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Abstract 15 

Anhydro-saccharides (levoglucosan, mannosan, and galactosan), as important components of 16 

organic aerosol, have been widely used as molecular markers for biomass burning. Previous studies 17 

have shown that levoglucosan degrades in the atmosphere, but most of the results are derived from 18 

laboratory experiments, little is known about the decay rates and their driving factors in the real 19 

complex ambient environment. In this study, a Thermal Desorption Aerosol Gas Chromatography-20 

Mass Spectrometry (TAG-GC/MS) was utilized to collect PM2.5-bound saccharides in three typical 21 

cities across the major city clusters in eastern China (Zibo, North China Plain; Changzhou, Yangtze 22 

River Delta; and Hong Kong, Pearl River Delta region) during the autumn and winter seasons, with 23 

bihourly time resolution. With the relative rate constant method, we found the daytime (8:00–16:00 24 

LST) decay rate of levoglucosan was fastest in Changzhou, reaching 0.13 ± 0.05 h-1 (with a range 25 

of 0.01~0.55 h-1), and the maximum decay rates of mannosan (0.14 ± 0.05 h-1, range: 0.04~0.29 h-26 

1) and galactosan (0.15 ± 0.06 h-1, range: 0.04~0.33 h-1) were observed in Hong Kong. Results from 27 

the generalized additive model indicate that the daytime decay rate of anhydro-saccharides is 28 

primarily influenced by aerosol liquid water content, relative humidity, and atmospheric oxidation 29 
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capacity, while temperature and solar surface radiation also contribute to an increase in the decay 30 

rates. This study provides valuable field data on the degradation rates of saccharides in real ambient 31 

environments and demonstrates that their degradation results are derived by the combined effects 32 

of multiple oxidation pathways. 33 

Keywords: Anhydro-saccharides; Degradation rates; Real atmosphere; TAG-GC/MS  34 

Highlights 35 

• Anhydro-saccharides (levoglucosan, mannosan, and galactosan) exhibit decreasing trends 36 

during the daytime in ambient environment. 37 

• The decay rate of levoglucosan is fastest in Changzhou, while the decay rates of mannosan and 38 

galactosan are fastest in Hong Kong. 39 

• The daytime decay of anhydro-saccharides is primarily influenced by aerosol liquid water 40 

content, relative humidity, and oxidants. 41 

1. Introduction  42 

Organic aerosol (OA) constitutes a signigicant component of PM2.5, accounting for 20%~80% 43 

of PM2.5 mass (He et al., 2020; Zhang et al., 2007). Biomass burning (BB) is one of the primary 44 

sources of OA in the atmosphere and has significant impacts on air quality, visibility, and climate 45 

(Bao et al., 2021; Liu et al., 2019). BB releases various organic compounds, such as anhydro-46 

saccharides, polycyclic aromatic hydrocarbons, and n-alkanes, with levoglucosan generally being 47 

the most abundant anhydro-saccharides (Chen et al., 2017; Yan et al., 2019). Levoglucosan and its 48 

two isomers, mannosan and galactosan, which are produced during the pyrolysis of cellulose and 49 

hemicellulose at temperatures ranging from 150 to 350 °C (Fabbri et al., 2009; Hong et al., 2022; 50 

Stevens et al., 2024), have been widely used as molecular markers of BB aerosol in PM2.5 source 51 

apportionment (Alvi et al., 2020; Cheng et al., 2022; Hong et al., 2022; Kang et al., 2018; Li et al., 52 

2021; Liang et al., 2016).  53 

For decades, the anhydro-saccharides are considered as stable compounds and the majority of 54 

previous studies did not consider the degradation of anhydro-saccharides during the source 55 

apportionment of PM2.5. However, researchers found that levoglucosan can undergo oxidation in 56 

both the gas phase and liquid phase, or undergo heterogeneous oxidation on the aerosol surface (Bai 57 

et al., 2013; Li et al., 2021; Zhao et al., 2014). Recent studies have proved that the contribution of 58 
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BB to organic carbon (OC) and PM2.5 could be underestimated if the degradation of anhydro-59 

saccharides was ignored (Hong et al., 2022; Li et al., 2023a). For example, Li et al. (2023a) found 60 

that approximately 87% of levoglucosan had already degraded before reaching the receptor site, 61 

causing a 14.9 % underestimation of BB-derived OC. A recent study (Wang et al., 2025) in Hong 62 

Kong calculated the degradation rate constants and estimated the atmospheric lifetime of 63 

levoglucosan, but the universal of this phenomenon, and their driving factors that influence this 64 

degradation process have not been thoroughly investigated (Wang et al., 2025). Furthermore, it is 65 

currently unclear how the variations of atmospheric conditions influence the degradation rate of 66 

anhydro-saccharides. Traditional studies on levoglucosan degradation typically rely on offline 67 

sampling, laboratory experiments, and model simulations (Arangio et al., 2015; Bai et al., 2013; 68 

Hennigan et al., 2010; Liu et al., 2019; Xu et al., 2020). However, low temporal resolution 69 

observation limits the in-depth understanding of its degradation process, and discrepancies between 70 

laboratory experiments and theoretical studies can introduce large biases in model simulations. With 71 

the development of the Thermal Desorption Aerosol Gas Chromatography-Mass Spectrometry 72 

(TAG-GC/MS) system, it is now possible to collect organic marker data with high temporal 73 

resolution, capturing dynamic changes in emission sources and the aging process of organic aerosols 74 

(He et al., 2020; Li et al., 2020; Wang et al., 2020; Zhang et al., 2021a; Zhao et al., 2013; Zhu et al., 75 

2021). Therefore, online observations across multiple cities under different atmospheric 76 

environments are essential to better understand the degradation rates of anhydro-saccharides. 77 

Zibo, Changzhou, and Hong Kong are three representative cities located in the North China 78 

Plain (NCP), the Yangtze River Delta (YRD) region, and the Pearl River Delta (PRD) region, 79 

respectively. These cities exhibit significant disparities in meteorological conditions, anthropogenic 80 

sources, and ambient air pollution levels. These divergent environmental conditions imply that the 81 

degradation process of anhydro-saccharides in the atmosphere may be influenced by different 82 

factors. To investigate this, a comparative analysis of anhydro-saccharides degradation rates in these 83 

cities was conducted. The bihourly resolution data of PM2.5-bound levoglucosan, mannosan and 84 

galactosan were collected at Zibo, Changzhou and Hong Kong during cold season using TAG-85 

GC/MS system. The daytime decay rates of anhydro-saccharides in three cities were calculated 86 

using the relative rate constant method, and the driving factors influencing the daytime decay rates 87 

of anhydro-saccharides were analyzed with the generalized additive model (GAM). The findings of 88 
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this study enhance our understanding of atmospheric degradation mechanisms of anhydro-89 

saccharides and provide a scientific foundation for precise source apportionment, especially for 90 

refining our knowledge on the source contributions to PM2.5 from biomass burning. 91 

2. Methodology  92 

2.1 Site description and field observation 93 

Field observations using TAG-GC/MS were conducted during autumn and winter season 94 

across three typical cities in the three regions (Zibo, Shandong province, NCP; Changzhou, Jiangsu 95 

province, YRD; and Hong Kong, PRD region) over eastern China (Fig. S1). The sampling site in 96 

Zibo was situated at the Zibo Ecological Environment Monitoring Station (36°50′N, 118°07′E). This 97 

location is bordered by Lutai Avenue approximately 500 m to the east, Lushan Avenue 98 

approximately 100 m to the south, and residential neighborhoods approximately 1 km to the north. 99 

It represents the urban atmospheric environment influenced by multiple pollution sources including 100 

both anthropogenic and biogenic emissions. The vegetation in the vicinity mainly consists of 101 

temperate deciduous broadleaf forests. Organic compounds emitted from this area may significantly 102 

impact ground-level aerosols. The observation period was from November 2022 to February, 103 

2023.The sampling site in Changzhou was situated at the Changzhou Environmental Monitoring 104 

Center (119°59.730′E, 31°45.510′N). The surrounding environment includes numerous commercial 105 

and residential districts, as well as major roads such as Zhongwu Avenue, Heping Middle Road, and 106 

Guanghua Road, representing an urban environment affected by various pollution sources. Data 107 

from January to March 2021 was collected, and the detailed information of this filed campaign can 108 

be found in our previous studies (Li et al., 2023b; Yi et al., 2024). The sampling site in Hong Kong 109 

was at the Hong Kong University of Science and Technology Super Station (114°16′E, 22°19′N), 110 

situated in a suburban area with relatively limited local emissions. Observations were conducted 111 

from October 2020 to January 2021. During the observation periods, the anhydro-saccharides data 112 

had a temporal resolution of 2 hours; however, some data were lost due to instrument malfunctions 113 

or maintenance during certain intervals. 114 

During the field campaign, we conducted online measurements at the three stations to collect 115 

auxiliary data, including meteorological conditions, air pollutant and PM2.5 concentrations. At 116 

Changzhou site, meteorological parameters including wind speed (WS), wind direction (WD), 117 
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relative humidity (RH), temperature (T), atmospheric pressure (P), rainfall (RF) were monitored by 118 

WXT520 (VAISALA, FL); PM₂.₅ by BAM1020 (Met One, US) via beta-ray method; O₃, NOₓ by 119 

MODEL 49i, MODEL450i (Thermo Fisher Scientific, US) respectively; OC/EC by RT-4 (Sunset 120 

Laboratory, US) and water-soluble ions (Cl⁻, NO₃⁻, SO₄²⁻, Na⁺, NH₄⁺, K⁺, Mg²⁺, Ca²⁺) by ADI2080 121 

(Metrohm, CHN). The Solar surface radiation data (SSR) were obtained from the ERA5-Reanalysis 122 

(https://cds.climate.copernicus.eu/datasets). In Zibo, meteorological data including wind speed 123 

(WS), wind direction (WD), relative humidity (RH), temperature (T), atmospheric pressure (P), 124 

rainfall (RF) were obtained from the China Meteorological Administration 125 

(https://www.cma.gov.cn/); PM₂.₅ by MODEL 5014i (Thermo Fisher Scientific, US); O₃, NOₓ by 126 

MODEL 49i, MODEL 42i (Thermo Fisher Scientific, US); OC/EC by MODEL ECOC‐610 127 

(Hangzhou Pengpu Technology Co., Ltd., China), water-soluble ions (Cl⁻, NO₃⁻, SO₄²⁻, Na⁺, NH₄⁺, 128 

K⁺, Mg²⁺, Ca²⁺) by MODEL S611 (Fortelice International Co., Ltd., Taiwan, China) and solar surface 129 

radiation (SSR) by CMP11 (Kipp & Zonen, Zuid‐Holland, Netherlands). At Hong Kong site, PM₂.₅ 130 

was measured by Model 5030i (Thermo Fisher Scientific, US); water-soluble ions (Cl⁻, NO₃⁻, SO₄²⁻, 131 

Na⁺, NH₄⁺, K⁺, Mg²⁺, Ca²⁺) and OC/EC by ADI2080 (Metrohm, CHN) and RT-4 (Sunset Laboratory, 132 

US) respectively; meteorological parameters wind speed (WS), wind direction (WD) relative 133 

humidity (RH), temperature (T), atmospheric pressure (P), rainfall (RF), O₃, NOₓ and SSR by AWS 134 

tower (Hong Kong Environment Protection Department); elemental species (K, Ca) by Xact 625i 135 

(Cooper Environmental Services) via X-ray method. Detailed information about online observations 136 

can be found in Table S1. 137 

The TAG-GC/MS system is applied for the online measurement of levoglucosan, galactosan 138 

and mannosan. Detailed description and the schematic diagram of TAG can be found in our previous 139 

studies (He et al., 2020; Li et al., 2020; Wang et al., 2020; Wang et al., 2025; Zhang et al., 2021a). 140 

During the observation, deuterium-labeled internal standard solution was injected into each sample 141 

to monitor instrument condition and analyze the contamination levels of key species. The detailed 142 

description is provided in Text S1. The identification of the target saccharides is achieved by 143 

comparing their retention times and mass spectra with those of authentic standards. Subsequently, 144 

quantitative analysis is performed using internal standard calibration. We plotted the relationship 145 

between the peak area ratios of external standard solutions and the concentrations of target 146 

compounds in the standard mixture to generate a calibration curve, and the correlation coefficients 147 
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(R) ranges from 0.92 to 0.99. The detailed information on the preparation of external standard 148 

solutions and internal standard solutions for the saccharide compounds analyzed in the field 149 

campaign can be found in Table S2 and Table S3.  150 

2.2 ISORROPIA-II Model 151 

Aerosol acidity (pHis) and aerosol liquid water content (ALWC) were calculated using the 152 

forward mode of the ISORROPIA-II model (http://isorropia.eas.gatech.edu)(C. Fountoukis and 153 

Nenes, 2007). The input parameters required for the model primarily included water-soluble 154 

inorganic ions (SO4
2-, NO3

-, NH4
+, K+, Ca2+, Na+, Mg2+, and Cl-), NH3, temperature (T), and relative 155 

humidity (Hennigan et al., 2015). The calculation formula is as follows： 156 

 𝑝𝐻𝑖𝑠 = -lg(
1000×H+

ALWC
)  (1) 157 

where H+ represents the liquid-phase mass concentration of hydrogen ions, expressed in μg/m3, 158 

ALWC denotes the aerosol liquid water content, expressed in μg/m3. 159 

2.3 Relative Rate Constant Method 160 

Previous studies have indicated that K+ can serve as a tracer for biomass burning (Hong et al., 161 

2022; Pio et al., 2008). Moreover, the ratio of levoglucosan to BB-derived K+ (K+
BB) observed in 162 

the environment can be used to distinguish different types of biomass burning, such as crop residue 163 

burning and wood combustion (Cheng et al., 2013). Additionally, due to the chemical stability of 164 

K+ in the atmosphere, this ratio can also serve as an indicator of BB aerosol aging. However, since 165 

potassium ions can also originate from sea salt and dust (Karavoltsos et al., 2020; White, 2008), 166 

K+
BB should be calculated first. K+

BB can be obtained by Equations (2)~(7): 167 

 K+
BB = (K+

Nss) − (K+
Dust)   (2) 168 

K+
Nss = K+

aerosol − 0.037*Na+
aerosol                               (3) 169 

K+
Dust = 0.04*[(Ca2+

Nss) − Ca2+
BB                        (4) 170 

Ca2+
BB = K+

Nss/z                              (5)                                   171 

Ca2+
Nss = Ca2+

aerosol − 0.038*Na+
aerosol                       (6)  172 

z=(K+
Nss/Ca2+

Nss)max −  (K+
Nss/Ca2+

Nss)min               (7) 173 

In Equations (2), K+
Nss and K+

Dust refer to non-sea-salt potassium and potassium originating 174 

from dust, respectively. In Equation (3), K+
aerosol, Na+

aerosol, and Ca2+
aerosol represent the 175 

concentrations of potassium, sodium, and calcium in the aerosol samples, which are the measured 176 
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values. Based on previous literature, the mass ratios of (K+/Na+) and (Ca2+/Na+) in seawater are 177 

0.037 and 0.038, respectively, and are used for the correction of sea salt aerosols (Kumar et al., 2018; 178 

Pio et al., 2007). The study of Kumar V et al(2018) suggests that the maximum and minimum 179 

differences in the mass ratio of (K+
Nss/Ca2+

Nss) are considered to represent emissions from biomass 180 

burning (Kumar et al., 2018; Pio et al., 2008; Pio et al., 2007). The Ca2+ originating from biomass 181 

burning is calculated by using (K+
Nss/Ca2+

Nss)ₘₐₓ minus (K+
Nss/Ca2+

Nss)ₘᵢₙ as the denominator. 182 

In this study, the calculation method for the anhydro-saccharides decay rate was adopted from 183 

Wang et al. (2025), which is a variant of the relative rate constant approach utilizing inert K+
BB as 184 

the reference substance (Donahue et al., 2005; Wang et al., 2025). The validity of this method has 185 

been demonstrated in previous studies (Wang and Yu, 2021). The detailed derivation of the formula 186 

can be found in Text S2. The final derived expression is presented as Equation (8). According to 187 

(Wang et al., 2025), the Ci represents the particle phase concentration of anhydro-saccharides, 188 

CK
+

BB represents the concentration of K+ from biomass combustion, k2 represents the second-order 189 

reaction rate constant between anhydro-saccharides and oxidants, and COX represents the average 190 

concentration of oxidants in the aerosol phase. The calculated k corresponds to the effective total 191 

decay rate of anhydro-saccharides, which results from various atmospheric processes (such as 192 

heterogeneous oxidation and aqueous-phase oxidation). We assume that the emission of anhydro-193 

saccharides and K+
BB is equivalent, or that no new pollutants are emitted, or that such emissions are 194 

negligible within the time frame of the study (i.e., 8 hours). Compared to previous studies applying 195 

the relative rate constant method to a pair of target and unknown compounds (Donahue et al., 2005; 196 

Huff Hartz et al., 2007), this method can be regarded as a special case where the reference species 197 

is inert and zero-corrected. 198 

 
∂ ln (Ci CK

+
BB⁄ )

∂t
 = -k, k= k2× COX  （8） 199 

2.4 Generalized Additive Models 200 

Generalized Additive Models (GAM) are used to construct nonlinear regression relationships 201 

between explanatory variables and response variables. Unlike statistical distribution-based models, 202 

GAM is primarily data-driven, allowing for flexible adjustment of the functional form of the 203 

response variable based on the specific context (Charles and J.Stone, 1985). Compared to other 204 

statistical models, GAM offers higher flexibility and degrees of freedom, which does not require a 205 
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pre-defined parametric model, and can be applied to various distribution types, and can directly 206 

handle complex nonlinear relationships between explanatory and response variables (Zhai et al., 207 

2019). The GAM model has been widely applied in studies investigating the influencing factors of 208 

nonlinear atmospheric pollutants, such as PM2.5, O3, and SOA(Hu et al., 2022; Zhang et al., 2021b). 209 

The basic form of the GAM model is shown in Equation 9. 210 

      𝑔(𝜇) = 𝑓1(𝑋1) + 𝑓2(𝑋2) + ⋯ … 𝑓𝑛(𝑋𝑛) + 𝛽   （9） 211 

In the equation, g(μ) is a continuous function representing the relationship between the 212 

nonlinear formula and the expected value; μ denotes the response variable, i.e., the mass 213 

concentration of the target substance; β is the intercept; fn (n=1, 2, …, n) is the smoothing function 214 

connecting the explanatory variables; Xn (n=1, 2, …, n) refers to the different explanatory variables. 215 

The significance of the explanatory variables is tested using the Akaike information criterion, and 216 

the most appropriate g(μ) and Xn are selected through multiple linear tests. The R2, deviance 217 

explained (%), and p-value calculated from the GAM model are used to assess the significance level, 218 

importance of Xn, and the model’s goodness of fit. 219 

3. Results and Discussions 220 

3.1 Overview of the field campaign 221 

The overall environmental condition and air pollutant levels during the three field campaigns 222 

are summarized in Table S4. During the field observation period, PM2.5 pollution was the most 223 

severe in Zibo, with an average concentration of 69.4 ± 58.0 μg/m3. In comparison, the average 224 

PM2.5 concentrations in Changzhou and Hong Kong were 49.9 ± 26.4 μg/m3 and 31.5 ± 20.5 μg/m3, 225 

respectively. Zibo is a traditional heavy industrial city with more than 8,200 industrial plants, 226 

including power plants, chemical factories, and building materials industries (Pan et al., 2025). Due 227 

to its high emission intensity, Zibo has been suffering from poor air quality, consistently ranking 228 

last in air quality within Shandong Province in recent years. In contrast, the air quality in Hong 229 

Kong was relatively good, which is likely related to relatively low emission intensity and favorable 230 

meteorological conditions. The average winter temperature in Zibo (-0.2 ± 6.1 °C) was the lowest 231 

among the three cities, with a maximum wind speed of 2.2 ± 1.7 m/s. As a city in northern China, 232 

Zibo's cold and windy climate is closely associated with the influence of northern continental air 233 

masses during winter. In contrast, Changzhou (10.9 ± 4.9 °C, 1.3 ± 0.7 m/s) and Hong Kong (15.6 234 
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± 10.5 °C, 1.6 ± 0.5 m/s), located in southern and coastal regions, are influenced by the subtropical 235 

monsoon and oceanic climate, leading to significantly higher winter temperatures and lower wind 236 

speeds, resulting in a milder and more stable climate. As shown in Fig. 1 , levoglucosan is the 237 

dominant anhydrosugar in all three cities, with concentrations of 45.5 ± 32.3 ng/m³ in Zibo, 45.1 ± 238 

38.7 ng/m³ in Changzhou, and 27.5 ± 15.6 ng/m³ in Hong Kong, respectively. The average 239 

concentration of mannosan in Changzhou (3.6 ± 3.2 ng/m³) is higher than in Zibo (2.4 ± 1.7 ng/m³) 240 

and Hong Kong (1.9 ± 1.5 ng/m³). Conversely, the concentration of galactosan in Zibo (4.5 ± 3.4 241 

ng/m³) is significantly higher than in Changzhou (2.4 ± 2.0 ng/m³) and Hong Kong (0.9 ± 0.7 ng/m³). 242 

These differences may reflect varying BB source types across the cities. The total concentration of 243 

three anhydrosugars (levoglucosan, mannosan, and galactosan) in these three cities accounts for 0.7% 244 

(Zibo), 0.9% (Changzhou), and 0.8% (Hong Kong) of the measured total organic carbon (OC) mass. 245 

Although their proportion is relatively low, these anhydrosugars, as characteristic tracers of biomass 246 

burning (BB), can be used to inversely estimate the contribution of BB sources to atmospheric OC. 247 

Thus, they are key indicators for quantifying the impact of BB source emissions(Cheng et al., 2022; 248 

Fabbri et al., 2009; Li et al., 2023a).  249 

By analyzing the ratio of levoglucosan (Lev) to mannosan (Man), different types of biomass 250 

combustion sources can be identified. For example, previous studies have shown that the Lev/Man 251 

ratio from crop straw combustion can exceed 40, while the Lev/Man ratios from hardwood and 252 

softwood combustion range from 15 to 25 and 3 to 10, respectively (Engling et al., 2009; Fu et al., 253 

2012; Sang et al., 2013; Xu et al., 2020). We calculated the Lev/Man and Man/Gal ratios for the 254 

three cities, as shown in Fig. 1 . The average Lev/Man ratios in Zibo, Changzhou, and Hong Kong 255 

were 19.3 ± 5.6 (range: 5.2~43.3), 13.9 ± 6.6 (0.9~56.8), and 17.8 ± 6.5 (5.6~51.4), respectively. 256 

Fig. S2 illustrates the parameter ratio space of Lev/Man and Lev/K+ to characterize biomass burning 257 

characteristics and distinguish different combustion types. The tracer ratio space diagram for 258 

coniferous trees, deciduous trees, hardwood, softwood, and crop residues, proposed by Cheng et al. 259 

(2013), overcomes the limitation of relying solely on a single feature ratio (such as Lev/K+ or 260 

Lev/Man) for distinguishing biomass burning types (Cheng et al., 2013). It is important to note that, 261 

due to insufficient observational data for K+ in Hong Kong, while the total potassium (total K) data 262 

is relatively complete, total potassium (KBB) was used as a substitute for K+ in the subsequent 263 

combustion type diagnosis. Detailed information can be found in our previous study (Wang et al., 264 
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2025). The ratio ranges for Zibo, Changzhou, and Hong Kong all fall within the range typically 265 

associated with crop residue burning, which is consistent with previous studies. The study period 266 

coincided with the autumn and winter seasons, which correspond to the typical period of crop 267 

residue burning (Cheng et al., 2013; Wang et al., 2020). In addition, the ratio of mannosan to 268 

galactosan (Man/Gal) has been used as an auxiliary method for distinguishing biomass combustion 269 

sources. During the observation period, the average Man/Gal values for Changzhou and Hong Kong 270 

were 1.56 ± 0.75 (range: 0.32~13.81) and 2.30±0.64 (range: 0.84~6.38), respectively, consistent 271 

with previous studies which indicate that in the combustion emissions of crop straw, grass, and coal 272 

pellets, the content of mannosan (Man) is usually higher than that of galactosan (Gal) (Fabbri et al., 273 

2009; Vicente et al., 2018; Xu et al., 2020). However, the average Man/Gal value in Zibo was 0.56 274 

± 0.19 (range: 0.23~2.24), significantly lower than those in Changzhou and Hong Kong, with a 275 

relatively higher concentration of galactosan, which may be related to differences in the type of 276 

combustion source or combustion conditions (Haque et al., 2022; Kuo et al., 2011; Yan et al., 2018). 277 

For example, the combustion of coal and certain industrial fuels may lead to higher galactosan 278 

content due to differences in the organic composition of these fuels compared to biomass fuels (Yan 279 

et al., 2018). Furthermore, incomplete combustion or low-temperature combustion may increase 280 

galactosan concentration (Haque et al., 2022), which could be a characteristic feature of combustion 281 

in Zibo. As a heavy industrial city, Zibo have more industrial combustion sources and incomplete 282 

combustion phenomena, leading to the relative enrichment of galactosan and exhibiting distinct 283 

chemical characteristics compared to common biomass combustion. 284 
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 285 

Fig. 1 Boxplot of the concentrations of levoglucosan (Lev), mannosan (Man), galactosan (Gal), 286 

and their ratios (Lev/Man, Man/Gal) in the cities of Zibo, Changzhou, and Hong Kong. 287 

3.2 Diurnal variations of anhydro-saccharides and ratios of Lev/K+
BB, Man/K+

BB, 288 

Gal/K+
BB 289 

Fig. 2 shows the detailed diurnal variations of anhydro-saccharides across three cities. The 290 

anhydro-saccharides in all three cities exhibit similar diurnal variation characteristics, indicating the 291 

similar source and atmospheric degradation processes. Specifically, the concentrations of anhydro-292 

saccharides in the three cities generally decrease during the daytime (8:00-16:00 LST) and increase 293 

at night. Notably, in Fig. 2(b), the decline of levoglucosan in Changzhou is most pronounced during 294 

the daytime. In Changzhou, daytime levoglucosan concentrations peak at 08:00 LST (49.26 ± 5.71 295 

ng/m3) before gradually declining to a minimum of 29.53 ± 4.54 ng/m3 by 14:00 LST. A slight 296 

rebound to 30.56 ± 4.56 ng/m3 occurs at 16:00 LST, followed by a significant increase to a secondary 297 

peak of 59.88 ± 5.71 ng/m3 at 20:00 LST. In addition, Fig. 2(c) show the diurnal variation of 298 

levoglucosan in Hong Kong exhibits a pronounced pattern, with peak concentrations occurring in 299 

the morning at 8:00 LST, (32.65 ± 1.72 ng/m3). Similar to Changzhou, the levoglucosan 300 

concentration drops to a minimum at 14:00 LST (22.40 ± 1.24 ng/m3), followed by a slight rebound 301 

to 23.05 ± 1.20 ng/m3 at 16:00 LST. The diurnal variation of levoglucosan in Zibo is relatively flat, 302 

peaking at 8:00 LST (48.24 ± 4.29 ng/m3) and declining to 39.83 ± 3.30 ng/m3 at 16:00 LST. 303 

Similarly, the concentration of mannosan in Changzhou shows the most significant daytime 304 
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decrease, from a peak at 8:00 (3.89 ± 0.40 ng/m3) to a minimum at 16:00 (2.42 ± 0.45 ng/m3). A 305 

significant decline was also observed in Hong Kong, from 2.42 ± 0.20 ng/m3 at 8:00 to 1.47 ± 0.10 306 

ng/m3 at 16:00 LST. In contrast, the diurnal variation of mannosan in Zibo is relatively smooth, with 307 

an initial concentration of 2.38 ± 0.19 ng/m3 at 08:00 LST, and decreases to 2.28±0.18 ng/m3 at 308 

16:00 LST. Galactosan in all three cities exhibited a congruent diurnal trend to the other anhydro-309 

saccharides, characterized by a daytime decrease. For instance, galactosan concentrations in Zibo 310 

declined from a peak of 4.60 ± 0.38 ng/m3 at 8:00 LST to 4.00 ± 0.33 ng/m3 at 16:00 LST. In 311 

Changzhou, the galactosan concentration was 2.65 ± 2.39 ng/m3 at 8:00 LST, and it dropped to 1.79 312 

± 0.30 ng/m3 at 16:00 LST. In Hong Kong, the galactosan concentration decreased from 1.08 ± 0.09 313 

ng/m3 at 8:00 LST was to 0.67 ± 0.06 ng/m3 by 16:00 LST. The concentration and compositional 314 

characteristics of organic aerosols in real atmospheric environments are governed by a combination 315 

of factors, including the intensity of air pollutant source emissions, variations in meteorological 316 

conditions, atmospheric chemical reactions, atmospheric diffusion capabilities, and deposition 317 

processes. These interrelated influences collectively impart high complexity and uncertainty to both 318 

the concentration levels and chemical composition of organic aerosols (Chen et al., 2022; Kim et 319 

al., 2017; Zhang et al., 2013). Previous studies have indicated that the ratio of levoglucosan to 320 

potassium ions (K+) from BB sources (levoglucosan/K+
BB) is an effective indicator of the aging 321 

degree of BB aerosols(Cheng et al., 2013; Li et al., 2021; Mochida et al., 2010). Therefore, to 322 

investigate the diurnal decay pattern of anhydro-saccharides, we selected levoglucosan/K+
BB to 323 

examine the loss of levoglucosan. It is important to note that due to the insufficient observational 324 

data for K+ in Hong Kong, and the relatively complete total potassium (total K) data, total potassium 325 

(KBB) was used as a substitute for K+
BB in Hong Kong. The analysis revealed a good correlation 326 

between the calculated KBB and levoglucosan, with Rp = 0.63. Detailed information can be found in 327 

our previously published paper (Wang et al., 2025). In Zibo and Changzhou, the calculation 328 

formulas for K+
BB were (2)-(7); correlation analysis results showed a significant positive correlation 329 

between levoglucosan and K+
BB across different sites (as shown in Fig. S3). In Zibo, the pearson 330 

correlation coefficients between levoglucosan, mannosan, and galactosan and K+
BB were 0.65, 0.52, 331 

and 0.52, respectively. In Changzhou, the pearson correlation coefficients between levoglucosan, 332 

mannosan, and galactosan and K+
BB were 0.76, 0.58, and 0.54, respectively, further confirming the 333 

validity and reliability of the K+
BB calculation formulas for Zibo and Changzhou.  334 
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 335 

Fig. 2 Diurnal variations of levoglucosan, mannosan, and galactosan; Lev/K+
BB, Man/ K+

BB, and 336 

Gal/ K+
BB ratios at (a) Zibo, (b) Changzhou and (c) Hong Kong. 337 

3.3 Daytime Decay Rate Calculation 338 

Using equation (8), we calculated the daytime decay rates of anhydro-saccharides in three cities. 339 

The decay rate of levoglucosan in Changzhou was 0.13 ± 0.05 h-1(range: 0.01~0.55 h-1), ranking 340 

first among the three cities, indicating a significant decay rate. The decay rates of levoglucosan in 341 

Zibo and Hong Kong were similar, with values of 0.10 ± 0.08 h-1 (range: 0.001~0.34 h-1) and 0.10 342 

± 0.05 h-1 (range: 0.02~0.25 h-1), respectively. However, Hong Kong had the fastest decay rates for 343 

the other two anhydro-saccharides, especially galactosan, with a decay rate of 0.15 ± 0.06 h-1 (range: 344 

0.04~0.33 h-1), much higher than the other cities. In comparison, Changzhou’s galactosan decay rate 345 

was 0.13 ± 0.08 h-1 (range: 0.01~0.67 h-1), and Zibo's galactosan decay rate was 0.10 ± 0.03 h-1 346 

(range: 0.004~0.31 h-1), both of which were relatively smaller. Similarly, the decay rate of mannosan 347 
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in Hong Kong was the highest, reaching 0.14 ± 0.05 h-1 (range: 0.04~0.29 h-1), followed by 348 

Changzhou at 0.13 ± 0.07 h-1 (range: 0.01~0.60 h-1), while Zibo had the lowest rate at only 0.09 ± 349 

0.03 h-1 (range: 0.01~0.33 h-1). The detailed decay rates of anhydro-saccharides for the three cities 350 

are presented in Table S5. Based on the distribution of decay rates in three cities shown in Fig. 3 , 351 

the average decay rate of levoglucosan in Changzhou is higher than in the other two cities, with 352 

33.3% of the rates exceeding 0.15 h-1. In contrast, the proportions for Zibo and Hong Kong are 12.9% 353 

and 13.0%, respectively. Moreover, Hong Kong shows a remarkable distribution of decay rates for 354 

mannosan and galactosan, with 37.7% of mannosan decay rates and 37.7% of galactosan decay rates 355 

exceeding 0.15 h-1. These results indicate that in the three cities, Changzhou exhibits the highest 356 

average decay rate for levoglucosan, while Hong Kong shows the highest decay rates for mannosan 357 

and galactosan, and Zibo has the lowest decay rates for all three sugars.  358 

 359 

Fig. 3 Distribution of the decay rates of levoglucosan, mannosan and galactosan for (a) Zibo, (b) 360 

Changzhou and (c) Hong Kong. 361 

It is noteworthy that not all sampling days showed good linear fitting, with some days having 362 

negative decay rates, indicating that some of the daytime data did not follow the decay trend. This 363 

may be due to the direct emission and transmission of BB air masses. Zibo sampled for a total of 66 364 
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days, with 31 days fitting the linear decay pattern; Changzhou sampled 42 days, with 21 days fitting 365 

the linear decay pattern; and Hong Kong sampled 106 days, with 69 days fitting the linear decay 366 

pattern. Fig. 4  shows examples of linear fitting in the three cities, with the x-axis representing five 367 

time points: 8:00, 10:00, 12:00, 14:00 and 16:00 each day, and the y-axis representing ln(
𝐶𝑖

𝐶
𝐾𝐵𝐵

+
), 368 

with the slope equal to k. 369 

 370 

Fig. 4 Example calculation of the degradation rates of levoglucosan, mannosan and galactosan at 371 

(a) Zibo, (b) Changzhou and (c) Hong Kong. 372 

The three anhydro-saccharides differ in molecular structure, particularly in the C-H bonds at 373 

different positions on the sugar rings. This causes a different potential in the way hydroxyl radicals 374 

(·OH) react with each sugar molecule. Nevertheless, all three sugars undergo oxidation by ·OH 375 

radicals. Therefore, we conducted a correlation analysis of the decay rates for the anhydro-376 

saccharides in each city. As shown in Fig. S4, there is a strong correlation among the decay rates of 377 

anhydro-saccharides in the three cities. Although the molecular structures of the sugars differ, the 378 

oxidation mechanism by ·OH is similar, which explains the high correlation between their decay 379 

rates. Section 3.4 provides a detailed exploration of the environmental factors influencing the decay 380 

rate of anhydro-saccharides. According to John et al. (2020a and 2020b), the bound dissociation 381 

enthalpy (BDE) of levoglucosan, mannosan and galactosan can be estimated by the Accurate Bond 382 

dissociation Enthalpy Tool (ALFABET) online tool (https://bde.ml.nrel.gov/, last access: 21 Oct 383 

2025). The results show that the most easily broken C-H bonds for levoglucosan, mannosan, and 384 
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galactosan are all at positions 3 and 2, with corresponding BDE of 85.3~86.9 kcal/mol, 84.6~85.1 385 

kcal/mol, and 82.9~84.6 kcal/mol, respectively. This implies that the decay rates of the three 386 

anhydro-saccharides should be galactosan > mannosan > levoglucosan (St John et al., 2020a; St 387 

John et al., 2020b). However, this rule was only found in Hong Kong and Changzhou. Hence, except 388 

for bond dissociation energies (BDEs), there should be other driving factors of the decay rate. 389 

3.4 Driving factors of the decreasing rate of anhydro-saccharides 390 

The three sampling points represent cities with distinct meterological conditions. Zibo has a 391 

temperate monsoon climate, characterized by cold and dry winters. In contrast, Changzhou falls 392 

under the subtropical monsoon climate, with winters being more humid than those in Zibo. Although 393 

Hong Kong also has a subtropical monsoon climate, it is significantly influenced by the oceanic 394 

climate, resulting in smaller temperature variations and a more humid winter. The differences in 395 

climate conditions indirectly lead to variations in environmental factors, which in turn affect the 396 

daytime degradation rate of anhydro-saccharides across different cities. Therefore, we compared the 397 

environmental factors of the three cities with the calculated degradation rates of anhydro-398 

saccharides. These factors include ALWC related to liquid-phase reactions, the atmospheric 399 

oxidative capacity indicator Ox, solar surface radiation (SSR), relative humidity (RH) and 400 

temperature (T). Due to the lack of data on gas-phase anhydro-saccharides, the gas-phase oxidation 401 

part was not discussed in this study. 402 

As an indicator of the total amount of various oxidants in the atmosphere, Ox is used in this 403 

study to explore its impact on the daytime degradation rate of levoglucosan. As shown in Fig. 5, the 404 

Ox concentration in Changzhou is higher than in the other two cities, with an average value of 88.9 405 

± 26.0 μg/m3 (range: 41.4~162.0 μg/m3). In contrast, Ox levels in Zibo (79.4±16.3 μg/m3) is slightly 406 

lower than Changzhou but much higher than that in Hong Kong (62.3 ± 12.4 μg/m3). D. Hoffmann 407 

et al. (2010) reported that the reaction of levoglucosan with ·OH is a major degradation pathway, 408 

and model calculations indicate that levoglucosan is more readily oxidized by ·OH during the 409 

daytime. The average degradation flux during the winter daytime is 4.7 ng·m-3·h-1(Hennigan et al., 410 

2010). On the other hand, solar surface radiation (SSR), the key parameter for daytime ·OH 411 

production, showed similar levels in Changzhou and Hong Kong. The average solar radiation in 412 

Changzhou is 381.7 ± 165.6 W/m2 (range: 147.3~779.0 W/m2), while Hong Kong records 354.0 ± 413 

108.1 W/m2 (range: 133.7~547.0 W/m2). Zibo, by contrast, is markedly lower at 273.6 ± 81.8 W/m2 414 
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(range: 79.8~427.1 W/m2). Slade and Knopf (2014) reported that the presence of water can reduce 415 

particle viscosity, thereby enhancing ·OH oxidation (Slade and Knopf, 2014). Therefore, the higher 416 

degradation rate of levoglucosan in Changzhou compared to the other two cities may reflect 417 

stronger ·OH oxidation. As illustrated in Fig. 5(c), Changzhou exhibits the highest ALWC among 418 

the three cities, averaging 15.6 ± 15.5 μg/m3 (range: 0.4~56.5 μg/m3). Zibo follows closely at 13.4 419 

± 15.4 μg/m3 (range: 0.7~55.7 μg/m3), while Hong Kong records the lowest levels at 6.4 ± 8.9 μg/m3 420 

(range: 0.2~39.7 μg/m3). Furthermore, Slade and Knopf (2014) noted that an increase in relative 421 

humidity accelerates the heterogeneous oxidation rate of levoglucosan (Slade and Knopf, 2014). 422 

The relative humidity in Hong Kong is significantly higher than in the other two cities, with an 423 

average of 52.8 ± 13.0% (range: 15.8~88.0%). Zibo has the lowest relative humidity, with an 424 

average of 41.2 ± 16.4% (range: 18.4~89.8%), while Changzhou has an average relative humidity 425 

of 48.9 ± 19.2% (range: 20.4~80.2%). When the relationship between the response variable and 426 

explanatory variables is unclear, the generalized additive model (GAM) can be used to fit the 427 

explanatory and response variables by plotting smooth functions, further assessing their linear or 428 

nonlinear relationship (ref). For levoglucosan, the daytime degradation rate calculated for the three 429 

cities was used as the response variable in the GAM model, and the various influencing factors (Ox, 430 

ALWC, SSR, RH and T) were used as the corresponding explanatory variables. Additionally, the 431 

model’s accuracy was assessed by examining the R2, p-values, and deviance explained (DE). 432 

 433 

Fig. 5 Comparison of environmental factors and decay rates across three cities: (a) decay rates of 434 

levoglucosan, mannosan and galactosan, (b) Ox, (c) ALWC, (d) SSR, (e) RH, (f)T. 435 

The validation results of the GAM model are shown in Fig. S5. From the residual Q-Q plot 436 

(Fig. S5a), it can be observed that most of the data points approximately follow a straight line, 437 

indicating that the residuals of the GAM model generally follow a normal distribution. Fig. S5b 438 
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shows the scatter plot of the residuals versus the model’s predicted values, which indicates that the 439 

residuals are randomly distributed. The residual histogram (Fig. S5c) demonstrates a rough 440 

symmetric distribution. Additionally, Fig. S5d reveals that the observed values closely follow the 441 

“1:1” line, indicating a good fit between the observed and fitted values. These results confirm that 442 

the GAM model provides a good fit for the daytime attenuation rate of levoglucosan. 443 

The analysis results from the GAM model are shown in Table S6. The adjusted R2 between the 444 

observed and estimated values was 0.70, with a bias explanation rate of 70.9%. The daytime decay 445 

rate of levoglucosan significantly increased with the rise in ALWC (p<0.05). As shown in Fig. 6(a), 446 

especially ALWC >30 μg/m3, the decay rate increased as ALWC increased, indicating that ALWC 447 

is an important factor affecting the daytime decay rate. This result is consistent with the findings of 448 

Slade and Knopf (2014), which suggest that liquid-phase reactions reduce the viscosity of 449 

levoglucosan particles, allowing for easier absorption of ·OH and accelerating the daytime decay 450 

process(Slade and Knopf, 2014). We also find that the decay rate significantly increased with 451 

temperature (T) (p<0.05). However, temperature exerts a modest positive contribution to the decay 452 

rate when T < 10°C. In contrast, when T > 10°C, the decay rate increases markedly, indicating that 453 

the rise in temperature affects the decay rate. Additionally, the decay rate significantly increased 454 

with the rise of Ox (p<0.05). As shown in Fig. 6(a), the decay rate almost increased linearly with Ox. 455 

When the Ox>150 μg/m3, the decay rate is higher than 0.1 h-1, suggesting that oxidants become the 456 

key driving factor for the attenuation reaction under this condition. This study also found that 457 

relative humidity (p=0.08) and SSR (p=0.12) did not significantly affect the decay rate. However, 458 

Fig. 6(a) show that both are positively correlated with the daytime decay rate of levoglucosan, 459 

especially RH>60%, which nearly increases linearly. Although SSR did not show a significant 460 

upward trend when it was less than 400 W/m², when SSR exceeded 400 W/m², the decay rate 461 

increased with the rise in SSR, suggesting that SSR still has some effect on the decay rate. Further 462 

univariate GAM tests showed that, after excluding the interference of other variables, RH and SSR 463 

were significantly positively correlated with the daytime decay rate of levoglucosan (p<0.05). This 464 

difference may arise from the weak correlation between RH and SSR and other variables, which 465 

was partially masked in the multivariable model. Additionally, the multivariable model had lower 466 

statistical power to test individual variables, potentially failing to identify effects that were close to 467 

the significance level. The other two anhydro-saccharides, mannosan and galactosan, exhibited 468 
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similar characteristics to levoglucosan with respect to ALWC, RH, Ox, and SSR. As shown in Fig. 469 

6(b) and Fig. 6(c), when temperature (T) < 10°C, the positive contribution of temperature to the 470 

decay rates of mannosan and galactosan was greater than levoglucosan. This indicates that although 471 

all three are anhydro-saccharides derived from biomass burning and their decay processes are 472 

generally regulated by similar environmental factors, mannosan and galactosan are more sensitive 473 

to temperature, likely attributed to differences in chemical stability induced by variations in their 474 

molecular structures. Hong Kong has the highest average temperature among the three cities, which 475 

may explain why the daytime degradation rates of mannan and galactan are higher in Hong Kong 476 

than in the other two cities. 477 

 478 

Fig. 6 Influence of various factors on the daytime degradation rate of levoglucosan analyzed 479 

using the GAM model. (a) ALWC, (b) T, (c) RH, (d) Ox, (e) SSR 480 

As shown in Fig. 6, ALWC, RH, and Ox are the three factors that contribute most to the 481 

degradation rate of levoglucosan. Therefore, we plotted these factors against the degradation rate to 482 

better explore their relationship. As illustrated in Fig. 7, overall, all three factors show a positive 483 

correlation with the levoglucosan degradation rate. Specifically, as the concentration of Ox increases, 484 

relative humidity (RH) rises, and the liquid water content (ALWC) increases, the degradation rate 485 

of levoglucosan tends to increase. In contrast, when the levels of these three factors are relatively 486 

low, the degradation rate generally remains in a lower range, further confirming that these factors 487 

play a promoting role in the degradation process of levoglucosan. 488 
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 489 

Fig. 7 Relationships between decay rates of levoglucosan (a), mannosan (b), and galactosan (c) 490 

with Oₓ, RH, and ALWC 491 

Based on the results from the GAM model, we separately examined the contributions of five 492 

factors to the degradation rates of dehydrated sugars in Zibo, as shown in Fig. 8. The results indicate 493 

that Ox contributes more significantly to the degradation rate of levoglucosan than the other two 494 

anhydro-saccharides, while aerosol liquid water content (ALWC) contributes similarly to the 495 

degradation rates of mannosan and galactosan, which is significantly higher than that of 496 

levoglucosan. These results suggest that the degradation rate of dehydrated sugars is not only related 497 

to the bond dissociation energies (BDEs) of their structures but also influenced by other driving 498 

factors, with varying contributions. The combined effects of multiple driving factors and the 499 

differential sensitivities of different sugars to these factors ultimately lead to differences in the 500 

degradation rates. This may help explain why the degradation rates of the three dehydrated sugars 501 

in Zibo do not follow the pattern predicted by bond dissociation energies (BDEs). 502 

 503 

Fig. 8 Contributions of ALWC, T, RH, and Ox to the decay rates of levoglucosan, mannosan, and 504 

galactosan in Zibo 505 

In conclusion, the analysis results from the GAM model suggest that the daytime decay rate of 506 
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anhydro-saccharides is influenced by multiple factors, with ALWC, T, and Ox being the main driving 507 

factors. Despite the lack of significance in the effects of RH and SSR, they still showed a positive 508 

correlation with the decay rate. Given that the sampling times at the three sampling sites in this 509 

study concentrated in the autumn and winter, it is expected that in summer, under conditions of 510 

higher Ox, temperature, and SSR, the decay rate of anhydro-saccharides will significantly increase. 511 

Therefore, further investigation into the degradation mechanisms of anhydro-saccharides is crucial 512 

for accurately assessing the contribution of BB aerosols to global air quality, particularly in the 513 

context of seasonal and environmental changes, and holds significant scientific and practical value. 514 

4. Conclusions 515 

This study employed TAG-GC/MS to obtain bihourly time resolution PM2.5-bound anhydro-516 

saccharides (levoglucosan, mannosan, and galactosan) during the winter season in three typical 517 

cities over three regions in China, including Zibo, Changzhou and Hong Kong, located in the NCP, 518 

YRD and PRD regions, respectively. The decay rates of levoglucosan, mannosan, and galactosan in 519 

the real atmosphere and the driving factors are investigated. Results indicate that levoglucosan had 520 

the highest concentration among all the three anhydro-saccharides. In Zibo, the concentration of 521 

levoglucosan was 45.5 ± 32.3 ng/m3, higher than Changzhou (45.1 ± 38.7 ng/m3) and Hong Kong 522 

(27.5 ± 15.6 ng/m3). The diurnal variation of the three anhydro-saccharides showed a decreasing 523 

trend during the daytime (8:00-16:00). We selected K+
BB as a reference substance and calculated the 524 

daytime degradation rates of the three anhydro-saccharides in the three cities using the relative rate 525 

constant method. The results indicated that the degradation rate of levoglucosan was highest in 526 

Changzhou, at 0.13 ± 0.05 h-1 (range: 0.01~0.55 h-1), while mannosan and galactosan showed the 527 

highest degradation rates in Hong Kong, at 0.14 ± 0.05 h-1 (range: 0.04~0.29 h-1) and 0.15 ± 0.06 h-528 

1 (range: 0.04~0.33 h-1), respectively. Due to structural differences, particularly the varying positions 529 

of the C-H bond within the sugar ring, the reaction mechanisms of hydroxyl radicals (·OH) with the 530 

three sugar molecules differ, leading to variations in the degradation rates of anhydrous sugars 531 

within the same city. Environmental factors, such as air quality and climate type, in different cities 532 

further contribute to variations in degradation rates. In addition, the differential sensitivity of various 533 

anhydro-saccharides to these driving factors leads to differences in the decay rates of the three 534 

sugars. The GAM model results indicate that the daytime decay rate of anhydro-saccharides is 535 
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primarily influenced by ALWC, RH, and Ox. Additionally, increases in T and SSR also contribute 536 

to an enhanced decay rate. Our findings highlight that the degradation of anhydro-saccharides in 537 

real atmospheric conditions occurs through various oxidative mechanisms. Further investigation 538 

into the degradation mechanisms of anhydro-saccharides is crucial for accurately assessing the 539 

contribution of BB aerosols to global air quality. The results of this study provide valuable data and 540 

insights for future air quality management. 541 
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