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H I G H L I G H T S  

• The hygroscopicity of aerosol particles from specific sources was identified in winter of Beijing. 
• The hygroscopic growth factors together with aerosol spectrum could predict NCCN well at typical supersaturation in cloud. 
• Secondary sources were the dominant contributor to the total cloud nuclei, while primary particles contributed less.  
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A B S T R A C T   

Aerosols hygroscopicity is generally differentiating for particles among various sources, leading to complex ef-
fects on visibility impairment and cloud formation. However, the hygroscopicity of aerosol particles from diverse 
sources is not yet fully understood. Here, combining field observations at an urban site in Beijing and a positive 
matrix factorization model, we identified aerosols hygroscopicity of six different sources, nucleation, traffic, 
cooking, aging primary, residential heating, and regional secondary, which corresponds to hygroscopic growth 
factors (Gfs) of 1.23, 1.15, 1.17, 1.44, 1.48, and 1.47, respectively at relative humidity of 90%. On polluted days, 
Gf values of particles for the accumulation-mode particles were higher than that under clean conditions. This is 
largely due to the hygroscopic sources represented by aged and secondary processes showed the dominant role in 
aerosol population. While on clean days, the Gfs of 40-nm particles showed larger values, that is closely asso-
ciated with the photochemical-nucleation-sourced particles. By further applying the Gfs together with aerosol 
spectrum to predict cloud nuclei concentration (CCN), we find the predicted and observed CCN number con-
centration are well correlated at typical supersaturation in cloud. The study further reveals the dominant roles of 
secondary processes, contributing up to 90% of the total cloud nuclei. Primary particles from traffic/cooking 
activities contributed only ~5%, although they account for 30–40% of the total particle number concentrations 
in urban Beijing during the studied period. The results indicate the source apportionment of Gfs can well 
interpret the variation in hygroscopicity of aerosols under different atmospheric conditions and evaluate their 
effects on cloud formation.   

1. Introduction 

Aerosol hygroscopicity is a vital parameter to assess the changes of 
atmospheric visibility (Liu et al., 2020; Xu and Kuang, 2020) and its 

effects on climate change (Kandler and Schütz, 2007; Wu and Poulain, 
2013). It describes the water uptake capacity of particles with the 
relative humidity increasing and have important implications in un-
derstanding aerosol phy-chemical properties during atmospheric 
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processes (Vu et al., 2015; Swietlicki et al., 2008) and aerosol direct and 
indirect climate effects (Massoli et al., 2009; Wang and Chen, 2019). 
Aerosol particle sizes and compositions significantly change when 
absorbing water vapor, modifying their optical properties, and directly 
affecting visibility and air quality (Bäumer et al., 2008; Zhao and Hu, 
2022) and the radiative balance (Cheng et al., 2008). Furthermore, 
aerosol hygroscopicity is also directly linked to cloud condensation 
nuclei (CCN) activity, thus affecting microphysical structures and radi-
ative properties of clouds (Petters and Kreidenweis, 2007; Rosenfeld 
et al., 2017). 

The characteristics of aerosol hygroscopicity can be measured using 
the hygroscopic tandem differential mobility analyzer (HTDMA) system. 
The hygroscopic growth factor (Gf) is one of the most widely used pa-
rameters describing the hygroscopic properties of aerosols (Swietlicki 
et al., 2008; Petters and Kreidenweis, 2007). The hygroscopicity prop-
erties of ambient aerosols are determined by physical and chemical 
properties, such as size, physical state, morphology, and chemical 
composition (Swietlicki et al., 2008; Mikhailov et al., 2009). Existing 
measurement techniques cannot directly distinguish the hygroscopic 
properties of particles from different sources. To date, focus has been 
placed on the bulk Gfs of ambient aerosol particles based on field 
measurements (Cai et al., 2018; Fan et al., 2020) and laboratory studies 
(Martin et al., 2013; Li et al., 2019; Zhang et al., 2022). Aerosols emitted 
from different sources may have distinct hygroscopic properties due to 
the diversity in size and chemical composition. For example, Swietlicki 
et al. (2008) reviewed aerosol hygroscopic properties from various en-
vironments and investigated how their chemical and physical properties 
affected hygroscopic growth. The hygroscopicity of particles emitted 
from traffic emissions or burning sources may both be related to the type 
of fuel, the combustion process, and the aging process (Happonen et al., 
2013; Martin et al., 2013). Most of these previous studies are concerned 
with the relationship between aerosol hygroscopicity and chemical 
composition. Particles emitted into atmosphere would change their size 
and hygroscopicity under the influence of the aging processes (eg., 
condensation, coagulation and other phy-chemical processes). To date, 
the heterogeneity of the hygroscopic properties among different sources 
is still poorly understood in ambient atmosphere. Separating the hy-
groscopic growth factors is capable of providing an insight in application 
of evaluating visibility and air quality. It is thus critical to characterize 
the hygroscopic properties of aerosol particles from different sources. 

In addition, identifying the hygroscopic properties of particles from 
various sources is important for accurately assessing their climate ef-
fects. A general application of the derived Gfs is still lacking. For 
example, its application in CCN prediction, which still incurs large un-
certainties in polluted regions, would help improve the characterization 
and parameterization of CCN activation. To our knowledge, most pre-
vious CCN closure studies conducted in China were based on the 
application of particle number size distribution (PNSD) and bulk hy-
groscopicity to calculate CCN number concentrations (NCCN) (Zhang 
et al., 2017; Ren et al., 2018). The properties of ambient particles may be 
difficult to estimate using a single bulk hygroscopic parameter due to the 
complexity of the physical and chemical characteristics. This indicates 
the importance of using hygroscopic properties of aerosols from various 
sources in the calculation of NCCN. In order to accurate parameterize 
CCN, it is necessary to explore the characteristics of hygroscopic prop-
erty of specific sources, especially in those regions where the aerosol 
particles are affected by multiple source types. 

In this study, a positive matrix factorization (PMF) model was 
applied to identify the hygroscopic growth properties of fine aerosol 
particles from different sources in urban Beijing using PNSDs and 
probability distributions of the growth factor (Gf-PDF) observed during 
the winter of 2016. The identified Gfs were then compared with those 
reported in the literature. The Gfs were further applied to estimate NCCN 
combined with PNSDs measured in another field campaign that took 
place in urban Beijing in 2014. The contribution of aerosol particles 
from different sources to the NCCN in urban Beijing during the study 

period was evaluated. 

2. Methods 

2.1. Experiment and data 

Two in-situ measurement campaigns were conducted at an urban site 
in Beijing, located at the Institute of Atmospheric Physics (39.97◦N, 
116.37◦E). The field campaigns were carried out in winter: from 7 
November to 17 December in 2014 and from 16 November to 10 
December in 2016. Here, a brief introduction is given here on the aerosol 
sampling and data analysis performed in this study. Xu et al. (2019) and 
Zhang et al. (2019) provide detailed descriptions about the operation of 
the instruments and data calibrations. 

The key instrument in the two field campaigns was the scanning 
mobility particle sizer (SMPS; Wang et al., 1990). Briefly, ambient 
particles larger than 1 μm were first removed by a sharp-cut particulate. 
Sampled particles were then introduced into a bundled Nafion dryer to 
ensure that the relative humidity (RH) of the flow was below 30%. The 
PNSDs were measured using two SMPSs, each equipped with a differ-
ential mobility analyzer (DMA, model 3081, TSI Inc.) and a condensa-
tion particle counter (models 3762 in 2014 and 3775 in 2016, TSI Inc.). 
Particles in the 16–560 nm (the 2014 field campaign) and 10–550 nm 
(the 2016 field campaign) size ranges were measured at an interval of 5 
min. An HTDMA system was used in 2016 to measure the hygroscopic 
growth factor of five selected diameters (40, 80, 110, 150, and 200 nm) 
at a given RH (90%). The Gf-PDF was retrieved based on the TDMAinv 
algorithm (Gysel et al., 2009). In addition, non-refractory aerosol spe-
cies, including organics (Org), sulfate (SO4), nitrate (NO3), ammonium 
(NH4), and chloride, were measured by an Aerodyne high-resolution 
time-of flight aerosol mass spectrometer (HR-AMS) (Xu et al., 2019). 
Black carbon concentrations were measured by an aethalometer (AE33, 
Magee Scientific Corporation) (Zhao et al., 2017). Gaseous species, i.e., 
carbon monoxide (CO), sulfur dioxide (SO2), ozone (O3), nitrogen di-
oxide (NO2), and nitric oxide (NO), were collected by Thermo Scientific 
gas analysers (Xu et al., 2019). CCN number concentrations were 
measured by a Droplet Measurement Technologies cloud condensation 
nuclei counter (DMT-CCNc) (Lance et al., 2006). 

2.2. Source apportionment analysis 

The PMF model is an extensively used multivariate factor receptor 
model for source apportionment (Paatero, 1999). In this study, 
size-resolved particle number concentrations (PNSD) measured by the 
SMPS and Gf-PDFs measured by the HTDMA system were input to the 
PMF model (US EPA PMF 5.0) to investigate the influence of various 
potential sources on their hygroscopic properties. The uncertainty is 
determined by the limit of detection and the relative uncertainty of each 
variable. Here a typical uncertainty calculated method was used in the 
PMF model for each species as Ogulei et al. (2006): 

Sij = δij + C × Xij (1)  

δij =α ×
(
Xij +Xj

)
(2)  

where Xij is the measured concentration for size bin j of the ith sample. C 
is a constant value and can be determined by a trial-and-error method 
from 0.01 to 0.5. The error term δij is the estimated measurement error 
for the size bin j of the ith sample. α is a constant assumed commonly to 
be 0.01 for all size bins, and Xj is the measured mean concentration for 
size bin j. Since the PMF factor profiles were mainly driven by PNSD 
data, the uncertainty of the hygroscopic growth factor from each size bin 
was down-weighted by a factor of two (Vu et al., 2021; Beddows and 
Harrison, 2019). 

In the PMF analysis, size-resolved particle number concentrations 
and growth factors were averaged to an hour resolution to reduce the 
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uncertainty caused by time lags between the SMPS and HTDMA systems. 
From the size PMF analysis, 30 random runs for 2 to 8 factors were 
evaluated with the variation in the Q value and the error estimation for 
selecting the optimal factor number. Solution selections with the num-
ber of factors were based on both the error analysis and physical inter-
pretability of factors in terms of diurnal patterns and the correlation 
between external variables and factor profiles. Choosing the optimal 
number of factors is difficult due to the uncertainty of PMF analysis, 
including the random errors and rotational ambiguity (Paatero et al., 
2014). The error estimations were examined via the bootstrap (BS) and 
displacement (DISP) in PMF analysis. After the additional diagnostics 
analysis, the appropriate number of factors has been chosen. Fpeak was 
to further found the minimum and stable Q. By comparing the base run 
with the selected Fpeak run, the uncertainty of the results is ±22%. After 
a careful evaluation of the output from PMF model, six factors were 
finally selected as the best solutions for the datasets from winter 2016, 
and five were resolved for the PNSD datasets from winter 2014. Details 
about the diagnostics of PMF results appear in the Supplementary 
Information. 

In addition, the source apportionment of organic aerosol (OA) ob-
tained from HR-AMS was also analysed by using PMF (Xu et al., 2019) in 
two campaigns. In winter of 2014, five OA factors was selected, 
including three primary organic aerosols (POA) factors namely, cooking 
OA (COA), coal combustion OA (CCOA) and biomass burning OA 
(BBOA), and two secondary organic aerosols (POA) factors from 
less-volatile oxygenated OA (LV-OOA) and semi-volatile oxygenated OA 
(SV-OOA). For the winter of 2016, six-factor solution was chosen, 
including three POA factors namely COA, BBOA and fossil fuel-related 
OA (FFOA), and three SOA factors from oxidized POA (OPOA), 
oxygenated OA (OOA), and aqueous-phase OOA (aq-OOA). Detailed 
operations about the HR-AMS and PMF solutions can be found in Xu 
et al. (2019). 

2.3. Calculation of CCN number concentration 

In this study, the NCCN calculation was based on κ-Köhler theory 
using PNSD and the critical diameter (Dcut) (Ren et al., 2018; Zhang 
et al., 2019). PNSDs and mean Gfs of different factors can be obtained 
from the PMF analysis. 

As proposed by Petters and Kreidenweis (2007), the method to derive 
Dcut is based on κ-Köhler theory, with the water vapor saturation ratio 
over the aqueous solution droplet S given by: 

S=
D3 − DP

3

D3 − DP
3(1 − κ)

exp
(

4σwMw

RTρwD

)

(3)  

κ =
4
(

σwMw
RTρw

)3

27Dp
3 ln2Sc

(4)  

Dcut =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4
(

σwMw
RTρw

)3

27κ ln2Sc

3

√
√
√
√

(5)  

where D is the droplet diameter, Dp is the dry diameter of the particle, 
Mw is the molecular weight of water, σw is the surface tension of pure 
water, ρw is the density of water, R is the gas constant, and T is the ab-
solute temperature. Dp is also the critical diameter for the given S when κ 
is known. 

The hygroscopicity parameter for different factors can be derived 
from the Gf according to the κ-Köhler theory (Petters and Kreidenweis, 
2007): 

κgfi =
(
Gfi

3 − 1
)
•

[
1

RH
exp

(
4σs/aMw

RTρwDdGfi

)

− 1
]

(6)  

where Gfi is the Gf for factor i, RH is the relative humidity in the HTDMA 

(90% used in this study), Dd is the dry diameter, σs/a is assumed to be the 
surface tension of pure water, R is the universal gas constant, T is the 
temperature, Mw is the molecular mass, and ρw is the density of water. 

Then NCCN for a given factor can be calculated as 

CCNpre− i =

∫Dend

Dcut− i

n
(
log Dp− i

)
d log Dp− i (7) 

For the factor i, where Dcut-i is the upper-limit diameter of the PNSD 
for factor i, and Dend is the lower-limit diameter, n(log Dp-i) is a function of 
the aerosol number size distribution. The total NCCN is the sum of NCCN 
for different factors. 

3. Results 

3.1. Resolved PNSD and Gf-PDF by the PMF model 

Fig. 1 shows the time series of field observed data in urban Beijing 
during winter of 2016, including the PNSD, Gf-PDFs, particle mass 
concentrations, meteorological parameters, and gaseous species con-
centrations. By combining the field observations and a positive matrix 
factorization model, we identified hygroscopic properties of aerosol 
particles from six different sources that are indicated by six factors as 
shown in Fig. 2. Factor 1 was dominated by nucleation-mode particles 
peaking at around 20 nm, associated with a new particle formation 
(NPF) event from photochemistry (Dai et al., 2021). The time series of 
NCN show sharp peaks mostly on clean days (Fig. 2a). Diurnal variations 
of NCN also show peaks during NPF events (09:00–14:00 local time, LT) 
(Fig. 3a2). The corresponding Gf-PDF for the nucleation mode was 
dominated by a hygroscopic mode with a Gf of ~1.3 when the NPF event 
occurred. A small hydrophobic mode is also seen, probably due to the 
influences of primary traffic emissions and the less-hygroscopic organics 
(Org) in newly formed particles (Zhang et al., 2004). The hygroscopic 
mode became more dominant around noon and the early afternoon. This 
suggests that the photochemical reaction promotes the particles growth 
through condensation and the aging process (Liu et al., 2021), and the 
transition of mixing state from externally mixed to internally mixed after 
NPF events occur (Wu et al., 2016). The enhancement of water-soluble 
compounds through photochemical process would lead to an increase 
in the hydrophilic mode (Chen et al., 2022). Note that there may be 
some uncertainties in this analysis because the HTDMA did not measure 
diameters below 40 nm, so not all features of newly formed particles 
were captured. 

The size distribution of factor 2 shows a peak mode at 30–40 nm, 
mainly corresponding to traffic emissions consisting of particles with 
diameters ranging from 10 to 120 nm, as suggested previously (Vu et al., 
2015; Pey et al., 2009). The time series of NCN and Gf-PDF show large 
fluctuations during the observation period (Fig. 2b). The diurnal varia-
tion of NCN (Fig. 3b2) shows two pronounced peaks associated with 
traffic emissions during the morning and evening rush hours (eg., 
8:00–9:00 LT and 19:00–20:00 LT). The correlation coefficient indicates 
high value with the vehicle exhaust NOx (Fig. 4). The PMF-derived 
Gf-PDF for traffic-related particles was dominated by a hydrophobic or 
less hygroscopic mode, with Gf less than ~1.2 (Fig. 3b3), generally 
consistent with previous studies (Li et al., 2021; Vu et al., 2021). These 
particles mostly consisted of externally mixed hydrophobic particles 
from primary emissions (Wang et al., 2017). Two peaks of the hydro-
phobic/less hygroscopic mode during traffic hours were also indicated 
in the diurnal variation of GF-PDF (Fig. 3b4). 

Factor 3, associated with cooking emissions, shows two pronounced 
peaks in NCN at lunch and dinnertime (eg., 12:00–13:00 LT and 
19:00–20:00 LT) (Fig. 3c2). The similar diurnal pattern was also 
observed for cooking organic aerosols (COA) (Du et al., 2017). In 
addition, the mean PNSD of factor 3 (Fig. 3b1) shows characteristics of 
cooking sources, namely, a peak at ~50 nm (Harrison et al., 2011; Cai 
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et al., 2020). Furthermore, NCN correlates well with COA (Fig. 4). As 
with traffic emissions, the Gf-PDF for particles from cooking has a 
dominant mode of ~1.0 (Fig. 3c3). The Gf-PDF thus showed hydro-
phobic modes during lunch and dinnertime (Fig. 3c2 and 3c4). At 18:00 
LT, the fraction of hydrophobic-mode particles increased significantly, 
which may be due to increased cooking activities from nearby food stalls 

at night (Zhao et al., 2017). 
The mean PNSD for factor 4 was unimodal, with one peak around 

100 nm. The correlation analysis suggests that this factor is not only 
associated with primary emissions but also well correlated with O3 
(Fig. 4; Du et al., 2021). NCN was also characterized by higher values 
during nighttime and a small peak around noon (Fig. 3d2). Similarly, the 

Fig. 1. Time series of (a) particle number size distribution (colored background) and particle number concentration (NCN, black line), (b–c) growth factor probability 
distribution functions (Gf-PDFs) for 40 and 150 nm at relative humidity, RH = 90%, (d) PM1 concentration, (e) RH and ambient temperature (T), (f) wind speed at 8 
m and wind direction at 280 m above ground level, (g) SO2 and CO concentrations, and (h) O3 and NO2 concentrations. Three clean cases (C1, C2, and C3) and three 
polluted cases (P1, P2, and P3) were selected for further investigation. 
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diurnal variation shows a conversion trend from primary organic aero-
sols (POA) to oxidized POA (Fig. S5), further suggesting that factor 4 
represents the aging process. Thus, factor 4 is defined as the 
aging-primary-related source. The Gf-PDF for these particles is domi-
nated by a hygroscopic mode with Gf of ~1.5 (Fig. 3d3). A small hy-
drophobic mode was attributed to the disturbance of local primary 
emissions. The fraction of hygroscopic-mode particles greatly increased 
during nighttime. This is likely because heterogeneous and/or aqueous 
reactions promoted the aging process and growth of these primary 
particles at night (Fan et al., 2020). Particles from primary emissions 
could be internally mixed with the large particles by coagulation and 
thus grow rapidly, resulting in accumulated-mode particles with high 
hygroscopicity. 

Factor 5 was dominated by the accumulation mode, peaking at 
around 150 nm (Fig. 3e1). It is associated with gaseous tracers (e.g., SO2, 
NOx, and CO), correlating well with combustion-generated aerosols (Dai 
et al., 2021) (Fig. 4). Therefore, factor 5 is resolved as residential heating 
emissions. The diurnal pattern of NCN for factor 5, with lower values 
during daytime and higher values at night, further illustrates this 
(Fig. 3e2). The GF-PDF for particles from residential heating showed a 
strong hygroscopic mode of 1.4–1.6 reflecting the dominant sulfate 
particles from residential coal combustion in northern China (Dai et al., 
2019). During late afternoon and nighttime, the hygroscopic mode 
became more dominant (Fig. 3e4). This is likely because higher ambient 
RH at night may promote the production of sulfate through aqueous 
chemical reaction (Wang et al., 2015). 

The mean PNSD for factor 6 had a peak at around 250 nm (Fig. 3f1) 
and was highly correlated with the mass concentrations of secondary 
inorganic aerosols (SIA, including sulfate, nitrate, and ammonia) and 
secondary organic aerosols (SOA) (Fig. 4). Factor 6 was thus identified 
as a regional secondary source (Cai et al., 2020). It is characterized by a 
diurnal pattern of NCN with high values during nighttime (Liu et al., 
2016) (Fig. 3f). As expected, the hygroscopic growth factors of particles 
from the resolved regional secondary source were very hygroscopic, 

with a Gf value of ~1.6. Similar, the peak mode of hygroscopic played 
the dominant role during nighttime mainly caused by the aqueous 
oxidation and the increment of aerosol liquid water to promote the 
formation and growth of sulfate, nitrate, and SOA (Wang et al., 2016; 
Wu et al., 2018). The coagulation process with larger particles also 
promoted particles quickly internally mixed and aged, thus enhanced 
the fraction of hygroscopic mode. 

3.2. Numbers and mass fractions of the six PMF-resolved factors 

Fig. 5 shows the average numbers and mass fractions of the six 
resolved PMF factors during the field campaign. The mass fraction was 
calculated by assuming that particles were spherical with a density of 
1.5 g cm− 3 (Hu et al., 2012), a value typically reported for urban cities in 
China. Note that the number concentration of cooking sources here was 
converted to mass concentration by assuming a density close to POA 
(~1.0 g cm− 3) (Wu et al., 2016). Diurnal variations show that both the 
numbers and mass fractions of nucleation, traffic-related, and 
cooking-related emissions increased considerably during daytime. The 
fractions of regional secondary and aging primary related sources 
largely increased during nighttime. On average, nucleation, traffic 
emissions, cooking emissions, aging primary, residential heating, and 
regional secondary sources contributed 7%, 15%, 20%, 26%,18%, and 
14%, respectively, to the total particle number concentration. The aging 
primary source accounted for the largest number fraction during the 
observed period. Comparatively, its contribution to the mass concen-
tration was much less, accounting for only 9% of the total particle mass 
concentration. Aerosol particles from regional secondary sources and 
residential heating dominated, contributing 82% to the total mass con-
centration although they only accounted for a relatively smaller portion 
of the number fraction. Traffic-related particles and cooking emissions 
are considered the major source of particles in the urban atmosphere (Du 
et al., 2017). In this study, traffic and cooking activities contributed 
significantly (~35%) to the total particle number concentration, but 

Fig. 2. PMF-derived time series of CN number concentrations (NCN, left panels) and hygroscopic growth factor probability density functions (Gf-PDF, right panels) of 
different factors (from 16 November to 10 December of 2016). (a1-a2) Factor 1, nucleation sources; (b1-b2) factor 2, traffic emissions; (c1-c2) factor 3, cooking 
emissions; (d1-d2) factor 4, aging primary; (e1-e2) factor 5, residential heating; and (f1-f2) factor 6, regional secondary sources. 
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comparatively, they contributed a much smaller fraction (~7%) to the 
total mass concentration (Fig. 5c and d). The number fraction of cooking 
sources in this study was higher than that reported in an urban site 
(~7%) in London (Harrison et al., 2011). Nucleation-mode particles 
contributed the least to both the total number and mass concentrations 
during the observed period. Our results highlight the importance of 
reducing secondary aerosol particles to improve the regional air quality 
in the North China Plain. 

3.3. Comparison of identified Gfs with those reported in the literature 

The derived Gfs and hygroscopic parameter κ of the six PMF-resolved 
factors were compared with those reported in previous studies (Fig. 6 
and Table 1). Here, results measured from field campaigns (Vu et al., 
2021; Sakurai et al., 2005; Wu et al., 2017) and laboratory studies 
(Tritscher et al., 2011; Li et al., 2018) were reviewed. To ensure the 
comparability of results among different studies, only Gf values 
measured at RH = 90% or close to 90% were selected. 

For particles from nucleation, the mean Gf value assigned by the PMF 
analysis in this study was 1.23 ± 0.05 (corresponding to a κ value of 0.15 

± 0.03), within the range of 1.1–1.6 reported in the literature. The value 
derived in this study is more comparable with that reported by Hämeri 
et al., (2001) and Vu et al. (2021) who also used the HTDMA system to 
obtain results. However, higher Gf values of ~1.4–1.6 for newly formed 
particles were observed in urban sites in Atlanta (Sakurai et al., 2005), 
Gosan (Buzorius et al., 2004), and Marseilles (Petäjä et al., 2007), likely 
because newly formed particles in these areas are dominated by the 
oxidation of SO2 (McMurry et al., 2005; Petäjä et al., 2007; Kim et al., 
2011). The hygroscopic properties of nucleation-mode particles could be 
closely related to the properties of condensing vapors as well as the 
growth mechanism, leading to diverse hygroscopic properties across 
different regions. 

The mean Gf value for particles from traffic sources is 1.15 ± 0.02, 
within the range of 1.0–1.29 reported in previous studies. Our derived 
Gf value is slightly higher than those reported from chamber experi-
ments (Tritscher et al., 2011) but comparable with results measured in 
the ambient atmosphere (Vu et al., 2021). This is likely because particles 
may be converted from nearly hydrophobic to hygroscopic during the 
atmospheric aging process. Generally, aerosol particles from 

Fig. 3. Mean particle number size (a1, b1, c1, d1, e1, f1) and Gf-PDF (a3, b3, c3, d3, e3, f3) distributions, and diurnal cycles of CN number concentration (a2, b2, c2, d2, 
e2, f2) and Gf-PDF (a4, b4, c4, d4, e4, f4) of the six PMF factors. 
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traffic-related emissions are less hygroscopic in most cases, with a mean 
κ value of <0.13. 

Particles from cooking activities were considered to be a mixture of 
fresh and aged COA, with a mean Gf value of 1.17 ± 0.11, ranging from 
1.08 to 1.25. Previous studies have shown that freshly emitted COA 
would become more oxygenated by reacting with O3 and OH radicals, 
thus increasing the potential capacity of CCN activity (Li et al., 2018; 
Kaltsonoudis et al., 2017). The derived Gf values in this study corre-
spond to a mean κ of 0.10 ± 0.07, which falls in the range of values 
reported from chamber experiments for fresh and aged cooking particles 
(Li et al., 2018). 

Particles related to the aging primary process are more hygroscopic, 
with a mean Gf value of 1.44 ± 0.04. These particles are considered to be 
mixtures of primary emissions from combustion and aged accumulation- 
mode particles. Recent studies have indicated that 40–80% of fossil fuel- 
primary organics aerosols in urban Beijing were water soluble (Qiu 
et al., 2019). Particles from residential heating also show a more hy-
groscopic mode with a Gf value of 1.48 ± 0.03, similar to particles 
emitted from district heating plants (Rissler et al., 2005). The 

hygroscopic properties of secondary aerosol particles, which originate 
from regional transport and secondary formation (Cai et al., 2020), are 
similar to those from residential heating. The dominance of more hy-
groscopic compounds (e.g., SIA and SOA) in the accumulation mode 
explains the high Gf value. For example, Vu et al. (2021) reported Gf 
values of ~1.34–1.48 for mixed SOA and SIA, comparable to our results. 

Overall, the hygroscopic properties of aerosol particles vary with 
variabilities in emission sources, environmental conditions, and atmo-
spheric processing (Swietlicki et al., 2008 and references therein). The 
variability in aerosol particle hygroscopicity depends highly on the 
composition, as shown in Fig. S6. Overall, the more hygroscopic parti-
cles in many cases were from residential heating and regional trans-
portation during the field campaign. 

3.4. Case study: attributing Gfs on clean and polluted days using the PMF- 
resolved factors 

To illustrate the impacts of various sources on the hygroscopic 
properties of particles under different pollution conditions, six cases 

Fig. 4. The correlation coefficients between PMF factors and tracer pollutants including, SO4, NO3, NH4, Chl, BC and SO2, CO, O3, NOx. Organics are produced from 
COA, FFOA, BBOA, OPOA, OOA, aq-OOA in the winter of 2016. 
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representing polluted and clean conditions were chosen for further 
investigation (Fig. 7). Gf values of particles under polluted conditions 
were larger than those under clean conditions except for 40-nm parti-
cles. This can be explained by differences in the number concentration 
or fraction of the resolved PMF factors between polluted and clean cases. 
Fig. 7 shows that under polluted (clean) conditions, hygroscopic sources 
represented by aged and secondary processes contributed 55–78% 
(20%) to the NCN. For 40-nm particles, Gf values were larger on clean 
days when photochemical-nucleation-sourced particles dominated the 
population of small particles. Under polluted conditions, small particles 
were mainly from local primary sources, e.g., traffic and cooking (Fan 
et al., 2020), leading to lower Gf values. The contribution from 

nucleation sources increased from 2–6% under polluted conditions to 
17–26% during clean periods. This suggests that the source apportion-
ment of Gfs can well interpret the variation in hygroscopic properties 
under different atmospheric pollution conditions. 

3.5. Using PMF-resolved Gfs to predict NCCN 

Extrapolations of HTDMA data to water vapor supersaturation have 
been shown to accurately predict the CCN activity of aerosols (Cai et al., 
2018). Here, we attempt to estimate NCCN using PMF-resolved Gfs and 
PNSDs from different sources, drawing conclusions regarding charac-
teristic CCN properties among various sources. The activation, or critical 

Fig. 5. Average diurnal variations of number (a) and mass fraction (b) of the six PMF-derived factors during the observed period. Pie charts show the campaign (c) 
average number and (d) mass fraction of the different factors. 

Fig. 6. Comparisons of PMF-resolved hygroscopic properties with the reported literatures (a) Gf and (b) hygroscopic parameter (κ) from this study and from the 
literatures. 
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diameter of each individual source was calculated from its correspond-
ing hygroscopic parameter at a given supersaturation using Köhler 
theory (Petters and Kreidenweis, 2007) (Fig. 8). The critical diameter of 
pure ammonia sulfate is also presented for comparison purposes. 
Retrieved critical diameters are, in general, larger than that expected for 
pure ammonia sulfate, indicating that even particles from those more 
hygroscopic sources may consist of both organic and inorganic material. 

The calculated critical diameters, along with PNSDs in the winter of 
2016 were used to evaluated the performance of predicting NCCN by 
using the resolved Gf from various sources. Here, we examined PNSDs 
observed in urban Beijing in the winter of 2014. First, the PMF model 
was used to resolve particle source factors based on these PNSDs. Five 
factors, i.e., traffic, cooking, aging primary particles, residential heating, 
and secondary related sources, were resolved (Fig. S7). The PMF source 
factors resolved for this dataset observed in 2014 were almost the same 
as those observed in 2016 because both campaigns were conducted at 
the same site and in the same season. Calculated critical diameters of 
different source factors (Fig. 8) were then applied to predict the NCCN of 
corresponding PMF factors using the resolved PNSDs. 

Fig. 9 shows comparisons of predicted and measured NCCN at S =
0.23% during the 2014 field campaign. Overall, the time series of pre-
dicted and observed NCCN agree well. The CCN number concentration 
was calculated with an acceptable overestimation of ~19% (coefficient 
of determination, R2 = 0.99) at S = 0.23%. Further analysis shows that 
the overestimation between predicted and measured NCCN became more 
pronounced at night (Fig. 9c, Fig. S8), likely due to the significant in-
crease in Org mass loadings during the same periods in 2014 (Fig. S9). 
The hygroscopic properties and CCN activity of organic matter have 
large uncertainties due to its complex composition (Liu et al., 2021). 
Note that the method for predicting NCCN has some limitations. Since 
aerosol particle chemical compositions vary with time and region, this 
will lead to uncertainties in Gf values or critical diameters even from the 
same PMF-sourced factor from different sites (see Fig. 6). Also, the PMF 
method itself has some uncertainties (Ogulei et al., 2006; Paatero et al., 
2014). It is thus necessary to examine more observational data to verify 
this methodology. More importantly, developing a comprehensive 
dataset including more Gf and critical diameter results from more 
diverse sources based on field investigations is warranted so that esti-
mates of NCCN in different regions and different times of the year can be 
made. 

3.6. Source apportionment of cloud nuclei 

Fig. 10 shows the contributions of different resolved sources to NCN 
and NCCN. The total contribution of particles originating from the aging 
process and residential heating and regional secondary sources to NCCN 
were greater than 90%. The contribution from these sources reached as 
high as 97% for polluted cases. This is expected because particles 
emitted from these sources were more hygroscopic, and their size dis-
tributions peaked in the accumulation mode (Figs. 3 and 6). Under 
polluted conditions, particles from residential heating contributed the 
most to NCCN due to the formation of very hygroscopic sulfate from 
residential coal combustion (Dai et al., 2019; Li et al., 2017). On clean 
days, particles related to the aging process contributed the most to NCCN, 
suggesting the critical role of photochemical processes in changing 
particle CCN activity. Although particles from primary emissions (traffic 
and cooking activities) contributed greatly to NCN under both clean and 
polluted conditions, their contributions to NCCN were only 17% on clean 
days and 3% on polluted days. On average, the total contribution from 
the two sources was 5%. This demonstrates the important roles of sec-
ondary and aging processes in elevating CCN levels in urban Beijing. 

4. Conclusions 

Aerosols hygroscopicity, which highly depends on the particle 
emission sources, plays critical role in evaluating their effects on cloud 
formation. It is thus critical to characterize the hygroscopic properties of 
aerosol particles from different sources. In this study, we performed 
source apportionment analysis by applying a PMF model to field 
measured PNSD and Gf-PDF datasets in urban Beijing to identify hy-
groscopic Gfs of fine aerosol particles from different sources. Six factors, 
i.e., the nucleation process, traffic emissions, cooking activities, aging 
primary, residential heating, and regional secondary, were resolved, 

Table 1 
Summary of hygroscopic growth factor (Gf) values and hygroscopic parameters 
(κ) from different sources reported in the literature and PMF-modeled results 
from this study.  

Sources Diameter RH Gf κ References 

nucleation 8–10 nm 90% ~1.1 0.06 Väkevä et al. 
(2002a) 

nucleation 20 nm 90% 1.15 ±
0.13 

0.16 ±
0.14 

Väkevä et al. 
(2002b) 

nucleation 10–20 
nm 

90% 1.19 ±
0.13 

0.19 ±
0.04 

Hämeri 
et al. (2001) 

nucleation 50 nm 90% 1.30 ±
0.44 

0.18 Vu et al. 
(2021) 

nucleation 10 nm 90% ~1.4  Sakurai 
et al. (2005) 

nucleation 25 nm 83% 1.5  Buzorius 
et al. (2004) 

NPF day 20–50 
nm 

88% ~1.6  Petäjä et al. 
(2007) 

nucleation 40 nm 90% 1.23 ±
0.05 

0.15 ±
0.03 

this study 

traffic 35–300 
nm 

95% 1–1.02  Tritscher 
et al. (2011) 

traffic 50–100 
nm 

95% 1.05–1.25 0.06–0.12 Tritscher 
et al. (2011) 

traffic-fresh 50, 75 
nm 

90% 0.92–1.20 0.04 ±
0.03 

Vu et al. 
(2021) 

traffic-aged 50, 75 
nm 

90% 1.19–1.29 0.13 ±
0.05 

Vu et al. 
(2021) 

traffic 40, 110 
nm 

90% 1.15 ±
0.02 

0.08 ±
0.01 

this study 

cooking-fresh    0.08 Li et al. 
(2018) 

cooking-aged    0.14 Li et al. 
(2018) 

cooking 40, 80 
nm 

90% 1.17 ±
0.11 

0.10 ±
0.07 

this study 

Biomass Burning  85%  0.2 Rose et al. 
(2010) 

BB 50, 150 
nm 

89% 1.3 ±
0.30  

Cocker et al. 
(2001) 

BB   1.23 ±
0.11  

Swietlicki 
et al. (2008) 

BB 175, 350 
nm 

83% 1.15 ±
0.30  

Shingler 
et al. (2016) 

BB    0.195 Martin et al. 
(2013) 

BB event 50–250 
nm   

0.09–0.10 Wu et al. 
(2017) 

BB (fresh)    0.21 Li et al. 
(2019) 

BB (aged)    0.29 Li et al. 
(2019) 

Urban 
accumulation 
mode (acc.) 

acc. 90% 1.41 ±
0.15 

0.26 ±
0.15 

Vu et al. 
(2021) 

aging primary 80, 110 
nm 

90% 1.44 ±
0.04 

0.28 ±
0.03 

this study 

heating 105 nm 90% 1.59 ±
0.13 

0.38 ±
0.12 

Rissler et al. 
(2005) 

heating 150, 200 
nm 

90% 1.48 ±
0.03 

0.30 ±
0.02 

this study 

inorganic acc. 90% 1.58 ±
0.13 

0.39 ±
0.16 

Vu et al. 
(2021) 

mixed acc. 90% 1.38 ±
0.07 

0.21 ±
0.06 

Vu et al. 
(2021) 

regional 
secondary 

150, 200 
nm 

90% 1.47 ±
0.06 

0.28 ±
0.04 

this study  
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Fig. 7. Size-resolved mean growth factors (Gf) on Dp for clean (C1–3) and polluted (P1–3) cases (a), and the average number concentration (NCN) of each factor (b). 
Measurements are from the winter of 2016. 
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with mean Gf values of 1.23, 1.15, 1.17, 1.44, 1.48, and 1.47, respec-
tively. These results are comparable to those reported in the literature. 
Furthermore, we applied the PMF-resolved Gfs to calculate the critical 
diameter among various sources based on the κ-Köhler theory. The NCCN 
was then estimated within an acceptable overestimation of ~19% (R2 =

0.99) at a typical supersaturation in cloud (S = 0.23%) using the critical 
diameters combined with PNSDs measured in another field campaign 
conducted in urban Beijing during the winter of 2014. Previous studies 
based on the bulk κ (eg., κchem derivated from chemical composition) 
with PNSDs show that a significant overestimation of ~30%–50%, and 
even higher in some cases when estimating the CCN number concen-
tration at S = 0.23% (Wang et al., 2010; Zhang et al., 2017). This in-
dicates that the using Gfs among various sources in the calculation of 
CCN number concentration is worth promoting. The results show that 
the particles originating from secondary, aging, and 
residential-heating-related sources contributed greater than 90% of the 
total cloud nuclei. These results illustrate the critical roles of secondary 
and aging processes in elevating CCN levels in urban Beijing. The 

contribution of particles from primary emissions (traffic and cooking 
activities) was ~5%, although they contributed greatly to total aerosol 
particle number concentrations. But these primarily emitted particles 
may experience aging and secondary conversion rapidly (Ren et al., 
2018), and the mass fraction of soluble (Li et al., 2018) or the degree of 
oxidation (Kaltsonoudis et al., 2017) may enhanced greatly, serving as 
effective CCN. 

The method used to predict NCCN has limitations. Since aerosol 
particle compositions vary with time and region, this may lead to un-
certainties in Gf values or critical diameters from the same PMF-sourced 
factor from different sites. Also, the PMF method itself has some un-
certainties. It is thus necessary to examine more observational data to 
verify this methodology. Moreover, to predict CCN in different regions 
and different times of the year, developing a comprehensive dataset, 
including more Gfs or critical diameters from diverse sources based on 
field investigations, is warranted. 

Fig. 8. Calculated critical diameters (Dcri) at S = 0.23%, 0.40%, and 0.76% for aerosol particles from different sources and for pure ammonium sulfate.  

Fig. 9. Time series of the observed and predicted NCCN at S = 0.23% in the winter of 2014 (a), scatter plots data from all time periods (b), nighttime only 
(17:00–06:00 LT) (c), and daytime only (06:00–17:00 LT) (d). 
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