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Single	Par;cle	Soot	Photometer	(SP2)	
Probe refractory black carbon (rBC) using laser-induced incandescence 

Mixing	state	probe:	
rBC-containing	par<cle	sca=ering	&	rBC	par<cle	incandescence	

Schema<c	from		
Schwarz	et	al.,	2008	
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Coating/Denuding
Apparatus
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Controlled Flame
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O2N2C2H
4

SP2Filter Sampler SMPS CPC CPMA

FIG. 1. Schematic of the flame-generated soot generation and detection scheme with the filter sampler, single particle soot photometer (SP2), scanning mobility
particle sizer (SMPS), condensation particle counter (CPC), Couette centrifugal particle mass analyzer (CPMA), and differential mobility analyzer (DMA).

2. SP2 INSTRUMENT AND PROCEDURES

2.1. Single Particle Soot Photometer (SP2) Apparatus
The SP2 consists of an intense intra-cavity laser, a flow con-

trol system to confine sample aerosol to the center 1/4 of the laser
beam, four optical detectors focused on the intersection of the
sample aerosol with the laser beam, and electronic resources
necessary to store the response of the detectors to individual
particles crossing the laser beam (Figure 2).

A solid-state pump laser (808 nm, Unique-Mode AG, Jena,
Germany) is fiber-optically coupled to a Nd:YAG crystal that
is coated on one side with a reflective coating at 1064 nm.
The coating defines one side of the laser cavity, while a high-
reflectivity mirror defines the other side. The laser is tuned such
that it is in a TEM 0,0 mode, i.e., with a Gaussian intensity

Nd:YAG crystal
lasing at 1064nmHigh reflectivity

mirror

Pump
diode
laser

Sample
aerosol

Optical
 filters

PMT-Photo
detectors

Scattered
light - APD
detector

    Blue
    light

    Red
    light

2-element
 detector

Cavity-
leakage
detector

Exhaust

FIG. 2. Schematic of the Single Particle Soot Photometer (SP2) following
Schwarz et al. (2006). The sample aerosol is confined with filtered sheath flow
to the center 1/4 of the laser beam, and then drawn out of the laser cavity through
the exhaust line. Although drawn in the page for simplicity, the sample line and
exhaust lines extend perpendicular to the detection axes (i.e., vertically into and
out of the page).

profile. A pinhole aperture (I.D. 2.3 mm) is placed in the cavity
to constrain the spatial mode of the laser and reduce pump light
leakage into the cavity. Some laser radiation (at 1064 nm) leaks
through the mirror. This light is filtered to remove contributions
from the pump laser and detected with a “leakage” photodetec-
tor, providing a convenient relative measure of laser intensity.
Since the amount of leakage depends on the (unknown) quality
of the mirror, the photodetector signal cannot be used to de-
rive an absolute measure of the laser intensity within the cavity.
With independent calibration, however, the signal can be used
as a relative measure of intensity (as in Section 2.3). Note that
although the laser cavity is defined by high-reflectivity mirrors,
the cavity finesse, Q, is limited by the Nd:YAG crystal itself to
a low value (on order ∼100). Thus the laser beam is expected to
be insensitive to the small perturbation caused by the presence
of a small particle in its path. This insensitivity has been con-
firmed through inspection of the leakage light when particles
traversed the laser.

Sample aerosol is continuously introduced to the laser cavity
through a capillary (typically 0.43 mm ID). The input aerosol
stream is confined to the center ∼ 1/4 of the laser (which has a
∼1.1 mm 95% intensity width), so individual particles travers-
ing the beam experience peak intensities of ∼70–100% of the
intensity at its center. The measurement of the width of the
aerosol jet was made with PSL particles in the diameter range of
200–600 nm. It is possible that diffusion may increase the width
of the jet for small particles (≪200 nm), thereby reducing the
efficiency of their detection by the SP2. Here this mechanism
is not addressed. The aerosol interacts with the laser at a pres-
sure that is typically within 20 hPa of ambient (i.e., sea-level
pressure, 1013 hPa) in this study.

The aerosol flow into the SP2 is measured with a laminar
flow element; the pressure difference across the element is pro-
portional to the volume flow through the element. The laminar
flow element was calibrated several times over the course of
the intercomparison with a Gilian flow standard (Gilibrator 2,
Sensidyne, Clearwater, FL, USA). In general, the sample flow
remained constant as long as the upstream plenum pressure was
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Refractory	Black	Carbon	(rBC)	Microphysical	Proper;es	
- rBC size mode appears to increase during BB season – differing sources BB rBC 
- SP2 scattering channel reveals the presence  
  of larger (> 500 nm) particles – sea salt 
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Evidence	of	Brown	Carbon	(BrC)	Absorp;on		

AAE	values	(2-4)	indicates	BrC	
30%	increase	in	AAE	with	plume	age	

Absorption Angstrom Exponent is a measure of the wavelength dependence of aerosol 
light absorption 

•  AAE ~ 1 for BC 
•  AAE >  1.5 for BrC 

BBOP focused on the near-field evolution of BB aerosols 

Arno=	and	Sedlacek	
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PSAP-derived	AAE	~	1.2	
Expecta<ons	for	a	BB	plume	(AAE	~	2)	

Courtesy	S.	Howell	(HIGEAR)	

PSAP-derived	AAE	Profile	from	ORACLES	
NASA-ORACLES	mission	provides	a	very	nice	opportunity	to	put	ASI	data	in	context	

Early	in	ORACLES,	unexpectedly	low	
AAE	values	were	observed	



	
	

AAE	derived	from	fresher	plume	exhibits	is	higher	than	more	aged	plume	

Courtesy	S.	Howell	&	S.	Freitag		(HIGEAR)	

PSAP-derived	AAE	Profiles	for	“Fresher”	Smoke	Plume	



Forrister	et	al.,	(2015)	GRL	

Forrister	et	al.,	(from	the	SEAC4RS	campaign)	recently	reported	on	the	decrease	in	
AAE	as	a	func<on	of	plume	age.			Conclusion	is	that	AAE	reduc<on	due	to	chemical	
bleaching	(as	opposed	to	photo	bleaching	or	removal)		

PSAP:	470	nm	and	532	nm		 SP2	

ASI	Op;cal	Proper;es	–	June	2016	

Aging	window	of		
interest	in	BBOP	

Figure 3 shows the evolution of BrC concentration (via proxy solution extract light absorption at 365 nm),
where the transport time was calculated assuming Rim 2 originated from both the Elk Creek Complex and
the Yosemite fires. In contrast to ΔrBC/ΔCO, which was relatively constant over time, BrC in these plumes
decreased over transport with an approximate half-life of 9 h, assuming the Elk Creek Complex fire, or
15 h, assuming the Yosemite fire as the source of Rim 2 smoke. If any mixing of the smoke from the two
fires occurred, the half-life should fall between these two extremes. The color scale in Figure 3 represents
the approximate amount of sunlight that the sampled smoke aerosol was exposed to, with specified
values in hours provided in supporting information Figure S3. With increased sunlight exposure, the BrC
continued to decrease. However, after about 12 h, continued sunlight exposure showed no effect; it is
likely that all the chromophores that could be affected by photochemistry or photobleaching were
eliminated by this time. This result is consistent with laboratory experiments showing BrC photobleaching
[Zhong and Jang, 2014; Lee et al., 2014; Zhao et al., 2015], although the photobleaching experiments found
much shorter half-lives of a few minutes to a few hours and/or do no correlate with the solar cycle.
Reduced light absorption with time suggests a BrC loss mechanism such as chemical bleaching (chemical
reactions resulting in the destruction of the chromophores). Evaporation (or volatilization) may also be
occurring. BrC absorption at all wavelengths measured follows a similar decrease (supporting information
Figure S4), indicating net light absorption should also decrease over time.

As expected if BrC is being bleached or removed, the net aerosol AAE should decrease with age, as can be
seen in Figure 4a, where AAEs of 3.5 to 4.0 near the fire drop toward 1 at long ages, the approximate AAE
for pure BC. The AAEs reach about 1.5 after 50 h of transport, roughly the value recorded in this study
of background conditions. This decrease in AAE highly correlates with the decrease in BrC, with r2 = 0.83
(Figure 5a). The rBC is highly coated in the plumes, with a coating thickness typically near 100 nm,
significantly thicker than outside the plumes where it averages 25 nm. However, the coating thickness does
not vary with plume age (Figure 4b), indicating that the OA coating the rBC particles must be nonvolatile.
Application of shell-and-core Mie theory has suggested that rBC light absorption is enhanced with
decreasing wavelength in a manner similar to BrC [Bond et al., 2006; Lack and Cappa, 2010], so coatings
might alter the light absorption spectral properties of rBC. However, since both rBC and the coatings atop

Figure 4. Evolution of other pertinent aerosol properties in the Rim smoke plumes, including (a) the absorption Ångström
exponent, (b) rBC coating thickness, (c) ΔOA/ΔCO, and (d) OA oxygen-to-carbon ratio and f60 (tracer of biomass burning
primary OA). Transport time for Rim 2 is calculated using the Elk Creek Complex fire as the smoke source.

Geophysical Research Letters 10.1002/2015GL063897
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Table 2. Rate constants for photo-enhancement at 420 nm for 4-
nitrocatechol (4NC).

kI
direct (s

�1)

pH 3 pH 4 pH 5 pH 5 OH scav.

2.3⇥ 10�4 3.2⇥ 10�4 4.0⇥ 10�4 3.3⇥ 10�4

the 5NG phenolate did not form in the range of pH investi-
gated.
The absorbance (420 nm) time profiles of 4NC at two ad-

ditional solution pH (i.e., pH 4 and 3) are displayed in Fig. 7.
The photo-enhancement is more significant at higher solution
pH. This is perhaps due to the fact that the products formed
also exhibit pH-dependent light absorptivity. 4NP and 5NG
exhibit unique trends of pH dependence as shown in Sect. S5.
We determined the effective first-order rate coefficient of

photo-enhancement (kIdirect) for 4NC by fitting the observed
absorbance at 420 nm to a first-order growth curve. The
kIdirect values determined for 4NC are summarized in Table 2.
Photo-enhancement in the cases of 4NP and 5NG exhibited
stronger linearity, which made fitting to a first-order growth
curve difficult. Instead of kIdirect, we report an absorbance-
based rate constant for these two compounds, and the details
are provided in Sect. S5.

3.3.2 OH oxidation of nitrophenols

Oxidation by OH radicals induced rapid bleaching of all ni-
trophenols investigated, but the decay of absorbance was not
monotonous. The spectral change of 4NC during an OH oxi-
dation experiment is shown in Fig. 8a, while the time profile
of absorbance at 420 nm is shown in Fig. 8b. Results for 4NP
and 5NG can be found in Sect. S7. All the experiments were
performed at pH 5 and in duplicate to confirm reproducibil-
ity. For all three nitrophenols investigated, the absorbance
exhibited initial increase, followed by decay at longer illu-
mination time.
The initial color formation observed in the current study

exhibits similarities to several previous investigations of BB
BrC. Gelencser et al. (2003) and Chang and Thompson
(2010) have observed color formation in aqueous-phase OH
oxidation of aromatic compounds. Saleh et al. (2013) have
observed light-absorbing SOA arising from BB particles
photochemically aged in a chamber. More recently, Zhong
and Jang (2014) have observed a highly dynamic evolution of
the optical properties of BB particles, similar to observations
from the current study. In their study, the light absorption of
BB particles in an outdoor chamber exhibited initial enhance-
ment and subsequent bleaching with exposure to natural sun-
light. It is likely that the magnitude of photo-enhancement
and bleaching is dependent on both the BrC components and
the extent of photochemical processing. Given that nitrophe-
nol presents only a subset of colored components in BB BrC,
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Figure 8. Spectral change of 4NC solution (10 µM) during an OH
oxidation experiment (a), with the inset showing absorbance change
compared to the initial condition. The color coding represents the
illumination time. The time profiles of absorbance at 420 nm are
shown in (b).

we cannot draw conclusions on the general fate of BB BrC.
As will be seen in Sect. 3.4, WSOC from real BB particles
indeed shows complicated results, with different samples ex-
hibiting different trends during direct photolysis.
We propose that the observed trend during OH oxidation

is due to initial functionalization followed by ring-cleavage
reactions. Previous studies (Sun et al., 2010) have shown
that OH oxidation leads to hydroxylation of the aromatic
ring, in analogy to the gas phase (Atkinson, 1990). The ad-
ditional hydroxyl group is electron donating, with its lone-
pair electrons contributing to the conjugation and leading
to enhanced absorption. We note that oligomeric products
have also been reported from OH oxidation of phenolic com-
pounds (Sun et al., 2010; Chang and Thompson, 2010). In
particular, Chang and Thompson have observed significant
enhancement of absorption, and they proposed that the ab-
sorption is attributed to HULIS produced from phenol OH
oxidation. To simulate cloudwater chemistry, we used nitro-
phenol concentrations orders of magnitude lower than those
used in Chang and Thompson, and so we consider the forma-
tion of oligomers to be less important in our system.
To quantitatively assess the formation and decay rate of

color, we applied a kinetic model framework based on the
absorbance at 420 nm (Fig. 9a). The OH radical concentra-
tion is assumed to be in steady state at 3.2⇥10�13 M, which
is the average of measured [OH]ss using the Aerosol-CIMS
method. The nitrophenol precursor (NP) follows a prescribed
pseudo first-order decay with a rate constant, kINP, which is
estimated based on 4NP OH reactivity reported by Einschlag
et al. (2003). A colored product (CP) is formed from NP with
a pseudo first-order rate constant kIcolor, but simultaneously
undergoes photo-bleaching with another pseudo first-order
rate constant kIbleach. Although NP can likely give rise to more
than one CP species, the colored products are lumped into
a single compound for simplicity. The sum of absorbance
from NP and CP is treated as the total absorbance of the solu-
tion. We found the optimal combination of kIcolor and kIbleach
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Abstract. Atmospheric brown carbon (BrC) is a collective
term for light absorbing organic compounds in the atmo-
sphere. While the identification of BrC and its formation
mechanisms is currently a central effort in the community,
little is known about the atmospheric removal processes of
aerosol BrC. As a result, we report on a series of laboratory
studies of photochemical processing of BrC in the aqueous
phase, by direct photolysis and OH oxidation. Solutions of
ammonium sulfate mixed with glyoxal (GLYAS) or methyl-
glyoxal (MGAS) are used as surrogates for a class of sec-
ondary BrC mediated by imine intermediates. Three nitro-
phenol species, namely 4-nitrophenol, 5-nitroguaiacol and 4-
nitrocatechol, were investigated as a class of water-soluble
BrC originating from biomass burning. Photochemical pro-
cessing induced significant changes in the absorptive prop-
erties of BrC. The imine-mediated BrC solutions exhibited
rapid photo-bleaching with both direct photolysis and OH
oxidation, with atmospheric half-lives of minutes to a few
hours. The nitrophenol species exhibited photo-enhancement
in the visible range during direct photolysis and the onset of
OH oxidation, but rapid photo-bleaching was induced by fur-
ther OH exposure on an atmospheric timescale of an hour
or less. To illustrate the atmospheric relevance of this work,
we also performed direct photolysis experiments on water-
soluble organic carbon extracted from biofuel combustion
samples and observed rapid changes in the optical proper-
ties of these samples as well. Overall, these experiments indi-
cate that atmospheric models need to incorporate representa-
tions of atmospheric processing of BrC species to accurately
model their radiative impacts.

1 Introduction

There is increasing awareness of the importance of light ab-
sorbing organic compounds in the atmosphere (Kirchstetter
et al., 2004; Chen and Bond, 2010; Lack et al., 2012; Ba-
hadur et al., 2012; Laskin et al., 2015). Highly variable in
sources and identity, this class of poorly characterized or-
ganic compounds has been collectively termed atmospheric
brown carbon (BrC; Andreae and Gelencser, 2006). BrC sig-
nificantly alters the traditional view that organic carbon in-
teracts with solar radiation via scattering only (Chung and
Seinfeld, 2002). In the visible range of solar radiation, BrC
absorption can affect the direct radiative effect of organic car-
bon (Feng et al., 2013; Lin et al., 2014; Liu et al., 2014). In
particular, Feng et al. (2013) have shown that defining a frac-
tion of organic aerosol as strongly light-absorbing BrC in
a global chemical transport model can shift the direct radia-
tive effect of organic carbon from net cooling to net warm-
ing. Meanwhile, in the near-UV range, BrC absorption may
affect the flux of short-wavelength radiation that is crucial
for driving atmospheric photochemistry (Jacobson, 1999).
Motivated by such atmospheric impacts, the characterization
of the sources, molecular identity and processing of BrC is
a central effort in the aerosol chemistry community.
Atmospheric BrC arises from multiple sources, includ-

ing primary emission from biomass burning (BB; Andreae
and Gelencser, 2006; Alexander et al., 2008; Chen and
Bond, 2010; Lack et al., 2012; Kirchstetter and Thatcher,
2012; Saleh et al., 2014), as well as anthropogenic emis-
sions (Bond, 2001; Zhang et al., 2011). Recently, BB has
been reported as the dominant source of BrC observed at a

Published by Copernicus Publications on behalf of the European Geosciences Union.

•  No	BrC	(>	460	nm)	was	ever	created	
•  BrC	was	created	but	through	photoly<c	and/or	oxida<ve	bleaching	loses	its	color	

Unaccounted	for	bleaching	of	BrC	will	impact	modeling	of	BrC	radia<ve	forcing	contribu<on	
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Abstract. Atmospheric brown carbon (BrC) is a collective
term for light absorbing organic compounds in the atmo-
sphere. While the identification of BrC and its formation
mechanisms is currently a central effort in the community,
little is known about the atmospheric removal processes of
aerosol BrC. As a result, we report on a series of laboratory
studies of photochemical processing of BrC in the aqueous
phase, by direct photolysis and OH oxidation. Solutions of
ammonium sulfate mixed with glyoxal (GLYAS) or methyl-
glyoxal (MGAS) are used as surrogates for a class of sec-
ondary BrC mediated by imine intermediates. Three nitro-
phenol species, namely 4-nitrophenol, 5-nitroguaiacol and 4-
nitrocatechol, were investigated as a class of water-soluble
BrC originating from biomass burning. Photochemical pro-
cessing induced significant changes in the absorptive prop-
erties of BrC. The imine-mediated BrC solutions exhibited
rapid photo-bleaching with both direct photolysis and OH
oxidation, with atmospheric half-lives of minutes to a few
hours. The nitrophenol species exhibited photo-enhancement
in the visible range during direct photolysis and the onset of
OH oxidation, but rapid photo-bleaching was induced by fur-
ther OH exposure on an atmospheric timescale of an hour
or less. To illustrate the atmospheric relevance of this work,
we also performed direct photolysis experiments on water-
soluble organic carbon extracted from biofuel combustion
samples and observed rapid changes in the optical proper-
ties of these samples as well. Overall, these experiments indi-
cate that atmospheric models need to incorporate representa-
tions of atmospheric processing of BrC species to accurately
model their radiative impacts.

1 Introduction

There is increasing awareness of the importance of light ab-
sorbing organic compounds in the atmosphere (Kirchstetter
et al., 2004; Chen and Bond, 2010; Lack et al., 2012; Ba-
hadur et al., 2012; Laskin et al., 2015). Highly variable in
sources and identity, this class of poorly characterized or-
ganic compounds has been collectively termed atmospheric
brown carbon (BrC; Andreae and Gelencser, 2006). BrC sig-
nificantly alters the traditional view that organic carbon in-
teracts with solar radiation via scattering only (Chung and
Seinfeld, 2002). In the visible range of solar radiation, BrC
absorption can affect the direct radiative effect of organic car-
bon (Feng et al., 2013; Lin et al., 2014; Liu et al., 2014). In
particular, Feng et al. (2013) have shown that defining a frac-
tion of organic aerosol as strongly light-absorbing BrC in
a global chemical transport model can shift the direct radia-
tive effect of organic carbon from net cooling to net warm-
ing. Meanwhile, in the near-UV range, BrC absorption may
affect the flux of short-wavelength radiation that is crucial
for driving atmospheric photochemistry (Jacobson, 1999).
Motivated by such atmospheric impacts, the characterization
of the sources, molecular identity and processing of BrC is
a central effort in the aerosol chemistry community.
Atmospheric BrC arises from multiple sources, includ-

ing primary emission from biomass burning (BB; Andreae
and Gelencser, 2006; Alexander et al., 2008; Chen and
Bond, 2010; Lack et al., 2012; Kirchstetter and Thatcher,
2012; Saleh et al., 2014), as well as anthropogenic emis-
sions (Bond, 2001; Zhang et al., 2011). Recently, BB has
been reported as the dominant source of BrC observed at a
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Possible	Explana;ons	for	Low	AAE	Values	



Absorbing	Aerosol-centric	Research	Ques;ons	

	
•  Where	is	the	BrC?	

•  AAE	≈	1	suggests	no	BrC	absorp<on		

•  BrC	bleaching	or	removal?		

•  What	is	driving	the	observed	change	rBC	mode	size?	

•  Source	fuel	dependence?	

•  Are	the	PSAP	Babs	values	biased	high?	

•  Limita<on	of	correc<on	schemes	for	addressing	500	–	1000	nm	pure	
sca=erers?	
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