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Abstract. Brown carbon (BrC) aerosols have attracted considerable attention due to their significant climatic
effects, yet their sources, optical properties, and seasonal behavior remain poorly understood in remote high-
altitude regions. In this study, year-long fine particular-matter (PM; 5) samples were collected at a receptor site
in the northeastern Tibetan Plateau (TP) to investigate the optical and chemical properties and sources of water-
soluble BrC (WS-BrC). The annual average PM; 5 concentration was 10.3 & 7.4 ugm™> with clear seasonal
variation (spring > winter > fall > summer). Organic aerosol (OA) was the major component across all seasons
with an annual contribution of 37.7 % to the total PM> 5 mass, followed by sulfate (21.3 %), nitrate (12.1 %), and
other species. Backward trajectory analysis indicated that aerosols were mainly transported from the northeast
and east of the sampling site. The seasonal mass absorption efficiency of WS-BrC at the wavelength of 365nm
(MAE3gs) were 0.92 +0.54m?g~! in spring, 0.4040.24m? g~! in summer, 0.81 £0.46m? g~ in fall, and
0.97 +0.49 m? g~! in winter, exhibiting a relatively weak light absorption throughout the year with the strongest
photobleaching in summer. Notably, WS-BrC light absorption was positively correlated with the oxidation degree
of OA during spring and winter, but negatively correlated in summer and fall, suggesting different chemical
aging processes and sources of BrC. These findings enhance our understanding of BrC behavior on the TP and

contribute to assessments of its climatic impacts in this high-altitude region.

1 Introduction

Aerosols, which are fine particulate matter suspended in the
atmosphere, represent a critical component of climate forc-
ing, particularly through their effects on atmospheric radia-
tion balance and the hydrological cycle (Forster et al., 2021).
The climatic impacts of aerosols are strongly governed by
their physical and chemical properties, such as mass con-
centration, number concentration, and chemical composi-
tion, which exhibit substantially spatial and temporal vari-
abilities. During atmospheric transport, aerosol undergo ex-
tensive physicochemical transformations driven by environ-
mental factors such as relative humidity, oxidants, and solar

radiation (Lee et al., 2008; Chen and Torres, 2009; Yu et al.,
2022; Klodt et al., 2023). These transformation processes are
further influenced by complex topography, which can mit-
igate the formation and evolution of aerosol characteristics
(Schnitzler and Abbatt, 2018; Schnitzler et al., 2022; Fan et
al., 2024). These complexities make in-situ measurement es-
sential for accurately assessing their impact, especially in re-
mote regions where aerosol loading is extremely low.
Aerosol optical properties are key parameters for eval-
uating their climatic effect. Among these, brown Carbon
(BrC) and Black Carbon (BC) are two key optically sensi-
tive components. BrC is particularly notable for its strong
wavelength-dependent light absorption properties, which is
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distinguished from the more uniform absorption character-
istics of BC (Laskin et al., 2015). Recent studies on BrC
have primarily concentrated on its sources, secondary for-
mation pathways, optical properties, and radiative forcing ef-
fects (Ma et al., 2018; Chelluboyina et al., 2024). BrC orig-
inates from a wide range of both anthropogenic and natu-
ral sources and contributes significantly to the complexity
of aerosol-radiation interactions (Laskin et al., 2015; Yan et
al., 2018). Field and laboratory studies have revealed impor-
tant transformations of BrC during atmospheric processes.
For example, BrC can undergo photobleaching and oxida-
tive whitening during long-range transport, leading to signif-
icantly reductions in its light absorption capacity (Sumlin et
al., 2017). In addition, secondary BrC formed through pho-
tochemical reactions exhibit distinct diurnal variability: en-
hanced light absorption in the morning due to active forma-
tion processes, followed by significant photobleaching under
stronger oxidative conditions in the afternoon (Wang et al.,
2019). Furthermore, recent work by Zhong et al. (2023) sug-
gests that light absorption and fluorescence characteristics of
BrC are influenced by environmental acidity, indicating the
pH conditions may also modulate its optical behavior.

The Tibetan Plateau (TP), the highest and largest plateau
on Earth, serves as a key receptor region for aerosols trans-
ported over long distances from surrounding source areas.
BrC light absoption in this cold and remote region exhibits
a longer half-life compared to low-altitude regions, largely
due to their slower decay rate during transport (Choudhary et
al., 2022). Elevated aerosol loadings and BrC contributions
are mainly observed along the margins of the TP due to the
short distance from the source regions (Xu et al., 2024b). In
these marginal areas, BrC has been identified as a notable
warming agent (Zhu et al., 2024). For example, BrC pre-
sented a higher absorption contribution compared to BC in
the remote northeastern and southwestern margins of the TP
(Zhu et al., 2021). The Qilian Mountains (QLM), situated on
the northeastern edge of the TP, represent a background area
of inland China. This region is of hydrological importance,
serving as a critical water source for the arid northwestern
areas and playing an essential role in sustaining downstream
ecosystems and human settlements (Chen and Wang, 2009;
Liu et al., 2017; Li et al., 2019). Orographic clouds domi-
nate precipitation generation in the mountainous region (Qi
et al., 2022) and aerosol-cloud interactions have become an
increasing focus in the QLM (Liu et al., 2019; Xu et al.,
2024a). However, the physical and chemical properties of
aerosol in this background region remain poorly understood.

Research on aerosols in the QLM has aroused increasing
attention during the last ten years (Che et al., 2011; Zhao
et al.,, 2012; Zheng et al., 2015; Dai et al., 2021; Xie et
al., 2022). Inorganic components, especially for sulfate, were
found to account for a substantial proportion of aerosol mass
(Xu et al., 2014; Xu et al., 2015; Zhang et al., 2019; Zhang
et al., 2020). Moreover, organic aerosol (OA) constitutes a
significant fraction of the aerosol mass and exhibits signif-
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icant aged properties (Zhang et al., 2019, 2020). Aerosol
concentrations in the QLM exhibit a notable seasonal vari-
ability. In spring, the QLM is predominantly affected by the
prevalence of mineral dust, while during summer, the region
experiences an influence of polluted air masses originating
from the northern and northeastern sectors of the QLM (Xu
et al., 2013). However, most previous studies conducted in
the QLM have been short-term or spatially and temporally
limited, making it difficult to represent the whole picture of
aerosol properties in this region.

In this study, a year-long aerosol observation was con-
ducted at Waliguan Baseline Observatory (WLG), located on
the southeastern edge of the QLM, to investigate the chem-
ical composition, optical characteristics, seasonal variations,
and sources of atmospheric aerosols. The primary objective
is to enhance understanding of the optical properties of BrC
aerosols at a regional scale, and to gain a deeper insight into
the influence of chemical processes and sources on BrC in
this region.

2 Sample collection and analysis

2.1 Sampling site

The WLG (36°17'N, 100°54'E; 3816 ma.s.l.) is situated at
the summit of the Waliguan Mountain on the northeastern
TP and is part of the Global Atmosphere Watch (GAW) pro-
gram operated by the World Meteorological Organization
(WMO) (Fig. 1). The Waliguan Mountain, with a relative
elevation difference of about 600 m above the surrounding
terrain (Fig. 1b), is an ideal location for studying the back-
ground characteristics of the atmospheric environment over
inner Asia. The WLG is about 90 km west of Xining, the cap-
ital of Qinghai Province with an elevation of ~2300m a.s.l.
The regional climate is characterized by distinct seasonal
variations, strongly influenced by the Asian summer mon-
soon and East Asian winter monsoon. Spring and fall serve
as transitional seasons between these two climatic systems.

2.2 Aerosol sampling

Fine particulate matter (PM> s) filter samples were collected
on 47 mm diameter quartz fiber filters (PALL Life Sciences,
USA) using a low flow aerosol sampler (Wuhan Tianhong
Instrument Co. LTD, TH-16E) operating at a flow rate of
16.7 L min~!. Before sampling, the filters were baked in
a muffle furnace at 550 °C for 4h to remove residual or-
ganic material. After sampling, each filter was stored in a
clean filter holder wrapped in aluminum foil and stored at
—18°C. A total of 48 filter samples and three field blanks
were collected from 14 June 2019 to 6 May 2020. Each
sample was collected for 48h with a sampling frequency
of once every seven days. Field blanks were obtained by
placing clean filters into the sampler for 10 min without air
flow. For seasonal analysis, the sampling period was divided
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Figure 1. (a, b) Location of the Waliguan Baseline Observatory (WLG) on the Tibetan Plateau (TP), adapted from Zhao et al. (2022)
(© Google Maps 2025). (¢, d) Photographs of the WLG and in-situ PMj; 5 sampling.

Table 1. Light-absorbing properties of BrC and fluorescence indices of WSOA across the four seasons.

Season  Abs3es Mm™')  AAE300.400 MAEsgs (m2g~ 1) HIX BIX
Spring 1454054  5.14+1.46 0924054 1.04+0.16 1.3940.24
Summer 036+021  6.2141.50 0404024 1244011 126+0.13
Fall 0.88+£0.70  5.19+1.00 0.81+£0.46 1.13£020 1.2340.09
Winter 1554130  5.4840.96 0974049 1.02+0.17 1.2940.09

as follows: summer (6 June to 28 August 2019, n = 12),
fall (4 September to 27 November 2019, n = 13), winter
(11 December 2019 to 26 February 2020, n = 13), and spring
(4 March to 6 May 2020, n = 10). Meteorological data moni-
tored by a Vantage Pro2 (Davis Instruments Corp., Hayward,
CA, USA) weather station at the sampling site, including am-
bient temperature (7'), relative humidity (RH), wind speed
(WS) and wind direction (WD) were also obtained.

2.3 Chemical analysis

A 0.5cm” punch from each filter was used to determine
the concentration of organic carbon (OC) and elemental car-
bon (EC) in PMj; 5. The remaining portion of each filter
was extracted by ultrasonication with 22 mL Milli-Q water
(18.2M€Qcm) for 40 min, followed by filtration through a
0.45 um PTFE membrane filter (PALL Life Sciences, Ann
Arbor, MI, USA). A suite of advanced instruments were
employed to analyze the filtrate to characterize its chemi-
cal composition and optical properties, including a total or-
ganic carbon (TOC) analyzer for quantifying carbonaceous

https://doi.org/10.5194/acp-25-12433-2025

content, ion chromatography (IC) to measure water soluble
ions, ultraviolet-visible (UV-Vis) spectroscopy to obtain ab-
sorbance spectra of water-soluble organic carbon (WSOC),
excitation-emission matrix (EEM) fluorescence spectroscopy
to assess the fluorescence characteristics of dissolved organic
matter, and offline analysis using a high-resolution time-of-
flight aerosol mass spectrometer (HR-ToF-AMS) to inves-
tigate the detailed chemical composition of OA. Our mea-
surement strategy aimed to capture the chemical composi-
tion of PM> 5 as comprehensively as possible. The chemical
species were broadly categorized into inorganic and organic
constituents. Inorganic components were quantified using IC,
while organic species were determined based on organic car-
bon measurements. Additionally, the optical properties of
organic species were characterized using UV-Vis and EEM
spectroscopy. Detailed descriptions of each measurement are
provided below.

Atmos. Chem. Phys., 25, 12433-12450, 2025
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2.3.1 Measurements of carbonaceous materials

The OC/EC analysis was conducted using a thermal/optical
carbon analyzer (DRI Model 2001; Desert Research Institute,
Las Vegas, NV, USA) with the IMPROVE-A protocol (Chow
et al., 2007). The 0.5 cm? quartz filter was loaded into the
instrument, and then sequentially heated in a non-oxidizing
helium atmosphere to 140 °C (OC1), 280 °C (OC2), 480 °C
(OC3) and 580 °C (OC4) to volatilize OC fraction. Then the
sample was heated in an oxidizing atmosphere (98 % He/2 %
0) to 580 °C (EC1), 740 °C (EC2), 840 °C (EC3) to evolve
EC. Ateach designated temperature step, evolved carbon was
oxidized to CO» and then reduced to CH4 by H» catalyzed
by MnO,. Ultimately, the hydrogen flame ionization detec-
tor was utilized to quantify the concentration of the resulting
CH4. In some samples, EC concentrations were below the
detection limit and thus reported as non-detectable.

WSOC was quantified by a total organic carbon ana-
lyzer (Elementar vario TOC cube, Hanau, Germany) with the
method of total inorganic carbon (TIC) subtracted from total
carbon (TC) (TOC = TC — TIC). In this method, TC was de-
termined by converting the carbonaceous matter into CO, at
850 °C using platinum as the catalyst and oxygen as the car-
rier gas. TIC was transformed into CO, gas by acidification
with 4 % phosphoric acid. The resulting CO, was quantified
using a non-dispersive infrared (NDIR) gas analyzer inte-
grated within the instrument. Prior to the measurement, the
instrument was calibrated with standard solutions of potas-
sium hydrogen phthalate and sodium carbonate (Zhang et al.,
2017b).

2.3.2 lon chromatography analysis

Eight water-soluble ionic species (WSIs) (Na®™, NH, KT,
Ca®t, Mg2*, CI-, NO3, SO?[) were quantified using two
881 IC systems (Metrohm, Herisau, Switzerland). The an-
ion system was facilitated by a Metrosep A Supp 5-250/4.0
column, with an eluent consisting of 3.2 mM Na;CO3 and
1.0 mM NaHCOs3, delivered at a flow rate of 0.7 mL min~!,
The cation system was facilitated by a Metrosep C4-250/2.0
column with an eluent of 1.7 mM nitric acid and 0.7 mM dipi-
colinic acid (DPA), operated at a flow rate of 0.3 mL min—!,
To ensure optimal separation efficiency, both columns were
maintained at 30 °C. Prior to analysis, the instrument was cal-
ibrated using a series of standard solutions to generate ac-
curate calibration curves. Sample concentrations were deter-
mined by comparing the retention times and integrated peak
areas of measured ions with those of the standards (Xu et al.,
2015).

2.3.3 UV-vis absorption measurements and analysis

The ultraviolet-visible (UV-Vis) absorption spectra of the
samples were measured over the wavelength range of 200—
900 nm at a resolution of 1nm using a dual-beam UV spec-
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trometer (UV-2700, Shimadzu, Kyoto, Japan). The water ex-
tracts were placed in 1 cm path length quartz cuvettes and
scanned at a rate of 5nm s~ !, utilizing a dual light source sys-
tem comprising deuterium and tungsten lamps. Baseline cor-
rection was performed by subtracting the mean absorbance
value in the 695-705 nm from the entire spectrum for each
sample, assuming negligible light absorption by BrC at this
wavelength interval.

The absorption coefficient (Abs, ) is calculated by Eq. (1)
(Murphy et al., 2010).

1

V
Abs; =(A; — A
s = (A 700) Vol

-In(10) (1)

where A; (Mm™) is the absorption coefficient at a spe-
cific wavelength; A7qo is the mean absorption value at 695—
705 nm; [ is the light distance of the samples during the deter-
mination; V; is the volume of water used in extraction; V, is
the volume of gas that passes through the quartz filter. In gen-
eral, the absorption coefficient at wavelength 365 nm is used
to refer to the absorption of brown carbon. The wavelength
dependence of brown carbon absorption can be expressed by

Eq. (2).
Abs; = K - L 7AAE )

where K is a constant related to aerosol mass concentra-
tion; AAE is the absorption Angstrém exponent of partic-
ulate matter, which is obtained by linear fitting the natu-
ral logarithm of the wavelength (300400 nm) to the natural
logarithm of the corresponding Abs,. To calculate the light
absorption intensity of unit mass WSOC at a certain wave-
length, the mass absorption cross section (MAE) is calcu-
lated by Eq. (3).

AbSA
Cwsoc

MAE = 3)
where Cwsoc (ugC m’3) is the concentration of water-
soluble organic carbon in the atmosphere.

2.3.4 EEM fluorescence spectra analysis

The three-dimensional excitation-emission matrix (3D-
EEM) fluorescence spectra of the samples was measured
by an F-7100 fluorescence spectrometer (Hitachi High-
Technologies, Tokyo, Japan) equipped with 700-V xenon arc
lamp as the excitation source. During the scanning process,
the excitation (Ex) wavelengths ranged from 200 to 450 nm
with a 5nm interval, while the emission (Em) wavelengths
spanned from 250 to 600 nm with a 1 nm interval. In this
study, Milli-Q water (18.2 M2 cm~!) was used as the refer-
ence blank. To minimize instrumental interference, the blank
reference was subtracted from each sample EEM. The cor-
rected EEMs were then converted to Raman units (R.U.)
and subjected to further analysis (Murphy et al., 2013). Par-
allel factor analysis (PARAFAC), a three-way decomposi-
tion method, was applied to identify individual fluorescent
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components based on their spectral similarity. In addition to
knowing the relative contribution of each component to the
total fluorescence of organic matter, this method also pro-
vides information on the biochemical composition, origin,
and transformation processes of organic matter (Fellman et
al., 2010). The PARAFAC modeling was performed using
DOMfluor and drEEM toolboxes installed on Matlab R2019a
in this study. The workflow included data preprocessing and
preliminary analysis, model construction and validation, and
culminating in the presentation of the final results (Stedmon
and Bro, 2008).

To further characterize the fluorescence characteristics,
humification index (HIX) and biological index (BIX) were
calculated following established methods (Yang et al., 2020;
Zhai et al., 2022). Given the differences in origin and trans-
formation processes between atmospheric and aquatic sam-
ples, the emission wavelength ranges used for HIX calcula-
tion were adjusted from the conventional 300-345 and 435—
480 to 325-365 and 410-450 nm, respectively (Wen et al.,
2021; Wu et al., 2021). The HIX and BIX were calculated ac-
cording Egs. (4) and (5), respectively (Zsolnay et al., 1999).

> SFI(410nm < Apm < 450nm)
= Y SFI(325nm < Apm < 365nm)
_ SFI(Agm = 380nm)
~ SFI(Agm = 430nm)

HIX (Agx =225nm) (4)

BIX (ex = 310nm) 5)

where Agp is the emission wavelength; Agx is the excitation
wavelength.

2.3.5 HR-ToF-AMS off-line measurement and PMF
source decomposition

The High-Resolution Time-of-flight Aerosol Mass Spec-
trometer (HR-ToF-AMS, Aerodyne Inc., Billerica, MA,
USA) was employed to obtain the information of chemical
composition and elemental ratios of OA (Xu et al., 2015).
Using argon as carrier gas, the samples were aerosolized into
the instrument concentrated by an aerodynamic lens and va-
porized at 600 °C. The resulting vapors were ionized with a
70eV electron source and analyzed by time-of-flight mass
spectrometry. According to the different shapes of ion flight
paths in the mass spectrum, HR-ToF-AMS has two operat-
ing modes, namely V-mode and W-mode. V-mode data were
selected for subsequent analysis due to better performance
in this study. The data is processed using standard ToF-AMS
data analysis toolkits SQUIRREL (v1.56) and PIKA (v1.15¢)
within Igor Pro 6.37. The processed matrix data were em-
ployed to investigate the sources of WSOA by positive ma-
trix factorization (PMF). PMF source analysis was processed
using the standard PMF evaluation tool (PET v2.03) devel-
oped based on the PMF2.exe algorithm (Ulbrich et al., 2009).
Based on the Improved Ambient (I-A) method, relevant ra-
tios including oxygen-to-carbon (O/C), hydrogen-to-carbon
(H/C), nitrogen-to-carbon (N/C), and the organic matter to
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organic carbon (OM/OC) ratio were obtained. The mass con-
centration of OM was estimated according to Eq. (6).

OM = OC x (OM/OC) 6)

where OC is the mass concentration of OC measured by
Thermal/optical Carbon Analyzer, OM/OC is the ratio ob-
tained from the HR-ToF-AMS.

2.3.6 Source identification using backward trajectory
model

To investigate the possible sources and transport pathways of
air masses during the sampling, the HYbrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model devel-
oped by the National Ocean and Atmospheric Administra-
tion (NOAA) and the Australian Bureau of Meteorology was
used to calculate backward air mass trajectories (Stein et al.,
2015). Meteorological data used in this study were Global
Data Assimilation System (GDAS) from the National Cen-
ters for Environmental Prediction (NECP), with 1° x 1° hor-
izontal resolution. In the calculation, the arrival height was
set as 500 m above the ground at the sampling site. There-
after, hourly backward trajectories were calculated for a du-
ration of 72h to trace the air mass movements during the
whole sampling period. To identify representative transport
pathway, cluster analysis was performed based on assessing
the spatial similarities across all trajectories.

To further assess potential source regions, the
concentration-weighted trajectory (CWT) method was
applied. The CWT is a mixed-trajectory receptor model that
combines meteorological trajectory nodes (residence time)
and pollutant concentrations to trace their contributions to
the pollution of a recipient site. The study area was first
gridded with a resolution of 0.25° x 0.25°, the CWT value
of Grid (i, j) was calculated as follows:

M
Citiji
=1

CWT;; == —

D tiji
=1

1.0 (n,'j > 4nave) 5

0.7 (4nave > n;j > nave);
0.42 (naye > njj > O.Snave);
0.05(n;; < O.Snave)

Wi (N

Wi = 8)

where CWT;; is the average weighted concentration in the
cell ij; M is the total number of trajectories; C; is the pollu-
tant concentration when the trajectory / through the grid ij;
tij1 is the time that the trajectory [ stayed in the grid ij; W;;
is the weight factor used to reduce the uncertainty of the cal-
culation; n;; is the number of trajectory endpoints of grid ij,
and n,ye 1s the average number of trajectory endpoints. In this
way, the CWT model is able to reveal regions that contribute
significantly to the concentration of pollutants at the receptor
site.
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3 Results and discussion

During the sampling period, the meteorological conditions
exhibited notable seasonal variations. The average air tem-
perature (£1o) was —1.8 £8.3 °C, with a daily maximum
of 13.8°C recorded on 27 July 2019, and a minimum of
—15.8°C on 26 December 2019. Relative humidity (RH)
ranged from 10 % to 99 %, with an average of 54 =28.1 %.
Seasonally, the average air temperatures were —2.7 £ 5.1 °C
in spring, 9.1 £3.5°C in summer, —1.6 & 6.1 °C in fall, and
—10.0+3.9°C in winter. Similarly, the average RH val-
ues were 47.0 +29.4 % in spring, 88.3 £ 12.4 % in summer,
68.3 £ 18.5 % in fall, and 32.0 £ 16.1 % in winter (Fig. 2b).
Wind patterns were predominantly from the west during win-
ter, with a visible increase from the east during spring. This
easterly wind reached the maximum in summer, reflecting
a transition from the winter westerlies to summer monsoon
systems (Fig. 2a). Precipitation exhibited strong seasonality
in both quantity and frequency. Summer contributed 66.9 %
of the annual precipitation but accounted for 44.0 % of the
precipitation days, indicating concentrated heavy rainfall. In
contrast, autumn contributed 17.2 % of the total precipitation
but 28.4 % days, characteristic of prolonged light rainfalls.

3.1 Chemical composition of PM» 5

The total mass concentration of all species
(WSIs+OM +EC) ranged from 2.0 to 41.8ugm™3
during the study period, with a mean of 10.3 +£7.4ugm™3
(Fig. 2d). OM was the major contributor to aerosol mass
concentration during the whole period with an average value
of 37.7 %, followed by sulfate (21.3 %), nitrate (12.1 %), EC
(1.1 %), and other inorganic ions, which together accounted
for 27.8% (including 7.5% Na*, 7.6% NHJ, 1.7% K,
6.6% Ca>*, 0.8% Mg”*t, and 3.6% CI7). Seasonal Stu-
dent’s ¢-tests revealed that the mass concentrations during
spring (14.0ugm™3) and winter (12.5ugm™>) were both
significant higher than those in summer (7.1 ug m~) and fall
(8.0ugm™3) (p < 0.05) (Fig. 2c). These seasonal patterns
were driven by increased transport of polluted air masses
from the east in winter and prevalent mineral dust storms
in spring. The natural mineral dust reached its peak in
spring (1.05pugm™3 of Ca?*) and its minimum in summer
(0.29 ugm™3 of Ca’*) (Fig. 2¢). The anthropogenic species
(SO3™ +NO3) accounted for 33.2 % of the mass in spring
and 32.8 % in winter. Among the secondary inorganic ions
(sulfate, nitrate, and ammonium), sulfate was the most
abundant, especially in summer, when its proportion reached
28.6 %, similar to observations conducted in July 2017
(Zhang et al., 2019). Sulfate formation during summer
was mainly attributed to strong solar radiation, high hu-
midity, and the heterogeneous reaction of SO, (Luo et al.,
2022). In contrast, nitrate showed its minimum in summer
(10.9 %) and its maximum in winter (15.5 %), which was
mainly controlled by temperature-dependent partitioning.
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The average nitrate concentrations was 1.4ugm™> with
2.0ugm~3 in spring, 0.8 uygm™3 in summer, 0.9 uygm=3 in
fall, 1.9 ug m~3 in winter in this study, which are comparable
to measurements at WLG in July 2017 (0.7 ug m~>) (Zhang
et al., 2019) and at sites around the region, such as Qinghai
Lake in the summer of 2010 (0.8 £0.5 ug m—3) (Li et al.,
2013) and Menyuan in autumn 2013 (1.7 ugm™3) (Han et
al., 2020). However, these concentrations are significantly
higher than those recorded in the western Qilian Mountains,
such as the summer 2012 observation at the Qilian Shan
Station of Glaciology and Ecologic Environment (QSS)
(0.6pugm™3) (Xu et al., 2015).

Ion balance, represented by the ratio of cation equivalent
concentration (CE, neq m~3) to anion equivalent concentra-
tion (AE, neqm™>), was used to assess potential missing ions
or the acid-base properties of aerosols (Xu et al., 2014, 2015).
The CE/AE ratio calculated in this study was 1.43 (Fig. 3a),
suggesting the potential presence of acidic aerosols, although
carbonate and bicarbonate ions were not measured in the
IC analysis. Assuming 2-[HCO; ]= [Ca®*t], the estimated
CE/AE is still 1.35. In addition, the ratio of [SOi_ +NO5]
to [NHZ{] was 1.90, indicating that there was an excess of
sulfuric and nitric acids. The acidic property in the aerosol
of our study can be further supported by a significant num-
ber of organic acids, such as oxalic acid (Fig. 3b). Oxalic
acid is a product of atmospheric photochemical aging and is
closely associated with sulfate and aerosol liquid water (Yang
et al., 2009; Huang et al., 2019; Xu et al., 2020b; Boreddy
et al., 2023). A significant correlation was found between
oxalic acid peak area and sulfate during summer (Pearson’s
r=0.61, P < 0.05) (Fig. 3¢).

Air mass backward trajectory analysis suggests that air
mass origination varied from east to west seasonally, with
the east mainly occurred during the summer transported with
a shorter distance and the west during winter with a longer
distance (Fig. 4). Specifically, the fraction of the air mass
from the east was up to 50.5 % in spring and 66.0 % in sum-
mer and the mostly potential source areas for pollutants were
predominantly associated with these air masses (Fig. 5). The
less important source areas are also observed from the north
and west, especially during the fall, when the climatic sys-
tems of summer monsoon and the westerlies interacted. In
these directions, widely distributed mineral dust source areas
and sparse urban cities are located. Overall, anthropogenic
emissions located in the east of WLG emerge as the most
significant source regions to the WLG.

3.2 Optical properties of WS-BrC

The average absorption coefficient of WS-BrC at 365 nm
(Abszes) was 1.15+£0.97Mm~'. The mean values for all
seasons are shown in Table 1. The Abszgs; was much
higher in spring and winter than in summer and fall
(1.55+1.30Mm™"! in winter and 1.45+0.54Mm~"! in
spring vs. 0.88 +0.70 M m™" in fall and 0.36 =0.21 Mm™!
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in summer), which is consistent with the distribution of
OM mass concentration. The results of the Student’s ¢-
test confirmed that the most pronounced seasonal dif-
ference in Abs3gs occurred between spring and summer
(p <0.01), followed by the pairs of summer-winter and

https://doi.org/10.5194/acp-25-12433-2025

fall-spring (p < 0.1). Note that the relationship analysis be-
tween WSOC and OC indeed exhibited a tight correlation
(R*=0.81) and a relatively high ratio (0.63 40.21), sug-
gesting the representativeness of water-soluble fraction on
bulk OM. The average absorption efficiency of WS-BrC at

Atmos. Chem. Phys., 25, 12433-12450, 2025
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Figure 5. Seasonal concentration-weighted trajectory (CWT) analysis of PMj 5 mass concentrations and air mass trajectories shown in

Fig. 4 performed using Meteolnfor software.

unit WSOC content (MAE) during the summer at 365nm
(MAE3gs, 0.40+£0.24m?g™!) is significantly lower than
that of the other three seasons (0.92 +0.54 m? g~! in spring,
0.81 £0.46m?g~"! in fall and 0.97 £0.49m?>g~! in win-
ter) (p <0.1) (Fig. 6a). A low MAE3¢s value may result
from either a reduced abundance of light-absorbing chro-
mophores or photobleaching effects. However, we propose

Atmos. Chem. Phys., 25, 12433-12450, 2025

that photobleaching plays a predominant role, based on the
observed negative correlation between MAE345 and the ox-
idation state of OA (see Sect. 3.5). MAE3g5 in summer
is comparable to that at WLG (0.48m?g~!) in July 2017
(Xu et al., 2020a), Nam Co (0.38 m? g_l) from 13 May to
1 July 2015 (Zhang et al., 2017a) and the regional back-
ground points of North China Plain (0.38 m?> g~!) in sum-
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mer of 2017 (Luo et al., 2020). But the MAE3zg45 in spring
of this study (0.92 £0.54m? g~ ') is at a high level over the
TP and even higher than the Qomolangma Station (QOMS)
(0.81 m? g~!) which is frequently impacted by biomass burn-
ing emission (Xu et al., 2020a).

AAE of light absorption spectrum is an important opti-
cal parameter to check the containing of BrC in aerosols. In
the 300-400 nm range, a high AAE value indicates signifi-
cant aerosol absorption of shortwave ultraviolet light, with
a relatively higher contribution from BrC. This phenomenon
is typically observed in cases from biomass burning emis-
sion, secondary organic aerosols (SOA), and anthropogenic
pollutant emissions (Siemens et al., 2022; Tao et al., 2024).
The AAE (300-400nm) in this study ranges from 3.06 to
8.42, with an annual average of 5.42+1.26 and peaking
in summer (6.21 & 1.50), followed by 5.48 £ 0.96 in winter,
5.1941.00 in fall, and 5.14 £ 1.46 in spring (Fig. 6a). The
average annual AAE is comparable with the observation at
Lulang (5.39 £ 1.22, 330-400 nm), in the southeastern part
of the TP, during August 2014 to August 2015 (Li et al.,
2016b) and Lhasa (5.38, 330-400 nm) during May 2013 to
March 2014, a typical urban area on the TP (Li et al., 2016a).
The summertime AAE is also similar to those at other sta-
tions on the TP, such as Nam Co (5.91 £+ 2.14, 300400 nm)
from 13 May to 1 July 2015 (Zhang et al., 2017a) and WLG
(5.96, 300400 nm) from July 2017 (Xu et al., 2020a). The
AAE value in winter is closed to that observed in the eastern
Himalayas (5.5, 300450 nm) during the 2019-2020 winter
(Arun et al., 2024).

Figure 6b illustrates the comparison of optical properties
of WSOA in the map space of AAE (300-400 nm) versus the
logarithm of MAE3z¢s proposed by Saleh (2020). This map
can be categorized into four classes as MAE3¢5 increase and
AAE300_400 decreases, which are associated with increased
molecular sizes, decreased volatility, reduced solubility in
water/organic solvents, and lower susceptibility to photo-
bleaching. In our dataset, the majority of data points fall
within the region corresponding to weakly absorbing brown
carbon (W-BrC). This suggests that the OA at WLG were
overall aged BrC, which is consistent with observations from
other remote sites on the TP (Zhang et al., 2017a; Wu et al.,
2020; Xu et al., 2022; Zhong et al., 2023). A limited number
of data points, primarily from the spring, deviate from this
pattern and fall closer to the region associated with moder-
ately absorbing BrC (M-BrC). These outliers are likely in-
fluenced by episodic inputs of anthropogenic aerosols from
surrounding populated areas.

3.3 Fluorescent components and fluorescence indices

PARAFAC analysis identified four components (C1-C4) in
this study (Fig. 7a). The chemical properties of each com-
ponent were determined based on the comparison with pre-
vious studies (Chen et al., 2016a, b, 2020; Yu et al., 2023;
Zhong et al., 2023). C1 was determined as a highly oxidized

https://doi.org/10.5194/acp-25-12433-2025
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humic-like component (HULIS-1) with Ex/Em maxima at
240/413 nm (Tang et al., 2024). C2 (Ex/Em =225/375 nm)
was classified as a less oxidized humic-like component
(HULIS-2), typically associated with combustion-related
source (Li et al.,, 2022; Afsana et al., 2023). Both C3
(Ex/Em =280/358 nm) and C4 (Ex/Em = 225(270)/297 nm)
were classified as protein-like organic matter (PLOM) (Wang
et al., 2024). C3 was probably a fossil fuel-related sub-
stance (Wu et al., 2019), while C4 had a main peak and
a secondary peak similar to the characteristic of tyrosine-
like chromophore (Chen et al., 2016b, 2021b). HULIS com-
pounds (C1 and C2) dominated the annual average contri-
bution by 57.9 %, of which C1 accounted for 22.9 % and
C2 accounted for 35.0 %. PLOM contributed an average of
42.1 %, with C4 accounting for 27.0 % and C3 being 15.1 %
(Fig. 7b). C1 presented weak seasonal variation peaking in
summer (23.54 %) corresponding to the highest intensity of
photochemical oxidation. The average relative contribution
of C2 was 37.0 %, 35.0 %, 33.6 % and 34.4 % in spring, sum-
mer, fall and winter, respectively. In contrast, C3 showed
higher relative contributions in spring (17.8 %) and winter
(17.0 %) than in summer (12.6 %) and fall (13.1 %), which
may be related to frequent coal-burning emissions during
heating period. Conversely, the contribution of C4 was sig-
nificantly more pronounced during summer (28.9 %) and fall
(30.5 %) than that in spring (23.4 %) and winter (25.1 %),
corresponding to enhanced activities in agriculture emissions
and ecological activities (Zheng et al., 2016; Zhang et al.,
2020).

The fluorescence indices BIX and HIX serve as com-
plementary tools for characterizing fluorescent OM. BIX is
particularly used to assess the biological freshness of OM,
whereas HIX reflects the degree of humification and chem-
ical aging (Lee et al., 2013). By integrating these two in-
dices, a more comprehensive understanding of the properties
of OM can be achieved. An elevated degree of aging is as-
sociated with increased HIX values (Fan et al., 2020; Wu et
al., 2021; Ma et al., 2022) and decreased BIX values (Wen
et al., 2021). In this study, the annual average HIX and BIX
values were 1.11£0.18 and 1.29 £0.14, respectively, with
seasonal variations of 1.04 £0.16 and 1.39 £ 0.24 in spring,
1.24+0.11 and 1.264+0.13 in summer, 1.134+0.20 and
1.23£+0.09 in fall, and 1.02 £0.17 and 1.29 £ 0.09 in winter
(Table 1). The spring samples exhibited the greatest variabil-
ity, indicating their relatively fresh properties (Fig. 8b). In
contrast, summer was characterized by the highest HIX, sug-
gesting a high degree of aging and oxidation. The HIX of the
autumn samples were at an intermediate level, while winter
samples had the lowest HIX and moderate BIX values, in-
dicating the lower degree of oxidation (Fig. 8a). Compared
with previous studies, the fluorescence properties of aerosols
in this study are more consistent with those in the northwest-
ern China, and were less humified than those in the eastern
China (Fig. 8) (Chen et al., 2021a; Zhang et al., 2021a; Zhong
et al., 2023).
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3.4 Chemical components of WSOA and their light
absorption

PMF decomposed the WSOA into two factors, i.e., a more
oxidized oxygenated OA (MO-OOA) and a less oxidized
oxygenated OA (LO-OOA) (Fig. 9a). Note that since our
PMF analysis was conducted solely on the water-soluble
fraction of OA, hydrophobic primary components may not
be captured effectively. The mass spectra of these two OOAs
in this study were consistent with those of online measure-
ment at Nam Co Station in the TP during the summer (Xu
et al., 2018). The average mass contribution of LO-OOA
and MO-OOA were 47 % and 53 % (Fig. 9c), respectively.
The mass contribution of MO-OOA across the four seasons
(spring to winter) was 55.4 %, 54.9 %, 61.7 % and 42.0 %, re-
spectively. The time series of LO-OOA correlated well with
nitrate (R? = 0.47) during winter and weak correlation with

Atmos. Chem. Phys., 25, 12433-12450, 2025

sulfate (R = 0.39), while MO-OOA correlated poorly with
both species (Fig. 9b).

The triangle plot of m/z 44 (fa4) versus m/z 43 ( fa3) and
Van Krevelen diagram of elemental ratios are valuable tools
for examining the ambient evolution of OA (Ng et al., 2010;
Zhang et al., 2019; Chazeau et al., 2022). fa4 is associated
with highly oxidized oxygenated OA, while f43 corresponds
to less oxidized OA. During atmospheric oxidation, OA gen-
erally evolves from a lower to a higher oxidation state, char-
acterized by an increase in fi4 and a decrease in f43, mov-
ing from the base to the apex of the triangular plot (Flores
et al., 2014). In this study, most data points were located
in the upper region of this triangular suggesting an overall
high degree of oxidation across the dataset (Fig. 9¢). Sam-
ples in winter were at the lower position and samples dur-
ing summer shifted toward the higher position, presenting a
distinct oxidation degree at different seasons. The Van Krev-
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elen plot provides further insights into the chemical evolu-
tion of OA during atmospheric aging (Heald et al., 2010; Xu
et al., 2018). The slope of the linear regression in the dia-
gram reflects the predominant oxidation pathways. A slope
between —1 to —0.5 is typically associated with functional-
ization processes such as the formation of carboxylic acids or
alcohol/peroxide groups (Ng et al., 2011). In our dataset, the
overall slope was —0.62 (Fig. 9f), indicating mixed contri-
butions from both carboxylic acid and alcohol/peroxide for-
mation pathways. This slope was higher than the value pre-
viously reposted for winter in Xining (—0.89) and summer at
NamCo (—0.76) (Xu et al., 2018; Zhong et al., 2023). Sea-
sonal slopes varied slightly, with spring and summer both at
—0.58, fall at —0.60, and winter at —0.66, indicating the dif-
ferent OA oxidation pathways across seasons.

The light absorption characteristics of different WSOA
factors, were evaluated by a multiple linear regression
(MLR) model, which was applied to apportion their contri-
butions to the light absorption at 365 nm (Abs3es) (Zhang et
al., 2021b; Jiang et al., 2023). The MLR method can be ex-
pressed as Eq. (9).

Abs;, = f1 x Cmo-004 + f2 X CLo-00A 9

where f;, is the corresponding fitting coefficients, which can
also represent the mass absorption cross section (MAC) val-
ues of different organic components; Cyo-ooaand CrLo-ooa
(ugm~3) are the mass concentration of the organic compo-
nents; f x C is the absorption value of the organic com-
ponent. The estimated MACzg5 were 0.41 m? g_l for MO-
OOA and 0.45 m? g_1 for LO-OOA (Fig. 6a). The MAC3¢s
value of LO-OOA was slightly higher than that of MO-OOA,
which was related to the relatively weak photobleaching of
LO-OOA. Compared to previous studies, MAC365 M0-004 1N
this study was lower than MAC370,M0-00a (0.60 m? g~ 1) re-
ported at the QOMS (Zhang et al., 2021b). MAC365 L.0-00A
was much lower than that observed at urban sites in north-
western China in winter 2019 (1.33 m? g’l) (Zhong et al.,

https://doi.org/10.5194/acp-25-12433-2025

2023). The differences across sites could be attributed to vari-
ations in their chemical composition, sources, and also oxi-
dation state.

3.5 Relationship between oxidation state and optical
properties of BrC

During the atmospheric aging of BrC, changes in its optical
properties can reflect concurrent alterations in its chemical
characteristics (Alang and Aggarwal, 2024). In this study,
we investigated the relationship between the MAE3g5 and
the elemental ratios of O/C and H/C across different sea-
sons (Fig. 10). MAE3z¢5 exhibited a positive correlation with
O/C in spring (r =0.63; P < 0.01) and a weak, statistically
insignificant positive correlation in winter. In contrast, nega-
tive correlations were observed in summer and fall (r = 0.29
and r = 0.09). These seasonal relationships for MAE365 and
H/C showed an opposite pattern in each season (Fig. 10b).
These results suggest that the light absorption capacity of
BrC was enhanced during the oxidation process in spring and
winter due to functionalization or oligomerization resulting
in increased chromophore species, while further oxidation
in summer and autumn leads to the fragmentation of large
molecular weight compounds, leading to photobleaching and
reduction in the light absorption capacity (Jiang et al., 2022).

In this study, cross-correlation analysis was performed
on the chemical components of PMj 5 (5027, NO3, NHI,
K™, CI™, LO-O0A, MO-O0A), oxidation degree (O/C and
H/C), and the four PARAFAC-derived fluorescent compo-
nents (C1-C4). As illustrated in Fig. S2 in the Supplement,
C1, C2, and C3 exhibited positive correlations with the sec-
ondary species (SO?[, NO; s NHI, Cl—,LO-0O0A, and MO-
OOA). The strongest correlations were observed between C1
and these species, suggesting a secondary source origin for
this chromophore. In contrast, C4 showed weak or no sig-
nificant correlations with any of the chemical components,
implying that C4 was not directly related to the oxidation

Atmos. Chem. Phys., 25, 12433-12450, 2025
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Figure 9. Offline HR-ToF-AMS analysis results. (a) PMF results of high-resolution mass spectra colored by six ion categories for the two
OA factors at m/z < 120; (b) time series of the mass concentrations of the two factors and their correlation with tracer species; (c) average
contribution of each factor to total organic mass concentration; (d) seasonal contributions of the two factors to total OA mass; (e) triangle
plot of f44 vs. fy3 for all the samples; (f) Van Krevelen diagram (H: C vs. O : C) for all the samples.

processes of OA. As discussed in Sect. 3.3, C4 was related
to agriculture emissions and ecological activities, rather than
secondary atmospheric formation. To further investigate the
optical evolution of WS-BrC during the atmospheric oxida-
tion processing, the relationships of PARAFAC components
and the WSOA components were integrated in EEM plot
(Fig. 10c). C1 was associated with MO-OOA, whereas C2
and C3 were linked to LO-OOA, and C4 exhibited weak
correlations with these two factors. This classification en-

Atmos. Chem. Phys., 25, 12433-12450, 2025

ables cross-validation of chemical and optical properties,
providing additional insights into the formation pathways of
chromophore components (Chen et al., 2016b; Zhong et al.,
2023). Overall, the chemical transformation from less oxi-
dized to highly oxidized OA through photochemical reac-
tions can be extended to the process of BrC. Correspond-
ingly, the optical evolution of BrC can serve as evidence of
the oxidative state transition.
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4 Conclusions

In this study, year-long atmospheric aerosol samples col-
lected at WLG were analyzed to investigate their chemical
composition, optical properties, sources, and seasonal behav-
iors. OA was the dominant component of PM, 5 through-
out the year, accounting for an annual average of 37.7 %
of the total mass, followed by sulfate (21.3 %) and nitrate
(12.1 %). OA and nitrate concentrations peaked in winter,
while sulfate was enhanced in summer, reflecting distinct
seasonal chemical processes and sources. In particular, the
summertime increase in sulfate was attributed to intensified
photochemical reactions under strong solar radiation. The
light absorption capacity of WS-BrC was overall weak and
exhibited distinct seasonal variation. The highest MAE3zg5
was observed in winter (0.97 40.49m? g~1), followed by
spring (0.9240.54m?g~1), fall (0.81£0.46m?g~"), and
summer (0.4040.24 m?2 g’l). The lowest MAE3g5 in sum-
mer suggested strong photobleaching of OA which could
also be illustrated by higher values of AAE and HIX. Back-
ward trajectory analysis indicated that aerosol transport to
WLG predominantly originated from urbanized regions to
the northeast and east. Four chromophores were identified
based on PARAFAC analysis, with HULIS being the pre-
dominant contributors to fluorescent OA. PMF analysis on
OA revealed two factors (MO-OOA and LO-OOA). While
MO-OOA was more abundant, LO-OOA exhibited stronger
light absorption. Both factors exhibited weaker light absorp-
tion compared to those in urban studies, indicating a high
level of photochemical aging at this remote site. Integrat-
ing the PARAFAC and PMF results, we observed seasonally
distinct relationships between O/C ratio and MAE3z¢s, high-
lighting variations in the chemical processing of BrC across
seasons. Overall, this study provides valuable insights into
the sources, composition, and transformation of BrC in a
high-altitude background environment. These findings offer
a valuable reference for understanding aerosol-climate inter-
actions and for improving regional climate assessments over
the northeastern TP.
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