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Abstract Brown carbon (BrC) is a source of light‐absorbing aerosols. The Arctic is more sensitive to
emissions of light‐absorbing aerosols than lower latitudes. Knowledge of BrC in a historical period is
beneficial to understand its role in a changing climate. Here, we present measurement of water‐soluble
BrC (WS‐BrC) for the Arctic aerosols during late winter‐late spring in 1991. Mass absorption coefficient
(0.07 ± 0.04 M/m) and efficiency (0.41 ± 0.21 m2/g) at 365 nm of WS‐BrC were lower than those in
polluted urban and rural regions. WS‐BrC was mainly from biomass burning/combustion (dark winter
to mid‐March) and marine sources connected with photochemical gas to particle conversion (after polar
sunrise to June). Solar radiative absorption of WS‐BrC relative to elemental carbon was 5% on average in
February to April and surged to 34% after mid‐May. This study helps in understanding the role of BrC in the
Arctic climate.

1. Introduction

Atmospheric aerosols can absorb ultraviolet (UV) and visible light, influencing visibility, weather, air quality,
and climate directly and indirectly (Boucher et al., 2013; Laskin et al., 2015). These light‐absorbing aerosols
include black carbon (BC), brown carbon (BrC), andmineral dust. BrC is the type of organic carbon (OC) that
can absorb radiationmainly in the visible and near‐UV (300–400 nm) wavelength range (Laskin et al., 2015).
BC is emitted from anthropogenic incomplete combustion of fossil fuels and biomass (Wang et al., 2013;
Winiger et al., 2019). BrC has diverse sources including biomass and biofuel burning, fossil fuel combustion,
and photochemical gas to particle conversion (Lack et al., 2012; Zhang et al., 2013). The importance of light
absorption of BChas beenwell recognized (Bond et al., 2013; Bond&Bergstrom, 2006), while the significance
of BrC has not receivedmuch attention until the last decade (Andreae &Gelencsér, 2006; Bond & Bergstrom,
2006; Laskin et al., 2015; Liu et al., 2015; Srinivas et al., 2016). Globally, Chung et al. (2012) identified that BrC
contributes about 20% to solar absorption at 550 nm among all carbonaceous aerosol.

The Arctic region has been shown to be more sensitive to emissions of light‐absorbing aerosols than lower
latitudes (Quinn et al., 2008; Stjern et al., 2017). It was reported that a tenfold increase of BC in nine global
models shows a stronger warming in the Arctic of 1.24 K compared to a global warming of 0.67 K (Stjern
et al., 2017). This is partly because the light absorption by the aerosol layer in the Arctic is much more effi-
cient than that in lower latitudes due to the high albedo of ice and snow and the associated multiple scatter-
ing and reflection between the aerosol layer and the surface (Doherty et al., 2010; Dumont et al., 2014; Law&
Stohl, 2007). BC in the Arctic has been studied in depth. The dominant source of BC is fossil fuel combustion
in winter and biomass burning in summer (Sharma et al., 2019; Winiger et al., 2016; Winiger et al., 2019). For
BrC, large uncertainties still remain for the estimates of its radiative absorption (Tsigaridis & Kanakidou,
2018), due to oversimplified assumptions in the model and limited field constraints. The uncertainties also
intrinsically depend on the complex of the chemical composition, microphysical properties of BrC, and also
their emissions, transport and deposition (Andreae & Gelencsér, 2006; Feng et al., 2013; Gao & Zhang, 2018;
Magalhães et al., 2017; Powelson et al., 2014). As early as in the 1980s, Arctic aerosols were found to contri-
bute to atmospheric heating (Heintzenberg, 1982). A chamber study showed that particles emitted from
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burning of Siberian and Alaskan peatlands are dominated by BrC (Chakrabarty et al., 2016). Yu et al. (2019)
reported the potential coating of BrC onto sulfate and soot cores for particles at 100 nm to 2 μm in Svalbard.
The overall contribution of BrC to total spectral absorption was estimated >50% for two biomass burning
plumes for upper (April) and lower (June) troposphere by an aircraft study in the Arctic (Corr et al.,
2012). However, field characterization of the light absorbing properties and the sources of BrC is still very
limited (Laskin et al., 2015; Xie et al., 2018). Along with chamber studies (Chakrabarty et al., 2016;
Sumlin et al., 2018), more in situ measurements are urgently needed to constrain the modeling of BrC
(Breider et al., 2014; Laskin et al., 2015; Zhang et al., 2017).

Studying aerosol properties in a historical period can help to understand climate variability and change.
Under the policies reducing BC emission (Breider et al., 2017), the changing role of BrC in radiative forcing
in the climate system relative to BC can be evaluated. In this study, we measured the light absorption of
water‐soluble brown carbon (WS‐BrC) of atmospheric aerosol samples collected at Alert in the high Arctic
from late winter to late spring in 1991. The light absorption properties and sources of WS‐BrC are reported.
The radiative absorption of WS‐BrC relative to black carbon (using elemental carbon (EC) as a surrogate)
was calculated to understand the role of WS‐BrC in the aerosol‐radiation interaction of the Arctic
climate system.

2. Materials and Methods

In this section, first sampling details and analyzing method of water‐soluble organic carbon (WSOC) is intro-
duced. Then, the analyzing method of WS‐BrC and calculations of four parameters of light absorption prop-
erties of WS‐BrC, that is, mass absorption coefficient (babs‐365), mass absorption efficiency (MAEBrC),
absorption Ångström exponent (AAEBrC), and absorbing refractive index (kBrC), is described. The analyzing
method of EC, calculation of MAE of EC and assignment of AAE of EC is then described. Finally, the para-
meters of the light absorption properties of WS‐BrC and EC are used to calculate the radiative absorption of
WS‐BrC relative to EC. Chemicals and parameters measured for the same samples which can support discus-
sions in this article are reported in previous studies (Suzuki et al., 1995; Fu, Kawamura, & Barrie, 2009, Fu,
Kawamura, Chen, et al., 2009; Kawamura et al., 2010; Fu et al., 2015) and described briefly in section 2.6 and
in the supporting information.

2.1. Sampling

Total suspended particulate matter was collected weekly by filtering air through precombusted (450 °C, 3 hr)
quartz fiber filters using a high‐volume sampler in the Canadian High Arctic at Station Alert (82.5°N, 62.3°
W, Figure S1) from 19 February to 10 June 1991 (Fu, Kawamura, & Barrie, 2009). Each filter was stored in a
precombusted glass bottle with a Teflon‐lined screw cap in darkness at –20 °C until analysis. All the chemi-
cal analyses were finished during 2009–2010. In order to check the potential degradation of organic matter
during the sample storage, we re‐analyzed one filter sample for a series of dicarboxylic acids in 1994 and in
2010. The comparison results suggest that the concentrations of target organic species such as oxalic acid are
within an analytical error of 15%, which suggests that there was no serious degradation of organics during
the sample storage. This in turn suggests little degradation in light absorption which is determined by phy-
sical properties of these organics.

2.2. Analysis of Water‐Soluble Organic Carbon

An aliquot (~10 cm2) of each filter sample was extracted with organic‐free Milli‐Q water by ultrasonication
for 20 min. The water extracts were then passed through a syringe filter (Millex‐GV, 0.22 mm,Millipore) and
analyzed for WSOC using a total organic carbon analyzer (Shimadzu 5000A). Another portion (5 ml) of the
filtered WSOC was used for UV‐vis absorbance measurements (Hitachi U‐2000, Japan).

2.3. Light Absorption Properties of WS‐BrC

The measurement methodology and uncertainty analysis for optical properties of WSOC have been
described in detail elsewhere (Srinivas & Sarin, 2013, 2014). The range of wavelength for the measured
absorbance was between 300 and 700 nm. In brief, the measured absorbance at 365 nm relative to 700 nm
is used to calculate themass absorption coefficient (babs‐365, M/m= 10–6 m–1), the mass absorption efficiency
(MAEBrC‐365, m

2/g) of WS‐BrC at 365 nm, and the absorption Ångström exponent (AAEBrC) as per the
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equations provided by Hecobian et al. (2010). The 700 nm subtraction is to avoid any baseline drift and also
assuming the weak or no absorption of WS‐BrC.

babs−365 ¼ A365−A700ð Þ× f dil×V extð Þ×ln10
V aero×L

(1)

Here A365 and A700 correspond to the measured absorbance at 365 and 700 nm, respectively; fdil is the dilu-
tion factor; Vext is the volume of Milli‐Q water used for the extraction of the aerosol samples; Vaero is the air
volume of each aerosol sample; L is the path length (1 cm) of the cell used for analysis.

MAEBrC‐365 is calculated using the measured babs‐365 and the mass concentration of WSOC, expressed
as follows:

MAEBrC−365 ¼ babs−365
WSOC

(2)

Mass absorption coefficient, estimated based on the measured absorbance of WSOC, varies as a function of
the wavelength to the power AAE:

babs−λ Mm−1
� �

∝λ−AAEBrC (3)

AAEBrC is calculated from the absorption between 340 and 400 nm so as to avoid the absorption peaks from
the contributing of inorganic chemical species (if any) and due to the strong absorption in this range (Wu
et al., 2018).

The extinction ability of a particle is dependent on the refractive index (m = n + ik), where n and k refer to
the scattering and absorbing part of this parameter, respectively (Shamjad et al., 2016). We estimated the
absorbing refractive index of WS‐BrC at 365 nm (kBrC‐365) using the equations of Liu et al. (2013), with
the assumption that the light absorbing compounds and other components of the aerosols are
externally mixed.

kBrC−365 ¼
ρparticle×365×babs−365

4π×WSOC
(4)

In the above equation, ρparticle is the density of particle (assumed as 1.5 g/cm3).

2.4. Light Absorption Properties of EC

The light attenuation of EC at 658 nm in the aerosol filters from the Sunset Carbon analyzer is used to derive
the MAE of EC (MAEEC‐658, m

2/g) (Ammerlaan et al., 2017; Ram & Sarin, 2009). The methodology is
described in detail in the supporting information (Text S1).

The EC absorption also decreases exponentially with wavelength over the visible and near‐infrared spectral
region. The absorption Ångström exponent of EC (AAEEC) unlike BrC, has been studied extensively and
showed little variability between 0.8 and 1.4 (Kirillova et al., 2016; Zukovskaja et al., 2018). For this study,
we have used an AAEEC of 1.0 (Chung et al., 2011; Kirillova et al., 2016).

2.5. Radiative Absorption of WS‐BrC Relative to EC

The solar radiation absorbed by WS‐BrC relative to EC is determined using the methodology in previous
studies (Kirchstetter & Thatcher, 2012; Kirillova et al., 2014; Weingartner et al., 2003). This method
relies on the combined use of the clear sky Air Mass 1 Global Horizontal solar irradiance spectrum
(I0(λ)) at the Earth's surface by Levinson et al. (2010) and the measured and calculated light absorption
properties of BrC and EC across the wavelength range 300–2500 nm. Simply, we have estimated the
light absorption of the solar radiation by WS‐BrC relative to that by EC (f) as per the following
equations:
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f ¼
∫
2500

300 I0 λð Þ× I0−I
I0

h i
BrC

� �
dλ

∫
2500

300 I0 λð Þ× I0−I
I0

h i
EC

� �
dλ

(5)

I0−I
I0

� �
BrC

¼ 1−e− MAEBrC−365
365
λð ÞAAEBrC× WSOC½ �×hABL

� �
(6)

I0−I
I0

� �
EC

¼ 1−e− MAEEC−658
658
λð ÞAAEEC× EC½ �×hABL

� �
(7)

Here, [WSOC] and [EC] refer to their mass concentrations. The parameter hABL is the height of the atmo-
spheric boundary layer (assumed here as 1,000 m).

2.6. Other Measurements

Our measurement methodology for the organic markers including levoglucosan, polycyclic aromatic hydro-
carbons (PAHs), glycolic acid, monoterpene secondary organic aerosol (SOA) tracers, isoprene SOA tracers
(Fu, Kawamura, & Barrie, 2009; Fu, Kawamura, Chen, et al., 2009), maleic acid, fumaric acid (Kawamura
et al., 2010), non–sea salt potassium (nss‐K+), and methanesulfonic acid (MSA; Suzuki et al., 1995), stable
carbon isotope ratios δ13C and the fluorescence intensities of PeakA (terrestrial humic‐like) and PeakB
(protein‐like; Fu et al., 2015) are provided in detail in previous publications and are briefly summarized in
the supporting information.

3. Results and Discussion

As shown in Table 1, during the study period, the concentration of OC was between 73.4 and 387 ng/m3

(average 253 ng/m3). WSOC concentration was between 40.7 and 300 ng/m3 (average 186 ng/m3), contribut-
ing 70% (40–89%) to the total mass of OC. This ratio is within the range found in other environments
(i.e., urban, rural, marine and remote; Bosch et al., 2014; Kirillova et al., 2014; Srinivas & Sarin, 2014; Wu
et al., 2018; Table S1).

3.1. Light Absorption of WS‐BrC

The mass absorption coefficient (babs‐365) was 0.07 ± 0.04 M/m (0.02–0.14 M/m, Table 1), which is much
lower than those in many other urban and rural regions with strong anthropogenic influences (Hecobian
et al., 2010; Hoffer et al., 2006; Table S1). The value is slightly lower than the observation over an Indian
Ocean site (0.1–0.5 M/m; Bosch et al., 2014) and that in the free troposphere in high Himalayas (0.16 ±
0.25 M/m; Kirillova et al., 2016). There is a significant linear relationship (slope: 0.32; R2 = 0.55) between
babs‐365 and the mass concentration of WSOC in the high Arctic aerosols (Figure S2). The slope of this linear
regression is a robust measure of MAE of WS‐BrC (average ± standard deviation: 0.41 ± 0.21 m2/g).

Table 1
Ambient Temperature, Organic Carbon (OC), Water‐Soluble Organic Carbon (WSOC), and the Light Absorption
Properties of Water‐Soluble Brown Carbon (WS‐BrC) in High Arctic Aerosols Collected at Alert, Canada in 1991

Components Min Max Average Median

Ambient temperaturea, °C −33.5 −1.9 −19.6 −24.0
OCa, ngC/m3 73.4 387 253 280
WSOCa, ngC/m3 40.7 300 186 214
WSOC in OCa, % 40 89 70 73
Mass absorption coefficient, babs‐365, M/m 0.02 0.14 0.07 0.07
Mass absorption efficiency, MAEBrC‐365, m

2/g 0.10 0.98 0.41 0.39
Absorption Ångström exponent, AAEBrC 3.4 18 8.5 6.6
E2/E3 3.7 21 8.9 7.4
Absorbing refractive index, kBrC 0.06 0.51 0.14 0.12
Solar radiative absorption of WS‐BrC relative to EC, % 2.0 63 13 7.0

aThe data of OC and WSOC are from a previous study (Fu et al., 2009a).
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MAEBrC‐365 showed strong variation ranging from 0.10 to 0.98 m2/g. It is
similar to laboratory test burns of Alaskan Peat carbon (0.2–0.5 m2/g) and
Siberian Peat carbon (0.5–0.8 m2/g) at 405 nm (Chakrabarty et al., 2016).
The average MAEBrC‐365 at Alert is similar to the measurements over
remote Indian Ocean from February to March (0.46 ± 0.18 m2/g, PM2.5;
Bosch et al., 2014); but much lower than the value in spring at a rural site
in Xianghe, China (~2.2 m2/g, 370 nm, PM10; Yang et al., 2009) and the
measurement of MAEBrC‐365 in Patiala in India (1.3 m2/g) of PM2.5

(Srinivas et al., 2016). Thus, MAEBrC‐365 in the Arctic aerosols from late
winter to late spring is comparable to that of low latitude marine aerosols
but lower than those of polluted urban and rural air (Table S1).

The wavelength dependence of the light absorption of WS‐BrC (AAEBrC,
equation (3)) varied between 3.4 and 18 (average and standard deviation
of 8.5 ± 4.2) in this study. The large variation is likely due to a complex
mix of sources and physical/chemical transformation processes of aero-
sols during transport to the Arctic (Kirillova et al., 2016).

There is a paucity of data on the spectral absorbing component of the
refractive index of BrC (kBrC), especially for the Arctic. The kBrC depends
mostly on the wavelength of absorption and the size of the particles
(Liu et al., 2013). The kBrC‐365 (range 0.06–0.51, average = 0.14, Table 1)
for WS‐BrC at Alert in this study is a factor of 2 lower than that observed
in East Asian outflow sampled in the Pacific Ocean atmosphere (0.27 at
550 nm; Alexander et al., 2008). However, it is 3 times higher than the
average 0.042 (365 nm) in ambient aerosols of the central Indo‐Gangetic
Plain (from an urban city, Kanpur; Shamjad et al., 2016) and 20 times
higher than that in biomass burning aerosols in Colorado (0.007 ± 0.005
at 404 nm; Lack et al., 2012).

3.2. Source Attribution of WS‐BrC

We observed a strong temporal variability in the light absorption of WS‐
BrC in Alert aerosols (babs‐365, MAEBrC‐365, and AAEBrC), together with
other molecular tracers and parameters (Figures 1, 2, S3, and S4). The
babs‐365 decreased during the late dark winter and increased after polar
sunrise in March. Then it decreased into the late spring (June). Here,
the sources of WS‐BrC are discussed in two main periods: (1) from the late
dark winter to the early spring February and early March and (2) from
April to the early June. The period right after polar sunrise in late
March can be considered as a transition phase (Kawamura et al., 2005;
Willis et al., 2018). These changes are associated with strong variations
of solar radiation and some variation in ice/snow condition and the atmo-
spheric circulation as discussed in Fu et al. (2015) for the same samples
and previous studies (Law & Stohl, 2007; Willis et al., 2018).

From the late dark winter to the early spring, WS‐BrC are likely from bio-
mass burning and anthropogenic biofuel and fossil fuel combustion
sources because the temporal variability of babs‐365 is similar to biomass
burning tracers, levoglucosan (i.e., a pyrolysis combustion product of
hemicellulose; Simoneit et al., 1999; Zangrando et al., 2013) and nss‐K+

(Raemdonck et al., 1986), and is also similar to PAHs, which are mainly
of anthropogenic origin, produced from fossil fuel combustion and biomass burning (Figure 1; Abdel‐
Shafy & Mansour, 2016; Yan, Zheng, et al., 2018). Levoglucosan has been recently shown to have a nonne-
gligible contribution from coal combustion (Yan, Zheng, et al., 2018). The time series of EC which is from
incomplete combustion of biomass and fossil fuel also had the same trend (Fu, Kawamura, Chen, et al.,

Figure 1. Temporal variations in 1991 at Alert in the Canadian High Arctic
of the light absorption of aerosol brown carbon and concentrations of
aerosol chemical constituents. (a)Water soluble organic carbon (WSOC), (b)
mass absorption coefficient of water‐soluble brown carbon at 365 nm (babs‐
365, M/m = × 10−6 m−1) and molecular marker compounds (c) levogluco-
san, (d) polycyclic aromatic hydrocarbons (PAHs), (e) non–sea salt potas-
sium (nss‐K+), (f) glycolic acid, (g) monoterpene secondary organic aerosol
(SOA) tracers, and (h) isoprene SOA tracers.
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2009, for the same sample). The results suggest that the light absorption
matter of WSOC has strong contribution of these activities and
processes. Transport of emissions to the lower Arctic troposphere during
this winter/spring period occurs mostly from Eurasia along mainly a
lower tropospheric route where diabatic cooling due to radiative loss
and contact with the cold surface occurs revealed by Fu, Kawamura,
and Barrie (2009) for the same samples (Shaw et al., 2010; Stohl, 2006;
Winiger et al., 2019).

The variation of biogenic SOA tracers measured here suggests that
long‐range transport from continental midlatitudes also contributes to
WS‐BrC in the high Arctic in the dark winter. As shown in Figure 2,
monoterpene SOA tracers varied similarly to babs‐365. Both continental
forest (Ebben et al., 2011) and oceans (Yassaa et al., 2008) can emit mono-
terpenes. The browning of monoterpene‐derived SOA has been demon-
strated in a previous laboratory study, which showed that the MAE at
405 nm of α‐pinene (a class of monoterpene) SOA produced by OH oxida-
tion increases with increasing oxidation level (Lambe et al., 2013). In the
dark winter, the sea‐to‐air flux of marine organics from the Arctic ocean is
limited due to the coverage of ice and snow revealed by Fu et al. (2015) for
the same samples. Considering themismatch of monoterpene SOA tracers
with MSA of marine origin (Figure S4; Fu et al., 2015, the same samples as
this study), the WS‐BrC from monoterpene SOA were most likely trans-
ported from continental midlatitudes (Fu, Kawamura, Chen, et al., 2009,
the same samples as this study).

The observations indicate that after polar sunrise, WS‐BrC absorption has a significant contribution from
SOAs associated with ocean emissions. babs‐365 was moderately to strongly correlated with glycolic acid,
monoterpene, and isoprene SOA tracers (Figures 1 and S5). Glycolic acid is the smallest chemical of the
family of α‐hydroxy acids. It is highly water soluble and has been suggested as secondary oxidation products
(Fu et al., 2016). In this sampling period, isoprene oxidation products were found to be mostly formed by
emissions of isoprene from open oceans and their subsequent photooxidation (Fu et al., 2015). After polar
sunrise, photochemical gas to particle conversion becomes more important as a contributor to aerosol mass
in the Arctic. The decreasing ratio of maleic acid to fumaric acid (M/F; Figure S3) indicates the enhancement
of photochemical oxidation (Kawamura & Sakaguchi, 1999; Zhao et al., 2018). This feature has also been
revealed by the temporal variation of other dicarboxylic acid and biogenic SOA tracers in the sampling per-
iod (Kawamura et al., 2010). Marine microbial activity has been shown to be important for ocean aerosols
(Dabek‐Zlotorzynska & McGrath, 2000; Fu et al., 2016; Li et al., 2018; Miyazaki et al., 2014).
Photooxidation of the increasing emission of organic gases from ocean sources, as indicated by the increase
of the concentration of MSA, PeakB/PeakA, and stable carbon isotope ratio (δ13C) from February to June,
could also contribute to WS‐BrC (Figure S4; Fu et al., 2015; Russell et al., 2010; Turekian et al., 2003). Air
parcel back trajectories during the sampling period also support the influence of ocean source regions (Fu
et al., 2015). During this period, solar intensity also increases greatly along the transport pathways to
Alert. Also, transport time was much longer relative to the cold season (Stohl, 2006). Thus, air arriving at
Alert in this period was subject to much more sunlight exposure than during the earlier dark winter period.

In addition to the source difference of WS‐BrC in the two periods, their light absorption also had different
properties showing various intrinsic characteristics. The mass absorption efficiency (MAEBrC‐365) averaged
0.3 m2/gin late winter and increased to 0.5 m2/gin spring (Figure 2). This finding is different from the study
conducted over South Asia that foundWS‐BrC had higherMAEBrC‐365 in polluted regions compared to back-
ground air and aged long‐range transported polluted atmosphere (Kirillova et al., 2016). Another parameter,
the ratio of absorbance at 250 nm to that at 365 nm (E2/E3), was higher in winter than in spring averaging 13
and 7, respectively (Figures 2 and S6). A lower E2/E3 value indicates lower polarity of aerosol organics (Chen
et al., 2016). Given the positive correlation between AAEBrC and E2/E3 (Figure 2 and S6), the results above
suggest that the light absorption of WS‐BrC in warm season was less wavelength dependent, which was

Figure 2. Temporal variations in light absorption properties of water‐solu-
ble brown carbon (WS‐BrC) in 1991 at Alert in the Canadian high Arctic.
(a) The mass absorption efficiency of WS‐BrC at 365 nm (MAEBrC‐365),
(b) the ratio of UV absorbance at 250 nm to the absorbance at 365 nm
(E2/E3), and (c) the absorption Ångström exponent of WS‐BrC (AAEBrC).
Average values of these parameters for dark winter and sunnier spring sea-
sons are shown in each plot.
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associated with organics of relatively lower polarity. The decreased
polarity going from winter to spring may be due to the strong enhance-
ment of mass concentrations of alkane groups relative to the minor
enhancement of acid groups and the decrease of alcohol groups in the sub-
micron particles (Leaitch et al., 2018). Although our results are from the
measurements of total suspended particulate, it has been shown that the
WSOC of marine aerosols are mainly in submicron particles (O'Dowd
et al., 2004). Another study conducted at an urban background site in
Helsinki also showed that in air mass of Arctic origin, WSOC of submi-
cron aerosols is 3 times the concentration of supermicron particles
(Timonen et al., 2008).

3.3. Radiative Absorption of WS‐BrC Relative to EC

The fractional solar radiative absorption by WS‐BrC relative to that of EC
(equations (5)–(7)) was 13 ± 7.0% (Table 1). This is similar to that in PM2.5

in Beijing in winter (10.7 ± 3.0%; Yan et al., 2015) and much higher than
that observed in the high Himalayas (~4 ± 1%; Kirillova et al., 2016) and at a remote receptor oceanic island
in South Asia (0.7 ± 0.2%; Bosch et al., 2014). However, it is much lower than that near a biomass burning
source region in Patiala in winter (~40% for PM2.5; Srinivas et al., 2016).

Seasonally, the radiative absorption of WS‐BrC relative to EC (Figure 3) increased to an average of 34% after
mid‐May from amuch lower value of 5% in the dark winter (February to April, 5%), indicating the enhanced
importance of WS‐BrC in the radiative absorption in the warm season. There is a limitation of this estimate
since the columnar absorption optical thickness is based on the in situ observation of WS‐BrC at ground
level. Our method also cannot take into account the lensing effect and photo‐bleaching/photo‐enhancement
processes (Wong et al., 2017; Yan, Wang, et al., 2018). Given that the water‐soluble fraction of BrC is usually
below 70%, it is reasonable to expect the radiative absorption of total BrC, including both water‐soluble and
water‐insoluble components, to be more important than what we inferred above (Laskin et al., 2015). Water‐
soluble black carbon may induce some uncertainty in this estimate (Bao et al., 2017). Another factor that
needs to be noted is that the reported light absorption is based on the measurements in solutions.
According to a study in urban and rural atmosphere in Georgia (Liu et al., 2013), the absorption of BrC
(365 nm) calculated by Mie method was approximately a factor of 2 higher than values from the measure-
ments in both water and methanol extracts of atmospheric aerosols. Thus, the light absorption of BrC in
the real atmosphere might be higher than our estimate here.

4. Summary and Prospective

In this study at Alert in the high Arctic, we examined the seasonal variations of the light absorption proper-
ties and sources of water‐soluble brown carbon (WS‐BrC) in atmospheric aerosols and their radiative absorp-
tion relative to elemental carbon (EC). From late winter to late spring the light absorption efficiency of
WS‐BrC at this Arctic observatory was lower than those in polluted urban and rural air. Solar radiative
absorption of WS‐BrC relative to EC was 5% on average in February to April and surged to 34% after mid‐
May. During dark winter before early March, the main contributors to WS‐BrC were biomass burning and
biomass combustion from human activities, while after polar sunrise fromApril to Junemarine sources con-
nected with photochemical secondary production from marine gaseous precursors became dominant.

In a future climate, the relative contribution of BrC to total black carbon radiative absorption will most likely
be enhanced in the Arctic spring atmosphere. Increasing temperature is expected to enhance sea/ice melting
and biological activities in the ocean (Boucher et al., 2013) responsible for gaseous precursors of WS‐BrC.
Thus, enhanced emissions of primary marine organic aerosols and semivolatile organic gases are expected
to contribute more BrC to the Arctic while BC may continue to decline as recorded at Alert where it has
dropped by 52% from 1990 to 2013 (Sharma et al., 2013, 2019) and throughout the Arctic in general
(Breider et al., 2017). These observations underscore the need to improve our understanding of Arctic aero-
sols and air chemistry processes and their representation in climate models. Particularly, better estimates of
the impacts of aerosols on Arctic climate need more observational constraints, in history and in the future.

Figure 3. Temporal variation in the radiative absorption of water‐soluble
brown carbon (WS‐BrC) relative to elemental carbon (EC) at Alert in the
Canadian high Arctic aerosols from late winter to late spring, 1991.

10.1029/2019GL085318Geophysical Research Letters

YUE ET AL. 7



References
Abdel‐Shafy, H. I., & Mansour, M. (2016). A review on polycyclic aromatic hydrocarbons: Source, environmental impact, effect on human

health and remediation. Egyptian Journal of Petroleum, 25(1), 107–123. https://doi.org/10.1016/j.ejpe.2015.03.011
Alexander, D. T., Crozier, P. A., & Anderson, J. R. (2008). Brown carbon spheres in East Asian outflow and their optical properties. Science,

321(5890), 833–836. https://doi.org/10.1126/science.1155296
Ammerlaan, B. A. J., Holzinger, R., Jedynska, A. D., & Henzing, J. S. (2017). Technical note: Aerosol light absorption measurements with a

carbon analyser—Calibration and precision estimates. Atmospheric Environment, 164, 1–7. https://doi.org/10.1016/j.
atmosenv.2017.05.031

Andreae, M. O., & Gelencsér, A. (2006). Black carbon or brown carbon? The nature of light‐absorbing carbonaceous aerosols. Atmospheric
Chemistry and Physics, 6(10), 3131–3148. https://doi.org/10.5194/acp‐6‐3131‐2006

Bao, H., Niggemann, J., Luo, L., Dittmar, T., & Kao, S.‐J. (2017). Aerosols as a source of dissolved black carbon to the ocean. Nature
Communications, 8(1), 510. https://doi.org/10.1038/s41467‐017‐00437‐3

Bond, T. C., & Bergstrom, R. W. (2006). Light absorption by carbonaceous particles: An investigative review. Aerosol Science and
Technology, 40(1), 27–67. https://doi.org/10.1080/02786820500421521

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen, T., DeAngelo, B. J., et al. (2013). Bounding the role of black carbon in the
climate system: A scientific assessment. Journal of Geophysical Research: Atmospheres, 118, 5380–5552. https://doi.org/10.1002/
jgrd.50171

Bosch, C., Andersson, A., Kirillova, E. N., Budhavant, K., Tiwari, S., Praveen, P., et al. (2014). Source‐diagnostic dual‐isotope composition
and optical properties of water‐soluble organic carbon and elemental carbon in the South Asian outflow intercepted over the Indian
Ocean. Journal of Geophysical Research: Atmospheres, 119, 11,743–11,759. https://doi.org/10.1002/2014JD022127

Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G., Forster, P., et al. (2013). Clouds and Aerosols. In T. F. Stocker, D. Qin, G.‐
K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex,& P. M. Midgley (Eds.), Climate change 2013: The physical
science basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(pp. 571–658). Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press.

Breider, T. J., Mickley, L. J., Jacob, D. J., Ge, C., Wang, J., Sulprizio, M. P., et al. (2017). Multidecadal trends in aerosol radiative forcing over
the Arctic: Contribution of changes in anthropogenic aerosol to Arctic warming since 1980. Journal of Geophysical Research:
Atmospheres, 122, 3573–3594. https://doi.org/10.1002/2016JD025321

Breider, T. J., Mickley, L. J., Jacob, D. J., Wang, Q., Fisher, J. A., Chang, R. Y. W., & Alexander, B. (2014). Annual distributions and sources
of Arctic aerosol components, aerosol optical depth, and aerosol absorption. Journal of Geophysical Research: Atmospheres, 119,
4107–4124. https://doi.org/10.1002/2013JD020996

Chakrabarty, R. K., Gyawali, M., Yatavelli, R. L. N., Pandey, A., Watts, A. C., Knue, J., et al. (2016). Brown carbon aerosols from burning of
boreal peatlands: Microphysical properties, emission factors, and implications for direct radiative forcing. Atmospheric Chemistry and
Physics, 16(5), 3033–3040. https://doi.org/10.5194/acp‐16‐3033‐2016

Chen, Q., Ikemori, F., & Mochida, M. (2016). Light absorption and excitation–emission fluorescence of urban organic aerosol components
and their relationship to chemical structure. Environmental Science & Technology, 50(20), 10,859–10,868. https://doi.org/10.1021/acs.
est.6b02541

Chung, C. E., Lee, K., & Müller, D. (2011). Effect of internal mixture on black carbon radiative forcing. Tellus B, 64(1), 10925. https://doi.
org/10.3402/tellusb.v64i0.10925

Chung, C. E., Ramanathan, V., & Decremer, D. (2012). Observationally constrained estimates of carbonaceous aerosol radiative forcing.
Proceedings of the National Academy of Sciences, 109(29), 11,624–11,629. https://doi.org/10.1073/pnas.1203707109

Corr, C. A., Hall, S. R., Ullmann, K., Anderson, B. E., Beyersdorf, A. J., Thornhill, K. L., et al. (2012). Spectral absorption of biomass burning
aerosol determined from retrieved single scattering albedo during ARCTAS. Atmospheric Chemistry and Physics, 12(21), 10,505–10,518.
https://doi.org/10.5194/acp‐12‐10505‐2012

Dabek‐Zlotorzynska, E., & McGrath, M. (2000). Determination of low‐molecular‐weight carboxylic acids in the ambient air and vehicle
emissions: A review. Fresenius' Journal of Analytical Chemistry, 367(6), 507–518. https://doi.org/10.1007/s002160000376

Doherty, S. J., Warren, S. G., Grenfell, T. C., Clarke, A. D., & Brandt, R. E. (2010). Light‐absorbing impurities in Arctic snow. Atmospheric
Chemistry and Physics, 10(23), 11,647–11,680. https://doi.org/10.5194/acp‐10‐11647‐2010

Dumont, M., Brun, E., Picard, G., Michou, M., Libois, Q., Petit, J. R., et al. (2014). Contribution of light‐absorbing impurities in snow to
Greenland's darkening since 2009. Nature Geoscience, 7(7), 509–512. https://doi.org/10.1038/ngeo2180

Ebben, C. J., Martinez, I. S., Shrestha, M., Buchbinder, A. M., Corrigan, A. L., Guenther, A., et al. (2011). Contrasting organic aerosol
particles from boreal and tropical forests during HUMPPA‐COPEC‐2010 and AMAZE‐08 using coherent vibrational spectroscopy.
Atmospheric Chemistry and Physics, 11(20), 10,317–10,329. https://doi.org/10.5194/acp‐11‐10317‐2011

Feng, Y., Ramanathan, V., & Kotamarthi, V. R. (2013). Brown carbon: A significant atmospheric absorber of solar radiation? Atmospheric
Chemistry and Physics, 13(17), 8607–8621. https://doi.org/10.5194/acp‐13‐8607‐2013

Fu, P., Aggarwal, S. G., Chen, J., Li, J., Sun, Y., Wang, Z., et al. (2016). Molecular markers of secondary organic aerosol in Mumbai, India.
Environmental Science & Technology, 50(9), 4659–4667. https://doi.org/10.1021/acs.est.6b00372

Fu, P., Kawamura, K., & Barrie, L. A. (2009). Photochemical and other sources of organic compounds in the Canadian high arctic
aerosol pollution during winter‐spring. Environmental Science & Technology, 43(2), 286–292. https://www.ncbi.nlm.nih.gov/
pubmed/19238953

Fu, P., Kawamura, K., Chen, J., & Barrie, L. A. (2009). Isoprene, monoterpene, and sesquiterpene oxidation products in the high Arctic
aerosols during late winter to early summer. Environmental Science & Technology, 43(11), 4022–4028. https://doi.org/10.1021/
es803669a

Fu, P., Kawamura, K., Chen, J., Qin, M., Ren, L., Sun, Y., et al. (2015). Fluorescent water‐soluble organic aerosols in the high Arctic
atmosphere. Scientific Reports, 5(1), 9845. https://doi.org/10.1038/srep09845

Gao, Y., & Zhang, Y. (2018). Formation and photochemical investigation of brown carbon by hydroxyacetone reactions with glycine and
ammonium sulfate. RSC Advances, 8(37), 20719. https://doi.org/10.1039/c8ra02019a

Hecobian, A., Zhang, X., Zheng, M., Frank, N., Edgerton, E. S., & Weber, R. J. (2010). Water‐soluble organic aerosol material and the light‐
absorption characteristics of aqueous extracts measured over the southeastern United States. Atmospheric Chemistry and Physics, 10(13),
5965–5977. https://doi.org/10.5194/acp‐10‐5965‐2010

Heintzenberg, J. (1982). Size‐segregated measurements of particulate elemental carbon and aerosol light absorption at remote Arctic
locations. Atmospheric Environment, 16(10), 2461–2469. https://doi.org/10.1016/0004‐6981(82)90136‐6

10.1029/2019GL085318Geophysical Research Letters

YUE ET AL. 8

Acknowledgments

The authors declare no competing
financial interest. This study was in part
supported by the National Natural
Science Foundation of China (Grant
41625014). We wish to thank
Environment Canada and staff includ-
ing Sangeeta Sharma and Desiree
Toom‐Sauntry for kindly collecting
these samples at Alert in 1991; this
cooperative program was led by
Leonard Barrie, a coauthor, while
employed by Environment Canada.
Supporting descriptions of analytical
methods and figures are in the sup-
porting information. The data used in
this manuscript are listed in the tables,
figures, and supporting information.
The important data supporting the
conclusion of the paper are available in
the data repository website (https://
zenodo.org/record/3565703).



Hoffer, A., Gelencsér, A., Guyon, P., Kiss, G., Schmid, O., Frank, G. P., et al. (2006). Optical properties of humic‐like substances (HULIS) in
biomass‐burning aerosols. Atmospheric Chemistry and Physics, 6(11), 3563–3570. https://doi.org/10.5194/acp‐6‐3563‐2006

Kawamura, K., Imai, Y., & Barrie, L. A. (2005). Photochemical production and loss of organic acids in high Arctic aerosols during long‐
range transport and polar sunrise ozone depletion events. Atmospheric Environment, 39(4), 599–614. https://doi.org/10.1016/j.
atmosenv.2004.10.020

Kawamura, K., Kasukabe, H., & Barrie, L. A. (2010). Secondary formation of water‐soluble organic acids and α‐dicarbonyls and their
contributions to total carbon and water‐soluble organic carbon: Photochemical aging of organic aerosols in the Arctic spring. Journal of
Geophysical Research, 115, D21306. https://doi.org/10.1029/2010JD014299

Kawamura, K., & Sakaguchi, F. (1999). Molecular distributions of water soluble dicarboxylic acids in marine aerosols over the Pacific
Ocean including tropics. Journal of Geophysical Research, 104(D3), 3501–3509. https://doi.org/10.1029/1998JD100041

Kirchstetter, T., & Thatcher, T. (2012). Contribution of organic carbon to wood smoke particulate matter absorption of solar radiation.
Atmospheric Chemistry and Physics, 12(14), 6067–6072. https://doi.org/10.5194/acp‐12‐6067‐2012

Kirillova, E. N., Andersson, A., Tiwari, S., Srivastava, A. K., Bisht, D. S., & Gustafsson, Ö. (2014). Water‐soluble organic carbon aerosols
during a full New Delhi winter: Isotope‐based source apportionment and optical properties. Journal of Geophysical Research:
Atmospheres, 119, 3476–3485. https://doi.org/10.1002/2013JD020041

Kirillova, E. N., Marinoni, A., Bonasoni, P., Vuillermoz, E., Facchini, M. C., Fuzzi, S., & Decesari, S. (2016). Light absorption properties of
brown carbon in the high Himalayas. Journal of Geophysical Research: Atmospheres, 121, 9621–9639. https://doi.org/10.1002/
2016JD025030

Lack, D. A., Langridge, J. M., Bahreini, R., Cappa, C. D., Middlebrook, A. M., & Schwarz, J. P. (2012). Brown carbon and internal mixing in
biomass burning particles. Proceedings of the National Academy of Sciences, 109(37), 14,802–14,807. https://doi.org/10.1073/
pnas.1206575109

Lambe, A. T., Cappa, C. D., Massoli, P., Onasch, T. B., Forestieri, S. D., Martin, A. T., et al. (2013). Relationship between oxidation level and
optical properties of secondary organic aerosol. Environmental Science & Technology, 47(12), 6349–6357. https://doi.org/10.1021/
es401043j

Laskin, A., Laskin, J., & Nizkorodov, S. A. (2015). Chemistry of atmospheric brown carbon. Chemical Reviews, 115(10), 4335–4382. https://
doi.org/10.1021/cr5006167

Law, K. S., & Stohl, A. (2007). Arctic air pollution: Origins and impacts. Science, 315(5818), 1537–1540. https://doi.org/10.1126/
science.1137695

Leaitch, R. W., Russell, L. M., Liu, J., Kolonjari, F., Toom, D., Huang, L., et al. (2018). Organic functional groups in the submicron
aerosol at 82.5°N, 62.5°W from 2012 to 2014. Atmospheric Chemistry and Physics, 18(5), 3269–3287. https://doi.org/10.5194/acp‐18‐
3269‐2018

Levinson, R., Akbari, H., & Berdahl, P. (2010). Measuring solar reflectance—Part I: Defining a metric that accurately predicts solar heat
gain. Solar Energy, 84(9), 1717–1744. https://doi.org/10.1016/j.solener.2010.04.018

Li, L., Ren, L., Ren, H., Yue, S., Xie, Q., Zhao, W., et al. (2018). Molecular characterization and seasonal variation in primary and secondary
organic aerosols in Beijing, China. Journal of Geophysical Research: Atmospheres, 123, 12,394–12,412. https://doi.org/10.1029/
2018JD028527

Liu, J., Bergin, M., Guo, H., King, L., Kotra, N., Edgerton, E., & Weber, R. J. (2013). Size‐resolved measurements of brown carbon in water
and methanol extracts and estimates of their contribution to ambient fine‐particle light absorption. Atmospheric Chemistry and Physics,
13(24), 12389–12404. https://doi.org/10.5194/acp‐13‐12389‐2013

Liu, J., Scheuer, E., Dibb, J., Diskin, G., Ziemba, L. D., Thornhill, K. L., et al. (2015). Brown carbon aerosol in the North American conti-
nental troposphere: Sources, abundance, and radiative forcing. Atmospheric Chemistry and Physics, 15(14), 7841–7858. https://doi.org/
10.5194/acp‐15‐7841‐2015

Magalhães, A. O., da Silva, J. C. G., & da Silva, L. (2017). Density functional theory calculation of the absorption properties of brown carbon
chromophores generated by catechol heterogeneous ozonolysis. ACS Earth and Space Chemistry, 1(6), 353–360. https://doi.org/10.1021/
acsearthspacechem.7b00061

Miyazaki, Y., Sawano, M., & Kawamura, K. (2014). Low‐molecular‐weight hydroxyacids in marine atmospheric aerosol: Evidence of a
marine microbial origin. Biogeosciences, 11(16), 4407–4414. https://doi.org/10.5194/bg‐11‐4407‐2014

O'Dowd, C. D., Facchini, M. C., Cavalli, F., Ceburnis, D., Mircea, M., Decesari, S., et al. (2004). Biogenically driven organic contribution to
marine aerosol. Nature, 431(7009), 676–680. https://doi.org/10.1038/nature02959

Powelson, M. H., Espelien, B. M., Hawkins, L. N., Galloway, M. M., & Haan, D. O. (2014). Brown carbon formation by aqueous‐phase
carbonyl compound reactions with amines and ammonium sulfate. Environmental Science & Technology, 48(2), 985–993. https://doi.
org/10.1021/es4038325

Quinn, P. K., Bates, T. S., Baum, E., Doubleday, N., Fiore, A. M., Flanner, M., et al. (2008). Short‐lived pollutants in the Arctic: Their climate
impact and possible mitigation strategies. Atmospheric Chemistry and Physics, 8(6), 1723–1735. https://doi.org/10.5194/acp‐8‐1723‐2008

Raemdonck, H., Maenhaut, W., & Andreae, M. O. (1986). Chemistry of marine aerosol over the tropical and equatorial Pacific. Journal of
Geophysical Research, 91(D8), 8623–8636. https://doi.org/10.1029/JD091id08p08623

Ram, K., & Sarin, M. (2009). Absorption coefficient and site‐specific mass absorption efficiency of elemental carbon in aerosols over urban,
rural, and high‐altitude sites in India. Environmental Science & Technology, 43(21), 8233–8239.

Russell, L. M., Hawkins, L. N., Frossard, A. A., Quinn, P. K., & Bates, T. S. (2010). Carbohydrate‐like composition of submicron atmospheric
particles and their production from ocean bubble bursting. Proceedings of the National Academy of Sciences, 107(15), 6652–6657. https://
doi.org/10.1073/pnas.0908905107

Shamjad, P. M., Tripathi, S. N., Thamban, N. M., & Vreeland, H. (2016). Refractive index and absorption attribution of highly absorbing
brown carbon aerosols from an urban Indian city‐Kanpur. Scientific Reports, 6(1), 37735. https://doi.org/10.1038/srep37735

Sharma, S., Barrie, L. A., Magnusson, E., Brattström, G., Leaitch, W. R., Steffen, A., & Landsberger, S. (2019). A factor and trends analysis of
multi‐decadal lower tropospheric observations of Arctic aerosol composition, black carbon, ozone and mercury at Alert, Canada.
Journal of Geophysical Research: Atmospheres, 124. https://doi.org/10.1029/2019JD030844

Sharma, S., Ishizawa, M., Chan, D., Lavoue, D., Andrews, E., Eleftheriadis, K., & Maksyutov, S. (2013). 16‐year simulation of Arctic black
carbon: Transport, source contribution, and sensitivity analysis on deposition. Journal of Geophysical Research: Atmospheres, 118,
943–964. https://doi.org/10.1029/2012JD017774

Shaw, P. M., Russell, L. M., Jefferson, A., & Quinn, P. K. (2010). Arctic organic aerosol measurements show particles from mixed
combustion in spring haze and from frost flowers in winter. Geophysical Research Letters, 37, L10803. https://doi.org/10.1029/
2010GL042831

10.1029/2019GL085318Geophysical Research Letters

YUE ET AL. 9



Simoneit, B. R. T., Schauer, J. J., Nolte, C. G., Oros, D. R., Elias, V. O., Fraser, M. P., et al. (1999). Levoglucosan, a tracer for cellulose in
biomass burning and atmospheric particles. Atmospheric Environment, 33(2), 173–182. https://doi.org/10.1016/S1352‐2310(98)00145‐9

Srinivas, B., Rastogi, N., Sarin, M. M., Singh, A., & Singh, D. (2016). Mass absorption efficiency of light absorbing organic aerosols from
source region of paddy‐residue burning emissions in the Indo‐Gangetic Plain. Atmospheric Environment, 125, 360–370. https://doi.org/
10.1016/j.atmosenv.2015.07.017

Srinivas, B., & Sarin, M. M. (2013). Light absorbing organic aerosols (brown carbon) over the tropical Indian Ocean: Impact of biomass
burning emissions. Environmental Research Letters, 8(4), 44042. https://doi.org/10.1088/1748‐9326/8/4/044042

Srinivas, B., & Sarin, M. M. (2014). Brown carbon in atmospheric outflow from the Indo‐Gangetic Plain: Mass absorption efficiency and
temporal variability. Atmospheric Environment, 89, 835–843. https://doi.org/10.1016/j.atmosenv.2014.03.030

Stjern, C. W., Samset, B. H., Myhre, G., Forster, P. M., Hodnebrog, Ø., Andrews, T., et al. (2017). Rapid adjustments cause weak surface
temperature response to increased black carbon concentrations. Journal of Geophysical Research: Atmospheres, 122, 11,462–11,481.
https://doi.org/10.1002/2017JD027326

Stohl, A. (2006). Characteristics of atmospheric transport into the Arctic troposphere. Journal of Geophysical Research, 111, D11306. https://
doi.org/10.1029/2005JD006888

Sumlin, B. J., Oxford, C. R., Seo, B., Pattison, R. R., Williams, B. J., & Chakrabarty, R. K. (2018). Density and homogeneous internal
composition of primary brown carbon aerosol. Environmental Science & Technology, 52(7), 3982–3989. https://doi.org/10.1021/acs.
est.8b00093

Suzuki, K., Kawamura, K., Kasukabe, H., Yanase, A., & Barrie, L. A. (1995). Concentration changes of MSA and major ions in Arctic
aerosols during polar sunrise. Proceedings of the NIPR Symposium on Polar Meteorology and Glaciology, 9, 160–168.

Timonen, H., Saarikoski, S., Tolonen‐Kivimäki, O., Aurela, M., Saarnio, K., Petäjä, T., et al. (2008). Size distributions, sources and source
areas of water‐soluble organic carbon in urban background air. Atmospheric Chemistry and Physics, 8(18), 5635–5647. https://doi.org/
10.5194/acp‐8‐5635‐2008

Tsigaridis, K., & Kanakidou, M. (2018). The present and future of secondary organic aerosol direct forcing on climate. Current Climate
Change Reports, 4(2), 84–98. https://doi.org/10.1007/s40641‐018‐0092‐3

Turekian, V. C., Macko, S. A., & Keene, W. C. (2003). Concentrations, isotopic compositions, and sources of size‐resolved, particulate
organic carbon and oxalate in near‐surface marine air at Bermuda during spring. Journal of Geophysical Research, 108(D5), 4157. https://
doi.org/10.1029/2002jd002053

Wang, Y., Khalizov, A., Levy, M., & Zhang, R. Y. (2013). New directions: Light absorbing aerosols and their atmospheric impacts.
Atmospheric Environment, 81, 713–715. https://doi.org/10.1016/j.atmosenv.2013.09.034

Weingartner, E., Saathoff, H., Schnaiter, M., Streit, N., Bitnar, B., & Baltensperger, U. (2003). Absorption of light by soot particles:
Determination of the absorption coefficient by means of aethalometers. Journal of Aerosol Science, 34(10), 1445–1463. https://doi.org/
10.1016/S0021‐8502(03)00359‐8

Willis, M. D., Leaitch, W. R., & Abbatt, J. P. D. (2018). Processes controlling the composition and abundance of arctic aerosol. Reviews of
Geophysics, 56, 621–671. https://doi.org/10.1029/2018rg000602

Winiger, P., Andersson, A., Eckhardt, S., Stohl, A., & Gustafsson, Ö. (2016). The sources of atmospheric black carbon at a European
gateway to the Arctic. Nature Communications, 7(1), 12776. https://doi.org/10.1038/ncomms12776

Winiger, P., Barrett, T. E., Sheesley, R. J., Huang, L., Sharma, S., Barrie, L. A., et al. (2019). Source apportionment of circum‐Arctic
atmospheric black carbon from isotopes and modeling. Science Advances, 5(2), eaau8052. https://doi.org/10.1126/sciadv.aau8052

Wong, J., Nenes, A., & Weber, R. J. (2017). Changes in light absorptivity of molecular weight separated brown carbon due to photolytic
aging. Environmental Science & Technology, 51(15), 8414–8421. https://doi.org/10.1021/acs.est.7b01739

Wu, G., Wan, X., Gao, S., Fu, P., Yin, Y., Li, G., et al. (2018). Humic‐like substances (HULIS) in aerosols of central Tibetan Plateau (Nam Co,
4730 m asl): Abundance, light absorption properties and sources. Environmental Science & Technology, 52(13), 7203–7211. https://doi.
org/10.1021/acs.est.8b01251

Xie, Y., Li, Z., Li, L., Wagener, R., Abboud, I., Li, K., et al. (2018). Aerosol optical, microphysical, chemical and radiative properties of high
aerosol load cases over the Arctic based on AERONET measurements. Scientific Reports, 8(1), 9376. https://doi.org/10.1038/s41598‐018‐
27744‐z

Yan, C., Zheng, M., Sullivan, A. P., Bosch, C., Desyaterik, Y., Andersson, A., et al. (2015). Chemical characteristics and light‐absorbing
property of water‐soluble organic carbon in Beijing: Biomass burning contributions. Atmospheric Environment, 121, 4–12. https://doi.
org/10.1016/j.atmosenv.2015.05.005

Yan, C., Zheng, M., Sullivan, A. P., Shen, G., Chen, Y., Wang, S., et al. (2018). Residential coal combustion as a source of levoglucosan in
China. Environmental Science & Technology, 52(3), 1665–1674. https://www.ncbi.nlm.nih.gov/pubmed/29244948, https://doi.org/
10.1021/acs.est.7b05858

Yan, J., Wang, X., Gong, P., Wang, C., & Cong, Z. (2018). Review of brown carbon aerosols: Recent progress and perspectives. The Science of
the Total Environment, 634, 1475–1485. https://doi.org/10.1016/j.scitotenv.2018.04.083

Yang, M., Howell, S. G., Zhuang, J., & Huebert, B. J. (2009). Attribution of aerosol light absorption to black carbon, brown carbon, and dust
in China—Interpretations of atmospheric measurements during EAST‐AIRE. Atmospheric Chemistry and Physics, 9(6), 2035–2050.
https://doi.org/10.5194/acp‐9‐2035‐2009

Yassaa, N., Peeken, I., Zöllner, E., Bluhm, K., Arnold, S., Spracklen, D., & Williams, J. (2008). Evidence for marine production of mono-
terpenes. Environmental Chemistry, 5(6), 391–401. https://doi.org/10.1071/en08047

Yu, H., Li, W., Zhang, Y., Tunved, P., Dall'Osto, M., Shen, X., et al. (2019). Organic coating on sulfate and soot particles during late
summer in the Svalbard Archipelago. Atmospheric Chemistry and Physics, 19(15), 10,433–10,446. https://doi.org/10.5194/acp‐19‐
10433‐2019

Zangrando, R., Barbaro, E., Zennaro, P., Rossi, S., Kehrwald, N. M., Gabrieli, J., et al. (2013). Molecular markers of biomass burning in
arctic aerosols. Environmental Science & Technology, 47(15), 8565–8574. https://doi.org/10.1021/es400125r

Zhang, X., Lin, Y.‐H., Surratt, J. D., & Weber, R. J. (2013). Sources, composition and absorption ångström exponent of light‐absorbing
organic components in aerosol extracts from the Los Angeles Basin. Environmental Science & Technology, 47(8), 3685–3693. https://doi.
org/10.1021/es305047b

Zhang, Y., Forrister, H., Liu, J., Dibb, J., Anderson, B., Schwarz, J. P., et al. (2017). Top‐of‐atmosphere radiative forcing affected by brown
carbon in the upper troposphere. Nature Geoscience, 10(7), 486–489. https://doi.org/10.1038/ngeo2960

Zhao, W., Kawamura, K., Yue, S., Wei, L., Ren, H., Yan, Y., et al. (2018). Molecular distribution and compound‐specific stable carbon
isotopic composition of dicarboxylic acids, oxocarboxylic acids and α‐dicarbonyls in PM2.5 from Beijing, China. Atmospheric Chemistry
and Physics, 18(4), 2749–2767. https://doi.org/10.5194/acp‐18‐2749‐2018

10.1029/2019GL085318Geophysical Research Letters

YUE ET AL. 10



Zukovskaja, O., Kloss, S., Blango, M. G., Ryabchykov, O., Kniemeyer, O., Brakhage, A. A., et al. (2018). UV‐Raman spectroscopic identi-
fication of fungal spores important for respiratory diseases. Analytical Chemistry, 90(15), 8912–8918. https://doi.org/10.1021/acs.
analchem.8b01038

10.1029/2019GL085318Geophysical Research Letters

YUE ET AL. 11


