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ABSTRACT: Outdoor air pollution causes millions of premature
deaths annually worldwide. Sulfate is a major component of ; .t," » ®
particulate pollution. Winter sulfate observations in China show e e8 e ®
both high concentrations and an accumulation mode with a modal Lceegat ”

size >1 pum. However, we find that this observed size distribution | ’
cannot be simulated using classical gaseous and aqueous phase
formation (CSF) or proposed aerosol-processing formation (APF)
mechanisms. Specifically, the CSF simulation underestimates
sulfate concentrations by 76% over megacities in China and ;
predicts particle size distributions with a modal size of ~0.35 ym, i &g BB
significantly smaller than observations. Although incorporating the
APF mechanism in the atmospheric chemical model notably
improves sulfate concentration simulation with reasonable
parameters, the simulated sulfate particle size distribution remains similar to that using the CSF mechanism. We further conduct
theoretical analyses and show that particles with diameters <0.3 ym grow rapidly (2—3 s) to 1 um through the condensation of
sulfuric acid in fresh high-temperature exhaust plumes, referred to as in-source formation (ISF). An ISF sulfate source equivalent to
15% of sulfur emissions from fossil fuel combustion largely explains both observed size distributions and mass concentrations of
sulfate particles. The findings imply that ISF is a major source of wintertime micron-sized sulfate in China and underscore the
importance of considering the size distribution of aerosols for accurately assessing the impacts of inorganic aerosols on radiative
forcing and human health.
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B INTRODUCTION infrequently occur during winter haze events, and
researchers have found that in-cloud reactions are not a key
pathway for sulfate formation during winter haze episodes.”""
Some studies proposed that aerosol-processing formation
(APF), that is, oxidation of SO, by various oxidants on
aerosols, has the potential to explain the missing sulfate over
China in atmospheric models.”'" Recent studies further
proposed and highlighted several APF routes with specific
8 o . oxidants and attempted to parametrize the reaction rates
(CCN). .Desp ite Its Importance, atn.xosp heric mOde.l s generally associated with APF}.)B’ZZ_24 II-)Iowever, these studies did not
underestimate sulfate concentrations under winter haze

. . . o—11 . . take into account the influence of APF on the sulfate size
conditions in China, and the formation mechanism of . . .
distribution. In comparison to the accumulation mode at a

sulfate is debatable.'*™'> Most mo.dels include classical gaseous modal size of 0.4—0.8 um observed in North America,zs_zg the
and aqueous phase sulfate formation (CSF) pathways, such as d Ifate in wintertime Chi ionificantly 1

the oxidation of sulfur dioxide (SO,) by hydroxyl radicals in fy suffate mn winterime LAina appears sighificantly farget
the gas phase and by dissolved oxidants (hydrogen peroxide,
ozone, nitrogen dioxide, and oxygen catalyzed by transition- Received: July 17, 2023
metal ions) in cloud water.”'® However, these CSF Revised:  September 18, 2023
mechanisms cannot explain the abundant sulfate observed in Accepted:  October 17, 2023
winter in China.”~"""” A few studies suggested that reactions Published: November 1, 2023
occurring in fog and clouds might have major contributions to

the formation of sulfate.'®" However, fog and clouds

Air pollution is a global concern.'™® Sulfate is a major
component of atmospheric PM, (fine particles with an
aerodynamic diameter <2.5 ym), which has adverse effects on
visibility, air quality, and public health,** especially during
winter haze events.”” Sulfate aerosols also have significant
impacts on Earth’s radiation balance and climate by scattering
solar radiation and serving as cloud condensation nuclei
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Figure 1. Observed and simulated wintertime air pollutants over China. (a—c) Observed and simulated hourly SO,, sulfate, nitrate, and ammonium
concentrations at the Wuhan site from December 2014 to February 2015. The bias and normalized bias were calculated for each set of observed
and simulated data. “Obs.” denotes the observation. CSF, APF, ISF are different mechanisms of sulfate formation. (CSF: classical gaseous and
aqueous phase sulfate formation; APF: aerosol-processing formation; ISF: In-source formation.) See Methods for detailed settings of simulations.
(d) Location of the Wuhan site (denoted by the blue dot) and other 25 observation stations (denoted by orange dots) over China. (e) Comparison
between observed and simulated sulfate, nitrate, and ammonium concentrations for 31 sets of data from 25 observation stations around China from
December 2014 to February 2015. Observed data were monthly average data or several days’ average data (listed in Supporting Information Table
S3). Here, the simulated data were averaged over the period corresponding to each observation time. Two dashed lines are 1:2 and 2:1 lines. The
FAC2 index here was calculated for the ISF simulation, which represents the fraction of simulations within a factor of 2 of observations.

with a modal size of 0.6—1.4 um.”” > New research noticed
the potential contribution of plumes in the formation of
atmospheric particulate matter,”> > whereas the importance
of this mechanism to the formation of large sulfate particles
under polluted background remains to be deciphered.
Furthermore, observations near coal-fired power plant exhaust
in China showed that a large fraction of sulfur emissions are in
the form of $O5,*~*? which is produced through the oxidation
of SO, during combustion and can also be formed in the
exhaust plumes.'” Unlike SO,, SO; is converted to sulfuric acid
virtually instantly in the troposphere.4o Thus, we hypothesize

20011

that the condensation of sulfuric acid in fresh high-temperature
exhaust plumes onto pre-existing atmospheric particles can
quickly produce micron-sized particles. We refer to the process
of sulfate particle production from fresh plumes hereafter as in-
source formation (ISF), which may be the missing mechanism
of sulfate formation in China.

In this study, we aim to answer the question of whether ISF
can explain both the observed high mass concentrations and
large-size distributions of sulfate in the winter in China. Our
investigation involves simulations of sulfate mass concen-
trations and size distributions using CSF, APF, and ISF, with

https://doi.org/10.1021/acs.est.3c05645
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Figure 2. Observed and simulated wintertime sulfate size distribution over China. The panel in the upper left corner shows the spatial distribution
of average sulfate concentrations over China from December 2014 to February 2015 in the ISF simulation. The orange dots on the map denote the
12 observation sites. If the sampling time of one site is within the simulation period, the mean value of the simulated data corresponding to
observation time was used to compare with the observation data (obs.) (listed in Supporting Information Table S4); otherwise, the three-month
average values were employed to compare with the observation data. (CSF: classic gaseous and aqueous phase sulfate formation; APF: aerosol-

processing formation; ISF: In-source formation).

an emphasis on the formation of large wintertime sulfate
particles across China using the Weather Research and
Forecasting model coupled with Chemistry (WRF-Chem)
model with detailed aerosol microphysics. To avoid any
confusion, we specifically use the term “APF” instead of the
commonly used term “heterogeneous sulfate formation” as ISF
can also be heterogeneous. We leverage a wide range of diverse
observations to thoroughly assess the robustness of our
simulations and constrain our results. We pay particular
attention to aerosol size measurements, which were not
generally considered in previous studies of the wintertime
sulfate formation processes. Through the development of a
theoretical model and conducting sensitivity experiments, we
examine the feasibility of large sulfate particle formation via
ISE. Our study reveals substantial disparities in particulate size
distributions predicted by APF and ISF, potentially challenging
the current understanding of the effects of aerosols on radiative
forcing and public health implications.

B METHODS

Observations. Hourly observations of surface PM,
chemical compositions and gaseous pollutants were monitored
at an urban site in Wuhan, central China (30.53°E, 114.36°N,

20012

denoted by the blue dot in Figure 1d) from December 2014 to
February 201S. Water-soluble ions (including sulfate, nitrate,
and ammonium) in PM, and SO, were measured using an
online ion chromatography analyzer (MARGA-ADI 2080) and
ultraviolet fluorescence equipment, respectively.*' For
MARGA measurements, the sampling flow rate of air was
16.7 L min~". The recovery rates were controlled to be >95%,
and the relative standard deviation of the sampling flow was
calibrated to <5%. Detailed quality assurance and quality
control at the site were performed as described in our previous
study.”' Wuhan and its surrounding areas have suffered from
severe air pollution in recent years, which has attracted
increasing attention.”” The site in Wuhan is a typical urban site
in central China. Additionally, the time resolution of these data
was particularly high, and the data fully covered the entire
winter season. Currently, hourly measurements of PM,
components (such as SO,*~, NO;~, NH,") are not available
at other locations in China. Thus, we employed these data to
evaluate the model performance.

We also collected several other types of wintertime
observations across China to compare with the simulation
results: (1) mass concentration data of 31 sets of sulfate,
nitrate, and ammonium at 25 stations over China (denoted by

https://doi.org/10.1021/acs.est.3c05645
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orange dots in Figure 1d) within the simulation period were
obtained from the literature (Supporting Information Table
S3); (2) long-term (regular multiple samplings over at least 7
days) mass size distribution data of sulfate, nitrate, and
ammonium were compiled from published articles (denoted by
orange circles in Figure 2; Supporting Information Table S4);
(3) hourly observations of SO, and PM,; and monthly
meteorological data over China were obtained from the China
Ministry of Ecology and Environment (http://106.37.208.
233:20035/) and the China Meteorological Data Service
Centre (http://data.cma.cn), respectively. The inorganic
aerosol size-distribution data were selected based on the
following criteria: the sampling site was a nonbackground air
site, sampling time was relatively new (between 2010 and
2017), the number of samples was relatively large, and the
sample period was not affected by special events (such as dust
storms or emission reduction for social events). The mass size
distribution data of inorganic aerosols were mostly measured
by using the following method. First, size-resolved aerosols
were sampled using a multistage cascade impactor (such as the
MOUDI sampler or Andersen sampler shown in Supporting
Information Table S4). Previous studies consistently showed
that despite potential variations in ambient humidity and
aerosol liquid water content between daytime and nighttime,
for example, the aerosol liquid water content in PM, 5 during
winter nights in Beijing were more than 2 times higher than
daytime levels,* the size distributions of sulfate sampled at the
same location from day and night were very similar and the
modal size of the size distribution remained relatively
consistent.*** Thus, following previous studies, we think the
aerosols are basically under dry conditions during sam-
pling.***® Then, composition analysis of water-soluble ions
in each stage was carried out, and the mass size distribution
data of water-soluble ions (including sulfate, nitrate, and
ammonium) were finally obtained.

Atmospheric Model and Simulations. WRF-Chem is a
fully online coupled meteorology—chemistry model. It has long
been used to simulate regional air quality and evaluate
meteorology—chemistry interactions.””*® Here, we used
WREF-Chem version 3.9 to simulate the emission, transport,
chemical reactions, and dry and wet depositions of chemical
species in this study.”” There are several options for
parametrizing the physical and chemical processes in the
model. In the WRF-Chem default model, the ?rimary sulfate
emissions can be incorporated in the model.””>" The amount
of primary sulfate emissions depends on the emission
inventory used. For the chemical mechanisms, we used the
Carbon Bond Mechanism version Z (CBMZ) for the gas-phase
chemical mechanism®” and the Model for Simulating Aerosol
Interactions and Chemistry (MOSAIC) with eight bins
(Supporting Information Table S1) for the aerosol simu-
lations.”> MOSAIC includes all major aerosol species and
simulates aerosol chemical and physical processes such as
nucleation, condensation, coagulation, thermodynamics, and
phase equilibrium. More details about the MOSAIC aerosol
model are presented in Supporting Information Text SI.
Chemical initial and boundary conditions of WRF-Chem were
obtained from simulations of the Community Atmosphere
Model with Chemistry (CAM-Chem) model.’* For every
simulation and sensitivity experiment, the WRF-Chem model
was run for 3 months from December 2014 to February 2015,
covering the entire winter season in China. Observations for
the same period were used to evaluate the model simulations.

The model results for the first 5 days were excluded as the
model spin-up for each monthly simulation.” The simulation
domain covered mainland China (Supporting Information
Figure S1), with a horizontal resolution of 30 km and 30
vertical levels. Detailed configurations following published
literature®>*” are listed in Supporting Information Table S2.

For anthropogenic emissions, we employed the Multi-
resolution Emission Inventory for China (MEIC) 2014—2015
inventory, which provides the monthly emissions of major air
pollutants from five major emission sectors. The MEIC
inventory uses more data specific to China compared to
global inventories and has been widely used in air quality
research.’® In this emission inventory, no primary sulfate
emissions were included. To enhance the accuracy of
emissions data in China, we made some adjustments.
Specifically, we replaced the ammonia (NH;) emission
inventory with the PKU-NH; 2015 inventory, which was
developed based on a process-based method to better
represent the temporal and spatial distributions of NH;
emissions in China.’® Additionally, we replaced residential
SO, emissions with the PKU-FUEL 2014 inventory, compiled
based on the latest nationwide survey of residential fuel
consumption in China.””> The mosaic Asian anthropogenic
emission inventory (MIX inventory) was used for the
anthropogenic emissions outside China.”” We considered
hourly and vertical variations in anthropogenic emissions
based on emission sectors. Biogenic emissions were calculated
online using the Model of Emissions of Gases and Aerosols
from Nature (MEGAN) module,”" and hourly fire emissions
were provided by the Fire Inventory from the NCAR (FINN)
model.**

Two additional sulfate sources (APF and ISF) were
considered in this study. For the APF mechanism, following
the existing code of the hetero()%eneous uptake of dinitrogen
pentoxide (N,O;) in the model,”” we parametrized the process
of the heterogeneous uptake of SO, on aerosol particles and
subsequent oxidation by oxidants to form sulfates in the
MOSAIC module of the WRF-Chem model. The reaction was
assumed to be irreversible, and the uptake of SO, by aerosol
particles was a first-order process, as in a previous work®

dCyso,
% =—( Z kso,m) X Cyso, X B

(1)

where C,go, are the concentrations of gaseous SO, in the

ambient air (mol m™). f is a hypothetical ratio that ensures
that the total amount of sulfate produced by APF and ISF is
the same in China for each month. Here, we introduce a
parameter, f3, such that the size distribution comparison using
different mechanisms is analyzed under the condition of
comparable sulfate mass concentrations. In this manner, the
effect of sulfate mass concentration difference on size
distribution difference was minimized. In this study, the
three-month average value of # was 1.10, and the deviation of
the monthly value of  from the average was within 0.09. The
calculation process of # in the APF simulation is presented in
Supporting Information Text S2. kgo, ,, is the first-order mass

transfer coefficient for SO, in bin m (s™') and is parametrized
as

kso,m =4 X1 XR,, X Do XN, Xf(K"soz,m; 7502)
2)
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where R, is the particle radius (cm), Do, is the gas
diffusivity of SO, (cm? s™*), N,, is the particle number density
in bin m (cm™), and f(Knso, . ¥s0,) is the transition regime

correction factor (discussed in eq 4). In the parametrization,
the limiting step was set as the uptake of SO,, which is
controlled by the reactive uptake coefficient }/SOZ.H’“ A wide

range of yso, values (0.6 X 107° to 0.1) has been previously
reported.”'! Here, we employed a constant yso, of 1 X 107,

which shows a reasonable agreement with the observations.

We introduced the ISF mechanism into the model by
considering multiple types of observational data, emission
inventory uncertainties, and a series of model sensitivity
analyses. Bottom-up estimates generally suggested that ~5% of
sulfur emissions from China’s coal-fired power plants are in the
form of SO,%" while observations from the coal-fired power
plant exhaust in stacks suggested that SO; emissions account
for 20% of total sulfur emissions.**~> Most bottom-up
estimates were based on in-stack measurements, but the actual
amount of SOj; in fresh exhaust plumes may be higher since
SO, can be oxidized to SO, in the exhaust plumes.'” According
to sensitivity experiments, the observed sulfate concentrations
in China were well reproduced when 10%—15% of sulfur was
emitted in the form of SO;. For sulfate size distribution, field
measurements in China showed a sulfate modal size of 0.7—1.1
pum during the combustion of coal and wood,” while our
sensitivity experiments showed that a sulfate modal size of
0.8—1 pm emitted in the model can explain well the observed
sulfate size distributions (Figure 2). We assumed that the ISF
source of sulfate was 15% of the sulfur emissions from all fossil
fuel combustion sectors with a modal size of 0.9 ym and a
geometric standard deviation of 2 um according to the
published literature.* It is worth noting that the ISF
mechanism proposed in this study is distinct from primary
sulfate emissions in terms of their physical origin. Primary
sulfate is conventionally attributed to combustion processes,
whereas ISF sulfate pertains to sulfate formation within the
plume.

Theoretical Analysis of the ISF Particle Size Growth.
To examine the particle growth process during ISF inside or
near smokestacks, we employed MATLAB R2020b to develop
a theoretical model to calculate the particle size growth over
time. There are many pre-existing particles in the polluted
atmosphere that provide abundant surface areas for the
condensation of sulfuric acid vapor in the exhaust. Following
a previous study,” the rate of sulfuric acid vapor condensing
onto the surface of particle I (kg s™') was calculated using the
following equation

2X X d, XM XD x(B-PRg)Xf
RxT @)

where d, is the diameter of the particle (m), M; is the molar
mass of sulfuric acid vapor (98 X 107> kg mol™), D; is the
diffusion coefficient of sulfuric acid vapor in the air (m” s™"),
and P; is the vapor pressure of sulfuric acid in the gas phase
(Pa), calculated from the concentration of SO; in the flue gas
and the temperature of the flue gas. Based on the observations
of SO and temperature,'>** these two variables were set to S
mg m~> and 50 °C, respectively. P, is the equilibrium vapor
pressure on the particle surface. As sulfuric acid is nonvolatile,
P, was set to zero during the calculation. R is the gas constant
(8.314 J K" mol™"), and T is the temperature of the surface of

the particle (K), which was set equal to the temperature of
ambient air (0 °C). f, is the transition regime correction factor
expressed as>”’

. 078 x ax (1 +K,)

n TR, X (1+K,) 40283 xaxXK,+075 Xa

(4)

where K, is the Knudsen number, defined as K, = (2 X 1)/d,
(where 1 is the mean free path),® and a is the mass
accommodation coeficient with a value of 0.65.°” Finally,
according to the law of conservation of mass, the growth rate
of a particle can be expressed as follows

dd,  2x1I

L=
dt mXd,”Xp (s)

where p is the density of the particle (kg m™).

Radiative Forcing and Health Impact. We calculated
the radiative forcing of aerosols using the WRF-Chem model
Rapid Radiative Transfer Model for General Circulation
Models (RRTMG) longwave and shortwave radiation
scheme.®® For the direct radiative effects, we calculated the
all-sky direct radiative effects for different size distributions. At
every time step, we kept all of the meteorological parameters,
cloud properties, surface properties, and aerosol mass loadings
the same and used the APF or ISF size distributions of sulfate,
nitrate, and ammonium in the model. We then calculated the
aerosol radiative properties (aerosol optical depth, single-
scattering albedo, and asymmetry factor) with two different
size distributions and obtained two sets of radiation flux data at
the surface. In addition to direct radiative forcing, the size
distribution of aerosols can influence the formation of CCN
and aerosol-cloud indirect effects.”” However, in the WRE-
Chem model, aerosols, clouds, and meteorologies are coupled
and affect each other, making the indirect effects challenging to
quantify. Here, we calculated the CCN concentration and total
radiative forcing (containing all of the effects of aerosols) in
the APF and ISF simulations with the same total sulfate mass
emission in China but different particle size distributions of
secondary inorganic aerosols. Finally, we compared the results
of the two simulations and computed the impact of different
aerosol size distributions on the total radiative forcing at the
surface.

The International Commission on Radiological Protection
(ICRP) particle deposition model was employed to evaluate
the size-resolved health impacts on humans,”® which provides
size-resolved particle deposition fractions in different regions
(head airway and nose region, tracheobronchial region, and
alveolar region) in the human respiratory system. We applied
fitted equations from the ICRP model (Supporting Informa-
tion Figure S2), which was calculated by averaging the data
from different exercise levels for men and women.”' Because
the original model did not account for the moisture absorption
and growth of particles in the lungs, we used the approach of
Kodros et al. to calculate the hygroscopic growth of particles in
the lungs using the hygroscopicity parameter computed with

eq 6—10
1/3
RH
| xn
RH

D, p,dry (6)

p,equilibrium_lung = (1 + kX

where D, .quilibrium_lung 18 the particle size after water uptake and

equilibrium in the lungs, D, 4, is the diameter of the dry
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particle (m), RH is the relative humidity in the lungs, and « is
the hygroscopicity parameter.”” RH and the temperature in the
lungs were set to be 99.5% and 37 °C, respectively, following
the published literature.”* The total particle x value was
calculated as the volume-weighted average of all individual
species.”” The time required for the particles to reach
equilibrium 7 (s) in the lungs was calculated using eq 77>

D

p,equilibrium_lung

_4ngxﬂxMx(Cw—Cs)><

Dp,ambient

Dp,ambient xXp (7)

where D, ,nbiene 18 the initial particle diameter in the ambient
environment (m), D, is the diffusion coefficient of water vapor
(m? s7Y), B is the correctlon factor, M is the molar mass of
water vapor (18 g mol™), p is the density of particle (g m™3),
and C,, and C; are the water vapor concentration in the lung
and at the particle surface (mol m™), respectively. Equations 8
and 97§vere used to compute the equilibrium particle size in the
lungs

_ T
T+ 7'-lung (8)

Dp,lung =f>< D, ,ambient + (1 _f) x D, ,equilibrium_lung (9)
where D,,is the diameter of the particle in the lung (m) and

Tlung 18 the residence time in the lung (2.5 ). Finally, the
particle diameter associated with deposition in the human
body D, epositions Which is the aerodynamic diameter after
con51der1ng the water uptake in the lung, was expressed as’*

pparticle

Dp,deposition = Dp,lung
A ‘water (10)

where p,icte and Py are the density of the particle (g cm™)
and water (1 g cm™), respectively.

B RESULTS AND DISCUSSION

High Concentrations and Large Sizes of Sulfate
Particles in Wintertime in China. We found that neither
CSF nor APF could explain the observed mass concentrations
and size distributions of sulfate in China. The WREF-Chem
simulation results show that the standard CSF mechanism
substantially underestimates sulfate concentrations in winter.
For instance, the simulated sulfate concentrations from
December 2014 to February 2015 at the Wuhan station
(mean: 5.4 ug m™; range: 0.3—22.9 ug m~>) were much lower
than the observations (hourly data, sample size n = 1764; 22.4
ug m~>% 3.0-75.0 ug m~>) (Figure la). From the hourly
observations, it was found that CSF accounted for only 24% of
the observed near-surface sulfate concentrations in Wuhan.
Additionally, significant model biases were observed in other
megacities in China, with a normalized bias of —76% (Figure
le). These findings ahgn with previous studies that utilized
alternative models.'>** Furthermore, we found that CSF
greatly underestimated the sulfate particle size in China. The
observed size distributions at the different sites in winter
showed consistent characteristics (Figure 2, Supporting
Information Figure S3), with an accumulation mode at a
median modal size of 0.91 ym (0.64—1.39 ym, min to max).
At a few sites, we also observed a small peak in the coarse
mode, which is likely attributable to the sulfate formation on
dust particles.”” In contrast, the simulation results using CSF
revealed particle size distributions characterized by an

accumulation mode with a median modal size of 0.35 pm
(ranging from 0.34 to 0.46 um), which was more than two
times smaller than the observed values. Under CSF, in-cloud
and gas-phase oxidation are the primary pathways of sulfate
production,4 suggesting that the sulfate mechanism overlooked
in the model may also contribute to the formation of large
sulfate particles.

When compared to that of CSF, the utilization of APF
demonstrates a substantial enhancement in predicting sulfate
concentrations. This is evidenced by a notable reduction in the
normalized biases of sulfate concentrations from —76% to
—23% at the Wuhan site (Figure 1b). These improvements are
further supported by results obtained from the other 25
stations across China, where APF exhibits a higher degree of
accuracy in simulating sulfate concentrations (Figure le).
Specifically, 84% of the simulation data fall within a factor of 2
of the observations when employing the APF mechanism, in
contrast to only 23% when using CSF. At these sites,
simulations of nitrate, ammonium, and SO, using the APF
mechanism were also ameliorated (Figure 1b,e). However, we
found that the APF could not explain the observed sulfate size
distributions. The APF mechanism did not obtain increased
sulfate particle sizes with an accumulation mode at a median
modal size of 0.37 ym (0.35—0.44 um, Figure 2, Supporting
Information Figure S3), and this result was similar to that of
CSE.

The APF mechanism occurs at the surface of the suspended
aerosol particles, while the sulfate production rate of the APF
reaction is proportional to the aerosol surface area concen-
tration.”® In this study, aerosol surface area distributions of
aerosols in APF simulation showed a unimodal distribution
and peaked at ~0.2 ym (Supporting Information Figure S4),
which was similar to the typical urban aerosol surface
distributions presented in the previous study.® Under this
mechanism, high aerosol surface area concentrations were
mainly located in the range of 0.1—0.4 pm diameter, and
aerosol surface area concentration limited the APF reactions;”®
thus, we posit that this mechanism might be unable to capture
the observed sulfate size distribution.

7 is also a key parameter for the APF reaction, which may
vary with ambient temperature, humidity, etc. Based on
previous studies”'' and sensitivity analysis, we adopt a
constant ¥, which may introduce uncertainties on the quantity
of sulfate particle production but not on the sulfate size
distribution. It is unlikely that y in the APF reactions varies
significantly with the aerosol particle size because many
meteorological variables affecting y (e.g, temperature and
relative humidity) of different particle sizes in the same
location are the same. At present, observations regarding this
issue are scant, and future research is needed. Further, our
result of the APF simulation was consistent with the analysis by
Meng and Seinfeld,”” who suggested that large particles
produced from fog evaporation may be a major source of
aerosols with a size of 0.7 ym in California. While the modal
sizes of sulfate particles are mostly >0.7 ym in the observations
across China (Figure 2), fog infrequently occurs during winter
haze events and is not a major factor in China.”® Thus, APF is
presumably not the primary mechanism for the missing sulfate
in China.

Large Sulfate Particles Explained by the In-Source
Formation. We found that ISF largely explained both the
observed mass concentrations and size distributions of sulfate
in China. There are many potential pathways for the ISF. Here,
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Figure 3. ISF under polluted conditions. (a) Schematic diagram showing the ISF of large sulfate particles. (b) Molar ratios of SO to total sulfur
(SO; + SO,) observed at the stack outlets of coal-fired power plants in China.**"*’ The black dashed line represents the ratio used in this study
(15%). (c) Increases in particle diameter with time due to the condensation of sulfuric acid. Three different initial particle sizes were considered at
0.1, 0.3, and 0.5 pum. Three thin colored curves are the sensitivity results with ambient temperature (+5 °C), flue gas temperature (+5 °C), and
SO; concentrations (+2 mg m™).

we provide detailed analysis of the H,SO, condensation particles in the accumulation mode were set from 0.1 to 0.5
pathway. However, for the other pathways, we presented only um,” and the exhaust plume was assumed to have an SO,
some speculations and hypotheses. Further research is needed concentration of 5 mg m™>.>® The theoretical model simulation
in the future to investigate these potential pathways in more result showed that the pre-existing particles quickly grow to a
detail. The general process of H,SO, condensation for ISF is size of 0.9 ym in 2.0-3.3 s (Figure 3c), suggesting that the
shown in Figure 3a. First, a nontrivial fraction of fuel sulfur is observed SO; concentrations are sufficiently high that
oxidized to SO; during combustion from various sectors and in sustained exposure to this concentration of SO; can grow
the subsequent exhaust plumes. We conducted a meta-analysis small pre-existing atmospheric particles to the observed range
of previous observations of coal-fired power plant ex- of sulfate aerosols (Supporting Information Figure S3). The
hausts®*™*° and confirmed that a molar fraction of 12%— aerosol number concentration comparison is also important for
31% of sulfur emissions are in the form of SO;, and the rest is determining the mechanism; however, there is a lack of
SO, (Figure 3b). Previous field observations reported that the relevant observations. For more details, please refer to the

SO; could also be formed via the oxidation of SO, in the discussion in Supporting Information Text S3.
exhaust plumes of coal-fired power plants.'””> Combustion We conjecture that another potential pathway for ISF is the
sources other than coal-fired power plants also emit significant formation and evaporation of large water droplets, which can
amounts of SO; that produce atmospheric sulfates such as promote the generation of large particles.”” The rapid cooling
industrial boilers and residential combustion.'”®" Second, the of water vapor can result in the formation of water droplets,
high concentration of water vapor in the exhaust converts SO, providing a surface for the adsorption of sulfuric acid. As more
to sulfuric acid. Unlike SO,, SO; converts almost instantly to ambient air mixes into the exhaust, the relative humidity
sulfuric acid by reacting with atmospheric water vapor (1 X decreases, and the water droplets evaporate, leaving behind
10~* s at 273 K with 0.3% water vapor).*’ Finally, as a high- large sulfate particles.”” In winter, lower ambient air temper-
temperature exhaust plume mixes with the ambient atmos- ature can result in more serious white plumes and likely
phere, the cooling process rapidly decreases the saturation enhance the formation of large sulfate particles.”” We
vapor pressure of sulfuric acid and water vapor, leading to hypothesize that the third potential pathway involves the
condensation onto existing atmospheric aerosols, the number catalytic oxidation of SO, to sulfuric acid by transition
concentration of which is usually high in wintertime China.®' metals."” The high temperature, acidity, and water content of
To analyze the impact of ISF on the formation of large the exhaust can greatly accelerate catalytic SO, oxidation
sulfate particles, we utilized a theoretical model that focuses on compared to that in the ambient atmosphere.'>** It is possible
the rapid growth of these particles through the condensation of that similar heterogeneous processes occurring on the hot
sulfuric acid onto small pre-existing particles. According to surface of a smokestack coated with transition metals could
previous observations, the initial diameters of the pre-existing explain the significant portion of SO; observed in coal-fired
20016 https://doi.org/10.1021/acs.est.3c05645
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power plant exhaust. In the future, additional high-precision
and multivariate simultaneous measurements (including
particle number and mass size distributions as well as size-
resolved chemical composition) are needed in the plumes and
surrounding areas in China to enhance our understanding of
the processes in the ISF mechanism.

By introducing the ISF into the atmospheric model in light
of the observations and conducting simulations, we found that,
compared with CSF, ISF greatly ameliorated the simulation of
sulfate concentrations (normalized biases, —76% and —16% for
CSF and ISF at the Wuhan site, respectively; Figure 1lc).
Furthermore, observations of sulfate from other megacities
across China supported the effectiveness of ISF, with 97% of
the simulation data falling within a factor of 2 of the
observations under the ISF mechanism and normalized biases
between simulations and observations at the 25 sites is 4%
(Figure le). While the simulated sulfate concentrations at the
Woubhan site in the ISF simulation were slightly lower than the
observations, ISF was able to capture the overall sulfate
concentration variations and performed well at the other 25
sites across China. The discrepancy at the Wuhan site may be
partly attributed to the coarse resolutions of the emission
inventories and model simulations, which can introduce
averaging effects and uncertainties in heavily polluted cities.
Improved resolution in emission inventories will enable future
simulations to better validate the ISF mechanism and more
accurately capture the observed characteristics of heavily
polluted sites like Wuhan. Additionally, comparisons with
observations showed that simulated sulfate, nitrate, and
ammonium concentrations under ISF were in a little more
reasonable agreement with the observations than those of APF
(Figure lce, and Supporting Information Text S4). This
improved agreement can be attributed, in part, to the spatial
distribution changes resulting from the different formation
mechanisms (Supporting Information Text SS), while APF and
ISF simulate similar SO, concentrations (Supporting Informa-
tion Figure S5). Most importantly, the inclusion of ISF in the
model resulted in a remarkable agreement with the
observations, demonstrating a simulated accumulation mode
with a modal size of 0.92 ym (0.68—0.92 um, Figure 2 and
Supporting Information Figure S3). This outcome signifies
that ISF not only enhanced the accuracy of predicted sulfate
mass concentrations but also provided a comprehensive
explanation for the observed aerosol particle size distributions.
The main difference between the APF and ISF mechanisms
lies in the total processing volume. In the ISF mechanism, the
processing volume is limited to fresh emission plumes, while
the APF mechanism encompasses the entire boundary layer.
Therefore, the APF processing volume is orders of magnitude
larger than that of ISF. While the total supply of sulfate
production is on the same order for the two mechanisms, the
much smaller ISF processing volume means that the number of
pre-existing particles onto which H,SO, condenses is much
smaller than those of APF. The much smaller number of ISF
particles can therefore grow to much larger sizes than APF
particles.

Two sensitivity experiments were conducted to examine ISF
source parameters using the WRF-Chem model. In the first
simulation (S1), we assumed that 50% of the sulfate was from
the ISF source, and the other 50% was from the APF and CSF
sources. The average modal sizes at the 12 observation sites
(Supporting Information Figure S6) were 0.62 + 0.09 um,
significantly lower than the observations (Supporting In-

formation Figure S3). In the second simulation (S2), we
increased the modal size of the ISF source from 0.9 to 2 ym
while keeping its source at 50% of sulfate. The large difference
in the size distributions of the APF and ISF sources resulted in
two modal distributions peaking at 0.35 and 2 ym, respectively,
whereas the observations have only one peak in the
accumulation mode in most cases (Supporting Information
Figure S6). Although the sulfate mass concentrations were
close to the ISF simulations in both S1 and S2 simulations, the
simulations cannot reproduce the observed size distributions.
The observations also showed that the wintertime size
distributions of nitrate and ammonium were generally similar
to those of sulfate (Supporting Information Figure S7). Taken
together, the observed size distributions of sulfate, nitrate, and
ammonium and the sensitivity experiments indicated that the
observed distributions provide an important constraint on the
sources of sulfate, which is the observation basis for the ISF
source being the integral source of sulfate in the winter in
eastern China.

A recent study found that the sulfate formation rate of
dissolved-manganese (Mn) catalyzed oxidation of SO, on the
aerosol surface was orders of magnitude faster than previously
known aqueous reaction pathways.”> We speculate that the
highly acidic and high-temperature environment of ISF may
promote the rapid production of soluble metal and the
catalytic oxidation of SO,. The initial ISF conversion of SO; to
sulfuric acid in aerosols provides an acidic environment to
promote the rapid production of soluble transition metals, such
as Mn(II). The ISF high-temperature can greatly increase the
Mn(II)-catalyzed oxidation of SO, to sulfuric acid since a 10 K
increase from 278 K can speed up the aerosol-surface reaction
by up to a factor of 10.”° The observations of similar size
distributions between sulfate and Mn aerosols with a modal
size of ~1 pum' are also consistent with this process.
Depending on the efficiency of the ISF metal-catalyzed
oxidation of SO, on the aerosol surface or in aerosols, ISF
sulfate formation may require a much smaller fraction of SO;
emissions than we assumed in this study. The sulfate
production rate at high temperatures of exhaust plumes is
currently unknown. Future studies are needed to account for
this ISF oxidation pathway of SO, based on experimental data
as well as the variations in metal and SO; emission rates from
different combustion sources in order to quantify the
contributions by SO; conversion and heterogeneous SO,
oxidation to the ISF sulfate source.

Impacts on Radiative Forcing and Human Health.
Previous model simulations using standard regional models
were unable to accurately simulate micron-sized particles.
Consequently, previous evaluations of aerosol radiative and
health impacts may not accurately reflect the actual influence
of micrometer-sized particles observed in China. To emphasize
the significance of considering aerosol size distributions when
assessing the impacts of inorganic aerosols on radiative forcing
and human health, we conducted an examination of the effects
of APF and ISF sulfate sources on the evaluations of aerosol
climate and public health impacts across various particle size
distributions. We found that APF presumably underestimates
the impact of aerosols on surface radiative heating, over-
estimates the deposition of particles in the tracheobronchial
and alveolar regions, and underestimates the deposition of
particles in the entire respiratory system. The total sulfate
source was the same in both the APF and the ISF simulations.
Although the APF and ISF simulated mass concentrations were
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Figure 4. Impact of ISF on regional radiative forcing and human health assessments. (a—e) Changes from the APF to ISF simulation. (a) Changes
in direct radiative forcing (DRF) at the surface. (b) Changes in CCN concentrations at a supersaturation of 0.2% (CCNO0.2%) in the boundary
layer (0—1 km). (c) Changes in total radiative forcing (TRF) at the surface. (d,e) Changes in deposited particle mass in the entire respiratory
system (total) and tracheobronchial and alveolar regions (TB + AL) in humans. (f) Deposition fraction curves for particle deposition in different
regions of the human respiratory system based on the International Commission on Radiological Protection (ICRP) model”® (solid red line and
black line) and the particulate mass distribution at ambient wet diameters (dashed green line and pink line), at wet diameters for the relative
humidity of the lung (solid green line and pink line), averaged over the North China Plain (Supporting Information Figure S1) for APF and ISF

simulations.

more similar to each other than these two simulations were to
the CSF simulations, the size distributions of the aerosols were
substantially different (Figure 2). We used the ISF simulation
and prescribed the APF aerosol distributions at each time step
to examine the change in the direct and indirect surface
radiative forcings between the two simulations. Figure 4a
shows that the large inorganic aerosol distributions in the ISF
increased surface radiative heating by 1.1 W m™ over eastern
China due in part to a decrease in the total aerosol scattering
cross section and an increase in the asymmetry factor
compared to the APF simulation.® The largest ISF effects
were found in Central China (1.7 W m™) and Southwest
China (1.9 W m™), primarily due to high anthropogenic
emissions and the abundance of solar radiation.

Furthermore, the aerosol size increase from the APF to ISF
simulation decreased the number density of inorganic aerosols
and, hence, the CCN. Using a supersaturation level of 0.2%,%
we found that ISF induced a 64% reduction in the CCN
(Figure 4b). The number of particles acting as CCN influences
the formation of cloud droplets and radiative characteristics of
clouds, thereby affecting the aerosol indirect radiative
forcing.’g6 The decrease in CCN further reduced the aerosol

20018

surface radiative forcing, increasing the surface heating from
1.1 to 2.7 W m™? (Figure 4c). A larger effect was found in
southern China than in northern China because the solar
radiation, relative humidity, and cloud frequency are higher in
southern China. Compared to —5 to 40 W m™ of the
anthropogenic aerosol effect on surface radiation in winter in
eastern China assessed by other studies,”’ the APF may
underestimate 10% of the surface radiative effect in eastern
China in winter (Figure 4c). Our results imply that some of the
aerosol radiative cooling feedback to increased pollutants’
surface concentrations were overestimated in previous studies
because of an underestimation of inorganic aerosol sizes.**"’

The change in the size of inorganic aerosols from the APF to
ISF simulation also significantly alters the assessment results
for public health. The respiratory deposition model showed
that the deposition of aerosols into the respiratory system
peaks for small (<0.01 gm) and coarse (>S pm) particles
(Figure 4f). The increase in aerosol size therefore increased the
deposition of large particles (Figure 4d) but decreased that of
small particles (Figure 4e). As a result, aerosol deposition in
the entire respiratory system increased by 15% (10%—30%)
over eastern China due to the increased deposition of large
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particles (Figure 4d), while the deposition of small particles in
the bronchus and alveoli decreased by 10% (Figure 4e). The
total aerosol deposition increase from the APF to ISF
simulation varied significantly among the different regions,
and the high population density regions tended to change
more (Figure 4d,e, Supporting Information Figures S1 and
S8). For example, because of the change from APF to ISF, the
simulated increase in total deposition over the North China
Plain, Sichuan Basin, Yangtze River Delta, and Pearl River
Delta reached 12% to 22%, while a minor decrease occurred
over sparsely populated western China. Thus, we argue that
inorganic aerosols may have a greater health impact on the
entire respiratory system and a smaller health effect on the
bronchus and alveoli than previously thought.

Implications for Air Pollution Control and Impact
Assessments. A much greater focus has been placed on the
formation of wintertime sulfate masses in China’~'" because
sulfate aerosols are stron§ly related to climate change and
human health impacts.””® We show in this work that the
observations of aerosol size distributions with a modal size of
0.6—1.4 um in China**~** are much higher than that of 0.4—
0.8 ym in North America.”> >® We find that APF and ISF
mechanisms can simulate similar sulfate mass concentrations
that are consistent with observations. However, their impact on
the sulfate particle size distribution differs. Specifically, only the
ISF mechanism can explain both the mass concentrations and
the size distributions of sulfate. Our multiple lines of evidence
demonstrate that ISF is most likely the dominant source of
micrometer-sized sulfate particles in winter in China. There are
several pathways of ISF through the condensation of existing
ambient small aerosols of sulfuric acid produced by SO; in
fresh exhausts’* ™" or rapid high-temperature catalytic SO,
oxidation by transition metals'®> on acidic aerosols from the
conversion of SOj; to sulfuric acid or the acid surface of the
smokestack from the deposition of sulfuric acid. ISF may also
explain the observed large sulfate particles with a modal size of
0.8—1.5 um in other countries such as India, Vietnam, and
Singapore.””~”* An increasing number of studies have shown
that SO; is important for air quality.*** Our findings further
reinforce the critical role of sulfuric acid produced from the
combustion emissions of SOj; in the formation of large sulfate
particles. We suggest that policymakers pay more attention to
controlling the direct emissions of SO; and sulfate formation in
the plumes. In the future, considering expected changes in
emission sources due to the air pollution control policies,
changes in the size distribution of particles may also occur due
to modifications in emission sources and their associated
particle size characteristics. Accurately assessing the effects of
inorganic aerosols on radiative forcing and human health relies
heavily on understanding the size distribution of aerosols.
Thus, continuous monitoring and assessments are essential to
evaluate the long-term impact of air pollution control measures
on ISF.

On a broader scale, our research reveals that the ISF source
of large sulfate aerosols has substantial implications. These
aerosols contribute to increased surface heating and alter
aerosol deposition in the human respiratory system, thereby
influencing our understanding of the overall impacts of
aerosols. That is, we show that an underestimation of inorganic
aerosol sizes could lead to an overestimation of the aerosol
radiative cooling feedback to increase the surface concen-
trations. Thus, our study is helpful in improving sulfate
simulations in China by using atmospheric and climate models.

Particle size plays a crucial role in the deposition of particulate
matter in the human body. However, it is often overlooked in
many health risk assessments, where the effects of different
particle sizes on human health are implicitly disregarded.
Keeping the mass concentration constant, ISF can lead to a
higher total mass of larger particles deposited throughout the
entire respiratory system. However, larger particles have a
weaker ability to penetrate deep into the respiratory system,
resulting in a smaller total mass deposition in the
tracheobronchial and alveolar regions. Consequently, the
health impact of larger particles on the tracheobronchial and
alveolar regions is smaller. Another implication of ISF is that it
may change our understanding of the biogeochemical cycle of
elements such as sulfur and nitrogen because the particle size is
a key factor that impacts atmospheric sulfate and nitrate
deposition, which greatly affects soil pH, water quality, and
greenhouse gas emissions.”>”® In conclusion, our findings
suggest that future models should prioritize refining the
processes involved in sulfate formation and incorporating the
influence of the particle size. By doing so, we can effectively
reduce uncertainties in climate change simulations and
improve the accuracy of human health assessments.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.3c0564S.

Details of the configuration and test of the MOSAIC
aerosol model, detailed description of the calculation of
p in APF parametrization, importance of aerosol number
size distribution comparison and current challenges,
detailed evaluation of the simulations, and distributions
of APF and ISF simulated sulfate, simulation domain of
this study, the configuration of the ICRP model, the
observed and model-simulated modal size of the
accumulation mode for sulfate, aerosol surface area
and volume distributions under the APF simulation,
comparison of observed and simulated monthly average
concentrations of SO, and PM,;, sulfate mass size
distributions under different mechanisms, observed
wintertime sulfate, nitrate, and ammonium mass size
distributions, particulate deposition changes of eastern
China, sulfate mass size distributions at background sites
or unpolluted remote sites over China, spatial
distributions of simulated mean concentrations of
sulfate, nitrate, ammonium, and PM, under different
mechanisms, particle size range in the MOSAIC model,
model configurations of the WRF-Chem model,
summary of the observations, and statistics of meteoro-
logical variables. (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Yuhang Wang — School of Earth and Atmospheric Sciences,
Georgia Institute of Technology, Atlanta, Georgia 30332,
United States; ® orcid.org/0000-0002-7290-2551;
Phone: +1 (404) 894-399S; Email: ywang@eas.gatech.edu

Xuejun Wang — Ministry of Education Laboratory of Earth
Surface Processes, College of Urban and Environmental
Sciences, Peking University, Beijing 100871, China;

orcid.org/0000-0001-9990-1391; Phone: +86-10-

62759190; Email: xjwang@urban.pku.edu.cn

https://doi.org/10.1021/acs.est.3c05645
Environ. Sci. Technol. 2023, 57, 20010—20023


https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c05645/suppl_file/es3c05645_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c05645?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c05645/suppl_file/es3c05645_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuhang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7290-2551
mailto:ywang@eas.gatech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuejun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9990-1391
https://orcid.org/0000-0001-9990-1391
mailto:xjwang@urban.pku.edu.cn
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c05645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Authors

Qianru Zhang — Ministry of Education Laboratory of Earth
Surface Processes, College of Urban and Environmental
Sciences, Peking University, Beijing 100871, China; School of
Earth and Atmospheric Sciences, Georgia Institute of
Technology, Atlanta, Georgia 30332, United States;

orcid.org/0009-0001-0376-2858

Maodian Liu — Ministry of Education Laboratory of Earth
Surface Processes, College of Urban and Environmental
Sciences, Peking University, Beijing 100871, China; School of
the Environment, Yale University, New Haven, Connecticut
06511, United States; © orcid.org/0000-0001-5059-0334

Mingming Zheng — School of Earth and Atmospheric Sciences,
Georgia Institute of Technology, Atlanta, Georgia 30332,
United States; School of Chemical and Environmental
Engineering, Wuhan Polytechnic University, Wuhan 430023,
China

Lianxin Yuan — Hubei Environmental Monitoring Center,
Wuhan 430072, China

Junfeng Liu — Ministry of Education Laboratory of Earth
Surface Processes, College of Urban and Environmental
Sciences, Peking University, Beijing 100871, China;

orcid.org/0000-0002-7199-6357

Shu Tao — Ministry of Education Laboratory of Earth Surface
Processes, College of Urban and Environmental Sciences,
Peking University, Beijing 100871, China; ©® orcid.org/
0000-0002-7374-7063

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.3c05645

Author Contributions

YW, XW., and Q.Z. designed the research; X.W. acquired the
funding needed to complete the study; Q.Z. and M.L.
performed the research and data collection; M.Z. and L.Y.
contributed to the observational data; Y.W., Q.Z., and M.L.
interpreted the results; and Q.Z. and Y.W. wrote the
manuscript with inputs from M.L., J. L., S. T., and XW. All
authors contributed to manuscript revision and completion.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Dr. Charles A. Brock, Dr. Robin G. Stevens, and
Yunman Han for valuable discussions and Peifeng Tong and
Dr. Wei Tao for their assistance with the WRE-Chem model.
We acknowledge the use of WRF-Chem preprocessor tools
provided by the Atmospheric Chemistry Observations and
Modeling Lab (ACOM) of the NCAR. This work was
supported by the High-Performance Computing Platform of
Peking University and in part through research cyberinfras-
tructure resources and services provided by the Partnership for
an Advanced Computing Environment (PACE) at the Georgia
Institute of Technology, Atlanta, Georgia, USA. This study was
funded by the National Natural Science Foundation of China
(nos. 41821005 and 41977311). Y.W. was supported by the
National Science Foundation Atmospheric Chemistry Pro-
gram. Q.Z. would also like to thank the China Postdoctoral
Science Foundation (2022M720005) and China Scholarship
Council for support. M.L. is also supported by the
Fundamental Research Funds for the Central Universities,
Peking University (7100604309).

20020

B REFERENCES

(1) Dedoussi, I. C.; Eastham, S. D.; Monier, E.; Barrett, S. R. H.
Premature mortality related to United States cross-state air pollution.
Nature 2020, 578 (7794), 261—265.

(2) Gunthe, S. S.; Liu, P. F,; Panda, U; Raj, S. S.; Sharma, A,
Darbyshire, E.; Reyes-Villegas, E.; Allan, J.; Chen, Y.; Wang, X.; Song,
S.J.; Pohlker, M. L,; Shi, L. H.; Wang, Y.; Kommula, S. M,; Liu, T. J;
Ravikrishna, R.; McFiggans, G.; Mickley, L. J.; Martin, S. T.; Poschl,
U,; Andreae, M. O.; Coe, H. Enhanced aerosol particle growth
sustained by high continental chlorine emission in India. Nat. Geosci.
2021, 14 (2), 77-84.

(3) Huang, X,; Ding, A. J.; Wang, Z. L,; Ding, K; Gao, J.; Chai, F.
H.; Fu, C. B. Amplified transboundary transport of haze by aerosol-
boundary layer interaction in China. Nat. Geosci. 2020, 13 (6), 428—
434.

(4) Seinfeld, J. H,; Pandis, S. N. Atmospheric Chemistry and Physics:
From Air Pollution to Climate Change; John Wiley & Sons, 2016.

(5) Burnett, R. T,; Pope, C. A,; Ezzati, M.; Olives, C.; Lim, S. S;
Mehta, S.; Shin, H. H,; Singh, G.; Hubbell, B.; Brauer, M.; Anderson,
H. R; Smith, K. R.; Balmes, J. R;; Bruce, N. G.; Kan, H. D.; Laden, F.;
Pruss-Ustun, A.; Turner, M. C.; Gapstur, S. M.; Diver, W. R.; Cohen,
A. An Integrated Risk Function for Estimating the Global Burden of
Disease Attributable to Ambient Fine Particulate Matter Exposure.
Environ. Health Perspect. 2014, 122 (4), 397—403.

(6) Shah, V.; Jaegle, L.; Thornton, J. A,; Lopez-Hilfiker, F. D.; Lee,
B. H.; Schroder, J. C.; Campuzano-Jost, P.; Jimenez, J. L.; Guo, H. Y,;
Sullivan, A. P.; Weber, R. J.; Green, J. R; Fiddler, M. N; Bililign, S.;
Campos, T. L; Stell, M.; Weinheimer, A. J.; Montzka, D. D.; Brown,
S. S. Chemical feedbacks weaken the wintertime response of
particulate sulfate and nitrate to emissions reductions over the
eastern United States. Proc. Natl. Acad. Sci. U.S.A. 2018, 115 (32),
8110—811S.

(7) Huang, R. J.; Zhang, Y. L.; Bozzetti, C.; Ho, K. F; Cao, J. J;
Han, Y. M,; Daellenbach, K. R.; Slowik, J. G.; Platt, S. M.; Canonaco,
F.; Zotter, P.; Wolf, R.; Pieber, S. M.; Bruns, E. A; Crippa, M,;
Ciarelli, G.; Piazzalunga, A.; Schwikowski, M.; Abbaszade, G;
Schnelle-Kreis, J.; Zimmermann, R.; An, Z. S.; Szidat, S.;
Baltensperger, U.; Haddad, I. E.; Prevot, A. S. H. High secondary
aerosol contribution to particulate pollution during haze events in
China. Nature 2014, 514 (7521), 218—222.

(8) Boucher, O.; Lohmann, U. The sulfate-CCN-cloud albedo effect:
A sensitivity study with two general circulation models. Tellus B 1995,
47 (3), 281-300.

(9) Wang, Y. X; Zhang, Q. Q.; Jiang, J. K;; Zhou, W.; Wang, B. Y,;
He, K. B; Duan, F. K; Zhang, Q.; Philip, S.; Xie, Y. Y. Enhanced
sulfate formation during China’s severe winter haze episode in January
2013 missing from current models. J. Geophys. Res.: Atmos. 2014, 119
(17), 10425—10440.

(10) Li, J.; Chen, X. S,; Wang, Z. F.; Du, H. Y,; Yang, W. Y,; Sun, Y.
L; Hu, B; Li, J. J; Wang, W,; Wang, T.; Fu, P. Q; Huang, H. L.
Radiative and heterogeneous chemical effects of aerosols on ozone
and inorganic aerosols over East Asia. Sci. Total Environ. 2018, 622—
623, 1327—-1342.

(11) Zheng, B.; Zhang, Q.; Zhang, Y.; He, K. B.; Wang, K.; Zheng,
G. J.; Duan, F. K; Ma, Y. L,; Kimoto, T. Heterogeneous chemistry: a
mechanism missing in current models to explain secondary inorganic
aerosol formation during the January 2013 haze episode in North
China. Atmos. Chem. Phys. 2015, 15 (4), 2031—2049.

(12) Ding, X; Li, Q; Wu, D.; Wang, X. Y.; Li, M.;; Wang, T.; Wang,
L.; Chen, J. M. Direct Observation of Sulfate Explosive Growth in
Wet Plumes Emitted From Typical Coal-Fired Stationary Sources.
Geophys. Res. Lett. 2021, 48 (6), No. e2020GL092071.

(13) Wang, W. G; Liu, M. Y.; Wang, T. T.; Song, Y.; Zhou, L.; Cao,
J.J; Hu, J. N;; Tang, G. G,; Chen, Z,; Li, Z. J,; Xu, Z. Y; Peng, C,;
Lian, C. F,; Chen, Y,; Pan, Y. P,; Zhang, Y. H,; Sun, Y. L,; Li, W. J;
Zhu, T.; Tian, H. Z.; Ge, M. F. Sulfate formation is dominated by
manganese-catalyzed oxidation of SO2 on aerosol surfaces during
haze events. Nat. Commun. 2021, 12 (1), 1993.

https://doi.org/10.1021/acs.est.3c05645
Environ. Sci. Technol. 2023, 57, 20010—20023


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qianru+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0001-0376-2858
https://orcid.org/0009-0001-0376-2858
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maodian+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5059-0334
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingming+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lianxin+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junfeng+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7199-6357
https://orcid.org/0000-0002-7199-6357
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shu+Tao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7374-7063
https://orcid.org/0000-0002-7374-7063
https://pubs.acs.org/doi/10.1021/acs.est.3c05645?ref=pdf
https://doi.org/10.1038/s41586-020-1983-8
https://doi.org/10.1038/s41561-020-00677-x
https://doi.org/10.1038/s41561-020-00677-x
https://doi.org/10.1038/s41561-020-0583-4
https://doi.org/10.1038/s41561-020-0583-4
https://doi.org/10.1289/ehp.1307049
https://doi.org/10.1289/ehp.1307049
https://doi.org/10.1073/pnas.1803295115
https://doi.org/10.1073/pnas.1803295115
https://doi.org/10.1073/pnas.1803295115
https://doi.org/10.1038/nature13774
https://doi.org/10.1038/nature13774
https://doi.org/10.1038/nature13774
https://doi.org/10.3402/tellusb.v47i3.16048
https://doi.org/10.3402/tellusb.v47i3.16048
https://doi.org/10.1002/2013jd021426
https://doi.org/10.1002/2013jd021426
https://doi.org/10.1002/2013jd021426
https://doi.org/10.1016/j.scitotenv.2017.12.041
https://doi.org/10.1016/j.scitotenv.2017.12.041
https://doi.org/10.5194/acp-15-2031-2015
https://doi.org/10.5194/acp-15-2031-2015
https://doi.org/10.5194/acp-15-2031-2015
https://doi.org/10.5194/acp-15-2031-2015
https://doi.org/10.1029/2020gl092071
https://doi.org/10.1029/2020gl092071
https://doi.org/10.1038/s41467-021-22091-6
https://doi.org/10.1038/s41467-021-22091-6
https://doi.org/10.1038/s41467-021-22091-6
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c05645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(14) Song, S. J; Gao, M.; Xu, W. Q;; Sun, Y. L.; Worsnop, D. R;
Jayne, J. T.; Zhang, Y. Z.; Zhu, L.; Li, M.; Zhou, Z.; Cheng, C. L,; Ly,
Y. B,; Wang, Y.; Peng, W,; Xu, X. B,; Lin, N.; Wang, Y. X,; Wang, S.
X.; Munger, J. W,; Jacob, D. J; McElroy, M. B. Possible
heterogeneous chemistry of hydroxymethanesulfonate (HMS) in
northern China winter haze. Atmos. Chem. Phys. 2019, 19 (2), 1357—
1371.

(15) Cheng, Y;; Yu, Q. Q; Liu, J. M;; Dy, Z. Y.; Liang, L. L.; Geng,
G. N,; Ma, W. L; Qj, H; Zhang, Q; He, K. B. Secondary inorganic
aerosol during heating season in a megacity in Northeast China:
Evidence for heterogeneous chemistry in severe cold climate region.
Chemosphere 2020, 261, 127769.

(16) Finlayson-Pitts, B. J; Pitts, J. N., Jr. Chemistry of the Upper and
Lower Atmosphere: Theory, Experiments, and Applications; Elsevier,
1999.

(17) Sha, T.; Ma, X. Y,; Jia, H. L;; Tian, R;; Chang, Y. H.; Cao, F;
Zhang, Y. L. Aerosol chemical component: Simulations with WRF-
Chem and comparison with observations in Nanjing. Atmos. Environ.
2019, 218, 116982.

(18) Xue, J.; Yu, X; Yuan, Z.; Griffith, S. M.; Lau, A. K; Seinfeld, J.
H.; Yu, J. Z. Efficient control of atmospheric sulfate production based
on three formation regimes. Nat. Geosci. 2019, 12 (12), 977—982.

(19) Wang, J. F; Li, J. Y; Ye, J. H; Zhao, J; Wu, Y. Z,; Hy, J. L;
Liu, D. T.; Nie, D. Y.; Shen, F. Z.; Huang, X. P.; Huang, D. D,; Ji, D.
S.; Sun, X,; Xu, W. Q;; Guo, J. P,; Song, S. J; Qin, Y. M.; Liu, P. F,;
Turner, J. R;; Lee, H. C; Hwang, S. W.,; Liao, H.; Martin, S. T.;
Zhang, Q.; Chen, M. D,; Sun, Y. L.; Ge, X. L.; Jacob, D. J. Fast sulfate
formation from oxidation of SO2 by NO2 and HONO observed in
Beijing haze. Nat. Commun. 2020, 11 (1), 2844.

(20) Fu, G. Q; Xu, W. Y,; Yang, R. F; Li, J. B,; Zhao, C. S. The
distribution and trends of fog and haze in the North China Plain over
the past 30 years. Atmos. Chem. Phys. 2014, 14 (21), 11949—11958.

(21) Liu, T.; Chan, A. W.; Abbatt, J. P. Multiphase Oxidation of
Sulfur Dioxide in Aerosol Particles: Implications for Sulfate
Formation in Polluted Environments. Environ. Sci. Technol. 2021, 55
(8), 4227—4242.

(22) Huang, L;; An, J. Y; Koo, B;; Yarwood, G.; Yan, R. S.; Wang, Y.
J.; Huang, C,; Lj, L. Sulfate formation during heavy winter haze events
and the potential contribution from heterogeneous SO2 + NO2
reactions in the Yangtze River Delta region, China. Atmos. Chem. Phys.
2019, 19 (22), 14311—14328.

(23) Cheng, Y. F.; Zheng, G. J.; Wei, C.; Mu, Q.; Zheng, B.; Wang,
Z.B.; Gao, M,; Zhang, Q; He, K. B.; Carmichael, G.; Poschl, U.; Su,
H. Reactive nitrogen chemistry in aerosol water as a source of sulfate
during haze events in China. Sci. Adv. 2016, 2 (12), No. e1601530.

(24) Liu, T. Y,; Clegg, S. L.; Abbatt, J. P. D. Fast oxidation of sulfur
dioxide by hydrogen peroxide in deliquesced aerosol particles. Proc.
Natl. Acad. Sci. U.S.A. 2020, 117 (3), 1354—1359.

(25) Nolte, C. G.; Appel, K. W.; Kelly, J. T.; Bhave, P. V.; Fahey, K.
M, Collett, J. L; Zhang, L; Young, J. O. Evaluation of the
Community Multiscale Air Quality (CMAQ) model v5.0 against size-
resolved measurements of inorganic particle composition across sites
in North America. Geosci. Model Dev. 2015, 8 (9), 2877—2892.

(26) Kelly, J. T.; Baker, K. R;; Nolte, C. G.; Napelenok, S. L.; Keene,
W. C.; Pszenny, A. A. P. Simulating the phase partitioning of NH3,
HNO3, and HCI with size-resolved particles over northern Colorado
in winter. Atmos. Environ. 2016, 131, 67—77.

(27) Yao, X. H.; Zhang, L. Sulfate formation in atmospheric ultrafine
particles at Canadian inland and coastal rural environments. J.
Geophys. Res.: Atmos. 2011, 116, D10202.

(28) Cabada, J. C.; Rees, S.; Takahama, S.; Khlystov, A.; Pandis, S.
N.; Davidson, C. L; Robinson, A. L. Mass size distributions and size
resolved chemical composition of fine particulate matter at the
Pittsburgh supersite. Atmos. Environ. 2004, 38 (20), 3127—3141.

(29) Yang, Y,; Zhou, R; Wu, J,; Yu, Y,; Ma, Z,; Zhang, L; Dj, Y.
Seasonal variations and size distributions of water-soluble ions in
atmospheric aerosols in Beijing, 2012. J. Environ. Sci. 2015, 34, 197—
208S.

(30) Li, Q. K; Yang, Z; Li, X. D.; Ding, S. Y.; Du, F. Seasonal
Characteristics of Sulfate and Nitrate in Size-segregated Particles in
Ammonia-poor and -rich Atmospheres in Chengdu, Southwest China.
Aerosol Air Qual. Res. 2019, 9 (12), 2697—2706.

(31) Ding, X. X.; Kong, L. D; Du, C. T.; Zhanzakova, A.; Fu, H. B;
Tang, X. F; Wang, L; Yang, X; Chen, J. M,; Cheng, T. T.
Characteristics of size-resolved atmospheric inorganic and carbona-
ceous aerosols in urban Shanghai. Atmos. Environ. 2017, 167, 625—
641.

(32) Li, X. R; Wang, L. L;; Ji, D. S.; Wen, T. X,; Pan, Y. P.; Sun, Y.;
Wang, Y. S. Characterization of the size-segregated water-soluble
inorganic ions in the Jing-Jin-Ji urban agglomeration: Spatial/
temporal variability, size distribution and sources. Atmos. Environ.
2013, 77, 250—259.

(33) Mylliri, F.; Asmi, E.; Anttila, T.; Saukko, E.; Vakkari, V.; Pirjola,
L.; Hillamo, R.; Laurila, T.; Hayrinen, A.; Rautiainen, J.; et al. New
particle formation in the fresh flue-gas plume from a coal-fired power
plant: effect of flue-gas cleaning. Atmos. Chem. Phys. 2016, 16 (11),
7485—7496.

(34) Setyan, A.; Flament, P.; Locoge, N.; Deboudt, K.; Riffault, V.;
Alleman, L. Y.; Schoemaecker, C.; Arndt, J,; Augustin, P.; Healy, R.
M,; et al. Investigation on the near-field evolution of industrial plumes
from metalworking activities. Sci. Total Environ. 2019, 668, 443—456.

(35) Green, J. R; Fiddler, M. N.; Holloway, J. S.; Fibiger, D. L.;
McDuffie, E. E.; Campuzano-Jost, P.; Schroder, J. C.; Jimenez, J. L.;
Weinheimer, A. J.; Aquino, J.; et al. Rates of wintertime atmospheric
SO2 oxidation based on aircraft observations during clear-sky
conditions over the eastern United States. ]. Geophys. Res.: Atmos.
2019, 124 (12), 6630—6649.

(36) Pan, D. P; Yang, L. J; Wu, H; Huang, R. T. Removal
characteristics of sulfuric acid aerosols from coal-fired power plants. J.
Air Waste Manage. Assoc. 2017, 67 (3), 352—357.

(37) Bing, L; Yonggiang, S.; Qilong, Z; Can, Z.; Haoran, D.
Pollutants emission characteristics of an ultra-low coal-fired power
unit. IOP Conference Series: Earth and Environmental Science; 10P
Publishing, 2018; Vol. 159(1), p 012014.

(38) Zhang, Y,; Zheng, C. H; Hu, F. H; Zhao, H. T,; Liu, S. J;
Yang, Z. D.; Zhu, Y.; Gao, X. Field test of SO3 removal in ultra-low
emission coal-fired power plants. Environ. Sci. Pollut. Res. 2020, 27
(5), 4746—4755.

(39) Shuai, W.; Li, L.; Cui, Z.; W, J.; Mo, H. Analysis of primary air
pollutant emission characteristics and reduction efficiency for ultra-
low emission coal-fired power plants based on actual measurement.
Electr. Power 2015, 48, 131—137.

(40) Lovejoy, E. R; Hanson, D. R; Huey, L. G. Kinetics and
products of the gas-phase reaction of SO3 with water. J. Phys. Chem.
1996, 100 (51), 19911—19916.

(41) Zheng, M. M.; Wang, Y. H; Bao, J. G;; Yuan, L. X,; Zheng, H.;
Yan, Y. Y,; Liu, D. T.; Xie, M.; Kong, S. Initial Cost Barrier of
Ammonia Control in Central China. Geophys. Res. Lett. 2019, 46 (23),
14175—14184.

(42) Liu, B. M.; Ma, Y. Y,; Gong, W.; Zhang, M.; Yang, J. Study of
continuous air pollution in winter over Wuhan based on ground-
based and satellite observations. Atmos. Pollut. Res. 2018, 9 (1), 156—
16S.

(43) Su, J.; Zhao, P.; Ge, S.; Ding, J. Aerosol liquid water content of
PM2.5 and its influencing factors in Beijing, China. Sci. Total Environ.
2022, 839, 156342.

(44) Zhao, P. S.; Chen, Y. N.; Su, J. Size-resolved carbonaceous
components and water-soluble ions measurements of ambient aerosol
in Beijing. J. Environ. Sci. 2017, 54, 298—313.

(45) Liu, S.; Hu, M.; Slanina, S.; He, L.-Y.; Niu, Y.-W,; Bruegemann,
E.; Gnauk, T.; Herrmann, H. Size distribution and source analysis of
ionic compositions of aerosols in polluted periods at Xinken in Pearl
River Delta (PRD) of China. Atmos. Environ. 2008, 42 (25), 6284—
6295.

(46) Su, J; Zhao, P.; Dong, Q. Chemical compositions and liquid
water content of size-resolved aerosol in Beijing. Aerosol Air Qual. Res.
2018, 18 (3), 680—692.

https://doi.org/10.1021/acs.est.3c05645
Environ. Sci. Technol. 2023, 57, 20010—20023


https://doi.org/10.5194/acp-19-1357-2019
https://doi.org/10.5194/acp-19-1357-2019
https://doi.org/10.5194/acp-19-1357-2019
https://doi.org/10.1016/j.chemosphere.2020.127769
https://doi.org/10.1016/j.chemosphere.2020.127769
https://doi.org/10.1016/j.chemosphere.2020.127769
https://doi.org/10.1016/j.atmosenv.2019.116982
https://doi.org/10.1016/j.atmosenv.2019.116982
https://doi.org/10.1038/s41561-019-0485-5
https://doi.org/10.1038/s41561-019-0485-5
https://doi.org/10.1038/s41467-020-16683-x
https://doi.org/10.1038/s41467-020-16683-x
https://doi.org/10.1038/s41467-020-16683-x
https://doi.org/10.5194/acp-14-11949-2014
https://doi.org/10.5194/acp-14-11949-2014
https://doi.org/10.5194/acp-14-11949-2014
https://doi.org/10.1021/acs.est.0c06496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c06496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c06496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-19-14311-2019
https://doi.org/10.5194/acp-19-14311-2019
https://doi.org/10.5194/acp-19-14311-2019
https://doi.org/10.1126/sciadv.1601530
https://doi.org/10.1126/sciadv.1601530
https://doi.org/10.1073/pnas.1916401117
https://doi.org/10.1073/pnas.1916401117
https://doi.org/10.5194/gmd-8-2877-2015
https://doi.org/10.5194/gmd-8-2877-2015
https://doi.org/10.5194/gmd-8-2877-2015
https://doi.org/10.5194/gmd-8-2877-2015
https://doi.org/10.1016/j.atmosenv.2016.01.049
https://doi.org/10.1016/j.atmosenv.2016.01.049
https://doi.org/10.1016/j.atmosenv.2016.01.049
https://doi.org/10.1029/2010jd015315
https://doi.org/10.1029/2010jd015315
https://doi.org/10.1016/j.atmosenv.2004.03.004
https://doi.org/10.1016/j.atmosenv.2004.03.004
https://doi.org/10.1016/j.atmosenv.2004.03.004
https://doi.org/10.1016/j.jes.2015.01.025
https://doi.org/10.1016/j.jes.2015.01.025
https://doi.org/10.4209/aaqr.2019.07.0368
https://doi.org/10.4209/aaqr.2019.07.0368
https://doi.org/10.4209/aaqr.2019.07.0368
https://doi.org/10.1016/j.atmosenv.2017.08.043
https://doi.org/10.1016/j.atmosenv.2017.08.043
https://doi.org/10.1016/j.atmosenv.2013.03.042
https://doi.org/10.1016/j.atmosenv.2013.03.042
https://doi.org/10.1016/j.atmosenv.2013.03.042
https://doi.org/10.5194/acp-16-7485-2016
https://doi.org/10.5194/acp-16-7485-2016
https://doi.org/10.5194/acp-16-7485-2016
https://doi.org/10.1016/j.scitotenv.2019.02.399
https://doi.org/10.1016/j.scitotenv.2019.02.399
https://doi.org/10.1029/2018jd030086
https://doi.org/10.1029/2018jd030086
https://doi.org/10.1029/2018jd030086
https://doi.org/10.1080/10962247.2016.1202155
https://doi.org/10.1080/10962247.2016.1202155
https://doi.org/10.1007/s11356-019-07210-7
https://doi.org/10.1007/s11356-019-07210-7
https://doi.org/10.1021/jp962414d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp962414d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2019GL084351
https://doi.org/10.1029/2019GL084351
https://doi.org/10.1016/j.apr.2017.08.004
https://doi.org/10.1016/j.apr.2017.08.004
https://doi.org/10.1016/j.apr.2017.08.004
https://doi.org/10.1016/j.scitotenv.2022.156342
https://doi.org/10.1016/j.scitotenv.2022.156342
https://doi.org/10.1016/j.jes.2016.08.027
https://doi.org/10.1016/j.jes.2016.08.027
https://doi.org/10.1016/j.jes.2016.08.027
https://doi.org/10.1016/j.atmosenv.2007.12.035
https://doi.org/10.1016/j.atmosenv.2007.12.035
https://doi.org/10.1016/j.atmosenv.2007.12.035
https://doi.org/10.4209/aaqr.2017.03.0122
https://doi.org/10.4209/aaqr.2017.03.0122
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c05645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(47) Crippa, P.; Sullivan, R. C.; Thota, A.; Pryor, S. C. Sensitivity of
Simulated Aerosol Properties Over Eastern North America to WRF-
Chem Parameterizations. J. Geophys. Res.: Atmos. 2019, 124 (6),
3365—3383.

(48) Forkel, R.; Werhahn, J.; Hansen, A. B.; McKeen, S.; Peckham,
S.; Grell, G.; Suppan, P. Effect of aerosol-radiation feedback on
regional air quality—A case study with WRF/Chem. Atmos. Environ.
2012, 53, 202—211.

(49) Grell, G. A.; Peckham, S. E.; Schmitz, R.; McKeen, S. A.; Frost,
G.; Skamarock, W. C.; Eder, B. Fully coupled “online” chemistry
within the WRF model. Atmos. Environ. 2005, 39 (37), 6957—6975.

(50) Chapman, E. G.; Gustafson, W. L; Easter, R. C.; Barnard, J. C.;
Ghan, S. J.; Pekour, M. S.; Fast, J. D. Coupling aerosol-cloud-radiative
processes in the WRF-Chem model: Investigating the radiative impact
of elevated point sources. Atmos. Chem. Phys. 2009, 9 (3), 945—964.

(51) Ryy, Y.-H,; Min, S.-K.; Hodzic, A. Recent decreasing trends in
surface PM2.5 over East Asia in the winter-spring season: Different
responses to emissions and meteorology between upwind and
downwind regions. Aerosol Air Qual. Res. 2021, 21 (6), 200654.

(52) Zaveri, R. A.; Peters, L. K. A new lumped structure
photochemical mechanism for large-scale applications. J. Geophys.
Res.: Atmos. 1999, 104 (D23), 30387—30415.

(53) Zaveri, R. A; Easter, R. C.; Fast, J. D.; Peters, L. K. Model for
Simulating Aerosol Interactions and Chemistry (MOSAIC). J.
Geophys. Res.: Atmos. 2008, 113 (D13), D13204.

(54) Buchholz, R. R;; Emmons, L. K;; Tilmes, S.; The CESM2
Development Team, CESM2.1/CAM-chem Instantaneous Output for
Boundary Conditions; UCAR/NCAR—Atmospheric Chemistry Ob-
servations and Modeling Laboratory, 2019. Subset used with Lat: 10
to 60, Lon: 60 to 140, December 2014—February 2015, Accessed - 28
Oct 2019.

(55) Yang, Q.; Gustafson, W. L; Fast, J. D.; Wang, H.; Easter, R. C,;
Wang, M.; Ghan, S. J.; Berg, L. K;; Leung, L. R.; Morrison, H. Impact
of natural and anthropogenic aerosols on stratocumulus and
precipitation in the Southeast Pacific: a regional modelling study
using WRF-Chem. Atmos. Chem. Phys. 2012, 12 (18), 8777—8796.

(56) Liu, M. X;; Huang, X,; Song, Y,; Tang, J,; Cao, J. J.; Zhang, X.
Y.; Zhang, Q.; Wang, S. X; Xu, T. T.; Kang, L.; Cai, X. H.; Zhang, H.
S,; Yang, F. M; Wang, H. B; Yu, J. Z,; Lau, A. K. H; He, L. Y,;
Huang, X. F.; Duan, L.; Ding, A. J,; Xue, L. K;; Gao, J.; Liu, B.; Zhy,
T. Ammonia emission control in China would mitigate haze pollution
and nitrogen deposition, but worsen acid rain. Proc. Natl. Acad. Sci.
U.S.A. 2019, 116 (16), 7760—7765.

(57) Ansari, T. U; Wild, O.; Lj, J.; Yang, T.; Xu, W. Q;; Sun, Y. L;
Wang, Z. F. Effectiveness of short-term air quality emission controls: a
high-resolution model study of Beijing during the Asia-Pacific
Economic Cooperation (APEC) summit period. Atmos. Chem. Phys.
2019, 19 (13), 8651—8668.

(58) Li, M,; Liu, H; Geng, G. N.; Hong, C. P.; Liu, F; Song, Y.;
Tong, D.; Zheng, B.; Cui, H. Y.; Man, H. Y,; Zhang, Q; He, K. B.
Anthropogenic emission inventories in China: a review. Natl. Sci. Rev.
2017, 4 (6), 834—866.

(59) Zhong, Q. R; Shen, H. Z.; Yun, X;; Chen, Y. L.; Ren, Y. A; Xu,
H. R; Shen, G. F,; Du, W.,; Meng, J.; Li, W.; Ma, J. M,; Tao, S. Global
Sulfur Dioxide Emissions and the Driving Forces. Environ. Sci.
Technol. 2020, 54 (11), 6508—6517.

(60) Li, M.; Zhang, Q.; Kurokawa, J.; Woo, J. H,; He, K. B;; Lu, Z.
F.; Ohara, T.; Song, Y.; Streets, D. G.; Carmichael, G. R;; Cheng, Y.
F.; Hong, C. P.,; Huo, H; Jiang, X. J.; Kang, S. C,; Liu, F,; Su, H,;
Zheng, B. MIX: a mosaic Asian anthropogenic emission inventory
under the international collaboration framework of the MICS-Asia
and HTAP. Atmos. Chem. Phys. 2017, 17 (2), 935—963.

(61) Guenther, A. B,; Jiang, X.; Heald, C. L.; Sakulyanontvittaya, T.;
Duhl, T.; Emmons, L. K;; Wang, X. The Model of Emissions of Gases
and Aerosols from Nature version 2.1 (MEGAN2.1): an extended and
updated framework for modeling biogenic emissions. Geosci. Model
Dev. 2012, S (6), 1471—1492.

(62) Wiedinmyer, C.; Akagi, S. K,; Yokelson, R. J.; Emmons, L. K;
Al-Saadi, J. A,; Orlando, J. J; Soja, A. J. The Fire INventory from

NCAR (FINN): a high resolution global model to estimate the
emissions from open burning. Geosci. Model Dev. 2011, 4 (3), 625—
641.

(63) Archer-Nicholls, S.; Lowe, D.; Utembe, S.; Allan, J.; Zaveri, R.
A,; Fast, J. D.; Hodnebrog, O.; Denier van der Gon, H.; McFiggans,
G. Gaseous chemistry and aerosol mechanism developments for
version 3.5.1 of the online regional model, WRF-Chem. Geosci. Model
Dev. 2014, 7 (6), 2557—2579.

(64) Shen, J.; Zheng, C.; Xu, L.; Zhang, Y,; Zhang, Y.; Liu, S.; Gao,
X. Atmospheric emission inventory of SO3 from coal-fired power
plants in China in the period 2009—2014. Atmos. Environ. 2019, 197,
14-21.

(65) Zhang, H. F.; Wang, S. X.; Hao, J. M;; Wan, L,; Jiang, J. K;
Zhang, M.; Mestl, H. E. S; Alnes, L. W. H.; Aunan, K; Mellouki, A.
W. Chemical and size characterization of particles emitted from the
burning of coal and wood in rural households in Guizhou, China.
Atmos. Environ. 2012, 51, 94—99.

(66) Fuchs, N.; Sutugin, A. High-dispersed aerosols. Topics in
Current Aerosol Research; Elsevier, 1971; p 1.

(67) Poschl, U,; Canagaratna, M; Jayne, J. T.; Molina, L. T;
Worsnop, D. R; Kolb, C. E.; Molina, M. J. Mass accommodation
coefficient of H2SO4 vapor on aqueous sulfuric acid surfaces and
gaseous diffusion coefficient of H2SO4 in N-2/H20. J. Phys. Chem. A
1998, 102 (49), 10082—10089.

(68) Iacono, M. J.; Delamere, J. S.; Mlawer, E. J.; Shephard, M. W,;
Clough, S. A; Collins, W. D. Radiative forcing by long-lived
greenhouse gases: Calculations with the AER radiative transfer
models. ]. Geophys. Res.: Atmos. 2008, 113 (D13), D13103.

(69) Adams, P. J; Seinfeld, J. H. Disproportionate impact of
particulate emissions on global cloud condensation nuclei concen-
trations. Geophys. Res. Lett. 2003, 30 (S), 1239.

(70) ICRP. ICRP Publication 66: Human Respiratory Tract Model for
Radiological Protection; Elsevier Health Sciences, 1994; Vol. 66.

(71) Hinds, W. C. Aerosol Technology: Properties, Behavior, and
Measurement of Airborne Particles; John Wiley & Sons, 1999.

(72) Kodros, J. K.; Volckens, J.; Jathar, S. H.; Pierce, J. R. Ambient
Particulate Matter Size Distributions Drive Regional and Global
Variability in Particle Deposition in the Respiratory Tract. Geohealth
2018, 2 (10), 298—312.

(73) Petters, M. D.; Kreidenweis, S. M. A single parameter
representation of hygroscopic growth and cloud condensation nucleus
activity. Atmos. Chem. Phys. 2007, 7 (8), 1961—1971.

(74) Anselm, A.; Heibel, T.; Gebhart, J.; Ferron, G. In vivo”-studies
of growth factors of sodium chrloride particles in the human
respiratory tract. J. Aerosol Sci. 1990, 21, S427—S430.

(75) Shao, J. Y.; Chen, Q.]J.; Wang, Y. X;; Lu, X; He, P. Z; Sun, Y.
L.; Shah, V.; Martin, R. V,; Philip, S.; Song, S. J.; Zhao, Y.; Xie, Z. Q;
Zhang, L.; Alexander, B. Heterogeneous sulfate aerosol formation
mechanisms during wintertime Chinese haze events: air quality model
assessment using observations of sulfate oxygen isotopes in Beijing.
Atmos. Chem. Phys. 2019, 19 (9), 6107—6123.

(76) Zheng, H. T.; Song, S. J.; Sarwar, G.; Gen, M. S.; Wang, S. X;
Ding, D.; Chang, X.; Zhang, S. P.; Xing, J.; Sun, Y. L;; Ji, D. S.; Chan,
C. K; Gao, J.; McElroy, M. B. Contribution of Particulate Nitrate
Photolysis to Heterogeneous Sulfate Formation for Winter Haze in
China. Environ. Sci. Technol. Lett. 2020, 7 (9), 632—638.

(77) Xu, W,; Kuang, Y.; Liang, L.; He, Y.; Cheng, H.; Bian, Y.; Tao,
J.; Zhang, G.; Zhao, P.; Ma, N,; et al. Dust-dominated coarse particles
as a medium for rapid secondary organic and inorganic aerosol
formation in highly polluted air. Environ. Sci. Technol. 2020, 54 (24),
15710—15721.

(78) Ravishankara, A. R. Heterogeneous and multiphase chemistry
in the troposphere. Science 1997, 276 (5315), 1058—106S.

(79) Meng, Z.; Seinfeld, J. H. On the source of the submicrometer
droplet mode of urban and regional aerosols. Aerosol Sci. Technol.
1994, 20 (3), 253—-265.

(80) Dai, Q. L,; Bi, X. H; Song, W. B,; Li, T. K; Liu, B. S.; Ding, J;
Xu, J.; Song, C. B.; Yang, N. W,; Schulze, B. C.; Zhang, Y. F.; Feng, Y.

https://doi.org/10.1021/acs.est.3c05645
Environ. Sci. Technol. 2023, 57, 20010—20023


https://doi.org/10.1029/2018JD029900
https://doi.org/10.1029/2018JD029900
https://doi.org/10.1029/2018JD029900
https://doi.org/10.1016/j.atmosenv.2011.10.009
https://doi.org/10.1016/j.atmosenv.2011.10.009
https://doi.org/10.1016/j.atmosenv.2005.04.027
https://doi.org/10.1016/j.atmosenv.2005.04.027
https://doi.org/10.5194/acp-9-945-2009
https://doi.org/10.5194/acp-9-945-2009
https://doi.org/10.5194/acp-9-945-2009
https://doi.org/10.4209/aaqr.200654
https://doi.org/10.4209/aaqr.200654
https://doi.org/10.4209/aaqr.200654
https://doi.org/10.4209/aaqr.200654
https://doi.org/10.1029/1999JD900876
https://doi.org/10.1029/1999JD900876
https://doi.org/10.1029/2007jd008782
https://doi.org/10.1029/2007jd008782
https://doi.org/10.5194/acp-12-8777-2012
https://doi.org/10.5194/acp-12-8777-2012
https://doi.org/10.5194/acp-12-8777-2012
https://doi.org/10.5194/acp-12-8777-2012
https://doi.org/10.1073/pnas.1814880116
https://doi.org/10.1073/pnas.1814880116
https://doi.org/10.5194/acp-19-8651-2019
https://doi.org/10.5194/acp-19-8651-2019
https://doi.org/10.5194/acp-19-8651-2019
https://doi.org/10.1093/nsr/nwx150
https://doi.org/10.1021/acs.est.9b07696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b07696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-17-935-2017
https://doi.org/10.5194/acp-17-935-2017
https://doi.org/10.5194/acp-17-935-2017
https://doi.org/10.5194/gmd-5-1471-2012
https://doi.org/10.5194/gmd-5-1471-2012
https://doi.org/10.5194/gmd-5-1471-2012
https://doi.org/10.5194/gmd-4-625-2011
https://doi.org/10.5194/gmd-4-625-2011
https://doi.org/10.5194/gmd-4-625-2011
https://doi.org/10.5194/gmd-7-2557-2014
https://doi.org/10.5194/gmd-7-2557-2014
https://doi.org/10.1016/j.atmosenv.2018.10.008
https://doi.org/10.1016/j.atmosenv.2018.10.008
https://doi.org/10.1016/j.atmosenv.2012.01.042
https://doi.org/10.1016/j.atmosenv.2012.01.042
https://doi.org/10.1021/jp982809s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp982809s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp982809s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2008jd009944
https://doi.org/10.1029/2008jd009944
https://doi.org/10.1029/2008jd009944
https://doi.org/10.1029/2002gl016303
https://doi.org/10.1029/2002gl016303
https://doi.org/10.1029/2002gl016303
https://doi.org/10.1029/2018GH000145
https://doi.org/10.1029/2018GH000145
https://doi.org/10.1029/2018GH000145
https://doi.org/10.5194/acp-7-1961-2007
https://doi.org/10.5194/acp-7-1961-2007
https://doi.org/10.5194/acp-7-1961-2007
https://doi.org/10.1016/0021-8502(90)90272-Y
https://doi.org/10.1016/0021-8502(90)90272-Y
https://doi.org/10.1016/0021-8502(90)90272-Y
https://doi.org/10.5194/acp-19-6107-2019
https://doi.org/10.5194/acp-19-6107-2019
https://doi.org/10.5194/acp-19-6107-2019
https://doi.org/10.1021/acs.estlett.0c00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.0c00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.0c00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c07243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c07243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c07243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.276.5315.1058
https://doi.org/10.1126/science.276.5315.1058
https://doi.org/10.1080/02786829408959681
https://doi.org/10.1080/02786829408959681
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c05645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

C.; Hopke, P. K. Residential coal combustion as a source of primary
sulfate in Xi’an, China. Atmos. Environ. 2019, 196, 66—76.

(81) Zhang, R. Y.; Wang, G. H.; Guo, S.; Zamora, M. L,; Ying, Q,;
Lin, Y.; Wang, W. G.; Hu, M.; Wang, Y. Formation of Urban Fine
Particulate Matter. Chem. Rev. 2015, 115 (10), 3803—3855.

(82) Charlson, R. J.; Wigley, T. M. Sulfate aerosol and climatic
change. Sci. Am. 1994, 270 (2), 48—57.

(83) Li, S.; Flynn, M. Cooling tower plume abatement and plume
modeling: a review. Environ. Fluid Mech. 2021, 21 (3), 521—559.

(84) Yue, F,; He, P.; Chi, X;; Wang, L.; Yu, X;; Zhang, P.; Xie, Z.
Characteristics and major influencing factors of sulfate production via
heterogeneous transition-metal-catalyzed oxidation during haze
evolution in China. Atmos. Pollut. Res. 2020, 11 (8), 1351—1358.

(85) Chung, C. E. Aerosol direct radiative forcing: a review. In
Atmospheric Aerosols-Regional Characteristics-Chemistry and Physics;
Abdul-Razzak, H.,, Ed.; InTech, 2012; pp 379—394.

(86) Jones, A.; Roberts, D.; Slingo, A. A climate model study of
indirect radiative forcing by anthropogenic sulphate aerosols. Nature
1994, 370 (6489), 450—453.

(87) Gao, Y.; Zhao, C.; Liu, X. H; Zhang, M. G.; Leung, L. R. WRF-
Chem simulations of aerosols and anthropogenic aerosol radiative
forcing in East Asia. Atmos. Environ. 2014, 92, 250—266.

(88) Wu, J.; Bei, N,; Hu, B.; Liu, S.; Zhou, M,; Wang, Q,; Li, X,; Liu,
L.; Feng, T.; Liu, Z.; et al. Aerosol-radiation feedback deteriorates the
wintertime haze in the North China Plain. Atmos. Chem. Phys. 2019,
19 (13), 8703—8719.

(89) Gao, M.; Carmichael, G. R;; Wang, Y.; Saide, P.; Yu, M.; Xin, J.;
Liu, Z.; Wang, Z. Modeling study of the 2010 regional haze event in
the North China Plain. Atmos. Chem. Phys. 2016, 16 (3), 1673—1691.

(90) Kulshrestha, U. C.; Saxena, A.; Kumar, N.; Kumari, K. M,;
Srivastava, S. S. Chemical composition and association of size-
differentiated aerosols at a suburban site in a semi-arid tract of India. J.
Atmos. Chem. 1998, 29 (2), 109—118.

(91) Aswini, A. R.;; Hegde, P. Impact assessment of continental and
marine air-mass on size-resolved aerosol chemical composition over
coastal atmosphere: Significant organic contribution in coarse mode
fraction. Atmos. Res. 2021, 248, 105216.

(92) Nguyen, T. T. B; Tran, T. N. L. Atmospheric particles in
HoChiMinh size distribution of water-soluble inorganic ions. Annual
Report of FY 2007, The Core University Program between Japan Society
for the Promotion of Science (JSPS) and Vietnamese Academy of Science
and Technology (VAST), 2008; pp S4—64.

(93) Behera, S. N.; Cheng, J.; Balasubramanian, R. In situ acidity and
pH of size-fractionated aerosols during a recent smoke-haze episode
in Southeast Asia. Environ. Geochem. Health 2015, 37 (5), 843—859.

(94) Yao, L.; Fan, X. L,; Yan, C.; Kurten, T.; Daellenbach, K. R.; Li,
C.; Wang, Y. H;; Guo, Y. S; Dada, L.; Rissanen, M. P.; Cai, J.; Tham,
Y. ]J; Zha, Q. Z; Zhang, S. ].; Du, W.; Yu, M.; Zheng, F. X; Zhou, Y,;
Kontkanen, J.; Chan, T.; Shen, J. L.; Kujansuy, J. T.; Kangasluoma, J.;
Jiang, J. K;; Wang, L.; Worsnop, D. R; Petaja, T.; Kerminen, V. M,;
Liu, Y. C; Chu, B. W,; He, H.; Kulmala, M.; Bianchi, F.
Unprecedented Ambient Sulfur Trioxide (SO3) Detection: Possible
Formation Mechanism and Atmospheric Implications. Environ. Sci.
Technol. Lett. 2020, 7 (11), 809—818.

(95) Vile, M. A; Bridgham, S. D.; Wieder, R. K; Novék, M.
Atmospheric sulfur deposition alters pathways of gaseous carbon
production in peatlands. Global Biogeochem. Cycles 2003, 17 (2),
10S8.

(96) Hinckley, E.-L. S.; Crawford, J. T.; Fakhraei, H.; Driscoll, C. T.
A shift in sulfur-cycle manipulation from atmospheric emissions to
agricultural additions. Nat. Geosci. 2020, 13 (9), 597—604.

B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP on November 1, 2023, with
several typographical errors throughout as well as an incorrect
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