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ABSTRACT: Light-absorptivity of organic aerosol may play an
important role in visibility and climate forcing, but it has not been
assessed as extensively as black carbon (BC) aerosol. Based on
multiwavelength thermal/optical analysis and spectral mass
balance, this study quantifies BC for the U.S. Interagency
Monitoring of Protected Visual Environments (IMPROVE)
network while developing a brownness index (γBr) for non-BC
organic carbon (OC*) to illustrate the spatiotemporal trends of
light-absorbing brown carbon (BrC) content. OC* light
absorption efficiencies range from 0 to 3.1 m2 gC−1 at 405 nm,
corresponding to the lowest and highest BrC content of 0 and
100%, respectively. BC, OC*, and γBr explain >97% of the
variability of measured spectral light absorption (405−980 nm)
across 158 IMPROVE sites. Network-average OC* light absorptions at 405 nm are 50 and 28% those for BC over rural and urban
areas, respectively. Larger organic fractions of light absorption occur in winter, partially due to higher organic brownness. Winter γBr
exhibits a dramatic regional/urban−rural contrast consistent with anthropogenic BrC emissions from residential wood combustion.
The spatial differences diminish to uniformly low γBr in summer, suggesting effective BrC photobleaching over the midlatitudes. An
empirical relationship between BC, ambient temperature, and γBr is established, which can facilitate the incorporation of organic
aerosol absorptivity into climate and visibility models that currently assume either zero or static organic light absorption efficiencies.
KEYWORDS: brown carbon, black carbon, white carbon, aerosol aging, IMPROVE network, hybrid environmental receptor model

■ INTRODUCTION

Carbonaceous aerosols affect the Earth’s climate, tropospheric
chemistry, and visibility.1−3 Carbon accounts for 20−50% of
fine aerosol mass on a global scale, but this fraction can be as
much as 80% in urban environments due to energy-related
fossil and biofuel combustion.4,5 Smoke from wildland fires
that consume millions of acres of vegetation each year consists
mainly of carbonaceous material.6−9 Complex photo-,
gaseous-, and aqueous-phase chemistry occurring in the
atmosphere continuously creates secondary organic aerosol
(SOA) and transforms existing carbonaceous aerosol into more
aged forms.10 The wide range of chemical compounds in
carbonaceous aerosol challenges chemical transport models
(CTMs) to accurately predict their abundances, spatiotempo-
ral variations, and effects.11

The direct radiative effects of carbonaceous aerosol are often
assessed through its two main components, black carbon (BC)
and organic carbon (OC), that have distinct optical properties.
BC represents the thermally refractory and chemically inert
fraction of carbonaceous aerosol resulting from high-temper-
ature combustion and is commonly quantified through aerosol
light absorption.12 With a quasi-graphitic structure, BC absorbs

sunlight with the mass absorption efficiency (MAE) following
a power function of wavelength (λ)

λ= ×λ
−CMAEBC,
AAE

(1)

where C is a constant and AAE is the absorption Angstro m
exponent often assumed to be ∼1 for bulk BC.13,14 OC is the
counterpart of BC in the form of organic matter. Until recently,
visibility and climate models have assumed OC to be purely
light-scattering, much like secondary sulfate and nitrate
aerosols.1,15−17 Mounting evidence indicates the presence of
light-absorbing organic compounds in OC. These compounds
are often referred to as brown carbon (BrC) since their MAEs
skew more toward shorter wavelengths than BC (i.e., AAEs >
1), and thus, they appear yellow/brown rather than black.18

Received: December 24, 2020
Revised: May 28, 2021
Accepted: June 1, 2021

Articlepubs.acs.org/est

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.est.0c08706
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
A

LA
SK

A
 F

A
IR

B
A

N
K

S 
on

 Ju
ne

 2
4,

 2
02

1 
at

 2
1:

53
:3

5 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lung-Wen+Antony+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Judith+C.+Chow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoliang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junji+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingqiu+Mao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+G.+Watson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+G.+Watson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.0c08706&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08706?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08706?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08706?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08706?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c08706?fig=abs1&ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.0c08706?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


Biomass burning, particularly the smoldering phase with low
combustion efficiency, is known to generate primary BrC and
volatile precursors that form light-absorbing SOA as the smoke
ages.19−23 Biogenic SOA formed in the absence of nitrogen
oxides and ammonia is not typically light-absorbing.24,25 Past
studies have not deemed fossil-fuel combustion to be an
important source of BrC, although there is recent evidence of
urban BrC associated with motor vehicle and/or coal
combustion emissions.26,27 The chemical nature of BrC is
uncertain, but it likely consists of highly oxygenated and
branched aromatic structures similar to humic-like substan-
ces.24,28,29 Saleh30 proposed four classes of BrC ranging from
the very weakly absorptive to strongly absorptive according to
their MAEs and AAEs. Each BrC class has an AAE greater than
unity, although the spectral dependence of ambient BrC
absorption across the visible region may not be explained by a
single AAE.
Incorporating BrC in CTMs could alter the sign and

magnitude of aerosol radiative forcing estimates.31−33 While
BC and OC are commonly quantified as part of ambient and
source measurements, there has not been a well-accepted
method for quantifying BrC along with its counterpart, the
non-light-absorbing portion of OC also known as white carbon
(WtC). Most often BrC abundances stemmed from measured
spectral absorptivity of OC and presumed BrC light absorption
efficiencies.34 Instead of quantifying BrC, Saleh et al.21 assessed
brownness of organics in biomass burning smoke based on the
imaginary part of the refractive index and its spectral
dependence, but such an assessment has not been widely
extended to other source emissions or ambient aerosols. Once
in the atmosphere, “whitening” of OC occurs under sunlight-
induced photobleaching that destroys specific chromo-
phores.35−37 Models must also address the dynamic change
of organic aerosol brownness when predicting its climate
effects.
For decades, several long-term aerosol speciation networks

around the world have been reporting total carbon (TC)
concentrations and the division of OC and elemental carbon
(EC) within TC by thermal/optical analysis (TOA).38−40 EC
often serves as a surrogate for BC,15,41 although it may deviate
from BC quantified directly through light absorption measure-
ments.42,43 Measures for BC and organic brownness, when
added to the networks, can generate useful data sets to further
constrain CTMs for climate assessment. The Interagency
Monitoring of Protected Visual Environments (IMPROVE)
network collects PM2.5 [particulate matter (PM) with
aerodynamic diameter < 2.5 μm] on filters at ∼160 rural
and urban sites across the United States (US), quantifying TC,
OC, and EC by TOA with the IMPROVE_A protocol.44,45

Since 2016, a multiwavelength TOA procedure has been
applied to IMPROVE samples, which measures sample light
absorption concurrently at seven wavelengths between 405 and
980 nm. This allows development of the first nationwide,
continuous data set that registers BC and organic light
absorption.
This paper uses the IMPROVE data set to demonstrate that

light absorption by organic aerosols in US rural and urban
areas can be modeled by a single brownness index indicative of
the BrC proportion in OC. The spatiotemporal variations of
this brownness index highlight the effects of season-dependent
anthropogenic emissions and photobleaching on organic light
absorption across the visible spectrum. An empirical relation-
ship among the brownness index, BC levels, and ambient

temperature is proposed for CTMs and climate models to
constrain aerosol radiative forcing simulations.

■ MATERIALS AND METHODS
The multiwavelength TOA (DRI model 2015, Magee
Scientific, Berkeley, CA, USA) heats PM2.5 samples at

predefined temperature stages following the IMPROVE_A
protocol while monitoring filter reflectance and transmittance
at seven wavelengths (405, 445, 532, 635, 780, 808, and 980
nm) throughout the analysis.46−48 Both reflectance (R) and
transmittance (T) decrease after the first four temperature
steps (140, 280, 480, and 580 °C) in a pure helium atmosphere
due to organic pyrolysis. R and T return to their initial values
(i.e., the split point) during the last three temperature steps
(580, 740, and 840 °C) in 98% helium−2% oxygen
atmosphere as the pyrolyzed carbon and EC are gradually
oxidized. OC and EC are defined as carbon evolved before and
after the split point for the 635 nm reflectance, respectively,
while TC is the sum of OC and EC. The TOA OC−EC split is
based on three assumptions on OC: (1) OC absorptivity is
negligible at ∼635 nm; (2) OC is either evolved or pyrolyzed
(i.e., cannot remain intact) prior to the introduction of oxygen;
and (3) pyrolyzed OC is equivalent to EC with respect to the
reflectance or transmittance responses.49,50 Deviations from
these assumptions in some samples may result in EC
overestimates or underestimates.51−53

A total of 20,383 valid carbon analyses were conducted for
the IMPROVE network in 2016. Around 11%, or 2339, of
them were replicates for determining the carbon and optical
measurement precisions.54 Ten IMPROVE sites were outside
the continental United States, with four in Alaska, two in
Hawaii, two in Canada, one in the Virgin Islands, and one in
South Korea. Virgin Islands and South Korean sites were
excluded from this study. Site information is available on the
IMPROVE website: http://vista.cira.colostate.edu/Improve/
monitoring-site-browser/.

Loading Correction. Light attenuation (ATN) was first
calculated from the filter transmittance prior to (Ti) and after
(Tf) heating that removes carbon deposits from the filter, thus

= −
i
k
jjjjj

y
{
zzzzz

T
T

ATN ln i

f (2)

Figure 1. Scatter plot of non-BC light absorption (babs* ) vs organic
carbon (OC*). Values were derived from multiwavelength carbon
analysis of IMPROVE samples. babs* are averages over seven
wavelengths. The 20 samples highlighted in brown (with the top
0.3−0.5 percentile of babs* /[OC*] ratios) were selected as BrC
references to construct the BrC spectral absorption profile.
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ATN is not linearly related to light absorption by the aerosol
deposit due to multiple scattering and loading effects.55,56

Chen et al.46 outlined a spectral loading correction to convert
ATN at each of the seven wavelengths to bulk aerosol
absorption using diesel soot as a reference material. Diesel soot
showed better correlations between EC quantified by TOA
and light absorption quantified by a photoacoustic method
than other source or ambient samples owing to less pyrolyzed
carbon that influences the OC−EC split.57 Different TOA
protocols report consistent EC measurements from diesel
soot.52,58 In Chen et al.,46 light absorption caused by diesel
soot was estimated from EC, using a MAE635nm of 7.4 m2 gC−1

and an AAE of 1. Relating the light absorption with measured
ATN at the same wavelength established wavelength-specific
conversion curves, which were then applied to all samples for
the loading correction.
Since the correction likely depends on the sampling

substrate, face velocity, and thus the particle penetration
depth, alternative conversion curves for the IMPROVE
network were established using 21 IMPROVE samples closely
resembling diesel soot. These samples showed the highest EC/
TC ratios of 0.52−0.84, with EC dominated by carbon
evolving at high temperatures ≥ 740 °C (73 ± 25%).
Analytical artifacts resulting from pyrolysis were minimal in
these samples, as evidenced by a good agreement (within
±10%) between EC based on reflectance versus transmittance.
The measured attenuations of these samples correlated well (r2

> 0.9) with light absorptions (babs,λ) estimated from EC via
second-order polynomial regressions (Figure S1), which
defined the conversion curves. These curves were then applied
to all IMPROVE samples to yield loading-corrected babs,λ
measurements (in Mm−1). Standard errors of the regression
coefficients were propagated into the uncertainties of babs,λ.
Spectral Absorption Profiles. A three-component model

is applied to explain the variability in TC and babs,λ

[ ] = [ ] + [ ] + [ ]TC BC BrC WtC (3)

= × [ ] + × [ ]

+ × [ ]
λ λ λ

λ

b MAE BC MAE BrC

MAE WtC

abs, BC, BrC,

WtC, (4)

where the brackets indicate concentrations in μg m−3.
Equations 3 and 4, referred to as “spectral mass balance”, are
analogous to the chemical mass balance (CMB) equation,
which can be solved for [BC], [BrC], and [WtC] by an
effective-variance (EV) least-squares minimization algorithm
when all MAEs are known or less definitively by positive matrix
factorization when MAEs are unknown.59−61 In this case, the
substance-specific MAEλ and associated uncertainties con-

stitute a “spectral (source) profile” normalized to the carbon
mass. Since BrC light absorption is minor in diesel soot,
compositing MAEBC,λ for the 21 reference samples (i.e., from
babs,λ/[EC]) produces an effective BC spectral profile with the
mean MAEBC,λ as the profile values and standard deviations as
the profile uncertainties. By definition, MAEWtC,λ is zero. The
BrC spectral profile is then the only unknown profile in eq 4.
Ideally, a BrC spectral profile would be constructed from

model BrC compounds or ambient samples containing
exclusively BrC. The task is complicated by the wide range
of BrC chemical structures and optical properties. Alter-
natively, CMB problems with a mix of known and unknown
source profiles can be solved by the hybrid environmental
receptor model (HERM) with a generalized EV algorithm62,63

detailed in the Supporting Information. Herein, HERM utilizes
the BC and WtC spectral profiles as constraints to calculate the
BrC spectral profile along with BC, BrC, and WtC
contributions. The model accounts for >97% of the TC and
babs,λ variability. It does not, however, provide a definite
partition between BrC and WtC mass due to the lack of optical
constraints on BrC. Figure 1 shows the scatter plot of average

babs* (i.e., * λbabs, ) versus [OC*] where the asterisk indicates that
BC contributions, as estimated by HERM, have been
subtracted from babs,λ and TC. OC* is TC minus BC,
distinguished from OC quantified directly by TOA (i.e., OC =
TC − EC). The difference between [OC] and [OC*] is the
same as the difference between [EC] and [BC]. A clear upper
boundary in Figure 1 corresponds to OC* that has the highest
MAE and thus “brownness”. For the three-component model
(eqs 3 and 4), this would indicate OC* containing exclusively
BrC. Other points below the boundary line suggest a mixture
of BrC and WtC, leading to lower MAEs.
To exclude outliers, 20 samples in the top 0.3−0.5 percentile

of * [ *]λb / OCabs, ratio with [OC*] > 0.75 μg m−3 were
identified to represent the upper boundary in Figure 1. From
these samples, effective MAEBrC,λ were calculated to form a
BrC spectral profile. Figure 2 compares the BC, BrC, and WtC
spectral absorption profiles, where small uncertainties (5−15%,
except for 43% at MAEBrC,980nm due to low signals) reflect
consistency among samples forming the profiles. AAE for the
BrC profile is 3.6 between 405 and 980 nm but 4.8 between
405 and 532 nm, which, combined with a MAEBrC,532nm of 0.84
m2 gC−1, is consistent with the optical properties of
“moderately absorptive BrC”.30

Carbon Mass Apportionment and Brownness Calcu-
lation. Applying the three spectral profiles to apportion TC
and babs,λ by HERM using the EV-CMB mode results in good
fits to the data (i.e., r2 > 0.97 for each wavelength of babs,λ; and

Figure 2. Spectral absorption profiles of black carbon (BC), brown carbon (BrC), and white carbon (WtC). The profiles were derived from
IMPROVE samples in terms of carbon and wavelength-dependent light absorption coefficients normalized to the carbon mass (i.e., mass
absorption efficiencies [MAEλ]). Note MAEλ = 0 for WtC. Error bars indicate uncertainties in the profiles.
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an overall Chi-square, a measure of fitting residuals = 0.12).
HERM also calculates wavelength- and sample-specific Chi-
squares, denoted by χi

2 and χk
2, respectively, as well as

uncertainties of the carbon apportionment for each sample62

(see the Supporting Information). All χi
2 are less than 0.5, and

only 1.5% of χk
2 exceed 0.5 (Table S1), indicating poor fits and

large uncertainties in the calculated [BC] and [BrC] for these
samples. Uncertainties may result from both measurement
errors and deviations from the model assumptions for specific
samples. Although several studies report varying BrC spectral
dependence,64,65 including more than one class of BrC in this
study does not improve the model performance.
It is meaningful to define the brownness index (γBr) based

on the [BrC]/[OC*] ratio. γBr ranks OC* by its effective BrC
fraction, with γBr of 0 and 1 corresponding to exclusively WtC
and BrC, respectively. Since the OC*MAE is also proportional
to γBr (i.e., MAEOC*,λ = γBr × MAEBrC,λ), this index allows
intra-/intersite comparisons to investigate how organic aerosol
absorptivity varies in time and space. In scenarios where
multiple classes of BrC are required to explain the OC*
spectral absorption, each BrC class may be assigned a γBr (i.e.,
γBr,j with j = 1, 2, ... for the mass fraction of class j in OC*) in
order to construct the OC* MAE, thus MAEOC*,λ = ∑jγBr,j ×
MAEBrCj,λ.
All derivations here, including γB, are bulk properties

measured on a filter deposit. Absorptions by different
components are assumed to be additive, and deviations from
this assumption, such as effects of particle size and internal
mixing, have been addressed by the loading correction for a
highly diffusive filter material.46,66,67 Constructing the actual
organic aerosol babs in the atmosphere would require more
complex optical models taking into account the refractive
index, particle size, and mixing of various aerosol compo-
nents.68,69

■ RESULTS AND DISCUSSION
The results reported here are based on 18,044 filter samples
acquired from 158 IMPROVE sites in the United States and
Canada every third day between January 1 and December 29,
2016. Although the IMPROVE network mainly represents a
regional background, it contains urban sites in eight cities including Atlanta, Birmingham, Detroit, Fresno, Nogales,

Phoenix, Pittsburg, and Seattle. Over the network, [BC]
averaged 0.11 ± 0.14 μg m−3, similar to the average [EC] of
0.12 ± 0.13 μg m−3 from TOA (Table 1, with standard
deviations and standard errors shown in Table S2). Within
individual sites, [BC] correlates with [EC], with r2 ranging
from 0.31 to 0.99 and >0.80 for half of the sites. Site-average
[BC] and [EC] agree within a factor of 2 (Figure 3). Larger
deviations are found when EC concentrations are often below
the lower quantifiable limit (0.1 μg m−3). The non-BC fraction
of TC (i.e., OC*) averages 1.03 ± 0.95 μg m−3. Site-average
γBr ranges from 0.02 to 0.76 (Table 1) inferring MAEOC* of
0.1−2.4 m2 gC−1 at 405 nm and 0.02−0.64 m2 gC−1 at 532
nm.

Range and Variability of Organic Aerosol Brownness.
A wide range of brownness is found in rural organic aerosols
(Figure 4a). Overall, γBr < 0.2 for about three-fourths of the
IMPROVE rural samples in 2016 with 13.1% containing only
WtC (γBr = 0). The summer histogram is skewed toward lower
γBr than those for other seasons. Browner OC* (e.g., γBr > 0.3)
mostly occurred during winter months. Urban samples show a
similar seasonal trend, although γBr further shifts to higher
values, regardless of the season (Figure 4b). Around 10% of

Figure 3. Comparison of BC and EC derived from multiwavelength
carbon analysis. Each point represents the annual mean values for an
IMPROVE site, with urban/rural sites marked by solid/open circles.
The blue lines indicate 1:1, 1:2, and 2:1 ratios, and the red line is the
linear regression.

Figure 4. Season-dependent probability distribution of organic
aerosol brownness across the IMPROVE network for (a) 150 rural
and (b) 8 urban sites. Histograms are based on all samples in 2016,
excluding those from Virgin Islands and South Korea. All the
probabilities add up to 1, while the seasonal probabilities add up to
0.25. Winter: December-February. Spring: March-May. Summer:
June-August. Fall: September-November.
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the urban OC* have γBr greater than 0.7, indicating the
dominance of BrC, in comparison with only 1% among the
rural samples. Three-fourths of these urban samples (γBr > 0.7)
were acquired in winter. The network-average γBr was 0.08 and
0.27 over summer and winter, respectively, for the rural sites
but 0.12 (summer) and 0.48 (winter) for the urban sites
(Table 1). Non-light-absorbing WtC appears to dominate the
OC* mass most of the time.
Despite being browner in winter, [OC*] at the rural sites

averaged lower in winter (0.57 μg m−3) than in summer (1.23
μg m−3) and other seasons (0.95−1.12 μg m−3). This contrasts
with BC or EC as their averages varied within ±10% among
the seasons, being only slightly higher in fall (Table 1). BC has
been widely used as a marker for bio- and/or fossil fuel
combustion emissions70,71 that also contain organic aerosols of
various brownness. Major combustion sources that affect the
rural IMPROVE sites are likely to be seasonally dependent,
such as residential wood combustion (RWC) in winter versus
wildfires in summer,72 although no evidence suggests browner

organic aerosol from the former than the latter. The seasonal
variation of γBr may result from SOA formation and/or
photobleaching, both of which promote WtC particularly in
summer. In contrast, anthropogenic emissions in urban areas,
such as engine exhaust and RWC, often cause higher pollution
levels in winter due to a shallower surface mixing layer and
increased heating demand.73−75 For the urban IMPROVE
sites, average [BC], [OC*], and γBr in winter were 2.1, 1.7, and
4.0 times, respectively, those measured in summer.
The spatial distributions of OC* concentration and

brownness are further illustrated in Figure 5. During winter,
rural sites in the eastern United States observed higher [OC*]
than those in the western United States, while higher γBr (up to
0.76 on seasonal average) occurred primarily in the Northeast
and Midwest regions. The brownness appears to reflect BrC
from RWC as they share a similar spatial pattern.76 Urban
areas at lower latitudes (i.e., Atlanta, Birmingham, Nogales,
and Phoenix) with minor RWC emissions also observed lower
γBr (0.30−0.48) than those at higher/colder latitudes (Detroit,

Figure 5. Spatial trends of non-BC organic carbon concentration, [OC*], and brownness (γBr). Data are from the IMPROVE network for winter
(January, February, and December) and summer (June, July, and August) 2016. Circle size and color indicate season-average [OC*] and γBr,
respectively. Bordered circles mark the urban sites.
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Fresno, Pittsburg, and Seattle; γBr = 0.54−0.74). However, γBr
was higher at each urban site than at neighboring rural sites,
even though RWC might account for a smaller fraction of
organic aerosol within urban areas due to larger contributions
from mobile sources.77,78 Gasoline engines have been shown to
be a potential source of BrC, with BrC emissions enhanced
under low ambient temperatures.79 Aerosol aging offers
another explanation for the urban−rural contrast. As the
rural sites are farther from sources, additional aging during
transport could lower aerosol brownness even in winter.
Seasonal average γBr declined to 0.2 or less throughout the

United States in summer, whereas the regional and urban−
rural contrast mostly diminished (Figure 5). This is consistent
with the absence of RWC contributions and more thorough
atmospheric mixing. Elevated summertime SOA did not drive
aerosol brownness. Furthermore, two sites impacted by intense
wildfires, that is, Sawtooth National Forest (SAWT1) in Idaho
and Domeland Wilderness (DOME1) in California, measured
the highest OC* levels but only moderate γBr of 0.13−0.14.
The relatively low brownness of summer biomass burning
aerosol points to the possibility of rapid photobleaching that
converts BrC into WtC within a short period of time as plumes
travel from the source to receptor. Photobleaching may whiten
urban BrC as efficiently, considering the much suppressed γBr
(0.06−0.18) for the organic aerosols at Atlanta, Birmingham,
Nogales, and Phoenix in summer compared with those in
winter.
Predictive Factors for γBr. Taking ambient temperature as

a surrogate of seasonal variations in atmospheric processes,
such as solar radiation, photochemistry, and photobleaching
intensity, it is plotted against γBr across all the IMPROVE sites
and seasons in Figure 6. Each data point is also color-coded
according to the average [BC] that marks the direct influence
of combustion sources including RWC, wildfires, and urban
anthropogenic emissions. Higher [BC] generally correspond to

higher brownness in OC*, with the urban sites observing top
seasonal BC and γBr levels for any temperature range. The
upper edge of scatter in Figure 6 also contains a few rural high-
[BC] events attributable to wildland fires, such as prescribed
burning at Tallgrass Prairie National Preserve (TALL1,
Kansas) in spring (γBr = 0.53), brush fires at Mingo
(MING1, Missouri) and Chassahowitzka (CHAS1, Florida)
National Wildlife Refuges in fall (γBr = 0.32 and 0.24,
respectively), and a forest fire close to Domeland Wilderness
(DOME1), California, in summer (γBr = 0.14). [BC] ranges
between 0.2 and 0.3 μg m−3 among the four events. These
findings corroborate that BrC mainly results from combustion
emissions along with BC.
Regardless of the BC level, γBr decreases with the increase of

ambient temperature and converges to a small range of 0.03−
0.1 when the temperature exceeds 28 °C on a seasonal average.
This includes sites heavily impacted by wildfires or traffic
emissions and is consistent with photobleaching intensity
increasing with temperature in both rural and urban environ-
ments. For instance, γBr for the TALL1, MING1, CHAS1, and
DOME1 fire events varied in the reverse order of the
corresponding seasonal temperature (14.0, 17.4, 22.9, and
27.1 °C, respectively) provided that their BC levels were
similar (Figure 6). Higher temperatures can also cause larger
biogenic emissions and thus SOA fractions in summer than
winter,80,81 further lowering the OA brownness. An empirical
function of [BC] and temperature (T) is formulated, which
explains ∼60% of variability in seasonal γBr (r

2 = 0.61, see
Figure S2) across the continental United States.

γ = − × [ ]
[ ]

× −
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jjjjj
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zzzzza T Tlog
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BC

( )Br 10
0

0
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The fitting coefficients with 95% confidence bounds: a =
0.010 (0.009, 0.011), [BC]0 = 0.010 (0.008, 0.011) μg m−3,

Figure 6. Seasonal average organic aerosol brownness (γBr) vs ambient temperature. Data represent the IMPROVE network in 2016. Color codes
indicate concurrent BC concentrations. Stars and circles mark the rural and urban measurements, respectively, while squares denote rural high-
[BC] events due to prescribed brush and forest fires. Temperature data were acquired from the PRISM Climate Group at Oregon State University
(https://prism.oregonstate.edu/).
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and T0 = 33 (31, 35) °C were calculated by the Matlab Curve
Fitting Toolbox. A cross validation test using 30% of data
selected randomly for model fitting yielded a predictivity of 61
(56, 65)% for the remaining 70% of the data (based on r2 from
1,000 independent runs). Using a bisquare robust fitting82 that
down-weights points farther from the fitted line did not change
the results significantly. If only temperature dependence is of
concern (i.e., for constant [BC]), eq 5 can be simplified to

γ γ= ° × −
°

i
k
jjj

y
{
zzzT

T
( ) (0 C) 1

33 CBr Br (6)

The working range for eqs 5 and 6 is [BC]: 0.01−1 μg m−3

and T: −12−33 °C, where γBr doubles for every 10-fold
increase of [BC] and decreases by ∼3% of its value at 0 °C for
every degree increase in temperature.
Rural and Urban Case Studies. Figure 7 shows time

series of BC, OC*, and γBr at DOME1 and the most proximate
urban site, FRES1 (Fresno, CA). Seasonal variations at the two
sites are typical of those for rural and urban areas in the
western United States. Moreover, both sites were impacted by

several wildfires, particularly the Cedar Fire in Kern County
starting mid-August.83 Nonsoil potassium (ns-K) derived from
potassium (K) and iron (Fe) concentrations, that is, [ns-K] =
[K] − 0.37 × [Fe],84 serves as a marker for biomass burning
aerosol. Elevated [ns-K], [BC], and [OC*] over DOME1 and
FRES1 in late July through mid-September corresponded to
the wildfire impact. Similarly high ns-K levels showed up in
winter only for FRES1, consistent with substantial RWC
emissions.73 BC correlated with ns-K strongly at DOME1 (r2 =
0.81) but not as much at FRES1, even excluding two samples
possibly influenced by fireworks in July (r2 = 0.36) as fossil fuel
combustion also contributes to BC at Fresno.
At the peak of Cedar Fire smoke impact, γBr ranged 0.02−

0.04 at FRES1 (August 19−22) in comparison with 0.22−0.24
at DOME1 (August 22−28). Ambient temperatures were
rather uniform during the period (daily mean: 26−30 °C; see
Figure 7), but more aged smoke arrived at FRES1 than at
DOME1 as a result of 4 times the transport distance (100 km
vs 25 km). Aging promotes BrC photobleaching and mixing
with weakly absorbing organic aerosols, thus lowering γBr. The

Figure 7. Time series of aerosol properties every third day in 2016. Data include carbon fractions (BC, BrC, and WtC), nonsoil potassium (ns-K),
measured/predicted organic aerosol brownness (γBr), and daily mean temperature (T) at (a) Domeland Wilderness (DOME1), ∼160 km southeast
of Fresno, and (b) City of Fresno (FRES1) in central California.
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dramatic difference between FRES1 aerosol brownness in
August and December, despite similar ns-K levels, again
corroborates the seasonal photobleaching intensity. Although
eqs 5 and 6 were developed from seasonal average data, they
appear to predict daily γBr within the estimated γBr uncertainty
most of the time (Figure 7), when provided with daily [BC]
and temperature as inputs. Larger biases between measured
and predicted γBr can occur when a site experiences “fresh”
biomass burning smoke such as DOME1 during the Cedar Fire
and FRES1 during winter, where the nondynamic model tends
to overestimate the photobleaching effect on γBr.
Light Absorption by OC* Versus BC. Light absorptions

apportioned to organic aerosol (babs,OC*) are shown in Table 1.
At 405 nm, rural babs,OC* ranged from 0.04 to 1.8 Mm−1

annually with a network average of 0.50 ± 0.42 Mm−1, which is
∼50% of the BC absorption (average babs,BC = 0.99 ± 0.65
Mm−1). Seasonal babs,OC* reached ∼two-thirds of babs,BC in
winter and ∼one-third in summer. The relative contribution of
organic absorption was still significant at the urban sites (>25%
of BC absorption on average), despite elevated BC levels. This
was partially due to higher organic brownness over urban areas,
especially in winter. As OC* absorptivity decreases sharply
toward longer wavelengths, seasonal OC* absorptions at 532
nm were only 11−22 and 5−13% those of BC for the rural and
urban IMPROVE sites, respectively.
Perspectives. This paper presents the first regional

brownness map that will allow for ground-truthing model
simulations or satellite retrievals of spectral aerosol light
absorption (e.g., June et al.85). BC along with two classes of
organic aerosol (i.e., BrC and WtC) with specific optical
properties appear to explain the aerosol light absorption across
the United States, while summertime atmospheric aging
effectively converts BrC to WtC, thus reducing the brownness.
Owing to a combination of extensive RWC and low
temperatures, urban organic aerosols of the northeastern
United States in winter exhibit the highest brownness. The
organic light absorptions are generally lower than those of BC,
but on network average can be up to two-thirds of BC
absorption at 405 nm in winter. Whether additional BrC
classes are required to account for organic absorptivity in other
situations warrants further investigations and so does the
empirical relationship between organic brownness, BC
concentration, and ambient temperature found within the
IMPROVE network. This can be accomplished by continuing
the multiwavelength carbon analysis in the United States and
expanding such measurements to other regional aerosol
monitoring networks.
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