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[1] Refractory black carbon (rBC) mass and number concentrations were quantified
by a Single Particle Soot Photometer (SP2) in the CalNex 2010 field study on board
the Center for Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin
Otter in the Los Angeles (LA) Basin in May, 2010. The mass concentrations of rBC
in the LA Basin ranged from 0.002–0.530 mg m3, with an average of 0.172 mg m3.
Lower concentrations were measured in the Basin outflow regions and above the inversion
layer. The SP2 afforded a quantification of the mixing state of rBC aerosols through
modeling the scattering cross-section with a core-and-shell Mie model to determine coating
thickness. The rBC particles above the inversion layer were more thickly coated by a
light-scattering substance than those below, indicating a more aged aerosol in the free
troposphere. Near the surface, as the LA plume is advected from west to east with the sea
breeze, a coating of scattering material grows on rBC particles, coincident with a clear
growth of ammonium nitrate within the LA Basin and the persistence of water-soluble
organic compounds as the plume travels through the outflow regions. Detailed analysis of
the rBC mixing state reveals two modes of coated rBC particles; a mode with
smaller rBC core diameters (90 nm) but thick (>200 nm) coating diameters and a mode
with larger rBC cores (145 nm) with a thin (<75 nm) coating. The “weekend
effect” in the LA Basin results in more thickly coated rBC particles, coinciding with
more secondary formation of aerosol.
Citation: Metcalf, A. R., J. S. Craven, J. J. Ensberg, J. Brioude, W. Angevine, A. Sorooshian, H. T. Duong, H. H. Jonsson, R. C.
Flagan, and J. H. Seinfeld (2012), Black carbon aerosol over the Los Angeles Basin during CalNex, J. Geophys. Res., 117,
D00V13, doi:10.1029/2011JD017255.

1. Introduction
[2] Black carbon is an important atmospheric constituent
owing to its role in both air pollution and climate. Refractory
black carbon (rBC), alternatively referred to as elemental carbon, light-absorbing carbon, or simply black carbon, is emitted
from a variety of incomplete combustion sources, including
diesel and gasoline-burning vehicles, residential fuel use,
ships, and biomass burning. rBC refers to the strongly lightabsorbing component of soot, which may contain other constituents such as polycyclic aromatic hydrocarbons, aliphatic
hydrocarbons, and other volatile compounds. rBC, as defined
1
Division of Engineering and Applied Science, California Institute of
Technology, Pasadena, California, USA.
2
Division of Chemistry and Chemical Engineering, California Institute
of Technology, Pasadena, California, USA.
3
Chemical Sciences Division, NOAA Earth System Research
Laboratory, Boulder, Colorado, USA.
4
Department of Chemical and Environmental Engineering, University
of Arizona, Tucson, Arizona, USA.
5
Department of Atmospheric Sciences, University of Arizona, Tucson,
Arizona, USA.
6
Center for Interdisciplinary Remotely-Piloted Aircraft Studies, Naval
Postgraduate School, Monterey, California, USA.

Copyright 2012 by the American Geophysical Union.
0148-0227/12/2011JD017255

here, is the quantity reported in emission inventories
[Dentener et al., 2006] and simulated in regional air quality
models [Binkowski and Roselle, 2003]. While the majority of
atmospheric particulate chemical constituents primarily scatter
sunlight, producing an overall cooling effect on climate, rBC
absorbs strongly in visible and ultraviolet wavelengths and is
the dominant component of light-absorbing atmospheric
aerosol. A significant presence of rBC in ambient aerosol can
lead to heating of the atmosphere, with effects on atmospheric
transport and cloud dynamics [e.g., Jacobson, 2002; Menon
et al., 2002; Chung and Seinfeld, 2005; Bond, 2007;
Ramanathan et al., 2007; Ramanathan and Carmichael, 2008;
Bauer et al., 2010; Ramana et al., 2010; Jones et al., 2011].
[3] After emission, rBC particles generally become coated
by inorganic and organic (non-absorbing) components via
coagulation with other particles and condensation of vapors
[e.g., Riemer et al., 2004]. Fresh urban-emitted rBC has
typically been shown to be thinly coated with secondary
material, while rBC in aged air masses tends to be more
thickly coated [Johnson et al., 2005; Moteki et al., 2007;
Shiraiwa et al., 2007, 2008; Schwarz et al., 2008a;
Subramanian et al., 2010]. In addition, rBC at higher altitudes is found to be more thickly coated than that near the
ground [Schwarz et al., 2008b]. Layers of rBC above
reflective clouds have an increased radiative forcing per unit
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Table 1. Urban Black Carbon Measurement Studies
Region
Asia
Sapporo, Japan
Nagoya, Japan
Uji, Japan
Sapporo, Japan
Seoul, Korea
Kaohsiung City, Taiwan
Mumbai, India
Seoul, Korea
Beijing, China
Bangalor, India
Guangzhou, China
Kanpur, India
Nagoya, Japan
Europe
Orleans, France
Paris, France
Clermont, France
Strasbourg, France
Görlitz, Germany
Halle, Germany
Kap Arkona, Germany
Neuglobsow, Germany
Neuhaus, Germany
Potsdam, Germany
Radebeul, Germany
Dushanbe, Russia
Vienna, Austria
Arnhem, Netherlands
Po Valley, Italy
Paris, France
Thessaloniki, Greece
Thessaloniki, Greece
Liverpool/Manchester, England
Barcelona, Spain
Bern, Switzerland
Huelva, Spain
London, England
Lugano, Switzerland
Santa Cruz de Tenerife, Spain
Paris, France
North America
Akron, Ohio
Chicago, Illinois
Norfolk, Virginia
Chicago, Illinois
Baltimore, Maryland
Atlanta, Georgia
Mexico City, Mexico
Dallas/Houston, Texas
Mexico City, Mexico
South America
Santiago, Chile

Dates

BC Levelsa (mg m3)

Measurement Method

1982
1984–1986
1989–1999
1991–1992
1994
1998–1999
1999
1999
1999–2000
2001
2004
2004
2004

5.1 (2.3–8.0)
5.3–34.4
2.6
3.9 (2.25–6.93)
7.6 (4.86–9.86)
2.2–5.2
7.5–17.5
8.4
6.3–11.1
0.4–10.2
7.1 (3.1–19.4)
6–20
0.5–1.1

ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, aethalometer
ground, filter
ground, aethalometer
aircraft, SP2

Ohta and Okita [1990]
Kadowaki [1990]
Hitzenberger and Tohno [2001]
Ohta et al. [1998]
Kim et al. [1999]
Lin and Tai [2001]
Venkataraman et al. [2002]
Park et al. [2001]
He et al. [2001]
Babu et al. [2002]
Andreae et al. [2008]
Tripathi et al. [2005]
Moteki et al. [2007]

1985
1985
1985
1985
1988–1990
1988–1990
1988–1990
1988–1990
1988–1990
1988–1990
1988–1990
1989
1989–1999
1994
1996
1997
1997
1997
2008
2009
2009
2009
2009
2009
2009
2010

2.9
7.9
2.4
2.9
1.3–11.8
1.6–12.0
0.4–3.5
0.6–5.2
0.5–3.5
1.0–12.3
1.4–12.6
4–20
2.8
2.95
1.0 (0.5–1.5)
13.6
3.3
3.5–8.9
0.3
1.7 (0.7–3.8)
3.5 (1.3–7.1)
0.7 (0.1–2.3)
1.9 (0.8–3.4)
1.8 (0.6–3.6)
0.8 (0.1–2.6)
1.66

ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
aircraft, SP2
ground, absorption
ground, absorption
ground, absorption
ground, aethalometer
ground, absorption
ground, absorption
ground, aethalometer

Del Delumyea and Kalivretenos
Del Delumyea and Kalivretenos
Del Delumyea and Kalivretenos
Del Delumyea and Kalivretenos
Zier [1991]
Zier [1991]
Zier [1991]
Zier [1991]
Zier [1991]
Zier [1991]
Zier [1991]
Hansen et al. [1993]
Hitzenberger and Tohno [2001]
Janssen et al. [1997]
Zappoli et al. [1999]
Ruellan and Cachier [2001]
Ruellan and Cachier [2001]
Chazette and Liousse [2001]
McMeeking et al. [2010]
Reche et al. [2011]
Reche et al. [2011]
Reche et al. [2011]
Reche et al. [2011]
Reche et al. [2011]
Reche et al. [2011]
Healy et al. [2012]

1985
1985
1985
1994–1995
1997
1999
2003, 2005
2006
2006

2.6
4.6
3.0
0.19–0.45
0.53–2.60
1.5 (0.5–3.0)
0.5–3.0
0.7 (0.65–0.74)
0.276–1.100

ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, SP2
aircraft, SP2
aircraft, SP2

Del Delumyea and Kalivretenos [1987]
Del Delumyea and Kalivretenos [1987]
Del Delumyea and Kalivretenos [1987]
Offenberg and Baker [2000]
Brunciak et al. [2001]
Modey et al. [2001]
Baumgardner et al. [2007]
Schwarz et al. [2008a]
Subramanian et al. [2010]

1991

30.6 (11–75)

ground, filters

Didyk et al. [2000]

Reference

[1987]
[1987]
[1987]
[1987]

a

BC levels are campaign average values (and/or range) depending on availability.

mass relative to those below cloud [Zarzycki and Bond,
2010].
[4] Available data indicate that a high fraction of atmospheric rBC particles are mixed with other species [Pósfai
et al., 1999; Park et al., 2004; Seinfeld and Pandis, 2006;
Schwarz et al., 2008a; Huang et al., 2011]. A coating of
non-absorbing components onto rBC increases the light
scattering and absorption cross sections of these mixedphase particles [Fuller et al., 1999; Schnaiter et al., 2005;
Bond et al., 2006; Mikhailov et al., 2006; Lack and
Cappa, 2010]. The overall single scattering albedo (the
fraction of total light extinction due to scattering) of an
internally mixed rBC and non-absorbing aerosol population

(all particles of a given size have the same composition) is
smaller than that of an externally mixed aerosol population
(no mixing of species in individual particles) of the same
overall composition and concentration, resulting in a net
increase in light absorption by the internally mixed aerosol
population. In addition, the mixing state of atmospheric
aerosols affects the hygroscopic properties of those aerosols,
cloud formation, and atmospheric lifetime by wet deposition
[Weingartner et al., 1997; Jacobson, 2006]. In short, the
extent to which rBC is mixed with non-absorbing aerosol
components, such as sulfate, nitrate, and organics, exerts a
strong influence on its interaction with radiation and water
[Stier et al., 2007; Cubison et al., 2008].
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Table 2. California Black Carbon Measurement Studies
Region
Bakersfield area
Edison
Caliente
Bakersfield
San Joaquin Valley
Academy
Buttonwillow
San Joaquin Valley
Long Beach area
Long Beach
Long Beach
Long Beach
West Los Angeles Basin
Lennox
Downtown LA
West Los Angeles
Lennox
Downtown LA
Hawthorne
Diamond Bar
Downtown LA
West LA Basin
Pasadena area
Azusa
Burbank
Pasadena
Duarte
Azusa
Pasadena
Azusa
Burbank
Pasadena
East Los Angeles Basin
Upland
Rubidoux
Upland
San Bernardino
Claremont
Rubidoux
Fontana
Rubidoux
Riverside
Rubidoux
Claremont
East LA Basin

Dates

BC Levelsa (mg m3)

Measurement Method

July–September, 1990
July–September, 1990
May, 2010

2.95
3.33
0.050 (0.040–0.072)

ground, filter
ground, filter
aircraft, SP2

Chow et al. [1996]
Chow et al. [1996]
this study

July–September, 1990
July–September, 1990
May, 2010

1.43
1.86
0.041 (0.014–0.087)

ground, filter
ground, filter
aircraft, SP2

Chow et al. [1996]
Chow et al. [1996]
this study

Jan–Dec, 1982
Jun–Sep, 1987
May, 2010

3.75
0.99
0.126 (0.010–0.467)

ground, filter
ground, filter
aircraft, SP2

Gray et al. [1986]
Chow et al. [1994]
this study

Jan–Dec, 1982
Jan–Dec, 1982
Jan–Dec, 1982
Jul–Sep, 1984
Jun–Sep, 1987
Jun–Sep, 1987
Jan, 1995–Feb, 1996
Jan, 1995–Feb, 1996
May, 2010

4.51
4.87
3.61
1.7
2.37
0.70
3.08
3.81
0.175 (0.029–0.526)

ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
aircraft, SP2

Gray et al. [1986]
Gray et al. [1986]
Gray et al. [1986]
Turpin et al. [1991]
Chow et al. [1994]
Chow et al. [1994]
Kim et al. [2000]
Kim et al. [2000]
this study

Jan–Dec, 1982
Jan–Dec, 1982
Jan–Dec, 1982
Jan–Dec, 1983
Jul–Sep, 1984
Jul–Sep, 1984
Jun–Sep, 1987
Jun–Sep, 1987
May, 2010

3.30
5.04
3.95
4.35
4.1
2.5
2.64
2.21
0.179 (0.097–0.381)

ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
aircraft, SP2

Gray et al. [1986]
Gray et al. [1986]
Gray et al. [1986]
Pratsinis et al. [1988]
Turpin et al. [1991]
Turpin et al. [1991]
Chow et al. [1994]
Chow et al. [1994]
this study

Jan–Dec, 1982
Jan–Dec, 1982
Jul–Sep, 1984
Jul–Sep, 1984
Jun–Sep, 1987
Jun–Sep, 1987
Jan, 1995–Feb, 1996
Jan, 1995–Feb, 1996
Feb–May, 2001
Jun–Aug, 2001
Oct, 2001–Mar, 2002
May, 2010

3.14
3.03
2.8
1.4
1.92
1.73
3.49
3.25
0.5–2.7
0.8–3.8
0.3–5.2
0.179 (0.047–0.445)

ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, filter
ground, aethalometer
ground, aethalometer
ground, aethalometer
aircraft, SP2

Reference

Gray et al. [1986]
Gray et al. [1986]
Turpin et al. [1991]
Turpin et al. [1991]
Chow et al. [1994]
Chow et al. [1994]
Kim et al. [2000]
Kim et al. [2000]
Fine et al. [2004]
Fine et al. [2004]
Fine et al. [2004]
this study

a

BC levels are campaign average values (and/or range) depending on availability.

[5] Extensive measurements of rBC in urban locations
around the globe exist (see Table 1). Wide variability exists
in rBC concentrations owing to proximity to emission
sources, the environment into and time of year during which
the rBC is emitted, the type of combustion source, and the
measurement technique used. The extent to which sulfate,
nitrate, organics and other species are co-mixed in rBC
particles depends on many factors. Sulfate is the dominant
secondary component with rBC in many of the locations in
which measurements are available. Mexico City and Riverside, CA are two locations, for example, in which nitrate
dominates sulfate as the companion species. Regardless of
the total concentrations of rBC and other components, the
fraction of rBC particles mixed with some amount of secondary material tends to be appreciable in all regions where
data are available.
[6] While California has well-documented air quality problems, the state has also taken a leading role in efforts to
address air quality and climate change issues. California has

ambitious programs to control emissions of pollutants despite
the challenges of increased population and demands for
goods and services. Studies of the Los Angeles (LA) area are
exemplary in terms of the evolution of our understanding of
particulate matter in the atmosphere, from the quantification
of the contribution of primary emissions from vehicles (diesel and gasoline) [Schauer et al., 1996], to establishing the
importance of secondary aerosol formation [Turpin and
Huntzicker, 1995; Zhang et al., 2007]. Many studies (see
Table 2) have measured rBC levels at various locations in
California. The first 3D modeling study to treat size-resolved
internal mixing of rBC suggested that aerosols containing
rBC in LA led to a decrease in daytime surface temperatures
but increased nighttime temperatures to a greater extent,
causing a net warming [Jacobson, 1997]. In the LA Basin,
rBC particles are emitted directly from a variety of sources
into a rich background of inorganic and organic airborne
gaseous and particulate species. Understanding the evolution
of rBC-containing particles as they undergo atmospheric
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Figure 1. All flight paths (colored lines) of the CIRPAS Twin Otter during CalNex. The star denotes the
location of the CalNex LA ground site at Caltech and the triangle denotes the CalNex ground site at
Bakersfield. Terrain is shaded brown, with darker colors indicating higher elevation.
aging in this important region provides a unique window on
atmospheric gas and particle phase processes.

2. CalNex 2010
[7] The California Research at the Nexus of Air Quality
and Climate Change (CalNex) study is a multiagency collaboration aimed at tackling problems related to both air
quality and climate change in California (www.esrl.noaa.
gov/csd/calnex/). The CalNex study was conducted May–July
2010 in the Los Angeles Basin and southern San Joaquin
Valley, involving the NOAA WP-3D aircraft, the CIRPAS
Twin Otter aircraft, the NOAA Twin Otter aircraft, the NOAA
R/V Ronald H. Brown ship, and two ground-based super-sites,
one in Pasadena (34.1405 N, 118.1225 W) on the campus of
the California Institute of Technology and one near Bakersfield
(35.3463 N, 118.9654 W) in the southern San Joaquin
Valley. We report here comprehensive airborne measurements of rBC-containing aerosols in the Los Angeles Basin

during May 2010 on the CIRPAS Twin Otter aircraft. Particular focus is paid to rBC concentrations in the Basin, in its
outflow regions, and above the inversion layer, as well as the
extent to which rBC-containing particles are coated with other
species and how this degree of coating varies with location in
the Basin and altitude above the surface. The present work is
devoted to the actual rBC measurements; subsequent work
will address comparison of model predictions and data.
2.1. Climatology of the Los Angeles Basin
[8] The Los Angeles Basin, with a population of about
18 million people, exhibits unique air pollution characteristics
and dynamics. Because of the mountainous terrain surrounding the Basin (see Figure 1), airborne species occupy an area of
about 1300 km2, confined near the ground by a relatively
shallow day-time mixed layer under 1 km deep [Robinson,
1952; Edinger, 1959; Neiburger, 1969]. The typical daytime
sea breeze from the southwest advects emissions toward the
north and northeast, exiting the Basin through passes in the
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Figure 2. Regional definitions used in Table 4 and elsewhere in the text. Only measurements below the
inversion layer are considered.
San Gabriel and San Bernardino mountain ranges to the high
desert regions [Lu and Turco, 1995]. The two main eastern
outflows, the El Cajon and Banning (San Gorgonio) Passes,
and one less prominent northern outflow, the Tejon (Newhall)
Pass, are not sufficient to completely drain the Basin of its
atmospheric contents each day, leading to some degree of
carry-over from one day to the next [Harley et al., 2005]. In
addition, mountain-flow circulations coupled to the sea breeze
can produce multiple layers of pollution in and above the
temperature inversion; such layers may mix down to the surface on subsequent days as the boundary layer deepens during
its diurnal cycle [Blumenthal et al., 1978; Wakimoto and
McElroy, 1986; Moore et al., 1991; Lu and Turco, 1994,
1995; Collins et al., 2000] or may be subject to long-range
transport [Jaffe et al., 1999; Liu et al., 2003; Liang et al.,
2004]. Thus, barring a precipitation event, the atmosphere
sampled in the LA Basin on any given day contains a mix of
fresh and aged material.
[9] For the analysis presented in this work, we have
defined several regions of interest in and around the LA
Basin (see Figure 2). Given the climatology of the region,
we expect the Long Beach and West LA Basin regions to be
near major sources of fresh emissions and the Banning Pass
and Outflow regions to contain the “LA plume” that has
been transported from west to east during the daytime hours.
2.2. FLEXPART Modeling
[10] To track the origins of the specific air masses sampled in the Los Angeles basin during CalNex, a modified
version of the FLEXPART Lagrangian particle dispersion
model [Stohl et al., 2005] is used to calculate back trajectories of air masses based on advection and turbulent mixing processes. FLEXPART has been used extensively to

quantify the impacts of meteorological processes on pollution transport [e.g., de Foy et al., 2006; Palau et al., 2006;
Brioude et al., 2009; Ding et al., 2009; Langford et al.,
2012]. The main modification for this work consists of
using time-averaged winds from the Weather Research
Forecasting (WRF version 3.3) meteorology model instead
of snapshot winds to improve mass consistency within the
FLEXPART model [Nehrkorn et al., 2010]. The WRF output
has a spatial grid of 4 km  4 km, with a temporal resolution of 30 min and 60 vertical levels. In reverse mode,
FLEXPART releases virtual tracer particles at receptors, in
this case at the instantaneous spatial and temporal location of
the Twin Otter aircraft, and integrates their trajectories
backward in time using predicted wind fields combined with
random turbulent motion. FLEXPART computes the average
residence time of the particles in each grid cell (8 km  8 km)
every 2 h over a 24-h period. Surface level contributions to
air masses are determined by averaging the residence times of
particles between the surface and 200 m altitude.
[11] Figures 3 and 4 present FLEXPART back-trajectory
analysis results from three representative flights, May 14 and
15 in Figure 3, and May 25 in Figure 4. In Figure 3, the
12-h integrated residence times reveal the surface history
of the air masses sampled in the chosen locations within
the LA Basin. The model results for locations on both the
western side (Figures 3a and 3b) and the eastern side
(Figures 3c and 3d) of the Basin indicate that the dominant
airflow in the Basin is the daytime southwesterly sea breeze
that advects air masses from Long Beach and downtown LA
toward the northeast side of the Basin. FLEXPART results
from other LA Basin flights (not shown) paint a similar
picture of airflow throughout the LA Basin during the
CalNex flights.
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Figure 3. The 12-h integrated surface residence times from FLEXPART during (a and c) the Friday,
May 14 flight and (b and d) the Saturday, May 15 flight. Figures 3a and 3b are points on the western side
of the LA Basin; Figures 3c and 3d are points on the eastern side of the LA Basin. The red bow-ties denote
the location of the Twin Otter aircraft and the stars denote the CalNex LA ground site at Caltech.
[12] Figure 4 displays the FLEXPART results for several
locations on the May 25 flight. The left panels are the surface residence times at 4 h prior to sampling and the right
panels are the 12-h integrated surface residence times.
Figures 4a and 4b show a location approximately halfway
between the El Cajon Pass and the farthest sampling point in
the El Cajon Outflow region. The surface contribution clearly
tails back toward the El Cajon Pass, showing the connection
between the LA Basin and the El Cajon Outflow. Figures 4c
and 4d show the farthest sampling point in the El Cajon
Outflow. At this farthest point from the El Cajon Pass, the tail
back toward the Pass is faint, showing that, for this particular
day, it takes longer than 12 hours for LA Basin air to reach
this location. Figures 4e and 4f show back-trajectories for a
location in approximately the center of the Banning Outflow
region. The 4-h residence times (Figure 4e) clearly show
a connection to the Banning Pass and LA Basin. The
12-h integrated residence times (Figure 4f) show this connection in addition to a smaller circulation within the
Coachella Valley. The FLEXPART results for the Imperial
Valley sampling location, in Figures 4g and 4h, show no
connection to the LA Basin, with both the 4-h (Figure 4g)
and 12-h integrated (Figure 4h) back-trajectories indicating
flow from the southeast.
2.3. Twin Otter Flights
[13] The Center for Interdisciplinary Remotely-Piloted
Aircraft Studies (CIRPAS, Naval Postgraduate School,

Monterey, CA, USA) Twin Otter conducted a total of 18
research flights during the month of May, 2010 as part of the
CalNex field campaign. Figure 1 shows all 18 Twin Otter
flight tracks during CalNex, and Table 3 gives a brief synopsis of each flight. All flights originated from the Ontario
International Airport (Ontario, CA, USA). Most sampling
was performed at an altitude of about 300 m above ground
level at an airspeed of about 50 m s1. Exceptions were the
transits over the San Gabriel and Tehachapi Mountains on
the way to the CalNex Bakersfield ground site and the
southern San Joaquin Valley. All measurements presented in
this work are from instruments inside the unpressurized
cabin of the Twin Otter. All instruments are serviced by a
two-stage diffusion inlet with a transmission efficiency near
unity for particle diameters up to about 3.5 mm [Hegg et al.,
2005]. Sampling lines inside the cabin are kept reasonably
uniform to all instruments, so further corrections for diffusional losses in these lines have not been made. Owing to a
hardware adjustment on the SP2 after the second flight, only
data from the final 16 of 18 flights during CalNex are presented here.
[14] A typical flight in the LA Basin consisted of two or
three counter-clockwise loops around the Basin, beginning
in Ontario and traveling west to Pasadena (passing over the
CalNex-LA ground site at Caltech) between the 10 and 210
freeways, then heading south to Long Beach along the 710
freeway to do a loop of missed approaches at the Long
Beach and Torrance Airports, then east along the 91 freeway
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Figure 4. Surface residence time back-trajectories from FLEXPART for the May 25 flight at various
regions in the flight: (a and b) midway between the El Cajon Pass and the farthest sampling location in
the El Cajon outflow, (c and d) the farthest sampling location in the El Cajon Outflow, (e and f )
the Banning Outflow, and (g and h) the Imperial Valley. Figures 4a, 4c, 4e, and 4g are surface residence times at 4 h, showing where the sampled air mass was 4 h prior to sampling. Figures 4b, 4d, 4f,
and 4h are 12-h integrated surface residence times, showing the surface contributions for the previous
12 h to the sampled air mass. The red bow-ties denote the location of the Twin Otter aircraft and the
stars denote the CalNex LA ground site at Caltech.
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Table 3. Summary of CIRPAS Twin Otter Flights During CalNex
2010a
Date

Day
of Week

Sampling Time
(Local Timeb)

Region Sampled

May 4
May 5
May 6
May 7
May 10
May 12
May 13
May 14
May 15
May 18
May 19
May 20
May 21
May 22
May 24
May 25
May 27
May 28

Tues
Wed
Thu
Fri
Mon
Wed
Thu
Fri
Sat
Tue
Wed
Thu
Fri
Sat
Mon
Tue
Thu
Fri

11:01–14:23
11:04–15:10
12:06–15:59
11:02–14:57
12:00–16:05
10:56–15:08
11:05–14:54
10:59–15:01
11:13–15:13
11:59–15:53
11:40–15:45
11:33–15:58
10:57–15:05
11:01–15:12
11:01–15:03
11:27–15:31
10:59–14:45
10:58–15:03

LA Basin, missed approachesc
LA Basin, missed approachesc
LA Basin
LA Basin
LA Basin, western edge
LA Basin, Imperial Valley
LA Basin, Imperial Valley
LA Basin
LA Basin
San Joaquin Valley
LA Basin
San Joaquin Valley
LA Basin, outflow regions
San Joaquin Valley
LA Basin, outflow regions
LA Basin, outflow regions
LA Basin
LA Basin

a
The month of May, 2010, in particular, was slightly cooler than normal
with a relatively strong coastal marine layer present much of the time. The
average high temperature in downtown LA for the month was 19 C, with a
maximum high of 24 C on May 29. The average low was 12 C, with the
lowest minimum of 10 C on May 25. There were three days (May 17, 18,
and 27) with measurable precipitation in downtown LA totaling just 0.11
inches of rain; these days had a particularly strong marine layer leading to
measurable drizzle. One day (May 10) had a weak offshore flow, but all
others exhibited the typical day-time sea-breeze from the southwest.
b
Local time is 7 hours behind UTC time.
c
The missed approaches on the first two flights took place at various
small airports scattered throughout the LA Basin. Beginning with May 6
flight, we performed missed approaches only at the Long Beach and
Torrance Airports.

to Riverside, turning west along the 210 freeway just before
the San Bernardino mountains. During the first two flights,
missed approaches were carried out at additional airports
throughout the Basin, including Fullerton, Corona, Riverside, Flabob, Banning, Redlands, San Bernardino, Rialto,
Cable, Brackett, and El Monte, but these were deemed
unnecessary, as little variation in concentrations between an
altitude of 15 m and 300 m above ground level were found.
Several flights included north–south tracks in order to sample the interior of the Basin, and several flights probed the
two main eastern outflows, the El Cajon Pass and the Banning Pass, into the Mohave Desert and Coachella Valley,
respectively (see Figure 1).

3. Refractory Black Carbon Measurement
3.1. Single Particle Soot Photometer
[15] rBC mass measurements were made onboard the
Twin Otter aircraft with a Droplet Measurement Technologies (DMT, Boulder, CO, USA) Single Particle Soot Photometer (SP2). The SP2 affords measurements of both the
particle-by-particle rBC mass as well as the thickness of
non-rBC coating on each particle [Stephens et al., 2003;
Baumgardner et al., 2004; Schwarz et al., 2006; Moteki and
Kondo, 2007; Slowik et al., 2007]. The theory of operation
and setup of similar SP2 instruments are detailed elsewhere
[Stephens et al., 2003; Schwarz et al., 2006, 2010]. Briefly,
for each particle traversing the optical cavity of the SP2,
36 ms of signal at 0.2 ms resolution on four detectors, two
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incandescence and two scattering, are saved for offline
analysis. The two incandescence channels detect refractory
black carbon mass by measuring the thermal emission from
single rBC-containing particles heated to their boiling point
when passing through the intense intracavity Nd:YAG laser
beam (l =1064 nm). The two scattering channels detect the
scattering cross-section of each particle and are used to
determine the mixing state of rBC-containing particles, as
detailed below. Note that throughout this work, the rBC
volume-equivalent diameter (VED) is calculated from the
detected rBC mass by assuming this mass is compacted to a
spherical particle with a density of 1.8 g cm3 [Bond and
Bergstrom, 2006].
[16] Appendix A details the calibration of the Twin Otter
SP2. Briefly, the incandescence signals were calibrated with
Aquadag (Aqueous Deflocculated Acheson Graphite,
Acheson Colloids Company, Port Huron, MI, USA) using
the density given by Gysel et al. [2011]. The detection range
of single-particle rBC mass is 0.48–317 fg (80–696 nm
VED). We estimate the uncertainty in mass determination to
be 40%, based largely on the uncertainty in Aquadag mass
during calibration, which translates to a 12% uncertainty in
VED. These uncertainties were determined in a similar
fashion to previous SP2 studies [Schwarz et al., 2008b;
Shiraiwa et al., 2008]. Other rBC standards were tested and
the results presented in Appendix A; however, Aquadag is
used here because the density is known and samples of
Aquadag have been distributed to most SP2 users by DMT,
facilitating the inter-comparison of SP2 instruments. Recent
results suggest that the SP2 may be up to 40% more sensitive
to Aquadag than to ambient rBC particles [Moteki and
Kondo, 2010; Laborde et al., 2012], but no attempt has
been made to correct for this potential bias because it is not
yet known how Aquadag relates to ambient rBC particles in
the LA Basin. A three-point inter-comparison of the Twin
Otter SP2 with the NOAA SP2, which was calibrated with
well-characterized Fullerene soot, found that the Twin Otter
SP2 response yielded a 12% smaller mass measurement than
the NOAA instrument (A. E. Perring, personal communication, 2012). With this potential bias, the mass concentrations reported in this work may be lower than the true
ambient values, but the number concentrations are unaffected by this artifact.
[17] The scattering channels were calibrated with dioctyl
sebecate (DOS, refractive index = 1.45-0.0i), and scattering
cross-sections were related to the SP2 signal using Mie
theory, as detailed below. For purely scattering ambient
particles, we assume a refractive index of 1.5-0.0i, in the
middle of observed ambient values [Ensor et al., 1972;
Stelson, 1990; Stolzenburg et al., 1998] and consistent with
coating material refractive indices used in this work. The
detection range of optical diameter with these assumptions is
169–600 nm. The estimated uncertainty in retrieved scattering amplitude is 22%, which propagates through Mie
theory to an uncertainty of 5% in optical diameter for
purely scattering particles.
3.2. Mixing State Determination
[18] Figure 5 shows the time traces of signal on the four
measurement channels of the SP2 for three single particles:
an uncoated rBC particle (Figure 5a), a purely scattering
particle (Figure 5b), and a coated rBC particle (Figure 5c).
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Figure 5. Raw spectra of three single particles measured by the SP2: (a) a 149 nm VED uncoated rBC
particle, (b) a 286 nm optical diameter purely scattering particle, and (c) an 83 nm VED rBC core coated
by a 237 nm thick layer of a purely scattering substance. “Position Time” labeled in Figure 5b is the time
between the zero-crossing of the split-detector signal and the peak of the scatter signal and is used to determine the position of the scatter peak for particles evaporating in the laser beam. “Lag Time” labeled in
Figure 5c is the distance between the detected scatter peak and incandescent peak and is used to assess
the coating thickness on rBC particles. See the text for a description of the LEO Fit calculation.

An uncoated rBC particle has little or no discernible signal
on the scattering channel and, if present, the scattering peak
coincides with the incandescent peak, indicating that the
scattering arises from the rBC particle itself. A purely scattering particle has no incandescent signal whatsoever, and
the scattering signal has the shape of a Gaussian curve. A
coated rBC particle exhibits both scattering and incandescing signals.
[19] Typically, as a coated rBC particle heats up in the
laser beam of the SP2, the coating material will evaporate,
causing the scattering signal to peak and decrease before the
onset of the incandescent signal. A parameter often used to
describe the coating thickness is the lag time between the
peak scattering signal and the peak incandescent signal
(labeled in Figure 5c) [Schwarz et al., 2006; Moteki and
Kondo, 2007]. Previous studies have classified a thickly
coated rBC particle as one with a lag time ≥2 ms [Moteki
et al., 2007]. In this study, we will classify a thickly
coated particle as one with a lag time ≥1.8 ms, a shift of
one data point, or time step, in the single-particle data
(Figure 5). This shift is made to reflect the observation (not
shown) that there are two distinct populations of lag time in
the single-particle data for CalNex, similar to the two populations shown by Moteki et al. [2007, Figure 3]. A lag time of

1.8 ms is the point that most clearly separates these two
populations in our data set.
[20] Because the coating on rBC particles evaporates
before the particle passes through the entire laser beam, the
scattering signal is not a true Gaussian shape, as in
Figure 5b, and is smaller in amplitude than it should be for
the full, unperturbed coated rBC diameter (see the difference
in Figure 5c). To retrieve an accurate scattering cross-section
and, therefore, optical size for this particle, we use the
leading-edge only (LEO) part of the scattering signal to fit
the scattering data to the calibration, as outlined by Gao
et al. [2007]. Figure 5c shows a LEO fit compared to
the raw signal, which clearly would have under-sized this
coated rBC particle had this correction not been made.
Appendix A provides more details of how LEO fitting was
calibrated and implemented for the Twin Otter SP2.
3.3. Mie Scattering Model
[21] For purely scattering particles detected by the SP2,
we calculate scattering cross-section with Mie theory for a
given particle diameter and refractive index, for which we
have adapted a version of BHMIE [Bohren and Huffman,
1998]. This adaptation involves integrating the scattering
function over the solid angles subtended by the SP2
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expected. Both measurements are reported because both
suffer from limitations. Interpretations of lag times to infer
coating thicknesses rely on the aerosol to follow a coreand-shell physical model and for all coatings to evaporate
in the SP2 laser at equal rates such that time is related to
thickness only and not to coating material as well. Mean
coating thicknesses calculated with Mie theory suffer from
limited detection range, additional uncertainties in extracting
the true scattering peak signal from an evaporating particle,
and, again, relies on the core-and-shell physical model to
apply.

Figure 6. Mean lag time versus mean coating thickness for
all 1-min average measurements during CalNex. Marker
color indicates rBC mass concentration. Coating thickness
is the diameter increase from the rBC VED. The solid black
line is a linear fit to the data (R2 = 0.797).
avalanche photodiodes (APDs) to calculate the differential
scattering cross-section specifically detected by those APDs
rather than the total scattering cross-section. To calculate
scattering cross-section for coated rBC particles, we have
replaced the scattering coefficients with those for stratified
spheres from Toon and Ackerman [1981] to create a coreand-shell Mie model. Because the rBC mass is detected with
the SP2 incandescence channels, the VED from this mass,
with assumed rBC refractive index of 1.95-0.79i [Bond and
Bergstrom, 2006] is treated as a known quantity in the coreand-shell Mie model. An assumed coating refractive index
of 1.5-0.0i, consistent with earlier published works [Schwarz
et al., 2008a, 2008b], leaves coating thickness diameter as
the only unknown when comparing measured scattering
cross-sections to core-and-shell Mie model scattering crosssections. The measurements are then fit to the core-and-shell
Mie calculations to determine coating thickness diameters.
Given an uncertainty in retrieved scattering amplitude of
22% and an uncertainty in rBC VED of 12%, uncertainties in coating thicknesses are 40%, with uncertainty
decreasing with increasing coating thickness. For the 1-min
average SP2 data, in addition to reporting mean coating
thicknesses, the Mie model-derived total coated rBC particle
diameter is used to calculate the total particle volume, from
which we calculate the coating-only volume by subtracting
the calculated rBC core volume.
[22] Previous SP2 studies have emphasized lag time as
a way of presenting rBC mixing state [e.g., Subramanian
et al., 2010]. Figure 6 relates mean lag times to mean
coating thicknesses for all measurements taken during
CalNex. The black line is a linear fit of the data (R2 =
0.797; the actual slope and intercept are unimportant)
showing a strong correlation between these two variables, as

3.4. The rBC Number and Mass Concentrations
[23] Histograms of single-particle rBC mass onto 500
logarithmically-spaced mass bins between 0.48 and 398 fg
(80–750 nm VED) were made for every 1-min of singleparticle data. Accumulation mode rBC particle size distributions in the atmosphere have been observed to be single
lognormal in nature [Pueschel et al., 1992; Clarke et al.,
2004; Moteki et al., 2007; Schwarz et al., 2008a, 2008b];
thus, a single lognormal function is fit to each 1-min number
distribution to determine the full distribution over the range
of 9.4  107 to 942 fg (1–1000 nm VED). The fitted mass
distributions are implied from the fitted number distributions.
[24] Figure 7 shows examples of typical number and mass
distributions measured and fitted for various regions. At very
large rBC masses (>300 nm VED), the measurements deviate from the fitted distribution, because at these large masses
a single count becomes a significant differential mass (dM)
in the distribution. This potential error illustrates the
importance of fitting the number distribution to a lognormal,
rather than the mass distribution, in order to avoid biasing
the fit of the mass distribution. The rBC mass median
diameter (MMD) is the VED at the peak of the mass
distribution.
[25] The bulk number and mass concentrations are found
by integrating each distribution over all sizes and dividing
by the sampled volume of air for that 1-min period. The bulk

Figure 7. Campaign-average rBC number (left trace) and
mass (right trace) distributions by region. Solid lines denote
single lognormal fits to the data.
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Table 4. Summary of SP2 Measurements Broken Down by Regiona
Regionb

rBC Number
Concentration (cm3)

rBC Mass
Concentration (mg m3)

Mean Coating
Thickness (nm)

Percent Thickly
Coated (%)

LA Basin
Long Beach
Pasadena
West LA Basin
East LA Basin
Banning Pass
Basin Outflows
Banning Outflow
El Cajon Outflow
Imperial Valley
San Joaquin Valley
Bakersfield
Free Troposphere

267 (288  136)
187 (199  121)
289 (321  109)
280 (309  149)
274 (295  119)
162 (162  77)
136 (165  104)
129 (136  71)
130 (173  110)
93 (107  61)
60 (67  33)
86 (82  19)
14 (54  90)

0.154 (0.167  0.0828)
0.112 (0.126  0.0777)
0.164 (0.179  0.0647)
0.159 (0.175  0.0873)
0.159 (0.179  0.0782)
0.0907 (0.0954  0.0445)
0.0792 (0.0978  0.0619)
0.0703 (0.0690  0.0265)
0.0868 (0.105  0.0662)
0.0616 (0.0671  0.0293)
0.0408 (0.0414  0.0143)
0.0472 (0.0502  0.0102)
0.0167 (0.0346  0.0454)

99 (20)
99 (23)
94 (14)
93 (20)
102 (20)
135 (29)
138 (33)
144 (28)
136 (34)
156 (17)
153 (20)
145 (14)
188 (31)

37 (11)
38 (13)
29 (9)
32 (10)
41 (10)
55 (13)
47 (15)
54 (15)
52 (13)
65 (8)
58 (13)
52 (6)
76 (13)

rBC Mass
Fraction (%)
2.4
2.8
2.8
2.4
2.1
2.0
4.5
4.9
4.4
5.3
1.0
1.3
1.7

(1.3)
(0.9)
(1.2)
(1.0)
(1.2)
(1.0)
(2.3)
(1.7)
(2.3)
(2.6)
(0.6)
(0.5)
(2.8)

rBC Mass Median
Diameter (nm)
122 (7)
130 (7)
120 (3)
123 (7)
122 (4)
126 (6)
127 (7)
130 (10)
129 (7)
141 (10)
130 (8)
127 (5)
161 (41)

The concentrations are campaign medians (mean  1s); all other values are campaign-average values (1s).
Region definitions are given in Figure 2.

a

b

values reported here are derived from the fitted distributions.
Uncertainties in the bulk concentrations are dominated by
the single-particle mass uncertainty; thus, additional uncertainties due to flow fluctuations are negligible. Because the
fitted range captures a wider diameter range than the detection limits of the SP2, the calculated rBC number and mass
concentrations are higher than those corresponding to the
strict detection range of the instrument. The number concentration nearly doubles because of this adjustment, while
the mass concentration is about 15–20% larger.

4. Results and Discussion
4.1. Regional Variability in rBC Aerosol
[26] Over the entire monthlong campaign, rBC mass
concentrations in the LA Basin varied from 0.002 to
0.530 mg m3, with smaller values measured in regions
outside of the Basin (see Table 4). rBC-containing particle number concentrations ranged from as low as 3 cm3
up to 1180 cm3. Figure 8 shows rBC mass concentrations for 12 flights in the LA Basin. On the May 28 flight
(Figure 8l), the spikes in mass concentration on the southeast
corner of the sampling pattern are the result of flying through
a dense smoke plume from a tanker truck fire on the 91
freeway. These spikes have been removed for the calculated
values in Tables 2 and 4. The anomalously low concentrations on the southern side of the LA Basin on May 6
(Figure 8a), in the central Basin on May 15 (Figure 8g), and
on the northeast corner of the Basin on May 21 (Figure 8i) are
a result of sampling above the inversion layer; all other
measurements were made at 300 m above ground level.
Figure 9 shows a typical flight contrasting the measurements
between the LA Basin and its two eastern outflow regions.
[27] From Figure 8, together with Figure 9a, a pattern of
higher rBC mass concentrations occurring on the north side
of the Basin emerges. These larger concentrations to the
north are the result of a southwesterly sea breeze during the
day (see Figure 3) that transports rBC emissions up against
the San Gabriel mountains, where the terrain and typically
shallow mixed layer collect the air mass prior to exiting the
Basin. One might expect enhanced emissions from the Port
of Long Beach and the industries (refineries) in the area;
however, except for a few spikes in the data near Long
Beach, this region is generally characterized by lower

concentrations of rBC as compared with the northern side of
the LA Basin (see also Table 4).
[28] Table 4 presents a detailed regional breakdown of the
SP2 measurements during CalNex. Except for the free troposphere, all measurements are from below the inversion
layer, with region definitions given in Figure 2. Within the
LA Basin, rBC concentrations are fairly uniform throughout,
because the region definitions do not distinguish north and
south Basin as discussed above. The rBC mass concentrations in the LA Basin are higher than in the outflow regions
(Figure 9a). The mean coating thickness and percent thickly
coated both increase from west to east, indicating that the
rBC particles are becoming more thickly coated. Moving
into the outflows, the rBC continues to become more thickly
coated, with the thickest coatings (except for the free troposphere) occurring at the farthest points from the LA Basin
(see also Figures 9c and 9d). rBC mass fraction increases in
the outflows, despite a decrease in rBC number and mass
concentrations, owing to the evaporation of volatile species
from the aerosol as the plume is diluted over the desert
regions.
[29] Minor differences exist in the mass median diameter
of the rBC core aerosol between regions (see Figures 7 and
9b). The MMD is the smallest in the LA Basin, at about
122 nm, indicating the rBC in the Basin is characteristic of
fresh urban emissions that tend to have smaller rBC cores
[e.g., McMeeking et al., 2010; Schwarz et al., 2008a]. The
MMD is smaller by 30–70 nm than most other urban
measurements found in the literature [see McMeeking et al.,
2010, Table 5]. Most comparable to the Los Angeles values
observed are those of fresh rBC emissions at Cranfield
airfield in England, which exhibited values near 130 nm
[McMeeking et al., 2010], and of the Tokyo, Japan outflow,
which exhibited values of 145–150 nm [Shiraiwa et al.,
2007]. The MMD of rBC in the Imperial Valley is larger
than that in the LA Basin and its outflow regions, indicating an air mass of a different origin. Figures 4g and 4h
support this conclusion, showing that the air mass originates from the southeast of its sampling location.
4.2. Secondary Aerosol Chemical Composition
[30] Particle mass and composition measurements were
made by an Aerodyne compact time-of-flight aerosol mass
spectrometer (C-ToF-AMS, Aerodyne Research, Inc.,
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Figure 8. All rBC mass (marker color) and number (marker size) concentrations observed in the LA
Basin during CalNex, with the exception of the May 25 flight, which can be found in Figure 9a. The stars
denote the CalNex LA ground site at Caltech.
Billerica, MA USA) [Drewnick et al., 2005; Murphy et al.,
2009] that was deployed on the final nine Twin Otter
flights. The AMS measures sub-micron, non-refractory sizeresolved aerosol composition over the diameter range 60 to
600 nm (with unit transmission efficiency) [Jayne et al.,

2000]. For the purposes of comparison to SP2 measurements, bulk composition AMS data are averaged to 1-min
time intervals. Water-soluble organic carbon (WSOC) was
quantified by a particle-into-liquid sampler (PILS; Brechtel
Manufacturing, Inc., Hayward, CA) coupled to a Total
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Figure 9. The 1-minute average SP2 data from Research Flight 16 on May 25, 2010: (a) rBC mass
(marker color) and number (marker size) concentrations, (b) mass-median diameter of rBC cores (marker
color) and width of the mass distributions (marker size), (c) mean coating thickness on rBC particles
(marker color) and total volume concentration of the coating on rBC particles in SP2 detection range
(marker size), and (d) percent of mixed-phase rBC particles thickly coated (marker color) and number concentration of coated rBC particles in SP2 detection range (marker size). The stars denote the CalNex LA
ground site at Caltech.
Organic Carbon (TOC) Analyzer (Sievers Model 800)
[Sullivan et al., 2006]. The major findings on the nature of
WSOC in Los Angeles during CalNex have been presented
elsewhere [Duong et al., 2011]. The WSOC data presented
here have been converted to water-soluble organic mass
(WSOM) by applying a correction factor of 1.7, which is
within range of previous measurements made in Southern
California [Turpin and Lim, 2001; Docherty et al., 2008;
Wonaschütz et al., 2011].
[31] Figure 10 presents the region-averaged ratios of the
mass concentration of various chemical species to the
rBC mass concentration during the May 25 flight. The
regions are ordered from west to east, which coincides with
the direction of the general LA airflow; thus, for daytime
sampling, plume age increases from left to right on Figure 10
with the exception of the Imperial Valley, which Figures 4g
and 4h show to be isolated from the LA Basin for at least the
12 hours prior to measurement. Within the LA Basin, the
rBC mass concentration decreases slightly from west to east
and decreases sharply in the Banning Outflow and Imperial
Valley regions, largely due to dilution of the air mass with
the cleaner, desert air. In the absence of any major rBC
sources over the desert, rBC can be considered a tracer for
the LA plume and the mass ratios reveal the occurrence of

secondary formation of these chemical species as the LA
plume ages.
[32] The overall mass ratio of measured chemical species
to rBC increases from west to east within the LA Basin and
is at a maximum in the Banning Pass region, reflecting the
build-up of secondary aerosol species, particularly nitrate
and organics, relative to rBC. The Banning Pass is a relatively narrow mountain pass on the east side of the LA Basin
(see Figures 1 and 2) where the LA plume is advected
through this region and out of the Basin by the daytime sea
breeze. Figure 9c shows the mean coating thicknesses and
Figure 9d shows the percent thickly coated (defined using
single-particle lag times) for this flight. Mean coating
thicknesses for this flight do not show much increase within
the Basin, much like the campaign-average values in Table 4;
however, percent thickly coated shows an increase from west
to east within the LA Basin with an area of larger percentages
in the Banning Pass region. Figure 10 indicates that these
more thickly coated particles in the Banning Pass region are
likely a mix of ammonium nitrate and organics. A previous
study found that coating materials on rBC in Nagoya, Japan
were likely ammonium sulfate and secondary organic compounds formed during transport away from the urban center
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Figure 10. The rBC mass-normalized concentration ratios of aerosol chemical compounds broken down
by region from west to east in and near the Los Angeles Basin for the May 25 flight. See text for details on
the calculation of water-soluble organic mass (WSOM) and Figure 2 for region definitions.

Figure 11. (a, b, and c) Fraction of total signal contributions to each PMF input parameter for each factor
of the three-factor PMF model and (d, e, and f) fraction of total signal contributions from each factor to the
total signal for the May 25 flight.
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Figure 12. The 2-D histogram of all particles detected in
the West LA Basin region as defined in Figure 2. Optical
diameter is calculated with a Mie model (assuming a refractive index of 1.5-0.0i) fit to the scattering cross-section
detected by a LEO fit of these particles’ scattering signal.
The solid lines denote the results of a core-and-shell Mie
model forced with the rBC core diameters on the x axis and
fit to the equivalent scattering cross-sections on the y axis.
The numbers denote the shell thickness diameters in nm.
[Moteki et al., 2007]. In the LA Basin, sulfate is a minor
constituent of the secondary aerosol relative to nitrate.
[33] In the Banning Outflow region, the overall mass ratio
is the smallest, reflecting loss of the volatile species from the
aerosol, particularly ammonium nitrate, relative to rBC. For
comparison, the Imperial Valley region data are also shown;
however, as mentioned above, the timescales over which LA
Basin air may mix into this region are unknown. Figures 9c
and 9d both show that rBC coating thicknesses increase at
the farthest sampling points outside of the LA Basin in both
the Banning Outflow and El Cajon Outflow regions. The
more noticeable increase in coating thicknesses occurring
outside the LA Basin may be due to the timescales necessary
for the coatings to grow on rBC. Moteki et al. [2007] found
that rBC particles become internally mixed on a timescale of
about 12 h in urban plumes. Figure 4f shows a sampling
location during the May 25 flight in the Banning Outflow
region in which the 12-h integrated surface history of the air
mass shows a clear link to the eastern LA Basin. The data in
Figure 10 show that the water-soluble organics continue to
remain high relative to rBC in both the Banning Outflow and
Imperial Valley regions and, therefore, likely contribute to
any coatings on rBC particles in these regions.
[34] To explain the variation in rBC coating thicknesses,
we used Positive Matrix Factorization (PMF) [Paatero and
Tapper, 1993; Paterson et al., 1999; Ulbrich et al., 2009]
with input parameters of mean rBC coating thickness and
AMS masses normalized by rBC mass for the May 25 flight.
Although Figure 10 shows the presence of two dominant
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species available as coating materials, nitrate and organics,
we used a three-factor PMF model in order to compare
with similar previous studies [Shiraiwa et al., 2007, 2008].
The predicted parameters (ammonium/rBC, nitrate/rBC,
organics/rBC, sulfate/rBC, and mean rBC coating thickness)
by the PMF model agree well with the measured values
(R2 = 0.934, 0.999, 1.000, 0.625, and 1.000, respectively),
indicating that the PMF model sufficiently describes the
variance in the data. The three factors are shown in
Figures 11a–11c. The fraction of signal is the contribution of
each parameter to the overall signal and is, thus, weighted by
the relative abundances of each parameter over the entire
May 25 flight. Thus, the ammonium and sulfate fractions
are small, because they have small loadings compared to the
nitrate, organics, and mean coating thickness signals. If we
look at the average fraction of measured signal accounted
for by each factor, Factor 1 (Figure 11a) describes 90%
of the measured nitrate/rBC signal, 28% of the organics/
rBC, but only 9% of the mean coating thickness. Factor
2 (Figure 11b) describes 57% of the organics/rBC and
22% of the mean coating thickness, while Factor 3
(Figure 11c) describes 15% of the organics/rBC and
69% of the mean coating thickness. Factors 2 and 3 each
only describe 5% of the nitrate/rBC signal. The cumulative explained fraction of measured signal by the PMF
model of nitrate/rBC, organics/rBC, and mean coating
thickness are 1.008, 0.999, and 1.000, respectively.
[35] Figures 11d–11f show the spatial pattern of the fraction of total signal contributed by the three factors on the
May 25 flight. Factor 1 (Figure 11d) has the largest contribution to the signal in the Banning Pass, coincident with the
largest loadings of nitrate measured on this flight. Although
the overall explained signal of mean coating thickness for
the entire flight is small for this factor, the dominance of the
total factor signal in this region means that the coatings are
likely nitrate and organics within the Banning Pass. Factor 2
(Figure 11e) has a more highly variable pattern throughout
the flight; however, there are noticeable local maxima in
several locations, particularly downwind of the Banning
Pass in the Banning Outflow region, where this factor makes
up 50% of the total signal. The areas of high Factor 2
signal are characterized by a largely organic rBC coating,
consistent with the ammonium nitrate having largely evaporated in this region (Figure 10). Factor 3 (Figure 11f ) is
dominant, by far, over most of the flight, with the exception
of the two areas mentioned above. Because Factor 3 is
essentially mean coating thickness by itself (Figure 11c), this
factor is, in essence, the residual variation in mean coating
thickness not described by Factors 1 and 2. Given its
importance over most of the flight, it is clear that the PMF
model does not contain enough parameters that vary with
mean coating thickness to fully describe, in a physical
interpretation, the cause for the variation in coating thickness
in most regions. However, in the Banning Pass and Outflow
regions, the PMF results support the conclusions from
Figure 10 that the available coating materials are largely
nitrate and organics, especially in regions where these
compounds have relatively high loadings.
4.3. The rBC Mixing State
[36] Figure 12 presents a 2D histogram of all particles
measured in the West LA Basin region (see Figure 2) during
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Figure 13. The 2-D histogram of all particles detected in (a) the West LA Basin region and (b) the Banning Outflow region, defined in Figure 2. Coating thickness is derived from a core-and-shell Mie model fit
with the detected scattering cross-section by a LEO fit of the scattering signal.

CalNex. rBC core diameters (VED) from 90–260 nm are
binned according to their optical diameter (175–410 nm)
determined with the LEO method. Optical diameter, calculated using Mie theory assuming that the particle is purely
scattering with a refractive index of 1.5-0.0i, is used instead
of scattering cross-section in this figure for convenience of
relating the scattering signal to particle diameter. Given the
assumed rBC core sizes of these particles in Figure 12, solid
lines representing a core-and-shell Mie model have been
overlaid with the shell thickness diameters given in nm.
Presented this way, the x- and y-axes limits on Figure 12 are
the limits of detection for coated rBC of the Twin Otter SP2.
As shown earlier, the MMD peaks below 130 nm for much
of the measurements during CalNex, and Figure 12 clearly
shows that one cannot determine the mixing state of the
majority of these particles unless they have a coating thickness greater than 50 nm in diameter.
[37] Despite these limitations, we can examine how the
behavior of coated rBC particles within the detection range
of the SP2 change with region. To simplify the presentation
of these data, Figure 13a is calculated directly from
Figure 12 by re-binning the 2D histogram in terms of the
core-and-shell Mie model scattering cross-sections to put the
measurement in terms of coating thickness diameter.
Figure 13a again shows the limits of detection at small rBC
core sizes, as the major mode of coated rBC particles is cut
off in the lower-left corner of the plot.
[38] Of particular interest is the evolution of the mixing
state of the rBC aerosol as it is transported into the outflow
regions. Figures 13a and 13b demonstrate this evolution
from the source-rich area of the western LA Basin to the

more aged Banning Outflow region. Figure 13 clearly shows
that a second mode of particles at small rBC VED’s but with
thick (≥150 nm) coatings become more important relative to
the main mode of more thinly-coated, larger rBC in the
outflows. In the source-rich region of the western LA Basin,
this second mode is barely visible as compared to the main
mode of thinly coated rBC, indicating a dominance of thinly
coated rBC particles, largely outside the detection range of
the SP2.
4.4. Variability of rBC Levels With Altitude
[39] Figure 14a shows the 1-min resolution rBC mass
concentration for all research flights as a function of altitude
with single soundings presented in Figures 14b and 14c. In
general, rBC mass concentration decreases with altitude,
with the smallest concentrations measured in the free troposphere. In contrast, the mean coating thickness increases
with altitude, with a dramatic increase above the inversion
layer. The trend of lower rBC concentrations with increasing
coating thickness is also shown in Figure 6. That the more
thickly coated rBC particles lie in the free troposphere is
consistent with a more aged aerosol, on which secondary
species have condensed. A dramatic shift in MMD occurs
above the inversion layer, indicating the rBC cores themselves are larger in the free troposphere. The characteristic
time for coagulation by rBC-containing particles only in the
free troposphere is about 82 days, but that of all particles in
this region is about 7 days (using a coagulation coefficient
K = 6.41  109 cm3 s1 calculated from the measurements) [Seinfeld and Pandis, 2006]. While this seems
excessively long for the rBC particles, it is likely that rBC
concentrations were much higher at their source, meaning
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Figure 14. Vertical distribution of (a) all SP2 measurements, (b) ascent out of LA on May 20, and
(c) descent into LA 3 h later. Each marker is a 1-min average data point indicating rBC mass concentration (x axis), mean coating thickness on rBC particles (marker color), and MMD (marker
size). The gray shaded region in Figure 14a denotes the range of inversion layer altitudes observed during
CalNex. The dashed lines in Figures 14b and 14c are the ambient temperature profiles and the dotted lines
are the dew point temperature profiles.
coagulation would have proceeded much faster initially
before being transported above the inversion. Another
possible explanation is that the rBC above the inversion
layer is from a different combustion source (biogenic vs.
anthropogenic) than for the fresh rBC particles in the
Basin, which may have caused larger rBC core sizes to
begin with [Schwarz et al., 2008a].
[40] Figures 14b and 14c show single soundings out of
and back into the LA Basin on May 20. These soundings are
for the same time periods as those presented in Figure 5 of
Duong et al. [2011]. The ascent took place before noon local
time on the east side of the LA Basin near the El Cajon Pass,
and the temperature profile indicates the presence of a weak
inversion layer (DT = 0.5 C at 1800 m) and a layer of
elevated rBC levels (an increase of 0.05 mg m3) around
the same level. The decrease in dew point temperature
(6.4 C) over this same layer is more dramatic and continues
to decrease above this layer, indicating a much drier air mass
aloft. Three hours later, on the descent into the LA Basin,
again near the El Cajon Pass, rBC levels below the inversion
layer are higher overall, especially near the base of the
inversion layer (DT = 1.6 C at 2400 m). Again, the dew

point temperature profile shows a sharp decrease (9.3 C)
indicating a much drier air mass aloft. Although Raga et al.
[2001] argue that the presence of an absorbing aerosol layer
just above the temperature inversion helps to strengthen
the inversion layer near Mexico City, we do not have
enough soundings at sufficiently high resolution to evaluate
this for the LA Basin. In fact, the data show that the rBC
mass concentrations on this flight are higher below the
inversion, especially later in the afternoon. Figures 14b
and 14c also show the presence of rBC layers with different mean coating thicknesses. On the ascent out of the
LA Basin, there is a layer of rBC at 1400 m altitude with
a mean coating thickness of 200 nm surrounded above
and below by rBC layers with mean coating thicknesses
of 115 nm. On the descent into the LA Basin later in the
day, just below the inversion layer, at 2350 m altitude,
the local maxima in rBC mass concentration (an increase
of 0.08 mg m3) coincides with a mean coating thickness
of 115 nm with surrounding layers >160 nm in coating
thickness. The descent also records the presence of a second inversion (DT = 2.4 C) much closer to the surface
(600 m altitude) in which a layer of rBC with mean

17 of 24

D00V13

METCALF ET AL.: BLACK CARBON OVER L.A. DURING CALNEX

D00V13

Figure 15. Percent change between Friday, May 14 and Saturday, May 15 measurements displayed as
percent change from the May 14 values (marker color) for: (a) rBC mass concentration, (b) WSOC/rBC
ratio, (c) mean coating thickness, and (d) coating volume concentration. The SP2 measurements are averaged over a grid spacing of 0.12 longitude by 0.1 latitude. The size of the markers in each plot is proportional to the May 14 measurement value. The stars denote the CalNex LA ground site at Caltech.
coating thickness 150 nm is surrounded by layers with
coating thicknesses of 105 nm. The complicated vertical
structure in Figures 14b and 14c is likely the result of the
“mountain-chimney effect” described by Lu and Turco
[1994, 1995]. In both soundings, the rBC just above the
inversion layer is dramatically different than below; the
rBC is much more thickly coated and the mass median
diameters are much larger.
4.5. Case Study: “Weekend Effect” on rBC Aerosol
[41] Ozone levels in the LA Basin are subject to the welldocumented weekday-weekend effect [e.g., Marr and
Harley, 2002; Pollack et al., 2012]. This so-called “weekend effect” is a result of the dramatically reduced amount of
heavy-duty truck traffic (diesel truck emissions decrease by
60–80%), as reflected primarily in NOx levels [Harley et al.,
2005].
[42] To examine the possible effects on rBC in the LA
Basin as a result of the weekend effect, Figure 15 presents
the percent change of several measurements from Friday,
May 14 to Saturday, May 15. We define the percent change
referenced to the measurements from May 14; thus, positive
values denote measurements that are higher on the weekend
flight of May 15. The size of the markers is proportional to
the measured values on May 14, revealing the weekday

pattern of larger values in the Basin. Figure 15a shows rBC
mass concentration changes in the Basin (see Figures 8f and
8g for actual measurements). By flight average, there is
virtually no change in rBC levels from May 14 to 15
(+0.01%), but there are regions within the Basin of increase
and decrease. Figure 15b shows change in the WSOC/rBC
ratio, which is indicative of secondary organic aerosol
(SOA) formation, increasing everywhere in the Basin by a
large percent. This observation is consistent with previous
observations that the highest levels of SOA formation in the
LA Basin occur on weekends [Turpin and Huntzicker, 1991,
1995]. Figure 15c shows that mean coating thicknesses also
increase everywhere on May 15 throughout the LA Basin.
Finally, Figure 15d shows that in the far northeast corner of
the LA Basin the coating volume concentration is smaller on
May 15, in contrast to the rest of the Basin which has more
coating volume on this particular Saturday. While this may
seem to conflict with Figure 15c, note that mean coating
thickness is a particle-by-particle average, which gives the
mean state of single rBC particles, whereas coating volume
concentration is a bulk measurement that reflects total
number concentration as well as average coating thickness.
Thus, on Friday, May 14, there were more particles in the
LA Basin, and thus more total coating volume on rBC in the
northeast corner of the Basin, where pollution accumulates,
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western LA Basin to the Banning Outflow region and one
with an rBC VED 90 nm, on the edge of the SP2
detection range, with a coating that grows from <100 nm
(out of detection range) to >200 nm. In general, rBC mass
concentrations decrease with altitude, while the coating
thickness increases dramatically above the inversion layer,
consistent with a more aged aerosol in the free troposphere. The “weekend effect” on rBC resulted in more
thickly coated rBC particles on a Saturday versus the
preceding Friday everywhere in the LA Basin, coinciding
with higher WSOC/BC ratios, indicating more secondary
formation of aerosol on Saturday.

Appendix A: Calibration of the SP2
A1.

Figure A1. Calibration data for the high-gain (upper-left
trace) and low-gain (lower-right trace) incandescence channels. The rBC mass (bottom x axis) is calculated from the
selected mobility diameter with mobility density for Aquadag and Fullerene from Gysel et al. [2011] and density =
1.4 g cm3 for glassy carbon spheres (GCS). rBC diameter
(top x axis) is volume-equivalent diameter (VED) calculated
as for ambient particles, assuming a spherical particle with a
density = 1.8 g cm3. The solid line is the calibration curve
used in this study, calculated from the Aquadag data only.

despite the fact that per rBC particle, there was a thinner
coating of material.

5. Summary
[43] The present work reports rBC measurements during
May 2010 as part of the CalNex 2010 field experiment in
California. The measurements were carried out onboard the
CIRPAS Twin Otter aircraft during 18 research flights, using
the Single Particle Soot Photometer. The dominant feature
controlling the regional variability of rBC aerosol in the LA
Basin is the daytime southwesterly sea breeze. The sea
breeze advects the fresh LA plume inland, where mountain
ranges and a shallow inversion layer collect the pollution
before exiting the Basin through two narrow mountain passes. While rBC mass concentrations remain fairly uniform
west-to-east within the Basin, there is clear growth of secondary organics and ammonium nitrate as the LA plume is
advected eastward in the Basin. This secondary growth
coincides with an increase in the coating thickness on rBC
particles from west to east. In the outflow regions, the volatile ammonium nitrate largely evaporates, leaving WSOC
as the most abundant secondary material available to contribute to the growing mean rBC coating thicknesses.
Detailed analysis of the rBC mixing state reveals two
modes of coated particles, one with an rBC VED 145 nm
with a coating that grows from 50 nm to 70 nm from the

The rBC Mass Calibration

[44] The SP2 has two incandescence channels, a broadband (l = 350–800 nm) and a narrowband (l = 630–800 nm)
channel. The Twin Otter SP2 was additionally configured
such that the broadband incandescence channel was set to a
higher gain setting than the narrowband channel, to increase
the total range of detectable refractory black carbon mass.
Figure A1 presents the incandescence calibration for the two
channels, showing the clear overlap in signal ranges and
deviation of the signal from the linear fit at larger particle
masses. A comparison is made to other rBC aerosol standards, Fullerene soot (stock #40971, lot #G25N20, Alfa
Aesar, Ward Hill, MA, USA) and glassy carbon spheres
(GCS, Type II, stock #38008, lot #C14K07, Alfa Aesar). The
mass of generated Fullerene particles is calculated using the
relation from Gysel et al. [2011]; however, we note that
our batch of Fullerene is different from that used in their
study. GCS mobility diameter is converted to mass using the
manufacturer-reported density of 1.42 g cm3. The Fullerene
and GCS calibration slopes are both 37% larger than the
Aquadag slope, meaning that these calibrations would yield
larger rBC masses. When more data becomes available
relating these three rBC standards to ambient rBC in the LA
Basin, corrections to the calibration can be made.
[45] The SP2 incandescence channels were calibrated with
Aquadag by nebulizing a solution of Aquadag and milliQ
water through a differential mobility analyzer (DMA, TSI
Model 3081) used to classify the mobility of the generated
particles. The mass of those particles was calculated from
the mobility diameter using the relation from Gysel et al.
[2011], who showed that Aquadag mobility density is
independent of production batch and specific aerosol generation procedures. We have chosen to use Aquadag as our
calibration standard because of this published density and
because the different production lots of Aquadag have been
distributed to most SP2 users by DMT; thus, providing a
means to inter-relate the many SP2 instruments. Recent
work by Laborde et al. [2012] instead recommend the use of
Fullerene soot, as has been recommended previously
[Moteki and Kondo, 2010]. However, the mobility density of
Fullerene soot is not consistent across different production
lots and may vary by up to 14% between specific batches
[Laborde et al., 2012]. For this study, we did not have access
to a particle mass analyzer and, therefore, could not verify
the mobility density of our batch of Fullerene.

19 of 24

D00V13

METCALF ET AL.: BLACK CARBON OVER L.A. DURING CALNEX

D00V13

calibration for a full Gaussian fit to the scattering signal
and for the LEO fits to the scattering signal, detailed
below. A Mie scattering model is used to relate diameter
and refractive index to the scattering cross-section. In
Figure A2, each data point represents the median of a
sample of about 10,000 particles. The error bars are one
standard deviation of the LEO fit amplitude, indicative of
the spread in the data for each size. The linear fit was
found by forcing a zero intercept, but very little change in
slope occurs if this criterion is relaxed. The data used to
generate the linear fit were the DOS data only. Both DOS
and PSL calibration curves demonstrate the linearity of the
scattering response of the SP2 to scattering cross-section
(R2 = 0.996 and 0.999, respectively). Uncertainty in the
full Gaussian fit amplitude is 14%.
A3.

Figure A2. PSL and DOS scattering calibration data. Each
data point is the median of about 10,000 particles, and the
error bars indicate one standard deviation. For reference,
both the full Gaussian and the leading-edge only fits are
shown, but operationally, only the leading edge fits are used
to determine an optical diameter.

[46] It has been previously shown that the incandescence
response of the SP2 is linear up to particle masses of 10 fg
and independent of particle shape or mixing state [Moteki
and Kondo, 2007, 2010; Slowik et al., 2007]. We have
found a linear response over a slightly larger range, up to at
least a 50 fg particle (see Figure A1), before surface area
effects lead to a power law dependence in the signal. The
coefficients of determination (R2 = 0.993, 0.996, and 0.997
for Aquadag, Fullerene, and GCS, respectively) clearly
demonstrate the linearity in the response of the SP2 to rBC
mass. We have chosen to fit both incandescence channels
with a linear function and note that errors will be greatest at
the extreme large end of the rBC mass spectrum, where few
particles were detected in this study. The detection limit of
the high-gain broadband incandescence channel was 0.48–
11.1 fg rBC per particle (80–227 nm VED) and of the lowgain narrowband incandescence channel was 3.66–317 fg
rBC per particle (157–696 nm VED).
A2.

Scattering Calibration

[47] The SP2 has two scattering channels, a high-gain
and a low-gain channel, which are filtered to detect scattered light at l = 1064 nm. The Twin Otter SP2 was
configured with a split-detector on the high-gain scatter
channel, which is used to obtain particle position information for use in a leading-edge only (LEO) fit of the
scattering data on the low-gain channel [Gao et al., 2007].
The scattering channels were calibrated with both dioctyl
sebecate (DOS, refractive index = 1.45-0.0i) and polystyrene latex spheres (PSL, refractive index = 1.59-0.0i) sizeselected by a DMA. Figure A2 shows the results of the

LEO Fitting

[48] We desire to use only the leading-edge of the scattering signal so that coated rBC particles, which have a
scattering signal that begins as a Gaussian shape but then is
perturbed as the coating evaporates, may be sized according
to their full, unperturbed diameter. We have chosen the criterion for determining the last point in the leading-edge
signal consistent with Gao et al. [2007]; that is, an amplification factor of 30, which means signals up to the point
where the signal is 3.33% of the maximum observed signal
for that particle are used in the LEO fit.
[49] In addition to using only a limited portion of the
scattering signal for each particle, we simplify the Gaussian
fit based on calibration results. The Gaussian-shaped scatter
signal, S, as a function of time, t, on the low-gain scatter
channel is written as
"

 #
tb 2
S ðt Þ ¼ a exp 4ln2
þd
c


ðA1Þ

where a is the height of the peak, b is the position of the
center of the peak, c is the full width at half maximum, and d
is the baseline or offset. Owing to the constant flow rate and
width of the laser in the instrument, purely scattering particles of all sizes exhibit the same full width at half maximum
(c) and peak position (b) relative to the zero-crossing of the
split-detector (labeled as “Position Time” on Figure 5) [Gao
et al., 2007]. Thus, equation (A1) can be simplified to
S ðt Þ ¼ aX ðt Þ þ d

ðA2Þ


 2 
where X ¼ exp 4ln2 tb
can be calculated directly
c
from calibration data and S, a, and d are defined above. In
fitting equation (A2), we do not restrict the value of d, the
signal baseline, but keep it as a free parameter and compare
the fitted d to the baseline value estimated as the minimum
average of the first or last 20 signal data points on the singleparticle time trace (Figure 5). This comparison ensures that
the fit to the scattering data yields realistic values for a. Due
to fluctuations in sample flow and laser profile, LEO fitting
increases uncertainty in the retrieved scattering amplitude
to 22%.
[50] To validate the LEO method of fitting, we compared
the full Gaussian fit amplitude to the leading-edge fits for the
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Figure A3. Comparison of the leading-edge only (LEO) fit
amplitudes to the full Gaussian fit amplitudes for purely scattering particles. DOS (R2 = 0.998) and PSL (R2 = 0.999) calibration data are shown, as well as purely scattering ambient
particle data from one of the flights during CalNex.
DOS and PSL calibration data as well as for a subset of
purely scattering particle data from several of the research
flights. The results are given in Figure A3. For clarity, the
fits from a segment of only one of the flights is shown, but
all flights gave similar results. Although the slope between
the two methods is not ideally unity, the linearity of the plot
(R2 = 0.998 and 0.999 for DOS and PSL, respectively)
validates this as an effective method for sizing particles.
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