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Abstract Sulfate aerosol greatly contributes to wintertime haze pollution in emission‐intensive regions like
the North China Plain (NCP) in China. Fast sulfate increase and accumulation are usually recorded during
winter haze; however, the multiphase oxidation of sulfur dioxide (SO2) and the physical processes affecting
near‐surface sulfate are not fully understood. By combining in situ observations and numerical simulations, we
found that high sulfur oxidation ratios (>0.6) under heavily polluted conditions are associated with low clouds
and fog over NCP, induced by the moist southerly airflow. Thick low clouds and high SO2 levels in NCP
provide a reaction environment for sulfate production. The sulfate production rate in cloud water can reach 0.5–
1.3 μg m− 3 h− 1. The results demonstrate that the vertical mixing of sulfate generated within the cloud water to
the surface plays a significant role in rapid sulfate production, highlighting the importance of understanding
cloud‐water processes in haze pollution.

Plain Language Summary Sulfate has been recognized as an important chemical component of
atmospheric aerosols, especially during winter haze events. Rapid increases in sulfate concentrations are
frequently observed during heavy pollution in the North China Plain (NCP) of China. However, the processes
involved in the multiphase oxidation of sulfur dioxide (SO2) and the physical processes influencing sulfate
variations near the surface remain unclear. In particular, the contribution of traditional in‐cloud sulfate
production to the surface sulfate has been considered to be negligible in the NCP. Here, we revisited the role of
in‐cloud sulfate production in the NCP by using ground‐based observations, radiosonde measurements, and
model simulation. Our results indicate that the rapid conversion of SO2 to sulfates during heavy pollution is
associated with the presence of low clouds and fog. We find that high sulfate production rates in cloud water
lead to the rapid accumulation of sulfate, which is vertically mixed to the surface, resulting in a rapid increase in
surface sulfate concentrations. This work sheds a new perspective on understanding the role of sulfate
production in cloud water and its impact on air pollution.

1. Introduction
Atmospheric sulfate aerosols pose important impacts on air quality, human health, ecosystem, and climate
forcing (Carslaw et al., 2010; Charlson et al., 1992; Gurjar et al., 2010; Matsui et al., 2008; Russell &
Brunekreef, 2009). Oxidation of sulfur dioxide (SO2) contributes approximately 80% of the global sulfate
(SO4

2− ) (Chin et al., 1996; Hung et al., 2018). The traditional sulfate formation mechanisms include the
gas‐phase oxidation of SO2 by the hydroxyl radical (OH) and the aqueous‐phase oxidation of S(IV) (=SO2 ·
H2O + HSO3

− + SO3
2− ) by ozone (O3), hydrogen peroxide (H2O2), nitrogen dioxide, organic peroxides,

and O2 catalyzed by transition metal ions (TMI) in cloud/fog droplets (Calvert et al., 1978; T. Liu
et al., 2021; Pandis & Seinfeld, 2016). In part, it is thought that the most important pathway for sulfate
formation in the troposphere is the oxidation of SO2 by H2O2 or O3 in clouds (Chin et al., 1996; Liang &
Jacobson, 1999; Qin et al., 2015; Restad et al., 1998), supported by many aerial surveys and topographic
cloud experiments (Benedict et al., 2012; de Valk, 1994; B. Ervens et al., 2018; Harris et al., 2014; Hegg &
Hobbs, 1981; Sorooshian et al., 2007; Wonaschuetz et al., 2012). However, many studies proposed that
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global/regional atmospheric chemical transport models including traditional sulfate formation mechanisms
tend to greatly underestimate sulfate concentrations in highly polluted regions like the North China Plain
(NCP), China (Cheng et al., 2016), where mass concentrations of sulfate can reach 20–60 μg m− 3 and even
more than 100 μg m− 3 during severe winter haze events, accounting for 10%–26% of fine particulate matter
(PM2.5) (Guo et al., 2014; Han et al., 2016; Y. Liu et al., 2019; Z. Liu et al., 2016; Sun et al., 2016). The
dominant sulfate formation pathways in the NCP still remain unclear (Cheng et al., 2016; T. Liu
et al., 2021; Tao et al., 2020; Ye et al., 2023; Zheng et al., 2015).

Accordingly, many efforts have been devoted to exploring the previously unappreciated mechanisms of multi-
phase oxidation of SO2 in aerosol particles or at aerosol surfaces (Z. Chen et al., 2022; Cheng et al., 2016; Gen
et al., 2019a, 2019; L. Li et al., 2018; T. Liu & Abbatt, 2021; T. Liu et al., 2020; G. Wang et al., 2016; J. Wang
et al., 2020; S. Wang et al., 2019; W. Wang et al., 2021; X. Wang et al., 2020; Yao et al., 2019; F. Zhang
et al., 2020; L. Zhou et al., 2023). However, the sulfate formation rate in the aerosol water is highly constrained by
the liquid water content (LWC) and the pH (Ervens, 2015; Tao et al., 2020). For example, the aerosol LWC under
haze conditions in the urban atmosphere varies within hundreds of μg m− 3, which is several orders of magnitude
lower than ∼0.1 g/m3 of fog/cloud droplets (Herrmann et al., 2015; T. Liu et al., 2021). Aerosol particles in the
NCP are acidic, with pH values ranging from 4 to 5, while fog and cloud droplets are significantly less acidic, with
pH ranging from 4.7 to 6.9 (Herrmann et al., 2015; M. Liu et al., 2017; Pye et al., 2020; Song et al., 2018; J. Wang
et al., 2020). The above differences in LWC and pH can result in much faster SO2 oxidation rates and sulfate
production rates in clouds than in aerosols in the NCP (Jacobson, 1997; T. Liu et al., 2021). Recent field studies
have indicated the potentially important role of in‐cloud/fog chemistry in the sulfate aerosol formation in the
NCP, though a mechanistic understanding of in‐cloud sulfate production is lacking (Sun et al., 2016; J. Wang
et al., 2020).

During severe haze conditions, NCP is usually influenced by weak meridional circulation, anomalous southerly
and southwesterly winds in the lower troposphere, dominated by the upward movement of warm and humid
airflow transmitted from the northwest Pacific Ocean. Water vapor accumulates in front of TaihangMountain and
Yanshan Mountain, prone to form low clouds in the NCP (L. Wang et al., 2014; Wu et al., 2017; R. Zhang
et al., 2014; Q. Zhou et al., 2020). However, the numerical representation of low‐level cloud or fog is still quite
challenging in current weather forecast models (Mueller et al., 2006; Román‐Cascón et al., 2012; Sha et al., 2022;
Yang et al., 2019), which might hinder our understanding of sulfate formation over this highly polluted region. As
many previous studies have focused on the contribution of aerosol chemistry to sulfate production and neglected
the impact of traditional cloud/fog chemistry on sulfate, we combine ground‐based measurement, radiosonde
observations and meteorology‐chemistry coupled models to quantitatively understand the mechanisms of sulfate
formation in NCP and the contribution from low cloud and fog.

2. Materials and Methods
2.1. WRF‐Chem Model Simulation and Processes Analysis

The Weather Research and Forecasting model coupled with Chemistry (WRF‐Chem, version 4.1.1) model was
used to simulate the sulfate formation (Grell et al., 2005). The domain is centered at 35.0°N, 110.0°E with a
grid horizontal resolution of 20 km that covers eastern China and its surrounding areas (Figure S1 in Supporting
Information S1). There were 27 vertical levels from the ground level to the top pressure of 50 hPa. The initial
meteorological and boundary conditions were obtained from the fifth‐generation ECMWF reanalysis for the
global climate and weather (ERA5). Anthropogenic emission data were obtained from the Multi‐resolution
Emission Inventory for China (MEIC) model. Recent studies using top‐down inversion models and satellite
retrievals found that the MEIC inventory overpredicted SO2 emissions by 1–2 times (D. Chen et al., 2016; N. Li
et al., 2021; Sha et al., 2019). Accordingly, SO2 emissions were reduced by half to better match observations.
As shown in Figure S2 in Supporting Information S1, the simulated SO2 concentrations were more consistent
with the observations after the modification of SO2 emissions. The CBMZ (Carbon Bond Mechanism)
photochemical mechanism and MADE/SORGAM (Modal Aerosol Dynamics Model for Europe with the
Secondary Organic Aerosol Model) aerosol model and the improved ISORROPIA II model were used in this
study (Ackermann et al., 1998; Fast et al., 2006; Fountoukis & Nenes, 2007; Nenes et al., 1998; Schell
et al., 2001). The improved ISORROPIA‐II model was used to simulate aerosol dynamics including nucleation,
coagulation, condensation and their thermodynamic equilibrium, providing the pH, aerosol water content
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(AWC) and concentrations of species in the gas, liquid, as well as solid phases at chemical equilibrium
(Fountoukis & Nenes, 2007; Nenes et al., 1998). We have improved the aqueous phase chemistry in the aerosol
model based on previous studies (T. Wang et al., 2022; W. Wang et al., 2021), including additional sulfate
formation pathways on/in the aerosol particles and the reaction of HCHO and S(IV) to form hydrox-
ymethanesulfonate. Details of the model modifications are described in Text S2 in Supporting Information S1.
The main configuration options and domain settings for the model are listed in Table S1 and Figure S1 in
Supporting Information S1. The main sulfate formation pathways in cloud water of WRF‐Chem are given in
Table S3 in Supporting Information S1.

Diagnostic analysis tools in WRF‐Chem modeling, which include vertical mixing (vmix), gas‐phase and cloud‐
phase chemistry (chem), and advection (adv), were used to investigate the contributions of physical and chemical
processes to variations in SO4

2− concentrations. Detailed information on model simulation and process analysis is
provided in Text S3 in Supporting Information S1.

2.2. Observational Data Set

To evaluate the model performance, surface meteorological data were collected from seven stations, where
Beijing, Tangshan, Tianjin, Jinan, and Zhengzhou are located in the NCP, and Shanghai and Nanjing are
located in the Yangtze River Delta. The locations of the above stations are shown in Figure S1 in Supporting
Information S1. The meteorological variables included hourly temperature at 2 m (T2), relative humidity at 2 m
(RH2), and wind speed at 10 m (WS10) were available with observational data from automatic meteorological
station archived in NOAA National Climatic Data Center (NCDC). The statistics included correlation coef-
ficient (R), mean bias (MB), root mean square error (RMSE), and normalized mean bias (NMB). The simulated
pollutants were evaluated using hourly observations of PM2.5, SO2 and NO2 from the above seven ground‐
based monitoring stations. Water soluble aerosol ions (i.e., NO3

− , SO4
2− , NH4

+, Na+, K+, Cl− , Ca2+,
Mg2+, etc.) were measured by a Monitor for Aerosols and Gases in ambient Air (MARGA) in Beijing with a
time resolution of 1 hourly.

Following the dewpoint depression (∆Td) threshold method (Poore et al., 1995), radiosonde data at Beijing were
used to identify the cloud base height of the low cloud. The meteorological data are from ERA5 with a temporal
resolution of 1 hr, a horizontal resolution of 0.25° × 0.25° and a vertical resolution of 37 pressure levels ranging
from 1,000 hPa to 1 hPa.

2.3. Dewpoint Depression Threshold Method

The dewpoint depression (∆Td) threshold method was adopted to identify the presence of clouds during sounding
periods, and the cloud layer was confirmed when the dewpoint depression was below the set threshold (Poore
et al., 1995). The reference threshold was set as:

∆Td =
⎧⎪⎪⎨

⎪⎪⎩

1.7℃ (T > 0℃)

3.4℃ (− 20℃≤ T ≤ 0℃)

5.2℃ (T < − 20℃))

By judging the relationship between ∆Td and threshold at each height, the cloud base height can be identified.

3. Results and Discussions
3.1. Low Clouds in the NCP and the Linkage With Sulfate Formation

Figure 1a shows that high concentrations of PM2.5 frequently shroud Beijing and its surrounding areas
during cold winters, and the average PM2.5 concentration can reach more than 60 μg/m

3 in winter 2013–
2017. Sulfate mass concentration can account for 6%–12% of PM2.5 (Figure 1a). The number of samples for
PM2.5 from ground‐based monitoring stations, SO4

2− , NO3
− , and NH4

+ from MARGA were 8872, 6844,
6814, and 6780, respectively. To identify the atmospheric humidity and low clouds (cloud base height
<2 km) and their association with sulfate formation in the NCP, we conducted a statistical analysis of
Beijing in winter from 2013 to 2017. Sounding data statistics show that low clouds are common in winter
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over the NCP. In Beijing, for instance, the frequency of low clouds in winter is 20.8% of the whole season,
among which the probability of low clouds with the cloud base height (CBH) below 500 m is the highest at
12.5%, accounting for half of the total low cloud frequency (Figure 1b). Due to the low SO2 concentration
and high CBH in the medium and high clouds, as well as the middle and uppermost layers of the
multilayer clouds (Q. Zhou et al., 2020), the transport of sulfate aerosol to the surface becomes difficult, so
this study focuses on the impact of low clouds on sulfate aerosol formation. The sulfate oxidation ratio
(SOR, molar ratio of sulfate to the sum of sulfate and SO2), which has been extensively used to indicate
the conversion efficiency of sulfur in the atmosphere (P. Liu et al., 2020; X. Wang et al., 2019; R. Zhang
et al., 2018), increased with increasing relative humidity (RH) for conditions both with and without low
clouds when pollution occurs (PM2.5 concentration greater than 100 μg/m

3) in Beijing. SOR sharply in-
creases at RH greater than 60%, highlighting the importance of aqueous‐phase sulfate formation. In the case
of high RH, the SOR is significantly higher in the presence of low clouds than in the absence of low
clouds, which suggests that the sulfate conversion efficiency is higher in clouds than that in aerosol water.
A significant fraction of the data with low clouds at RH in the range of 80%–100% is associated with SOR
above 0.6 and most of them correspond to heavy pollution events with PM2.5 above 400 μg/m3. This
suggests that heavy pollution with larger SOR is often accompanied by high RH with low clouds.

The surface SOR for CBH below 500 m is widely distributed in 0.2–0.7 and can reach up to 0.95 or higher
(Figure 1d). With the increase of height, the frequency of low clouds at the corresponding height gradually
declines, so does the surface SOR. SOR is mainly below 0.3 for CBH of 1,000–2,000 m with a frequency of less
than 5%, which indicates that low cloud with lower CBH is more likely to impact the formation of sulfate aerosols.

Figure 1. Wintertime aerosol pollution and low clouds in Beijing during 2013–2017. (a) Chemical compositions of PM2.5 observed in Beijing from 2013 to 2017 in
winter. (b) A histogram showing cloud base height of low cloud calculated by atmospheric sounding at 8:00 and 20:00 LT (local time). (c) Scatter plot of sulfur oxidation
ratio (SOR) versus relative humidity (RH) with low cloud (triangle) and without low cloud (dots) at 8:00 and 20:00 LT with PM2.5 greater than 100 μg/m

3. The filling
color indicates the concentration of PM2.5. (d) Distribution of SOR at different cloud base heights.
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3.2. Vertical Insights Into Different Oxidation Pathways of SO2

To further explore the weather conditions for low cloud and its role in sulfate formation under heavily polluted
conditions in the NCP, we performed a WRF‐Chem model analysis for a severe haze‐cloud event for a
consecutive week from 6 to 15 December 2015. A haze event accompanied by low cloud and fog formation was
observed in the NCP. In this case, we found fast sulfate formation accompanied by high RH near the surface and
low clouds in Beijing. Figure 2a shows the observed time series of hourly temperature, RH, PM2.5 and sulfate
concentrations in Beijing. From 6 to 10 December, PM2.5 concentrations gradually increased and exceeded
350 μg/m3 on 10 December, leading to severe air pollution. From noon on 7 December, the sulfate concentration
increased rapidly and reached 30 μg/m3 within a short period of time, which is highly consistent with the observed
low cloud period. It is worth noting that the absence of bars could also be caused by the missing data of CBH.

The performance statistics for the meteorological prediction of WRF‐Chem are shown in Table S4 in Supporting
Information S1. The predicted meteorological variables matched well with the observations, such as T2, RH2, and
WS10, with correlation coefficients of 0.92, 0.86, and 0.63, respectively. The MB, RMSE, and NMB of hourly
T2, RH2, and WS10 were also small. The model reasonably reproduced the temporal variations and magnitudes
of the meteorological variables, confirming the credibility of the meteorological simulations. The model simu-
lation has also been validated by available air pollutant observations (Figures S3 and S4 in Supporting Infor-
mation S1). Due to uncertainties in emission inventories, meteorological fields and chemical mechanisms, the
liquid water content in low clouds/fog was not simulated accurately, resulting in an underestimation of PM2.5 in
Shanxi and Shaanxi. But considering that this study focuses on exploring the variation of sulfate during this haze‐
cloud event in the NCP, the good agreement between the simulated and observed PM2.5 in most areas of the NCP
indicates that the simulation is able to capture this pollution event (Figures 2b and 2c). Combining the evolution of
the weather situation with the simulated PM2.5, it was found that the anticyclone was located along the Yellow Sea
on 8 December (Figure 2e). Beijing was located at the northwestern edge of the anticyclone, with prevailing
southerly upward winds at 925 hPa (Figure S5 in Supporting Information S1). Accompanied by warm and moist
airflow delivered from the northwestern Pacific Ocean, the atmospheric humidity in Beijing would increase. The
statistics revealed that the southerly or southwesterly wind accounted for more than half of the low cloud periods
in Beijing during winter (Figure S6 in Supporting Information S1). This large‐scale meteorological field led to
upward airflow and water vapor transport, which contributed to the formation of clouds and fog. Also, the
topography of Taihang Mountain and Yanshan Mountain (marked in Figure S1 in Supporting Information S1)
facilitated uplift and prevented water vapor diffusion, low clouds and fog were maintained, thus providing
sufficient liquid water for aqueous‐phase chemistry. The RH below 1.5 km altitude in Beijing was maintained at
high levels of 80%–100%, in which sulfate accumulated rapidly (Figures 2a and 2d). Under the effect of high‐
pressure western airflow, PM2.5 was rapidly generated and reached 200 μg/m

3 in the area of central and north-
ern China. On 9 December, the offshore anticyclone moved eastward and weakened (Figure 2f). The pressure
gradient on the ground in Beijing was smaller and the wind speed was weaker, which was not conducive to the
diffusion of pollutants. Moreover, due to the influence of topography, pollutants accumulated and gathered faster
in front of the mountains, forming a southwest‐northeast pollution belt along the side of Taihang Mountain and
Yanshan Mountain, thus blocking further west‐northward transport of pollutants.

During this haze pollution case, sulfate showed a rapid increase from 10 to 45 μg/m3 on 8 December, and the
vertical distribution of both aerosol and cloud featured great heterogeneity. To quantitatively understand the
sulfate production in different vertical layers during this pollution event, we diagnosed the reaction rate of various
chemical pathways in WRF‐Chem model, including sulfate production pathways in the gas phase, in cloud water
and in aerosol water, namely oxidation by dissolved O3, H2O2, NO2, and TMI (in the presence of O2), and its
contributions to the vertical sulfate production over the NCP (shown in the rectangle of Figure 4b) during the high
sulfate period in Figure 3. Below 1.2 km altitude, the sulfate formation rate was highly dependent on the sulfate
oxidation in cloud or fog water, which means that sulfate formation rates in cloud or fog water accounted for more
than 80% of the total rate (Figure 3a). For the 200–400 m altitude (blue rectangular area), the higher cloud water
content led to a maximum of 0.5–1.3 μg m− 3 h− 1 in‐cloud sulfate formation rate. The gas‐phase oxidation rate and
the aqueous‐phase oxidation rate in aerosol water were on the order of 10− 3 and 10− 2 μg m− 3 h− 1, respectively,
which were negligible compared to that of in‐cloud sulfate formation rate.

The average rates of four sulfate formation pathways in cloud water were non‐uniform vertically (Figure 3b). The
sulfate production rate in fog, namely the lowest layer of cloud in the model, could reach 0.3 μg m− 3 h− 1. To
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illustrate the role of sulfate production in fog, we added an experiment with the fog chemistry turned off.
Compared to the fog‐off experiment, the impact of turning on fog chemistry on sulfate was relatively small, with
surface sulfate changing by only less than 5% in the high‐sulfate region (Figure S7 in Supporting Information S1).
With the higher pH of 5–7 in cloud water (Figure S8 in Supporting Information S1), both O3 and NO2 oxidation
pathways played the dominant role below 1 km. The contribution of the TMI pathway was relatively small, while
that of the H2O2 pathway was negligible. The vertical variation of the above pathways could be caused by the
differences in the vertical distribution of cloud water content, precursor concentrations, pH in cloud water,
oxidant concentration, and catalyst concentration (T. Liu et al., 2021; Pandis & Seinfeld, 2016). As the low cloud
was distributed at a low altitude in this case, reaction rates decreased due to the decreasing cloud water content
with increasing altitude above 300 m. Aqueous phase sulfate production in cloud water became negligible at
altitudes higher than 1 km.

3.3. Accelerated Sulfate Formation by Low Cloud and Its Impact on PM2.5 Pollution

To quantitatively elucidate the contributions of different physical or chemical processes to surface sulfate, we
analyzed the simulated concentrations of sulfate aerosols using the WRF‐Chem diagnostic analysis technique
mentioned in Text S3 in Supporting Information S1. Figure 4a shows the contributions of chemical processes,
vertical mixing process with dry deposition and advection transport processes to the sulfate at the surface of
Beijing. The simulation results showed that the vertical mixing process had the largest absolute average
contribution of 61% and posed a very high positive contribution during the daytime on both 8 and 9 December. In
other words, the vertical distribution of sulfate aerosol was highly stratificated.

Though the concentration of the gas precursor SO2 near the surface was over 2–5 times higher than at the altitude
of 300 m, as aforementioned, the sulfate production rate was higher in the upper air. Based on the model diag-
nosis, sulfate chemical formation at 300 m, exceeded 20 μg m− 3 h− 1, which was 20 times higher than the near‐

Figure 2. Typical haze event in the NCP from 6–15 December 2015. (a) Time series of meteorological parameters (cloud base height (CBH) air temperature (T), RH)
obtained from NCDC, the concentrations of PM2.5 and sulfate observed in Beijing. WRF‐Chem simulated surface PM2.5 mass concentrations and wind field at (b) 12:00
LT on 8 December and (c) 12:00 LT on 9 December. Color dots represent observed PM2.5 mass concentrations. (d) Vertical distribution of RH from ERA5 in Beijing.
Spatial distributions of sea level pressure and 925‐hPa wind field from ERA5 at (e) 12:00 LT on 8 December, (f) 12:00 LT on 9 December.
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surface rate of 1 μg m− 3 h− 1 during the same time period. The fastly formed sulfate was then entrained downward
by convective mixing (Figure S9 in Supporting Information S1), significantly enhancing the near‐surface sulfate
aerosol concentrations, and the above results can be generalized to the NCP (Figure S10 in Supporting Infor-
mation S1). Moreover, the boundary layer started to develop in the morning, at which time convective mixing was
most prominent, near‐surface sulfate concentration rose by 40 μg m− 3 in less than 4 hr during the daytime on
December 8. Therefore, we further analyzed the diagnostic results of the vertical profile of sulfate from 10:00 to
13:00 LT on December 8.

Surface sulfate aerosols from 10:00 to 13:00 LT on December 8 were mainly concentrated in the northern part of
the NCP and were highly coincident with the regions where low clouds existed (average cloud water content
higher than 0.1 g/m3) below 2 km (Figure 4b). The overall high value of sulfate was mostly distributed below
600 m (Figure 4c). The height range between 200 and 400 m was the region where the high value of sulfate
chemical formation in cloud water (Figure 4d). More than 30 μg/m3 of sulfate was rapidly generated within 4 hr
where the low cloud was concentrated. Such a fast chemical production of sulfate in the aqueous phase of cloud
water and vigorous vertical mixing during the daytime would substantially raise the sulfate concentration near the
surface, thereby further deteriorating PM2.5 pollution.

4. Atmospheric Implications
In this study, the role of aqueous‐phase sulfate chemistry in clouds during a heavy haze event over NCP in 2015
was investigated by combining ground‐based observations, radiosonde measurements together with model
simulation. We found that during the pre‐pollution period, Beijing was influenced by a high‐pressure system with
prevailing southerly winds at 925 hPa, and the updrafts were accompanied by warm and humid airflow delivered
from the northwest Pacific Ocean, which facilitated the formation of low clouds and fog. Low clouds enabled a
sufficiently high sulfate production rate of up to 0.5–1.3 μg m− 3 h− 1, overwhelmingly exceeding the sulfate
formation rate in the gas phase and in aerosol water. The sulfate produced within the clouds was deposited to the
surface via vertical mixing, together with sulfate produced in the fog at the surface, which exerted an important
impact on the rapid sulfate production and haze formation in winter over the NCP. Our results show that the
frequency of such low cloud events in winter in NCP is 20.8%, highlighting the important role of in‐cloud sulfate

Figure 3. Vertical distribution of different pathways for sulfate production. Contribution of averaged sulfate production rate over the rectangle area marked in Figure 4b
with white solid line (a) in aerosol water and cloud water, as well as (b) different reaction pathways with O3, H2O2, NO2, TMI‐catalyzed and others in cloud water are
shown in bar charts from 00:00 LT 8 December 2015 to 00:00 LT 10 December 2015. Cloudy height ranges are shown in (a) with a light blue rectangle.
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production. For cloud‐free conditions, multiphase sulfate chemistry in aerosol water may become the dominant
sulfate production pathway.

Our study demonstrates that the in‐cloud sulfate formation has an important impact on winter sulfate aerosol in
highly polluted environments. In particular, the accurate simulation of low clouds affects the vertical and spatial
distribution of sulfate aerosols. There is a need for an improved understanding of the role of in‐cloud chemistry in
haze pollution. Furthermore, such low cloud chemistry may play an important role in sulfate aerosol formation in
remote environments, such as the Tibetan Plateau where low clouds prevail (Duan & Wu, 2006). As well, the
sulfate aerosol would interplay with the weather and climate in this region (Zhao et al., 2019).
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Data Availability Statement
Anthropogenic emission data obtained from Multi‐resolution Emission Inventory for China (http://meicmodel.
org.cn/?page_id=541&lang=en). ERA5 meteorological parameters on pressure levels are available at Hersbach
et al. (2023a) and meteorological parameters on single levels are obtained from Hersbach et al. (2023b). The
surface meteorological data are available at https://www.ncei.noaa.gov/access/search/data‐search/global‐hourly.
The ambient air monitoring data, including PM2.5, SO2, and NO2 are archived at a repository of Chinese National
Environmental Monitoring Center (http://www.cnemc.cn/sssj/). Sounding data can be found at the University of

Figure 4. WRF‐Chem simulated sulfate concentrations and contributions of different processes to sulfate at the time with low cloud. (a) Time series of SO4
2− production

rate of physical/chemical processes (vmix= vertical mixing with dry deposition; chem= chemical production; adv= horizontal and vertical advection) at the surface in
Beijing (BJ, marked in (b)) from 00:00 LT 8 December 2015 to 00:00 LT 10 December 2015. The pie chart shows fractional contributions of absolute production rate
over the above time period. (b) WRF‐Chem simulated averaged sulfate concentrations at the surface from 10:00 LT December 2015 to 13:00 LT 8 December 2015,
together with averaged cloud water content under 2 km, which is greater than 0.01 g/m3 (pink dash line). Simulated vertical cross section of (c) averaged SO4

2−

concentrations, (d) accumulated contribution of chem on SO4
2− in cloud, together with averaged cloud water content greater than 0.01 g/m3 (blue dash line), and

(e) accumulated contribution of vmix on SO4
2− during 10:00 LT 8 December 2015 to 13:00 LT 8 December 2015 along the white solid line marked in (b) at longitude of

116.32°E (BJ indicates the location of BJ). The gray shadows indicated the terrain.
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Wyoming (http://weather.uwyo.edu/upperair/sounding.html). Main surface observation data is archived on the
website of Figshare (Cai et al., 2024). Figures in this article are processed with the NCAR Command Language
version 6.6.2 (NCAR, 2019) and the software MATLAB Release 2021a (MathWorks, 2021).
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