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Absorbing	  Aerosols:	  
Point	  Sensing	  of	  Op/cal	  &	  Microphysical	  Proper/es

Absorbing	  aerosols	  (black	  carbon	  and	  brown	  carbon)	  contribute	  to	  aerosol	  radia/ve	  forcing	  by:

Direct	  Effect
• Light	  scaOering	  and	  absorp/on	  (r6	  vs	  r3	  for	  Rayleigh	  par/cles)

	  
Indirect	  Effect
• Hinder	  ability	  of	  CCN	  to	  ac/vate	  due	  to	  increase	  in	  droplet	  temperature	  

Semi-‐direct	  Effect	  
• Alter	  temperature	  structure	  of	  atmosphere;	  influence	  cloud	  cover	  and	  precipita/on



A	  Word	  on	  Terminology
AA	  (absorbing	  aerosol),	  BC	  (black	  carbon),	  EC	  (elemental	  carbon),	  rBC	  (refractory	  black	  carbon),	  
BrC	  (brown	  carbon),	  soot,	  LAC	  (light	  absorbing	  carbon),	  …

Pöschl,	  2003

By definition, an aerosol is composed of particulate and
gas-phase components, that is, the term aerosol component
can refer to chemical compounds in condensed as well as in
the gaseous state. In practice and in the remainder of this
manuscript, however, the term aerosol component usually
refers to semi- and nonvolatile particle components but not to
volatile compounds residing almost exclusively in the gas
phase.

Most traditional methods for the sampling and chemical
analysis of air particulate matter are “offline” and involve the
collection of the investigated particles on solid deposition
substrates (membrane or fiber filters, inertial impaction
plates, thermal or electrostatic precipitation plates) or in a
liquid (wetted wall cyclone, impinger, or washing bottle) and
intermediate steps of sample storage, transport, and prepara-
tion before chemical analysis.[1, 20,22] These methods are prone
to analytical artifacts caused by evaporation of particle
components, adsorption or absorption of additional gas-
phase components, and chemical reaction during sample
collection, storage, transport, and preparation. The potential
for measurement artifacts is particularly high for reactive and
semivolatile organic aerosol components, and elaborate
sampling techniques combining parallel or consecutive
trains of denuders, filters, and adsorbent cartridges have
been developed to minimize or at least quantify the effects
outlined above.[1,19,20,29,30]

Besides the problem of sampling artifacts, offline techni-
ques hardly allow the resolution of the high spatial and
temporal variability of atmospheric aerosols. Over the past
few years, however, substantial progress has been made in the
development of aerosol mass spectrometers for real-time
measurements of size-selected (single) particles. As the
methods of vaporization, ionization, calibration, and data
analysis are improved, these instruments promise reliable
quantitative analyses, especially for chemical elements and
inorganic species. Some of them also allow differentiation
between surface and bulk composition, but the influence of
matrix effects on vaporization and ionization efficiencies and
thus on the interpretation of the measurement data still
remains to be sorted out reliably. Advances in this rapidly
moving field have been reported in a growing number of
research and review articles.[20, 25–28,31–40]

A particularly challenging application of aerosol mass
spectrometry with high relevance for public health and
security is the identification of biological particles and
pathogens (bacteria, viruses, spores, etc.).[25, 41,42] Alternative
concepts for online monitoring of bioaerosols are based on
aerodynamic sizing and fluorescence spectroscopy,[43] whereas
most other applicable techniques are offline and highly labor
intensive (cultivation, staining, fluorescence and electron
microscopy, enzyme and immunoassays, DNA analysis,
etc.).[18,44–52]

2.1. Carbonaceous Aerosol Components

Carbonaceous aerosol components (organic compounds
and black or elemental carbon) account for a large fraction of
air particulate matter, exhibit a wide range of molecular

structures, and have a strong influence on the physicochem-
ical, biological, climate- and health-related properties, and
effects of atmospheric aerosols.[1, 4,19,53–56]

Traditionally the total carbon (TC) content of air partic-
ulate matter is defined as the sum of all carbon contained in
the particles, except in the form of inorganic carbonates. TC is
usually determined by thermochemical oxidation and evolved
gas analysis (CO2 detection), and divided into an organic
carbon (OC) fraction and a black carbon (BC) or elemental
carbon (EC) fraction. Measurements of BC and EC are
generally based on optical and thermochemical techniques,
and OC is operationally defined as the difference between TC
and BC or EC (TC=BC + OC or TC=EC + OC).[19] As
illustrated in Figure 5, however, there is no real sharp

boundary but a continuous decrease of thermochemical
refractiveness and specific optical absorption going from
graphite-like structures to nonrefractive and colorless organic
compounds, respectively.[57] Both BC and EC consist of the
carbon content of the graphite-like material usually contained
in soot (technically defined as the black product of incom-
plete hydrocarbon combustion or pyrolysis) and other
combustion aerosol particles, which can be pictured as more
or less disordered stacks of graphene layers or large polycyclic
aromatics.[58,59] Depending on the applied optical or thermo-
chemical methods (absorption wavelength, temperature gra-
dient, etc.), however, BC and EC measurements also include
the carbon content of colored and refractory organic com-
pounds, which can lead to substantially different results and
strongly limits the comparability and suitability of BC, EC,
and OC data for the determination of mass balances and
physicochemical properties of air particulate matter.

Nevertheless, most information available on the abun-
dance, properties, and effects of carbonaceous aerosol
components so far is based on measurement data of TC,
OC, and BC or EC.[19,56] These data are now increasingly
complemented by measurements of water-soluble organic
carbon (WSOC), its macromolecular fraction (MWSOC), and
individual organic compounds as detailed in Section 2.2.
Moreover, the combination of thermochemical oxidation with
14C isotope analysis (radiocarbon determination in evolved

Figure 5. Optical and thermochemical classification and molecular
structures of black carbon (BC), elemental carbon (EC), and organic
carbon (OC=TC!BC or TC!EC).[57] Depending on the method of
analysis, different amounts of carbon from refractory and colored
organic compounds are included in OC and BC or EC.
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Several	  opera/onal	  defini/ons,	  but	  issues	  with	  each	  	  

Bond	  et	  al.,	  (2013)	  Bounding	  the	  role	  of	  black	  carbon	  in	  the	  climate	  system:	  A	  scien8fic	  assessment



Point	  Sensing	  Aerosol	  Light	  Absorp/on

Filter-‐based
Par/cle	  Soot	  Absorp/on	  Spectrometer	  (PSAP):	  standard	  for	  several	  years
Con/nuous	  Light	  Absorp/on	  Photometer	  (CLAP):	  	  automated	  8-‐filter	  sampling	  
Mul/-‐Angle	  Absorp/on	  Photometer	  (MAAP):	  corrects	  for	  scaOering	  losses

In	  situ
Direct:	  Photoacous/c	  Spectroscopy	  (PAS)
Direct:	  Photothermal	  Interferometry	  (PTI)

Indirect	  Cadenza:	  difference	  of	  ex/nc/on	  and	  scaOering

Petzold	  et	  al.,	  2004

Sheridan	  et	  al.,	  2011

How	  well	  do	  we	  need	  to	  measure	  Babs?	  	  Measurement	  difficul/es	  under	  high	  RH	  condi/ons.

Op/cal	  Proper/es	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   Microphysical	  Proper/es

Light	  absorp/on	  heats
par/cle

measure	  sound	  wave

measure	  RI	  change	  



Lack	  et	  al.,	  2012

Wavelength	  dependence	  of	  enhancement	  factor	  (Eabs)	  for	  plumes	  containing	  BrC	  

Biomass	  burns	  provide	  an	  important	  source	  of	  BrC	  as	  well	  as	  BC

Op/cal	  Proper/es	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   Microphysical	  Proper/es
E a

bs

The average kBrC-404 was 0.007ð"0.005Þ, with the largest
kBrC-404 of 0.015 found during period BB1. The calculated
kBrC-404 suggests that there is a large variability in the optical
properties of the POM (factors of 2–3) even within the same
BB event (Fig. 2B). The average kBrC-404 for period BB1 was
found to be 0.009, which is at the lower end reported in previous
studies (16, 38, 39). Interestingly, BB2, which shows significant
absolute BrC absorption, has a kBrC-404 of around 0.005, indicat-
ing that the BrC is chemically different than that in BB1, or it has
mixed with nonabsorbing material from other sources (such as
anthropogenic POM).

Biomass Burning Absorption Attribution. Having established that
BC, internal mixing, and absorbing POM are all contributors
to the total absorption at 404 nm, we now quantitatively partition
these effects. We use the calculated CF, kBrC-404 and some addi-
tional Mie Theory modeling to calculate the fraction of total ab-
sorption due to uncoated BC (fAbs-BC), internal mixing (fAbs-Lens),
and BrC (fAbs-BrC) (Methods and Fig. S7).

We find that BC absorption does not always dominate the total
absorption within the BB plume. The BC contributed 54ð"16Þ%
of total 404 nm absorption while internal mixing contributed
19ð"8Þ% (shown in Fig. 3B as histograms). Even though the
POM is calculated to have a kBrC-404 value significantly lower than
BC (kBrC-404 ¼ 0.01, kBC ¼ 0.71), BrC absorption from internally
and externally mixed POM contributed 27ð"15Þ% of total 404 nm
absorption (Fig. 3 A and B). Despite the modest absorption prop-
erties of BrC, the large POM mass in the BB plumes (20–50 times
greater than BC mass) produced significant absorption at 404 nm.

The fractional absorption histograms for BC and lensing absorp-
tion enhancement at 532 nm are also included in Fig. 3B.

Mass Absorption Efficiency of Biomass Burning Organic Particles. The
MAE is an alternative quantitative measure of the absorptive
properties of POM.MAEBrC at 404 nm can be calculated from the
partitioned absorption andmeasured POMmass. Calculations of a
bulk MAEBrC are highly variable, ranging between 1–2.5 m2 g−1
(Fig. 4A). The bulk MAEBrC includes absorption from lensing
enhancement and is an overestimate of the trueMAE of the POM.
Excluding the internal mixing contribution (Fig. 3) produces actual
MAEBrC values of 0.5–1.5 m2 g−1 (Fig. 4A) indicating that inter-
nal mixing can lead to MAEBrC overestimates of 50% or more.
Periods BB1 and BB2 have very different bulk MAEBrC (Fig. 4B);
however, when the contribution of internal mixing is removed (i.e.,
actual MAEBrC; Fig. 4C) the MAEBrC of the previously different
periods converge, indicating that the additional POM in period
BB2 was non-absorbing at 404 nm and created additional absorp-
tion through internal mixing with BC.

Summary. In this paper we analyzed optical measurements of par-
ticles from a large Ponderosa Pine forest fire to assess the con-
tribution of radiation absorption by BC, absorption through
internal mixing of BC with POM and ammonium nitrate (lensing
effect), and intrinsic absorption of POM (brown carbon).

We present evidence of lensing-driven enhanced absorption
at 532 nm, up to 1.7 times (mean ¼ 1.38), due to internal mixing
of biomass combustion sourced BC with POM and ammonium
nitrate.

Table 1. Average measured and derived particle optical and physical characteristics across the sampling periods

Measured Derived

PeriodLabel-Details
SSA

404 nm
SSA

532 nm
AAE

658–404 nm EAbs-404 EAbs-532

MAEBC
404/532

MAEPM
404/532 fPOM-Ext

kBrC

404 nm
MAEBrC

404 nmm2g−1

BG1: Background/Low Signal 0.83 0.80 1.4 1.5 1.3 5.8/5.8 8.4/7.0 0.80 0.004 0.6
BB1: BB 0.85 0.90 2.3 2.5 1.4 5.3/5.6 12.9/8.3 0.89 0.009 1.0
BB2: BB+Anthropogenic 0.80 0.84 2.3 2.1 1.5 6.4/5.6 13.8/8.1 0.79 0.005 1.1
BG2: Background/Low Signal 0.83 0.75 1.1 1.3 1.3 6.2/6.4 7.9/7.3 0.79 0.006 0.2

A

B C

Fig. 1. Measured absorption enhancements (EAbs).
(A) Time series of EAbs-404 and EAbs-532 and NR-PM
and POM mass. One-second optical data overlaid
on the 60-second data. Horizontal solid and dashed
line indicate an EAbs of 1.0 and 1.5, respectively. Sun-
rise and sun set ¼ vertical dashed lines. (B and C)
EAbs-404 and EAbs-532 respectively versus NR-PM mass
colored by time periods identified in the shaded re-
gions of A and identified in Table 1 and Table S2.
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The average kBrC-404 was 0.007ð"0.005Þ, with the largest
kBrC-404 of 0.015 found during period BB1. The calculated
kBrC-404 suggests that there is a large variability in the optical
properties of the POM (factors of 2–3) even within the same
BB event (Fig. 2B). The average kBrC-404 for period BB1 was
found to be 0.009, which is at the lower end reported in previous
studies (16, 38, 39). Interestingly, BB2, which shows significant
absolute BrC absorption, has a kBrC-404 of around 0.005, indicat-
ing that the BrC is chemically different than that in BB1, or it has
mixed with nonabsorbing material from other sources (such as
anthropogenic POM).

Biomass Burning Absorption Attribution. Having established that
BC, internal mixing, and absorbing POM are all contributors
to the total absorption at 404 nm, we now quantitatively partition
these effects. We use the calculated CF, kBrC-404 and some addi-
tional Mie Theory modeling to calculate the fraction of total ab-
sorption due to uncoated BC (fAbs-BC), internal mixing (fAbs-Lens),
and BrC (fAbs-BrC) (Methods and Fig. S7).

We find that BC absorption does not always dominate the total
absorption within the BB plume. The BC contributed 54ð"16Þ%
of total 404 nm absorption while internal mixing contributed
19ð"8Þ% (shown in Fig. 3B as histograms). Even though the
POM is calculated to have a kBrC-404 value significantly lower than
BC (kBrC-404 ¼ 0.01, kBC ¼ 0.71), BrC absorption from internally
and externally mixed POM contributed 27ð"15Þ% of total 404 nm
absorption (Fig. 3 A and B). Despite the modest absorption prop-
erties of BrC, the large POM mass in the BB plumes (20–50 times
greater than BC mass) produced significant absorption at 404 nm.

The fractional absorption histograms for BC and lensing absorp-
tion enhancement at 532 nm are also included in Fig. 3B.

Mass Absorption Efficiency of Biomass Burning Organic Particles. The
MAE is an alternative quantitative measure of the absorptive
properties of POM.MAEBrC at 404 nm can be calculated from the
partitioned absorption andmeasured POMmass. Calculations of a
bulk MAEBrC are highly variable, ranging between 1–2.5 m2 g−1
(Fig. 4A). The bulk MAEBrC includes absorption from lensing
enhancement and is an overestimate of the trueMAE of the POM.
Excluding the internal mixing contribution (Fig. 3) produces actual
MAEBrC values of 0.5–1.5 m2 g−1 (Fig. 4A) indicating that inter-
nal mixing can lead to MAEBrC overestimates of 50% or more.
Periods BB1 and BB2 have very different bulk MAEBrC (Fig. 4B);
however, when the contribution of internal mixing is removed (i.e.,
actual MAEBrC; Fig. 4C) the MAEBrC of the previously different
periods converge, indicating that the additional POM in period
BB2 was non-absorbing at 404 nm and created additional absorp-
tion through internal mixing with BC.

Summary. In this paper we analyzed optical measurements of par-
ticles from a large Ponderosa Pine forest fire to assess the con-
tribution of radiation absorption by BC, absorption through
internal mixing of BC with POM and ammonium nitrate (lensing
effect), and intrinsic absorption of POM (brown carbon).

We present evidence of lensing-driven enhanced absorption
at 532 nm, up to 1.7 times (mean ¼ 1.38), due to internal mixing
of biomass combustion sourced BC with POM and ammonium
nitrate.

Table 1. Average measured and derived particle optical and physical characteristics across the sampling periods

Measured Derived

PeriodLabel-Details
SSA

404 nm
SSA

532 nm
AAE

658–404 nm EAbs-404 EAbs-532

MAEBC
404/532

MAEPM
404/532 fPOM-Ext

kBrC

404 nm
MAEBrC

404 nmm2g−1

BG1: Background/Low Signal 0.83 0.80 1.4 1.5 1.3 5.8/5.8 8.4/7.0 0.80 0.004 0.6
BB1: BB 0.85 0.90 2.3 2.5 1.4 5.3/5.6 12.9/8.3 0.89 0.009 1.0
BB2: BB+Anthropogenic 0.80 0.84 2.3 2.1 1.5 6.4/5.6 13.8/8.1 0.79 0.005 1.1
BG2: Background/Low Signal 0.83 0.75 1.1 1.3 1.3 6.2/6.4 7.9/7.3 0.79 0.006 0.2

A

B C

Fig. 1. Measured absorption enhancements (EAbs).
(A) Time series of EAbs-404 and EAbs-532 and NR-PM
and POM mass. One-second optical data overlaid
on the 60-second data. Horizontal solid and dashed
line indicate an EAbs of 1.0 and 1.5, respectively. Sun-
rise and sun set ¼ vertical dashed lines. (B and C)
EAbs-404 and EAbs-532 respectively versus NR-PM mass
colored by time periods identified in the shaded re-
gions of A and identified in Table 1 and Table S2.
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BG1	  	  	  	  	  BG2:	  background
BB1	  	  	  	  	  	  BB2:	  biomass	  burn

What	  are	  the	  rela/ve	  contribu/ons	  of	  BrC	  and	  BC	  to	  radia/ve	  forcing?



KirchsteOer	  et	  al.,	  2004

Op/cal	  Proper/es	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   Microphysical	  Proper/es

samples indicated that adsorbed organic gases (i.e., the
positive sampling artifact [Kirchstetter et al., 2001]) con-
tributed to the measured light absorption by the particle-
laden quartz filters for firewood smoke but not for the
Berkeley samples. However, the influence of this gaseous
light absorption on the value of a for the firewood smoke
samples was much too small (<10%) to cause the measured
differences between the spectral dependence in aerosol light
absorption by the urban and biomass smoke samples.
[17] We found that the power law relationship often

understated the spectral dependence in absorption for sam-
ples that exhibited strong spectral dependence (i.e., the
biomass smoke samples) (as shown in Figure 3c). In the
case of biomass smoke samples, the power law relationship
fit the data better and larger absorption Ångström exponents
were obtained when near-infrared wavelength data were
excluded. Thus, considering only the ultra violet and visible
spectral regions, the difference between the absorption
spectral dependence of the biomass and urban (Berkeley
and motor vehicle) samples, as expressed by a, is generally
larger than indicated in Table 1.
[18] Our findings are consistent with prior reports of

aerosol absorption spectral dependence, which are summa-
rized in Table 2. Prior measurements of soot and urban
aerosols indicated weak spectral dependence [e.g., Rosen et
al., 1978; Bergstrom et al., 2002; Horvath et al., 1997].
Bergstrom et al. [2003] estimated aerosol absorption spec-
tral dependence by inverting spectral solar radiative flux
measurements made during two research flights during
SAFARI 2000 and found that aerosol absorption varied
as l!2 for optically dense aerosol layers (in the ‘‘river
of smoke’’ [Swap et al., 2003]), whereas a spectral depen-
dence of l!1 was inferred from measurements made over
the ocean away from aerosol source regions. Likewise,
Dubovik et al. [1998] reported on AERONET radiance data
acquired in Brazil, and noted that during two of three
biomass burning seasons, aerosol absorption varied as
l!2.4. Patterson and McMahon [1984] reported strong

spectral dependence for aerosols produced during smolder-
ing combustion of pine needles.

3.2. Effect of Organic Carbon

[19] Extraction of aerosol samples with acetone removed
significant amounts of OC, as exemplified in Figure 2. After
removal of OC, biomass smoke samples exhibited greatly
reduced absorption spectral dependence (average a = 1.2,
reduced from 2.0). By contrast, removal of OC from the
tunnel and roadway samples had a lesser effect (average a =
0.7, reduced from 0.8), and removal of OC from the
Berkeley aerosol samples did not change the average
absorption spectral dependence (a = 0.9).
[20] The effects of extracting aerosol samples with ace-

tone are further illustrated in Figure 3. Shown are examples
where acetone extraction (1) had essentially no impact on a
or on the measured values of ATN (Berkeley, June 2001),
(2) had little impact on a but reduced the magnitude of ATN
at all measured wavelengths (Berkeley, May 2001), and
(c) reduced a and the magnitude of ATN at wavelengths
below about 600 nm only (SAFARI 57). Samples in
category 1 indicate that extraction of acetone soluble OC
did not alter the magnitude or the spectral dependence of
aerosol light absorption in some cases, namely, the motor
vehicle-dominated samples. For these samples, we infer that
BC was the dominant light-absorbing aerosol component at
all wavelengths considered. We attribute the broad spectral
decrease in ATN of samples in category 2 to mechanical
removal of BC because no other aerosol components absorb
light over the entire spectral region considered here and
acetone extraction was not expected to dissolve inorganic
salts that might have contributed to the ATN of the untreated
sample via light scattering. While the intention of acetone
extraction was to remove soluble OC only, mechanical
removal of particles from the filter was sometimes visibly
evident, particularly for heavily loaded filter samples.
The spectrally dependent decrease in ATN exemplified in
Figure 3c, and exhibited by the savanna and wood burning

Figure 1. Normalized light attenuation (ATN) for four aerosol samples measured using (a) a Perkin
Elmer spectrometer and (b) the multiple wavelength light transmission instrument (MULTI). ATN values
were normalized so that spectral absorption trends could be compared independent of sample loading.
The solid lines were generated using a power law equation (see text) with l!1 for the Berkeley and
roadway samples and l!2.5 for the Southern African Regional Science Initiative (SAFARI) and firewood
samples. The values of the exponent of l were chosen to fit the data.
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samples indicated that adsorbed organic gases (i.e., the
positive sampling artifact [Kirchstetter et al., 2001]) con-
tributed to the measured light absorption by the particle-
laden quartz filters for firewood smoke but not for the
Berkeley samples. However, the influence of this gaseous
light absorption on the value of a for the firewood smoke
samples was much too small (<10%) to cause the measured
differences between the spectral dependence in aerosol light
absorption by the urban and biomass smoke samples.
[17] We found that the power law relationship often

understated the spectral dependence in absorption for sam-
ples that exhibited strong spectral dependence (i.e., the
biomass smoke samples) (as shown in Figure 3c). In the
case of biomass smoke samples, the power law relationship
fit the data better and larger absorption Ångström exponents
were obtained when near-infrared wavelength data were
excluded. Thus, considering only the ultra violet and visible
spectral regions, the difference between the absorption
spectral dependence of the biomass and urban (Berkeley
and motor vehicle) samples, as expressed by a, is generally
larger than indicated in Table 1.
[18] Our findings are consistent with prior reports of

aerosol absorption spectral dependence, which are summa-
rized in Table 2. Prior measurements of soot and urban
aerosols indicated weak spectral dependence [e.g., Rosen et
al., 1978; Bergstrom et al., 2002; Horvath et al., 1997].
Bergstrom et al. [2003] estimated aerosol absorption spec-
tral dependence by inverting spectral solar radiative flux
measurements made during two research flights during
SAFARI 2000 and found that aerosol absorption varied
as l!2 for optically dense aerosol layers (in the ‘‘river
of smoke’’ [Swap et al., 2003]), whereas a spectral depen-
dence of l!1 was inferred from measurements made over
the ocean away from aerosol source regions. Likewise,
Dubovik et al. [1998] reported on AERONET radiance data
acquired in Brazil, and noted that during two of three
biomass burning seasons, aerosol absorption varied as
l!2.4. Patterson and McMahon [1984] reported strong

spectral dependence for aerosols produced during smolder-
ing combustion of pine needles.

3.2. Effect of Organic Carbon

[19] Extraction of aerosol samples with acetone removed
significant amounts of OC, as exemplified in Figure 2. After
removal of OC, biomass smoke samples exhibited greatly
reduced absorption spectral dependence (average a = 1.2,
reduced from 2.0). By contrast, removal of OC from the
tunnel and roadway samples had a lesser effect (average a =
0.7, reduced from 0.8), and removal of OC from the
Berkeley aerosol samples did not change the average
absorption spectral dependence (a = 0.9).
[20] The effects of extracting aerosol samples with ace-

tone are further illustrated in Figure 3. Shown are examples
where acetone extraction (1) had essentially no impact on a
or on the measured values of ATN (Berkeley, June 2001),
(2) had little impact on a but reduced the magnitude of ATN
at all measured wavelengths (Berkeley, May 2001), and
(c) reduced a and the magnitude of ATN at wavelengths
below about 600 nm only (SAFARI 57). Samples in
category 1 indicate that extraction of acetone soluble OC
did not alter the magnitude or the spectral dependence of
aerosol light absorption in some cases, namely, the motor
vehicle-dominated samples. For these samples, we infer that
BC was the dominant light-absorbing aerosol component at
all wavelengths considered. We attribute the broad spectral
decrease in ATN of samples in category 2 to mechanical
removal of BC because no other aerosol components absorb
light over the entire spectral region considered here and
acetone extraction was not expected to dissolve inorganic
salts that might have contributed to the ATN of the untreated
sample via light scattering. While the intention of acetone
extraction was to remove soluble OC only, mechanical
removal of particles from the filter was sometimes visibly
evident, particularly for heavily loaded filter samples.
The spectrally dependent decrease in ATN exemplified in
Figure 3c, and exhibited by the savanna and wood burning

Figure 1. Normalized light attenuation (ATN) for four aerosol samples measured using (a) a Perkin
Elmer spectrometer and (b) the multiple wavelength light transmission instrument (MULTI). ATN values
were normalized so that spectral absorption trends could be compared independent of sample loading.
The solid lines were generated using a power law equation (see text) with l!1 for the Berkeley and
roadway samples and l!2.5 for the Southern African Regional Science Initiative (SAFARI) and firewood
samples. The values of the exponent of l were chosen to fit the data.
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How	  representa/ve	  are	  laboratory	  measurements?	  

What	  is	  the	  role	  of	  BC-‐containing	  par/cle	  morphology	  (configura/on)	  on	  light	  absorp/on?

Cappa	  et	  al.,	  2012compared with ~1 week lifetimes for soot par-
ticles. Wemeasured the ensemble of airborne BC
particles present during CalNex and Carbonaceous
Aerosols and Radiative Effects Study (CARES)
studies in California and, although the air masses
sampled may have been often dominated by lo-
cal sources with relatively short atmospheric du-
rations, we did not exclude any measurements
or particle types within the capabilities of our
techniques. We note that 20 hours of photo-
chemical aging corresponds to ~2 days of actual
time in regions where OH is the primary oxidant.
Also, condensation of photochemically formed
secondary particulate material was observed to
be rapid [see figure 1A in (1)]. We directly mea-
sured themeanmixing state and coating/BC ratio
of BC particles as they aged in a highly photo-
chemically active environment and used these
observations as explicit constraints for our CS
Mie calculations; this allowed for direct com-
parison between the observed and theoretically
expected Eabs. The extent of photochemical pro-

cessing is shown in (1) to directly correlate with
the increase in nonrefractory coating material on
the BC particles, providing a physical explana-
tion for the range of coating/BC ratios observed.
Our conclusion is that CS Mie theory does not
accurately describe the measured ambient Eabs

values, given the measured coating/BC ratios.
Our measurements were experimentally con-

strained under low relatively humidity conditions
(~55%). Jacobson (3) suggested that “high RH”
conditions (≥95%) are an important omission in
our work. In the context of global climate, we
agree that measurements and modeling of high
relative humidity conditions may be important
and should be conducted. However, RH is a
dynamicproperty that varies dramatically throughout
the atmosphere and is most of the time much less
than 95% (4). Thus, “high RH” conditions rep-
resent only a subset of conditions that are impor-
tant to global climate, and the relative humidity
conditions of our measurement conditions are
broadly relevant.

Finally, the question raised by Jacobson regard-
ing individual Eabs values being <1.0 is addressed
in our supplementary materials (section S1.2.5, fig.
S6). Briefly, Eabs was determined by measuring
absorption sequentially in time (ambient, thermally
denuded, ambient…), and small, real fluctuations
in sampled aerosol optical properties caused the
observed fluctuations in Eabs measurements. Be-
cause average Eabs values were unity for the
sequential ambient measurements, the small, real
fluctuations were observed as variations around
unity in the individual Eabs.

Furthermore, because these fluctuations are
real, they must be included in the average Eabs
values. We thank Jacobson for his comment and
acknowledge that to understand completely the
full implications of our observations, it is impor-
tant that future measurements are expanded to
more explicitly consider absorption at higher RH,
the effects of residual components after thermal
denuding, and to make measurements at more
locations and over time. However, these crit-
icisms do not invalidate our observations and
conclusion that CS Mie theory may not be ap-
propriate for the simulation of optical properties
of ambient BC particles because the (dried)
ambient BC particles behaved significantly dif-
ferent from (dry) BC particles that were coated to
a similar extent in the laboratory, and also exhib-
ited significantly lower Eabs than our observa-
tionally constrained calculations. The implications
of this are clear: If CS Mie theory is not appro-
priate for ambient particles—whether only at low
RH or at both low and high RH—then climate
models that use CSMie theory may overestimate
warming by BC. This would be true both for mod-
els that “assume” internal mixing and for those that
explicitly calculate mixing states of individual par-
ticles [such as Jacobson’s Gas, Aerosol, Trans-
port, Radiation, General Circulation Mesoscale
and Ocean Model (GATOR-GCMOM) (5)], as
long as they assume CS configurations.
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Fig. 1. Observed Eabs (green) compared with the theoretical maximum Eabs, assuming a bare black
carbon core (blue) and the theoretical maximum Eabs using the measured residual RBC (black), calculated
using CS Mie theory. The box and whisker plots show the mean (■), median (–), lower and upper quartile
(boxes), and 9th and 91st percentile (whiskers) results determined from individual measurements.

25 JANUARY 2013 VOL 339 SCIENCE www.sciencemag.org393-c

TECHNICAL COMMENT

 o
n 

M
ar

ch
 1

3,
 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

En
ha
nc
em

en
t	  f
ac
to
r

-‐log(NOx/NOy)
0.0	  	  	  	  0.2	  	  	  	  0.4	  	  	  	  0.6	  	  	  	  0.8	  	  	  1.0	  	  	  1.2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

2.0

1.6

1.2

0.8
Observed

Residual

Bare	  Core

core-shell theory. These laboratory results clearly
demonstrate that internal mixing of BC with NR-
PM can produce large Eabs, as has previously been
observed (19, 20). Further work is needed to re-
solve the discrepancies between field observations
and laboratory studies.

Although there is no evidence of strong lensing-
induced absorption enhancements at 532 nm, the
slightly larger Eabs at 405 nm suggests absorption
by some NR-PM species at shorter wavelengths
occurred; we assume the absorbing NR-PM spe-
cies to be BrC. BrC is particulate organic carbon
that absorbs light at visible and near-ultraviolet
(UV) wavelengths (13), with the absorption in-
creasing strongly toward shorter wavelengths
(21). Here, the difference between Eabs,405nm and
Eabs,532nm can be interpreted as the approximate
contribution to absorption by BrC at 405 nm—
whether it exists internally mixed with BC or not
(15). For both CalNex and CARES, BrC absorp-
tion is ~10% of the total absorption at 405 nm
(Fig. 2), corresponding to campaign averageMACs
for BrC of 0.12 m2/g (CalNex) and 0.14 m2/g
(CARES) and a derived imaginary refractive in-
dex of ~0.004 (12). This additional absorption by
NR-PM in the near-UV region can have an im-
pact on photochemical O3 production (22, 23) and
could suppress OH concentrations, thus increasing
the lifetime of greenhouse gases such as methane
or affecting the conversion of SO2 into scattering
sulfate aerosol (24).

Our measurements indicate that BC emitted
from large to medium-sized urban centers (dom-
inated by fossil fuel emissions) does not exhibit
a substantial absorption enhancement when in-
ternally mixed with non-BC material, which is
in stark contrast to laboratory experiments and
model calculations. The small observed values

Fig. 3. Observed Eabs at 532 nm as a function of RBC for
laboratory experiments in which BC particles of various size,
produced from ethylene flame, were coated with dioctyl seb-
acate (symbols). The dp,core values are the volume-equivalent
diameter of the uncoated BC particles. Uncertainties are 1s.
Calculated Eabs from core-shell Mie theory (lines) are shown
for the differently sized BC particles and are in generally good
agreement with the observations; the colored bands show the
uncertainty range in the calculations. The observed mean am-
bient particle Eabs versus RBC during CalNex is shown for com-
parison (orange line).

Fig. 2. Measured Eabs at (A and C) 532 nm (green) and (B and D) 405 nm (blue) for CalNex [(A)
and (B)] and CARES [(C) and (D)] as a function of PCA, estimated from –log([NOx]/[NOy]). The light-
colored points correspond to individual measurements, whereas the box and whisker plots show the
binned mean (■), median (–), lower and upper quartile (boxes), and 9th and 91st percentile
(whisker). Calculated Eabs values for CalNex are shown, assuming that the distribution of NR-PMBC
material on the BC-containing particles was either bimodal (orange lines) or unimodal (orange box
and whisker). For the bimodal case, one mode was assumed to be “thickly” coated, whereas the
other was “thinly” coated. The thinly coated mode was assumed to have either RBC = 1 (solid) or
0.1 (dashed).
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Microscopy	  provides	  unprecedented	  detail	  into	  individual	  par/cle	  chemical	  composi/on	  and	  
morphology.

STXM	  (scanning	  transmission	  x-‐ray	  microscopy)

NEXAFS	  (near	  edge	  x-‐ray	  Absorp/on	  fine	  structure	  
spectroscopy)	  used	  to	  probe	  samples

Note	  that	  T0	  par/cles	  are	  dominated	  by	  inorganic	  
material	  (‘IN’)	  in	  center	  of	  par/cle.	  	  

‘EC’	  is	  found	  off-‐center

Moffet	  et	  al.,	  2010

Microscopy	  is	  the	  standard	  for	  analysis	  of	  
par/cle	  chemical	  composi/on	  and	  morphology	  	  

R. C. Moffet et al.: Microscopic characterization of carbonaceous aerosol 967

Fig. 5. Particle maps produced by singular value decomposition of carbon K-edge spectral image “stacks” from STXM/NEXAFS. Spectra
on the right show components used to obtain the component maps on the left. This was done for (A) T0 at 12:30, (B) T1 at 13:30 and T2 at
14:30. For every ambient sample three major components are usually identified: 1) optically thick inorganic phase (IN) that often contains
K – blue color, 2) Organic/secondary carbon (OC) – green color, 3) High sp2 functional hybridization, usually from elemental carbon (EC)
– red color.

be more extensively quantified in a forthcoming publication.
The mixing of EC and IN phases was similar for the T1 and
T2 sites (Fig. 5b–c), whereas at the T0 the particle centers
were dominated by large IN inclusions (Fig. 5a). For the T0
particles, the EC inclusions may have been displaced from
the center of the particle upon crystallization of the IN phase.
In the following discussion, the chemical speciation in each
of the three phases is investigated based on the spectra dis-
played in Figs. 5 and 6.
The IN phase (blue) in Fig. 5 has a C K-edge spectrum

with a larger pre-edge (<280 eV) baseline absorption level
than total carbon absorption (320 eV) and/or characteristic

potassium peaks at 297.1 and 299.7 eV. The high pre-edge
level of the inorganic region is due to a dominant density of
elements other than C. For a region to be classified as IN
its spectrum either contained potassium or the pre-edge in-
tensity (absorption at 278 eV) was greater than half of the
absorption due to carbon (absorption at 320 eV – absorp-
tion at 280 eV) (Moffet et al., 2009). As particles develop
thick coatings, some inorganic cores may become masked.
NEXAFS spectra from the IN phase at the S, N, and O edges
are shown in blue in Fig. 6. The carboxyl functionality ob-
served in the OC phases (peak at 531.8 eV in the oxygen
spectrum), was small or absent in the IN phase. The S, O,

www.atmos-chem-phys.net/10/961/2010/ Atmos. Chem. Phys., 10, 961–976, 2010
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Mixing	  state	  can	  have	  profound	  impact	  on	  BC	  light	  absorp/on

Microscopy	  suggests	  that	  core-‐shell	  configura/on	  is	  rarely	  realized	  in	  ambient	  data

Adachi	  et	  al.,	  (2010)

model), or (4) mixed with other aerosol particles according
to rules such as the Maxwell‐Garnet effective medium
approximation (MGEMA), which assumes that isolated soot
spherules are suspended in an embedding material [Bond et
al., 2006]. Particles matching models 2, 3, and 4 are called
internally mixed. The calculated RF values differ by almost
a factor of 2 [Bond et al., 2006], depending on the mixing
model that is used to compute optical properties.
[5] Most ambient soot particles are internally mixed, and

the shapes and positions of the soot within their host par-
ticles are more complicated than those used in the models.
Analyses by using single‐particle mass spectrometry con-
firm that the external‐mixing model is inadequate because
most particles consist of mixtures of different components
[e.g., Murphy et al., 2006;Moffet et al., 2008]. Observations
using transmission electron microscopy [Adachi and Buseck,
2008; Buseck and Pósfai, 1999; Pósfai et al., 1999; Niemi et
al., 2006; Wentzel et al., 2003; Worringen et al., 2008] sug-
gest that the internal‐mixing models do not properly repre-
sent the shapes of observed soot particles, which are
commonly coated by, embedded in, or aggregated with other
materials but retain their graphitic structure and chainlike
shapes within the host materials.
[6] We used a discrete dipole approximation (DDA)

[Draine and Flatau, 1994] to estimate the optical properties
of 3‐D particles with arbitrary shape and multiple compo-
nents, similar to what was done to determine the optical
properties of internally mixed particles having modeled

shapes [Martins et al., 1998; Worringen et al., 2008;
Lindqvist et al., 2009]. However, the details of the 3‐D
shapes of actual particles can only be determined using
electron tomography (ET). In this study, ET was used to
obtain the 3‐D shapes of soot particles from a series of 2‐D
transmission electron microscope (TEM) images obtained
systematically along different viewing directions (Figure 1)
[van Poppel et al., 2005; Friedrich et al., 2005; Adachi et
al., 2007; Friedrich et al., 2009; Weyland and Midgley,
2004; Midgley and Dunin‐Borkowski, 2009]. Combining
ET and DDA (ET‐DDA), we estimated the optical proper-
ties of individual soot particles embedded within host
materials.
[7] The contributions from tropical megacities to the

global soot budget and the soot warming effect are large
[Ramanathan and Carmichael, 2008; Bond et al., 2004],
and our samples provide examples of such aerosol particles.
The goals of this study are to (1) determine the actual 3‐D
shapes of embedded soot particles together with their host
materials, (2) calculate the optical properties of such soot
particles, and (3) evaluate the effects of shapes and positions
of such soot particles on the RF.

2. Materials and Methods

2.1. Sampling
[8] Samples were collected from inside and outside of

Mexico City (MC) plumes during the Megacity Initiative:

Figure 1. 2‐D and 3‐D views of soot embedded within host aerosol particles. (a) TEM image of a particle
with embedded soot. The inset in the upper right shows a schematic drawing of the components. Blue dots,
OM; gray, soot; red, voids where beam‐sensitive material (presumably ammonium sulfate) was present; and
yellow, lacey carbon substrate. (b) 3‐D isosurface image of the particle in Figure 1a. The 3‐D shape was
obtained using ET. (c) TEM image of a host particle with embedded soot; the thin fiber is part of the sub-
strate. (d) Cross‐section image of the particle in Figure 1c. The spherules are soot, most of which is
located near the surface of the host particle. (e) 3‐D isosurface image of the particle in Figure 1c. Gray
and blue indicate soot and OM, respectively. The particle in Figure 1a was collected on March 8 and that
in Figure 1c on March 10.
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Local and Global Research Observations (MILAGRO)
campaign in March 2006 [Adachi and Buseck, 2008;Molina
et al., 2008] (Table 1). Particles were collected on TEM grids
by using 3‐stage impactor samplers (MPS‐3, California
Measurements, Inc.). Details of the compositions, sizes, and
mixing states of aerosol particles and the sampling condi-
tions were reported by Adachi and Buseck [2008]. For the
current study we used four samples collected inside and
outside MC plumes. Because of the rapid ventilation of the
MC basin, the MC plume samples probably aged for less
than 1 day and those from outside the plume are older
[Adachi and Buseck, 2008]. The samples have aerodynamic
diameters of 50 to 300 nm and were collected aboard
the National Center for Atmospheric Research/NSF C130
aircraft.

2.2. Electron Tomography and Discrete Dipole
Approximation
[9] We used a 200 kV TEM (Tecnai F20; FEI Corp.) for

ET analyses. Soot particles embedded within host materials
were selected for analyses using the method as described by
Adachi et al. [2007]. Between 7 and 15 particles whose
images did not overlap with other particles or with the edges
of the TEM grid at high tilt angles were chosen from near
the center of each grid. During ET measurements, we took
∼140 images for ∼1 h per particle, avoiding unnecessary
exposure of the particles to the electron beam. A total of
46 particles (called “standard particles”) were used for
the ET‐DDA calculations as representatives of embedded
soot particles. Their sizes are within 1s of the median of
8000 particles that were determined by conventional TEM
images obtained from the same samples [Adachi and
Buseck, 2008].
[10] The 3‐D tomograms of particles that embed soot

were reconstructed using ET as described by Adachi et al.
[2007]. The resulting volume uncertainty is 7% ± 6%. The
reconstructed host particles were separated into soot,
organic matter (OM), and sulfate (Figure 1). Except for
sulfate and nitrate, which decomposed rapidly, the samples
were stable during analysis, with no differences noted before
and after analysis. However, we did not consider volatile
and semivolatile OM since the samples were analyzed under
vacuum (∼10−5 Pa).
[11] Even when embedded, soot can be distinguished

from OM in TEM images because their structures are
markedly different, i.e., graphitic and amorphous, respec-
tively. There is also a contrast difference of ∼10% in the ET
images (the contrast between black and white is 100%).
Positions and sizes of soot spherules within aggregates were
identified from the tomograms (e.g., Figure 1d) and checked
using the TEM images. The soot particle shapes are also
used for the “uncoated aggregates” in Figure 2 to show the
effect of host materials on optical properties. The voids
within the host particles are from materials that decomposed

in the electron beam. The most likely and abundant is
ammonium sulfate, although nitrates and other sulfates may
also have been present [Moffet and Prather, 2009]. We did
not consider their detailed compositions here since the
refractive indices of these materials are similar to one
another.
[12] We used the DDSCAT 6.1 program [Draine and

Flatau, 1994] for the DDA calculation in which the 3‐D
shapes of the particles were approximated using an array of
polarizable points (dipoles). Errors depend on the number of
dipoles used to represent the shapes. We commonly used
more than 10,000 dipoles for a particle, and the resulting
errors are less than 1% for both scattering and absorption
[Draine and Flatau, 1994]. We used a wide range of
wavelengths (0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7,
0.75, 0.8, 0.9, 1.0, 1.25, 1.5, 1.75, 2.0, 2.5, 4, 6, 10, and
14 mm) and 100 incident light angles, assuming the particles
are randomly oriented in the atmosphere.

2.3. Climate Model
[13] The top of the atmosphere RF of soot particles having

different shapes and mixing states was calculated using the
Goddard Institute for Space Studies General Circulation
Model II‐prime [Hansen et al., 1983; Rind and Lerner,
1996] as the differences in shortwave radiative fluxes with

Table 1. Samples Used in This Study

Sampling Plume Date (Mar 2006) Location Starting Local Time Collection Time (s) Number of Particles

MC plume 08 19.23°N, 260.97°W 15:17:29 277 15
MC plume 10 19.71°N, 260.86°W 14:44:45 332 10
Outside MC plume 10 21.00°N, 262.27°W 10:35:25 267 14
Outside MC plume 19 24.25°N, 263.57°W 17:13:37 246 7

Figure 2. Absorption cross sections as a function of wave-
length for various mixing models relative to those obtained
using the ET‐DDA calculation for the standard particles.
Mie theory was used for the uncoated sphere, core‐shell,
and volume‐mixing particles using a code by Bohren and
Huffman [1983]. The plots indicate the median values. The
wavelength‐dependent refractive indices from the Optical
Properties of Aerosols and Clouds (OPAC) model [Hess
et al., 1998] were used for soot and sulfate. A refractive
index of 1.33 [Myhre and Nielsen, 2004] was used for OM.
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model), or (4) mixed with other aerosol particles according
to rules such as the Maxwell‐Garnet effective medium
approximation (MGEMA), which assumes that isolated soot
spherules are suspended in an embedding material [Bond et
al., 2006]. Particles matching models 2, 3, and 4 are called
internally mixed. The calculated RF values differ by almost
a factor of 2 [Bond et al., 2006], depending on the mixing
model that is used to compute optical properties.
[5] Most ambient soot particles are internally mixed, and

the shapes and positions of the soot within their host par-
ticles are more complicated than those used in the models.
Analyses by using single‐particle mass spectrometry con-
firm that the external‐mixing model is inadequate because
most particles consist of mixtures of different components
[e.g., Murphy et al., 2006;Moffet et al., 2008]. Observations
using transmission electron microscopy [Adachi and Buseck,
2008; Buseck and Pósfai, 1999; Pósfai et al., 1999; Niemi et
al., 2006; Wentzel et al., 2003; Worringen et al., 2008] sug-
gest that the internal‐mixing models do not properly repre-
sent the shapes of observed soot particles, which are
commonly coated by, embedded in, or aggregated with other
materials but retain their graphitic structure and chainlike
shapes within the host materials.
[6] We used a discrete dipole approximation (DDA)

[Draine and Flatau, 1994] to estimate the optical properties
of 3‐D particles with arbitrary shape and multiple compo-
nents, similar to what was done to determine the optical
properties of internally mixed particles having modeled

shapes [Martins et al., 1998; Worringen et al., 2008;
Lindqvist et al., 2009]. However, the details of the 3‐D
shapes of actual particles can only be determined using
electron tomography (ET). In this study, ET was used to
obtain the 3‐D shapes of soot particles from a series of 2‐D
transmission electron microscope (TEM) images obtained
systematically along different viewing directions (Figure 1)
[van Poppel et al., 2005; Friedrich et al., 2005; Adachi et
al., 2007; Friedrich et al., 2009; Weyland and Midgley,
2004; Midgley and Dunin‐Borkowski, 2009]. Combining
ET and DDA (ET‐DDA), we estimated the optical proper-
ties of individual soot particles embedded within host
materials.
[7] The contributions from tropical megacities to the

global soot budget and the soot warming effect are large
[Ramanathan and Carmichael, 2008; Bond et al., 2004],
and our samples provide examples of such aerosol particles.
The goals of this study are to (1) determine the actual 3‐D
shapes of embedded soot particles together with their host
materials, (2) calculate the optical properties of such soot
particles, and (3) evaluate the effects of shapes and positions
of such soot particles on the RF.

2. Materials and Methods

2.1. Sampling
[8] Samples were collected from inside and outside of

Mexico City (MC) plumes during the Megacity Initiative:

Figure 1. 2‐D and 3‐D views of soot embedded within host aerosol particles. (a) TEM image of a particle
with embedded soot. The inset in the upper right shows a schematic drawing of the components. Blue dots,
OM; gray, soot; red, voids where beam‐sensitive material (presumably ammonium sulfate) was present; and
yellow, lacey carbon substrate. (b) 3‐D isosurface image of the particle in Figure 1a. The 3‐D shape was
obtained using ET. (c) TEM image of a host particle with embedded soot; the thin fiber is part of the sub-
strate. (d) Cross‐section image of the particle in Figure 1c. The spherules are soot, most of which is
located near the surface of the host particle. (e) 3‐D isosurface image of the particle in Figure 1c. Gray
and blue indicate soot and OM, respectively. The particle in Figure 1a was collected on March 8 and that
in Figure 1c on March 10.
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Probing	  Chemical	  Composi/on	  with	  in	  situ,	  online	  techniques

• Aerosol	  /me	  of	  flight	  mass	  spectrometer	  (AToF-‐MS):	  Gard	  et	  al.,	  1997

• Aerosol	  Mass	  Spectrometer	  (AMS):	  Jayne	  et	  al.,	  2000

• Par/cle	  Analysis	  by	  Laser	  Mass	  Spectrometry	  (PALMS):	  Thomson	  et	  al.,	  2000

• Single	  Par/cle	  Laser	  Abla/on	  TIme-‐of-‐Flight	  Mass	  Spectrometer	  (SPLAT):	  	  Zelenyuk	  &	  Imre	  2005

• Aerosol	  Chemical	  Specia/on	  Monitor	  (ASCM):	  	  Ng	  et	  al.,	  2011	  

• Soot	  Par/cle	  -‐	  Aerosol	  Mass	  Spectrometer	  (SP-‐AMS):	  Onasch	  et	  al.,	  2012

Mass	  Spectrometry	  is	  sufficiently	  mature	  enough	  that	  it	  can	  be	  considered	  ‘core’	  measurement
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 765 

Fig. 1. Map of sampling sites of (A) DEC ambient monitoring station, (B) Parking Lot 6, and (C) 766 
Parking Lot 15.  An MTA bus stop (a) is ~ 2 m north of ASRC-ML (b).  767 

768 
Fig. 2. Time series of mass concentrations of NR-PM1 species (organics, sulfate, nitrate, 769 
ammonium, and chloride), OA components (LV-OOA, SV-OOA, HOA, and NOA) and 770 
meteorology during three roadside measurements. Note that the meteorological data was 771 
collected from the campus site where wind profile might be different from that at the roadside 772 
site. 773 
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Fig. 3. Average composition of (a) NR-PM1 and (b) OA for each
roadside measurement. Each morning measurement was further
classified into two events with less traffic (LT) and more traffic (MT)
influences, respectively. Details are described in the text. In addi-
tion, the O/C ratio for each event is also shown in (b).

on 27 July are found to have a large interference from the
ASRC-ML generator exhaust with silicone contamination
(see supplementary information for details), thus our discus-
sions focus on the other three observations. The inorganic
species (sulfate, nitrate, and ammonium) vary smoothly
throughout the two mornings of 28 and 30 July. This is
not surprising because vehicles are not direct emitters of ni-
trate aerosols (Gillies et al., 2001), and the introduction of
ultra-low sulfur fuel (<15 ppm S by weight) leads to very
low emissions of sulfur in New York. Their variations are
thus mainly controlled by meteorological variables, bound-
ary layer height, and also likely photochemical reactions. Or-
ganic aerosols, however, show different behaviors between
the early and late mornings. Organics show smooth varia-

tions in early mornings, e.g. before 05:30 a.m. on 28 July
and 07:30 a.m. on 30 July, while vary dramatically with fre-
quent spikes during late morning periods due to the pene-
tration of roadway plumes. A further analysis of the varia-
tions of OA components (Fig. 2) indicates that the organic
spikes are primarily caused by the HOA, a surrogate of pri-
mary emissions from vehicles. Note that the intensities of
the spikes fluctuate on time scale of a minute, which reflect
the rapid temporal changes in traffic flow, traffic type, and
meteorology. The variation of LV-OOA is small throughout
the morning, which can be explained by its regional char-
acteristics since photochemical production of secondary OA
(SOA) would not play significant roles in the mornings. We
also observed a decrease of SV-OOA after sunrise for the
two morning experiments (e.g. from 2.0 to 0.8 µgm�3 af-
ter 07:30 a.m. on 30 July), likely due to the dilution from
HOA-dominated traffic plumes near highway. Note that the
SV-OOA shows an increase from⇠6 to⇠9 µgm�3 at around
05:30 a.m. on 28 July. Such increase co-varies with those of
inorganic species (sulfate, nitrate, and ammonium), which is
likely due to a small change of air mass. Compared to the
two morning measurements, all aerosol species co-vary in
the evening on 30 July (e.g. r2 = 0.49–0.57 between organics
and inorganic species), consistent with the internally mixed
characteristics of aerosol particles (see Sect. 3.2). Note that
the average mass concentration of NR-PM1 is 20.7 µgm�3

on 28 July, about twice as high as the 8.5 and 11.9 µgm�3

measured on 30 July and 1 August, respectively, mainly due
to the stagnant conditions associated with low wind speed
(<2m s�1). This is consistent with the observation of high
aerosol optical depth (AOD) values across the whole north-
east US on 28 July, while relatively low AOD on the other
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Probing	  rBC-‐containing	  par/cle	  configura/on	  using	  SP2	  Lag/me	  analysis

New	  SP2	  analysis	  rou/ne	  may	  offer	  insight	  into	  par/cle	  configura/on

TCAP-‐July	  17,	  2012
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Research	  ques/ons	  from	  a	  point	  sensing	  perspec/ve:

What	  are	  the	  rela/ve	  importances	  of	  chemical	  composi/on	  versus	  par/cle	  structural?	  Are	  
there	  condi/ons	  under	  which	  one	  aspect	  or	  the	  other	  is	  dominant?

What	  is	  the	  /me	  evolu/on	  of	  absorbing	  aerosols	  (concentra/on)	  and	  aerosol	  par/cles	  
(oxida/on	  to	  make	  more	  brown)?	  

What	  are	  the	  ver/cal	  and	  horizontal	  distribu/ons	  of	  absorbing	  aerosols	  and	  how	  do	  they	  
vary	  with	  source?	  	  

How	  do	  absorbing	  aerosols	  affect	  the	  atmospheric	  hea/ng	  (i.e.	  Broadband	  Hea/ng	  Rate	  
Profile)?

Op/cal	  Proper/es	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   Microphysical	  Proper/es



1) What	  measurements	  are	  needed	  to	  improve	  these	  parameteriza/ons?

2) How	  accurately	  do	  we	  need	  these	  measurements?

3) To	  what	  extent	  are	  measurement	  capabili/es	  we	  have	  sufficient?

How	  suitable	  are	  the	  current	  parameteriza8ons	  of	  radia8ve	  forcing	  by	  absorbing	  aerosols?

Would	  a	  field-‐based	  intercomparison	  provide	  answers	  on	  either	  instrument	  capabili8es	  
or	  science	  issues	  that	  a	  laboratory-‐based	  intercomparison	  would	  not?

Absorbing	  Aerosols:	  
Op/cal	  &	  Microphysical	  Proper/es


