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• Approximately 87 % of the levoglucosan
had been degraded before sampling in
Changzhou.

• Neglecting the impacts of degradations
would cause a 14.9 % underestimate of
OCBB.

• The contribution of biomass burning to
PM2.5 is 10.7 % in Changzhou with con-
sideration of degradation, 3.2 % higher
than traditional method.
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Biomass burning (BB) has significant impacts on air quality and climate change, especially during harvest seasons. In
previous studies, levoglucosan was frequently used for the calculation of BB contribution to PM2.5, however, the deg-
radation of levoglucosan (Lev) could lead to large uncertainties. To quantify the influence of the degradation of Lev on
the contribution of BB to PM2.5, PM2.5-bound biomass burning-derived markers were measured in Changzhou from
November 2020 to March 2021 using the thermal desorption aerosol gas chromatography–mass spectrometry
(TAG-GC/MS) system. Temporal variations of three anhydro-sugar BB tracers (e.g., levoglucosan, mannosan (Man),
and galactosan (Gal)) were obtained. During the sampling period, the degradation level of air mass (x) was 0.13,
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indicating that ~87 % of levoglucosan had degraded before sampling in Changzhou. Without considering the degra-
dation of levoglucosan in the atmosphere, the contribution of BB to OC were 7.8 %, 10.2 %, and 9.3 % in the clean
period, BB period, and whole period, respectively, which were 2.4–2.6 times lower than those (20.8 %–25.9 %) con-
sidered levoglucosan degradation. This illustrated that the relative contribution of BB to OC could be underestimated
(~14.9 %) without considering degradation of levoglucosan. Compared to the traditional method (i.e., only using K+

as BB tracer), organic tracers (Lev,Man, Gal)were put into the PositiveMatrix Factorization (PMF)model in this study.
With the addition of BB organic tracers and replaced K+with K+

BB (thewater-soluble potassium produced by biomass
burning), the overall contribution of BB to PM2.5was enhanced by 3.2% after accounting for levoglucosan degradation
based on the PMF analysis. This study provides useful information to better understand the effect of biomass burning
on the air quality in the Yangtze River Delta region.
1. Introduction

Biomass burning, defined here as the burning of plant matter in wild
fires and as residential biofuel (Li et al., 2021; Yan et al., 2019), is an impor-
tant source of atmospheric carbonaceous aerosol, which directly impacts
air quality, visibility, cloud formation and climate (Altshuler et al., 2020;
Bao et al., 2021; Feng et al., 2015; Krumal et al., 2010; Liu et al., 2019).
BB is mainly divided into several categories, such as forest fires, grassland
fires, fuelwood burning and agricultural residues burning (Andreae and
Merlet, 2001). BB produces organic compounds such as anhydro sugar
(i.e., levoglucosan, galactosan, and mannosan), aldehydes, n-alkanes and
PAHs, etc., which enhance the concentrations of ozone and other gaseous
pollutants, and affect atmospheric radiative balance (Chen et al., 2017).

Numerous studies have reported that levoglucosan (Lev; 1,6-anhydro-β-
D-glucopyranose), a water-soluble anhydro sugar produced by thermal deg-
radation of cellulose, can be used as a very selective tracer for BB, and has
important implications for PM2.5 source apportionment (Cheng et al., 2022;
Engling et al., 2009; Fabbri et al., 2009; Fraser and Lakshmanan, 2000;
Hong et al., 2022; Li et al., 2021; Simoneit, 1999; Suciu et al., 2019; van
Drooge et al., 2014). The sources of Lev include open combustion (1.7 Tg
year−1) and biofuels (2.1 Tg year−1); and its sinks include liquid-phase ox-
idation (2.9 Tg year−1), non-homogeneous oxidation (0.16 Tg year−1),
gas-phase oxidation (1.4 × 10−4 Tg year−1), dry deposition (0.27 Tg
year−1) and wet deposition (0.43 Tg year−1) (Li et al., 2021). Lev can be
oxidized in both gas (Bai et al., 2013) and aqueous phases (Suciu et al.,
2019), as well as heterogeneously oxidized by gaseous oxidants (such as
O3, OH radical, NO3 radical, and N2O5) on aerosol surface (Arangio et al.,
2015; Li et al., 2021), which was not considered by most previous studies
(Jung et al., 2014; Liu et al., 2019; Sang et al., 2011; Shen et al., 2017;
Wang et al., 2020; Xu et al., 2020). For instance, in the atmosphere,
levoglucosan has a lifespan of 0.7–2.2 days (typical average summertime
conditions) when it is exposed to 1 × 106 molecules cm−3 of OH
(Hennigan et al., 2010). In the aqueous phase, such as in aerosol water or
cloud droplets, Lev can also be oxidized by aqueous OH (Li et al., 2021).
In field measurements, significant degradation of atmospheric
levoglucosan has also been reported (Hong et al., 2022; Mochida et al.,
2010; Sang et al., 2012). For example, the lifetime of levoglucosan in the at-
mosphere is only 1.8 days when aqueous-phase chemical degradation is
taken into account (Li et al., 2021). To estimate the contribution of biomass
burning to PM2.5 in the atmosphere, the ratio of levoglucosan to organic
carbon (Lev/OC) is commonly utilized (Fujii et al., 2014; Hong et al.,
2022; Li et al., 2021; Sang et al., 2012; Sang et al., 2013). A previous
study has revealed that when levoglucosan degradation was taken into ac-
count, the estimated BB contribution to local OCmay be 14%–33% higher
than when degradation was not accounted for, which is consistent with the
significant correlation between levoglucosan and OC (Li et al., 2021). Li
et al. (2021) also utilized the GEOS-Chem approach to simulate
levoglucosan in various locations across the world with/without consider-
ing Lev degradation pathways, which also reached a conclusion that recti-
fication needs to be done when using measured levoglucosan in
estimating its contribution to ambient particles (Li et al., 2021). Therefore,
quantifying the original contribution of BB to OC [OCBB] and PM2.5 is of
great significance. Although previous studies have revealed the importance
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of levoglucosan degradation, the reasonable contribution of BB to OC as
well as PM2.5 has been rarely investigated. In addition, most of the studies
are based on filter analysis with coarse temporal resolution. Since the deg-
radation of levoglucosan is fast, high-time resolution observations and
source apportionment are of great significance to capture the quick source
changes especially during BB episodes.

The Yangtze River Delta (YRD) region is one of the most economically
developed metropolitan areas of eastern China, suffering from severe air
pollution in recent years (Chen et al., 2022; Deng et al., 2022; Liu et al.,
2022; Lv et al., 2021; Ou et al., 2022; Sun et al., 2022; Yang et al., 2022).
Changzhou, located in the center of the YRD, is a representative industrial-
ized city for the YRD region (Bi et al., 2020; Jensen et al., 2021; Ye et al.,
2017). Additionally, Changzhou is also an important crop production cen-
ter with a high demand of biomass disposal (Jiang et al., 2020). In this
work, we investigated the hourly variations of PM2.5-bound organic com-
pounds during autumn andwinter of 2020–2021 in Changzhou by utilizing
the online thermal desorption aerosol gas chromatography–mass spectrom-
etry (TAG-GC/MS) system, which is capable of detecting high temporal res-
olution levoglucosan data (He et al., 2020; Isaacman et al., 2014; Li et al.,
2020; Wang et al., 2020; Williams et al., 2006; Williams et al., 2007;
Zhang et al., 2021; Zhu et al., 2021). The contribution of BB to PM2.5 was
calculated using multiple methods based on measured BB tracers with/
without considering Lev degradation and Positive Matrix Factorization
(PMF). Spatial distribution of potential sources of anhydro sugars in BB pe-
riod and clean period were obtained by utilizing the Potential Source Con-
tribution Function (PSCF) model. The results of this study can provide
critical observation evidence for policymakers in developing biomass burn-
ing control measures to improve air quality in the YRD region.

2. Methodology

2.1. Site description

The observation site is located in Changzhou EnvironmentalMonitoring
Center (119°59.730′E, 31°45.510′N), which is in the downtown of Chang-
zhou, with several commercial streets, communities and some major traffic
arteries (Zhongwu Avenue, Heping Middle Road, Guanghua Road) in the
surrounding area. Changzhou is located on the Taihu Plain in the Yangtze
River Delta. Plains and polder regions, the majority of which are <30 m
above sea level, make up 70 % of Changzhou's total surface area (Tang
et al., 2022). Geographical location and a detailed map with detailed an-
thropogenic sources are shown in Fig. 1. Field observation was conducted
from November 1st 2020 to March 31st 2021. Observation instruments
were housed on the third floor of the Monitoring Center building, with
the PM2.5 sampling spot located 1.5 m above the roof.

2.2. In-situ measurements

Hourly data of meteorological parameters (e.g., wind speed, wind direc-
tion, relative humidity, temperature, atmospheric pressure, rainfall), con-
ventional gaseous pollutants (SO2, NO2, CO, O3), particulates (PM2.5,
PM10) and components of PM2.5 (including sulfate (SO4

2−), nitrate (NO3
−),

ammonium (NH4
+), organic carbon (OC) and element carbon (EC)) during



Fig. 1. Location of the sampling site.

Q. Li et al. Science of the Total Environment 872 (2023) 162071
this observation were measured. Among them, meteorological parameters
were obtained by a meteorological monitor (WXT520, VAISALA Inc., FL).
Concentrations of SO2, O3, CO, and NO/NO2 were obtained by SO2 ana-
lyzer (MODEL450i, Themo Fisher Scientific, US), ozone analyzer (49i-PS,
Themo Fisher Scientific, US), CO analyzer (T300, API, US) and NOx ana-
lyzer (MODEL450i, Themo Fisher Scientific, US), respectively. Both PM2.5

and PM10 mass concentrations were measured by two online particulate
matter monitor (BAM1020, Met One Inc., US) using β-ray method, and
the concentrations of carbonaceous aerosol in PM2.5 were measured by a
semi-continuous OC/EC analyzer (RT-4, Sunset Laboratory Inc., US) using
thermal light method with hourly time resolution. The concentrations of
PM2.5-bound water-soluble ions (WSIs), three anions (Cl−, NO3

−, SO4
2−)

and five cations (Na+, NH4
+, K+, Mg2+, Ca2+) were measured using a

MARGA ion online analyzer (ADI2080, Metrohm Inc., CHN) with hourly
time resolution. The detection limits of the eight water-soluble inorganic
ions (Cl−, NO3

−, SO4
2−, Na+, NH4

+, K+, Mg2+, Ca2+) measured by
MARGA are 0.003, 0.009, 0.0615, 0.001, 0.0038 0.015, 0.005 and 0.025
μg. The detection limits of OC and EC are 0.0494 and 0.0285 μg, respec-
tively. The organic markers in PM2.5 were measured by TAG-GC/MS (Aero-
dyne Research Inc., USA) with bi-hourly time resolution. The detection
limits of the measured sugars (Levoglucosan, Galactosan, Mannosan, Man-
nitol, Glucose) by TAG-GC/MS are 0.0080, 0.0052, 0.0029, 0.0094 and
0.0156 ng. The online monitoring instruments during the observation are
summarized in Table S1.

The schematic diagram of the TAG-GC/MS can be found in the previ-
ously published articles from our group (Li et al., 2020; Zhang et al.,
2021). A detailed description of the working principle of TAG can be
3

found in previous publications (He et al., 2020; Isaacman et al., 2014; Li
et al., 2020; Wang et al., 2020; Williams et al., 2007; Zhang et al., 2021;
Zhu et al., 2021). We identified the compounds (Levoglucosan, Galactosan,
Mannosan, Mannitol, Glucose) by comparing retention time andmass spec-
tra with those of standards, and then quantified by plotting standard curves
using the internal standard method. Chromatographic peaks were fitted
and integrated using the TERN plug-in program based on Igor v8.04 soft-
ware, with residuals of peaks <10 %. During our observation, deuterium-
labeled internal standard solution was injected into each sample tomonitor
instrument condition and analyze contamination levels of individual spe-
cies. Table S2 lists the measured organic compounds, corresponding ISs
and method detection limits discussed in this study. The blank samples
were collected with the entire sampling flow bypassing the denuder and
the collection and thermal desorption cell (CTD), and going directly to
the pump exhaust, therefore reflecting the residue in the TAG-GC/MS. Al-
though the quantitative ion signal of the blank sample, relative to normal
sampling, is negligible, we still subtracted quantitative ion signal of the
blank sample from the sample runs at the same day to reduce errors.

2.3. Estimation of biomass burning contribution to aerosols using water-soluble
potassium

Water-soluble potassium (K+) has long been used as a biomass-burning
tracer, but it can also be generated from sea salt and dust (Hong et al., 2022;
Karavoltsos et al., 2020; Kumar et al., 2018; Li et al., 2021; Pio et al., 2008;
Pio et al., 2007; Rajput et al., 2014; White, 2008). To estimate the water-
soluble potassium produced by biomass burning (K+

BB), we subtract the
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percentage produced by sea salt and dust by the following Eqs. (1)–(5)
(Engling et al., 2009; Kumar et al., 2018; Rajput et al., 2014):

Kþ
BB ¼ nss � Kþð Þ � Kþ

Dustð Þ (1)

nss−Kþ ¼ Kþ
aerosol−0:037 � Naþaerosol ð2Þ

Kþ
Dust ¼ 0:04 � nss−Ca2þ

� �
−Ca2þBB

� � ð3Þ

Ca2þBB ¼ nss � Kþ=53:96 (4)

nss−Ca2þ ¼ Ca2þaerosol−0:038 � Naþaerosol ð5Þ

where, nss-K+ and K+
Dust refer to non-sea-salt‑potassium and dust derived

K+, respectively. K+
aerosol, Na+aerosol and Ca2+aerosol represent concentra-

tions of potassium, sodium and calcium in aerosol samples. The calculation
of the minimum and maximum nss-(K+/Ca2+) ratios was described in de-
tail in Text S1 and Fig. S1. The minimum and maximum nss-(K+/Ca2+) ra-
tios of 0.04 and 54 (=53.96 + 0.04) have been utilized to deduce the
K+

BB. A sea-salt-(K+/Na+) mass percentage of 0.037 and a sea-salt-(Ca2
+/Na+) mass ratio of 0.038 were adopted from the literature for sea-salt
correction (Kumar et al., 2018; Pio et al., 2007; Rajput et al., 2014). This ap-
plies to sites affected by marine aerosols.

2.4. Contribution of biomass burning to organic carbon with/without consider-
ation of chemical degradation of levoglucosan

Levoglucosan has been employed as a molecular tracer in a number of
prior investigations to quantify the contribution of BB to OC (OCBB)
(Hong et al., 2022; Li et al., 2021), which can be represented as:

OCBB ¼ Lev=OCð Þambient
Lev=OCð Þsource � 100% (6)

where the (Lev/OC)ambient and (Lev/OC)source represent the Lev/OC ratios
in ambient and biomass burning source emission, respectively. Due to inad-
equate source profiles for constituent ratios of different types of biomass in
different seasons under actual ambient situations, 0.082 was reported as
the (Lev/OC) source ratio for PM2.5 (Zhang et al., 2007). An average
levoglucosan to OC ratio of 8.2 % from a combustion chamber study was
first used in biomass burning source emission studies for three primary
types of cereal straw (corn, wheat, and rice) in China (Zhang et al.,
2007). This value can be used in combination with the (Lev/OC) ambient
ratios of our PM2.5 samples to roughly estimate the contribution of biomass
burning to the ambient OC. This method has been widely used to quantify
the contribution of BB to OC and 0.082 is a universal value that has been
applied in many literatures. (Liu et al., 2019; Sang et al., 2011; Zhang
et al., 2014).

TheOCBB-initial in Changzhou can be quantifiedwith the concentration
of levoglucosan without chemical degradation by the following Eq. (7)–(9):

OCBB � inital ¼ Lev_no � chem=OCð Þambient
Lev=OCð Þsource � 100% (7)

Lev_no � chem ¼ Levð Þambient
x

(8)

x ¼ 0:18� Levð Þambient
Kþ

BB

� �
ambient

þ 0:08 (9)

where the values of 0.18 and 0.08 were the slope and intercept of the
modeled Lev/Lev_no-chem, employing the Levoglucosan/K+

BB value in
global with a various underlying surface (including urban, rural, forest, ma-
rine, and polar, R=0.84) (Li et al., 2021); OCBB-initial stands for the initial
contribution of BB to OC; Lev_no-chem represents levoglucosan without
chemical degradation. There are uncertainties in the Lev_no-chem obtained
by the calculation, mainly due to the slope in Eq. (9). In this study, we took
4

into consideration that chamber experiments differentiate from atmo-
spheric processing aerosols. Therefore, we conducted uncertainty analysis
of the calculation. To analyze the uncertainty of the slope, the slopes plus
±10 % and ± 20 % are discussed to calculate the Lev_no-chem and its
use as a tracer of biomass combustion. The contribution of BB to PM2.5,
OC and EC was evaluated using PMF model in the ranges of 10.7 % ~
11.0 %, 38.9 % ~ 39.4 %, and 44.3 % ~ 44.7 %, respectively (Table S3),
suggesting negligible influence of the uncertainty of the slope on the results.
Therefore, when the uncertainty range of the slope is−10 % ~ 20 %, the
effect on the results can be neglected.

Where x (Eq. 9) refers to the degradation level of air mass. Owing to the
fact that K+

BB is relatively stable in the atmosphere. In Eq. (9), the x values
can change from 0 to 1. If the x value and (K+

BB)ambient (Eq. 9) are equal to
1, this suggests a totally fresh levoglucosan in the atmosphere. From
Table S4, the mean value of x in the whole period, clean period, and BB pe-
riod was 0.13 ± 0.07 (ranging from 0.08 to 1.04), 0.11 ± 0.03 (ranging
from 0.08 to 0.21), 0.14 ± 0.06 (ranging from 0.08 to 0.60), respectively.
The mean value of x during BB period was higher than the clean period, in-
dicative of fresher levoglucosan emissions due to the influence of biomass
burning (Hong et al., 2022). As a conclusion, the degradation of
levoglucosan had to be taken into account in this study.

2.5. Contribution of biomass burning to aerosols based on different methods

To investigate the contribution of BB to OC, M1 andM2 based on ratios
of BB tracers were discussed, without andwith considering the degradation
of levoglucosan, respectively. The calculation method is described in detail
in Eqs. (6)–(9). These two methods were used to assess the contribution of
BB to OC.

To deeply investigate the contribution of BB to PM2.5, A1-A4 applied the
PMF model (version 5.0). With time series of PM2.5, carbonaceous aerosols
(OC and EC), water-soluble inorganic ions (Cl−, NO3

−, SO4
2−, NH4

+, Na+,
Mg2+, Ca2+and K+), inorganic elements (Si, Fe, Ni, Se, As, Zn, Cr, V, Mn,
Pb, Ba, Cu and Ti), and levoglucosan, galactosan, mannosan are used as
input data. Carbonaceous aerosols, water-soluble inorganic ions, and inor-
ganic elements were input in A1, where K+ was used as a tracer for BB.
A2 replaced K+ with K+

BB. Anhydro sugars were input in A3 and A4, and
the degradation of levoglucosan was considered in A4. A3 didn't consider
the degradation of levoglucosan. The species used in the PMF model are
shown in Table 1. The uncertainty of each data input in the PMF model
was calculated according to Eq. (10):

uij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xij � EF
� �2 þ 1

2
�MDL

� �2
s

ð10Þ

where MDL is the method detection limit and EF is the error fraction deter-
mined by the user and associated with themeasurement uncertainties. xij is
concentration of compound j in the receptor environment at hour i; uij is un-
certainty of compound j concentration in the receptor environment at hour
i. The concentration data below MDL was replaced by 0.5 of the MDL, and
the corresponding uncertainty uij was calculated by five-sixths of the MDL.
Missing values were replaced by the median value of the species, and its uij
was assigned as four times of the median value (Norris et al., 2014).

2.6. Backward air mass trajectory analysis

To identify various source regions of pollutants arriving at Changzhou
in BB period and Clean period, 48-h backward trajectories, arriving at the
height of 500 m (above ground level) at the sampling site were calculated
by the HYSPLIT model (http://ready.arl.noaa.gov/HYSPLIT.php) (Wang
et al., 2009). Afterwards, the cluster analysis of air mass trajectories was
performed using the cluster calculation module. A reasonable maximum
cluster number can be decided through visual inspection and diagnostic pa-
rameters (Text S2 and Fig. S2). Furthermore, PSCF analysis was used on a

http://ready.arl.noaa.gov/HYSPLIT.php
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0.25° × 0.25° grid to investigate the variability of potential source regions
of anhydro sugars on BB period and clean period.

3. Results and discussion

3.1. Overview of the field campaign

During the campaign, the mass concentration of PM2.5 ranged from 3 to
218 μg m−3, with an average value of 50.8 ± 27.9 μg m−3 (Fig. 2 and
Table S5). The characteristics of other conventional pollutants were de-
scribed in detail in Text S3. According to Fig. 2 and Fig. S3, PM2.5 level in
Changzhou has a certain periodicity, and the frequency of pollution events
is about once a week. Furthermore, secondary formation was the dominant
source of heavy pollution throughout the observation period (Text S4),
with nitrate being the most prominent (34 %, mass percentage, same
below) and organic matter (i.e., OM = OC*1.6, 21.8 %) (Li et al., 2020)
being the second greatest of PM2.5_reconstructed, respectively (Table S5,
Fig. S6). The concentrations of water-soluble ions (WSIs) followed NO3

− >
NH4

+> SO4
2−>Cl−>K+>Ca2+>Na+>Mg2+,with secondary inorganic

aerosols (sulfate, nitrate and ammonium, i.e., SNA) constituted a majority
(~91.1 %) of WSIs mass.

The clean periods (C#1 (2021-01-12), C#2 (2021-02-09 ~2021-02-
10), C#3 (2021-02-17), C#4 (2021-03-01 ~2021-03-03) and C#5 (2021-
03-06 ~2021-03-07)) were filtered when the daily concentrations of
PM2.5 were<35 μgm−3(green dashed frame in Fig. 2). Considering the life-
time of levoglucosan, which is around 0.7–2.2 days (Hennigan et al., 2010),
we define the BB event when the 48-h average concentration of anhydro
sugar (Lev+Gal+Man) is >50 ng m−3 and a peak concentration exceed
100 ng m−3 in this study. Five BB episodes (EP1 (2020-11-06 ~2020-11-
08), EP2 (2021-01-13 ~2021-01-14), EP3 (2021-01-31 ~2021-02-04),
EP4 (2021-03-13 ~2021-03-16) and EP5 (2021-03-24 ~2021-03-25))
were identified over the whole observation period, and were marked with
red dashed frame in Fig. 2. The average total concentration of anhydro
sugars measured in the five episodes were 61.1, 250.5, 114.2, 54.5 and
82.6 ng m−3, respectively. In the study, the differences in the averages pro-
vided are statistically significant (Text S5). In particular, SO4

2−, NO3
−

,

NH4
+, and secondary organic carbon (SOC) showed relatively higher con-

centrations during BB period (Table S5), exceeding those in the clean pe-
riod by factors of 1.4, 2.4, 2.0, and 2.1, indicating an enhanced formation
of secondary aerosols during the BB period. The higher concentrations of
SOC in BB period could be attributed to the spontaneous oxidation of
levoglucosan in the atmosphere (Bai et al., 2013). The average aerosol
water content (AWC, detailed description in Text S6) during BB period
(21.2 ± 22.5 μg m−3) is also higher than that in clean period (13.6 ±
15.3 μgm−3). Given the higher AWCduring the BB period, and amore pos-
itive correlation (= 0.84 ~ 0.86, p < 0.01) found between secondary inor-
ganic aerosols and AWC (Fig. S9), heterogeneous reactions could play a
significant role in the secondary aerosol formation and the degradation of
Lev in the atmosphere.

3.2. Characteristics of BB-related saccharides

According to the summary results of previous studies listed in Table S6,
due to biomass burning (Hong et al., 2022; Krumal et al., 2010; Xiao et al.,
2018; Xu et al., 2020; Zhu et al., 2015), the concentrations of anhydro
sugars (levoglucosan, galactosan, mannosan, i.e., BB-related saccharides)
were slightly higher in winter than that in summer, while biomarkers (in-
cluding mannitol and glucose) were more abundant in warm seasons,
which is attributed to the active biological emissions (Xiao et al., 2018;
Xu et al., 2020). Fig. S10 shows the concentration distribution of individual
saccharides species and their average contribution to total saccharides in
Changzhou. The average concentrations of levoglucosan, galactosan and
mannosan were 54.2 ± 80.2, 2.7 ± 3.0 and 4.3 ± 5.6 ng m−3, respec-
tively. Levoglucosan accounted for 80.1 % of the total BB-related saccha-
rides, and the average concentration was slightly higher than that
reported in Shanghai (45.9 ng m−3) (Wang et al., 2020) at the same



Fig. 2. Time series of meteorological conditions, anhydro sugars, Cl−, NH4
+, SO4

2−, NO3
−, EC, OM, and PM2.5 during the observation period.
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study period. Especially, the BB-related anhydro sugars (104.2 ± 141.5 ng
m−3), levoglucosan (91.4 ± 133.1 ng m−3), Lev_no-chem (601.2 ±
645.2 ng m−3), galactosan (4.7 ± 4.6 ng m−3), and mannosan (8.1 ±
8.6 ngm−3) showed relatively higher concentrations during the BB period,
exceeding those in the clean period by factors of 2.4–3.5 (Table S5). These
results suggested a considerable increase in anhydro sugars during biomass
burning events. To evaluate the impact of BB on fine particulate and the po-
tential aging of levoglucosan, the ratios of levoglucosan to OC (Lev/OC)
and EC (Lev/EC) were used (Xu et al., 2020). The mean value of Lev/OC
in the BB period (0.85 ± 0.63 %) was higher than in the clean period
(0.64 ± 0.38 %), indicating that the influence of biomass burning was
stronger during the BB period. The Lev/EC ratios exhibited maxima in BB
period (0.03 ± 0.02), relatively higher than that in clean period (0.02 ±
0.01), further supports that biomass combustion has a significant impact
on aerosol composition.

According to Fig. S11 and Fig. S12, the absolute concentrations of ambi-
ent anhydro sugars could be influenced by other factors (e.g., relative hu-
midity, wind speed, temperature, aerosol water content (AWC), etc.) in
addition to biomass burning. The BB-related anhydro sugars were nega-
tively correlated with wind speed (r = −0.3 ~ −0.6) and temperature (r
= −0.3 ~ −0.5), but exhibited a positive correlation with AWC (r =
0.3– 0.5) and relative humidity (r = 0.3– 0.5) during the BB period
(Fig. S12). The saccharides showed a double peak in the morning and eve-
ning (Fig. S11), with high relative humidity and low wind speed in the
morning and evening, which is favorable to the accumulation of pollutants.
Moreover, the higher values of AWC in the morning and evening are favor-
able to the aqueous-phase processes as well as heterogeneous oxidation for
levoglucosan (Li et al., 2021).

3.3. Source identification of biomass burning based on diagnostic parameters

The quantity of anhydro sugars in particulate matter varies by season,
and the composition of the major tracer compounds in PM2.5 produced by
combustion of different types of biomass burning also varies (Cheng
et al., 2013). The Lev/Man ratios from crop residue burning could be
6

>40, while it could be in the range of 15–25, and 3–10 for hardwood and
softwood burning, respectively (Cheng et al., 2013; Engling et al., 2009;
Fu et al., 2012; Fu et al., 2016; Sang et al., 2013; Xu et al., 2020). The aver-
age Lev/Man ratios in the whole period, clean period, and BB period were
14.1 ± 6.6 (ranging from 0.3 to 47), 14.07 ± 5 (ranging from 0.9 to 26.3)
and 12.7 ± 7.5 (ranging from 3.4 to 47) (Table S5), respectively, suggest-
ing that the dominant burning substrates were a mixture of softwood and
hardwood. Compared to the clean period (2.3 ± 3 ng m−3) and the
whole period (4.3±5.6 ngm−3), themean value of mannosanwas highest
during the BB period (8.1±8.6 ngm−3) (Table S5). Therefore, the average
Lev/Man ratio in BB period was lower than the other periods. The ratio of
mannosan to galactosan (Man/Gal) is used as an auxiliary method to distin-
guish the burning substrates because mannosan is more abundant than
galactosan in combustion smokes of crop straws, grasses and briquettes
(Fabbri et al., 2009; Vicente et al., 2018; Xu et al., 2020). The average of
Man/Gal ratios in the whole observation, BB cases and clean periods
were 1.62 ± 1.03 (ranging from 0.4 to 21.3), 2.0 ± 1.7 and 1.4 ± 0.4
(Table S5), respectively, consistentwith the higher abundance ofmannosan
over galactosan associated with the BB products from crop wastes in the
North China Plain (Fu et al., 2008; Xu et al., 2020).

The biomass burning characteristics, expressed in the parameter space
of Lev/Man and Lev/K+ in Fig. 3, are used to differentiate the burning sub-
strates. The ratio space for needle, duff, hardwood, softwood and crop re-
siduals was introduced by the work of Cheng et al. (2013), which
overcomes the limitation of using only one characteristic ratio (either
Lev/K+ or Lev/Man) to distinguish the types of biomasses being burned
and hence increases the reliability of determination (Cheng et al., 2013).
Previous studies have shown that emissions from the combustion of crop re-
siduals such as rice straw, wheat straw and corn straw exhibit comparable
levoglucosan to K+ ratios, typically below 1.0 and a higher Lev/Man
ratio which was reported to be 20–41 (Cheng et al., 2013; Liu et al.,
2019). Without considering the degradation of levoglucosan, the mean
ratio of Lev/K+ was 0.22 ± 0.25 during the whole observation (Fig. 3a),
with higher values in the BB period (0.32 ± 0.29), but lower ratios in the
clean period (0.17 ± 0.34). Our Lev/K+ ratios fell within the range of



Fig. 3. Scatter plot of Lev/K+ versus Lev/Man (a) and Lev_no-chem/K+ versus Lev_no-chem/Man (b) of different types of biomass burning introduced by Cheng et al. (2013)
and results from the ambient samples collected in this study.
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those in the burning of crop straws, suggesting that most of BB aerosol was
also contributed by the burning of crop straws. Particularly, during the BB
period, positive correlation was found between levoglucosan and K+ (r =
0.81, p < 0.01) (Fig. S8), which is another BB tracer. Consistently,
levoglucosan and K+ were weakly correlated during clean period (r =
0.36).

By considering the degradation of levoglucosan, the mean ratio of
Lev_no-chem/K+ was estimated to be 1.46 ± 0.86. The average of
Lev_no-chem/K+ ratio in the BB period (2.0 ± 0.82) was much higher
than the clean period (1.16 ± 0.78) (Fig. 3b). Compared with previous
studies, such ratios were higher than those of straw burning (0.1–0.6),
but lower than those discovered with wood burning (5.9–23.9) (Engling
et al., 2006; Fushimi et al., 2017; Zhang et al., 2007). This suggested that
the BB aerosol was mainly emitted by mixed sources of burning from
wood and straw residuals, and it was much more scientific to consider the
chemical degradation of levoglucosan (Hong et al., 2022; Li et al., 2021;
Liu et al., 2019; Mochida et al., 2010).

3.4. Impact of levoglucosan degradation on BB contribution to carbonaceous
aerosols

Due to the degradation of Lev, the contribution of BB toOC at the recep-
tor site might be underestimated. During the sampling period, the degrada-
tion level of air mass (x) was 0.13 ± 0.07 (ranging from 0.08 to 1.04),
indicating that ~87 % of levoglucosan on average had been degraded be-
fore sampling in Changzhou. The x estimated in Changzhou was compara-
ble to that reported by a previous study in wintertime Changchun (0.17)
(Hong et al., 2022). Considering the degradation effects, the average con-
centration of Lev_no-chem in whole period was estimated to be 418.3 ±
422.2 ng m−3 in this work, which was 7.7 times higher than Lev_measured
(54.2 ± 80.2 ng m−3) (Fig. 4a). Such results reflected that degradation
could significantly impact the concentration of levoglucosan in particulate
matter.

To quantitatively analyze the influence of BB to carbonaceous aerosols,
the chemical degradation of levoglucosan were considered, with detailed
information and results given below:

M1: Based on ratios of BB tracers, without consideration of the degrada-
tion effects of levoglucosan, the average fraction of OCBB was 9.3 ± 6.2
% (0–43 %), with the highest level in the BB period (10.2 ± 7.6 %),
followed by clean period (7.8 ± 4.5 %) (Fig. 4b).
M2: Based on ratios of BB tracers, with consideration of the degradation
of levoglucosan, the OCBB-initial fractions ranged from 0.5 % to 94.2 %
(Fig. S13), with amean value of 24.2±15.4%. The significant variations
of OCBB-initial were found with the highest levels in the BB period (25.9
7

±18.0), followed by clean period (20.8±11.8). As shown, without con-
sideration of levoglucosan degradation, the contributions of BB to OC
would be underestimated by 5.5 % ~ 19.9 % across different periods.
Comparing to M1, without considering the degradation of levoglucosan
would lead to underestimation of BB to OC by 14.9 % during the whole
campaign. The ratio of OCBB-initial was in agreement with those esti-
mated by applying Eqs. (7)–(9) to correct for levoglucosan's degradation
in Lin'an (14%~ 33%) (Li et al., 2021). However, our OCBB-initial value
in Changzhou was lower than that in Zhengzhou (~36.8 %) (Chen et al.,
2018), Changchun (~42.3 %) (Hong et al., 2022) and Daejeon (~45 %)
(Jung et al., 2014). The higher contribution of biomass combustion in
Zhengzhou might be attributed to the local open burning activity (Chen
et al., 2018). According to Fig. S14, the daily characteristics of Lev,
Lev_no-chem, OCBB and OCBB-initial showed early and late bimodal
peaks with consistent trends.

3.5. Contribution of biomass burning to PM2.5 with considering the degradation
of levoglucosan by PMF

To quantitatively analyze the influence of BB to PM2.5, OC and EC, the
PMF model were applied (Table 1 and Text S7), with detailed information
and results given below:

A1: With time series of PM2.5, OC, EC, Cl−, NO3
−, SO4

2−, NH4
+, Na+, Mg2

+, Ca2+, K+, Si, Fe, Ni, Se, As, Zn, Cr, V, Mn, Pb, Ba, Cu and Ti from field
campaign as inputs species in the PMF model, the contribution of BB to
PM2.5, OC, and EC is 16.7 %, 42.5 %, and 40.6 %, respectively. A2-A4
are based on analysis of this investigation.
A2: In the purpose of deducting the effect of K+ from ocean and dust, on
the basis of A1, K+

BB instead of K+, the contribution of BB to PM2.5, OC,
and EC was estimated to be 16.3 %, 41.4 % and 39.8 %, respectively. By
comparing A2 and A1, it demonstrates that the K+ from the ocean and
dust may lead to an overestimation of BB to PM2.5, OC, and EC by 0.4
%, 1.1 %, and 0.6 % in the results of A1, respectively.
A3: Adding organic tracers to resolve the contribution of BB to aerosol, or-
ganic tracers (levoglucosan, galactosan, mannosan) were put into the
PMF model. The addition of organic tracers could effectively identify
BB and reduce interference from other sources. Without considering the
degradation of levoglucosan, the contribution of BB to PM2.5, OC, and
EC is 7.5 %, 35.9 %, and 40.5 %, respectively.
A4: On the basis of A3, considering the degradation of levoglucosan, the
contribution of BB to PM2.5, OC, and EC is 10.7 %, 39.1 %, and 44.5 %,
respectively. Comparison of A3 and A4, without considering the degrada-
tion of levoglucosan, led to underestimation of BB to PM2.5 by 3.2 % dur-
ing the whole campaign; Comparison of A2 and A4, using only inorganic



Fig. 4. Degradation of levoglucosan (a) and the contribution of BB to OC (b) in different period, where underestimated value is [OCBB-initial]-[OCBB].

Fig. 5. Factor profiles (with BB tracers K+
BB and anhydro sugars) based on the results of A4 and resolved by PMF.
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tracers (K+) and without organic tracers (i.e., levoglucosan, galactosan,
mannosan) in the A2, led to overestimation of BB to PM2.5, and OC by
6.0 %, and 3.4 %, respectively.

In A4, the PMF analysis identified 6 pollution sources, including one
secondary-source factor (i.e., secondary aerosols (55.8 %) and 5 primary
sources (i.e., industrial emission (14.1 %), dust (13.6 %), biomass burning
(10.7 %), coal combustion (2.4 %), and fireworks (2.3 %) (Fig. 5 and
Table 1).

The secondary aerosol factor (factor 1) is identified by high contribu-
tions of nitrate, sulfate, and ammonium (76.0 %, 67.7 % and 76.3 %, re-
spectively), contributing 55.8 % to PM2.5. Secondary aerosols make the
highest contribution to local PM2.5 based on the results of A4. From the re-
sults of A1-A3, it could also be noticed that secondary aerosols dominate
with a range of 53.8 %–55.0 % (Table 1).

The profile of factor 2 contains high loadings of Cr (94.8 %), Zn (73.4
%), Pb (72.5 %), Ni (68.0 %), Mn (64.7 %), Fe (55.2 %) and Cu (54.4 %).
Cr is widely used in industrial activities such as plating operation, tanning
industry, chromate reduction and metallurgy (Karar et al., 2006). The en-
richment of metallic elements such as Cr, Zn, Ni, Mn, Pb, Fe and Cu indi-
cates that this factor is related to industrial production activities.
Furthermore, industrial emissions are the largest primary source of emis-
sions in Changzhou, contributing14.1 % to PM2.5 in factor 2.

The dust factor (factor 3) is distinguished by Ca2+ and other crustal el-
ements (Si, Fe and Ti). It is inferred that this type of source ismainly related
with road dust, site dust, sand and construction dust. The average contribu-
tion of dust sources to PM2.5 is 13.6 %. Especially, In the evening
(18:00–22:00), this type of source contributes more and is mostly driven
by evening peak traffic and an increase in heavy trucks operations (Fig. 6).

Factor 4 contains abundant of Ba (97.6 %), V (69.2 %), Mg2+ (52.6 %),
and Cu (43.8%). They all have a flame color reaction, tracing forfireworks.
Besides, emissions from this category of sources are mainly concentrated
during the Chinese New Year (February 11th–17th, 2021), with less emis-
sions during other periods. Emission characteristics are mainly concen-
trated at night from 20:00 till midnight, in accordance with the
characteristics of the customary activities of Chinese New Year.
Fig. 6. Diurnal variation in individual source factors
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Factor 5 contains a high abundance of As and Se, and >80 % of As and
Se were found in this factor, which indicates this factor to be associated
with coal combustion. In the previous study, residential coal combustion
was listed as a source of levoglucosan in China (Yan et al., 2018). However,
in this study, levoglucosan have a low load in coal combustion, and the ad-
dition of its isomers (galactosan and mannosan) from biomass combustion
can effectively distinguish between coal combustion and biomass burning
in PMF model.

Factor 6 is characterized by high loadings of Lev_no-chem, galactosan,
mannosan and K+

BB. In addition, this type of source also contains a certain
proportion of OC, EC, and Cl−, etc. Anhydro sugars (levoglucosan,
galactosan and mannosan) and K+

BB are uniquely emitted by biomass
burning activities (Hong et al., 2022; Li et al., 2021; Liu et al., 2019;
Rajput et al., 2014), thereby serving as reliable source tracers of biomass
burning. It accounts for 10.7 % of the total PM2.5 in Changzhou, which is
in agreement with Shanghai (BB to PM2.5:12.3 %) studied by other group
(Feng et al., 2022). The diurnal variation in biomass burning shows higher
contributions during the nighttime (Fig. 6).

3.6. BB contribution to PM2.5 under different air mass trajectories and potential
source contribution factor analysis

Here, on the basis of A4, considering the degradation of levoglucosan, the
contribution of BB to PM2.5 can reflect the original situation in the atmo-
sphere. As shown in Fig. 7, the backward trajectories at Changzhou during
the BB period and clean period were classified into 5 and 4 different air clus-
ters. Table S7 summarizes the percentages of each trajectory cluster in BB pe-
riod and clean period, and the corresponding concentrations of chemical
components in ambient PM2.5. Themeanpollutant concentration in each clus-
ter can be computed using the cluster statistics function by TrajStat 1.5.3
(http://meteothink.org/downloads/index.html). Pollutant pathways could
then be associatedwith the high concentration clusters. During the BB period,
the air mass trajectories were mainly from the southwest (39.1 % from Clus-
ter1), north (19.8 % from Cluster2), and northwest (15.6 % from Cluster4)
continental air masses of the sampling site (Fig. 7a), and there are more fire
points where it passes (Fig. S15). The contribution of BB to PM2.5 in Cluster
1–5 during BB period is ranked as Cluster4 (23.2 %) > Cluster1(17.2 %) >
based on the results of A4 and resolved by PMF.

http://meteothink.org/downloads/index.html


Fig. 7.The potential source results based on the results of A4. Backward trajectory analysis in BB period (a) and clean period (b) during the Campaign. The red dot in themaps
indicates the fire points, the size of the red pie chart represents sources of PM2.5 (red pie chart represents the contribution of BB to PM2.5, gray pie chart represents other
sources of PM2.5) in each cluster, and potential source contribution function (PSCF) analysis of anhydro sugars in BB period (c) and clean period (d). Moreover, the fire
spots data were acquired from the MODIS satellites through the Fire-Map website of NASA (www.firms.modaps.eosdis.nasa.gov/map/).
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Cluster2 (16.4 %) > Cluster5 (10.7 %) > Cluster3 (6.9 %) (Fig. 7a). To miti-
gate the PM2.5 pollution in China, prohibition on open biomass burning activ-
ities has been implemented since the year 2013, causing limited activities in
recent years (Huang et al., 2021, 2023). However, the open biomass burning
still exist in some specific areas and time periods. During the Campaign pe-
riod, we noticed more fire points during the BB period than the clean period.
As shown by the satellite observations, there are obviouslymore fire points in
the northwest and southwest of the sampling site, and the contribution of BB
to PM2.5 is also higher, with 23.2% and 17.2%, respectively (Fig. 7a). During
the clean period, the backward trajectories were mainly marine air masses
from the northeast (40.9 % from Cluster 2) (Fig. 7b), where there were
fewerfire points (Fig. S16). The ocean airmasses are cleaner,which facilitates
the removal of pollutants. The contribution of BB to PM2.5 in Cluster 1–4 dur-
ing clean period is ranked as Cluster3 (16.6 %) > Cluster1(9.3 %) > Cluster4
(6.6 %) > Cluster2 (2.5 %) (Fig. 7b). Such results indicated that most air
masses came from inside the Northeast China (NEC) plain, the Plains of the
Middle and lower reaches of the Yangtze River. Therefore, regional joint pre-
vention of BB events and controlling the pollutant emission could be an effec-
tiveway to decrease the air pollution.Without considering the degradation of
levoglucosan, the contribution of BB to PM2.5 under each clustered trajectory
is also underestimated based on A3 results, ranging from2.7% to 7.4% in BB
period and ranging from 0.8 to 5.3 % in clean period (Fig. 7 and Fig. S17).

Fig. 7c shows the potential source contribution of anhydro sugars in PM2.5

in Changzhou during BB period. The darker color of the grid area represents a
stronger contribution to the target pollutant. The potential source areas
influencing Changzhou during BB period can be classified as three categories:
10
(i) Local source areas, which are mainly located in the area bordering the
provinces and cities where the receptor cities are located, i.e., cities within
the YRD region. These areas distributed in the south and southeast direction
of the sampling site, with their PSCF value above 0.8. (ii) Regional potential
source areas, which are located in the southwestern of Changzhou, mainly in-
cluding the northern cities of Jiangxi Province, such as Nanchang, with PSCF
value above 0.6. (iii) Regional potential sources are located in the northern
and northeastern parts of the receptor cities, with PSCF value above 0.5. Dur-
ing the clean period, the potential impact source areas of anhydro sugars in
Changzhou mainly consisted of 2 categories: (i) Local potential source areas
were located in the provinces and cities where the recipient cities were lo-
cated, i.e., southern and central cities in Jiangsu Province, distributed in the
north and northeast to the sampling site, with PSCF value above 0.9. (ii) re-
gional potential sources located in the cities southwest to the recipient cities,
mainly including cities in northern Jiangxi Province and southern cities in
Anhui Province, with PSCF above 0.6 value above (Fig. 7d).

4. Conclusions

In this study, we observed saccharide components during 5 months in
Changzhou, a typical industrialized city, which is surrounded by areas
where frequent BB events occur. The average concentrations of
levoglucosan, galactosan, and mannosan were 54.2 ± 80.2, 2.7 ± 3.0,
and 4.3 ± 5.6 ng m−3, respectively. During the observation, levoglucosan
dominated the concentrations of the sugars, accounting for 80.1 %.
Anhydro sugars comprised 0.88 % of organic carbon (OC). Based on

http://www.firms.modaps.eosdis.nasa.gov/map/
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diagnostic ratio method, we found that most of BB aerosols were contrib-
uted from a mixed source of burning from wood and straw residuals. How-
ever, due to chemical degradation, approximately 87 % of levoglucosan
had been degraded before sampling in Changzhou. To quantitatively ana-
lyze the influence of BB to aerosol, we conducted a multi-method compar-
ison study, which shows that: (I) Without considering the degradation of
levoglucosan would lead to an underestimation of BB to OC by 14.9 % dur-
ing the whole campaign only based on the ratios of BB tracers. (II) K+ from
the ocean and dust may lead to overestimation of BB to PM2.5, OC, and EC
by 0.4 %, 1.1 %, and 0.6 %, respectively. (III) An accurate assessment of the
BB contribution to aerosols could be achieved by using K+

BB and considering
the degradation of levoglucosan. With the addition of BB organic tracers and
replaced K+with K+

BB, the contribution of BB to PM2.5 was enhanced by 3.2
% after considering levoglucosan degradation in PMF analysis. The underes-
timation of the BB contribution to PM2.5 is quite, but under the different air
mass trajectories and different periods, we noticed more fire points during
the BB period than the clean period. As shown by the satellite observations,
there are obviously more fire points in the northwest and southwest of the
sampling site, and the contribution of BB to PM2.5 is also higher, with
23.2 % and 17.2 %, respectively, considering the degradation of Lev.

In summary, with using K+
BB and anhydro sugars, and considering the

degradation of levoglucosan, an updated PMF analysis identified 6 pollu-
tion sources, including secondary aerosols (55.8 %), industrial emission
(14.1 %), dust (13.6 %), biomass burning (10.7 %), coal combustion (2.4
%), and fireworks (3.4 %), with secondary aerosols have the highest contri-
bution. Therefore, the reduction of secondary aerosol precursors is on the
top priority for controlling atmospheric PM2.5 pollution in Changzhou. Dur-
ing the BB period, the airmass trajectories weremainly from continental air
masses of the sampling site, where there were more fire points. Given that
continental air masses contribute to local pollution and oceanic air masses
remove it, authorities should pay special attention to biomass burning
sources and establish suitable abatement measures for the local area if it
is downwind of contaminated air masses.
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