1e25%, 26e74%, and 75e99%,
respectively, of volume fractions of coated soot relative to all soot
in a sample. Groups 4) and 5) generally mean that the soot is best
described as embedded (Adachi et al., 2010).

2.5. EC/OC, PILS and WSOC absorption measurements

PM2.5 organic and elemental carbon (OC and EC) weremeasured
semi-continuously with a Sunset Labs EC/OC analyzer (Model 3F,
Forest Grove, OR) following NIOSH method 5040 (NIOSH, 1996;
Birch, 1998). The instrument was operated to collect sample on an
internal quartz filter from the beginning of each hour for 45 min,
followed by a 15-min analysis period. An attempt was made to limit
positive artifacts by denuding ambient sample air of volatile gases
via an inline parallel plate carbon denuder (Eatough et al., 1993).
The same denuder, without regeneration was used throughout the
1-month CalNex campaign. Blank measurements were systemati-
cally made throughout the study period by placing a Teflon filter on
the PM2.5 cyclone inlet. A linear change in blank concentrations
were assumed between consecutive blank measurements and
subtracted from the ambient data. OC blanks ranged from 1.3 to
2.6 mg Cm�3 and EC blanks 0 to 0.03 mg Cm�3. Uncertainty of the EC
analysis is estimated to be 28%. A lower limit of quantitation for the
EC/OC analyzer of 0.5 mg C m�3 was used for the M.A.C. analysis in
this study.

One Particle-Into-Liquid Sampler (PILS) was coupled to an ion
chromatograph for measurements of soluble anions following
methods similar to those described elsewhere (Orsini et al., 2003),
and a second PILS was coupled with a Liquid Wave guide Capillary
Cell (LWCC) and a Total Organic Carbon (TOC) analyzer for
continuous measurements of light absorption and carbon mass
content of ambient fine particle (PM2.5) liquid extracts (Sullivan
et al., 2004; Hecobian et al., 2010). Light absorption spectra
between wavelengths of 200 and 800 nm were measured with
a UV/Vis spectrophotometer. Three dynamic blank measurements
were performed daily (3:00, 10:00 and 19:00), each for 20 min to
account for any sampling artifacts throughout the study. The overall
measurement uncertainty is estimated at 8% and the limit of
detection (LOD) for ions andWSOC is 0.02 mg m�3and 0.1 mg C m�3,
respectively. In this study, light absorption coefficients averaged
between 360 and 370 nm (called [WSOC Abs.] with units of m�1)
are used as a measure of water soluble brown carbon fraction of
PM2.5. Ångstrom exponent of the absorption data is determined
from the linear regression fit of light absorption coefficients and
wavelengths ranging between 300 and 550 nm on natural log-log
plots. PM2.5 soluble ion data were based on a 20 min cycle and
the WSOC optical absorption data were reported on a 10 min cycle.

2.6. Particle mass concentrations and size distributions

Themass concentration of aerosol components wasmeasured in
three different ways. First, PM1 mass concentration (mg m�3) was
reconstructed as the sum of organics, nitrate, sulfate, ammonium,
and EC. For this approach, the AMS data stream provided all mass
concentrations except EC. Reconstructed AMS PM1 mass concen-
trations agreed well with those estimated from scanning mobility
particle sizer (SMPS) measurements (R2 ¼ 0.85, with a slope of 1.03
for the linear fit by orthogonal-distance regression). For the period
between 6/4 00:00 and 6/7 00:00 a shift in the particle size
distribution to larger particles is observed, which is not optimal for
AMS measurements given the reduction in particle transmission
efficiency near 1 micron diameters for the AMS aerodynamic lens
under the conditions of this study. Consequently, data from these
periods were not used for the analysis of the mass scattering
coefficient.

At the site, located w40 km from the ocean, sea salt can be
a significant fraction of the overall PM2.5 mass and hence PM2.5
optical properties. In addition to soot, the AMS does not measure
other refractory aerosol components such as salts, mineral dust, or
metals. As such, a second approach was to use anion data (chloride,
sulfate, nitrate) from a particle into liquid sampler (PILS) to
compute aerosol mass concentrations. PILS cation measurements
were not made throughout this study so the AMS ammonium and
organic data was summed with the PILS anion mass concentration
and EC for this approach.

The third approach for determining aerosolmass concentration is
to use hourly PM2.5 data from the b-attenuation monitor (BAM)
locatedat theBurbankCaliforniaAirResourcesBoard (CARB) site (site
70,069, Latitude: 34�1003300 Longitude: 118�190100). The Pasadena
CalNex site is located approximately 18 km from the Burbank site,
however, both sites are located within the LA basin and analysis of
48 h integrated PM2.5 gravimetric data for the two sites during 2010
reveals good correlation (R2 ¼ 0.8) between the sites. Additionally,
the slope of a best-fit line correlating the siteswas1.04, indicating the
Burbank site exhibits only slightly higher mass concentrations on
average.Nonetheless, the fairlygoodagreement betweenPMloading
at the two sites helps to validate comparisons between PM2.5 optical
properties measured in Pasadena and themass concentrations from
the Burbankmonitoring station. Datawas averaged to a 1 h time base
for all data streams for subsequent analysis.

A scanning mobility particle sizer (SMPS, Model 3936, TSI Inc.)
measured ambient number distributions between 7 and 690 nm.
The SMPS was operated at a sampling frequency of 5 min and used
the same sample inlet as described for HR-ToF-AMS, except that the
aerosol flow passed through an additional 0.8m of copper inlet line.
The light scattering was calculated using Mie Theory and the dN/
dlogDp data from the SMPS measurements. For these calculations
a wavelength of 532 nm was used, as well as a constant index of
refraction of 1.53, which corresponds to dry ammonium sulfate.
Organics present in aerosols also often have refractive indices near
1.5 (Redmond et al., 2010; Redmond and Thompson, 2011) and the
refractive index of ammonium nitrate is 1.55.
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3. Results & discussion

3.1. Campaign averages

Fig. 1 shows the time series of observed optical properties and
mass concentrations for the measurement period. The campaign
average values and standard deviations of bext, bscat, babs and SSA
Fig. 1. Time series of (A) AMS þ EC PM1 mass concentration, (B) aerosol scattering coefficien
and elemental carbon (EC) concentration, and (E) single scattering albedo (SSA) observed
illustrates correlation of babs and EC mass concentration. The large variability in SSA observ
were 62 � 44 Mm�1, 58 � 43 Mm�1, 3.8 � 3.4 Mm�1, and
0.92 � 0.08, respectively. Highest aerosol loading occurred during
the first few days of the campaign and during the first week of June.
The period of 22e31 May was characterized by relatively low
aerosol mass loadings. Fig. 2 illustrates histograms for the optical
parameters measured with the albedometer. Despite the lower
mean of 0.92 for SSA, the most frequently observed SSAwasz0.96.
t (bscat), (C) aerosol extinction coefficient (bext) (D) aerosol absorption coefficient (babs)
at Pasadena, CA during MayeJune 2010. All times and dates are UTC. The inset to (D)
ed at the end of May is a consequence of very low aerosol loadings.



Fig. 2. Histograms summarizing PM2.5 aerosol optical properties observed during CalNex 2010 at Pasadena, CA via the aerosol albedometer. bscat e aerosol scattering coefficient,
bext e aerosol extinction coefficient, babs e aerosol absorption coefficient, SSA e aerosol single scattering albedo.
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Albedometer bext values correlate very well with extinction
measurements made with the Aerodyne CAPS instrument at the
site (R2 ¼ 0.99).

To determine whether aerosol loadings encountered during
CalNex are representative of the location, we examined PM2.5 mass
concentration data collected at a site in Pasadena (approx. 1 km
from our sampling site) by the South Coast Air QualityManagement
District (K. Durkee, unpublished data, 2011). The annual mean
gravimetric PM2.5 mass concentration reported for Pasadena in
2010 is very close (4% higher) to the average reported MayeJune
2010 suggesting aerosol loadings encountered during CalNex are
typical of the location.

Comparing the CalNex optical measurements with the historical
record is also of interest. In the summer of 1987, Adams et al. (1990)
made measurements of aerosol scattering and absorption in the
vicinity of Los Angeles (Claremont McKenna College, Claremont,
CA) using a nephelometer (l ¼ 500 nm) and photoacoustic spec-
trometer (l ¼ 514 nm) as part of the Southern California Air Quality
Study (SCAQS). These authors reported a range of babs of
7e90 Mm�1 with an average of 34 Mm�1. In addition, the average
concentration of EC reported in the 1987 study was 3.3 mg m�3

Adams et al. (1990) also reported mean scattering and extinction
coefficients on the order of 297 and 330 Mm�1, respectively.
However, the aerosol samplewas apparently not dried in that study
and the sample was likely cooled during sampling by an air
conditioner (e.g. possible RH effects). Nevertheless, the CalNex
2010 results suggests the Los Angeles aerosol may have experi-
enced a major reduction due to air pollution control measures,
becoming about five times less optically dense, and nearly ten fold
less light absorbing between 1987 and 2010, consistent with air
quality monitoring trends (Croes, 2011; CARB, 2011). Adams et al.
(1990) report an average single scattering albedo of 0.89 (co-
albedo of 0.11) which is slightly lower than our value.

It is instructive to put these CalNex results in the context of
values measured for other urban centers. The optical coefficients
observed at Pasadena were about one half of those reported during
the MILAGRO campaign in Mexico City (Paredes-Miranda et al.,
2009; Marley et al., 2009) consistent with twice as large fine PM
concentrations at that location (Aiken et al., 2009). Levels of scat-
tering and extinction near Los Angeles during CalNex are also
significantly lower than the averages reported by Garland et al.
(2008) for a site downwind of Guangzhou, China, where mean
scattering coefficients of 150 Mm�1 occurred over a 1 month
sampling period during June 2006. The most striking difference
between the CalNex data and those for Mexico City and Guangzhou
is the mean aerosol absorption coefficient, indicated by the
albedometer instrument for Los Angeles was 3.8 � 3.4 Mm�1

(mean � std. dev. of data). This is significantly less than the mean
values reported for both MILAGRO(z30 Mm�1) and downwind of
Guangzhou (34 Mm�1). The large difference appears to result from
much higher loading of absorbing aerosol components in the
developing world megacities compared to the Los Angeles basin.
Molina et al. (2010) report average PM2.5 EC for the Mexico City
sampling sites of 2e4 mg m�3 which about five times that observed
at the CalNex LA site during the sampling period
(z0.6e0.7 mg m�3). Also, the campaign average SSA for this CalNex
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data set is 0.92 � 0.08 compared to a mean of 0.82 � 0.07 for
Guangzhou and an SSA between 0.7 and 0.8 for Mexico City. These
results indicate the Los Angeles aerosol is much less light absorbing
than in Mexico City and Guangzhou.

3.2. Diurnal trends from May 31eJune 8

Fig. 3 illustrates diurnal average trends for (A) NR-PM1 þ EC
mass concentration, (B) extinction, (C) scattering and SSA, (D) EC
mass concentration, (E) WSOC absorption at l ¼ 365 nm, and (F)
absorption coefficients for 31 May 2010e8 June 2010, when higher
aerosol concentrations were present. Plots 3B and 3C also include
diurnal trends reconstructed fromMie theory and observed particle
size distributions (see Supplementary material S-3). All measure-
ments except SSA and [EC] were normalized to the daily mean
value for comparison. Both scattering and extinction coefficient
peaked in the mid-morning hours before decreasing during the
afternoon. This is earlier than the peak in the PM1 data, which
occurred in the afternoon. The difference is likely due to the higher
relative fraction of larger particles (with a higher mass scattering
efficiency) in the morning hours, compared with smaller particles
in the afternoons (see Supplementary material S-3). A Mie scat-
tering calculation using size distribution data from an SMPS was
able to quantitatively explain this difference. The SSA peaked
during the morning when larger non-absorbing particles (nitrates)
were present. Aerosol babs reached a maximum near noon local
time. Both EC and WSOC absorption reached highest levels during
mid-day, with EC peaking a few hours prior to WSOC (Zhang et al.,
Fig. 3. Evaluation of diurnal patterns in (A) aerosol mass concentration, (B) bext, (C) bscat an
l ¼ 532 nm for the measurement period May 31eJune 8 2010. All values except SSA and [EC]
averages are reported and error bars are �1 standard deviation. The missing albedometer d
collection of optical data during this measurement time.
2011). This is consistent with the babs data. Considering the albedo
trace in Fig. 3C, SSA tended to reach a minimum around 8:00 PM.
The SSA seemed to slowly increase overnight before reaching
a maximum during times of peak scattering/extinction during the
mid-morning hours. SSA dropped rapidly during the times EC and
WSOC absorption increased before increasing slightly during the
mid-afternoon.

3.3. Mass scattering/extinction coefficients

For comprehensive analysis, we correlate hourly averages of
bscat and bext at 532 nm with aerosol mass concentration obtained
in several ways. The first approach was to reconstruct PM1 mass
concentration by summing the AMS NR-PM1 and EC measure-
ments. As discussed above, this method may underestimate total
PM1 mass since some sea salt, metals, and mineral dusts are not
included. The second approach was to sum PM2.5 PILS anion data
(chloride, sulfate, nitrate), with EC, and the AMS PM1 ammonium
and organic mass concentrations. This approach offers a higher
size cut for anions, and the ability to sample ions present in sea
salt. Finally, we used hourly PM2.5 mass concentrations from the
Burbank site (see above). This sampler was not co-located, but this
method provides the most complete measurement of aerosol mass
concentration. Results are shown in Fig. 4. Fig. 4A and B, illustrate
that mass scattering and extinction coefficients were 4.9 and
5.1 m2 g�1 when NR-PM1 þ EC data was used, with R2 ¼ 0.8.
Fig. 4CeD show that mass scattering and extinction coefficients
drop to 4.1 and 4.3 m2 g�1 (R2 ¼ 0.8), respectively, due to higher
d SSA, (D) EC mass concentration, (E) WSOC absorption at l ¼ 365 nm, and (F) babs at
have been normalized to the observed daily mean to examine relative patterns. Hourly
ata from the early morning hours arose because a persistent computer error prevented
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PM2.5 mass concentrations when the PILS data is used for the
anions. When the b-attenuation monitor measurements are used
(Fig. 4EeF), mass scattering and extinction coefficients were 3.5
and 3.8 m2 g�1, with a lower R2 ¼ 0.5, likely due to the distance
between the sites. These trends are consistent with the expecta-
tions based on the additional sizes/species included in each
version. The values for mscat and mext reported for the CalNex
measurement period are consistent with literature values in the
Fig. 4. Plots of observed aerosol bscat and bext vs. aerosol mass concentration. Plots A and B ar
D are reconstructed from PILS anion data and AMS organics/ammonium data for the Pasa
Burbank. Scattering and extinction measured with aerosol albedometer with PM2.5 inlet. All o
and extinction efficiencies (m2 g�1).
range of 3e6 m2 g�1 for urban areas (Ozkaynak et al., 1985;
Waggoner et al., 1981).

3.4. Aerosol absorption, mixing state & mass absorption cross
section (M.A.C.)

A plot of binned babs and EC mass concentrations (see Fig. 1D)
yields a best-fit line with slope M.A.C. ¼ 5.7 m2 g�1. The lower and
e generated from AMS NR PM1 mass concentration. Mass concentrations for plots C and
dena site. Plots E and F are generated using b -attenuation monitor data collected in
ptical data collected at l ¼ 532 nm Slopes of the best-fit lines represent mass scattering
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upper 95% confidence intervals for M.A.C. based on the fit were3.8
and 7.5 m2 g�1, respectively. Signal averaging (binning) the hourly
data resulted in good linearity between the variables (R2 ¼ 0.95),
however, a scatterplotof hourlymeanswas significantlymorenoisy.
The mean value obtained for M.A.C. lies below the value Bond and
Bergstrom (2006) suggest for fresh soot (7.5 � 1.2 m2 g�1). In addi-
tion, the result for M.A.C. is lower than values obtained from
previous field studies. Liu et al. (2010) reported a median mass
absorption cross section of 10.2 � 3.2 m2 g�1 at l ¼ 630 nm for
a European alpine site via use of a multi-angle absorption photom-
eter (M.A.A.P.) and SP-2 (DropletMeasurement Technologies).Using
an aethelometer and thermo-optical method, Jung et al. (2010)
suggest an average mass absorption cross section of
9.4�1.8m2 g�1 at l¼550nm is appropriate for a site in Seoul, Korea.
Yang et al. (2009) list a value of 9.5 m2 g�1 for 550 nm for a site near
Beijing (aethelometerþ PSAPwith thermo-optical method). Marley
et al. (2009) report an average value of 7.7 m2 g�1at 550 nm for two
sites in and just outside of Mexico City (M.A.A.P. and aethelometer).
However, the median values of Doran et al. (2007) extrapolated to
550 nm are between 12.8 and 14.3 m2 g�1for suburban Mexico City
sites (photoacoustic with thermo-optical). Andreae et al. (2008)
report a value of 7.7 m2 g�1for EC at 540 nm for a site near
Guangzhou, China, which is very close to that postulated for fresh
soot (also a photoacoustic with thermo-optical measurement). It is
unclear the extent to which light absorbing organic matter affects
these comparison data relative to the CALNEX data we report, but
differences could certainly exist. Alternatively, methodological bia-
ses could be present.

Light scattering theory suggests when an absorbing core (e.g.
soot) becomes coated/encapsulated by additional materials
(secondary species) M.A.C. increases and absorption is enhanced
because additional light is intercepted by the larger particle and
focused onto the absorbing core. Bond et al. (2006) have suggested
an increase in M.A.C. of approx. 1.5e2 fold is physically reasonable/
plausible for a core-shell configuration; and results from laboratory
studies suggest absorption enhancements of w1e2 fold are
possible for certain systems (Sedlacek et al., 2009; Schnaiter et al.,
2005; Lack et al., 2009a, 2009b; Zhang et al., 2008; Shiraiwa et al.,
2009; Schwarz et al., 2008). To investigate whether the CalNex data
reflected such an effect, TEM images of particles collected at the
Pasadena site were acquired to assess the morphology of soot
particles, to study the extent to which they were coated, and to
establish a quantitative index of the extent of soot coating.
Fig. 5. (A) TEM image of internally mixed soot. Samples were collected on lacey-carbon T
particles are partly or fully coated by organic matter, sulfate, or both. Coated soot particles ge
other aerosol particles. (B) The fraction of soot that is coated increases with NR-PM1 conce
errors.
Fig. 5A illustrates a TEM image of soot collected at the site. Soot
was frequently internally mixed with sulfate and organics, and
particles frequently demonstrated complex, irregular geometry. In
urban environments, soot typically exists in internally mixed
particles, with physical-chemical aging occurring within hours of
emission at least in part through photochemical reaction and
condensation of secondary materials (Adachi and Buseck, 2008).
Fig. 5B illustrates the coated-soot fractions determined by TEM
clearly increase with total NR-PM1 mass concentrations (which are
dominated by secondary species). This data suggests NR-PM1 mass
concentration is a useful metric to assess coatings on soot for
Pasadena aerosol.

Soot particles were grouped as described in themethods section
and M.A.C. values were compared with the TEM coating informa-
tion. For this analysis, M.A.C. values are the mean hourly babs
divided by corresponding EC mass concentration. Visual inspection
of the trend (Fig. 6A) suggests the average M.A.C. value does not
measurably change with coated-soot fraction. Fig. 6B and C illus-
trate plots of observed M.A.C. vs. NR-PM1 or [NR-PM1]/[EC]. Again,
neither plot provides strong evidence for significant enhancement
of light absorption due to soot coating as 95% confidence intervals
overlap. To prepare Fig. 6B and C, all hourly average NR-PM1 or [NR-
PM1]/[EC] values were ranked in ascending order and divided into 4
bins (quartiles) of equal number of data points. The hourly M.A.C.
values and corresponding x- values for each bin were averaged and
the resulting means were plotted. Visual inspection of TEM images
(see for instance Fig. 5A) showed that sampled particles frequently
do not have the ideal core-shell shape. Instead, soot is often found
partially embedded in, or simply adhering to other materials. This
result is consistent with the three-dimensional shapes of aerosol
particles fromMexico City studied by TEM (Adachi et al., 2010), but
may be inconsistent with the findings of other groups who have
reported soot containing aerosols sampled in Riverside, CA are
more consistent with a spherical geometry (Pratt and Prather,
2009; Moffet and Prather, 2009). While this analysis is useful for
evaluating coatings on individual particles, the TEM method is
affected by loss of semi volatile materials during sample prepara-
tion and analysis, and sample decomposition. It is well-known
a significant fraction of aerosol is semi volatile (Pratt and Prather,
2009; Cappa and Jimenez, 2010; Huffman et al., 2009), so the
evaporation of aerosol mass before or during TEM analysis likely
represents a significant limitation. Additionally, this TEM analysis
does not assess coating thickness, and the EC mass concentrations
EM grids, which have carbon substrates that resemble the fibers of spider webs. Soot
nerally do not have core-shell configuration when they are either coated or adhering to
ntration e this provides a useful metric of soot coating. Error bars represent standard



Fig. 6. (A) TEM analysis of coated-soot fractions (%) compared with apparent M.A.C. (B) Apparent M.A.C. plotted vs. NR-PM1 mass concentration. (C) Apparent M.A.C. plotted vs. NR-
PM1 mass concentration normalized to EC mass concentration ([NR-PM1]/[EC]). (D) Apparent M.A.C. vs. WSOC absorption. The number written above each data point represents the
number of data points averaged in the bin. Error bars represent 95% confidence intervals computed for the bin. No trend in the data was detected for plots AeC given the
measurement uncertainty and overlapping confidence intervals. However, as shown in plot D M.A.C. at 532 nm increased during periods of high WSOC light absorption.
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are hourly means while the TEM analysis is conducted on a limited
number of particles sampled over a few minutes during the same
period as the EC measurement.

Several investigators have suggested various organic
compounds in the aerosol may contribute to optical absorption (e.g.
“brown carbon”) (Gelencser et al., 2003; Shapiro et al., 2009; Chang
and Thompson, 2010; Decesari et al., 2002; Adachi and Buseck,
2011; DeHaan et al., 2011). Certain nitrated organics are believed
to be of particular importance to the LA basin (Jacobson, 1999).
Simultaneous measurements of light absorption by water soluble
organic carbon (WSOC) at the Pasadena site yielded amean value of
0.71 m2 g�1 C at l ¼ 365 nm with mean (stdev) absorption
Ångstrom exponents of 3.2 (1.2) for the water soluble organic
carbon (WSOC) component (Zhang et al., 2011). Extrapolation to
530 nm would yield values of <0.25 m2 g�1 C. Since the mass
concentration of WSOC was typically <4 mg m�3 C for the
campaign, the expected WSOC contribution to babs at 532 nm is
�1 Mm�1. This suggests absorption by soluble brown carbon
contributes �25% to babs at 532 nm based on the campaign average
babs of z4 Mm�1. While this is a small magnitude of absorption, it
may represent a significant fraction of total aerosol babs for LA.
Fig. 6D illustrates the apparent effect of WSOC absorption on
aerosol babs. TheWSOC absorption data at l¼ 365 nm (liquid phase
measurement) was broken into quartiles and compared with
simultaneously measured M.A.C. values. The resulting M.A.C. was
found to nearly double during times of high WSOC absorption. This
significant increase indicates that the presence of WSOC brown
carbon may influence observations of aerosol babs and bias the
M.A.C determined to falsely high values. Including all brown carbon
(not just WSOC) could result in an even greater influence relative to
EC. While this trend is apparent in the dataset, it is also very
important to highlight caveats associated with the absorption data
and the subsequent analysis presented in this work. Firstly, babs was
generally small for the LA basin aerosol which adversely affects
signal-to-noise. In addition, data from a photoacoustic spectrom-
eter co-located at the site did not detect the influence of WSOC
absorption on M.A.C. at 532 nm (J. Taylor, J. Allan, personal
communication, 2010). The reason for the difference between the
albedometer and photoacoustic data sets is not currently well-
understood. Quantifying the exact visible absorption by the
WSOC component in Pasadena requires additional supporting
investigation.

4. Conclusion

An aerosol albedometer was used during CalNex 2010 to
measure aerosol optical properties in the LA Basin. Mean PM2.5
aerosol extinction, scattering, absorption coefficients, and single
scattering albedo (bext, bscat, babs and SSA) at l ¼ 532 nm were
62 Mm�1, 58 Mm�1, 4 Mm�1, and 0.92, respectively. The aerosol
optical densities were considerably lower than the historical record
for this location, and aerosol absorption much lower than values
encountered in other world megacities. Mass scattering and mass
extinction coefficients of 3.5e5.1 m2 g�1have been determined at
a measurement wavelength of 532 nm. A campaign average mass
absorption cross section (M.A.C.) of 5.7 � 1.8 m2 g�1 is reported for
EC. TEM analysis of sampled particles suggests soot is frequently
mixed or adhering to other particles, but the particles often do not
exhibit classic core-shell morphology. Alteration of M.A.C. with
mixing/coating state was not detected, however, the presence of
light absorbing, water-soluble organic carbon (WSOC) correlates
with increases in M.A.C. measured via the albedometer and
thermo-optical EC measurements.
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