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Abstract

In this study, we investigated the chemical composition and hygroscopicity of water-soluble fraction in PM2.5 collected from

a rural site of Guanzhong Basin, a highly polluted region in northwest China. Hygroscopic growth factors, g(RH), of water-

soluble matter(WSM) were measured by hygroscopic tandem differential mobility analyzer(H-TDMA) with an initial dry particle

diameter of 100 nm. The g(90)WSM and κWSM was in the range of 1.08˜1.49(1.35{plus minus}0.10) and 0.04˜0.29(0.19{plus

minus}0.06) in summer, 1.24˜1.45(1.36{plus minus}0.07) and 0.12˜0.26(0.20{plus minus}0.04) in winter, respectively. We found

that increased nitrate concentration at night in summer suppressed 60-70% of the deliquescent point, and increased g(RH) at

elevated relative humidity, compared to daytime. Secondary inorganic ions were the main components in heavy haze day,

and greatly contributed to the hygroscopicity of particles. In contrast, more potassium compound and WSOM existed during

Chinese Spring Festival event but exhibited no deliquescence point in the process of hygroscopic growth with the elevated

RH. The g(90)WSOM and κWSOM, obtained using ZSR model, were in the range of 1.06˜1.52(1.25{plus minus}0.14) and

0.024˜0.32(0.13{plus minus}0.09) in summer, 1.06˜1.58(1.38{plus minus}0.15) and 0.02˜0.38(0.22{plus minus}0.10) in winter,

respectively. The mean g(90)WSOM was in the range of that of biomass burning aerosols, and a good correlation (R=0.71) was

found between g(90)WSOM and levoglucosan, confirming that the aerosol’s hygroscopicity were highly influenced by biomass

burning in winter. Briefly, it is revealed that the aerosol in rural regions of Guanzhong Basin is mainly influenced by biomass

burning based on the hygroscopicity in winter and summer.
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Key points: 33 

⚫ Inorganic matters promote the hygroscopicity of particulate matter in summer, 34 

while the contribution from organics increases in winter. 35 

⚫ The concentration of sulphate, nitrate, ammonium is higher on heavily polluted 36 

days, and the organic matter is high in non-polluting days. 37 

⚫ The rural site of Guanzhong Basin is affected highly by biomass combustion. 38 

 39 

Abstract: 40 

In this study, we investigated the chemical composition and hygroscopicity of water-41 

soluble fraction in PM2.5 collected from a rural site of Guanzhong Basin, a highly 42 

polluted region in northwest China. Hygroscopic growth factors, g(RH), of water-43 

soluble matter(WSM) were measured by hygroscopic tandem differential mobility 44 

analyzer(H-TDMA) with an initial dry particle diameter of 100 nm. The g(90)WSM and 45 

κWSM was in the range of 1.08~1.49(1.35±0.10) and 0.04~0.29(0.19±0.06) in summer, 46 

1.24~1.45(1.36±0.07) and 0.12~0.26(0.20±0.05) in winter, respectively. We found that 47 

increased nitrate concentration at night in summer suppressed 60-70% of the 48 

deliquescent point, and increased g(RH) at elevated relative humidity, compared to 49 

daytime. Secondary inorganic ions were the main components in heavy haze day, and 50 

greatly contributed to the hygroscopicity of particles. In contrast, more potassium 51 

compound and WSOM existed during Chinese Spring Festival event but exhibited no 52 

deliquescence point in the process of hygroscopic growth with the elevated RH. The 53 

g(90)WSOM and κWSOM, obtained using ZSR model, were in the range of 54 

1.06~1.52(1.25±0.14) and 0.02~0.32(0.13±0.09) in summer, 1.06~1.58(1.38±0.15) and 55 

0.02~0.38(0.22±0.10) in winter, respectively. The mean g(90)WSOM was in the range of 56 

that of biomass burning aerosols, and a good correlation (R=0.71) was found between 57 

g(90)WSOM and levoglucosan, confirming that the aerosol’s hygroscopicity were highly 58 

influenced by biomass burning in winter. Briefly, it is revealed that the aerosol in rural 59 

regions of Guanzhong Basin is mainly influenced by biomass burning based on the 60 
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hygroscopicity in winter and summer.  61 

 62 

Plain Language Summary： 63 

This manuscript reports the chemical compositions and hygroscopic properties of 64 

water-soluble fraction in PM2.5 collected from a rural site of Guanzhong Basin, a 65 

highly polluted region in northwest China. We found that inorganic components 66 

(ammonium and sulphate, etc) are the main substances that promote the hygroscopic 67 

properties of particulate matter in summer, while in winter, the contribution from 68 

organic matters increases. The SNA concentration is higher on heavily polluted days, 69 

and the content of organic matter is high in non-polluting days. The g(90)WSM values 70 

measured by H-TDMA and the retrieved κWSM was in the range of 1.08~1.49(1.35±0.10) 71 

and 0.04~0.29(0.19±0.06) in summer, 1.24~1.45(1.36±0.07) and 0.12~0.26(0.20±0.04) 72 

in winter, respectively, which is particularly similar to the hygroscopicity parameters of 73 

particulate matter produced by biomass burning. We further infer that this region area 74 

is affected by biomass combustion due to the fact that the hygroscopicity parameters of 75 

WSOM, calculated by E-AIM and ZSR model, is almost equal to the value of the 76 

biomass combustion indicator. 77 

 78 

 79 
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1 Introduction 80 

Air quality problems caused by atmospheric particulate matter (PM) is a major 81 

concern globally. Research on atmospheric PM has increased over the past decades 82 

because of its impact on human health (Brook et al., 2010; Fernández-Camacho et al., 83 

2016; Karagulian et al., 2015; Petrowski et al., 2019), ecosystems and climate change 84 

(He et al., 2019; IPCC, 2001; Paraskevopoulou et al., 2015; Zhao et al., 2017). 85 

Hygroscopicity, which describes water uptake ability by particles in response to 86 

elevated relative humidity(RH) (Alonso-Blanco et al., 2019; Gasparini et al., 2004), is 87 

an important thermal dynamic property of atmospheric particles. Due to water 88 

ab/adsorption, the particles extinction index will change, the mass and volume will 89 

increase and can provide media for heterogeneous chemical reactions(X G Liu et al., 90 

2010; Y Liu et al., 2016b; Y Wu et al., 2017a). The hygroscopicity of particles largely 91 

depends on chemical composition, including some water-soluble inorganic matters 92 

(WSIM) such as SO4
2– , NO3

–, and NH4
+(Junji et al., 2009) and organic matters (WSOM) 93 

(J C Zhang et al., 2011a). Another concern is that because the fine PM2.5 aerosol 94 

particles in the atmosphere contain a variety of components, some of which are highly 95 

hygroscopic, the haze events caused by them have become a common weather 96 

phenomenon in heavily polluted areas(Ma et al., 2012). 97 

High PM2.5 levels can be caused by direct emissions or by the formation of 98 

secondary aerosols; the latter are produced from gaseous precursors, especially sulfur 99 

dioxide (SO2), nitrogen oxides (NOx), ammonia (NH3), and volatile organic compounds 100 

(VOCs), which mainly form the components of sulfate, nitrate, ammonium and organic 101 

carbon in the particles(Bi et al., 2007; Chan and Yao, 2008; T J Wang et al., 2012). A 102 

lot of previous studies had revealed that chemical composition of PM2.5 in China varies 103 

significantly in different season, which in general has highest concentration in winter 104 

and lowest in summer (Z Liu et al., 2014b; S Wang et al., 2015; L Yao and Lu, 2014). 105 

For example, Shen et al. indicated that spring samples were highlighted by abundance 106 

of Ca2
+, while the secondary aerosol species (NO3

-, SO4
2-, and NH4

+) and OC dominated 107 
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in summer, autumn, and winter samples from 2006 to 2007 at Xi’an, China.(Shen et al., 108 

2014) Moreover, a pronounced seasonal variation was observed with relatively lower 109 

water content in the colder season, indicating that the inorganic salts were mainly 110 

crystalline in winter, whereas they were probably dissolved during the rest of the 111 

year(Hueglin et al., 2005). These seasonal variations are related to meteorological 112 

conditions, emissions and chemical transformations (Z Liu et al., 2014b; S Wang et al., 113 

2015; L Yao and Lu, 2014), and in turn affect the hygroscopic growth factor in each 114 

season. 115 

Guanzhong Basin is one of the most heavily polluted regions in the world with an 116 

annual concentration of PM2.5 on the ground surface more than 80 μg·m−3 during 117 

2001−2006(van Donkelaar et al., 2010). Compared to other regions in China such as 118 

North China Plain, Yangtze River Delta (YRD), Pearl River Delta (PRD) and Sichuan 119 

Basin, air quality in Guanzhong Basin is highly affected by the dust-related emissions 120 

from the Loess Plateau in the northwest direction, and the relatively stagnant 121 

meteorological condition due to the basin topography(Jianjun Li et al., 2011). Not only 122 

the air pollution in Guanzhong urban areas such as Xi'an and Weinan City is serious, 123 

but also the situation in the surrounding rural areas is very serious, which may be related 124 

to the way of obtaining heat energy(Jin et al., 2018), such as biomass burning. Although 125 

some studies have paid attention over the past decades to PM2.5 chemical composition 126 

and hygroscopicity in East and North China(X-C Chen et al., 2017; Johannesson et al., 127 

2007; J Wang et al., 2013; Yu et al., 2018), few studies were conducted in Guanzhong 128 

Basin, especially for its rural areas. 129 

In this experiment, summertime and wintertime PM2.5 samples were collected in a 130 

rural area of Guanzhong Basin. Some chemical compositions and optical properties of 131 

the PM2.5 samples were reported elsewhere(Jianjun Li et al., 2020). Here, the 132 

hygroscopic growth factor of water-soluble matter in winter and summer under high 133 

relative humidity (90%) was determined to investigate the seasonal variation of 134 

hygroscopic properties of PM2.5 in the rural region. We also combined the contribution 135 

of WSIM and WSOM to analyze the influences of chemical compositions and source 136 
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emissions on the hygroscopicity of PM2.5 in the different seasons. 137 

 138 

2 Methodology 139 

2.1 Sample collection 140 

The sampling was performed at at a rural background site, Lin Village (109 ° 32 'E, 141 

34 ° 44' N, 354 m a.m.s.l), Weinan city, in the hinterland of the Guanzhong Basin. No 142 

obvious point sources of atmospheric pollution were found nearby the sampling site. 143 

Detailed information of the sampling campaign was described by Li et al. (Jianjun Li 144 

et al., 2020). Briefly, daytime (08:00 - 20:00) and nighttime (20:00 - 08:00 next morning) 145 

PM2.5 samples were collected on pre-combusted (450°C for 6 h) quartz filters 146 

(Whatman QM/A) using a high volume air sampler (TISCH, TE6070DV-BL, 1.13 147 

m3·min-1) during Aug. 3-23, 2016 (summer) and Jan. 20 – Feb. 1, 2017 (winter). Field 148 

blank samples were also collected at the beginning, middle and end of sampling period 149 

by mounting blank filters onto the sampler for about 15 min without pumping any air. 150 

Before and after sampling, the sample filters were wrapped in aluminum foil and kept 151 

in the refrigerator at -5 ℃ to prevent the decomposition and volatilization of substances. 152 

2.2 Hygroscopicity of water-soluble matter  153 

2.2.1 Hygroscopicity Measurement 154 

A square of ~2.6 cm2 of the sampling filter was cut (corresponding to 813.6 m3 155 

sampling air) and extracted with ultrapure water under ultrasonication for 1 hour (15 156 

min each, repeated four times). The dissolved solution was filtered through a PTFE 157 

syringe membrane filter (millex-GP, 0.22 μm in pore size, Millipore) to remove water-158 

insoluble suspensions. The water-extract in 30 ml was then placed in the atomizer to 159 

generate suspended aerosol particles (S K Boreddy et al., 2016). The generated aerosol 160 

particles pass through a Nafion dryer (MD-070-12, １
４ ，14± １

４  ) and a silica gel 161 

diffusion dryer (self-made, I.D.100mm, length 650mm) to remove water and leave 162 

crystalline substances (RH<5%), which are then charged positive and negative ions by 163 

a corona-discharge electrode operated at a high AC voltage by the neutralizer (85Kr, TSI, 164 
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2mCi, Model 3077). After that, the charged polydisperse aerosol particles flow 165 

(0.3L/min) went through the first differential mobility analyzer (DMA1, TSI model 166 

3081) with the aerosol to sheath flow ratio as 1:10 to select dry particles with the 167 

diameter of 100 nm. The monodisperse100 nm aerosol particles are then introduced 168 

into the RH conditioner, where RH is controlled between 10%~93%, transferred to 169 

humidified DMA2 for measuring the diameter of particles at defaulted RH. 170 

Condensation particle counter (CPC, TSI model 3010) is used to count the humidified 171 

aerosol particles. All H-TDMA experiments were performed at room temperature of 172 

298 K and atmospheric pressure of 1 atm(S K Boreddy and Kawamura, 2016; S K 173 

Boreddy et al., 2016; Michihiro Mochida and Kawamura, 2004b). The system was 174 

calibrated every two hours with pure ammonium sulfate particles at 90 % RH to ensure 175 

the accuracy of system(H J Liu et al., 2014a).  176 

2.2.2 Hygroscopicity growth factor calculation 177 

Aerosol hygroscopicity is described by the hygroscopic growth factor, g(RH), which 178 

is the ratio of the particle diameter at elevated RH relative to that of the initial dry 179 

particles (S K Boreddy and Kawamura, 2016; Suresh Kumar Reddy et al., 2014; 180 

Swietlicki et al., 2017) and is given by the following equation: 181 

 ( )
( )p

dry

D RH
g RH

D
=  (1) 182 

where Ddry is the initial dry particle diameter at RH <5% and Dp(RH) is the diameter at 183 

an elevated RH. In this study, the hygroscopic growth factor of the water-extract 184 

components at RH of 90, i.e. g(90)WSM, was measured for all PM2.5 samples. Moreover, 185 

a total of 8 samples in typical whether were selected to investigate the hygroscopic 186 

behaviors at whole RH range of 10%, 20%, 30%, …, 90%, 93%. Investigation of the 187 

hygroscopic growth of particles was reduced to analyzing their size distribution spectra 188 

measured before and after particle humidification and fitted with a lognormal Gaussian 189 

curve. 190 

2.2.3 Kappa and ZSR calculation 191 

According to the Köhler theory, the hygroscopicity parameter, κ, introduced by 192 
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Petters and Kreidenweiss(Petters and Kreidenweis, 2007), could be used to describe the 193 

hygroscopicity of the aerosol particles based on the H-TDMA measured data(Suresh 194 

Kumar Reddy et al., 2014; Swietlicki et al., 2017; Z J Wu et al., 2015; Ye et al., 2013). 195 

κ is defined according to: 196 

 

( )( )( )
3

1 1 w

w

g RH a

a


− −
=

 (2) 197 

where g(RH) is the measured growth factor using an HTDMA and aw is the water 198 

activity 199 
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    (3) 200 

with  201 

 

/4 s a w

w

M
A

RT




=

 (4) 202 

where σs/a is the surface tension of the solution–air interface, Mw is the molar mass of 203 

water, ρw is the density of water, R is the universal gas constant, T is the temperature 204 

in Kelvin, and D0 is the droplet diameter. 205 

Assuming there is no interaction between different components of WSM, GF of 206 

internally mixed particles can be reproduced based on the ZSR relation as followed 207 

(Luo et al., 2020): 208 

 
( )

1 3

mixed i i

i

g g
 

=  
 


 (5) 209 

where gi is the hygroscopic growth factor of species i and εi is its volume fraction in the 210 

mixed WSM. 211 

2.3 Chemical Analysis 212 

A punch of the filter sample (~8.6 cm2) was extracted with Milli-Q water (18.2MΩ), 213 

and filtered through a PTFE syringe filter. Then the water-extract was analyzed for 214 

water-soluble inorganic ions (SO4
2-, NO3

-, NH4
+, Cl-, Ca2+, K+, Na+ and Mg2+) using a 215 

Metrohm Ion Chromatography (Metrohm 940, Switzerland) and WSOC using a 216 

Shimadzu TOC analyzer (TOC-L CPH, Japan). After every 10 samples are tested, one 217 

sample is randomly selected for repeated test. Concentrations of individual molecules, 218 
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including levoglusosan, galactosan, and mannosan, were measured using GC/EI-MS 219 

(Agilent 7890A-5975C, USA) calibrated by authentic standards. The details for the 220 

sample extraction procedures and chemical measurements were provided in previous 221 

publications (J. Li et al., 2014; Jianjun Li et al., 2020; Steven et al., 2016; T Zhang et 222 

al., 2011b). 223 

3 Result and discussion  224 

3.1 Chemical composition of WSM 225 

Previous studies indicated that the water-extract of atmospheric aerosol is mostly 226 

composed of water-soluble inorganic ions, metals, and organic matters (WSOM). 227 

However, water-soluble metals were not discussed in this study because their 228 

contribution to hygroscopic can be neglected compared with inorganic ions and OM 229 

in the extract of atmospheric fine particulate (Swietlicki et al., 2017; H. Xu et al., 2019). 230 

What’s more, the concentration of WSOM could be calculated by multiplying the 231 

concentration of WSOC by a factor of 2.1(Aggarwal et al., 2007; S K Boreddy et al., 232 

2016; Jung et al., 2011). Figure 1 summarizes the temporal variation of mass 233 

concentration of PM2.5 and each water-soluble matter in both summer and winter. The 234 

average mass concentration of PM2.5 in winter is about three times higher than that in 235 

summer (Figure 1a and Table 1), mainly attributed to enhanced emissions from 236 

residential activities for house heating and relatively stable meteorological conditions 237 

in winter(Sun et al., 2019; X Zhang et al., 2019). The wintertime PM2.5 concentration 238 

(185.5μg m-3) in this study is comparable to that in Nanliu Village (191.0 μg m-3), 239 

another small village about 110 km away from the Lin Village, in the winter of 2016 240 

(Hongmei Xu et al., 2018), suggesting that PM2.5 pollution is regional rather than local 241 

in the Guanzhong Basin area.  242 
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 243 
Figure 1 PM2.5 concentration and concentration and proportion of water-soluble substances during 244 

the two sampling campaigns.  245 

Table 1 Concentration and proportion of water-soluble ions and organic carbon in PM2.5 246 

WSM 
Summer Winter 

Average Proportion in PM2.5 Proportion in WSM Average Proportion in PM2.5 Proportion in WSM 

WSOM 10.63±1.11 17.55%±4.51% 27.04%±8.18% 45.97±9.28 26.72%±7.20% 41.18%±10.64% 

NH4
+ 5.31±1.93 8.40%±2.35% 12.40%±1.96% 10.68±10.28 4.71%±2.25% 7.05%±2.90% 

Cl- 0.37±0.11 0.61%±0.20% 0.94%±0.32% 7.56±4.99 3.99%±1.46% 6.15%±2.14% 

NO3
- 3.61±2.49 5.66%±3.54% 8.37%±4.33% 26.93±24.84 12.11%±5.61% 18.04%±7.39% 

SO4
2- 19.97±6.66 31.72%±8.33% 46.80%±5.54% 22.52±15.98 11.40%±2.38% 17.48%±2.86% 

Other ions 1.79±0.62 2.96%±1.15% 4.45%±1.38% 10.89±5.75 6.46%±2.49% 10.09%±4.10% 

Total ions 31.05±10.35 50.11%±13.05% 72.96%±8.18% 78.58±56.60 38.86%±9.43% 58.82±10.64% 

The total amount of WSM, i.e. the sum of WSOM and water-soluble inorganic ions, 247 

accounts for 66.93% and 67.16% of PM2.5 concentration in summer and winter, 248 

respectively. Inorganic ions predominate the WSM concentration in both seasons, 249 

accounting for more than 50% of WSM. However, the contribution of WSOM to WSM 250 

increases by 1.4 times from 27.04±8.18% in summer to 41.18±10.64 % in winter (Table 251 

1). In summer, the high temperature and solar radiation are favorable for atmospheric 252 
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photochemistry activity, and thus can enhance the formation of secondary pollutants 253 

(Calvo et al., 2008). Thus, the contribution of the sum of NO3
-, SO4

2-, and NH4
+ to WSM 254 

is always higher than 50% in summer (Figure 1). Sulfate is the most abundant 255 

composition, accounting for about half of WSM, followed by decreasing in order of 256 

WSOM, NH4
+, and NO3

-. In winter, however, WSOM becomes the most abundant 257 

composition, accounting for more than one third of WSM in both daytime and nighttime. 258 

The contribution of SO4
2-, NO3

-, and NH4
+ increased continuously during the haze 259 

period(Ge et al., 2019; G Wang et al., 2018a; G Wang et al., 2016a; Xie et al., 2020) 260 

(January 23rd to 26th, 2017), because the high RH and stable meteorological condition 261 

are favorable for their secondary formation. This result agrees well with most previous 262 

studies in China (An et al., 2017; S Y Chen et al., 2015; X Wang et al., 2018b; Xiang et 263 

al., 2016; Yue et al., 2015). However, it is worth noticing that the content of Cl- in the 264 

particles is relatively stable, regardless of whether it is haze weather, which may 265 

indicate that primary emission changes litter during winter.  266 

 267 

Figure 2 Comparison of water-soluble matters between daytime and nighttime in both seasons. 268 

Figure 2 shows the proportion of day and night components during summer and 269 

winter sampling. In summer, the contribution of NO3
- (12.66%) in nighttime increases 270 

by around 3 times compared with that in daytime (4.35%), which is related to the 271 

enhancing gas-to-particle partitioning at lower temperature in nighttime. The 272 
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proportion of WSOM at nighttime (21.30%) is lower than that in daytime (29.99%), 273 

because more secondary OM are formed in daytime. In winter, however, the proportion 274 

of water-soluble matters in the samples collected in the daytime and at nighttime has 275 

almost no change, which is different from that in summer. And it could also indirectly 276 

be explained by the static and stable environmental conditions between day and night 277 

in winter. 278 

3.2 Variation of g(90)WSM in association of chemical compositions 279 

Figure 3 shows the temporal variation of g(90)WSM and κWSM in both seasons. 280 

Although the average values of g(90)WSM in summer (1.35±0.10) and winter (1.36±0.07) 281 

are comparable, daily g(90)WSM presents an obvious variation in both seasons 282 

(1.08~1.49 in summer and 1.24~1.45 in winter). The results indicate that the 283 

hygroscopic properties of PM2.5 in the region are highly affected by biomass burning. 284 

The hygroscopic growth factor also showed a distinct diurnal pattern with higher value 285 

at night in summer, while in winter the value of day and night was almost the same, 286 

which should be attributed by the different by the proportion of different components 287 

in WSM. 288 

 289 

Figure 3 The temporal variation of g(90)WSM and κWSM in both seasons: (a) for summer, (b) for winter. 290 

The correlation coefficient (R) is 0.71 in summer and 0.50 in winter between 291 

g(90)WSM and PM2.5, indicating that the particles in summer environment contain more 292 

substances that are more hygroscopic (e.g., SO4
2-) than that in winter, as shown in 293 

Figure 4(a)(Steven et al., 2016). The linear correlation between g(90)WSM and major 294 
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ionic components in different seasons are shown in Figure 4. In summer, g(90%)WSM 295 

presents a strong correlation with sulfate (R=0.86, Figure 4(b) and ammonium (R=0.88, 296 

Figure 4(d)), implying that secondary inorganic ions formed from precursors are 297 

important for the growth factor of PM2.5 over Guanzhong Basin in summer. The nitrate 298 

(R2=0.61, Figure 4(c)) shows a weaker correlation with g(90%)WSM, indicating their 299 

weak contribution due to the relatively low abundance. Organic matters seems have 300 

neglectable effect to the g(90%)WSM in summer (R<0.1; p>0.1). The correlations of 301 

g(90%)WSM with inorganic ions are much weaker in winter, e.g., the coefficients (R) is 302 

0.50 for sulfate, 0.49 for nitrate, and 0.50 for ammonium, respectively. These results 303 

suggest that the role of inorganic ions playing on the hydroscopic property of WSM of 304 

PM2.5 decreased in winter. Whereas, the effect of water-soluble organic matter increased 305 

slightly so that it also have a weak correlation with g(90%)WSM (R=0.45, p<0.01; Figure 306 

4(e)) in winter. Moreover, the correlation coefficients (R) between biomass burning 307 

tracers, i.e. levoglucosan, galactosan, mannosan, and hygroscopic growth factor of 308 

WSM at 90% RH are 0.54 (Figure 4(f)), 0.49, 0.52 (not shown as figures), 309 

respectively(S K R Boreddy et al., 2014; Jung et al., 2011; M. Mochida and Kawamura, 310 

2004a). The correlation coefficient of biomass burning indicators is larger than that of 311 

WSOM, revealing that the source of biomass burning has a significant contribution to 312 

the hygroscopicity of aerosols, and is the major part of organic matter. 313 
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 314 

Figure 4 Scatter plots and Linear fit curve between g(90%)WSM versus mass concentration PM2.5 and 315 

WSM mass concentration of different chemical species: (a) mass concentration PM2.5 in summer,(b) 316 

SO4
2-, (c) NO3

-,(d) NH4
+, (e) WSOM, (f)levoglucosan in the PM2.5 aerosols collected at Lin Village. 317 

κWSM values derived from hygroscopic growth factor measured by H-TDMA in both 318 

seasons are presented in Figure 3. The calculated κWSM ranges from 0.04~0.29 averaged 319 

of 0.19±0.06 in summer and 0.12~0.26 with the average of 0.20±0.05 in winter, 320 

respectively. The hygroscopic growth factor of the WSM in the environmental PM2.5 321 

aerosol in this study are significantly lower than that of other regions, such as marine 322 

sites and urban sites (Table 2). This related to the composition of aerosols in different 323 

regions(Y Liu et al., 2016b). Marine aerosols contain a large amount of inorganic salts, 324 

of which Na+ and Cl- are the most abundant, showing very high hygroscopicity (2.1)(S 325 

K Boreddy and Kawamura, 2016; S K Boreddy et al., 2016). In addition, the 326 
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hygroscopicity parameters of water-soluble matter in urban environments aerosols are 327 

higher than those of rural aerosols due to the influence of sulfate and nitrate discharged 328 

by more human activities in urban areas (Y Liu et al., 2016b; Ye et al., 2013; J C Zhang 329 

et al., 2011a). At rural and suburban sites, however, PM2.5 aerosols contain more water-330 

soluble organic matters(Jin et al., 2018; Suresh Kumar Reddy et al., 2014) with lower 331 

hygroscopicity than SNA and NaCl(Swietlicki et al., 2017). In this study, the samples 332 

were collected at rural site, Lin village, with the proportion of water-soluble organic 333 

matter in winter and summer was 27.04% and 41.18% respectively. Therefore, the 334 

measured hygroscopic growth factor with HTDMA is closer to the value of less 335 

hygroscopicity, such as biomass burning aerosols, and the value of the retrieved 336 

hygroscopicity parameter, κ, is smaller. 337 

Table 2 Hygroscopicity parameters of WSM, κWSM, extracted from environmental aerosols.  338 

RH Site Time Particles Instruments κWSM/g(RH)WSM Reference 

90% 
Lin village 

(109°32'E, 34°44' N) 

Aug. 3rd-23rd, 

2016 

Jan. 20th to Feb. 

1st, 2017 

PM2.5 H-TDMA 

0.023-0.219 summer 

(0.140±0.047) 

0.097-0.221 winter 

(0.144±0.036) 

(κWSM) 

In this study 

90% 

East China Sea 

(119°E–126°E, 

22°N–35°N) 

May 18- June 12, 

2014 
TSP H-TDMA 

0.46-1.56（0.88 ± 

0.35）(κWSM) 

(Yan et al., 

2017) 

90% 

Morogoro, Tanzania, 

in East Africa. 

(06°47′40.8″S, 

37°37′44.5″E) 

June–August 

2011 
PM2.5 H-TDMA 

0.04-0.24 (0.11±0.07) 

(κWSM) 

(Suresh Kumar 

Reddy et al., 

2014) 

90% 

Chichijima Island, 

Japan 

(27°04′N, 142°13′E) 

January–

September 

2003 

TSP H-TDMA 
0.20-0.97 (0.51±0.17) 

(κWSM) 

(S K Boreddy 

and Kawamura, 

2016) 

85% 
Xi’an 

(109.1°E,34.23°N) 

9th-12th Mar., 

2013 
TSP H-TDMA 

0.21-0.38 

(Most are around 0.3) 

(κWSM) 

(H Yao et al., 

2015) 

34.22±14.81% 

60.17±13.54% 

45.39±17.78% 

30.34±12.07% 

45.61±18.81% 

Beijing 

(39°59′21″N, 

116°18′25″E) 

Jan. 16th - 

Dec. 29th, 2007 
PM2.5 H-TDMA 

0.22±0.13(spring) 

0.26±0.08(summer) 

0.24±0.07(autumn) 

0.25±0.05(winter) 

0.25±0.09(annual) 

(Y Liu et al., 

2016b) 

90% 
Bay of Bengal, BOB 

(4°–22°N,76°–98°E) 

Dec. 27th, 2008-

Jan. 30th, 2009 
PM2.5 H-TDMA 

1.11-1.74 (1.43±0.19) 

Northern of BOB; 

(S K Boreddy et 

al., 2016) 
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1.12-1.38 (1.25±0.09) 

Southern of BOB; 

(g(RH)WSM) 

85% 

90% 

Chichijima Island，

Japan (27°04′N; 

142°13′E) 

2001–2002 TSP H-TDMA 

1.54±0.12（85%） 

1.76±0.11（90%） 

(g(RH)WSM) 

(S K R Boreddy 

et al., 2014) 

Hygroscopicity parameters, κ, is typically characterized in the range of 0.1<κ<0.9 339 

for atmospheric particular(Petters and Kreidenweis, 2007). What’s more, biomass-340 

burning aerosols was significantly lower than that of typical urban aerosols (Z J Wu et 341 

al., 2015). Previous studies have focused on the biomass burning aerosols typically, 342 

which exhibit lower hygroscopic properties and are therefore classified as less-343 

hygroscopic particles(Kreidenweis and Asa-Awuku, 2014). The κ values of biomass-344 

burning aerosols are reported to be 0.05–0.1 in the African savannah (Kotchenruther 345 

and Hobbs, 1998), 0.1 in Brazil (Magi and Hobbs, 2003), 0–0.04 for the almost 346 

hydrophobic modes and 0.06–0.13 the less hygroscopic modes in Amazonia(Swietlicki 347 

et al., 2017), and 0.11±0.07 (range: 0.04–0.24) in Tanzania(Suresh Kumar Reddy et al., 348 

2014), respectively. An average κ of 0.08 for 100 nm particles for freshly emitted 349 

particles from the burning of different hard and soft woods(Dusek et al., 2010b), 350 

biomass-burning secondary organic aerosols was 0.11(Engelhart et al., 2012), 351 

environmental aerosol particles are about 0.1 in Beijing (Z Wu et al., 2017b)and 352 

0.16 ± 0.006 in Athens(Psichoudaki et al., 2018). However, a wider range of 353 

hygroscopic parameters of biomass combustion aerosols has also been reported. For 354 

examples, the κ values ranging from 0.01 to 0.55 for grass burning are reported by 355 

Andreae and Rosenfeld(Andreae and Rosenfeld, 2008), DeMott et al. derived κ values 356 

in the range of 0.02–0.56 from H-TDMA data(Demott et al., 2009), and Maria et al. 357 

calculated that it is in the range of 0-0.39 for fresh wood combustion particles. 358 

Interestingly, the mean of κWSM (~0.19 in summer and ~0.20 in winter) in this study is 359 

comparable to that of biomass burning aerosols measured by Rose et al. with the 360 

average κ value elevated to 0.20 during a strong local biomass burning event near the 361 

mega-city Guangzhou, China (Rose et al., 2010). In addition, the κ value from crop 362 

residues burning ranges from 0.20 to 0.35.(C Li et al., 2016). Therefore, it can be 363 
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concluded that PM2.5 in this area is greatly affected by biomass combustion emissions 364 

according to the correlation between biomass burning indicators and g(90)WSM, as well 365 

as hygroscopicity parameters. 366 

3.3 Hygroscopic Growth Curves of WSM  367 

Aerosol particles, particularly the water-soluble matter have the ability to ab/desorb 368 

water vapor during their interaction in the atmosphere, thus affecting their size, optical 369 

properties, and aqueous phase reactions(X G Liu et al., 2010; Y Liu et al., 2016b). 370 

Therefore, it is of great significance to explore the hygroscopicity in the atmosphere. 371 

To further investigate the hygroscopic growth of WSM in the PM2.5 aerosols, four pairs 372 

of PM2.5 samples in typical weather or event, that are summertime samples (day and 373 

night on 3 August, 2016), wintertime severe haze event (day and night on 25 January, 374 

2017), wintertime clean day (day and night on 29 January, 2017), and Chinese Spring 375 

Festival event (night on 27 January, 2017 and day on January 28, 2017), were chosen 376 

to analyze their hygroscopic growth at RH ranging from 10% to 93%.  377 

 378 

Figure 5 Changes in hygroscopic growth factor of the WSM (g(RH)WSM) of aerosol particles 379 

nebulized from water extracts of samples, as a function of RH under hydration experiments. (a) for 380 

0 10 20 30 40 50 60 70 80 90 100

1.0

1.2

1.4

1.6

 2016-08-03-Day

 2016-08-03-Night

Relative Humidity, RH(%)

g
(R

H
) W

S
M

(a)

0 10 20 30 40 50 60 70 80 90 100

1.0

1.2

1.4

1.6
(b)

 2017-01-25-Day

 2017-01-25-Night

Relative Humidity, RH(%)

g
(R

H
) W

S
M

0 10 20 30 40 50 60 70 80 90 100

1.0

1.2

1.4

1.6
(c)

 2017-01-27-Night

 2017-01-28-Day

Relative Humidity, RH(%)

g
(R

H
) W

S
M

0 10 20 30 40 50 60 70 80 90 100

1.0

1.2

1.4

1.6
(d)

 2017-01-29-Day

 2017-01-29-Night

Relative Humidity, RH(%)

g
(R

H
) W

S
M



manuscript submitted to JGR: Atmospheres 

typical summer weather, (b) for heavy haze day, (c) for the China New year Eve and the first day of 381 

the new year, (d) for no-pollution day. 382 

Figure 5 shows the changes in g(RH) of the WSM, as a function of RH under 383 

hydration experiments. The hygroscopic growth curve of water-soluble substances in 384 

summer has no obvious deliquescence point in the daytime, however, a clear 385 

deliquescent point appears between 60%~70% during the night (Figure 5(a)). When the 386 

RH is in the range of 30%~60%, the gfs(RH)WSM in daytime are greater than those in 387 

nighttime. However, the gfs(RH)WSM in daytime are less than that in nighttime when 388 

RH are higher than 60%, which attributed to the distinct organic to inorganic ratios in 389 

WSM. As shown in Figure 6(a) and (b), inorganic salts dominated the water-soluble 390 

matter in both summertime samples. When the relative concentration of nitrate 391 

increases at night, the solution after ab/adsorbing water is more inclined to form the 392 

mixed aqueous solution of nitrate and sulfate(Schaap et al., 2004). Therefore, it could 393 

be inferred that the deliquescent relative humidity (DRH) is in the range of 60%~70% 394 

due to the abrupt increased growth factor. For solutions with more than two electrolytes, 395 

the deliquescent relative humidity (DRH) of a salt in a multicomponent solution is 396 

always lower than its DRH in solution alone(Wexler and Seinfeld, 1991). In addition, 397 

the internal mixing of organic and inorganic aerosol components usually leads to a 398 

decrease of deliquescence and efflorescence RH(Mikhailov et al., 2009). Therefore, 399 

when the concentration of nitrate increases from day to night with 3.76% to 15.15%, 400 

the deliquescence point of mixed electrolyte will be reduced to be closer to that of 401 

NH4NO3. The first deliquescence point of the NH4NO3–(NH4)2SO4 system occurs at 402 

RH=61.2~61.3%, and the second-stage hygroscopic growth occurs at RH=77~78% 403 

when the system becomes a saturated solution droplet(Lee et al., 2001). On the other 404 

hand, nitrate during the night showed a substantial increase of about 12%, while the 405 

sulfate concentration produced a decrease of about 10%. Thus, increased nitrate 406 

concentration can reduce the deliquescent point of the mixed particles(Wexler and 407 

Seinfeld, 1991), which is consistent with the results during nighttime of summer in this 408 

study. As shown in Figure 6(a) and (b), inorganic salts dominate the water-soluble 409 

substance in both summertime samples. WSOM also contributes substantially to WSM 410 
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in PM2.5, and its concentration is higher during the day-time than at night-time. Previous 411 

studies indicated that the organic matters could affect the hygroscopicity of inorganic 412 

salts by decreasing the deliquescence point of salt, changing the efflorescence point or 413 

suppressing the crystallization of salts(Bouzidi et al., 2020; Q Liu et al., 2016a; Y Wang 414 

et al., 2016b; Z Wang et al., 2018c).No obvious deliquescence point was found is mainly 415 

because of the higher contribution of WSOM in the daytime(Dusek et al., 2010a; Z 416 

Wang et al., 2018c).  417 

In the three typical events of winter, the proportion of inorganic and organic 418 

substances has greatly changed. In heavy haze day in winter, the particulate hygroscopic 419 

deliquescence point obviously emerges between 50%~60% with the growth factor 420 

increase from 1.05 at 50% RH to 1.17 at 60% RH in Figure 5(b). In terms of chemical 421 

composition from Figure 6(c) and (d), it can be found that although the proportion of 422 

organic matter soluble in water during heavy haze weather is higher than that in summer, 423 

the inorganic SNA (sulfate, nitrate, ammonium) is still the main component, which 424 

greatly contributes to the hygroscopic properties of particles. In severe haze days, the 425 

concentration of nitrate is dominant, followed by sulfate, which is fundamentally 426 

different from that in summer. When the relative humidity is below 50%, there is no 427 

significant increase in the size of the particles, similar to the characteristics contained 428 

in inorganic substances. But after that, the particles grow rapidly and become larger, 429 

and the growth factors of particulate matter during the day and nighttime are 430 

comparable in each RH condition. This is consistent with the average day and night 431 

comparison of the whole process in the previous analysis. During this period, the 432 

content of components represented by day and night is almost the same, which also 433 

indirectly explain the unfavorable atmospheric photochemistry and low wind speed in 434 

the rural area in winter. However, no significant abrupt change in the hygroscopic 435 

growth curve of particulate matter were found for clean day (Figure 5(d)) and Chinese 436 

Spring Festival event (Figure 5(c)). More potassium matters were emitted from the 437 

fireworks and firecrackers on Chinese Spring Festival event. For K2SO4, the DRH was 438 

reported to be 96%, while KNO3 displayed continuous hygroscopic growth (Freney et 439 
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al., 2009; Tang et al., 2019). Thus, no deliquescence was observed in the samples during 440 

the Spring Festival. And the emissions on the first day of the new year are more than 441 

New Year's Eve. Unlike daytime, the concentration of nitrate is higher, which is due to 442 

the intensification of nitrogen oxides to nitrate during the night. As the no-pollution day 443 

is close to the Spring Festival, and the continuous firecracker emissions in rural areas, 444 

the proportion of inorganic aerosol components such as potassium and sodium ions is 445 

still high. Compared with that in summer typical day, the content of WSOM in 446 

environmental particles in winter has been increased significantly. Especially, in clean 447 

day, WSOM accounts for about 60% of WSM (Figure 6(g) and (h)). Due to the large 448 

proportion of organic matter, the hygroscopic growth factor of WSM with the increase 449 

of relative humidity tends to be more consistent with that of organic matter without 450 

deliquescence point. In addition, on no-pollution day, the proportion of sulfate in the 451 

inorganic component SNA is still the highest except for WSOM, similar to that in 452 

summer. 453 
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 454 

Figure 6 Composition of water-soluble substances in typical weather. 455 

3.4 Hygroscopic Growth of WSOM 456 

Generally, the hygroscopic property of environmental particles is mainly controlled 457 

by the inorganic to organic ratios contained in them. The additional water, which cannot 458 
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Suresh Kumar Reddy et al., 2014). However, the measurement of hygroscopic 460 

characteristics of water-soluble organic substances is still insufficient in the currently 461 

applicable technology. There are several studies which have confirmed that the use of 462 

the ZSR mixing rule can achieve a better chemical composition and particle 463 

hygroscopicity closure(Almeida et al., 2019; Dusek et al., 2010a; Meyer et al., 2008). 464 

The g(RH)WSOM can be calculated as follows: 465 

 ( )
( ) ( )( )

1
33 3

WSIMWSM WSIM

WSOM

WSOM

g RH g RH
g RH





 −
 =
 
 

 (6) 466 

where εWSIM and εWSOM represent the volume fractions of WSIM and WSOM in the 467 

WSM, respectively. These two values are listed in Table 3. The g(RH)WSIM corresponds 468 

to the growth factor of water-soluble inorganic substance, which are calculated by 469 

model Ⅳ of E-AIM (S K Boreddy and Kawamura, 2016; Jung et al., 2011; Q Liu et al., 470 

2016a; Suresh Kumar Reddy et al., 2014). K+, Ca2+, and Mg2+ that are not included in 471 

the model are converted into equivalent Na+ based on charge conservation (Hennigan 472 

et al., 2015). g(RH)WSIM can be calculated by the Zdanovskii–Stokes–Robinson (ZSR) 473 

model according to the chemical compositions of the mixture, which is based on the 474 

linear addition of water content of individual component in the mixture(Bouzidi et al., 475 

2020; Jung et al., 2011; Z Wang et al., 2018c). The composition of organic matter causes 476 

the density to change, and it is found that the density is mainly distributed near 1.4g/cm3 477 

during measurement(Aggarwal et al., 2007; Dick et al., 2000; Jung et al., 2011)  478 

Table 3 Volume fractions of water-soluble inorganic matter (WSIM), water-soluble organic matter 479 

(WSOM) and growth factor of water-soluble inorganic matter (g(90%)WSIM)during two campaign 480 

Date 
Summer 

Date 
Winter 

εWSIM εWSOM g(90)WSIM εWSIM εWSOM g(90)WSIM 

2016/8/3 0.72 0.28 1.82 2017/1/20* 0.38 0.62 2.04 

2016/8/3* 0.77 0.23 1.86 2017/1/21 0.30 0.70 2.03 

2016/8/4* 0.78 0.22 1.86 2017/1/21* 0.41 0.59 2.00 

2016/8/5 0.64 0.36 1.84 2017/1/22 0.40 0.60 2.00 

2016/8/7 0.68 0.32 1.83 2017/1/22* 0.44 0.56 1.96 

2016/8/7* 0.76 0.24 1.86 2017/1/23 0.55 0.45 1.98 

2016/8/8* 0.73 0.27 1.87 2017/1/23* 0.54 0.46 1.99 

2016/8/9 0.61 0.39 1.85 2017/1/24 0.63 0.37 1.96 
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2016/8/11 0.61 0.39 1.84 2017/1/24* 0.64 0.36 1.94 

2016/8/11* 0.61 0.39 1.87 2017/1/25 0.65 0.35 1.94 

2016/8/12* 0.53 0.47 1.88 2017/1/25* 0.66 0.34 1.94 

2016/8/13 0.52 0.48 1.87 2017/1/26 0.54 0.46 1.93 

2016/8/15 0.70 0.30 1.84 2017/1/26* 0.38 0.62 2.03 

2016/8/15* 0.78 0.22 1.84 2017/1/27 0.40 0.60 2.00 

2016/8/16* 0.78 0.22 1.84 2017/1/27* 0.59 0.41 2.02 

2016/8/17 0.59 0.41 1.83 2017/1/28 0.62 0.38 2.09 

2016/8/19 0.42 0.58 1.87 2017/1/28* 0.50 0.50 2.04 

2016/8/19* 0.74 0.26 1.85 2017/1/29 0.29 0.71 2.04 

2016/8/20* 0.72 0.28 1.84 2017/1/29* 0.26 0.74 2.07 

2016/8/21 0.61 0.39 1.84 2017/1/30 0.58 0.42 2.02 

2016/8/23 0.59 0.41 1.83 2017/1/30* 0.52 0.48 1.98 

2016/8/23* 0.72 0.28 1.84 2017/1/31 0.56 0.44 1.99 

    2017/1/31* 0.54 0.46 1.98 

    2017/2/1 0.56 0.44 2.00 

* represent particulate matter collected at night. 481 

 482 

Figure 7 Temporal variations of g(90%)WSOM and κWSOM during the study period: (a) for summer, 483 

(b) for winter.  484 

The retrieved g(90%)WSOM and κ for all the samples during the study period is shown 485 

in Figure 7. In summer, g(90%)WSOM<1 in some samples, meaning that organic matter 486 

does not contribute to the increase of the hygroscopic growth of particles. g(90%)WSOM 487 

ranges from 1.06~1.52 with an average of 1.25±0.14, excluding samples with 488 

g(90%)WSOM<1. While in winter, the g(90%)WSOM of all samples is always greater than 489 

1, in the range of 1.06~1.58 with an average of 1.38±0.15, indicating that organic 490 

matters contributes to particle size growth. The corresponding κ values are in the range 491 

of 0.02~0.32(0.13±0.09) for summer and 0.02~0.38(0.22±0.10) for winter, respectively. 492 

The mean value of g(90%)WSOM is close to the hygroscopic growth factor of biomass 493 
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burning indicator, such as levoglucosan (1.29), mannosan (1.28), and galactosan (1.27) 494 

(Mikhailov et al., 2009; Michihiro Mochida and Kawamura, 2004b), which adds 495 

another evidence for the influence of biomass burning on aerosol particles in the region. 496 

More importantly, the correlation between the hygroscopic growth factor of WSOM 497 

and the levoglucosan is analyzed to be 0.53 in summer and 0.43 in winter (not shown 498 

as figures). This means that levoglucosan contributes only a part to g(90%)WSOM. While 499 

in winter heavy haze episode, the hygroscopic growth factor of organics shows a 500 

downward trend, indicating that their contribution to particle hygroscopic property 501 

decreases. Therefore, it can be inferred that the relative contribution of inorganic 502 

substances will increase. This is consistent with the results published in many literatures 503 

suggesting that severe haze in winter is caused by an increase in inorganic substances(S 504 

K Boreddy et al., 2016; Gysel et al., 2007). However, in non-pollution weather, the 505 

hygroscopic growth factor of WSOM increases. When the effects of anthropogenic 506 

activities such as severe haze events and New Year's Day were excluded, the correlation 507 

parameters(R) of g(90)WSOM and levoglucosan in other weather conditions increased to 508 

0.71 (not shown as figures). This further proves that the rural areas in Guanzhong Basin 509 

are affected by biomass burning. 510 

4 Conclusion 511 

In this study, we investigated the chemical components and hygroscopic properties 512 

of water-soluble fraction in PM2.5 aerosols collected from a rural site, Lin village 513 

located at Guanzhong Basin. Air pollution in winter over the Guanzhong Basin was a 514 

regional problem, not just a local area that needs to be urgently addressed. Inorganic 515 

ions predominated the WSM concentration in both seasons, however, the contribution 516 

of water-soluble organic matter (WSOM) to WSM increased by 1.4 times from summer 517 

to winter. The g(90)WSM values measured by H-TDMA and the retrieved κWSM was in 518 

the range of 1.08~1.49 (1.35±0.10) and 0.04~0.29 (0.190±0.06) in summer, 1.24~1.45 519 

(1.36±0.07) and 0.12~0.26 (0.144±0.04) in winter, respectively. g(90)WSM presented fair 520 

correlations with levoglucosan, galactosan, and mannosan in winter, suggesting an 521 

influence of biomass burning on hygroscopic properties of PM2.5 in the region. 522 
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Increased nitrate concentration at night in summer reduced the deliquescent point (60%-523 

70%) of the particles, and enhanced the hygroscopic growth factor of the particles at 524 

elevated relative humidity. For heavy haze day in winter, SNA are the main components, 525 

which greatly contributes to the hygroscopic property of particles (deliquescence point 526 

ranges from 50% to 60%). In contrast, more metal matters emitted on Chinese Spring 527 

Festival event and WSOM in clean day causes no deliquescence point in the process of 528 

hygroscopic growth with the elevated RH. The derived g(90)WSOM and κWSOM was 529 

calculated by ZSR model. The mean value of κWSOM in this study was significantly 530 

lower than that of marine sites and urban sites. The mean g(90)WSOM is in the range of 531 

that of biomass burning aerosols. Moreover, it was found that the correlation between 532 

g(90)WSOM and levoglucosan increased significantly (R=0.71) after eliminating heavy 533 

haze and New Year's events, further confirming the impact of biomass burning in the 534 

region. 535 
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