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Abstract. Aerosol absorption of visible light has an important impact on global radiative forcing. Wildfires are
one of the major sources of light-absorbing aerosol, but there remains significant uncertainty about the mag-
nitude, wavelength dependence, and bleaching of absorption from biomass burning aerosol. We collected and
analyzed data from 21 western US wildfire smoke plumes during the 2018 Western Wildfire Experiment for
Cloud Chemistry, Aerosol Absorption and Nitrogen (WE-CAN) airborne measurement campaign to determine
the contribution of black carbon (BC), brown carbon (BrC), and lensing to the aerosol mass absorption cross
section (MAC). Comparison to commonly used parameterizations and modeling studies suggests that model
overestimation of absorption is likely due to incorrect BrC refractive indices. Modelers (Wang et al., 2018;
Carter et al., 2021) invoke a bleaching process that decreases the MAC of organic aerosol (OA) to offset the
overestimation of absorption in models. However, no evidence of a decreasing MAC is observed in individual
WE-CAN fire plumes or in aged plumes from multiple fires. A decrease in OA mass and water-soluble organic
carbon (WSOC), both normalized by carbon monoxide (CO) to correct for dilution, is observed with an in-
creasing oxygen-to-carbon (O : C) ratio and a decreasing gas-phase toluene : benzene ratio, when data from all
fires are combined in half of the individual fire plumes. This results in a strong decrease in total absorption at
405 nm and a slight decrease at 660 nm with these chemical markers. These results demonstrate that changes in
absorption with chemical markers of plume age are the result of decreasing OA rather than changes in the MAC
of the organic material itself. While decreasing MAC or OA mass with aging could both be called bleaching
and can both correct overestimation of absorption in models, it is important to distinguish between these two
effects because decreasing OA mass will also decrease scattering, which will cause a significantly different net
radiative effect. We also find that an average of 54 % of non-BC absorption (23 % total absorption) at 660 nm is
from water-soluble BrC, confirming that BrC absorption is important across the visible spectrum. Quantification
of significant BrC at red wavelengths and observation of bleaching being caused by changes in OA with O : C
and toluene : benzene markers of plume age provide important improvements to our understanding of BrC and
critical constraints on aerosol absorption in regional and global climate models.
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1 Introduction

Atmospheric aerosol impacts the climate system by directly
scattering and absorbing solar radiation, by indirectly chang-
ing cloud properties, and by deposition that changes sur-
face albedo (McConnell et al., 2007; Sarangi et al., 2020).
Biomass burning injects a large amount of primary organic
aerosol (POA), secondary organic aerosol (SOA), and black
carbon (BC) into the atmosphere every year. BC is somewhat
poorly defined but is generally considered to be insoluble, be
refractory, and have an absorption exponent near 1. Other
materials such as elemental carbon (EC) and soot (Wei et al.,
2013) are often very similar to BC, but each is operationally
defined by how it is measured. Although it only represents
a small fraction of aerosol mass, BC has a significant im-
pact on the global energy budget due to its ability to strongly
absorb solar radiation at all visible wavelengths. While still
important, positive radiative forcing of BC is lower in IPCC
AR6 (2022) than in IPCC AR5 (2013). Bond et al. (2013) es-
timated the direct radiative forcing for BC from 1750 to 2005
at the top of the atmosphere (TOA) to be+0.71 W m−2, with
an uncertainty of 90 %, while the latest IPCC AR6 (2022)
estimates the effective radiative forcing for BC from 1750 to
2019 to be +0.11 (−0.2 to +0.42) W m−2. It is important to
note that AR5 reported direct radiative forcing, while AR6
reports effective radiative forcing. While BC is emitted from
nearly all combustion processes, the largest global source of
BC is thought to be biomass burning (Bond et al., 2013). Or-
ganic aerosol (OA) also absorbs visible light, but its absorp-
tion strongly depends on the wavelength of light (Kirchstet-
ter et al., 2004). Non-BC light-absorbing organic compounds
are often called brown carbon (BrC), and they are usually
co-emitted with BC or formed by secondary chemistry in
biomass burning plumes (Andreae and Gelencsér, 2006). Un-
like BC, which absorbs light from the UV to the IR, BrC ab-
sorption sharply increases in the UV and shorter visible por-
tions of the spectrum and has historically been considered
to be almost transparent near the red wavelengths (Andreae
and Gelencsér, 2006; Bahadur et al., 2012; Liu et al., 2020).
The global-mean TOA direct radiative forcing from BrC also
shows large uncertainty, with estimates ranging from +0.03
to +0.57 W m−2 (Saleh, 2020). Wildfires in the western US
have increased in recent decades (Westerling et al., 2006;
Burke et al., 2021) and will continue increasing according
to model predictions (Yue et al., 2013; Hurteau et al., 2014;
Ford et al., 2018; Neumann et al., 2021). Therefore, quanti-
tative studies of the radiative effects caused by BC and BrC
emitted from wildfires are crucial for a better understand-
ing of future climate and are essential for improving climate
models.

The high uncertainty in the radiative forcing from BC is
caused by both uncertainties in emissions and uncertainty in
the properties that affect its optics, such as size distribution,

morphology, refractive index, and mixing state (Bond et al.,
2006; Kleinman et al., 2020; Brown et al., 2021). For wild-
fires, most of the aerosol mass is organic (Garofalo et al.,
2019). When BC is internally mixed with OA, it is coated by
other absorbing or non-absorbing materials that cause more
photons to interact with the BC core and therefore enhance
the absorption of the BC core. This process is often called
the lensing effect, even though geometric lensing is not actu-
ally happening at these sizes (Fuller and Kreidenweis, 1999).
The absorption enhancement caused by the lensing effect
is defined as the ratio of the absorption cross section of a
coated BC particle to that of an equivalent uncoated BC par-
ticle (Lack and Cappa, 2010). Laboratory experiments have
shown a strong absorption enhancement of BC by a factor of
2 or more (Schnaiter et al., 2003, 2005; Bond and Bergstrom,
2006; Bond et al., 2006; Peng et al., 2016). Observations
of absorption enhancement from ambient BC vary widely
in field studies due to variations in coating thickness, coat-
ing material, source type, or methodological differences, but
this is often much lower than laboratory values (Liu et al.,
2015, 2017; Cappa et al., 2012, 2019; Healy et al., 2015;
Krasowsky et al., 2016). Cappa et al. (2019) summarized ab-
sorption enhancements observed at the red end of the visible
spectrum from 10 studies including ambient measurements,
source sampling, and laboratory experiments. The absorption
enhancement reported by those measurements ranged from
1.1 to 2.8. Lack and Cappa (2010) found that the absorp-
tion enhancement caused by the absorbing shell would be
smaller than the absorption enhancement caused by the pure
scattering shell. The nonspherical morphology of BC and the
tendency of BC to compact when coated by organics can also
both enhance and decrease absorption (Romshoo et al., 2021;
Kelesidis et al., 2022).

The mass absorption cross section of BC (MACBC) is an
alternative method to quantify the absorbing ability of BC-
containing particles compared to absorption enhancement.
By describing the absorption per unit mass of BC, MACBC
can be a fundamental input in climate models to convert mass
concentration into absorption coefficients (Cho et al., 2019).
MACBC is the particulate absorption divided by the mass of
the pure BC at a certain wavelength. In this way, the calcu-
lated MACBC will include absorption of the BC core along
with the absorption and absorption enhancement caused by
the coating material. Unfortunately, the MAC of the overall
BC particle, MACBC, in the ambient atmosphere continues
to be poorly understood due to a lack of field measurements
and limitations of filter-based instruments in measuring this
parameter. Processes that occur during atmospheric aging of
BC also introduce uncertainties into its absorption. Bond and
Bergstrom (2006) suggested a MACBC of 7.5± 1.2 m2 g−1 at
550 nm for fresh BC. The following campaigns demonstrate
the variety of MACBC measured in the ambient during the
past 15 years. Subramanian et al. (2010) reported MACBC
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values of 10.9± 2.1 m2 g−1 at 660 nm and 13.1 m2 g−1 at
550 nm over Mexico City when using the Single Particle Soot
Photometer (SP2) and the filter-based Particle Soot Absorp-
tion Photometer (PSAP) for airborne measurements. Kra-
sowsky et al. (2016) reported a MACBC enhancement of
1.03± 0.05 due to the coatings on BC. Zhang et al. (2017)
found a MACBC with a mean of 10 m2 g−1 and a standard
deviation of 4 m2 g−1 at 660 nm using both SP2 and PSAP
measurements. Cho et al. (2019) summarized the MACBC es-
timated from more than 10 studies in East and South Asia un-
der both ambient conditions and in laboratory experiments,
and the values ranged from 4.6 to 11.3 m2 g−1.

The limitations of current measurement techniques bring
major uncertainty when quantifying BrC absorption, because
BrC is usually co-emitted with BC, which makes it challeng-
ing to measure BrC absorption independently. BrC absorp-
tion can be measured directly through the solvent-extraction
method (Peltier et al., 2007; Zeng et al., 2021; Sullivan et
al., 2022) or a thermodenuder (Cappa et al., 2012; Liu et al.,
2015; Pokhrel et al., 2017). However, the solvent-extraction
method will miss BrC that is insoluble in water or organic
solvents, and thermal denuders miss BrC that is not volatile at
the denuder temperature. BrC absorption can also be calcu-
lated from multiwavelength total absorption measurements,
but this approach must assume the absorption Ångström ex-
ponent (AAE) for BC and assumes that BrC does not absorb
at longer wavelengths, adding significant uncertainty.

To improve our understanding of the evolution of light-
absorbing aerosol from biomass burning, smoke from 21
wildfires in the western US was measured near their sources
and downwind on board the NSF/NCAR C-130 aircraft dur-
ing the Western Wildfire Experiment for Cloud Chemistry,
Aerosol Absorption and Nitrogen (WE-CAN) campaign.
This campaign represented an airborne attempt to fully char-
acterize western US wildfires from several different fuel
types, locations, and fire stages (flaming and smoldering).
This paper presents novel observations of the absorbing prop-
erties of the aerosol and compares these observations to mod-
eling studies conducted with the WE-CAN data and to results
from the Fire Influence on Regional to Global Environment
– Air Quality (FIREX) study conducted in 2019 (Zeng et al.,
2021).

2 Experimental method

This work relies on measurements made during the WE-
CAN field campaign, which sampled smoke emitted by wild-
fires across the western US using the NSF/NCAR C-130 re-
search aircraft. The goal of the campaign was to make de-
tailed observations of the physical, chemical, and optical evo-
lution of aerosol in western wildfire smoke and its impact on
climate, air quality, weather, and nutrient cycles. The WE-
CAN field campaign consisted of 19 research flights that
took place from 24 July to 13 September 2018. Data from 13

Figure 1. Flight paths and the sampled wildfires for the WE-CAN
flights analyzed in this paper.

flights where all the required instrumentation was available
were analyzed in this study. The flight path and dominant
wildfire for each of these flights are shown in Fig. 1. The fire
locations and fuel types for each fire during WE-CAN were
characterized and summarized by Lindaas et al. (2021).

2.1 Instrumentation

The following instruments are a subset of those flown dur-
ing the WE-CAN campaign and are utilized in this work.
The full WE-CAN dataset is archived at https://data.eol.
ucar.edu/master_lists/generated/we-can (last access: 4 May
2021). All the aerosol instruments utilized in this paper, ex-
cept for the Particle-into-Liquid Sampler (PILS), pulled air
from the same Solid Diffuser Inlet (SDI). PILS sampled from
a Submicron Aerosol Inlet (SMAI) (Craig et al., 2013a, b,
2014; Moharreri et al., 2014). To eliminate artificial differ-
ences in the measurements that would arise from different
instruments having different pressures and temperatures af-
ter the inlets, all data were converted to either mixing ratio or
standard temperature and pressure (STP) conditions (1 atm,
0 °C). Converting to STP has an additional benefit over con-
verting to ambient conditions in that, similar to the mixing
ratio, aerosol mass concentrations (µg m−3) and aerosol op-
tical properties (Mm−1) converted to STP stay constant with
altitude unless there is a chemical or physical change be-
yond parcel expansion. Because of this, conversion to STP
also allows for division of mass concentrations and optical
properties by mixing ratios. All the WE-CAN measurements
were converted to STP based on the measured inlet tempera-
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ture and pressure (Eq. 1) before data were uploaded, and they
have been used in other papers from WE-CAN (Palm et al.,
2020; Sullivan et al., 2022).

VariablesSTP = Variablesmeasured ·
PressureSTP

Pressuremeasured

·
Temperaturemeasured

TemperatureSTP
(1)

2.1.1 Photoacoustic Absorption Spectrometer (PAS)

Aerosol absorption coefficients were measured with the mul-
tiwavelength PAS built by the University of Wyoming (Fos-
ter et al., 2019), based on the design of Lack et al. (2012b).
A PAS can directly measure the absorption coefficient of
dry aerosol. It represents the only way to directly mea-
sure aerosol absorption other than with a photothermal in-
terferometer (PTI; Sedlacek and Lee, 2007), which mea-
sures the change in the refractive index of the air near parti-
cles caused by heating from absorption. Briefly, when mod-
ulated laser light (at the resonant frequency of the cell) is
absorbed by the aerosol, it heats the surrounding air, in-
ducing pressure waves that are amplified by the cavity and
then detected by two microphones (Lack et al., 2006; Fos-
ter et al., 2019). The PAS used here has four cells that mea-
sure the aerosol absorption coefficient from dry air at 405
and 660 nm and thermally denuded air at 405 and 660 nm.
The denuder was set to 300 °C, with the goal of evaporating
volatile organic aerosol, which might have a potential impact
on light absorption. However, absorption from the denuded
channels was not used in this study, because the absorption
enhancement calculated using the thermodenuder approach
was much smaller than the approach of taking the ratio of
MACBC to MACBC-core, and we believe that the discrepancy
is due to the presence of significant residual organic mate-
rial after denuding. Two NOx denuders coated with potas-
sium hydroxide, guaiacol, and methanol were installed on
the PAS in front of the inlet to remove the absorption from
gas-phase NO2 (Williams and Grosjean, 1990). No evidence
of NO2 absorption (which would cause baseline shifts) was
observed during filter measurements, which are acquired ev-
ery few minutes. A 3 L min−1 PM2.5 cyclone (URG-2000-
30ED) was used on the PAS in front of the inlet to provide
a PM1.0 cut at a total flow rate of 5.7 L min−1. In addition, a
Nafion drier (Purma Pure PD-100T-24MPS) with 100 tubes
was installed on the inlet system to dry-sample to a relative
humidity below 30 %. The particle loss (< 3 %) in the drier
was corrected during postprocessing. The uncertainty in the
absorption coefficient measured by the PAS mainly comes
from the calibration technique, in which the highly absorb-
ing substance Regal Black and the Cavity-Attenuated Phase
Shift Spectrometer (CAPS) PMSSA were utilized (Foster et
al., 2019). The PAS was routinely calibrated (after each flight
or every other day if there was a flight every day) during WE-
CAN with an accuracy of ±10 %.

The PAS microphone shows a pressure-dependent re-
sponse to pressure. To account for this behavior, we per-
formed pressure-dependent calibration of the PAS where
the instrument pressure (both PAS and CAPS PMSSA) was
dropped stepwise by∼ 50 torr from the ambient to∼ 300 torr
(typical minimum pressure level during WE-CAN). A cali-
bration was performed at each pressure step, and the calibra-
tion constants were fitted with pressure to get a change in
calibration at a desired pressure. Pressure-dependent calibra-
tions were repeated pre and post campaign to capture vari-
ability.

2.1.2 CAPS PMSSA

After pulling through the NOx denuder, the PM1.0 cyclone,
and the Nafion drier in front of the PAS inlet, the sampled air
entered through the Aerodyne CAPS PMSSA_450 and CAPS
PMSSA_660 to measure the aerosol scattering and extinction
coefficients at 450 and 660 nm, respectively. CAPS PMSSA
instruments measure extinction by utilizing cavity-attenuated
phase shift spectroscopy and measure scattering with an in-
tegrating sphere (Onasch et al., 2015). Ammonium sulfate
particles were used to calibrate the scattering channel of the
CAPS PMSSA during WE-CAN with an accuracy of ±3 %.

2.1.3 PILS system

BrC absorption and water-soluble organic carbon (WSOC)
were measured using the PILS system (Sullivan et al., 2022).
PILS continuously collects ambient particles into purified
water and provides a liquid sample with the aerosol particles
dissolved in it for analysis (Orsini et al., 2003). The size cut
for PILS was provided by a non-rotating micro-orifice uni-
form deposit impactor (MOUDI) with a 50 % transmission
efficiency of 1 µm (aerodynamic diameter) at 1 atmosphere
ambient pressure (Marple et al., 1991). The total air flow for
PILS was approximately 15 L min−1. Upstream of PILS was
an activated carbon parallel-plate denuder (Eatough et al.,
1993) to remove organic gases. In addition, a valve was pe-
riodically closed manually for 10 min, diverting the air flow
through a Teflon filter before entering PILS and allowing for
background measurements. The liquid sample obtained from
PILS was pushed through a 0.2 µm PTFE liquid filter using a
set of syringe pumps to ensure that insoluble particles were
removed. The flow was then directed through a liquid waveg-
uide capillary cell (LWCC) and a total organic carbon (TOC)
analyzer for near-real-time measurement of BrC absorption
and WSOC, respectively. More details and a schematic illus-
tration can be found in Zeng et al. (2021).

For the absorption measurement, a 2.5 m path-length
LWCC (World Precision Instruments, Sarasota, FL) was
used. A dual deuterium and tungsten halogen light source
(DH-mini, Ocean Optics, Largo, FL) and an absorption
spectrometer (FLAME-T-UV-VIS, Ocean Optics, Largo, FL)
were coupled to the LWCC via fiber optic cables. Absorp-
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tion spectra were recorded using OceanView spectroscopy
software over a range from 200 to 800 nm. The wavelength-
dependent absorption was calculated following the method
outlined in Hecobian et al. (2010). For this study, a 16 s in-
tegrated measurement of absorption with a limit of detection
(LOD) of 0.1 Mm−1 was made (Sullivan et al., 2022).

For the WSOC measurement, a Sievers Model M9
Portable TOC Analyzer (Suez Waters Analytical Instru-
ments, Boulder, CO) was used. This analyzer works by con-
verting the organic carbon in the liquid sample to carbon
dioxide through chemical oxidation involving ammonium
persulfate and ultraviolet light. The carbon dioxide formed
was then measured by conductivity. The increase in the con-
ductivity observed was proportional to the amount of organic
carbon in the liquid sample. The analyzer was run in turbo
mode, providing a 4 s integrated measurement of WSOC with
a LOD of 0.1 µg C m−3 (Sullivan et al., 2022).

2.1.4 SP2

Refractory black carbon (rBC) number and mass concentra-
tions were measured with the SP2 (Droplet Measurement
Technologies), which uses a continuous, 1064 nm Nd:YAG
laser to heat absorbing material, primarily rBC, to its va-
porization temperature and measures the resulting incandes-
cence (Schwarz et al., 2006). Similar to the CAPS PMSSA,
the sampled air was sent through the NOx denuder, PM1.0
cyclone, and Nafion drier in front of the PAS inlet before it
went to the SP2. The SP2 was calibrated with polystyrene
latex (PSL) particles and size-selected fullerene soot. On the
C-130, the SP2 sample line was diluted with high-efficiency
particulate air (HEPA)-filtered, pressured ambient air that
was passed through a mass flow controller to prevent signal
saturation. During postprocessing the data were corrected for
dilution back to ambient concentrations.

2.1.5 Ultra-High Sensitivity Aerosol Spectrometer
(UHSAS)

Particle number concentration was measured using a rack-
mounted UHSAS. The flow rate of the rack-mounted UH-
SAS can be manually lowered by the in-flight operator when
the aircraft flies across smoke plumes, so that the UH-
SAS can stay within its optimum concentration measurement
range (Sullivan et al., 2022). The UHSAS was calibrated with
ammonium sulfate. The particle mass concentration was cal-
culated by applying these size bins and multiplying them by
a particle density of 1.4 g cm−3 (Sullivan et al., 2022). The
volume mean diameters of the particles for all the detected
plumes range between 0.18 and 0.34 µm.

2.1.6 Proton-Transfer-Reaction Time-of-Flight Mass
Spectrometer (PTR-ToF-MS)

The University of Montana PTR-ToF-MS 4000 (Ionicon An-
alytik) was utilized to report the volatile organic compound
(VOC) mixing ratios during WE-CAN (Permar et al., 2021).
Only the toluene and benzene mixing ratios derived from the
PTF-ToF-MS were used in this work; their overall uncer-
tainty is < 15 %. More details of the operation, calibration,
and validation of the PTR-ToF-MS during WE-CAN can be
found in Permar et al. (2021).

2.1.7 High-resolution aerosol mass spectrometry
(HR-AMS)

OA was detected using HR-AMS (Aerodyne Inc.). A de-
scription of the AMS operation during WE-CAN can be
found in Garofalo et al. (2019). The atomic oxygen-to-
carbon ratio (O : C) and organic-mass-to-organic-carbon ra-
tio (OM : OC) used in this work were determined using
the improved ambient elemental analysis method for AMS
(Canagaratna et al., 2015). Average (integrated) elemental
ratios were obtained by averaging (integrating) elemental
masses of carbon, hydrogen, and oxygen and recalculating
elemental ratios.

2.1.8 Quantum cascade laser (QCL) and Picarro cavity
ring-down spectrometer

The carbon monoxide (CO) mixing ratio was measured us-
ing both an Aerodyne quantum cascade laser instrument (CS-
108 miniQCL) and a Picarro cavity ring-down spectrometer
(G2401-m WS-CRD) (Garofalo et al., 2019). Because the
QCL has better precision than the Picarro instrument, CO
measurements from the QCL were preferentially used. How-
ever, CO measurements from the Picarro CO data were used
for RF10 and RF13, because the CO QCL was not operated
during these two flights. The carbon dioxide (CO2) mixing
ratio was also determined from Picarro.

2.2 Plume physical age

The physical age of the plume was calculated by dividing
the distance the plume was sampled from the fire source by
the in-plume average wind speed. The average wind speed
was measured on the NSF/NCAR C-130 aircraft during each
plume pass. The distance was estimated by using the longi-
tude and latitude of the geometric center of the plume mea-
sured on the NSF/NCAR C-130 and the fire location pro-
vided by the U.S. Forest Service. The same method was
used by Garofalo et al. (2019), Peng et al. (2020), Lindaas
et al. (2021), Permar et al. (2021), and Sullivan et al. (2022)
and is also utilized here for consistency.
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2.3 Plume-integration method

During the WE-CAN campaign, both the SP2 and PILS had
significant hysteresis compared to other instruments. In the
SP2 this is because the sampled air was diluted with particle-
free ambient air at various ratios to prevent signal satura-
tion. In PILS this is because of the retention effect of liquid
on the wetted component or within dead volumes (Zeng et
al., 2021). Therefore, it was most accurate to integrate prop-
erties across airborne transects of wildfire plumes to avoid
the impact of instrument hysteresis and measurement noise,
which can dramatically impact instantaneous ratios. Pseudo-
Lagrangian sampling was used during the flights for the
WE-CAN campaign: the C-130 aircraft repeatedly crossed
the smoke plume from a particular fire by traveling perpen-
dicular to the prevailing winds, crossing the plume, turn-
ing, and then crossing the plume again further downwind.
In this work, we manually identified plume edges based on
the inflection point when CO concentrations stopped rapidly
changing as we entered and exited the smoke plume. The
outsides of the plume measurement periods had CO mixing
ratios from 100 to 300 ppbv. The lowest 10 % of each vari-
able from the outside plume segments was set to the back-
ground of that variable. If the time between two consecutive
outside plume segments was longer than 20 s and the highest
CO mixing ratio was 100 ppbv higher than the outside plume
CO criteria, this segment was chosen as a plume. The start
and end points of each plume were slightly adjusted man-
ually based on the CO mixing ratio to make sure the entire
plume was covered. Different start and end points for the SP2
and PILS were adjusted manually based on the rBC mass
concentrations and WSOC, respectively.

2.4 Absorption enhancement and mass absorption
cross section

Absorption enhancement (Eabs) is the ratio of the absorption
of all particles (including BC core and coating materials) to
the absorption of BC alone (Lack and Cappa, 2010). Eabs at
660 nm (Eabs_660) was calculated in this study using Eq. (2):

Eabs_660 =
AbsTotal_660

MBC ·MACBC_core_660
, (2)

where AbsTotal_660 is the total absorption coefficient at
a wavelength of 660 nm measured by the PAS, MBC is
the mass concentration of BC measured by the SP2, and
MACBC_core_660 is the MAC of BC alone (without any other
coating material) at 660 nm, which is set to 6.3 m2 g−1 (Bond
and Bergstrom, 2006; Subramanian et al., 2010).

The MACBC at 660 nm was calculated using Eq. (3):

MACBC660 =
AbsTotal_660

MBC
. (3)

MACBC660 is utilized more often in this study than
Eabs_660 because there is no widely accepted MAC for BC

emitted from wildfires. The MAC of BrC and lensing is cal-
culated at 405 and 660 nm (Eq. 4):

MACBrC+lensing_λ =
AbsTotal_λ−MBC ·MACBC_core_λ

MOA
, (4)

where MOA is the organic mass measured by AMS. Again,
the MACBC_core_λ is set to 6.3 and 10.2 m2 g−1, respectively,
at 660 and 405 nm, yielding an AAE (the negative slope of
a logarithmic absorption coefficient against wavelength) of
0.99 for the BC core (Bond and Bergstrom, 2006; Subrama-
nian et al., 2010; Liu et al., 2015). It should be noted that both
BrC and lensing contribute to the MACBrC+lensing_λ and can-
not be separated using this approach, and MACBrC+lensing_λ
is the MAC of all organics without distinguishing between
absorbing and non-absorbing particles.

The MAC of water-soluble BrC at λ nm (MACws_BrCλ) is
calculated using Eq. (5):

MACws_BrCλ =
Absws_BrCλ

WSOC · (WSOM : WSOC)
, (5)

where Absws_BrCλ is water-soluble light absorption co-
efficient at λ nm and WSOC is water-soluble organic
carbon mass, which are both measured by PILS. The
WSOM : WSOC ratio is set to 1.6 (Sullivan et al., 2022).
MACws_BrCλ is the MAC of all water-soluble organics with-
out distinguishing between absorbing and non-absorbing par-
ticles.

2.5 Fractional non-BC absorption from BrC

Many previous studies of BrC assume that BrC does not ab-
sorb significant amounts of light at long wavelengths (532–
705 nm) (Wonaschütz et al., 2009; Lack et al., 2012a; Taylor
et al., 2020; Zeng et al., 2021; Zhang et al., 2022). In this
study, the PILS system was used to quantify the absorption
of light for water-soluble BrC at 660 nm. This absorption is
not likely caused by traditional BC, which is insoluble and
will be removed by the PILS impactor and the 0.2 µm filter
in PILS, and the BC over 110 nm in size will not be oxidized
by the TOC analyzer (Peltier et al., 2007; Zeng et al., 2021;
Sullivan et al., 2022).

To investigate which contributes more to absorption en-
hancement at 660 nm, the absorption from BrC or the lensing
effect, the fractional non-BC absorption from BrC at 660 nm
is calculated using Eq. (6):

fractional AbsBrC =

AbsBrC_660

AbsTotal_660−MBC ·MACBC_core_660
, (6)

where AbsTotal_660 is the total absorption coefficient at
660 nm which is measured by the PAS, MBC is the mass
concentration of BC which is measured by the SP2, and
MACBC_core_660 is the MAC of the BC core at 660 nm which
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is set to 6.3 m2 g−1 (Bond and Bergstrom, 2006; Subrama-
nian et al., 2010). AbsBrC_660 is the total BrC absorption
coefficient at 660 nm, which is calculated from the water-
soluble light absorption provided by PILS, where we convert
absorption from water-soluble BrC to total BrC. More specif-
ically, to convert the measured light absorption by water-
soluble organics into total BrC absorption in the ambient, it
had to be multiplied by two factors. The first factor converts
absorption from water-soluble BrC into absorption from total
BrC. This factor is obtained by taking the ratio between OM
and WSOM. Water-soluble organic mass is calculated from
the PILS WSOC data using a WSOM : WSOC ratio of 1.6
(Duarte et al., 2015, 2019). Ambient organic mass is mea-
sured by AMS or calculated from the particle size distribu-
tions measured by the UHSAS assuming the particle mass
all comes from organic material with a particle density of
1.4 g cm−3. Both methods are used and compared in this pa-
per. The second factor accounts for the fact that particles ab-
sorb more light than the same substance in the bulk liquid
phase. Here we use Mie theory (Bohren and Huffman, 1983)
to convert absorption from BrC in aqueous solution to ab-
sorption from BrC particles in the ambient (Liu et al., 2013;
Zeng et al., 2020). The complex refractive index (m= n+ik)
was put into a Mie code (implemented in Igor by Ernie Lewis
based on Bohren and Huffman, 1983) to obtain the absorp-
tion efficiency (Q), and it was further used to calculate the
absorption coefficient with Eq. (7) (Liu et al., 2013). The real
part of the refractive index (n) is set to 1.55, and the imagi-
nary part is calculated using Eq. (8) (Liu et al., 2013):

Abs
(
λ,Dp

)
=

3
2
·
Q ·WSOC
Dp · ρ

, (7)

k =
ρλ ·H2O_Abs(λ)

4π ·WSOC
, (8)

where λ is the wavelength, Dp is the diameter of the parti-
cle, Abs(λ,Dp) is the absorption coefficient,Q is the absorp-
tion efficiency, the particle density (ρ) is set to 1.4 g cm−3,
WSOC is the mass concentration of WSOC (µg C m−3)
measured by PILS, and H2O_Abs(λ) is the water-soluble
light absorption coefficient measured by PILS. The plume-
averaged particle size distribution was used in the calcula-
tion, and then the absorption coefficient was calculated for
each size bin of UHSAS to obtain the most accurate Mie fac-
tor for each plume.

The average OM : WSOM factor based on the UHSAS
(UHSAS factor) for all the plumes is 2.36 with a standard
deviation of 1.17. The average OM : WSOM based on AMS
(AMS factor) is 1.63 with a standard deviation of 0.74. The
average Mie factor at 660 nm is 1.47 (standard deviation of
0.13), which is close to the factor of 1.36 found by Zeng et
al. (2022) based on FIREX data. The Mie factor at 405 nm
based on the WE-CAN data is also calculated, with an aver-
age of 1.83 that is similar to the factors that Zeng et al. (2022)
determined at 405 nm (1.7) based on FIREX and that Liu

et al. (2013) determined at 450 nm (1.9) based on measure-
ments in Atlanta.

Sensitivity tests were done for these factors by choosing
values from reasonable ranges for the particle density (1.1,
1.4, and 1.7 g cm−3) and WSOM : WSOC ratio (1.5, 1.6, and
1.8) (Duarte et al., 2015, 2019; Finessi et al., 2012; Sun
et al., 2011) (Table S1 in the Supplement). Particle density
only affects the Mie factor and UHSAS factor, while the
WSOM : WSOC ratio affects the AMS factor and UHSAS
factor. As shown in Table S1, the impact of particle density
on the Mie factor (at both 660 and 405 nm) is negligible,
WSOM : WSOC being the only component that affects the
AMS factor (ranging from 1.48 to 1.73), while the UHSAS
factor is much more sensitive (ranging from 1.65 to 3.06) to
both particle density and WSOM : WSOC. Overall, Table S1
demonstrates that none of the factors other than the UHSAS
factor is sensitive to the exact parameters chosen for the cal-
culation, giving confidence that the results presented are ro-
bust.

This approach assumes that water-insoluble BrC has the
same refractive index as water-soluble BrC. This assumption
would provide a lower estimate of the BrC contribution to
the total absorption because Sullivan et al. (2022) found that
45 % of the BrC absorption at 405 nm in WE-CAN came
from water-soluble species, and Zeng et al. (2022) found
that insoluble BrC absorbs more at higher wavelengths than
soluble BrC. Methanol-insoluble BrC chromophores caused
87 % of the light absorption at 664 nm.

2.6 Absorption of BrC and water-soluble BrC

The bulk absorption coefficient of water-soluble BrC at a
specific wavelength (Absws_BrCλ) is measured directly by the
PILS system. The bulk absorption coefficient of BrC is cal-
culated from Eq. (9):

AbsBrC+lensing_λ = AbsTotal_λ−MBC ·MACBC_core_λ, (9)

where AbsTotal_λ is the total absorption coefficient measured
by the PAS. The MAC of the BC core is set to 6.3 and
10.2 m2 g−1, respectively, at 660 and 405 nm. It should be
noted that both BrC and lensing contribute to the bulk ab-
sorption coefficient and cannot be separated using this ap-
proach.

Then the plume-integrated absorption and scattering were
normalized (x/CO) by taking the ratio of background-
subtracted absorption or scattering (1x) to the background-
subtracted CO mixing ratio (1CO) (Eq. 10), so that the
change in the normalized properties is not impacted by di-
lution of the plume with background air.

x/CO=
1x

1CO
(10)
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2.7 Modified combustion efficiency (MCE)

The variation of burn condition (e.g., flaming or smoldering)
and fuel type can cause a significant difference in BC emis-
sions and changes in aerosol properties (Akagi et al., 2011;
Andreae, 2019). Burn conditions can be estimated with the
MCE, defined as in Eq. (11):

MCE=
1CO2

1CO+1CO2
, (11)

where 1CO2 and 1CO are the background-subtracted CO2
and CO mixing ratio. The background of the CO2 and CO
mixing ratio is obtained via the same process as described in
Sect. 2.3.

3 Results and discussion

3.1 Comparison of WE-CAN MACBrC with modeling
studies

It is challenging for climate models to simulate absorp-
tion from BrC, especially because it is highly wavelength-
dependent and may change with chemical age (Liu et al.,
2020). Recently, the Saleh et al. (2014) parameterization was
implemented in models in an attempt to better parameterize
the imaginary part of the BrC refractive index (Wang et al.,
2018; Carter et al., 2021). To test how accurately the Saleh
parameterization matched WE-CAN data, the BC : OA ratios
measured during WE-CAN were input into the Saleh param-
eterization, which provides an imaginary part for the refrac-
tive index of BrC (kBrC, λ) as a function of the BC : OA ra-
tio. The plume-integrated BC : OA ratio for each plume was
used in the parameterization, which gave average kBrC val-
ues of 0.025, 0.013, and 0.009, respectively, at 405, 550,
and 660 nm. Mie theory (Bohren and Huffman, 1983) was
then used to calculate the MAC for BrC. To do the Mie
calculations, we assumed a real part of the refractive index
of 1.7 for BrC (same as in Saleh et al., 2014), used vol-
ume mean diameters measured for each plume, and used an
organic density of 1.4 g cm−3. Figure 2 compares the ob-
served MACBrC+lensing (Eq. 4) and MACws_BrC (Eq. 5) with
the value calculated from the Saleh parameterization with in-
puts from WE-CAN. In both the observations and parameter-
ization, the MACBrC decreases as the wavelength increases.
However, the Saleh parameterization is always significantly
larger than the observations. The MACBrC values from the
Saleh parameterization, which does not include lensing ef-
fects, are factors of 3.4 and 2.8 larger than the observed
MACBrC+lensing at 405 and 660 nm, respectively. The range of
BC : OA ratios during WE-CAN (0.007–0.061) is on the very
small end of the range (0.005–0.7) used in Saleh et al. (2014),
and the parameterization failed to capture absorbing aerosol
properties for this study. The discrepancy could also be partly
because the data Saleh et al. (2014) used for their parameter-
ization came from controlled laboratory burns and not wild-
fires or because emissions observed during WE-CAN have

Figure 2. Boxplot summary for observed and parameterized
(Saleh) MACBrC at 405 nm (blue) and 660 nm (red). For each box,
the central line represents the median, the top and bottom edges
represent the 75th and 25th percentiles, and the top and bottom
whiskers represent the 90th and 10th percentiles of the data.

all undergone some near-source aging before being observed
by the aircraft. It is worth noting that the Saleh parameteri-
zation of MACBrC is very sensitive to organic aerosol den-
sity. If particle density is increased from 1.4 to 1.7 g cm−3,
the Saleh parameterization’s median MACBrC decreases to
1.6 and 0.24 m2 g−1, respectively, at 405 and 660 nm (fac-
tors of 2.8 and 2.3, respectively, compared to the observed
MACBrC at 405 and 660 nm). The fact that the Saleh param-
eterization overestimates the absorption property of biomass
aerosol, especially for freshly emitted aerosols, suggests that
different parameterizations are needed for the western US.
Carter et al. (2021) utilized the Saleh parameterization for
BrC absorption in the GEOS-Chem model (a global model of
atmospheric chemistry driven by meteorological input from
the Goddard Earth Observing System) and also found that the
Saleh model overestimated BrC absorption for WE-CAN. It
was hypothesized that the overestimation was due to the lack
of a bleaching process for BrC in the model and offset part
of the overestimation by bringing bleaching into the model.

3.2 Investigation of BrC bleaching at visible wavelengths

A limited number of field measurements have shown BrC
decay with chemical age (Forrister et al., 2015; Wang et al.,
2016). Despite a relatively poor understanding of the mech-
anism of bleaching or whitening of BrC, this process has
been implemented in numerous model simulations (Brown
et al., 2018; Wang et al., 2018; Carter et al., 2021). While
only a fraction of the organic aerosol mass absorbs light,
both models and observations typically treat all organics as
equally absorbing because of an inability to distinguish be-
tween absorbing and non-absorbing molecules. The defini-
tion of bleaching or whitening was unclear in the previous lit-
erature. Models tend to treat bleaching as a change in the re-

Atmos. Chem. Phys., 24, 12881–12901, 2024 https://doi.org/10.5194/acp-24-12881-2024



Y. Shen et al.: Brown carbon bleaching in WE-CAN 12889

fractive index or a decrease in the MAC (Brown et al., 2018;
Wang et al., 2018; Carter et al., 2021), while observations
or laboratory experiments mostly link bleaching to the de-
crease in normalized total absorption (Forrister et al., 2015;
Palm et al., 2020; Zeng et al., 2022). It is important to dis-
tinguish between these two, because the decrease in the ab-
sorption coefficient can also be caused by a loss of absorbing
organic material, which will also change the scattering coef-
ficient and radiative forcing. Therefore, the MAC of BrC and
the absorption coefficient of BrC at visible wavelengths were
calculated and analyzed together with two chemical clocks
(O : C and toluene : benzene ratios) and organic mass to de-
termine whether BrC bleached during the WE-CAN cam-
paign and whether the bleaching was caused by the less or-
ganic mass or the change in the refractive index. Because all
large wildfire emissions are a mix of different regions that
burn slightly different fuels at different combustion efficien-
cies and because models treat regions, not individual fires,
we identify relationships in this paper that hold true across
all the flight data collected during WE-CAN. These types of
broad correlations are much more useful than individual case
studies yielding results that only hold true sometimes.

3.2.1 Consistency of the mass absorption cross section
of BrC at 405 nm

Palm et al. (2020) combined data from WE-CAN and the
Monoterpene and Oxygenated aromatic Oxidation at Night
and under LIGHTs (MOONLIGHT) chamber experiment
and found that evaporated biomass burning POA is the dom-
inant source of biomass burning SOA in wildfire plumes dur-
ing the first few hours after emission. They also found that, of
the SOA formed from oxidation, phenolic compounds con-
tribute 29± 15 % of the BrC absorption at 405 nm. In this
section, we analyze the characteristics of BrC at 405 nm to
understand the average properties of BrC and to understand
the balance of BrC formation and bleaching during WE-
CAN. The MAC of BrC is calculated using Eq. (4), and there-
fore it includes a contribution from the lensing effect. The
MAC of water-soluble BrC is calculated using Eq. (5). Fig-
ure 3 shows the MAC of BrC at 405 nm and the aerosol oxi-
dation level (O : C ratio), while Fig. S2 in the Supplement is a
similar plot that uses a simple photochemical clock, the gas-
phase toluene : benzene ratio. The O : C ratio characterizes
the oxidation state of OA and typically increases with photo-
chemical age (Aiken et al., 2008), while the toluene : benzene
ratio decreases with photochemical processing time since
toluene is more reactive than benzene (Gouw et al., 2005).
Both markers are commonly used to indicate the chemical
age of smoke, and they correlated well with each other dur-
ing WE-CAN (Fig. S1 in the Supplement).

MACBrC+lensing_405 varies from 0.08 to 1.6 m2 g−1 with a
mean value of 0.59 m2 g−1 and a standard deviation of 0.19.
The largest values are from RF05, the flight through Cali-
fornia, Oregon, and Idaho, where aged smoke from differ-

Figure 3. Plume-integrated (a) MACws_BrC405 and
(b) MACBrC+lensing_405 variations with the organic aerosol
O : C ratio.

ent fires was mixed. The large MACBrC+lensing_405 occurred
when the aircraft left the smoke-filled boundary layer dur-
ing RF05. If we exclude MACBrC+lensing_405 from RF05,
the values range from 0.08 to 1.09 m2 g−1 but still have
a mean value of 0.59 m2 g−1 and a standard deviation of
0.15. Again, we note that this value includes the contri-
bution of lensing. Despite this, our results lie in the same
range as those measured without the contributions of lens-
ing of 0.31± 0.09 m2 g−1 measured in CLARIFY-2017 (Tay-
lor et al., 2020), 0.13–2.0 m2 g−1 measured in FIREX-AQ
(Zeng et al., 2022), and 0.25–1.18 m2 g−1 measured in OR-
ACLES (Zhang et al., 2022). Very weak trends or non-trends
are observed in the chemical markers of aging (Fig. 3). If
there is any trend, it is a slight increase in MACws_BrC405,
with an O : C ratio with a poor correlation. A similar weak
trend is also observed when comparing MACws_BrC405 and
MACBrC+lensing_405 with the toluene : benzene ratio (Fig. S2).
The flat or slightly increasing trend with an increasing ox-
idation level and a decreasing toluene : benzene ratio sug-
gests that the refractive index of BrC does not change in a
consistent way at 405 nm. It is important to remember that
most of the trends observed in WE-CAN are caused by emis-
sions from different fires compared to variations within a
single fire, which tend to be quite small. Only two flights
show a clear trend (R2> 0.3) for both MACws_BrC405 and
MACBrC+lensing_405 with an increasing O : C ratio at the same
time, and they are RF03 (R2 values of 0.85 and 0.85 with
positive slopes for MACws_BrC405 and MACBrC+lensing_405)
and RF06 (R2 values of 0.8 and 0.49 with negative slopes for
MACws_BrC405 and MACBrC+lensing_405), where RF03 only
measured a single fire (the Taylor Creek fire).

RF05 and RF08 were chosen as case studies to observe
the optical properties of highly aged aerosol to see whether
the optical properties of this aerosol were similar to those
observed in the near-field plume sampling of individual fires
at the highest chemical or physical age observed, which was
roughly 6–24 h of physical aging. RF08 was a flight through
the Central Valley of California, where aged smoke from
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Figure 4. Time series of plume properties during (a) RF05 (measurements far from the fire source) and (b) RF08 (Central Valley of Cal-
ifornia). The different square and round markers indicate 1 min averages of different variables as shown in the legend, and the red solid
line represents 10 s averages of the mixing ratio of CO. The purple stars in RF08 indicate region-integrated MACBrC+lensing_405 (individual
regions are separated based on the concentration of CO and are indicated by the blue dashed lines).

multiple fires that had settled in the valley was measured,
while RF05 was a flight on which smoke from several Cali-
fornia fires was observed in California, Oregon, and Idaho,
roughly 450–1000 km from the fires (the flight paths are
shown in Fig. 1). The MACBrC+lensing_405, the CO mixing
ratio, the toluene : benzene ratio, and the O : C ratio are dis-
played in Fig. 4a and b. The mixing ratio of CO is relatively
low in these aged diluted smoke plumes compared to the
plumes near the sources analyzed earlier; 1 min averages of
MACBrC+lensing_405 are calculated to reduce noise, and 1 min
averages for the toluene : benzene ratio and the O : C ratio
are calculated and all negative values removed. As shown
in Fig. 4, the smallest toluene : benzene ratios are ∼ 0.35 in
RF05 and ∼ 0.16 in RF08, while the largest O : C ratio is
∼ 0.7 in both RF05 and RF08, which indicates that these two
cases indeed captured plumes that appear chemically aged
to a similar extent to the other near-source flights, where the
smallest toluene : benzene ratio was 0.33 and the largest O : C
ratio was 0.88 in near-fire measurements (Figs. 3, S2, and
S6a in the Supplement).

In RF05 (Fig. 4a), the weighted average O : C ratio
over the entire flight was 0.64, and the toluene : benzene
ratio averaged 0.45 with a standard deviation of 0.05.
MACBrC+lensing_405 varied from 0.36 to 1.52 m2 g−1 with
an average of 0.66 m2 g−1 and a standard deviation of
0.26 m2 g−1. The plume that was measured on this flight
was a mixture of different fire sources. Despite the much
longer transit time and distance, overall, these emissions,
which were measured 450–1000 km away, have a very sim-

ilar MACBrC+lensing_405 to that of the near-source flights,
where we tracked emissions from as near to the fire source
as allowed by air traffic control.

The RF08 (Fig. 4b) results are similar to those of RF05,
even though these emissions were smoke of mixed ages
from multiple fire sources in the Central Valley of Cal-
ifornia. The weighted average O : C ratio was 0.67 over
the entire measurement, and the average toluene : benzene
ratio was 0.41 with a standard deviation of 0.15. The
MACBrC+lensing_405 average is 0.59 m2 g−1 with a standard
deviation of 0.14 m2 g−1. There are several extreme values
that exist in the dataset, probably because of the SP2 hys-
teresis caused by variation in the dilution rate of the SP2 that
cannot be totally eliminated from the 1 min average. In ad-
dition, the smoke from RF08 (Fig. 4b) is split into four re-
gions based on varying observed CO mixing ratios, and an
integrated MACBrC+lensing_405 is calculated for each region
(purple star marker). The regional edges are represented by
blue dashed lines. The integrated MACBrC+lensing_405 for all
of these variable CO regions is relatively stable, with an aver-
age of 0.59 m2 g−1 and a standard deviation of 0.07 m2 g−1.

3.2.2 Decrease in absorption at 405 nm observed with
markers of chemical oxidation

Although neither MACBrC+lensing_405 nor MACws_BrC405 de-
creases with O : C or toluene : benzene, Fig. 5 shows that
BrC bleaching is observed in terms of decreased total ab-
sorption. Figure 5a and c show the behavior of BrC ab-
sorption at 405 nm with markers of the aerosol oxidation
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level (O : C) and photochemistry (toluene : benzene). The ab-
sorption coefficient of BrC shown in Fig. 5 is calculated
using Eqs. (9)–(10), which cannot separate the absorption
caused by the BrC and lensing effect. To confirm that the
observed trends are not a result of changing lensing, the
absorption coefficient of water-soluble BrC measured by
PILS, which does not include lensing effects, is also com-
pared in Fig. 6a and c. The average water-soluble BrC
absorption at 405 nm (Absws_BrC405, 0.02 Mm−1 ppbv−1)
which is directly measured by PILS is only 20 % of the
total absorption from BrC plus lensing (AbsBrC+lensing_405,
0.11 Mm−1 ppbv−1), which is calculated from the PAS and
SP2 (Eq. 9). However, AbsBrC+lensing_405 and Absws_BrC405
both decrease with increasing O : C (R2

= 0.65 and R2
= 0.3,

respectively, for AbsBrC+lensing_405 and Absws_BrC405) and de-
creasing toluene : benzene ratios, which suggests a similar
level of decreasing BrC absorption for all the fires observed
in WE-CAN from numerous locations in the western US.
This relationship holds despite differences in the fuel types,
burn conditions, and meteorologies of all of these fires. The
observed trends are mostly due to the decrease in both total
OA mass (Fig. 5b and d) and WSOC (Fig. 6b and d) with the
increasing O : C ratio (R2

= 0.8 and R2
= 0.4, respectively,

for OA and WSOC) and the decreasing toluene : benzene
ratio (R2

= 0.64 and R2
= 0.44, respectively, for OA and

WSOC). Overall, the organic aerosol O : C ratio predicts the
BrC evolution better than the toluene : benzene ratio, prob-
ably because it is a particle-phase property rather than a
gas-phase one. Again, it is important to clarify whether BrC
bleaching is caused by a decreasing BrC absorption coeffi-
cient or a decreasing BrC refractive index (or MAC). In this
study, a decreasing MACBrC is not observed. Rather, the BrC
absorption coefficient decreases significantly with the simple
O : C and toluene : benzene chemical clocks due to the loss
of OA mass. Less OA mass also causes a decrease in the
bulk scattering coefficient (Fig. S3 in the Supplement), lead-
ing to a very different net radiative effect than when reducing
MACBrC.

It is important to recall that we aimed to find general trends
that hold for all fires in the western US, and the above trend
is significant when all fires are grouped together, although
the trend is, in fact, not robust on each flight and is rather due
to variations between the fire plumes than variations within
a single fire plume. Figure 7 shows the correlation between
the normalized OA and chemical age for each fire source.
This demonstrates that different fires show different relation-
ships and that OA does not always decrease with oxidation
level or chemical aging within a single fire (Kiwah fire and
Rabbitfoot fire), though an increasing O : C ratio does corre-
late well (R2> 0.3) with decreasing OA mass in seven fires
(with R2 values of 0.94 for the Taylor Creek fire, 0.87 for the
Carr fire, 0.86 for the Beaver Creek fire, 0.8 for the Coal Hol-
low fire, 0.76 for the Bear Trap fire, 0.35 for the Sharps fire,
and 0.31 for the Sugarloaf fire). The toluene : benzene ratio
did not track OA as well as the O : C ratio, and a decreas-

Figure 5. Plume-integrated normalized AbsBrC+lensing_405 and OA
variation with chemical age. The top panels show the (a) plume-
integrated normalized AbsBrC+lensing_405 and (b) plume-integrated
normalized OA variation with the O : C ratio. The bottom pan-
els show the (c) plume-integrated normalized AbsBrC+lensing_405
and (d) plume-integrated normalized OA variation with the
toluene : benzene ratio. Data from RF03 were excluded from the
ODR fit with the toluene : benzene ratio, because RF03 sampled the
injection of fresh smoke into the free troposphere, where gas species
reacted more rapidly than particles and the toluene : benzene ratio
failed to keep track of the aerosol evolution.

ing toluene : benzene ratio correlates well (R2> 0.3) with de-
creasing OA mass in three fires (with R2 values of 0.87 for
the Rabbitfoot fire, 0.85 for the Coal Hollow fire, and 0.84
for the Bear Trap fire).

No trend is observed in CO-normalized OA mass with
plume physical age (Fig. S4 in the Supplement), which is
consistent with the result from Garofalo et al. (2019) in that
no net OA mass change was observed in individual plumes
during WE-CAN when they are characterized by their phys-
ical age, although more data from additional fires were in-
cluded in the current work. Plume-integrated CO-normalized
OA also shows a weak trend or no trend with altitude and
temperature (Fig. S5 in the Supplement). However, we note
that the smallest OA : CO ratio was captured in the plumes
(RF08) that have the highest temperature (∼ 305 K), and
larger OA : CO ratios tend to be observed in colder plumes
(RF19). More studies are needed to determine how much
OA is evaporated in high-temperature plumes because the
WE-CAN dataset does not capture enough temperature vari-
ation within plumes to draw a robust conclusion. No clear
trend was found between MACBrC+lensing_405 and physical
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Figure 6. Similar to Fig. 5 but with the plume-integrated normal-
ized Absws_BrC405 from PILS in panels (a) and (c) and WSOC in
panels (b) and (d).

age or MCE (Fig. S6). Similar behavior was also observed
in western wildfires at 405 nm in FIREX-AQ (Zeng et al.,
2022). Part of the reason for this is that, for most fires, we
only captured the first few hours (< 15 h), and MCE does not
have a robust capability to predict biomass burning particle
properties (McClure et al., 2020). No trend is found between
MACBrC+lensing_405 and altitude or temperature (Fig. S7 in
the Supplement). The trend in the BC : OA ratio (Fig. S8
in the Supplement) is not as clear as in Saleh et al. (2014),
most probably because the range of BC : OA ratios observed
during WE-CAN (0.007–0.061) is much smaller than that
(0.005–0.7) observed in the work of Saleh et al. (2014). Even
in their work, the increasing trend is not very clear if one
only focuses on the region where the BC : OA ratio is less
than 0.03. Also, the Saleh et al. (2014) results were obtained
from laboratory burns and not from wildfires, which might
also cause a discrepancy.

3.2.3 Mass absorption cross section and optical
properties of BrC at 660 nm

BrC is defined as OA that has strong absorption at UV and
shorter visible portions of the spectrum and historically has
been considered to be almost transparent near the red wave-
lengths (Andreae and Gelencsér, 2006; Bahadur et al., 2012;
Liu et al., 2020). However, during WE-CAN, we were able
to quantify Absws_BrC660 with the PILS instrument. We know
that absorption observed in PILS at 660 nm is not BC because

BC is insoluble and will be removed by the PILS impactor,
the 0.2 µm filter in the instrument, and that BC over 110 nm
in size will not be oxidized by the TOC analyzer (Peltier et
al., 2007; Zeng et al., 2021; Sullivan et al., 2022). Next, we
investigate the behavior of BrC absorption at 660 nm to see
whether BrC has similar behavior at the long and short ends
of the visible spectrum.

Figure 8 shows the behavior of brown carbon at 660 nm
compared to the O : C ratio. Similar to 405 nm, no bleach-
ing in terms of decreased MAC is observed at 660 nm.
If there is any trend, it is increasing MACws_BrC660 and
MACBrC+lensing_660 with the organic aerosol O : C ratio. Sim-
ilar trends are observed, though with lower correlation, in
the toluene : benzene ratio (Fig. S9 in the Supplement). The
mean value of MACBrC+lensing_660 is 0.11 m2 g−1 (with a
standard deviation of 0.06), which is much larger than the
0.03 average of MACws_BrC660, a result we have attributed
to the lensing effect but which could also partially be a re-
sult of water-insoluble BrC having a higher MAC than water-
soluble BrC.

These results for the behavior of MACBrC at different
wavelengths derived using different instruments (PAS and
PILS) are further evidence that MACBrC does not decrease
with physical or chemical age in the WE-CAN dataset. At a
minimum, the plume-integrated results, which represent the
total optical properties relevant to climate models, do not
capture any MACBrC decay that might be occurring at the
edges of the plume.

Similarly to our analysis at 405 nm, RF05 and RF08
are presented as case studies to investigate the behavior
of MACBrC+lensing_660 in aged plumes emitted from differ-
ent fire sources. Figure 9 is similar to Fig. 4, but with
MACBrC+lensing_660 instead of MACBrC+lensing_405. For the
case of RF05 (Fig. 9a), MACBrC+lensing_660 varied from 0.04
to 0.40 m2 g−1 with an average of 0.15 m2 g−1 and a stan-
dard deviation of 0.07 m2 g−1. MACBrC+lensing_660 tends to
be larger when the CO mixing ratio is higher but does not
have a significant correlation with any marker of oxidation
level or photochemistry shown in Fig. 9. For the case of
RF08 (Fig. 9b), MACBrC+lensing_660 is more stable than in
RF05 and varied from 0.04 to 0.37 m2 g−1 with an aver-
age of 0.18 m2 g−1 and a standard deviation of 0.06 m2 g−1.
The region-integrated MACBrC+lensing_660 is even more sta-
ble, with an average of 0.16 m2 g−1 and a standard deviation
of 0.01 m2 g−1. Similar to the results at 405 nm, we observe
that the MAC in these very aged plumes is very similar to the
average MAC observed in the near field.

The normalized AbsBrC+lensing_660 and total scattering
coefficient at 660 nm (Fig. S10 in the Supplement), to-
gether with the normalized Absws_BrC660 (Fig. S11 in
the Supplement), were also investigated to see whether
they decreased with markers of chemical age similar to
the results seen at 405 nm. However, the correlation be-
tween these BrC optical properties and the O : C ratio or
toluene : benzene ratio at 660 nm is much weaker and flat-
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Figure 7. Plume-integrated normalized OA variation with the (a) O : C ratio and (b) toluene : benzene ratio. Different colors were used
to distinguish plumes from different fire sources. Plumes from uncertain fire sources (especially plumes from RF05 and RF08) were not
included in this plot.

Figure 8. Plume-integrated (a) MACws_BrC660 and
(b) MACBrC+lensing_660 variations with the O : C ratio.

ter than at 405 nm. Perhaps this is because BrC absorption
is very low at 660 nm, and high uncertainty is introduced
by the assumptions required for calculation of this property
and the instrumental uncertainties. The average normalized
AbsBrC+lensing_660 is 0.02 Mm−1 ppbv−1, which is 5 times
lower than the absorption at 405 nm, while the average nor-
malized Absws_BrC660 is 1 order of magnitude lower than
Absws_BrC405. The MACBrC+lensing_660 (Fig. S12 in the Sup-
plement) shows better correlation with the BC : OA ratio than
MACBrC+lensing_405, though the increasing trend is still not as
significant as in Saleh et al. (2014) due to a much smaller
BC : OA ratio during WE-CAN.

3.3 Relative importance of BrC and the lensing effect at
660 nm

Plume-integrated MACBC values at 660 nm (MACBC660)
from the 13 WE-CAN research flights with clear plume
transects of biomass burning plumes are shown in Fig. 10.
The MACBC660 discussed in this section is calculated using
Eq. (3) and has contributions from absorption from the BC

core, the BrC shell, and the lensing effect. Again, even fire
plumes from individually named fires are usually a mix of
many different burning conditions, and it is hard to identify
the exact source in most wildfire smoke measurements, espe-
cially for well-mixed plumes. Therefore, flight-to-flight data
are analyzed because each flight covered a region, and over-
all behavior of absorbing aerosol from wildfires can be pro-
vided. MACBC660 varies between different flights, with RF03
having the highest average MACBC660 of 12.9 m2 g−1 and
RF10 having the lowest average MACBC660 of 8.6 m2 g−1.
Even in highly aged plumes with emissions mixed from mul-
tiple fires (RF05 and RF08), MACBC660 is similar in magni-
tude and consistency, with an average of 11.3± 1.8 m2 g−1.
The average of all the plume-integrated MACBC660 values is
10.9 m2 g−1, with a standard deviation of 2.1 m2 g−1. This
result is similar to some other recent airborne measure-
ments. Subramanian et al. (2010) reported a MACBC660 of
10.9± 2.1 m2 g−1 using an SP2 and PSAP operated during
the MILAGRO campaign, which included airborne measure-
ments of biomass burning over Mexico. Similarly, Zhang
et al. (2017) estimated a MACBC660 of 10 m2 g−1 utilizing
an SP2 and PSAP deployed on the NASA DC-8 research
aircraft for the DC3 campaign, which measured the upper-
tropospheric BC over the central US. Taylor et al. (2020)
calculated a MACBC655 of 12± 2 m2g−1 for biomass burning
emissions from Africa over the southeastern Atlantic Ocean,
using airborne measurements from an SP2 and PAS during
the CLARIFY-2017 campaign.

These results are encouragingly similar given the breadth
of measurement techniques (PSAP is filter-based, whereas
PAS is a direct measurement), geographic regions (continen-
tal US for DC3, Mexico for MILAGRO, African outflow for
CLARIFY), and altitudes in the atmosphere (all were air-
borne campaigns covering a range of altitudes). If we apply
6.3 m2 g−1 as the MAC of a BC core at 660 nm (Bond and
Bergstrom, 2006; Subramanian et al., 2010), then the aver-
age absorption enhancement for the entire WE-CAN cam-
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Figure 9. Time series of plume properties during (a) RF05 and (b) RF08 (Central Valley of California). The different square and round
markers indicate 1 min averages of the different variables as shown in the legend, and the red solid line represents 10 s averages of the mixing
ratio of CO. The purple stars in RF08 indicate the region-integrated MACBrC+lensing_660 (individual regions are separated based on the
concentration of CO and are indicated by the blue dashed lines).

Figure 10. Boxplots of the plume-integrated MACBC660 for each flight. In each box the central line represents the median, the top and
bottom edges represent the 75th and 25th percentiles, and the top and bottom whiskers represent the 90th and 10th percentiles of the data.
The red dot shows the average, and the red line indicates the average value for all plume-integrated MACBC660.

paign is 1.7. This means that the absorption of coated BC is
1.7 times higher than bare BC at 660 nm, which is somewhat
close to the factor of ∼ 2 reported by laboratory experiments
(Schnaiter et al., 2005; Peng et al., 2016), larger than some
field measurements (Cappa et al., 2012, 2019; Healy et al.,
2015), and close to the 1.85± 0.45 measured by Taylor et
al. (2020) in African biomass burning plumes. The similarity
to the Taylor et al. (2020) result suggests global similarities
in the MACBC660 from aerosol emitted from wildfires.

MACBC660 is also compared with the physical age
and MCE (Fig. S13 in the Supplement), the O : C and
toluene : benzene chemical clocks (Fig. S14 in the Supple-
ment), the altitude, the temperature, and the dilution (1CO)
(Fig. S15 in the Supplement). However, no clear trend is
found in these comparisons.

The average absorption enhancement of 1.7 at 660 nm in
this study indicates that, on average, 41 % of the total absorp-
tion at 660 nm is caused by lensing and absorbing organics
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instead of BC itself. Figure 11 shows the fraction of non-
BC absorption from BrC at 660 nm for the biomass burn-
ing plumes encountered during WE-CAN using Eqs. (6)–(8)
with OM calculated from AMS. The figure is plotted against
plume physical age to allow visualization of the variabil-
ity, though there is no clear trend with physical age other
than perhaps a decrease in variability with increasing phys-
ical age. Figure S16 in the Supplement shows a similar re-
sult when using OM calculated from the UHSAS. More de-
tails on the calculation and the AMS and UHSAS methods
are given in Sect. 2.5. Assuming a MAC of the BC core of
6.3 m2 g−1, BrC contributes roughly the same amount of ab-
sorption at 660 nm as lensing (46 % from the AMS method,
62 % from the UHSAS method). This means that 19 % (AMS
method) to 26 % (UHSAS method) of the total absorption
at 660 nm comes from BrC. When different particle density
and WSOM : WSOC ratios are considered (top and bottom
whiskers, red and blue dashed lines), the fractions of non-BC
absorption are 41 %–49 % for the AMS approach (Fig. 11)
and 43 %–80 % for the UHSAS approach (Fig. S16) based
on different OM : OC ratios and densities. The UHSAS ap-
proach shows higher uncertainty because it is sensitive to
the particle density when calculating the particulate mass
(Table S1). While there is considerable variability between
flights, a rule of thumb that roughly half of the non-BC ab-
sorption at the red wavelengths is from absorbing organic
material seems reasonable. To the best of our knowledge, this
is the first observation-based attempt to differentiate between
lensing and absorbing organics at the red wavelengths. This
approach assumes that water-insoluble BrC has the same re-
fractive index as water-soluble BrC.

4 Conclusion

In this study, we presented results that enable a better un-
derstanding of the ability of aerosol emissions from wild-
fires to absorb visible light and how these properties change
after emission. We presented mass absorption cross sec-
tions (MACs) for BC and BrC from western US wildfires
measured during the WE-CAN campaign at both short and
long visible wavelengths (MACBC660, MACBrC+lensing_660,
MACws_BrC660, and MACBrC+lensing_405). We also investi-
gated the bulk absorption coefficient for BrC and the bulk
scattering coefficient for total aerosol at both short and long
visible wavelengths. General trends that held for all the fire
sources were derived, which should be valid throughout the
western US given the wide variety of emissions used to de-
velop them.

By utilizing a common parameterization for the BrC re-
fractive index from Saleh et al. (2014), with measured in-
puts for the BC : OA ratio and particle size, we calculated
the theoretical MACBrC660 and MACBrC405, and they were
2.3–3.4 times larger than the measured MACBrC+lensing dur-
ing WE-CAN. While this discrepancy has been resolved pre-

Figure 11. Time evolution of the fraction of non-BC absorption
from BrC at 660 nm with AMS and the Mie factor. Markers were
calculated using a density of 1.4 g cm−3 and a WSOM : WSOC ra-
tio of 1.6. The top whiskers represent sensitivity test values using a
density of 1.7 g cm−3 and a WSOM : WSOC ratio of 1.5, while the
bottom whiskers represent sensitivity test values using a density of
1.1 g cm−3 and a WSOM : WSOC ratio of 1.8. The averaged frac-
tions of non-BC absorption from BrC from all the plumes are shown
with the black solid lines, while the ranges of this result from the
sensitivity tests are shown with the red and blue dashed lines.

viously by implementing bleaching in model schemes, we
showed that this is probably the incorrect explanation given
that the MAC of BrC either remains constant or slightly
increases when chemical markers (O : C, toluene : benzene)
suggest that more oxidation has occurred. We suggest that a
different parameterization of the refractive index is needed
to represent wildfire optical properties in the western US
rather than using bleaching to decrease the MAC of the Saleh
parameterization. We also note that there needs to be bet-
ter terminology to distinguish between decreasing absorption
caused by losses of organic aerosol mass and decreasing ab-
sorption caused by changes in the MAC of the aerosol.

At the blue visible wavelengths, where BrC is more of-
ten thought about, MACBrC+lensing_405 is 0.59± 0.19 m2 g−1

and shows little variation with physical age, MCE, alti-
tude, temperature, or BC : OA ratio. There are no decreas-
ing trends in the MACBrC data we obtained (MACws_BrC405,
MACBrC+lensing_405, MACws_BrC660, and MACBrC+lensing_660)
with markers of chemical age (toluene : benzene, O : C),
but bulk absorption of BrC does decrease with these same
markers. In highly aged plumes from multiple fires (RF05
and RF08), MACBrC+lensing_405 has an average value of
0.63± 0.2 m2 g−1, suggesting that BrC remains significantly
absorbing even at relatively higher ages.

We find that total organic aerosol (OA) and water-soluble
organic carbon (WSOC) are strongly correlated with chemi-
cal markers of oxidative age. OA and WSOC (both normal-
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ized to CO) decrease with a decreasing toluene : benzene ra-
tio and an increasing O : C ratio. However, this phenomenon
is only clearly observed when data from all the observed
fires are included rather than during the aging of individual
fire plumes. This could mean that the fires either had dif-
ferent emission ratios of toluene : benzene and O : C or that
the smoke underwent rapid secondary chemistry prior to the
first plume pass in WE-CAN. Regardless, the correlations
are fairly robust (R2 of 0.4 to 0.8) given the many variables
(MCE, fuel type, etc.) that are changing in the dataset and
provide a potential link between chemical markers and to-
tal organic aerosol amounts across a wide range of fires. OA
and WSOC decreases with decreasing toluene : benzene or
increasing O : C, MACBrC actually show a weak increasing
trend with these same markers of aging, showing that, while
the total amount of organic aerosol is decreasing, the abil-
ity of the organic aerosol to absorb by mass stays relatively
constant or even increases. We also found that the bulk scat-
tering coefficient (normalized to CO) decreases with a de-
creasing toluene : benzene ratio or an increasing O : C ratio
due to less OA being present, which leads to a very different
net radiative effect than that which results from just changing
the refractive index of BrC.

At the red visible wavelengths, where BrC is often less
noticed, we observed that the MAC of BC stayed relatively
constant across all the plumes measured and at all physical
ages (ages up to 15 h observed), with an averaged MACBC660
of 10.9± 2.1 m2 g−1 (average± standard deviation), which
includes the contribution from both the lensing effect and
absorbing organics. This average showed no clear trends
with altitude or temperature, and we saw no evidence that
MACBC660 is correlated with MCE. Even in highly aged
plumes with emissions mixed from multiple fires (RF05 and
RF08), MACBC660 is similar in magnitude to near-source
plumes, with an average of 11.3± 1.8 m2 g−1. Both the fact
that this MAC is significantly larger than the MAC for un-
coated BC (often cited as ∼ 6.3 m2 g−1) and the fact that the
MAC remains relatively constant across different fires and
different plume ages are key insights that can improve mod-
els of aerosol optical properties in wildfire emissions.

Through a novel use of PILS data, we find that BrC con-
tributes 41 %–80 % of non-BC absorption at 660 nm (assum-
ing 6.3 m2 g−1 to be the MAC of the BC core at 660 nm).
BrC contributes, on average, 26 % of the total absorption, but
the absorption cross section of water-soluble BrC is relatively
small at 660 nm, with a MACws_BrC660 of 0.03± 0.02 m2 g−1

that does not change with physical age, and no trend with
MCE is observed. The average MACBrC+lensing_660 derived
from the PAS (which includes both brown carbon absorption
and lensing of black carbon) is 0.11± 0.06 m2 g−1.

Data availability. The WE-CAN data can be found at https://data.
eol.ucar.edu/master_lists/generated/we-can.

The DOIs for all the datasets used in this work are the following:

– PAS and CAPS PMSSA at https://doi.org/10.26023/K8P0-
X4T3-TN06 (Murphy, 2019);

– PILS1 at https://doi.org/10.26023/9H07-MD9K-430D (Sulli-
van, 2019) and https://doi.org/10.26023/CRHY-NDT9-C30V
(Sullivan, 2021a);

– PILS2 at https://doi.org/10.26023/7TAN-TZMD-680Y (Sulli-
van, 2021b);

– SP2 at https://doi.org/10.26023/P8R2-RAB6-N814 (Levin,
2019);

– UHSAS at https://doi.org/10.26023/BZ4F-EAC4-290W
(Toohey, 2019);

– PTR-ToF-MS at https://doi.org/10.26023/K9F4-2CNH-EQ0W
(Hu and Permar, 2020);

– HR-AMS at https://doi.org/10.26023/MM2Y-ZGFQ-RB0B
(Farmer and Kreidenweis, 2019);

– Picarro at https://doi.org/10.26023/NNYM-Z18J-PX0Q (Cam-
pos, 2019a); and

– miniQCL at https://doi.org/10.26023/Q888-WZRD-B70F
(Campos, 2019b).
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