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• Light-absorbing and fluorescence prop-
erties of atmospheric WS-BrC in the re-
mote, rural, and urban areas along the
transport pathway of Asian dust were
described.

• Organic compounds in dust plume from
theGobi Desert are important sources of
WS-BrC, especially for remote area.

• Atmospheric aging processes may mod-
ify the light-absorbing and fluorescence
properties of WS-BrC.

• WS-BrC is an important contributor of
light-absorbing aerosol especially at
shorter wavelengths in northern China.
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As an important type of light-absorbing aerosol, brown carbon (BrC) has the potential to affect the atmospheric
photochemistry and Earth's energy budget. A comprehensive field campaignwas carried out along the transport
pathway of Asian dust during the spring of 2016, including a desert site (Erenhot), a rural site (Zhangbei), and an
urban site (Jinan), in northern China. Optical properties, bulk chemical compositions, and potential sources of
water-soluble brown carbon (WS-BrC) were investigated in atmospheric total suspended particulate (TSP) sam-
ples. Samples from Zhangbei had highermass absorption efficiency at 365 nm(MAE365, 1.32±0.34m2 g−1) than
those from Jinan (1.00 ± 0.23m2 g−1) and Erenhot (0.84 ± 0.30m2 g−1). Compere to the non-dust samples, el-
evated water-soluble organic carbon (WSOC) concentrations and MAE365 values of dust samples from Erenhot
are related to the input of high molecular weight organic compounds and biogenic matter from the Gobi Desert,
while lower values from Zhangbei and Jinan are attributed to the dilution effect caused by strong northwesterly
winds. Based on fluorescence excitation–emissionmatrix spectra and parallel factor analysis, two humic-like (C1
and C2) and two protein-like (C3 and C4) substances were identified. Together, C1 and C2 accounted for ~64% of
total fluorescence intensity at the highly polluted urban Jinan site; C3 represented ~45% at the rural Zhangbei site
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Source apportionment
Radiative forcing efficiency
where local biomass burning affects; and C4 contributed ~24% in the desert region (Erenhot) due to dust-sourced
biogenic substances. The relative absorptive forcing of WS-BrC compared to black carbon at 300–400 nm was
about 31.3%, 13.9%, and 9.2% during non-dust periods at Erenhot, Zhangbei, and Jinan, respectively, highlighting
thatWS-BrCmay significantly affect the radiative balance of Earth's climate system and should be included in ra-
diative forcing models.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Carbonaceous aerosols, including black carbon (BC) and organic car-
bon (OC), may significantly affect Earth's radiative balance and global
climate change (IPCC, 2013). BC has been recognized as an efficient ab-
sorber of solar radiation (Bond and Bergstrom, 2006). The direct radia-
tive forcing of BC has been estimated as +0.88 W m−2 with an
uncertainty range of +0.17 to +1.48 W m−2 (Bond et al., 2013). OC
was initially assumed to be an efficient light-scattering species with in-
variant optical properties in some global climate models (Chen and
Bond, 2010; Laskin et al., 2015). However, there is increasing evidence
from laboratory and field studies that a significant portion of OC with
brownish to yellowish color (termed “brown carbon”, BrC) also has
light-absorbing properties and potentially contribute to direct positive
climate forcing (Andreae and Gelencsér, 2006; Saleh et al., 2013). An-
other concern over atmospheric BrC is that it tends to absorb more
solar radiation in the near-ultraviolet (UV) and visible (Vis) spectral
ranges, indirectly influencing tropospheric photochemical processes
(Laskin et al., 2015). Modeling has shown that BrC contributes to 7%–
19% of the total atmospheric radiative forcing on a global scale (Feng
et al., 2013). The radiative contribution of BrC may be more significant
over East and South Asia where its atmospheric concentrations are
higher (Gustafsson et al., 2009; Cheng et al., 2011; Dasari et al., 2019).
However, there is still great uncertainty concerning the radiative effects
of BrC in current climate models, as its optical properties are not fully
constrained, duemainly to its complex chemical composition and emis-
sion sources, and its evolution under different and variable atmospheric
conditions (Zhang et al., 2013; Kim et al., 2016). BrC forms as primary
aerosols through biomass burning, fossil fuel combustion, biological
and soil humic emissions; or as secondary aerosols derived fromanthro-
pogenic and biogenic volatile organic compounds via homogenous/
heterogeneous oxidation and gas–particle conversions (Andreae and
Gelencsér, 2006; Chen and Bond, 2010; Lin et al., 2015). However, rela-
tionships between BrC absorption and its different sources are still un-
clear and require further investigation (Saleh, 2020).

Asian dust storms, occurring frequently in spring and early summer,
arise mainly from arid and semi-arid areas of Mongolia and northern
and northwestern China (Duce et al., 1980; Garrison et al., 2003;
Huang et al., 2014). Prevailing westerly winds carry the dust plumes
through East Asia (Wang et al., 2009a) and across the North Pacific
Ocean (Huang et al., 2008) to North America (Husar et al., 2001) and
the Arctic (Huang et al., 2015), and even more than one full global cir-
cuit in 13 days (Uno et al., 2009). The estimated annual flux of Asian
dust is 800 Tg yr−1 (Huang et al., 2014). Chen et al. (2017) reported
that the Gobi Desert, rather than the Taklimakan Desert, contributes
most to atmospheric dust concentrations in East Asia with ~35% being
transported downwind in spring. Deposited mineral dust particles pro-
vide micronutrients such as Fe for marine ecosystems and stimulate
phytoplankton productivity (Garrison et al., 2003). Dust plumes are
also an important vector for long-range transport of organic matter, es-
pecially for alpine and other remote regions (Mladenov et al., 2011b;
Wang et al., 2012; Xie et al., 2016). Organic constituents of desert dust
aerosol include plant debris, bacteria, archaea, and fungal spore (Tang
et al., 2018). During long-range transport, dust particles can mix with
inorganic and organic species such as sulfate, nitrate, ammonium, dicar-
boxylic acid, and volatile phenols with consequent changes to their
2

chemical, optical, and hygroscopic properties (Wang et al., 2014; Tang
et al., 2016). Transition metals such as Fe(III) in dust catalyze polymer-
ization reactions of atmospheric phenols, providing an efficient path-
way for secondary BrC formation (Slikboer et al., 2015; Lavi et al.,
2017). The investigation of chemical characteristics and associated opti-
cal properties of organicmatter in Asian dust and its influence on down-
wind regions is thus crucial in assessing the impacts of Asian dust on
regional and global scales (Tobo et al., 2010).

Fluorescence excitation–emission matrix (EEM) spectroscopy is a
sensitive and rapid method for providing chemical and structural infor-
mation on chromophores, and has been widely applied in characteriz-
ing chemical properties of dissolved organic matter in terrestrial and
aquatic ecosystems including soils, rivers, and oceans (Coble, 1996;
Stedmon and Markager, 2005; Ohno et al., 2008; Birdwell and Engel,
2010). It is increasingly used to explore types, sources, and transforma-
tionmechanisms of atmospheric BrC in both laboratory andfield studies
(Lee et al., 2014; Aiona et al., 2017; Fan et al., 2020). Although fluores-
cent components distinguished by parallel factor (PARAFAC) analysis
are well-characterized in terrestrial and aquatic systems, the technique
might not be straightforward with atmospheric BrC because its sources,
physicochemical processes, and transformation pathways are very dif-
ferent (Chen et al., 2016a; Wang et al., 2020). The greatest challenge
in applying EEM–PARAFAC method to atmospheric BrC is the lack of a
well-established classification system for fluorescence spectra. Despite
recent progress in BrC characterization by this method for highly pol-
luted urban aerosols (Yan and Kim, 2017; Wang et al., 2020), knowl-
edge of fluorescence characteristics of rural and remote aerosols is
lacking due to the limited observations undertaken to date (Xie et al.,
2016; Wu et al., 2019b), especially for dust source regions such as the
Gobi Desert. More field studies are urgently needed to investigate the
fluorescence properties of atmospheric BrC in typical remote, rural,
and urban areas.

To address these shortfalls, a comprehensive campaign was under-
taken at three sites along the transport pathway of Asian dust, namely
Erenhot (desert), Zhangbei (rural), and Jinan (urban), northern
China, during the spring of 2016. Light-absorbing and fluorescence
properties, bulk chemical compositions of water-soluble BrC (WS-BrC)
were investigated using UV–Vis absorption spectrophotometry, EEM,
and thermo-derived carbonaceous and inorganic ion analyses, with
the aim of providing useful information on the optical and chemical
properties of different types of organic aerosol (OA) in northern China.

2. Methodology

2.1. Sampling sites

Erenhot lies in the eastern part of the Gobi Desert, suffering frequent
and severe dust events (Fig. 1) especially in spring and early summer
due to low precipitation (annual precipitation ~150 mm), sparse vege-
tation, and frequent cyclonic activity (Qian et al., 2002). The Erenhot
sampling site (43.67°N, 111.95°E; 957 m above sea level, a.s.l.) is on
the northwestern fringe of Erenhot city, on a rooftop ~20 m above
ground level (a.g.l.). Erenhot has a low population density, with no ob-
vious anthropogenic pollution sources near the sampling site.

Zhangbei is a town north of Zhangjiakou city. The sampling site
(41.16°N, 114.70°E; 1395m a.s.l.) is in a rural area, on top of a container



Fig. 1. Land cover map of the study area and the sampling locations. The classification of surface vegetation types, based on the MODIS global land cover type product (MCD12C1; http://
ladsweb.nascom.nasa.gov), indicates barren or sparsely vegetated at Erenhot, grassland at Zhangbei, and cropland at Jinan. Photographs taken from the sampling sites are shown at right
panel.
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at the Zhangbei Meteorological Bureau (~4 m a.g.l.) and ~ 3 km west of
the local town center, surrounded by low-rise residential houses and
farmland (Fig. 1). This area lies at the junction of the Inner Mongolia
Plateau and the North China Plain (NCP). The surface is generally
covered by grass but has undergone severe steppe desertification in
past decades due to intensified human activities such as extensive
cultivation and overgrazing.

Jinan is the capital of Shandong Province and is a highly industrial-
ized and populated city in the easternNCP, suffering severe air pollution
due to SO2, NOx, and particulate matter released mainly by coal-fired
power plants, industry activities, and vehicles (Yang et al., 2012). The
sampling site there (36.67°N, 117.06°E; 48 m a.s.l.) was on a rooftop
(~25 m a.g.l.) in the central campus of Shandong University. There are
two heavy traffic roads around this site: the East 2nd Ring Road (~900
m to the east) and the Shanda Road (~600m to thewest), but no signif-
icant industrial activity in the vicinity.

2.2. Sample collection

Total suspended particulate (TSP) samples were collected simulta-
neously at the three sites by mid-volume aerosol samplers (model TH-
150C III, Tianhong Ltd., Wuhan, China) at a flow rate of 100 L min−1

from 08:00 a.m. to 05:00 a.m. the next day (Beijing time). Samples
were collected on quartzmicrofiber filters (Φ 90mm; QM-A,Whatman,
Maidstone, UK) pre-baked at 450 °C for 6 h to remove residual organics.
During the sampling period from March 25 to May 31, 2016, a total of
55, 59, and 60 valid TSP samples were collected at Erenhot, Zhangbei,
and Jinan, respectively. After collection, the samples were individually
sealed and preserved in darkness at −20 °C for subsequent analysis.
Filters were weighted at least three times before and after sampling,
using an electronic analytical balance (model BSA124S, Sartorius,
Göttingen, Germany) after 24-h stabilization under constant tempera-
ture (20 ± 1 °C) and relative humidity (40% ± 2%).

2.3. Instrumental analyses

2.3.1. Thermal/optical carbon analysis
A circular subsample (0.296 cm2) was punched from each filter to

determine the contents of four organic carbon (OC) fractions (OC1,
OC2, OC3, and OC4), three elemental carbon (EC) fractions (EC1, EC2,
3

and EC3), and pyrolyzed organic carbon (OPC) using a carbon analyzer
(DRI model 2001A, Atmoslytic Inc., Calabasas, CA, USA) following
IMPROVE_A temperature protocol with thermal–optical reflectance
corrections; details can be found elsewhere (Chow et al., 2007). To elim-
inate carbonate carbon which may interfere with carbon determina-
tions, samples collected during dust events were acidified with HCl
before analysis (Chow and Watson, 2002; Mladenov et al., 2011a). The
detection limit for the carbon analyzer was 0.20 μg C cm−2. All data re-
ported here were corrected by filter blanks.

2.3.2. Water-soluble inorganic ions and WSOC analyses
Forwater-soluble inorganic ions analysis, a 2.0 cm2 filter punch from

each sample was ultrasonically extracted with 20 mL ultrapure water
(resistivity: 18.2 MΩ cm) in a polypropylene vial for 30 min. Extracts
were filtered through polytetrafluoroethylene (PTFE) syringe filters
(Jinteng Ltd., Tianjin, China) of 0.22 μm pore size to remove particles
and filter debris. Three anions (Cl−, SO4

2−, and NO3
−) and five cations

(Na+, NH4
+, K+,Mg2+, and Ca2+)were determined by an ion chromato-

graph (model Dionex 600, Thermo Scientific,Waltham, MA, USA) using
IonPac AS22 and CS12A analytical columns, respectively. The detection
limit was 0.05 mg L−1 for all ions.

For WSOC and spectroscopic analyses, a filter punch (3.14 cm2) was
extracted similarly in a pre-baked glass vial. Water-soluble organic car-
bon (WSOC) in the filtrates were quantified with a total organic carbon
(TOC) analyzer (model Aurora 1030 W, OI Analytical, College Station,
TX, USA). Triplicate analyses were performed and average values
(after blank corrected) were reported. The detection limit was 2 ppb,
and the average relative standard deviation of measurements was ~1%.

2.3.3. UV–Vis absorption and EEM fluorescence spectra
The UV–Vis absorption spectra and EEM fluorescence spectra were

measured simultaneously using anAqualog spectrofluorometer (Horiba
Scientific, Edison, NJ, USA) equipped with a 1 cm quartz cuvette. The
UV–Vis absorption spectra were measured at wavelengths of
240–600 nmwith intervals of 5 nm and were the same for EEM excita-
tion wavelengths (λEx); the emission wavelengths (λEm) were set to
247.84–825.46 nm with 4.65 nm intervals. The integration time was
0.3 s. To reduce the inner filter effect (IFE) in EEMmeasurement, absor-
bances at 250 nm were controlled within 0.5 AU (arbitrary unit) for all
samples (Chen et al., 2019; Kothawala et al., 2013). Ultrapurewaterwas

http://ladsweb.nascom.nasa.gov
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analyzed as a blank reference and for baseline correction before sample
analysis.

2.4. Data analyses

2.4.1. UV–Vis absorption spectra
The absorbance at 600 nm (A600) was subtracted from all spectral

data to correct for scattering effects and baseline shifts duringmeasure-
ment, and absorbances at a given wavelength (Aλ) were converted to
the light absorption coefficient (Absλ, Mm−1) using the following equa-
tion (Hecobian et al., 2010):

Absλ ¼ Aλ – A600ð Þ Vl

Va ∙ l
∙ ln 10ð Þ, ð1Þ

where Vl is the volume of ultrapurewater used in the extraction (9mL);
Va (m3) is the volume of sampled air through the filter punch
(3.14 cm2); l is the cuvette path length (0.01 m); and ln(10) converts
from base-10 to natural logarithm. The mass absorption efficiency
(MAEλ, m2 g−1) is defined as the measured Absλ divided by the mass
concentration of WSOC (CWSOC, μg m−3), expressed as follows:

MAEλ ¼ Absλ
CWSOC

: ð2Þ

To characterize the light-absorbing properties of WS-BrC, the spe-
cific absorbance andMAE are usually calculated at 365 nm (the average
of 360 and 370 nm) to avoid interference from other non-organic com-
pounds (e.g., nitrate) (Hecobian et al., 2010). Note that WS-BrC in this
study is an ensemble of hydrophilic organic compounds absorbing
solar radiation efficiently in the near-UV and visible ranges. The spectral
dependence of light absorption was investigated by calculation of the
absorption Ångström exponent (AAE) by a linear regression fit at wave-
lengths of 300–400 nm (Park and Yu, 2016):

AAE ¼ – ln A λ1ð Þ=A λ2ð Þð Þ
ln λ1=λ2ð Þ : ð3Þ

2.4.2. EEM–PARAFAC analysis
Before performing the PARAFAC steps using drEEM toolbox (version

0.2.0; Murphy et al., 2013), the raw EEMs (n=174) were corrected for
background signals, spectral bias, IFEs, and converted to Raman units
(RU). Several tests for two- to twelve- components models were per-
formed (Fig. S1), and only four-component model was validated for all
comparisons with S4C6T3 split scheme (Fig. S2). The maximum fluores-
cence intensity of each component (Fmax)was calculated (Murphy et al.,
2013). More details of PARAFAC analysis are given in Supplementary
Text S1.

2.4.3. Fluorescence quantum yields
Fluorescence quantum yield is defined as the ratio of fluorescent

photon number emitted by the chromophore to the absorbed photon
number, and is affectedmainly by the chemical structure and properties
of the compound concerned (Lee et al., 2013). The apparent fluores-
cence quantum yields (AQY) of aerosol samples can be estimated
using the following equation (Xiao et al., 2018):

AQYλ ¼
R
EmF λExλEmð ÞdλEm

A λExð ÞR EmdλEm

����
Ex

, ð4Þ

where F represents the fluorescence intensity (in RU) at each excitation
(240–450 nm) and emission (247–600 nm) wavelength.

2.4.4. Direct solar absorption of BrC relative to EC
EC is a well-established proxy for black carbon (BC), which is known

as the most efficient light-absorbing carbonaceous species in the
4

atmosphere (Bond and Bergstrom, 2006). Solar energy absorbed by
WS-BrC (EWS-BrC) and BC (EBC) at ground level was estimated using
Eqs. (5) and (6), respectively (Kirillova et al., 2014):

EWS − BrC ¼
Z

I0 λð Þ 1 – e
– MACWS − BrC � λ0

λ

� �AAEWS − BrC � CWSOC � hABL

� �( )
dλ,

ð5Þ

EBC ¼
Z

I0 λð Þ 1 – e
– MACBC � λ0

λ

� �AAEBC � CEC � hABL

� �( )
dλ, ð6Þ

where CEC is the mass concentration of EC (μg m−3) based on the mea-
surement data; I0(λ) is the solar irradiance from ASTM G173–03 refer-
ence spectra (Chen and Bond, 2010); MACWS-BrC and MACEC are the
mass absorption cross-section for particulate BrC (converted from
MAE of bulk aqueous extracts; see Text S2) and EC, respectively, and
the corresponding reference wavelength (λ0) was 365 nm and
550 nm (Bosch et al., 2014). For the current simplistic model, MACEC

and AAEEC were set to 7.5 ± 1.2 m2 g−1 and 1 for uncoated EC particles,
respectively (Bond and Bergstrom, 2006). hABL is the vertical height of
the aerosol boundary layer (1000 m). Assumptions pertaining to sim-
plistic estimate have been described elsewhere (Bosch et al., 2014;
Kirillova et al., 2014). Fractions (f, in %) of solar energy absorbed by
WS-BrC relative to EC were calculated by numerical integration of
EWS-BrC and EEC.

2.4.5. Simple forcing efficiency
The simple forcing efficiency (SFE) method (Bond and Bergstrom,

2006) was used to estimate first-order clear-sky direct radiative effects
caused byWS-BrC. The SFE (W g−1) represents the energy added to the
atmosphere by a given mass of particles (Laskin et al., 2015). Here, we
focused on the light absorption effect of WS-BrC without considering its
scattering effect, with the absorption part of wavelength-dependent SFE
of WS-BrC (SFEabs) being described as (Bikkina and Sarin, 2019):

dSFEabs
dλ

¼ D
dS λð Þ
dλ

τ2atm 1− Fcð Þ � 2αs �MACWS − BrC λð Þ, ð7Þ

where S and τatm refer to solar irradiance and atmospheric transmission,
respectively, with both being from ASTM G173–03 reference spectra. D
is the daytime fraction (0.5), Fc is the cloud fraction (0.6), and αs is the
surface albedo (0.19 for Earth average) (Chen andBond, 2010). Net forc-
ing was calculated by integrating SFEabs values. More details of the cal-
culation are provided in Text S2.

3. Results and discussion

3.1. Variations of TSP and carbonaceous components

Throughout the 2016 campaign,we identified 21dust samples at the
Erenhot site, 6 at the Zhangbei site, and 2 at the Jinan site, based on daily
TSP concentrations, surface meteorological parameters (ambient tem-
perature, pressure, relative humidity, visibility, wind direction, and
wind speed from the China Meteorological Administration, as shown
in Fig. S3), and manual weather records. Meteorological parameters at
Zhangbei were also monitored by an automatic meteorological station
(model WXT520, Vaisala Inc., Helsinki, Finland) at 5 min intervals. Daily
variations of TSP and carbonaceous compositions at the three sampling
sites are illustrated in Fig. 2, and the concentrations of chemical composi-
tions during dust and non-dust periods are summarized in Table 1.

Meteorological records indicate that the remote Erenhot site was
generally clear with high visibility (>25 km) and low TSP concentra-
tions (88.3 ± 47.4 μg m−3; arithmetic mean ± standard deviation)
except during dust periods. Atmospheric EC is derived mainly from
incomplete combustion of fossil fuels and biomass (Bond and

astm:G173
astm:G173


Fig. 2. Temporal variations of TSP, OC, EC, and WSOC concentrations (μg m−3) for (a) Erenhot, (b) Zhangbei, and (c) Jinan sites during the entire sampling period. Dust episodes are
highlighted by yellow shading. Gaps in the series were due to adverse weather conditions (e.g., rainy days) or instrument failure.
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Bergstrom, 2006) and is commonly treated as an unambiguous tracer of
primary combustion emissions (Chow et al., 2004). Low EC concentra-
tions (0.60 ± 0.32 μg m−3) at Erenhot indicate a negligible impact of
combustion activities there. In contrast, high TSP concentrations were
observed at the urban Jinan site (294.5 ± 113.1 μg m−3), with almost
half of the samples exceeding the Chinese Ambient Air Quality
Standards (CAAQS, GB3095–2012) Grade II pollutant concentration
limit (300 μg m−3). Maximum recorded OC and EC concentrations at
Jinan were 48.33 and 11.97 μg m−3, respectively, indicating the high in-
tensity of air pollutant emission in the densely populated area. An inter-
mediate TSP level was observed at the rural Zhangbei site (177.4 ±
101.6 μg m−3), with OC and EC concentrations of 14.85 ± 3.63 and
3.63 ± 2.22 μg m−3, respectively, which were about half of those mea-
sured at Jinan.

Atmospheric WSOC, typically accounting for 20–80% of particulate
OC, plays an important role in hygroscopicity, cloud nucleating, and op-
tical properties of aerosols (Xie et al., 2016). The abundance of WSOC
exhibited trends similar to that of OC at the three sites (Fig. 2).
WSOC concentrations averaged 2.31 ± 0.50, 4.92 ± 2.23, and 8.40 ±
2.39 μgm−3 at Erenhot, Zhangbei, and Jinan, respectively.WSOC gener-
ally comprises oxygenated organic compounds such as carboxylic acids,
Table 1
Average concentrations of TSP, carbonaceous species, and main water-soluble inorganic ions (μ
arithmetic mean ± standard deviation.

Site Erenhot

Non-dust
(n = 34)

Dust
(n = 21)

Non-dust
(n = 53)

TSP 88.3 ± 47.4 680.2 ± 351.9 177.4 ± 1
OC 4.42 ± 1.43 17.78 ± 8.36 14.85 ± 3
EC 0.60 ± 0.32 0.07 ± 0.12 3.63 ± 2.2
WSOC 2.31 ± 0.50 3.91 ± 0.96 4.92 ± 2.2
WSOC/OC 0.57 ± 0.18 0.25 ± 0.10 0.35 ± 0.1
nss-ndust-K+ 0.11 ± 0.09 – 0.73 ± 0.5
Ca2+ 1.98 ± 1.07 10.11 ± 4.53 5.67 ± 3.7
SO4

2– 1.59 ± 0.82 3.42 ± 1.52 5.53 ± 4.7
NO3

– 0.91 ± 0.57 1.41 ± 0.80 6.53 ± 6.2

5

aldehydes, ketones, and alcohols (Pathak et al., 2011). Most OC emitted
directly fromprimary sources (POC) such as combustion, industrial, and
traffic activities are water-insoluble (Kumagai et al., 2009). However, as
POC diffuses away from its source and reacts with oxidants in the atmo-
sphere, it may gradually be oxidized to compounds containing more
polar functional groups, thus becoming more water-soluble (Decesari
et al., 2002; Pathak et al., 2011). The water-soluble fraction of total OC
(WSOC/OC) can therefore be used as an indicator of the degree of oxida-
tion of aerosols (Kumagai et al., 2009; Ram et al., 2012). HighWSOC/OC
ratios measured at Erenhot (0.57 ± 0.18) are consistent with those ob-
served at a remote site on the southeastern Tibetan Plateau (0.51 ±
0.18; Wu et al., 2019a), while ratios at Zhangbei (0.35 ± 0.10) and
Jinan (0.37 ± 0.09) were relatively low and more similar to those mea-
sured in megacities such as Shanghai (0.35 ± 0.1) and Guangzhou
(0.32 ± 0.1), China (Pathak et al., 2011).

The most severe dust storm event during the study occurred on 5–6
May 2016,with extremely high TSP concentrations of 1488.7, 920.2, and
574.0 μg m−3 along the Erenhot-Zhangbei-Jinan transport route, re-
spectively. True color images fromMODIS (MODerate-resolution Imag-
ing Spectroradiometer, https://worldview.earthdata.nasa.gov) verified
that the dust plume originating in the Gobi Desert was transported
g m−3) during dust and non-dust periods of the three sampling sites. Results are given as

Zhangbei Jinan

Dust
(n = 6)

Non-dust
(n = 58)

Dust
(n = 2)

01.6 493.3 ± 242.2 294.5 ± 113.1 538.1 ± 50.7
.63 15.45 ± 4.32 23.67 ± 8.62 34.27 ± 0.72
2 0.39 ± 0.22 6.63 ± 2.17 3.59 ± 2.16
3 4.03 ± 0.58 8.40 ± 2.39 9.32 ± 0.64
0 0.28 ± 0.10 0.37 ± 0.09 0.27 ± 0.01
3 – 0.46 ± 0.32 –
2 8.93 ± 3.72 16.00 ± 4.61 17.02 ± 2.00
3 3.64 ± 1.48 16.99 ± 10.22 7.67 ± 4.30
4 1.63 ± 0.93 20.21 ± 13.89 8.80 ± 2.08

https://worldview.earthdata.nasa.gov
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eastward, affecting most cities in the NCP (Fig. S4) and reaching Japan
(Nishita-Hara et al., 2019). At Erenhot, local visibility decreased to
<50 m during the dust storm with wind speeds exceeding 15 m s−1

(Figs. S3 and S5). TSP concentrations increased markedly, with an aver-
age value (680.2 ± 351.9 μg m−3) approximately eight times that of
non-event days. OC and WSOC concentrations surged to 17.78 ±
8.36 μg m−3 and 3.91 ± 0.96 μg m−3, respectively, demonstrating that
dust deposition is an important source of organic matter in such remote
region. Wang et al. (2013) attributed the increase in OC during dust
storms to the input of biogenic organics (e.g., bacteria, fungal spores,
plant pollen and debris) carried by sand and dust particles from desert
regions. Water-soluble organic compounds such as glucose (Wang
et al., 2009b), trehalose (Simoneit et al., 2004), and humic acid
(Alexander et al., 2015) are enriched in natural dust particles, and
may be associated with peaks inWSOC during dust periods. In contrast,
EC decreased substantially to below the detection limit of the carbon an-
alyzer (0.07 ± 0.12 μg m−3), indicating that dust samples collected at
Erenhot were unaffected by anthropogenic pollution, and rather repre-
sent natural dust of the Gobi Desert. Dust plumes gradually diminished
after long-range downwind transport, with lower TSP loadings of
493.3 ± 242.2 and 538.1 ± 50.7 μg m−3 at Zhangbei and Jinan, respec-
tively. Compared to non-event days, relatively low EC values weremea-
sured in dust samples from Zhangbei (0.39 ± 0.22 μg m−3) and Jinan
(3.59 ± 2.16 μg m−3) (Fig. 2). This may be due to substantial dust
particles and strong northwesterly winds diluting local anthropogenic
pollutants (Wang et al., 2012).

Thermo-derived carbonaceous components provide valuable clues
concerning potential sources of organic aerosols (Chow et al., 2004).
In general, OC1 primarily has a biomass burning source; OC2, OC3, and
OC4 are associated with coal combustion; EC1 is associated with gaso-
line vehicle exhaust; and EC2 and EC3 may be related to diesel vehicle
emissions (Chow et al., 2004; Cao et al., 2005). The concentrations of
these carbonaceous components at the three sites are summarized in
Table S1 and their mass fractions are shown in Fig. S6. The average
concentration of OC1 in non-dust samples from Zhangbei (0.76 ±
1.00 μgm−3) was 2–4 times that at the other sites, indicating the poten-
tial influence of biomass burning. The high OC2, OC3, OC4, and EC1 con-
centrations at Jinan indicate that coal combustion and traffic emissions
are important sources. Miyazaki et al. (2007) investigated thermograms
derived from standard organic compounds of different molecular
weights and found that compounds evolved at higher temperatures,
such as OC3 and OC4, are generally related to higher molecular weight
compounds; while those evolved at lower temperatures (e.g., OC1)
are associated with lower molecular weight and more volatile com-
pounds. The concentrations of highly refractory compounds (OC3 and
OC4) increased significantly at Erenhot during dust events, accounting
for 61.1% of the total carbonaceous components, while the contribution
of low and medium refractory compound groups (OC1 and OC2) de-
creased to ~5%. Similar variations were observed at Zhangbei but were
not obvious at Jinan due to the reduced dust masses. These results
imply that the high molecular weight compounds are significant con-
tributors to organics in dust aerosols.

3.2. Light-absorbing properties of WS-BrC

The UV–Vis absorption coefficients of WSOC at the three sampling
sites exhibited strong wavelength dependence (increasing sharply to-
wards shorter wavelengths) with different temporal variations
(Fig. 3). The average Abs365 values in non-dust periods at Jinan
(8.35 ± 2.77 Mm−1) and Zhangbei (6.38 ± 2.99 Mm−1) were 3–4
times those at Erenhot (1.88 ± 0.60 Mm−1). During dust periods,
Abs365 values were elevated at Erenhot (average of 3.51 ±
1.10 Mm−1), while reduced at Zhangbei and Jinan. The robust linear
correlations between Abs365 values and EC concentrations during non-
dust periods at Zhangbei (r = 0.89, p < 0.001) and Jinan (r = 0.75,
p < 0.001) (Table S2) indicate that the sources of WS-BrC were
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associated with combustion emissions. Coals and biomass fuels are
two major sources of energy in China, which contribute significantly
to atmospheric BrC (Yan et al., 2018; Li et al., 2019). Jinan is an impor-
tant industrial city in northern China with high coal consumption,
where coal-fired power plants contributing ~10% of total electricity pro-
duction (Yang et al., 2012). In rural and suburban areas of northern
China, bulk coal, wheat straw, and corn stalks are cheap and easy-
access fuels and are used extensively for domestic heating (generally
fromNovember to late April) and cooking (Shen et al., 2007). Significant
positive correlations between Abs365 values and SO4

2− concentrations
were found for the three sites (Table S2), likely associated with the
widespread use of coal in northern China, although the low EC and
SO4

2− concentrations at Erenhot indicate it is less influenced by anthro-
pogenic activities (Table 1). Abs365 values are also strongly correlated
(r = 0.82, p < 0.001) with nss-ndust-K+ concentrations (fraction of
K+ that not related to sea salt andmineral dust, a reliable tracer for bio-
mass burning; Text S3) for Zhangbei samples, indicating that biomass
burning is the primary combustion source of WS-BrC there. At the
Jinan site, NO3

− was the most abundant anion with an average concen-
tration of 20.21 ± 13.89 μg m−3, contributing 28.7% of the total mea-
sured ions (Fig. S7). Abs365 values were strongly correlated with NO3

−

concentrations (r = 0.83, p < 0.001), with NO3
− being a product of

NOx oxidation, indicating the important contribution of vehicle ex-
hausts there (Pio et al., 2007).

The AAE has been widely used in characterizing atmospheric BrC
from specific sources and chemical processes (Chen and Bond, 2010;
Hecobian et al., 2010). For aqueous extracts of aerosol samples derived
from biomass burning, AAE values are usually around 6–9 (Hecobian
et al., 2010; Fan et al., 2016; Park and Yu, 2016), and higher for coal
burning samples up to 13 (Li et al., 2019). Bones et al. (2010) found
that AAE values decreased during the atmospheric aging process, from
7 for freshly formed to 4.7 for aged biogenic secondary organic aerosol
(SOA). Here, the average AAE value at Erenhot (5.04 ± 0.35) was com-
parable with that measured previously in the high-altitude Himalayas
(4.9 ± 0.7; Kirillova et al., 2016). The highest average AAE value of the
three sites was found at Zhangbei (5.58 ± 0.50), with a range of
4.56–6.89, covering the range of various types of biomass fuel burning
(Table S3). The high OC/EC (4.59 ± 1.48) and nss-ndust-K+/EC
(0.21 ± 0.10) ratios at Zhangbei also indicate the impact of biomass
burning (Srinivas and Sarin, 2014; Dasari et al., 2019). In contrast, AAE
values at Jinan varied only slightly (4.73–6.09) with a lower average
of 5.37 ± 0.26, indicating that sources of WS-BrC changed little during
the study; the average value is consistent with those observed in
urban areas such as New Delhi, India (5.1 ± 2.0; Kirillova et al., 2014)
and Xi'an, China (5.11 ± 0.53; Li et al., 2020).

The MAE is a key parameter in characterizing the light-absorption
capacity of BrC. In this study, MAE365 values decreased in the series of
Zhangbei (1.32± 0.34m2 g−1) > Jinan (1.00± 0.23m2 g−1) > Erenhot
(0.84 ± 0.30 m2 g−1). The average value for Zhangbei is in the range of
those from rice- and corn-straw burning (1.24–1.56; Fan et al., 2016).
while the average for Erenhot is comparable with those reported by
Wu et al. (2019a) for TSP samples collected on the southeastern Tibetan
Plateau in winter (0.86 ± 0.17 m2 g−1). The MAE365 value at Jinan is
consistent with the results reported in urban areas of Nanjing (1.0 ±
0.2 m2 g−1; Liu et al., 2019) and Xi'an (1.00 ± 0.18 m2 g−1; Li et al.,
2020), China, but lower than those in New Delhi, India (1.6 ±
0.5 m2 g−1; Kirillova et al., 2014) and Beijing, China (1.54 ±
0.16 m2 g−1; Yan et al., 2015). When dust events occurred at Zhangbei
and Jinan, the AAE and MAE365 values decreased due to the dilution ef-
fect of the dust plumes; whereas the increased values at Erenhot indi-
cate that the optical properties of WS-BrC there are strongly affected
by frequent dust events (Table S3). The ratios of MAE250 to MAE365
(E2/E3) were 4.90 ± 0.53, 5.99 ± 0.93, and 5.33 ± 0.27 for non-dust
samples from Erenhot, Zhangbei, and Jinan, respectively. Previous
studies have reported that the E2/E3 ratio is negatively correlated with
the average molecular weight and total aromaticity of organics



Fig. 3. Temporal variations in light absorption coefficients (Absλ, Mm−1) ofWSOC atwavelength range of 240–550 nm(left y-axis) at (a) Erenhot, (b) Zhangbei, and (c) Jinan sites.MAE365
values are marked as dots (right y-axis). Black and red dots represent the non-dust and dust samples, respectively.

H. Wen, Y. Zhou, X. Xu et al. Science of the Total Environment 789 (2021) 147971
(Peuravuori and Pihlaja, 1997; Duarte et al., 2005). The substantially
higher E2/E3 ratio at Zhangbei implies that WS-BrC of the rural area
has lower molecular weight and aromaticity relative to those in remote
and urban areas. Conversely, the lowest E2/E3 ratio for dust samples
from Erenhot (5.12 ± 0.46), indicates that WS-BrC from desert regions
has a highmolecular weight and aromaticity, consistentwith character-
istics of thermal-derived carbonaceous compounds (Section 3.1).

3.3. Fluorescence properties of WS-BrC

3.3.1. Characteristics of PARAFAC components
Four independent fluorescent components (abbreviated C1–C4)

were resolved from EEMs using the PARAFAC model; their profiles are
shown in Fig. 4. Based on the comparison of excitation/emission (Ex/
7

Em) peak positions of the PARAFAC-derived components with typical
fluorescent spectra reported in previous studies, C1 and C2 (both with
λEm > 380 nm) were identified as humic-like substances (HULIS) com-
monly detected in aerosols and rainwater (Kieber et al., 2006; Chen
et al., 2016b). Two apparent peaks were observed in C1 (Fig. 4a): a
strong peak at <240/393 nm (Ex/Em) and a weak peak at 315/393
nm. C1 is usually recognized as less oxygenated HULIS, as reported in
urban aerosols (Chen et al., 2016a; Wang et al., 2020) and seasonal
snow samples (Zhou et al., 2019), and are related to anthropogenic or
terrestrial sources. Previous studies have shown that the fluorescence
peak position of organics was influenced strongly by their molecular
size and chemical structure (Duarte et al., 2004; Stubbins et al., 2014).
The appearance of emission peaks at longerwavelengths is generally at-
tributed to higher molecular weight, higher conjugation, and highly



Fig. 4. (a–d) The four fluorescent components (C1–C4) identified by PARAFAC analysis; (e) relative abundances of fluorescent components during dust and non-dust periods at the three
sampling sites.
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functionalized compounds (Kieber et al., 2006). Compared to C1, the
primary (secondary) peak of C2 appeared at longer Ex/Em of 245
(360)/476 nm with an excitation tail extending to ~440 nm (Fig. 4b),
which is classified as highly‑oxygenated HULIS (Chen et al., 2016b).
Similar fluorophores were identified in aerosol samples from urban
areas of Godavari, Nepal (Wu et al., 2019b) and Xi'an, China (Chen
et al., 2020), most likely derived from terrestrial and dust sources.

C3 is dominated by a strong peak at <240/361 nm (Ex/Em) with
a small shoulder at around 290/361 nm (Fig. 4c). Emission peaks
at shorter wavelengths (<380 nm) are generally associated with
protein-like organic matter (PLOM) such as tryptophan and tyrosine,
with lower aromaticity and smaller molecular sizes (Cory and
McKnight, 2005). However, recent studies have found that some
non‑nitrogen-containing species with optically active functional groups
(e.g., phenols) also exhibit fluorescence in the PLOM region (Rosario-
Ortiz and Korak, 2017; Fan et al., 2020). Phenolic compounds are impor-
tant BrC chromophores with high absorption efficiencies (Moschos
et al., 2018), emitted directly from biomass burning as incomplete py-
rolysis products of lignin and cellulose (Fan et al., 2016; Lavi et al.,
2017). Tang et al. (2020) found that C3-like fluorophores were abun-
dant (~30% of total fluorescence intensity) in water-soluble extracts of
biomass burning smoke, while did not appear in vehicle or cooking
emissions.

C4 exhibit a strong peak at 275/311 nm (Fig. 4d), with a possible ad-
ditional peak appeared at Ex <240 nm (not shown here for clarity, due
to the limited range of analyses), closely matching the typical profile of
tyrosine (Pohlker et al., 2012). Yan and Kim (2017) resolved a similar
component in rainwater in Seoul, Korea, and found that the intensities
of C4-like fluorophores were significantly correlated with concentra-
tions of total hydrolysable tyrosine. C4 is consistently associated with
microbial activity (Birdwell and Valsaraj, 2010; Zhou et al., 2019).
Similarfluorophores are also enriched (~19% of totalfluorescence inten-
sity) in marine aerosols, attributed mainly to marine biological mate-
rials (Chen et al., 2016b).

3.3.2. Variations in fluorescent components
The intensities of individual fluorescent components relative to total

fluorescence intensity are commonly applied in tracking the origin of
chromophores (Murphy et al., 2013; Wang et al., 2020). The relative
contributions of the C1–C4 components at the different sampling sites,
under dust and non-dust conditions, are shown in Fig. 4e. Overall, the
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two HULIS components (C1 and C2) dominate the total fluorescence
during non-dust periods at Erenhot and Jinan with average contribu-
tions of 57.7% and 64.2%, respectively, consistent with previous results
for aerosol samples in urban and remote areas. For example, HULIS
accounted for ~70% of total fluorescence intensity in the urban area of
Granada, Spain (Mladenov et al., 2011a) and ~ 66% at the remote and
high Colorado Rocky Mountains, USA (Xie et al., 2016). Here, C1 is a
significant contributor to fluorophores not only in the polluted Jinan
site (44.4%) but also in the relatively clean Erenhot site (39.1%). During
dust events, the average relative intensity of C2 increased significantly
from 18.6% to 27.8% (p < 0.001, two-tailed t-test) at Erenhot and
slightly at Zhangbei from 13.4% to 17.4%, suggesting a link with
highly‑oxygenated HULIS of terrestrial origin such as desert dust.
However, the relative intensity of C2 decreased slightly, from 19.8% to
18.2%, during dust periods at Jinan, possible due to either (1) when
dust plumes arrive at Jinan after long-range transport they are too
weak tomodify the local OA composition; or (2) abundant air pollutants
of strong oxidation capacity (e.g., NOx, O3, and OH radicals) in urban
areas may contribute to the formation of highly‑oxygenated organic
species (Tong et al., 2019), leading to a higher C2 fraction than that of
dust organics. Among four fluorescent components, C3 was the largest
contributor to total fluorescence intensity during non-dust periods at
Zhangbei, with an average relative intensity of 44.6% ± 11.2%, almost
twice those at Erenhot (18.3% ± 7.9%) and Jinan (24.6% ± 5.2%). How-
ever, this proportion dropped rapidly to 35.7%± 10.7% during events at
Zhangbei. The average contribution of C4 during non-dust periods at
Erenhot (23.9%) was twice those at Zhangbei and Jinan (12.3% and
11.2%, respectively), and it also increased during dust events at the
three sites (Fig. 4e). Our earlier study revealed that the richness and di-
versity of bioaerosols were substantially higher in dust aerosols from
the Gobi Desert (Tang et al., 2018). Microbial activity is significant in
the aerosols from desert regions, even impacting the composition of
aerosols in downwind regions.

The relative intensities of fluorophores varied considerably during
non-dust periods at Zhangbei. For example, the C1 contribution ranged
from 12.7% to 47.6% and C3 from 19.9% to 68.6%. A hierarchical cluster
analysis was performed to further classify non-dust samples from
Zhangbei (n = 53) based on the relative intensities of PARAFAC-
derived components. The dendrogram in Fig. S8 indicates that the sam-
ples can be divided into two clusters, Clusters A and B. Most (25 of 30)
samples in Cluster A were collected in March and April 2016, while
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most (19 of 23) of those in Cluster B were collected in May 2016. In ad-
dition, the relative intensities of C3 are negatively correlated with daily
average ambient temperature (r = 0.78, p < 0.001; Fig. S9), with the
temperature increasing from the sampling time of Cluster A (6.7 ±
3.9 °C) to Cluster B (14.9 ± 3.6 °C). Considering the significant positive
correlation (r = 0.47, p < 0.01) between the relative intensities of C3
and the mass fractions of nss-ndust-K+ for Cluster A samples
(Table S4), the high contributions of C3 (maximum: 68.6%) may be
attributable to heavy emissions from biomass fuel combustion for
household heating. Dark smoke emission from nearby residential
houses was often observed under low-temperature conditions (see
Fig. S10), providing further evidence for this inference. We therefore
conclude that the most likely source of C3 is the local biomass burning
in residential areas around the sampling site in Zhangbei.

The most pronounced feature of Cluster A samples is that C3 domi-
nated the total fluorescence (52.7% on average), much more than
those in Cluster B (34.2%); while C1 and C2 contributed less to Cluster
A (23.8% and 10.5%, respectively) than Cluster B (37.4% and 17.1%, re-
spectively). There are two possible reasons for the highly variable WS-
BrC compositions recorded during non-dust periods at Zhangbei. First,
correlation coefficients between relative intensities of fluorescent com-
ponents and mass fractions of inorganic ions for the two clusters are
considerably different (Table S4), possibly indicating that emission
sources of WS-BrC differed between sampling periods at Zhangbei.
Second, Fan et al. (2020) reported more C1-like HULIS but fewer C3-
like PLOM fluorescent components in aged biomass burning smoke
than in fresh smoke, which was explained by the conversion of suscep-
tible PLOM of relatively low molecular weight, probably phenolic com-
pounds, to more oxygenated species of larger molecular weight and
more complex structures (e.g., HULIS) through atmospheric photooxi-
dation (Matos et al., 2015). In this study, the average Fmax(C1) to Fmax

(C3) ratios were 0.47 for Cluster A samples and 1.17 for Cluster B sam-
ples, possibly due to the chemical transformation ofWS-BrC. The higher
contributions of HULIS, especially less‑oxygenated HULIS (i.e., C1), in
Cluster Bmay therefore also be attributed to the photoaging of phenolic
compounds in fresh biomass burning aerosols (Fan et al., 2020; Bianco
et al., 2014).

3.3.3. Fluorescence-derived indices
Fluorescence-derived indicators provide insights into sources and

chemical properties of chromophores and have been widely applied in
studies of aquatic and terrestrial environments (Zsolnay et al., 1999;
Cory and McKnight, 2005; Huguet et al., 2009). Three widely used
fluorescence-derived indices are summarized in Table S5. The fluores-
cence index (FI) is the ratio of fluorescence intensity at 370/470 nm
(Ex/Em) to that at 370/520 nm (Cory and McKnight, 2005). Previous
Fig. 5. Scatter plots of HIXadj versus (a) FI, (b) BIX, and (c) AQY for the samples of Erenhot (E
Marginal plots show probability density distributions for each variable on the corresponding a
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studies have shown that the FI value has a strong negative relationship
with the aromatic carbon content of dissolved organic matter
(McKnight et al., 2001), and can also reflect the extent of
photobleaching of atmospheric WSOC (Xie et al., 2016). Here, the rela-
tively higher average FI value was found at Zhangbei (1.75 ± 0.08),
while lower at Jinan (1.64 ± 0.05) and Erenhot (1.62 ± 0.09), suggest-
ing lower WSOC aromaticity for Zhangbei samples, consistent with E2/
E3 results (Section 3.2). The average FI value for Cluster A samples of
Zhangbei (1.79 ± 0.06) was higher than that for Cluster B (1.69 ±
0.05) (Fig. 5a), indicating a lower degree of photobleaching for Cluster
A than Cluster B samples (Xie et al., 2016). The average FI value for
dust samples from Erenhot was 1.58 ± 0.04, consistent with previous
results for dust plumes from the Sahara Desert (1.48–1.59; Mladenov
et al., 2011a).

The biological index (BIX, aka “freshness index”) is defined as the
ratio of the fluorescence intensity at Ex/Em = 310/380 nm to that at
310/430 nm(Huguet et al., 2009). A higher BIX value generally indicates
a large contribution of freshly-released organics, while lower values are
associatedwith organicswith higher degrees of aging/decomposition or
terrestrial input (Huguet et al., 2009; Lee et al., 2013). Compared to non-
dust periods, the relatively low BIX values (0.71 ± 0.08) for dust sam-
ples from Erenhot are attributed to organics from terrestrial sources
(e.g., dust or soil) with high degrees of aging/decomposition. Jinan
values for non-dust samples (0.95 ± 0.09) are within the range re-
ported for cloud water samples collected at the Mt. Tai, China
(0.73–1.27; Zhao et al., 2019) but higher than those from biogenic
SOA (mean: 0.6; Lee et al., 2013). Chen et al. (2016b) found that BIX
values of WSOC are positively correlated with the signal intensity of
C2H4O2

+ ions, an indicator of biomass burning organic aerosol. Zhangbei
Cluster A samples presentedmuch higher BIX values (1.40± 0.15) than
those of Cluster B (1.07 ± 0.12), possibly reflecting the potentially im-
portant contribution of freshly-emitted OA from biomass burning.

Recent studies of atmospheric OA have shown that humification
index (HIX) values increase significantly during the atmospheric aging
process reflecting a higher degree of condensation (i.e., lower H/C
ratios) (Lee et al., 2013; Fan et al., 2020). However, HIX values for
WSOC in ambient aerosol samples are lower than those in aquatic and
terrestrial dissolved organic matter (Mladenov et al., 2011a; Fu et al.,
2015; Xie et al., 2016). Therefore, the commonly used fluorescence-
derived indices may need to be redefined due to the diverse sources of
aerosols and their complex aging processes in the atmosphere (Wu
et al., 2021). Considering the high contribution of tyrosine-like sub-
stance (C4) in dust samples from Erenhot, we adjusted the calculation
of HIX (refer to as “HIXadj”, hereinafter) to better reflect the difference
between the three sites; a detailed explanation is given in Text S4 and
Fig. S11. The average HIXadj value exhibited a decreasing trend of
R), Zhangbei (ZB), and Jinan (JN) sites. Markers with black edges indicate dust samples.
xis.
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Erenhot (1.22 ± 0.41) > Jinan (1.14 ± 0.13) > Zhangbei (0.85 ± 0.19).
The highest average HIXadj value (1.68 ± 0.17) was found in dust
samples from Erenhot, indicating that WSOC from desert regions has a
higher degree of aging/oxidation. Fan et al. (2020) reported that HIX
values of three types of biomass burning smoke increased from ~1 to
2–4.5 during the O3 aging process, possibly associated with the
formation of polyhydroxylated aromatic compounds through the
oxidation of phenolic compounds. The average HIXadj value
of Cluster A samples of Zhangbei (0.71 ± 0.11) is significantly (p <
0.001; two-tailed t-test) lower than that of Cluster B (1.02 ± 0.11),
again indicating an increased contribution of fresh OA from biomass
burning rather than aged OA in Cluster A samples.

3.3.4. Fluorescence energy parameters
Fluorescence quantum yield is an important factor in the assessment

of climatic effects of BrC (Aiona et al., 2018). The Stokes shift provides
information about the energy loss from the molecular vibration relaxa-
tion of fluorescent molecules, and is defined as the difference between
the peak emission wavelength and the corresponding excitation wave-
length (nm) (Lee et al., 2013; Phillips and Smith, 2015). These parame-
ters have rarely been reported in previous studies (Aiona et al., 2018;
Harrison et al., 2020; Yang et al., 2020). The large Stokes shift for dust
samples from Erenhot (mean: 104 nm) indicates large π-conjugated or-
ganic molecules (Xiao et al., 2018), consistent with indications of
fluorescence-derived indices. Spectral valleys at around 280 nm in all
dust samples (Fig. 6) are attributed to the abundance of PLOM
fluorophores (i.e., C4). However, no significant difference was observed
in average Stokes shift values between dust and non-dust samples from
Jinan, indicating the marginal influence of long-range dust plumes
transport.

Dust samples from Erenhot have lower AQY values than non-dust
samples (Table S5). The variation in AQY values for Jinan samples
(Fig. 6f) were similar to those for aged anthropogenic SOA
(i.e., benzene, toluene, and p-xylene) (Aiona et al., 2018), indicating
the possible influence of anthropogenic sources at the Jinan site. The av-
erage integral AQY value for Cluster A samples of Zhangbei was about
twice that for Cluster B. This, together with the significantly higher rel-
ative contribution of C3 to Cluster A samples, suggests that the higher
AQY values for Cluster A samples may be ascribed mainly to C3
fluorophores of higher fluorescence efficiency. Furthermore, the AQY
value decreasedmonotonicallywith increasingHIXadj value (Fig. 5c), in-
dicating that the fluorescence intensity of OA may be efficiently
quenched by aging processes (i.e., solar irradiation and various
Fig. 6. The variations in Stokes shift (a–c) and AQY (d–f) against the excitation wavelength at th
errors, respectively.
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oxidants) (Aiona et al., 2018; Fan et al., 2019). Freshly emitted biomass
burning OA (Cluster A) of relatively low aromaticity and molecular
weight (reflected by higher BIX and FI, lower HIX and Stokes shift
values) may thus have a higher fluorescence efficiency than aged bio-
mass burning (Cluster B), urban (Jinan), and dust-sourced (Erenhot)
OA of higher aromaticity and molecular weight.

3.4. Radiative effects

The radiative effect ofWS-BrCwas evaluated from its fractional solar
absorption relative to that of EC (Section 2.4.4). For non-dust samples
from Erenhot, the integrated solar radiation absorbed by WS-BrC in
the range 300–1000 nm (f300–1000) was equivalent to 8.6% ± 8.8% of
that absorbed by BC (Table S6), similar to that in the high Arctic
(13% ± 7.0%; Yue et al., 2019). Relatively low values were observed at
Zhangbei and Jinan (3.4% ± 0.9% and 2.3% ± 1.4%, respectively), lower
than those recorded in previous studies in urban areas such as Beijing
(5.7% ± 2.5% in summer and 10.7% ± 3.0% in winter; Yan et al., 2015)
and New Delhi (6 ± 3% in winter; Kirillova et al., 2014). However,
when considering the UV range (f300–400) only, this fraction increased
to 31.3% ± 31.4%, 13.9% ± 3.9%, and 9.2%± 6.3% for Erenhot, Zhangbei,
and Jinan, respectively. This indicates that the light-absorbing effect of
WS-BrC should not be ignored, especially at shorter wavelengths and
in remote areas. Higher fractions were obtained in dust samples from
Zhangbei and Jinan (69.2% ± 23.0% and 16.5% ± 6.3% for f300–400,
17.6% ± 5.9% and 4.3% ± 1.4% for f300–1000, respectively), possibly due
to dispersal of local pollutions such as BC by strong winds and the
input of organic matter carried by dust particles (Wang et al., 2013).
Because almost all samples collected during dust periods at Erenhot
had extremely low EC values (even below the detection limit, see
Section 3.1), these sampleswere not available for calculation of the frac-
tion f. We thus assumed thatWS-BrC is themain light-absorbing carbo-
naceous species (rather than EC) during the dust events. It should be
noted that a significant fraction of BrC is water-insoluble (Liu et al.,
2013), so the total radiative absorbance contribution of BrC may be
higher than our estimate.

The wavelength-dependent absorption SFE of WS-BrC is shown in
Fig. 7 for the different cases. The integrated mean SFEabs values for
300–1000 nm (SFEabs_300–1000) were 2.70 ± 0.97, 4.08 ± 1.05, and
3.33 ± 0.75 W g−1 for non-dust samples from Erenhot, Zhangbei, and
Jinan, respectively. The average SFEabs_300–1000 value for Cluster A sam-
ples from Zhangbei was 18% higher than those of Cluster B, indicating
higher radiation forcing efficiency for freshly than aged biomass
e three sites. Solid lines and shaded areas represent the averages and one-time t standard



Fig. 7. Direct forcing efficiency of WS-BrC for the three sites.
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burning OA at Zhangbei. The value for Cluster A samples is about half
that of laboratory biofuel combustion samples (7.7–8.3 W g−1, in
280–700 nm; Lei et al., 2018), but twice that of samples influenced by
biomass burning in the Indo-Gangetic Plain (2.5 ± 1.9 W g−1, in
300–700 nm; Bikkina and Sarin, 2019). During dust events,
SFEabs_300–1000 values increased slightly at Erenhot (to 9.1%) but de-
creased substantially at Zhangbei and Jinan (to 21.1% and 22.5%, respec-
tively), suggesting a lower radiation forcing efficiency for dust-derived
WS-BrC than those from biomass burning and fuel/coal combustion.
These results emphasize that WS-BrC plays an important role in the ra-
diative balance of the Earth climate system, and potentially its atmo-
spheric photochemistry.

4. Summary and conclusions

Optical properties, chemical compositions, and potential sources of
extracted WSOC from three sites—Erenhot, Zhangbei, and Jinan—along
the transport pathway of Asian dust were investigated. Atmospheric
WSOC concentrations averaged 2.31 ± 0.50 μg m−3 at Erenhot,
4.92 ± 2.23 μg m−3 at Zhangbei, and 8.40 ± 2.39 μg m−3 at Jinan. The
WSOC concentrations of the dust samples from Erenhot (3.91 ±
0.96 μg m−3) were almost twice those of non-dust periods. Average
MAE365values displayed a trend of Zhangbei (1.32 ± 0.34 m2 g−1) >
Jinan (1.00 ± 0.23 m2 g−1) > Erenhot (0.84 ± 0.30 m2 g−1). During
dust events, AAE and MAE365 values decreased at Zhangbei and Jinan
due to the dilution effect of strong winds, while values at Erenhot in-
creased due to the input of dust-derived organics of high molecular
weight. Correlation analysis of Abs365 and major inorganic ions (nss-
ndust-K+, SO4

2−, and NO3
−) indicated potential sources of WS-BrC.

Strong correlations between Abs365 and SO4
2− were found at all three

sites, suggesting awidespread coal combustion source. Erenhot suffered
frequent and severe dust storms but was less affected by anthropogenic
activities. The strong correlation between Abs365 and nss-ndust-K+ at
Zhangbei indicates the impact of local biomass burning,while the corre-
lation of Abs365 with NO3

− at Jinan indicates more vehicle exhaust
impact.

EEM spectroscopy combined with PARAFAC analysis identified four
independent fluorescent components, including two humic-like (C1
and C2) and two protein-like (C3 and C4) substances. C1 and C2 repre-
sent less- and highly‑oxygenated humic-like substances (HULIS),
respectively, which together account for ~64% of total fluorescence
in the highly polluted urban Jinan site. During dust events, the
relative contribution of C2 increased significantly, due mainly to
highly‑oxygenated HULIS compounds from desert regions. The most
likely C3 source is biomass burning-derived phenolic compounds,
which represented a considerable proportion (~45%) of total fluores-
cence at the rural Zhangbei site. C4 is associated with biogenic sub-
stances (e.g., microbes and plant debris) from desert regions, which
contributed more (~24%) in Erenhot samples.

Non-dust samples from Zhangbei can be divided into two clusters
(Clusters A andB) based on hierarchical cluster analysis. Thefluorescent
component in Cluster A was dominated by C3 (~53%), which were
mainly affected by freshly biomass burning aerosol; while Cluster B
samples may undergo photooxidation or other aging processes, leading
11
to a much lower C3 fraction (~34%). We speculate that the susceptible
C3 components are transformed into humic-like fluorophores through
atmospheric aging processes, providing an additional pathway for the
formation of atmospheric HULIS (Fan et al., 2020). Compared to other
sites, Cluster A samples of Zhangbei have higher AQY, FI, and BIX values,
but lower HIX and Stokes shift values, indicating that biomass burning-
derived WS-BrC at Zhangbei has higher fluorescence efficiency but
lower molecular weight, average aromaticity, and degree of aging than
aged biomass burning (Cluster B), urban (Jinan), and dust-sourced
(Erenhot) OA.

During non-dust periods, the relative absorption of WS-BrC com-
pared to EC at 300–1000 nm (f300–1000) was 8.6%, 3.4%, and 2.3% at
Erenhot, Zhangbei, and Jinan, with f300–400 values of 31.3%, 13.9%, and
9.2%; and corresponding broadband integrated mean SFEabs_300–1000
values of 2.70± 0.97, 4.08 ± 1.05, and 3.33± 0.75W g−1, respectively.
The light-absorbing effect of WS-BrC is notable, especially in remote
areas and at shorter wavelengths.

This study presents a comprehensive overview of WSOC extracted
from three types of aerosol samples (i.e., remote, rural, and urban) in
northern China, and can improve understanding of the optical proper-
ties, sources, and climatic effects of WS-BrC. Our main conclusions are
as follows. (1) Dust deposition can be an important source of WSOC in
remote regions such as Erenhot; (2) dust particles from the Gobi Desert
carry abundant biogenic substances, and can be transported over long
distances, affecting downwind areas; (3) biomass burning-derived
WS-BrC at the rural Zhangbei site has higher absorption and fluores-
cence efficiency than that from the urban Jinan and remote Erenhot
sites; (4) the light-absorbing effect of WS-BrC should not be ignored
in radiative forcing models, especially at shorter wavelengths.
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