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Abstract 19 

The effects of aerosols on visibility through scattering and absorption of light and on climate through 20 

altering cloud droplet concentration are closely associated with their hygroscopic properties. Here, based on 21 

field campaigns in winter and summer in Beijing, we compare the size-resolved hygroscopic parameter (κgf) 22 

of ambient fine particles derived by an HTDMA (Hygroscopic Tandem Differential Mobility Analyzer) to 23 

that (denoted as κchem) of calculated by an HR-ToF-AMS (High-resolution Time-of-Flight Aerosol Mass 24 

Spectrometer) measurements using a simple rule with a uniform internal mixing hypothesis. We mainly 25 

focus on contrasting the disparity of κgf and κchem between summer and winter to reveal the impact of 26 

atmospheric processes/sources on aerosols hygroscopicity and to evaluate the uncertainty in estimating 27 

particles hygroscopicity with the hypothesis. We show that, in summer, the κchem for 110, 150 and 200 nm 28 

particles was averagely ~10% - 12% lower than κgf, with the greatest difference between the values observed 29 

around noontime when aerosols experience rapid photochemical aging. In winter, no apparent disparity 30 

between κchem and κgf is observed for those >100 nm particles around noontime, but the κchem is much higher 31 

than κgf in the late afternoon when ambient aerosols are greatly influenced by local traffic and cooking 32 
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sources. By comparing with the observation from other two sites (Xingtai, Hebei and Xinzhou, Shanxi) of 33 

north China, we verify that atmospheric photochemical aging of aerosols enhances their hygroscopicity and 34 

may induce a coating effect which thereby leads to 10%-20% underestimation of the hygroscopic parameter 35 

if using the uniform internal mixing assumption. The coating effect is found more significant for these >100 36 

nm particles observed in remote or clean regions. However, local primary sources, which result in an 37 

externally mixture of the fine particles with a large number of POA (Primary Organic Aerosol) in urban 38 

Beijing, makes the particle much less hygroscopic and cause 20-40% overestimation of the hygroscopic 39 

parameter by the mixing rule assumption. In addition, we also note lower κchem than κgf for 80, 110 and 150 40 

nm particles during the nighttime of winter, particularly in polluted days, probably due to a nighttime 41 

coating effect driven by condensation of secondary hygroscopic species on pre-existing aerosols in cold 42 

season. Our results suggest that it is critical to parameterize the impacts in model simulations to improve the 43 

evaluation of the aerosols indirect effect. 44 

1. Introduction 45 

The effects of aerosols on visibility through scattering and absorption of light and on climate through 46 

altering cloud droplet concentration are influenced by their hygroscopic growth. Understanding and 47 

reducing the uncertainty in prediction of the aerosol hygroscopic parameter (κ) using chemical composition 48 

would improve model predictions of aerosol effects on clouds and climate.  49 

The hygroscopic parameter, κ, is dependent upon particle chemical composition (Gunthe et al., 2009). 50 

The hygroscopic properties of an aerosol, in addition to being affected by its chemical composition, are also 51 

affected by the particle mixing state. The mixing state of aerosol particles can be divided into external 52 

mixing and internal mixing. The chemical components in the aerosol particles are independent of each other. 53 

The chemical composition of the different types of aerosol particles is different within a certain particle size 54 

range, and the mixed state is external mixing. As the aerosol particles undergo transport, coagulation, and 55 

aging/coating in the atmosphere, the chemical components become more uniformly mixed within each 56 

particle size range, with the aerosol mixing state approaching an internal mixture. Depending on the physical 57 

properties of the different aerosol components, internal mixing can be divided into uniform internal mixing 58 
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and “core-shell” mixing (Jacobson, 2001). For uniform internal mixing the distribution of the chemical 59 

components is the same throughout each particle. “Core-shell” mixing refers to a mixing state in which 60 

certain chemical components are coated or coagulated on the surface of other chemical components (such as 61 

black carbon) during aging. In the atmosphere, the aerosol sources and sinks are varied, the physical and 62 

chemical processes experienced by the aerosols are complex, and the mixing state is more complicated. In 63 

heavily polluted areas, BC is usually mixed with other chemical components. Freshly emitted BC is mostly 64 

in an external mixed state. With the aging process, it gradually transforms into the internal mixing state 65 

(Chen, et al., 2016; Lee, et al., 2015; Wang, et al., 2017). Based on observations in the winter of Beijing 66 

urban area, Wang et al. (2019) found that the secondary aerosol generated from photochemical reactions is 67 

thickly coated on the surface of BC.  68 

Studies have shown that the difference between the κ obtained using H-TDMA data, κgf, and that 69 

calculated based on the volume mixing ratio of chemical components, κchem, depends on the mixing state and 70 

the extent of aging of the particles (Mikhailov, et al., 2015; Zhang et al., 2017). Results from Cruz and 71 

Pandis (2000) also indicate that κgf of internally mixed ammonium sulfate and organic matter is higher than 72 

κchem calculated for assumed uniform internal mixing. Similarly, in some studies on aged aerosols 73 

(Bougiatioti, et al., 2009; Chang, et al., 2007; Kuwata, et al., 2008; Wang, et al., 2010), the concentration of 74 

CCN was underestimated by the calculation based on uniform internal mixing. Our previous study 75 

demonstrated that particle mixing state has large impacts on prediction of CCN concentration for the aerosol 76 

sampled in Beijing (Ren et al., 2018). Zhang et al. (2017) observed an evident underestimation of around 77 

noontime particle hygroscopicity based on chemical composition measurements in urban Beijing. Wang et al. 78 

(2018a) also noted a lower hygroscopic parameter estimated by the simple volume mixing ratio than that 79 

derived from direct HTDMA measurement at a site in North China Plain. These studies have revealed the 80 

uncertainty in the estimation of aerosol hygroscopicity parameters using chemical composition volume 81 

mixing ratios with the assumption that of uniform internal mixing, but there is still lack of a systematic 82 

investigation on the cause and magnitude of the effect. Furthermore, most studies that have been conducted 83 

compare the size-resolved hygroscopic parameter κ obtained with an HTDMA with κ calculated from bulk 84 
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chemical composition measurements, motivating our analysis that employs size-resolved chemical 85 

composition measured by an HR-ToF-AMS.  86 

The aim of this paper is to study the hygroscopicity and mixing state characteristics of fine particles in 87 

the Beijing urban area, and to reveal the impact of atmospheric processes/sources on aerosols hygroscopicity 88 

and elucidate the uncertainty in calculating the hygroscopic parameter using simple mixing rule estimates 89 

based on size-resolved chemical composition. The experiment and theory in the study are introduced in Sect. 90 

2. The comparison between the hygroscopic parameter obtained from the HTDMA and and that calculated 91 

using size-resolved chemical composition is discussed in Sect. 3. Conclusions from the study are given in 92 

Sect. 4. 93 

2. Experiment and Theory 94 

2.1. Site and instruments 95 

In this study, we mainly focus on analysis of the data obtained from two campaigns in urban Beijing 96 

(BJ: 39.97° N, 116.37° E). In addition, we also compare the results from the field campaigns with those 97 

from two sites, Xingtai (XT: 37.18° N，114.37° E), and Xinzhou (XZ: 38.24° N，112.43° E), in North China 98 

Plain (Fig. 1).  The BJ site is located at the Institute of Atmospheric Physics (IAP), Chinese Academy of 99 

Sciences, which is between the north third and fourth ring roads in northern Beijing. Local traffic and 100 

cooking emissions can be important at the site (Sun et al., 2015). The sampling period in cold season was 101 

from 16 November to 10 December 2016, during the domestic heating period in Beijing. The sampling 102 

period in warm season was from 25 May to 18 June 2017. The XT site is located in the National 103 

Meteorological Basic Station, which is about 17 km from the XT urban area. The sampling period was from 104 

17 May to 14 June 2016. Xingtai, with a high level of industrialization and urbanization, is located in the 105 

center of the North China Plain. Due to industrial emissions and typically weak ventilating winds, 106 

concentrations of PM2.5, black carbon and gaseous precursors are extremely high at the Xingtai site (Fu et al., 107 

2014). Xinzhou is located north of Taiyuan and about 360 km southwest of Beijing, in the north central part 108 

of Shanxi Province, and is surrounded by mountains on three sides. The XZ site is located in a town, 109 
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surrounded by agricultural land (such as corn fields). Local emissions from motor vehicles and industrial 110 

activities have relatively little influence on the sampled aerosol (Zhang et al., 2016). Because of its location 111 

and elevation,  the aerosol at the XZ site is usually aged and transported from other areas. The sampling 112 

period was from July 22 to August 26, 2014 at XZ site. 113 

 114 

Figure 1. The map location of the sites 115 

                                                                                                                                                                                                                                                                                                                                                116 

Particle number size distribution (PNSD) in the size range from 10 nm to 550 nm was measured with a 117 

Scanning Mobility Particle Sizer (SMPS; Wang & Flagan, 1990; Collins et al., 2002), which consists of a 118 

long differential mobility analyzer (DMA, model 3081L, TSI Inc) to classify the particle and a condensation 119 

particle counter (CPC, model 3772, TSI Inc.) to detect the size classified particles. The sampled particles 120 

were dried to relative humidity < 30% before entering the DMA. The measurement time for each size 121 

distribution was five minutes. 122 

The HTDMA system used in this study has been described in detail in previous publications (Tan et al., 123 

2013; Wang et al., 2017; Zhang et al., 2017). Here, only a brief description is given. A Nafion dryer dried 124 
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the sampled particles to relative humidity < 20%, after which the steady state charge distribution was 125 

reached in a bipolar neutralizer. The first differential mobility analyzer (DMA1, model 3081L, TSI Inc.) 126 

selected the quasi-monodisperse particles through applying a fixed voltage. The dry diameters selected in 127 

this study were 40, 80, 110, 150, and 200 nm. The quasi-monodisperse particles were humidified to a 128 

controlled RH (90% in this study) using a Nafion humidifier. A second DMA (DMA2, same model as the 129 

DMA1) coupled with a water-based condensation particle counter (WCPC, model 3787, TSI Inc.) measured 130 

the particle number size distributions of the humidified aerosol. RH calibration with ammonium sulfate was 131 

carried out regularly during the study. 132 

The hygroscopic growth factor (Gf) is defined as the ratio of the mobility diameter at a given RH to the 133 

dry diameter: 134 

Gf =
𝐷(𝑅𝐻)

𝐷(𝑑𝑟𝑦)
 

The Gf probability density function is retrieved based on the TDMAinv algorithm developed by Gysel et 135 

al. (2009). Dry scans in which the RH between the two DMAs was not increased were used to define the 136 

width of the transfer function. 137 

Size-resolved non-refractory submicron aerosol composition was measured with an Aerodyne 138 

high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS; Xu et al., 2015). The particle 139 

mobility diameter was estimated by dividing the vacuum aerodynamic diameter from the AMS 140 

measurements by particle density. Because the uncertainty caused by the fixed density across the size range 141 

is negligible (Wang et al. 2016), here, the particle density is assumed to be 1600 kg m
-3

 (Hu et al., 2012). 142 

AMS positive matrix factorization (PMF) with the PMF2.exe (v4.2) method was performed to identify 143 

various factors of organic aerosols. Xu et al. (2015) have described the operation and calibration of the 144 

HR-ToF-AMS in detail. Black carbon (BC) mass concentration was derived from measurements of light 145 

absorption with a 7-wavelength aethalometer (AE33, Magee Scientific Corp.; Zhao et al., 2017).  146 
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2.2. Data 147 

The time series of the submicron particle mass concentration PM1, (Fig. 2a), bulk mass concentrations 148 

of the main species in PM1 (Fig. 2b), mass fraction of the chemical composition of PM1 (Fig. 2c), and 149 

Gf-PDFs for 40, 80, 110, 150, 200 nm particles (Fig. 2d-h) during the campaign are presented in Fig. 2. As 150 

shown in Fig. 2, quite distinct temporal variability of aerosol chemical and physical properties was observed 151 

between winter and summer. The average mass concentration of PM1 was 55.2 µg/m
3
 in the winter and 16.5 152 

µg/m
3
 in the summer during our study periods. In this study, we define the conditions when the mass 153 

concentration in winter period was < 20 μg m
-3

 and >80 μg m
-3

 as clean and polluted conditions, respectively. 154 

Organic aerosol (OA), consisting of secondary organic aerosol (SOA) and primary organic aerosol (POA), 155 

was the major fraction during both the winter and summer sampling periods. POA concentration was higher 156 

than that of SOA in the winter, which reflects the influence of primary emissions such as coal combustion 157 

OA (COOA) in Beijing (Hu et al., 2016; Sun et al., 2016). In contrast, SOA usually dominated in the 158 

summer, which is evidence that secondary aerosol formation played a key role in the source of PM1. Figs. 159 

2d-h show the time series of the probability density functions (PDFs) of GF for 40, 80, 110, 150, and 200 160 

nm particles, respectively. Distinct hydrophobic (with Gf of ~1.0) and more hygroscopic (with Gf of ~1.5) 161 

modes were observed from Gf-PDFs of both small and large particles. Sometimes the more hygroscopic 162 

mode particles were more concentrated and at others the hydrophobic particles were. In general though, the 163 

more hygroscopic mode dominated for larger particles (i.e. 150 and 200 nm), and the less hygroscopic mode 164 

did for the smallest particles (e.g. 40 nm) (Fig. 2d-h and Fig. S1). Occasionally, only the hydrophobic mode 165 

was evident for 150 and 200 nm particles, which occurred when POA dominated the PM1. Only the 166 

hygroscopic mode was discernable for 40 nm particles during new particle formation (NPF) events that 167 

occurred more frequently in summer than winter (Fig. S2). 168 
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2.3. Theory and method 173 

2.3.1 Derivation of the hygroscopic parameter, κ, from the growth factor (Gf) 174 

According to κ -Köhler Theory (Petters and Kreidenweis, 2007), the hygroscopicity parameter κ can be 175 

derived using the growth factor measured by an HTDMA. 176 

𝜅 = (𝐺𝑓3 − 1)(
exp(

𝐴

𝐷𝑑𝐺𝑓
)

𝑅𝐻
− 1) ，                       (1) 177 

A =
4σ𝑠

𝑎⁄ 𝑀𝑤

𝑅𝑇𝜌𝑤
 ，                               (2) 178 

where Gf is hygroscopic growth factor measured by HTDMA, Dd is the dry diameter of the particles, RH is 179 

the relative humidity in the HTDMA (90%, in our study), σs/a is the surface tension of the solution/air 180 

(assumed here to be the surface tension of pure water, σs/a = 0.0728 N m−2), Mw is the molecular weight of 181 

water, R is the universal gas constant, T is the absolute temperature, and ρw is the density of water.  182 

2.3.2 Derivation of the hygroscopic parameter, κ, from chemical composition data 183 

For an assumed internal mixture, κ can also be calculated by a simple mixing rule on the basis of 184 

chemical volume fractions (Petters and Kreidenweis, 2007; Gunthe et al., 2009):  185 

𝜅𝑐ℎ𝑒𝑚 =  ∑ 𝜀𝑖𝜅i𝑖  ,                                (3) 186 

𝜅𝑜𝑟𝑔 = 𝑓𝑃𝑂𝐴 ∗ 𝜅𝑃𝑂𝐴 + 𝑓𝑆𝑂𝐴 ∗ 𝜅𝑆𝑂𝐴 ,                          (4) 187 

where κi and εi are the hygroscopicity parameter and volume fraction for the ith individual (dry) component 188 

in the mixture, respectively, and fPOA and fSOA are the volume fractions of POA and SOA in the organic 189 

component. The AMS provides mass concentrations of organics and of many inorganic ions. The inorganic 190 

components mainly consisted of (NH4)2SO4 and NH4NO3 (Zhang et al., 2014; Zhang, et al., 2016; Zhang et 191 

al., 2017). As noted above, the organic components mainly consisted of POA and SOA. According to 192 
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previous study, the values of κ are 0.48 for (NH4)2SO4 and 0.58 for NH4NO3 (Petters and Kreidenweis, 193 

2007). To estimate κorg we used the following linear function derived by Mei et al. (2013): κorg = 2.10 × f44 194 

– 0.11. We derived the volume fraction of each species by dividing mass concentration by its density. The 195 

values of density are 1720 kg m
-3

 for (NH4)2SO4 and 1770 kg m
-3 

for NH4NO3. The densities of all organics, 196 

POA, and SOA are assumed to be 1200 kg m
-3 (Turpin et al., 2001), 1000 kg m

-3 , and 1400 kg m
-3 197 

respectively. The κ and density ofBC are assumed to be 0 and 1700 kg m
-3

. In the following discussions, κgf 198 

and κchem denote the values derived from HTDMA measurements and calculated using the ZSR mixing rule, 199 

respectively.  200 

3. Results and discussion 201 

3.1. Diurnal variations of ambient fine particles physiochemical properties and hygroscopic growth 202 

factor 203 

The diurnal variations of the PNSD, mass concentration of PM1, mass concentration and fraction of 204 

chemical components in PM1, and Gf-PDFs for 40 and 150 nm particles during the campaign are shown in 205 

Fig. 3. During the summer an obvious peak value in the PNSD is observed around noontime due to NPF 206 

events that typically started around 10:00 LT (Local Time). The resulting sharp increase in number 207 

concentration of nucleation mode particles was followed by decreased concentration and a rapid growth in 208 

diameter of the particles along with increased mass concentration of SOA and sulfate in PM1, indicating 209 

strong photochemical and secondary formation processes during daytime in the summer. In contrast, NPF 210 

was not evident during the winter period, which may in part be due to the much higher (~3x) PM1  mass 211 

concentrations in the winter than in the summer.  Note that peak values in number concentration and in 212 

mass concentrations of PM1 and POA occurred during the early evening (17:00-21:00, LT) indicating the 213 

strong impact of local sources from traffic emissions and cooking. In addition, the diurnal cycles of aerosol 214 

physical and chemical properties are also influenced by the diurnal changes in the planetary boundary layer 215 

(PBL) that leads to accumulation of particles during nighttime when higher values of both number and mass 216 

concentration were observed. 217 
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Fig. 3e shows the diurnal variations of the Gf-PDFs for 40 nm and 150 nm particles. Owing to the 218 

continued local and primary emissions near the study site, the Gf-PDFs for 40 nm particles generally display 219 

a bimodal shape with more and less hygroscopic modes (with Gf of ~ 1.5 and ~ 1.1 respectively) throughout 220 

the day both in winter and summer periods, indicating an external mixing state for the 40 nm particles. Note 221 

that, during nighttime and early morning in the winter, the more hygroscopic mode dominated and was 222 

shifted to higher Gf than during the daytime. This is thought to be due to heterogeneous/aqueous reactions 223 

on pre-existing primary small particles, and/or coagulation/condensation processes that are enhanced at 224 

night under lower ambient temperature and higher relative humidity, all of which result in a more 225 

hygroscopic and more internally-mixed aerosol (Liu et al., 2011; Massling et al., 2005; Ye et al., 2013; Wu 226 

et al., 2016; Wang et al., 2018a).). Interestingly, in the summer period, the concentration of the hydrophilic 227 

mode increased quickly around noontime and in the early afternoon (12:00-16:00), with a corresponding 228 

decrease in the relative concentration of the hydrophobic mode, which likely indicates a transformation of 229 

the particles from externally to internally mixing state as a result of the species condensation from the 230 

photochemical reaction (Wu et al., 2016; Wang et al., 2017), resulting in an increase in particle 231 

hygroscopicity (Fig. S3). For 150 nm particles, the hygroscopic mode in the Gf-PDF is more dominant 232 

during daytime in particular during the summer period when the strong solar radiation promotes 233 

photochemical aging and growth, thus producing a more internally-mixed aerosol. The dominant 234 

hydrophobic mode at around 18:00 was observed both in winter and summer and reflects abundant traffic 235 

emissions and cooking sources (primarily with POA) during the early evening period (Fig. 2c).  236 
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 237 

Figure 3. Diurnal variations in (a) particle number size distribution; (b) mass concentration of PM1; (c) bulk 238 

mass concentration of main species in PM1; (d) mass fraction of chemical composition of PM1; (e) Gf-PDFs 239 

for 40 and 150 nm particles in winter and summer period respectively. 240 

3.2 κgf dependence on Dp 241 

The size dependence of particle hygroscopicity parameters for the winter and summer periods are 242 

presented in Fig.4. In the winter, the 40 nm particles were least hygroscopic and the hygroscopicity of larger 243 

(c)        

(a)        

        

(e)        

(b)        

(d)        
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particles (>80 nm) displayed insignificant dependence on particle size. The size independence for the larger 244 

particles is consistent with the observed similarity in mass fractions of inorganic and organic species across  245 

 246 

 247 

Figure 4. The dependence of к on Dp at the urban Beijing site during the study periods. The к values are 248 

retrieved from the size-resolved HTDMA measurements. The error bars represent ±1. The size-resolved 249 

chemical mass fractions at the corresponding Dp is also presented.  250 

the size range as shown in the pie charts in Figure 4a. A similar dependence of particle hygroscopicity on 251 

particle size was also observed in the urban area of Beijing during the wintertime of 2014 (Wang et al., 252 

2018b). In the summer, hygroscopicity increased with increasing particle size, which is expected based on 253 

(a)        

(b)        
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the size dependent patterns shown in the pie charts, with the mass fraction of POA decreasing with the 254 

particles size and the mass fraction of inorganics like sulfate and nitrate increasing with particle size.   255 

3.3. Closure of HTDMA and chemical composition derived κ 256 

A closure study was conducted between кchem and кgf (Fig. 5) to investigate the uncertainty of the two 257 

methods, and especially to further illustrate whether particle hygroscopicity can be well predicted by κchem 258 

calculated by assuming internal mixing. Since a size-resolved BC mass concentration measurement was not 259 

available during the campaign, we use the bulk mass fraction of BC particles measured by the AE33 260 

combining with size-resolved BC distribution in Beijing reported by Liu et al. (2018) to estimate κchem.  261 

 262 

Figure 5. Closure of кchem calculated from size-resolved chemical composition data and кgf retrieved from 263 

hygroscopic growth factor by HTDMA measurements in winter (left panels) and summer (right panels) 264 

period. The dots with different color correspond to observed time of a day during the campaign as shown by 265 

the color bar. The number in parentheses is correlation coefficients (R
2
) and slopes of linear fits. 266 
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Uncertainty in к is due in part to measurement uncertainty of the HTDMA/CCNc system and 267 

uncertainty resulting from non-ideality effects in the solution droplets, surface tension reduction due to 268 

surface active substances, and the presence of slightly soluble substances that dissolve at RH higher than 269 

that maintained in the HTDMA (e.g., Wex et al., 2009; Good et al., 2010; Irwin et al., 2010; Cerully et al., 270 

2011; Wu et al., 2013).  However, our previous study demonstrated that, for this region, estimates using 271 

HTDMA data are still better than those using the simple mixing rule based on chemical volume fractions for 272 

an assumed internal mixture (Zhang et al., 2017). Therefore, here we focus on discussing and exploring the 273 

uncertainty of κchem by taking κgf as the reference. 274 

Our results show that, in winter, the slopes from linear fitting of κchem and κgf are about 0.96-1.0 for 275 

particles with diameters of 80, 110, 150, and 200 nm, indicating an overall consistency of κchem and κgf. In 276 

summer, the slopes are 0.88-0.89 for 110, 150, and 200 nm particles, meaning there is about 10% - 12% 277 

underestimation of κchem. However, the poor correlations (typically with correlation coefficients, R
2
, of < 0.3) 278 

between κchem and κgf of the 80, 110, 150, 200 nm particles both in winter and summer reflect large 279 

uncertainty in one or both of the calculated parameters. The large uncertainties are likely due to the 280 

unreasonable assumption of particle mixing state (e.g. Cruz and Pandis, 2000; Svenningsson et al., 2006; 281 

Sjogren et al., 2007; Zardini et al., 2008), which varies with their aging and other physiochemical processes 282 

in the atmosphere. For example, underestimation of κchem for the summer occurred mostly in the afternoon. 283 

This may be associated with photochemical processes at around noontime. More specific investigations of 284 

the particle mixing and aging impacts on κchem will be further addressed in the following sections. 285 

3.4 Atmospheric processes and sources effects indicated by diurnal cycles of κchem and κgf 286 

The diurnal cycles of particle hygroscopicity in the summer and winter with the use of the size-resolved 287 

chemical composition observations and the ratio of κchem to κgf are shown in Fig. 6. In summer, at 288 

09:00-15:00, the disparity between κchem and κgf is insignificant for smaller particles (80 and 110 nm), both 289 

of which show slight decrease from 09:00 or 10:00 to 12:00-13:00 due to the frequent NPF event that 290 

usually corresponds to a large fraction of organics (Fig. 3) in urban Beijing. For larger particles (150 and 291 

200 nm), the disparity between κchem and κgf around noontime and in the early afternoon is very significant, 292 
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corresponding to >20% underestimation of particle hygroscopisity by κchem (with the ratio of κchem to κgf of 293 

~0.8). Similar patterns were also noted by Zhang et al., (2017) but which is only based on a comparison 294 

between κchem derived from bulk chemical composition and κgf. Our results further clarify that the rapid 295 

photochemical aging of BC particles, which are generally with dominant size modes of 100-200 nm in the 296 

atmosphere, leads to the core-shell structure in which certain secondary aerosol generated from 297 

photochemical reactions is thickly coated on the surface of BC (Wang et al., 2019). The hygroscopicity of 298 

the coated BC particles may only depend on the coating layer (Ma et al., 2013), thus resulting in the 299 

noontime/early afternoon underestimation of particle hygroscopicity by κchem. While, no significant 300 

differences between κchem and κgf are observed during night time. Note that κchem is slightly higher than κgf  301 

during early evening traffic rush hour and cooking time, when emissions of primary hydrophobic particles 302 

(e.g. POA) are high (Fig. 3b), thus resulting in a large percentage of externally-mixed particles (Fig. 3e, Fig. 303 

S4 and Fig. S5). Therefore, the assumption of uniform internal mixing will overestimate hygroscopicity 304 

according to our previous study (Zhang et al., 2017). But the particles experience rapid conversion and 305 

mixing in urban Beijing due to high precursor gases (Sun et al., 2015; Wu et al., 2016; Ren et al., 2018), and 306 

thus the coated/aged particles produced through photochemical processing in the afternoon can mix and 307 

interact with and freshly emitted primary particles emitted during rush hour (Wu et al., 2008). Therefore, 308 

during nighttime (22:00-06:00, LT), the particles are more uniform internally-mixed, which is reflective of 309 

the assumption for calculation of κchem, a much better consistency between κchem and κgf is observed. And due 310 

to the relatively clean conditions overall in the summer, no large differences are observed under clean and 311 

polluted conditions (Fig. S5-S7).  312 
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 313 

 314 

 315 

Figure 6. Diurnal variations in (a) κchem using size-resolved chemical composition data and κgf in winter and 316 

summer period; and (b) ratio of κchem to κgf in winter and summer period. 317 

(b)        

(a)        
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  In winter, the disparity between κchem to κgf is insignificant at 09:00-15:00 due to the weakening 318 

effect of photochemical aging. From 15:00 to 21:00 LT, due to the strong vehicle and cooking sources 319 

around the site, the particles are dominated by the hydrophobic mode with a large concentration of 320 

externally-mixed POA particles (Fig. 3 and Fig. S8), the calculated κchem is much higher than κgf, with the 321 

maximum ratio of κchem to κgf of 1.2-1.4, and the greatest disparity is observed for small particles. The  322 

 323 

 324 

Figure 7. Ratio of mean κchem to κgf during daytime (top panel) and nighttime (bottom panel) under 325 

clean /polluted conditions between winter and summer period. 326 

disparity is further enhanced during clean periods (Fig. S7, Fig. S9 and Fig. 7) when the hydrophobic mode 327 

is dominant (Fig. 8). But note that during the nighttime, κchem is slight lower than κgf, with the minimum ratio 328 

of κchem to κgf  of ~0.8 for 80 nm particles and ~0.9 for 110 and 150 nm particles at 02:00-04:00 LT (Fig. 6b), 329 

indicating an underestimation of particle hygroscopicity using composition data. The disparity at nighttime 330 

is further increased during heavily polluted events (Fig. 7 and Fig. S9), when the particles are more 331 
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internally-mixed with only one hygroscopic mode (Fig. 8 and Fig. S8). We believe the increased 332 

underestimation during polluted conditions is likely due to enhanced condensation of secondary hygroscopic 333 

compounds (e.g. nitrate, sulfate) on pre-existing aerosols at lower temperature and higher relative humidity 334 

at nighttime (Wu et al., 2008; Wang et al., 2016; An et al., 2019). 335 

 336 

 337 

Figure 8. Diurnal cycles of κgf -PDF for 80, 110, 150 and 200 nm particles in clean and polluted events in 338 

winter.  339 

3.5. Observation from other stations 340 

The aging process in the summer period is related to photochemical processing in strong solar radiation 341 

conditions. The photochemical reactions produce sulfate and secondary organic aerosol, condensing on the 342 

surface of slightly- or non-hygroscopic primary aerosols (such as black carbon) (Zhang et al., 2008). As 343 

discussed in 3.4, the core-shell structure that accompanies aging of the particles results in calculated κchem 344 

that underestimates their hygroscopicity. To confirm such a coating effect on particle hygroscopicity, we 345 

further examine the diurnal variations of κchem and κgf or κCCNc (derived from CCN measurements) based on 346 

observations in summer at two other sites in north China (Fig. 1). We find that the case at the Xingtai (XT) 347 

site is very similar to that observed in Beijing (BJ), with a lower κchem than κgf around noon time. But, 348 

because of much less influences from the local sources at XT compared to that at BJ, such underestimation 349 

by κchem continued until night at XT (Fig. 9b). Interestingly, a noontime lower κchem was not observed in the 350 

diurnal cycles at the Xinzhou (XZ) site, where κchem and κCCNc had similar diurnal patterns (Fig. 9c) with a 351 
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roughly constant ratio of κchem to κCCNc of ~0.8-0.9. This is probably because the XZ site is usually the 352 

recipient of aerosols transported from other areas that are already aged and well-mixed, with minimal impact 353 

of additional coating (Zhang et al., 2017). Also, the rate of oxidation and condensation may be slow in the 354 

relatively remote area where the gas precursors and oxidants are not as high as they are closer to sources 355 

regions. But at XT, which is located in the heavily polluted area in the north China Plain (Fu et al., 2014), 356 

aerosol emissions and processing are more similar to that in urban Beijing.  357 

 358 

Figure 9. Diurnal variations in (a) κchem and κgf for 150 and 200 nm particles at BJ site; (b) κchem and κgf for 359 

40, 80, 110, 150 and 200 nm particles at XT site; (c) κchem and mean κCCNc for particles at XZ site, and (d) 360 

ratio of mean κchem to κgf at the three sites.  361 

Although the underestimation in κchem may be also related to the uncertainty in the hygroscopic 362 

parameter for organics, which is calculated from a simple parametrized equation based on the 363 

AMS-measured f44 value reported by Mei et al. (2013), Zhang et al. (2017) has shown that even the large 364 

(a)        
(b)        

(c)        (d)        
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underestimation of κSOA could not fully explain that of κchem. Furthermore, the value for f44 tends to be 365 

overestimated according to Fröhlich et al. (2015), which should lead to a larger κchem. Previous studies have 366 

shown that freshly emitted POA and BC particles may be rapidly coated by more hygroscopic components 367 

in polluted urban areas, resulting in enhanced hygroscopicity of the mixed particles (Zhang et al., 2004; 368 

Johnson et al., 2005; Zhao et al., 2017). Our results are consistent with those observations and clarify the 369 

photochemical aging and coating effect will largely underestimate the particles hygroscopisity using simple 370 

mixing rule based on chemical composition.  371 

4. Conclusion 372 

Using measurements of aerosol composition and hygroscopicity made in Beijing (BJ) during a winter 373 

period of 2016 and a summer period of 2017, this paper analyzes the daily variation and seasonal differences 374 

of size-resolved aerosol hygroscopicity in urban Beijing. We mainly focus on studying the disparity of κgf 375 

and κchem between summer and winter to reveal the impact of atmospheric processes and mixing state of the 376 

particles on its hygroscopicity. The uncertainty in calculating κ by using chemical composition with a 377 

uniform internal mixing hypothesis is elucidated from the diurnal variations of the difference between the 378 

calculated values: in summer, lower κchem is obtained around noontime, with a ratio of κchem to κgf of about 379 

0.8-0.9 for large particles (i.e. 150 nm and 200 nm), showing an underestimation of particles hygroscopisity 380 

by using simple mixing rule based on chemical composition. Combining with the observation from Xingtai 381 

and Xinzhou, we attribute the underestimation to the rapid noontime photochemical aging processes in 382 

summer, which induces the coating effect that will lead to a lower κ if assuming a uniform mixing of the 383 

particles. In contrast, larger κchem than κgf for >100 nm particles around noontime and in the early afternoon 384 

is derived in winter, with the maximum ratio of κchem to κgf of 1.2-1.4 when the particles are dominated by 385 

the hydrophobic mode with a large number of externally-mixed POA particles from strong vehicle and 386 

cooking sources. We suggest that, by using the simple mixing rule, the particles hygroscopisity can be 387 

underestimated up to 10%-20% for aged aerosols due to the coating effect, but will be maximally 388 

overestimated 20-40% for externally-mixed particles. A lower κchem than κgf for 80, 110 and 150 nm particles 389 

during the nighttime of winter is also noted, and the disparity is further enlarged in polluted days, probably 390 
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due to a nighttime coating effect driven by condensation of secondary hygroscopic species on pre-existing 391 

aerosols in cold season. Our results highlight the impacts of atmospheric processes, sources on aerosol 392 

mixing state and hygroscopicity, which should be quantified and considered in models for different 393 

atmospheric conditions. Long-term observations from more ground sites, as well as experiments in smog 394 

chambers, should be made to parameterize such impact in model simulations. 395 
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