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• Microphysics and chemistry for explosive
formation of SOA were studied.

• Organic vapors could lead to the forma-
tion of cloud or fog droplets with relative
humidity below 100 %.

• Aerosol-fog interactions could result in
the explosive growth of SOA.

• Decreasing temperatures could dramati-
cally amplify organic compounds' co-
condensing influence on SOA explosive
formation.
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Aerosol particles can profoundly affect the local environment and global climate. Explosive growths of secondary or-
ganic aerosol (SOA) are frequently observed during serious haze evens, but their fundamental mechanism remains un-
clear. We used chamber experiments and kinetic model simulations to reveal the microphysical mechanism for
explosive organic aerosol formation. The evolution of SOAwith organic vapors under dry and highly humid conditions
was determined based on a high-resolution Orbitrap mass spectrometer. We found that the condensation of gas-phase
organics could lead to the formation of cloud or fog droplets with relative humidity below 100 %; meanwhile, the
aerosol-fog interaction could result in the explosive growth of SOA. Monomeric products from toluene oxidation
were verified to primarily contribute to the increased SOA in super humid conditions, which are mainly assigned to
be intermediate- and semi-volatile organic compounds. Moreover, we demonstrated that the decreasing temperatures
could dramatically amplify organic compounds' co-condensing influence on SOA explosive formation and activation at
relative humidity above 85 % and temperature below 20 °C. Our findings revealed that aerosol-fog interaction is the
fundamental driving force for explosive organic aerosol formation. It indicates that overlooking the co-condensation
of organic vapors with water could significantly underestimate SOA and liquid water content in 3D models.

1. Introduction

Aerosol particles can adversely affect human health and the local envi-
ronment(Kelly and Fussell, 2015). They can further influence Earth's
weather and climate by scattering radiation and acting as cloud condensa-
tion nuclei (CCN). Secondary organic aerosol (SOA) is an important fraction
of the fine particulate matter (PM2.5) in the atmosphere, which is a mixture
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of organics formed from condensable oxidation products of volatile organic
compounds (VOCs). The properties of SOA are closely tied to aerosol-cloud
interactions and present the largest uncertainties in estimating the radiative
effects for climate change (IPCC 2013).

Fog events were commonly observed during haze days, and a positive
correlation between organic aerosol and liquid water content (LWC) was
widely detected (Cheng et al., 2021; Fu et al., 2014; Jia et al., 2019; Li
et al., 2021; Liu et al., 2021; Quan et al., 2011; Wang et al., 2021, 2020;
Yang et al., 2021; Yu et al., 2021). In addition, PM2.5 explosive growth
events frequently occurred during haze-fog periods in China (Guo et al.,
2014; Liu et al., 2019; Wang et al., 2018), which were characterized by
low temperature and high relative humidity (RH) (Peng et al., 2021). The
rapid increase of SOA during serious haze events was mainly attributed to
assumptions of aqueous reactions in aerosol water under unfavorablemete-
orological conditions (Sulaymon et al., 2021; Wang et al., 2021; Zhong
et al., 2018). Based on these studies, it can be concluded that the deep inter-
action of organic composition with aerosol water plays a pivotal role in the
explosive formation of organic aerosol. Though China's annual average
PM2.5 has decreased over recent years due to effective emission controls,
the abundance of SOA keeps growing and has become the dominant com-
position of PM2.5 (Wang et al., 2022). Laboratory measurements show
that the contribution of particle water from organic aerosol becomes pretty
significant under high humid conditions (Varutbangkul et al., 2006). How-
ever, in field studies, LWC was generally predicted by the thermodynamics
models (e.g., ISORROPIA or E-AIM) using the inorganic aerosol composi-
tion. The role of organic aerosol in the hygroscopic growth of particles
was generally neglected due to its complexity. In addition, the short-
comings of these hygroscopicity models are the lack of a coupled consid-
eration of particle curvature (Kelvin effect) and composition (Topping
et al., 2005). Since curvature influences the partitioning of volatile com-
pounds between the gas and particle phases, this shortage limits the
models' ability to predict the formation of fog or cloud. Hence, though
the conversion between haze and fog normally occurs during the haze-
fog periods (Yu et al., 2021), the intrinsic relationship between haze
and fog is poorly understood.

Unlike nonvolatile inorganic salts, SOA ismainly formed by gas-particle
partitioning; thus, the particle-phase concentration of SOA also depends on
their corresponding gas-phase precursors. In other words, organic vapors
can also affect the hygroscopicity of SOA. The relationship between water
vapor and aerosol particles in sub- and super-saturated regimes can be de-
scribed by the Köhler theory, which combines curvature (Kelvin effect)
and solution effect (Raoult's law) (Köhler, 1936). However, classic Köhler
theory does not consider the solutes that are soluble gases. Theoretical anal-
ysis showed that the presence of HNO3 or NH3 vapors could decrease the
critical supersaturation point of particles (Hegg, 2000; Kulmala et al.,
1997, 1993; Laaksonen et al., 1998), and the presence of organic vapors
could enhance cloud droplet number concentrations (Topping et al.,
2013). However, these studies are only based on theoretical evaluations,
and the direct observational evidence is sparse. The laboratory study by
Hu et al. (2018) showed that the presence of propylene glycol vapor
could significantly enhance water uptake of ammonium sulfate particles.
Since thousands of semi-volatile organic compounds (SVOCs) exist in the
atmosphere, SVOCs may affect aerosol hygroscopicity and lead to signifi-
cant uncertainty for CCN activity (Goulden et al., 2018).

In addition to organic vapors' influence on CCN activation, the con-
densation of water vapor in SOA formation under super-humid or
super-saturated conditions is not well understood. Previous studies
mainly focused on the effect of RH on SOA formation under modest
humid or sub-saturated conditions, and a positive relationship between
RH and SOA yield could be found (Jia and Xu, 2018, 2014; Luo et al.,
2019; Wang et al., 2016). Our recent study further found that the in-
creased SOA from toluene oxidation at RH < 90 % was mainly contrib-
uted by monomeric products driven by water partitioning (Jia and Xu,
2021). Lamkaddam et al. (2021) found that organics from isoprene
could be significantly enhanced on the wetted surface of a flow reactor
at RH= 100 %. These studies implied that aerosol water plays a crucial

role in SOA formation. However, since the oxidation of one VOC gener-
ally produces hundreds of organics, a typical SOA particle consists of
hundreds to thousands of compounds with different structures and
vapor pressures (Ziemann and Atkinson, 2012). It indicates that the
complexity of SOA-cloud/fog interactions is far beyond inorganics. To
the best of our knowledge, no study has been done on direct observation
of the evolution of SOA with the influence of organic vapors under
super-humid conditions. Thus, to reveal the SOA-fog interaction, a
more realistic laboratory study with an online coupling model of ex-
plicit chemical reactions and microphysical processes is needed.
Benefitting from the most advanced mass spectrometer and an online
coupled dynamic model (Jia and Xu, 2021), we can reveal the interac-
tion between haze and fog with the influence of SVOCs from dry to
super-humid conditions.

To address these challenges, we investigated the evolution of SOA
from toluene oxidation under dry and highly humid conditions through
chamber experiments coupled with kinetic model simulations. The
changes in SOA molecular composition during the activation process
were determined based on an ultrahigh-resolution Orbitrap mass spec-
trometer. The fundamental role of organic vapors in SOA formation
and activation was investigated.

2. Methods

2.1. Chamber experiments

The experimental schematic setup is shown in Fig. 1. Details of facilities
can be found in our previous studies (Jia and Xu, 2021, 2020, 2018; Yu
et al., 2022). Here only a brief description is provided. The experiments
were conducted at 20 ± 1 °C under low NOx conditions with relative hu-
midity at 8 % in a 1.4 m3 FEP environmental chamber. The UV lights
were supplied by UVA-340 lamps (Q-Lab Corporation, USA) with a relative
light intensity of 0.20 min−1 (photolysis rate of NO2). Toluene is the pre-
cursor of SOA, and the initial concentrations of toluene were 1.3 ppm.
The OH radicals were formed from the irradiation of H2O2. Large diameter
Nafion monotubes (Permapure MD-700-48F-3) were used to manage the
humidity of the sample air with dry or humid modes. In the dry mode,
the shell side of the Nafion tube was purged by dry air (with a dew point
of−45 °C), while in the humid mode, the dry air was replaced with deion-
ized water. The RH of the sample air can be controlled to be 8 % RH under
the dry mode and 100 % RH under the humid mode, respectively.

The particle concentrations and size distributions in the range of
13–970 nm were determined by a scanning mobility particle sizer (SMPS,
Model 3936 TSI, USA), and particles in the size range of 6 nm–10 μm
were measured by an electrical low-pressure impactor (ELPI+, Dekati,
Finland). To ensure that the equipment temperature was the same as the re-
actor temperature, we placed the SMPS and ELPI+ inside the enclosure
with the reactor. The gas-phase organics were ionized by a modified real-
time atmospheric pressure chemical ionization source (APCI) (Jia and Xu,
2021), and the particle-phase organics were ionized by an electrospray ion-
ization (ESI) source. The ions of gas-phase and particle-phase molecular
composition were then measured by an ultrahigh-resolution Orbitrap
mass spectrometry (R=70,000 atm/z 200, Q-ExactiveOrbitrapmass spec-
trometer, Thermo Scientific, Germany). After 6 h of reaction, the sample air
was introduced into the humid tube (100%RH), then the sizes and concen-
trations of SOA were measured by SMPS and ELPI+. Since the flow rate of
ELPI+ (10 L/min) is much larger than SMPS (0.2 L/min), a 5 L stainless
steel reservoir is connected to the humid tube as a buffer (Fig. 1). The par-
ticles from the humid tube were further collected on 25 mm PTFE mem-
branes to determine SOA composition. In addition to sampling through
the humid Nafion tube, the sample air was collected simultaneously
through a dry Nafion tube to reveal the change of SOA. The SOA particles
on the PTFE membranes were extracted with pure methanol and then ana-
lyzed by ESI- Orbitrap mass spectrometer. We found that the wall loss of
SOA was independent of RH; thus, an average value of (3.1 ± 0.8) ×
10−3 min−1 was used in chamber experiments.

L. Jia et al. Science of the Total Environment 866 (2023) 161338

2



2.2. Model simulations

A kinetical model of CSVA was used to simulate aerosol-fog interac-
tions. CSVA is a kinetic boxmodel for simulating viscous secondary organic
aerosol based on a Core-Shell configuration (Jia and Xu, 2021). In CSVA,
the shell part is mainly from low molecular weight monomers, and in the
liquid phase, the value of particle-phase diffusion coefficient Db is kept a
constant shell part. The core-shell structure of SOA will turn into a single
liquid state when RH > 80 %. In the CSVA model, all the processes are rep-
resented by “chemical reactions” in a unified form, including gas and
particle-phase reactions, homogeneous nucleation, condensation and evap-
oration (for organics and water). The gas-particle mass transfer is described
with the equivalent resistance, which links the gas-phase diffusion, interfa-
cial mass transport and particle-phase diffusion. CSVA can perform kinetic
partitioning of water and organics to size-distributed particles, enabling the
CSVA to investigate the co-condensation of water and organic vapors before
and after the activation of particles. Nevertheless, the original version of
CSVA was designed at a given temperature. To expand the application of
the CSVA model, we updated the organic particle partitioning equilibrium
constant KpT and surface tension σ to include the influence of temperature
on them in this study. KpT is a function of temperature:

KpT ¼ Kp300∗
T
300

∗exp 1000∗
ΔH
R

∗
1
T

� 1
300

� �� �
(1)

where Kp300 is the partitioning equilibrium constant at 300 K, R is the uni-
versal gas constant of 8.314 (J K−1 mol−1), and ΔH is the heat of vaporiza-
tion (kJmol−1), which is a function of the organic saturation concentration
(X∗, μg/m3) determined by a semiempirical equation (Epstein et al., 2010):

ΔH ¼ −11 � log10 X�ð Þ þ 129 ð2Þ

The surface tension σ (N/m) depends on T and solutes (Gysel et al.,
2002; Sorjamaa et al., 2004)

σ ¼ 0:0761−1:55� 10−4 T−273ð Þ þ a Xsalt þ b 1þ Xsaltð Þ Xorganic ð3Þ

where Xsalt and Xorganic are the solute molality of salts and organics, and a
and b are specific coefficients for solutes, with a = 3.167 mN m−1 L
mol−1 and b = −41.085 mN m−1 L mol−1 for mixed aqueous solutions
of salts and organics. When adapting the effect of temperature on SOA in
CSVA, uncertainty may be introduced by the heat of vaporization (ΔH)
and surface tension σ. The uncertainty of ΔH becomes significant when
the ΔH is above 200 kJ mol−1, as pointed out by Epstein et al. (2010). In
our study, the ΔH values of primary organics that involve partitioning are
in the reasonable range of 48 to 170 kJ mol−1. To test the error introduced
by ΔH, we simulated the SOA with (1 ± 0.05) ΔH under different temper-
atures and humidity, and the results show that the change of SOA was
below ±4.2 %. The simulation results show that the change of σ due to

water-soluble organics had little effect on SOA formation. It agrees well
with the previous study that water-soluble organics do not depress surface
tension (Ruehl et al., 2016); thus, the effect of water-soluble organics on
surface tension can be neglected in this work.

2.3. CSVA's ability to simulate the activation of aerosol particles

A detailed description of CSVA's ability to simulate the activation of
aerosol particles under super-saturated conditions is presented, which in-
cludes some results of the CSVA-predicted Köhler curve for sodium chloride
(NaCl) particles and the effect of organic vapor onNaCl activation. Since ac-
tivation of NaCl particles has been well predicted by the classical Köhler
equation (Steinfeld and Pandis, 2016), thus, NaCl particles were chosen
to test CSVA's ability to simulate the activation of aerosol particles. Our pre-
vious work evaluated the CSVA model and confirmed that CSVA has an ex-
cellent performance in simulating size-dependent hygroscopic growth for
both inorganic and organics in subsaturated regimes (Jia and Xu, 2021).
In this study, we extend CSVA to supersaturation conditions. Here, the acti-
vation of NaCl particles with organic vapors is simulated by CSVA. Both hy-
groscopic growth and activation of salt particles can be described by the
Köhler equation, which is the net effect of the Kelvin (the contribution of
saturation ratio is always above 1) and Raoult effects (Saturation ratio con-
sistently below 1). Fig. 2 shows the CSVA model predicted Köhler curve of
pure NaCl particles at a dry diameter of 50 nm, which shows a maximum
(called critical supersaturation ratio, Sc) at a critical diameter (Dc). The
values of Sc and Dc from CSVA are consistent with the results predicted
by the classical Köhler equation (Steinfeld and Pandis, 2016). It proves
that CSVA can simulate the activation of salt particles under super-
saturated conditions.

1.4 m3 smog 
chamber

5 L steel reservoir

Nafion tube: dry mode

Nafion tube: humid mode aerosol sampler

SMPS ELPI+

ESI-Orbitrap MS

Fig. 1. Schematic diagram of the experimental setup.

Fig. 2. CSVA predicted Köhler curve for NaCl particles with dry diameters of 50 nm
at 293 K.
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To test the co-condensation of organic vapors with water vapor, we in-
cluded the partition of a semi-volatile organic compound in the NaCl sys-
tem. 5,6-dihydroxy-2-methylcyclohex-2-ene-1,4-dione (PTLQOH in MCM,
156 Da) is a typical semi-volatile organic product formed from toluene ox-
idation in the MCM mechanism; hence PTLQOH is taken as a proxy for
SVOCs. The effect of organic vapor on NaCl's activation was simulated in
open and closed systems. In the open system, we assume that the sources
of organic vapors were so sufficient that the partitioning of vapors to parti-
cles did not influence the gas-phase concentration of vapors. Thus, the or-
ganic vapor concentration remains constant in the open system and
decreases with time due to uptake in the closed system. Fig. 3 shows the
co-condensation of PTLQOH and water vapors on NaCl particles with an
initial dry diameter of 50 nm. In the open system, the saturation ratio can
be reduced due to the addition of solute by continuously partitioning or-
ganic vapor, and the Sc value is clearly below 100 % RH (0.994). It shows
that the particles can be activated into cloud or fog droplets at RH below
100 % in the presence of organic vapor. In the closed system, the activa-
tion experience two stages. In the first stage, the saturation ratio curve is
close to that in the open system due to the sufficient PTLQOH in the gas
phase; in the second stage, the curve approaches the classical curve due
to the depletion of organic vapor from the gas phase. It shows that
PTLQOH vapor can significantly reduce the surface water pressure, re-
sulting in a larger particle without activation. The co-condensation ef-
fect of water-soluble organic vapors in both open and closed systems is
like HNO3 vapor (Kokkola et al., 2003; Kulmala et al., 1997, 1993),
which confirms the ability of CSVA to simulate the co-condensation of
organic vapors during activation.

2.4. Simulation of aerosol-fog interaction under ambient conditions

To assess the influence of the aerosol-fog interaction on SOA formation
in ambient conditions, we placed CSVA in an Eulerian box skeleton (E-
CSVA). The physical framework of E-CSVA includes daily variations of
solar radiation, temperature, relative humidity, boundary mixed layer
height (MH), dry deposition, wind speed and emissions, which are based
on equations from Steinfeld and Pandis (2016). We take Beijing city as an
example, and the dimensions for E-CSVA are set to be 80 × 80 km. The
weather and environmental conditions are based on the period from 31 Oc-
tober to 7 November 2021. Solar radiation is a function of the zenith angle.
The diurnal temperature cycle is based on the model from Göttsche and
Olesen (2001), ranging from 0 to 10 °C. The RH is changed with tempera-
ture and gas-phase H2O concentration. MH is based on the observation of
Tang et al. (2016), and dry depositions of gases and particles are based on
data from Steinfeld and Pandis (2016). The diurnal wind speed patterns
are represented by a Gaussian equation referring to the local weather con-
ditions. The velocity of the southeast wind ranges from 0 to 3 m/s, and
the northwest wind ranges from 0 to 12 m/s. Toluene is chosen as a base
compound for secondary organic aerosol potential (SOAP) evaluation be-
cause it is widely recognized as a critical artificial precursor of SOA
(Derwent et al., 2010). In E-CSVA, the concentration of i-th VOC is repre-
sented by toluene equivalent concentration (TOLequivalent,i) based on the con-
cept of SOAP, which is described as:

TOLequivalent,i ¼ SOAPi∗VOCi

100
(4)

where SOAPi is the corresponding SOAP value of the i-th VOC. Total VOC
concentration can be tens to hundreds of ppb in different regions of China
(Guo et al., 2017), and aromatics generally account for 20–30 % of total
VOCs but contribute the majority of SOAP in Beijing (Li et al., 2020;
Sheng et al., 2018; Wei et al., 2018). Based on these studies, the typical
total TOLequivalent in the model ranges from 14 to 60 ppb. The detailed con-
ditions for the box model simulations are summarized in Table 1.

3. Results and discussion

3.1. Size distributions under different humid conditions

Fig. 4 shows the evolution of SOA mass size distributions in different
humid conditions. SOA particles from toluene oxidation mainly display a
bimodal size distribution after 6 h of reaction. The mean diameters for
the bimodal are 359 nm (the smaller mode) and 615 nm (the larger
mode), respectively. The larger mode contributes 87 % of the mass
(Fig. 4a). We have demonstrated that the compounds in the larger mode
were more volatile than those in the smaller mode, and the bimodal size
distribution was mainly attributed to the difference in viscosity caused by

Fig. 3. Equilibrium saturation ratio for NaCl particles without and with semi-
volatile organic in the gas phase (PTLQOH, with a gas-particle partitioning
equilibrium constant Kp = 0.028 m3/μg).

Table 1
Conditions for the box model simulations.

Case 1 Case 2 Fig. S4 Fig. S6

MH 600 m 300–1100 m 300–1100 m 600 m
Temperature 273–283 K
NH4NO3 ~ ~ ~ with
H2O (Southeast wind) 8.89 × 103 ppm 9.57 × 103 ppm 7.86 × 103 ppm 8.89 × 103 ppm
H2O (Northwest wind) 2.74 × 103 ppm
Emission rate TOL 2.5 × 10−2 ppm/min
Emission rate NO 5.0 × 10−3 ppm/min
Emission rate NO2 5.0 × 10−2 ppm/min
Emission rate SO2 2.0 × 10−4 ppm/min
Emission rate NH3 2.0 × 10−4 ppm/min
Initial TOLequivalent 0.02 ppm
Initial NO 0.001 ppm
Initial NO2 0.015 ppm
Initial PM number 500 #/cm3

Initial PM mass 1.0 μg/m3
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the uneven distribution of oligomers between different modes (Jia and Xu,
2021). When the dry Nafion monotube (RH = 8 %) in the sample line of
SMPS was replaced with the humid one (RH= 100 %), the SOA mass con-
centration was dramatically reduced from 426.7 to 3.0 μg/m3 (yellow in
Fig. 4b). To confirm that the reduced SOA was not due to the wall loss in
the wet tube, we added a dry Nafion tube after the humid one. This setup
can help reduce the sample air humidity from 100 % to 8 %. After such a
setup,most particles were observed again (Fig. 4c), indicating that themiss-
ing particles did not originate from the wall loss. The reasonable explana-
tion is that the sizes of particles were out of collection range by SMPS due
to hygroscopic growth of particles in the humid tube, and that the particles
were reduced to the size below one μm again in the dry tube as a result of
dehydration.

To further confirm that the missing particles (by SMPS) were grown or
activated into a micron size range in the humid tube, we directly measured
the size distribution of particles in the humid tube by an ELPI+ ranging
from 6 nm to 10 μm. The ELPI+ results show a clear bimodal size distribu-
tion with the mean diameters at 1.32 and 1.96 μm (blue in Fig. 4b). The
mass concentration was dominated by the larger size mode at 1.96 μm.
The total particle mass concentration was 11 mg/m3, which increased by
27 times compared to the total particle mass at the inlet of the humid

tube. The hygroscopic growth factor (GF) is directly derived from the
CSVA model based on the following equation:

GF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SOAV þ LWV

SOAV
3

r
(5)

where SOAV and LWV are volume concentrations of SOA and liquid water.
The CSVA model further shows that GF can be as large as 6.5 (100%RH)
when considering the uptake of organic vapors. If the co-condensation of
organic vapors were excluded, the GF would be <2.7 (at 100 % RH)
based on the CSVA model. This value also agrees with the SOA GF from
α-pinene and limonene, which was predicted by a thermodynamic model
without considering the influence of organic vapors (Liu et al., 2018). If
GF were 2.7, the total mass concentration of particles would be <3 mg/
m3, which is much less than the observed value of 11 mg/m3.

3.2. Molecular composition of increased SOA under super-humid condition

To determine the changes in SOA molecular composition in the humid
tube, we simultaneously sampled the SOA through two Nafion tubes in
the dry (8%RH) and humid modes (100%RH) for 30 min. The SOA mass
spectra from the dry and humid modes are shown in Fig. 5. It shows that
the difference in the humid condition causes a visible increase in overall
ion abundances. Based on the chromatogram data (not shown), the SOA
mass in the humid channel is increased by 67 % compared to the dry chan-
nel. Based on SOA mass spectra, 77 % of increased SOA molecules in the

100 % RH

100 % RH

8 % RH

(a) (b) (c)

8% RH

Nafion monotube

Fig. 4. The variations of SOAmass size distribution with different humid conditions throughNafionmonotubes: drymode (a), humidmode (b) and mixing of humid and dry
mode (c).

Fig. 5.Mass spectra of SOA from toluene oxidations collected through the dry tube
pathway (purple) and the humid tube (green). The increased SOA mass
concentration was mainly from the uptake of gas-phase monomers (< 210 Da)
yielded by gas-phase reactions and oligomers (> 210 Da) formed in particle-phase
reactions. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

77%: Monomers

23%: Oligomers

Monomers from gas-phase

Oligomers from particle-phase reactions

Fig. 6. Differences in MS peak abundances between the humid and dry tubes as a
function of carbon atoms (Square symbols represent SOA species).
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humid tube have an m/z below 210 Da (Fig. 5). There are 115 molecules
identified based on high-resolutionmass spectra (Table S1); some represen-
tative species are also shown in Fig. 5. It shows that these pieces are mainly
monomers that formed from gas-phase oxidation of toluene. In contrast, the
ions larger than 210 Da are mainly oligomers formed by particle-phase re-
actions, contributing to the remaining 23 % of the increased SOA mass.

To trace the formation pathways of increased molecules in the humid
tube, we grouped them according to carbon atoms (nC). Fig. 6 shows that
the increased species mainly have carbon atoms nC ≤ 7. Since toluene is
a C7 compound, species with nC ≤ 7 are primarily produced by gas-phase
oxidation, and the molecules with nC > 7 can only come from oligomeriza-
tion. The increased oligomers were below 20 %, while the abundances of
some monomers were even doubled in the humid tube. It further supports
that those oligomers play a relatively minor role than monomers from
gas-particle partition.

Organic species with a high surface affinity can reduce surface tension
and further influence the activation process (Davies et al., 2019; Lowe
et al., 2019; Ruehl et al., 2016). TheO/C ratios can be calculated by themo-
lecular formulas and corresponding abundances. The molecular formulas
and corresponding intensities were determined based on high-resolution
mass spectra are shown in Table S1. As shown in Fig. S1, the O/C ratios
of the uptake species are close to 0.8, indicating that these species are
polar and water-soluble. We also did control experiments to test the water
solubility of toluene-derived SOA. The SOA particles collected on the
ZnSe disk could be fully extracted by one drop of water. Liu et al. also
showed that toluene SOA did not form a liquid-liquid phase separation
state at high RH due to high water solubility (Liu et al., 2018). Since
water-soluble organics do not depress surface tension (Ruehl et al., 2016),
the abundance of organics on surface tension can be neglected. Thus, our
experimental results provide direct evidence that the increased SOA species
in the humid tube result from gas-particle partitioning, which is driven by
the condensation of water.

To characterize the volatility, we group the increased compounds in the
humid tube into different sorts based on their saturation concentrations, Co,
in the form of log10C0, here log10Co is predicted based on the equation
(Donahue et al., 2011):

log10C
0 ¼ 0:475� 25−nCð Þ−1:75� nO ð6Þ

where nC and nO are the numbers of C and O atoms. The volatility distribu-
tion of increased species is shown in Fig. 7. It shows that the volatility
(log10C0) decreases with increasing nC. The volatility of monomers ranges
from106 to 10−5 μg/m3, belonging to IVOC, SVOCand LVOC. In particular,
themajority of monomers are IVOCs and SVOCs. In comparison, the volatil-
ity of oligomers aremainly LVOCs and ELVOCs. Thus, theMS spectra verify

that intermediate- and semi-volatile organics are the primary contributors
to the increased SOA in the humid tube.

Since the haze is usually associated with different NOx conditions, we
further did an additional chamber experiment with moderate (NO = 1.0
ppb, NO2 = 15.6 ppb) NOx level. Other conditions were the same as the
low NOx experiments. The results show that there were more species due
to the formation of N-containing products than low NOx conditions. SOA
mass in the humid tubewas increased by 65% compared to the dry channel
(Fig. S2). This value is slightly smaller than the low NOx system (67 %). In
addition, similar to the low NOx experiment, the increased SOA (moderate
NOx) was mainly contributed by monomeric gas-phase products with m/z
< 210. Thus, it shows the influence of organic vapors on the interaction be-
tween aerosol and fog can be applied to low and moderate NOx conditions.

3.3. Explosive growth of SOA under humid conditions

The evolution of SOA size distribution in the chamber and the humid
tube was simulated by CSVA (Fig. 8). The results show bimodal size distri-
butions in both dry conditions (in the chamber) and super humid condi-
tions (in the humid tube), which agree well with the experimental
observation (Fig. 8a). The predicted mean diameters are generally smaller
than the measured ones. Under the dry condition, the model-predicted
mean diameter for the larger peak is 13 % less than the measured data
(43 % smaller for the smaller peak); under the super humid condition, the
model-predicted mean diameters for the bimodal are about 16 % smaller
than themeasured values. We found that themodel predicted particle num-
ber concentration (5.67 × 103/cm3) is 17 % larger than the experimental
data (4.84×103/cm3), which is the primary reason for the difference in di-
ameters between themodel and experiment. In addition, both experimental
and model results show that the difference between the smaller and larger
peaks was enlarged in the humid tube, which can be explained by Köhler
theory that water vapor is prone to partition into larger particles.

To reveal the microphysical process of SOA particles in the humid tube,
we plotted the Köhler curves considering the co-condensation of all gas-
phase products (Fig. 9). The Köhler curves of SOA exhibit similar trends
to that from NaCl- PTLQOH in a closed system (Fig. 1). The Köhler curves
are very close to the curves determined by Raoult's law. Thus, the solute ef-
fect mainly governs the hygroscopic growth of SOA particles. Due to the co-

Fig. 7.Volatility (log10Co) is indicated by the saturation concentration Co as a function
of carbon numbers. VOC, volatile organic compounds; IVOC, intermediate-volatility
organic compound; SVOC, semi-volatile organic compound; LVOC, low-volatility
organic compound; ELVOC, extremely low-volatility organic compound. Since there
may be different molecules with the same carbon atom number, thus, different color
shading was used to represent molecules, and the circle size represents the
abundance of one species.

In chamber: 8%RH In humid tube: 100%RH

Fig. 8.Model predicted particle size evolution and size distributions in the chamber
and the humid tube (in solid lines), in which the measured size distributions from
SMPS (red) and ELPI+ are represented in bars (blue). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

L. Jia et al. Science of the Total Environment 866 (2023) 161338

6



condensation of gas-phase products, the first maximum saturation ratio is
only 0.996 for the smaller mode (0.995 for the larger mode). If an aerosol
particle has been activated, its saturation ratio will decrease with the diam-
eter. However, with the depletion of organics from the gas phase due to par-
tition, condensation becomes weak, and the curves re-increased slightly
with particle diameters. It shows that the particles were not fully activated;
however, they could grow up to 7 μm droplets with co-condensation of or-
ganic vapors.

The kinetic interaction between water and organics is studied during
hygroscopic growth and evaporation. The evolutions of LWC and SOA
mass concentrations are simulated in different situations (Fig. 10). After
6 h of reaction, the chamber supplies the initial sample air with RH = 8
% at time point of 360min. The humid tube provides a humid environment
for hygroscopic growth or activation with RH=100% (360–390min), and
the dry tube serves as an evaporation condition with RH= 8 % (390–420
min). Themaximum LWC is only 3.4 μg/m3 in the chamber at 8 % RHwith
a corresponding GF value close to 1.0, which is in accordwith themeasured
GF for SOA particles (Varutbangkul et al., 2006). LWC rapidly increases to 3
mg/m3 within the first minute when the chamber air is introduced into the
humid tube. Meanwhile, SOA's mass concentrations also increase by 47 %
from 436 to 643 μg/m3 after 30 min of humidification. The dash lines in
Fig. 10 present the LWC and SOA without considering the condensation
of organics during the hygroscopic growth process. If redistribution of or-
ganic vapors is not considered, LWC is only proportional to the SOA mass
concentration, and SOA is independent of LWC. This is a typical treatment
in most chemical transport models, where LWC is mainly calculated based

on inorganic salts (Ervens, 2015). Based on GF and SOA mass concentra-
tion, the maximum LWC can only reach 2.9 mg/m3. Instead, LWC keeps in-
creasing due to the addition of solutes from the gas phase, reaching 13 mg/
m3 within 30 min. When the humid air is further introduced into the dry
tube for evaporation, LWC is quickly dropped from 13 mg/m3 to 5.6 μg/
m3 within 0.6 s. Due to the low vapor pressure of organics, the organics'
evaporation is much slower than water. There is still 510 μg/m3 SOA left
after 30 min of evaporation. Our results demonstrate that the co-
condensation of water vapor can significantly enhance SOA formation.

Previous laboratory studies indicate that (acid-catalyzed) heteroge-
neous reactions under high RHmight play an important role in SOA forma-
tion from aromatic compounds (Jang et al., 2002; Zhou et al., 2011). On the
other hand, high RH is more likely to induce relatively lower aerosol acid-
ity, thus reducing the enhancement of SOA formation by acidity (Liang
et al., 2019). The acid-catalyzed particle-phase reactions have been consid-
ered in the CSVA model, in which the dimers of SOA were mainly formed
through particle-phase reactions, which differ from monomers of SOA
from the gas phase. To investigate the possibility of heterogeneous reac-
tions under high RH, we further simulated the evolution of dimers in the
super humid tube (100 %). It shows that due to the activation of SOA par-
ticles, the explosive increase of LWC significantly diluted the liquid concen-
tration of monomers, leading to the decomposing of dimers to
corresponding monomers (95 % of SOA contributed by monomers at 100
%RH). After the evaporation at 10 % RH, the abundance of monomers re-
duced to 85 %. This value is close to the experimental data that monomers
contribute 80 % of SOA. Our results agree well with previous studies that
high RH has a positive effect on SOA formation from aromatics (Zhou
et al., 2011; Jia and Xu, 2014, 2018); meanwhile, the relative contributions
of dimers were significantly reduced during the fog period.

3.4. Coupled effect of temperature and humidity on SOA formation and activa-
tion

The partitioning equilibrium constant KpT has an exponential growth
with decreasing temperature based on Eq. (1). Taking PTLQOH as an exam-
ple, when the temperature decreases from 300 to 233 K, the KpT can expo-
nentially increase from 0.028 to 8731m3/μg (Fig. S3). Hence, the influence
of organic vapors' co-condensing can be significantly enlarged with de-
creasing temperatures. To examine the combined effects of RH and T, we
further simulated the formation of toluene SOA with a wide range of tem-
peratures. To make the simulations closer to ambient conditions, the initial
concentrations of toluene, NO andNO2were correspondingly set to be 100,
60 and 20 ppb. The effective light intensity of NO2 was set to be 0.4 min−1.
Sincemost of the condensed water remains liquid at a temperature down to
−37.5 °C in deep convective clouds (Rosenfeld andWoodley, 2000), we as-
sumed that the particles are in a liquid state as T>−40 °C for simplicity. To
obtain the maxima of SOA with 8 h of irradiation, we performed 1600
model simulations under different RH and T conditions. The LWC and
SOA isopleths are plotted as a function of RH and T (Fig. 11). When RH is
below 85 %, the ridgeline divides the area into two regimes. The ridgeline
identifies the maximum LWC or SOA that can be achieved at a given tem-
perature, allowing RH to vary. It shows that the formation of SOA is more
sensitive to RH in the left part of the ridgeline than in the right regime. In-
creasing temperature can reduce gas to particle partition while enhancing
the reaction rate constants. The net result of such an opposite effect is the
presence of a ridgeline. Both LWC and SOA maxima show a steep increase
whenRHand T fall into the triangle region of RH> 85% and T< 20 °C (red
color). As discussed above, when soluble organic gases are dissolved in
aqueous droplets, the equilibrium saturation ratio of the droplets is
lowered. Since the KpT values increase exponentially with decreasing T,
the Köhler curve maximum can be significantly depressed at <100 % RH
at a lower temperature. If the concentration of organic vapors is high, aero-
sols can be easily activated into the fog or cloud droplets. The accumulation
of LWC further leads to the explosive growth of SOA. Our discovery can
well explain the explosive growth of SOA during serious haze events,
which are associated with high relative humidity and low temperatures.

Fig. 9. Equilibrium saturation ratio for SOA particles with co-condensation of
monomeric products from toluene oxidation in the humid tube at 20 °C. The thin
curves are for the first smaller peak mode and the bold curves for the larger peak
mode.

Original
8% RH 

Activation
100% RH 

Evaporation
8% RH

Fig. 10. Model simulated evolution of LWC and SOA mass concentrations during
activation and evaporation.
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3.5. E-CSVA modeling

To constrain the relative importance of aerosol-fog interactions on
SOA formation in ambient conditions, we further simulated aerosol evo-
lution with E-CSVA. The typical cycle of a haze episode lasts 4 to 7 days
in Beijing (Guo et al., 2014; Sun et al., 2016; Wang et al., 2021). It starts
with a dry and clean condition and then undergoes the influence of
southeast surface winds accompanied by large amounts of water vapor
for the first 3 to 5 days. The aerosols accumulate during the southeast
wind prevailing period. On the last day, the air is cleaned by dry and
clean northwest winds. Boundary mixed layer height, MH, is a crucial
factor controlling the species' evolution in the boundary layer. MH has
a diurnal variation on clear days; however, during the heavy haze pe-
riod, MH variation becomes rather weak due to temperature inversion,
a so-called stagnant weather condition. The typical meteorological con-
ditions were set based on these facts. We simulated two scenarios:
(1) the atmosphere was under stagnant conditions with a fixed MH at
600 m (Case 1); and (2) MH had a diurnal variation in the range of
300 to 1100 m (Case 2).

Fig. 12 shows evolutions of meteorological parameters and chemical
species during a five-day haze episode in Case 1. The gas species
(e.g., toluene and NOx) have reached stable cycles after the 2nd day;
hence, all conditions excluding RH are the same between the 2nd and 4th
day. The RH gradually increases with the southeast wind, beginning from
34.0 % to 55.0 % (1st day), 92.7 % (2nd day), 94.2 % (3rd day) and 94.5
% (4th day) at the sunrise time. On the 5th day, the dry and clean northwest
wind decreases the RH to 42.2 %. The dilution due to the rise of MH will
disappear under stagnant conditions, which can lead to the accumulation
of particle mass concentrations. To rule out the PM stack due to the fixed
MH, we slightly reduced the RH to ensure that no fog occurred during the
haze episode (Fig. S4). It shows that SOA only increases by 8.7 μg/m3 dur-
ing one day at RH of 88.1 % to 89.8 %.

On the first day of Case 1, the maximum SOA is 19.6 μg/m3 as RH
gradually increases from 34.0 to 74.0 %. When RH rises from 55 %
(1st day) to 92.7 % (2nd day), the corresponding maximum SOA reaches
49.4 μg/m3. To deduct the contribution from the accumulated part due to
stagnant weather conditions, we also simulate a case with similar condi-
tions as Case 1 except for MH, in which MH changes in the range of 300
to 1100 m (Case 1′). The difference in maximum SOA mass between the
two cases is due to the stagnant weather conditions. After deducting the
contribution from the accumulated part due to stagnant weather condi-
tions, the SOA increases by a factor of two under high RH conditions,
which is consistent with ambient observations (An et al., 2019; Peng
et al., 2021). The positive effect of RH on SOA formation can be explained
by the elevation of the gas-particle partitioning equilibrium constant due to
the presence of aerosol water, as supported by laboratory experiments (Jia
and Xu, 2014, 2018; Zhou et al., 2011) and the kinetical simulations (Jia
and Xu, 2021).

Due to the continual addition of solutes from gas-phase SVOCs, the haze
particles can be activated into fog droplets at RH below 100 %. The fog oc-
curs whenRHarrives at 94.2% (94.5%) in the earlymorning of the 3rd day
(4th day). It shows that the RH curve reaches a steady state during the foggy
period, a sign of fog formation. During the foggy period on the 3rd day,
LWC quickly increases from tens of μg/m3 to 0.45 g/m3, and the average di-
ameter of particles in thefirst peak rises from0.09 to 2.0 μm(0.17 to 3.5 μm
for the 2nd peak). Accompanying fog formation before sunrise, SOA in-
creases by 27% (37.7 to 47.5 μg/m3) from SVOCs portioning. After the sun-
rise, SOA increases to a maximum of 106.8 μg/m3 with the additional
supply of SVOCs from photochemistry. Compared to the non-foggy condi-
tion on the 2nd day, the corresponding SOA mass increases by 125 %.
After removing the accumulation due to the fixed MH, the SOA increases
by 107 % under the foggy environment.

WhenMH variation is included (Case2 in Fig. S5), the fogs also occur on
the 3rd and 4th days, but fog time is reduced from 6.7 to 3.4 h compared to

Fog/cloud

(a)

(b)

SOA explosive growth

Fig. 11. Coupled effect of temperature and relative humidity on LWC (a) and SOA
(b) from toluene. The white dashed line represents the ridgeline, and the gray
dashed line represents the explosive growth region.

53%

92%

40%

FOG FOG

94%94%

Southeast humid Northwest
Dry

Fig. 12. Time series of meteorological parameters and chemical species without
diurnal variation of mixing layer height.
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Case 1. Meanwhile, LWC is decreased to 0.07 g/m3. When RH increases
from91.9% (on the 2nd-day haze) to 93.6% (3rd-day fog), the correspond-
ing SOA increases by 79 % (from 40.7 to 73.0 μg/m3). It shows that the
stagnant weather conditions can strengthen the fog, which, in turn, en-
hances the SOA formation. Thus, the phase transformation of water can
profoundly influence SOA formation, while organic aerosol explosive for-
mation is closely linked with fog microphysics.

In ambition conditions, inorganic salt aerosols also make a significant
contribution. Based on partitioning theory (Steinfeld and Pandis, 2016),
the presence of background salt aerosols could enhance the formation of
SOA. To consider the effect of salt aerosol, we included NH4NO3 in E-
CSVA, where the reaction between NH3 and HNO3 forms NH4NO3. HNO3

was formed from the toluene-NOx system. In this study, we assumed that
NH3was so sufficient that particle phase HNO3 existed in NH4NO3. After in-
cluding the inorganic salt aerosol, we found that the maximum increases of
SOAwere about 19 % during non-fog conditions and 2 % during fog condi-
tions. Since most water-soluble organics are already in the particle phase,
the presence of background salt has little effect on SOA formation during
the fog period (Fig. S6).

It should be noted that fog formation may reduce the UV radiation,
which could influence SOA formation. Clouds usually have a reducing ef-
fect on UV radiation. Still, many works report an enhancement effect of
clouds on UV radiation, as surmised by Calbó et al. (2005). The specific im-
pact of surface fog on UV radiation is unknown. Anyway, we tested the re-
ducing effect of fog on UV radiation. If light intensity was reduced by 50 %
during the fog period, SOA peak concentrations on the 2nd and 3rd days
were only decreased by 9 %. In addition, most of the duration of fog events
happens before sunrise. Hence, we did not consider the reducing effect of
fog on UV radiation.

3.6. Atmospheric implications

The increased organic aerosol during the haze-fog periodswas generally
attributed to the aqueous reactions. However, aqueous reactions in the
particle phase mainly involve functionalization and fragmentation.
Functionalization can yield high molecular weight species, whereas frag-
mentation can generate more-volatile species and cause the reduction of
SOA formation (Jimenez et al., 2009; Lim et al., 2010). Many studies
have confirmed that fragmentation reactions were key steps in oxygenated
organic aerosol-forming and evolving processes (Isaacman-VanWertz et al.,
2018; Kroll et al., 2009). Additionally, the rate of explosive increases is so
quick that aqueous chemistry cannot explain the process thoroughly. Our
results demonstrate that the physical processes are responsible for the ex-
plosive formation of SOA. It shows that haze is closely intertwined with
fog, and that the presence of SVOC can reduce the critical supersaturation
ratio, leading to fog or cloud droplets with RH below or near 100 %. The
condensation of water can, in turn, drive SOA's explosive growth by
partitioning SVOCs. It has been supported by the field observations that
SOA significantly increased under fog conditions (Eck et al., 2020; Zhang
et al., 2020). A recent field study from Gkatzelis et al. (2021) pointed out
that uptake of water-soluble small aldehydes and acids by aerosol water
may drive organic particulate pollution in Beijing. In addition, the low tem-
perature can further amplify such an effect, as shown in Fig. 11, which can
provide a reasonable explanation for winter haze pollution in severe cold
climate regions, e.g., Harbin (Cheng et al., 2022, 2021) and Urumqi (Liu
et al., 2017). Due to the complexity of SOA, it may be difficult for the
field study to distinguish the contribution of SOA that formed from the
co-condensation of water-soluble organics andwater or particle-phase reac-
tions. Our chamber experiments and model results show that the aqueous-
phase processes in the field observations combined the co-condensation
process and particle-phase reactions. Benefiting from the most advanced
mass spectrometer and an online coupled dynamic model, we can investi-
gate the interaction between aerosol and fog with the influence of organic
vapors. Our results show that E-CSVA performs well in analyzing SOA for-
mation in field studies.

4. Conclusions

In this study, we investigated the interaction between SOA and fogwith
the influence of organic vapors based on a high-resolution mass spectrom-
eter and an online coupled dynamic model (CSVA). Our results showed
that haze was closely intertwined with fog and that the presence of water-
soluble organic vapors can reduce the critical supersaturation ratio, leading
to fog or cloud droplets with relative humidity below or near 100 %. The
condensation of water can, in turn, drive SOA's explosive growth by
partitioning of water-soluble organics. In particular, we demonstrated
that low temperatures could dramatically amplify water-soluble organic
vapor’ influence on SOA explosive formation and CCN activation. Previous
attempts to predict liquid water content in field studies were generally
based on the thermodynamics models (e.g., ISORROPIA or E-AIM) using
the inorganic aerosol composition, and the role of organic aerosol was
overlooked. In contrast, our results show that the phase transformation of
water can profoundly influence SOA formation, and organic aerosol explo-
sive formation is closely linked with fog microphysics.
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