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ABSTRACT

Atmospheric chemistry research has been growing rapidly in China in the last 25 years since the concept of the “air
pollution complex” was first proposed by Professor Xiaoyan TANG in 1997. For papers published in 2021 on air pollution
(only  papers  included in  the  Web of  Science  Core  Collection  database  were  considered),  more  than  24  000 papers  were
authored or  co-authored by scientists  working in  China.  In  this  paper,  we review a limited number  of  representative and
significant studies on atmospheric chemistry in China in the last few years, including studies on (1) sources and emission
inventories,  (2)  atmospheric  chemical  processes,  (3)  interactions  of  air  pollution  with  meteorology,  weather  and  climate,
(4)  interactions  between  the  biosphere  and  atmosphere,  and  (5)  data  assimilation.  The  intention  was  not  to  provide  a
complete review of all progress made in the last few years, but rather to serve as a starting point for learning more about
atmospheric chemistry research in China. The advances reviewed in this paper have enabled a theoretical framework for the
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air pollution complex to be established, provided robust scientific support to highly successful air pollution control policies
in  China,  and  created  great  opportunities  in  education,  training,  and  career  development  for  many graduate  students  and
young scientists.  This  paper  further  highlights  that  developing  and  low-income countries  that  are  heavily  affected  by  air
pollution  can  benefit  from  these  research  advances,  whilst  at  the  same  time  acknowledging  that  many  challenges  and
opportunities still remain in atmospheric chemistry research in China, to hopefully be addressed over the next few decades.
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Article Highlights:

•  Very recent progress in atmospheric chemistry research in China is reviewed.
•  Atmospheric chemistry research in China has grown rapidly in the last two decades.
•  The “air pollution complex” has evolved from a concept to a theoretical framework.

 

 
 

 1.    Introduction

In  1997,  Professor  Xiaoyan  TANG  first  proposed  the
“air pollution complex” concept (Zhu, 2018), building upon
her  scientific  understanding of,  and profound insights  into,
air pollution in China. She pointed out that, due to rapid eco-
nomic and social developments, urban air pollution in China
can  be  characterized  by  a  combination  of  the  “London
Smoke” type (i.e.,  mainly caused by coal  combustion) and
the  “Los  Angeles ”  type  (i.e.,  photochemical  smog  mainly
caused by vehicle exhaust emissions). This concept reflects
the fact  that  various environmental  pollution problems that
developed countries experienced in the last century (and per-
haps even over a longer period) took place collectively and
intensively in one to two decades in fast-developing regions
in China. As a result, an air pollution complex, characterized
by the co-existence of coal-smoke and photochemical-smog
air pollution, appeared (and is still appearing) in many cities
in China as a new type of air pollution, and one outstanding
feature is its highly complicated formation mechanisms.

The air pollution complex concept opens a new perspec-
tive for air pollution control in China, and has been provoking
intensive  discussion  and  debates  since  it  was  proposed,
thereby stimulating important advances in atmospheric chem-
istry  research.  A  book  chapter  by  Zhu  (2005)  summarized
in brief the scientific understanding of this concept by 2005:
rapid urbanization leads to emissions of large amounts of vari-
ous  pollutants  into  the  air,  and a  myriad of  pollutants  with
high concentrations co-exist  in the atmosphere and interact
with each other in a complicated manner. What we observe
in  air  pollution  complex  includes  an  increase  in  the  atmo-
spheric oxidation capacity, a decrease in atmospheric visibil-
ity,  and  a  spread  of  air  quality  deterioration  over  the
regional  scale.  The  underlying  mechanisms  include  intri-
cately intertwined sources and sinks of air pollutants, tightly
coupled transformation processes of many pollutants, and syn-
ergistic  or  antagonistic  effects  among  various  pollutants
with  respect  to  their  impacts  on  human  and  ecosystem
health.

Zhu et al. (2011) emphasized that the central part of the
air pollution complex concept is that the coexistence of high
concentrations of primary and secondary gaseous and particu-
late pollutants provides a large amount of reactants for hetero-
geneous  reactions.  These  reactions  change the  atmospheric
oxidation  capacity,  as  well  as  chemical  compositions  and
physicochemical and optical properties of aerosol particles,
thereby accelerating the formation of the air pollution com-
plex.

In  2015,  the  National  Natural  Science  Foundation  of
China funded a joint major research program entitled “Forma-
tion  Mechanisms,  Health  Effects  and  Mitigation  Strategies
of  the  Air  Pollution  Complex in  China”  (Zhu,  2018).  This
joint research program has two programs, and the first pro-
gram,  entitled  “Fundamental  Researches  on  the  Formation
and Response Mechanism of the Air  Pollution Complex in
China ”  (hereafter  referred  to  simply  as  “the  research  pro-
gram”), is led by Tong ZHU and has a total budget of 240
million RMB (2016–23). This research program underscores
that not only understanding formation mechanisms of air pol-
lution complexes is a cutting-edge scientific challenge glob-
ally,  but  also  its  mitigation  and  control  is  one  of  the  key
national demands in China. It has two major goals: (1) to elu-
cidate the chemical and physical processes critical to the for-
mation  of  air  pollution  complexes,  to  reveal  the  formation
mechanisms of air pollution complexes, and to construct an
air  pollution  complex  theoretical  framework;  and  (2)  to
develop  new  theories  and  methodologies  for  the  surveil-
lance,  source appointment  and decision-making analysis  of
air pollution complexes, and to propose innovative ideas for
controlling air pollution complexes in China.

Thanks to the support of this research program, an air pol-
lution complex theoretical framework has recently been estab-
lished,  and  it  is  of  course  subject  to  future  development.
The main concept of the air pollution complex is that interac-
tions and feedbacks lead to nonlinear relationships between
emissions and the level of air pollution (Fig. 1):

(1) Interactions between gaseous molecules and clusters
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lead to the formation of new particles, and interactions and
reactions of molecules and clusters on particle surfaces lead
to  the  growth  of  particle  sizes.  These  interaction  processes
not only result in the formation of secondary aerosols (such
as sulfate,  nitrate,  and secondary organic  aerosol),  but  also
contribute to the atmospheric oxidation capacity as radicals
and  reactive  oxygen  species  are  formed  via  catalytic  and
photo-enhanced reactions.

(2) Interactions and feedbacks between physical proper-
ties and chemical components also play critical roles. Interac-
tions  between  air  pollutants  and  the  planetary  boundary
layer  (PBL)  can  reduce  the  boundary  layer  height,  thereby
suppressing the dispersion of air pollutants and subsequently
enhancing  the  level  of  air  pollution;  and  interactions
between  air  pollution  and  weather  as  well  as  climate  are
larger  in  terms  of  spatial  and  temporal  scales,  such  as  the
impacts  on  radiative  forcing,  cloud  formation,  and
mesoscale and hemispheric circulations (e.g., impacts on mon-
soons).

The complicated, nonlinear and feedback nature of the
air pollution complex can also be described mathematically: 

ρ (t) = f {E (t,P) ,P (t,ρ,C) ,C (t,E,ρ,P)} ,

where ρ(t) represents concentrations of air pollutants at the
time t, E represents the emissions intensity, and P and C are
the  physical  and  chemical  processes  in  the  atmosphere. E,
which is a function of anthropogenic activities and natural pro-
cesses, is also influenced by P, such as meteorological fac-
tors. There is growing evidence to suggest that concentrations
of air pollutants and heterogenous reactions on the surfaces
of  aerosol  particles  have  important  impacts  on P,  such  as
boundary  layer  mixing  and  cloud  formation.  Finally,  it  is
well established that C is a function of air pollutant concentra-
tions and physical processes in the atmosphere.

Understanding these complicated interactions and feed-
backs  is  essential  to  better  simulate  atmospheric  physical
and chemical processes that lead to the formation of an air pol-
lution  complex,  to  forecast  air  pollution  with  much  lower
uncertainties,  and to support  air  pollution control  measures
and policies with robust science.

Under  the  support  of  this  research  program  and  many
other  funds,  atmospheric  chemistry  research  in  China  has
been  rapidly  growing  in  various  aspects  in  the  last  10–20
years,  as  illustrated by the following evidence:  In the Web
of Science Core Collection database, we searched for papers
published each year from 2010 to 2021 using the following
two sets of keywords (on 31 October 2022): (1) topic: air pol-
lution;  address:  China;  (2)  topic:  atmospheric  chemistry;
address:  China.  As  shown  in Fig.  2,  the  number  of  papers
on air pollution and atmospheric chemistry authored or co-
authored  by  scientists  working  in  China  has  been  rapidly
and steadily increasing each year in the last decade.

In total, 76 projects have been funded through the afore-
mentioned research program led by Tong ZHU. In order to
prepare  this  review  article,  the  principle  investigators  of
these  projects  were  invited  to  summarize  in  brief  between
one  and  three  important  papers  (not  necessarily  their  own
work)  which,  in  their  opinion,  represent  major  progress  in
atmospheric  chemistry  research  in  China  in  the  last  two to
three years. Their contributions were purely on a voluntary
basis,  and  colleagues  who  contributed  to  this  review  were
invited to be co-authors. Clearly, the purpose of this article
is  not  to  provide  a  comprehensive  review  of  all  the  key
progress in atmospheric chemistry research in China in the
last  few  years;  rather,  it  is  intended  to  serve  as  a  starting
point for people who want to know more about recent atmo-
spheric chemistry research in China. In this paper, we intro-
duce  recent  progress  in  sources  and  emission  inventories
(section 2), atmospheric chemical processes (section 3), inter-
actions of air pollution with meteorology, weather and climate
(section  4),  interactions  between  the  biosphere  and  atmo-
sphere  (section  5),  and  data  assimilation  (section  6).  In
addition, a concise summary and future outlook is provided
in section 7.

 2.    Sources and emission inventories

 2.1.    Emission inventories

Reliable emission inventories are vital for understanding
the sources of air pollution and designing effective measures
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Fig. 1. Schematic showing the theoretical framework of the air pollution complex in China.
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for  air  pollution  control.  As  reviewed  recently  (Li  et  al.,
2017a),  major  anthropogenic  sources  in  China  include
power plants, industry, residential areas, transportation, sol-
vent use, and agriculture. Here, we review some very recent
studies  related  to  emission  inventories  in  China,  including
transportation emissions (section 2.1.1), volatile organic com-
pounds  (VOCs;  section  2.1.2),  fugitive  road  dust  (section
3.1.3), and methodological advances (section 2.1.4).

 2.1.1.    Transportation emissions

Transportation emissions  play an important  role  in  the
formation of urban air pollution, and ship emissions also con-
tribute to air pollution in coastal cities and marine areas. How-
ever, it is highly challenging to estimate emissions from trans-
portation, including ships, due to the complexity and inacces-
sibility of activity data. With the development of traffic “big
data ”,  the  technical  methods  for  developing  transportation
emission inventories have been greatly improved. For truck
emissions, Deng et al. (2020) developed a full-sample enumer-
ation approach (TrackATruck), based on 19 billion trajecto-
ries, to achieve high-resolution estimation of emission inven-
tories.  Their  model  breaks  through the  limitations  of  tradi-
tional methods that rely on substitute parameters for spatial
and  temporal  allocation,  thus  greatly  improving  the
dynamic  information  density  of  emission  inventories.  For
ship emissions,  Wang et  al.  (2021e) updated their  previous
shipping  emission  inventory  model  to  the  second  version
(SEIM  v2.0),  which  realizes  the  distinction  of  emissions
from  ocean-going,  coastal  and  inland  ships,  as  well  as  the
evaluation of emission reduction benefits of policies.

Maritime transportation accounts for more than 80% of
the global trade volume. However, both historical experience
and  future  estimates  show  that  it  is  rather  difficult  to
achieve significant emission reduction effects by relying on
globally  collective technological  and operational  measures.
To this end, Wang et al. (2021d) constructed a trade-linked
shipping  emissions  model  system  (VoySEIM-GTEMS)
based on global shipping big data and trade data, and quantita-
tively decomposed global high-resolution emissions into mil-

lions of trade flows, and revealed the heterogeneity of trade
emissions efficiency among bilateral trading partners, com-
modities  and  shipping  routes.  An  important  innovation  is
that  the  vessel  energy  efficiency  operational  indicator  was
converted to the trade-emissions efficiency index by value,
which  enables  understanding  of  the  trade-related  shipping
emissions efficiency at the bilateral level. This model system
enables  the  evaluation  of  emission  reduction  efforts  from
both technical advancement and international trade optimiza-
tion viewpoints. Thus, it contributes to forming a new ship-
ping emissions reduction framework based on international
cooperation, in which contributions from ship owners, opera-
tors,  and  traders  can  be  incorporated  and  synthetically
assessed (Liu et al., 2021a).

 2.1.2.    VOCs

Biogenic  volatile  organic  compounds  (BVOCs)  play
vital roles in O3 formation; however, BVOC emissions from
urban green spaces have been largely ignored in traditional
emission inventories,  partly  due to  the coarse resolution of
land cover data. Utilizing land cover data at a spatial resolu-
tion of 10 m, Ma et  al.  (2022) developed a high-resolution
(1–27  km)  BVOC  emissions  inventory  from  urban  green
spaces (U-BVOC) in China and found that U-BVOC emis-
sions could account for a large fraction (~11%) of the total
BVOC emissions  in  urban  cores.  It  was  further  found  that
the addition of U-BVOC emissions could greatly reduce the
underestimates of both O3 and its precursors (e.g., isoprene)
in Beijing (Ma et al., 2019a; Gao et al., 2022e). This newly
developed emissions inventory is publicly available, and con-
tinuous  assessment  is  warranted  to  better  understand  its
impact on air quality in megacities.

Comprehensive  gridded  emission  inventories  of  semi-
volatile/intermediate-volatility  organic  compounds  (S/
IVOCs) in China were established based on a parameteriza-
tion  method  involving  emission  factors  of  primary  organic
aerosol  (POA),  emission  ratios  of  S/IVOCs  to  POA,  and
domestic  activity  data  (Wu  et  al.,  2019, 2021a).  It  was
found  that  S/IVOC  emissions  were  mainly  distributed  in
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Fig.  2. Number  of  papers  published  each  year  from 2010  to  2021  in  the  Web  of  Science  Core  Collection
database  using  two  sets  of  keywords:  (a)  topic:  air  pollution;  address:  China;  (b)  topic:  atmospheric
chemistry; address: China.
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highly industrialized and urbanized regions, with major contri-
butions  from  industry  and  residential  sectors  (Wu  et  al.,
2021a).  The emission inventories  of  S/IVOCs were further
coupled with improved degradation mechanisms and forma-
tion  schemes  of  secondary  organic  aerosol  (SOA)  in  the
WRF-Chem model,  resulting in a 20% improvement in the
resolved fraction of observed SOA (Wu et al., 2019, 2021b).
In addition, SOA formation was found to be highly sensitive
to several factors, including consideration of SVOCs in the
existing  POA  emissions,  configuration  of  NOx-dependent
SOA  yields,  uncertainties  of  S/IVOC  emissions,  and  their
reaction coefficients with OH radicals.

 2.1.3.    Fugitive road dust

Anthropogenic fugitive, combustion and industrial dust
may  contribute  significantly  to  global  and  regional  aerosol
loadings,  but  the  emission  fluxes  are  not  well  understood.
Chen  et  al.  (2019b)  constructed  a  high-resolution  (500  ×
500  m2)  fugitive  road  dust  PM2.5 emissions  inventory  in
Lanzhou  (a  major  city  in  northwestern  China)  for  the  year
of 2017. The fugitive road dust PM2.5 emission rate, which
was estimated to be 1141 ± 71 kg d−1, accounted for ~25%
of the total PM2.5 emission rate in urban Lanzhou (Chen et
al., 2019b), and the premature mortality burden due to fugitive
road  dust  PM2.5 exposure  in  Lanzhou  was  estimated  to  be
234.5 deaths in 2017. A follow-up study (Xia et al., 2022b)
suggested that surface radiative cooling induced by anthro-
pogenic dust, estimated to be up to −15.9 ± 4.0 W m−2 region-
ally,  would  cause  a  decrease  in  boundary  layer  height  and
thus deteriorate non-dust air pollution.

 2.1.4.    Methodological advances

Integration  of  new  data  from  multiple  sources  has
enabled spatial and temporal patterns of emissions to be char-
acterized  at  finer  scales.  By  using  a  point  source  database
that includes around 100 000 individual emission facilities,
Zheng  et  al.  (2021)  developed  a  new  emissions  inventory
(MEIC-HR) in China with a horizontal resolution of ~1 km.
The MEIC-HR dataset significantly improves the spatial rep-
resentation of the bottom-up emissions inventory in China,
with >84% of SO2 emissions and >58% of NOx emissions pre-
sented  by  point  sources.  Using  MEIC-HR  can  greatly
reduce modeling biases of PM2.5 concentrations at 4-km reso-
lution  (for  example,  normalized  mean  biases  were  reduced
from 27% to 5%).

Zheng  et  al.  (2020a)  developed  a  novel  approach  to
rapidly track dynamic emission changes with sectoral and spa-
tial information by combining bottom-up emission estimates
with satellite observations. The bottom-up emissions inven-
tory approach with fast-track statistics was used to provide a
preliminary estimate, while a satellite-based inverse modeling
approach was developed to infer the 10-day moving average
of  NOx emissions,  which was then combined with the bot-
tom-up emissions map to constrain dynamic changes of emis-
sions with sectors and grids. The newly developed approach
was  employed  to  track  dynamic  changes  of  NOx and  CO2

emissions during the COVID-19 lockdown in early 2020 in

China  (Zheng  et  al.,  2020a),  demonstrating  the  promising
prospect of understanding emission dynamics using satellite
data.

 2.2.    Source appointment

In addition to emission inventories, source appointment
based on ambient measurements is a major way to understand
sources  of  air  pollution.  Zheng  et  al.  (2020b)  summarized
characteristics  of  particulate matter  pollution in China,  and
reviewed major methods used to elucidate sources of fine par-
ticles. A recent study (Yan et al., 2021) identified combustion
to be major sources for brown carbon (BrC) and reactive oxy-
gen species  (represented  by ·OH radicals)  during  winter  in
Beijing, and found that fossil fuel (especially coal) combus-
tion  was  more  important  for  BrC  while  biomass  burning
was more important for reactive oxygen species.

Advanced statistical methods, such as machine learning,
have also been employed to understand sources and driving
factors  of  air  pollution  in  China.  For  example,  a  machine
learning  method  (the  Radom  Forest  model)  was  combined
with positive matrix factorization to investigate PM2.5 pollu-
tion  in  Tianjin  between  September  2017  and  September
2018  (Zhang  et  al.,  2022f),  based  on  online  measurements
of  gaseous  and  particulate  species.  It  was  suggested  that
source emissions and meteorological conditions contributed
67% and 33% to variations of  PM2.5 concentrations during
the  period  examined  (Zhang  et  al.,  2022f).  Furthermore,
machine  learning has  also  been used to  understand O3 and
SOA formation (Wang et al., 2022b) and to elucidate forma-
tion pathways of sulfate aerosol (Gao et al., 2022a).

 3.    Atmospheric chemical processes

Our understanding of atmospheric chemical processes rel-
evant to air pollution complexes in China has been substan-
tially improved in the last few years. In this section, we intro-
duce the recent advancements in instrument development (sec-
tion 3.1),  laboratory studies  (section 3.2),  field observation
(section 3.3), and modeling studies (section 3.4).

 3.1.    Instrument development

Instrument  development  plays  a  critical  role  in
advances in atmospheric chemistry. Atmospheric chemistry
research  in  China  has  been  relying  heavily  on  instruments
developed by, and imported from, other countries. Substantial
efforts  have  been  devoted  to  instrument  development  in
China  in  the  past  one  to  two  decades,  and  some  recent
advances are summarized herein.

 3.1.1.    Trace gases

Amplitude-modulated  multimode-diode-laser-based
cavity-enhanced  absorption  spectroscopy,  which  has  the
advantages of high light injection efficiency and low cavity-
mode noise, was developed to measure NO2 at the wavelength
of  406  nm  (Zhou  et  al.,  2022),  and  a  detection  limit  of  8
pptv was achieved with a temporal resolution of 30 s. This
technique  provides  a  reliable,  simple  and  self-calibrating
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method for NO2 measurement, and is especially suitable for
long-term  operation  with  minimal  maintenance.  Further-
more, a custom-built  laser-induced fluorescence instrument
(AIOFM-LIF)  was  developed  to  measure  tropospheric  OH
and HO2 radicals with high sensitivity (Zhang et al., 2022a);
it was successfully deployed in several field campaigns, and
good  agreement  with  a  well-characterized  instrument  was
found (Yang et al., 2021a).

Total OH reactivity, which is equal to the reciprocal of
the  atmospheric  lifetime  of  OH  radicals,  is  an  important
parameter to assess atmospheric oxidation capacity.  Wei et
al. (2020) developed a novel instrument that combined laser-
flash photolysis  with a  mid-infrared Faraday rotation spec-
trometer for direct measurement of total OH reactivity, and
the  1σ detection  precisions  at  a  pressure  of  50  mbar  were
determined to be 4 × 106 molecule cm−3 in 56 s for OH radicals
and 0.09 s−1 in 112 s for total OH reactivity. Based on mag-
neto-optic effects of paramagnetic species, Faraday rotation
spectrometry  can  effectively  reduce  spectral  interferences
caused  by  diamagnetic  precursors,  providing  a  new  tool
with high precision and high selectivity for OH radical chem-
istry  research.  The  absorption  path  length  has  been  further
increased  by  implementing  optical-feedback  cavity-
enhanced absorption spectroscopy technology (Yang et  al.,
2022b).

 3.1.2.    Aerosol particles

Several techniques were recently developed in China to
investigate aerosol hygroscopicity, and aerosol hygroscopic-
ity measurement techniques have also been reviewed (Tang
et al., 2019a). For example, Zhou et al. (2020) developed a
humidified  cavity-enhanced  albedometer  for  simultaneous
measurement  of  RH-dependent  light  extinction,  scattering,
absorption, and single scattering albedo at 532 nm. It provided
a new method for in-situ direct measurement of multiple opti-
cal  hygroscopic  parameters  with  a  single  instrument,  and
aerosol samples could be humidified from 10% to 90% rela-
tive humidity (RH) with a cycle time of 15−20 min. Further-
more, Pan et al. (2019) developed an instrument that can mea-
sure  depolarization  ratios  of  individual  particles;  it  was
employed to investigate morphological alteration of aerosol
particles  caused  by  heterogeneous  chemistry  (Pan  et  al.,
2019),  and  it  was  found  that  irregularly  shaped  particles
became more spherical as the mass fraction of water-soluble
compositions  (such  as  nitrate)  increased  up  to  8%  at  high
RH.

A  series  of  aerosol  liquid  water  content  measurement
techniques  were  developed,  including  an  active  RH-con-
trolled dry-ambient aerosol size spectrometer (DAASS), a sur-
face  plasmon  resonance  microscopy  (SPRM)  imaging  sys-
tem,  and  a  Fourier  transform infrared  spectroscopy (FTIR)
method. The RH-controlled DAASS alternatively measures
aerosol  size  distributions  (i.e.,  10–500  nm)  under  dry  and
ambient conditions, which are then used to quantify the addi-
tive  volume of  aerosol  liquid  water  (Dai  et  al.,  2022).  The
instrument  also  employs  an  active  RH  controlling  scheme
and is thus able to minimize the discrepancy between ambient

RH  and  the  DAASS  conditioning  RH  (i.e.,  below  1.5%),
extending the application of DAASS to a wide RH range of
10%–90% (Dai  et  al.,  2021b).  The SPRM system provides
insights into the hygroscopic growth of nano-sized single par-
ticles,  by  allowing  imaging  of  50-nm polystyrene  standard
particles  with  a  temporal  resolution  of  10  ms  (Kuai  et  al.,
2020), and thus variations of aerosol water content and refrac-
tive  index with  RH can be  derived accordingly.  Moreover,
hygroscopic growth of nano-sized particles is characterized
by reconstructing absorption spectra of aerosol liquid water
measured by FTIR, which can also provide information for
phase transition dynamics at the molecular level (Wei et al.,
2022).

Aerosol acidity impacts numerous physicochemical pro-
cesses, but the determination of aerosol pH remains a signifi-
cant  challenge  due  to  the  non-conservative  nature  of  H+.
Cui  et  al.  (2021)  developed  a  direct  pH  measurement
method that uses water as a general probe to detect H+ in indi-
vidual particles by micro-Raman spectroscopy. The spectra
of hydrated ions were decomposed from the solution spectra
as standard spectra by multivariate curve resolution analysis,
and  the  concentration  profiles  of  each  ion  were  calculated.
This  study  (Cui  et  al.,  2021)  demonstrated  that  utilizing
water,  the  most  common  substance,  as  the  spectroscopic
probe to measure [H+], has the potential to measure the pH
value of atmospheric particles.

Chen et al.  (2022c) coupled an aerosol optical tweezer
with stimulated Raman spectroscopy to investigate sulfate for-
mation via heterogeneous uptake of SO2 onto aerosol parti-
cles.  This  technique  exploits  the  sensitive  size-dependence
of  stimulated  Raman  scattering  spectra  of  the  droplet  to
achieve  accurate  measurement  of  droplet  growth  rates,
which  could  be  used  to  derive  sulfate  formation  rates  with
the knowledge of sulfate hygroscopicity. The detection limit
of the droplet radius and sulfate mass can reach 1 nm and 1 ×
10−14 mol at 60% RH; in addition, this technique also facili-
tates long experimental times (hours to days) and well-con-
trolled conditions.

Measuring chemical compositions of individual aerosol
particles can provide direct evidence for their heterogeneous
reactions  and mixing states  in  the  atmosphere.  Wang et  al.
(2021b) used micro-Raman spectroscopy to measure chemi-
cal  compositions  of  individual  particles  in  aerosol  samples
collected in Beijing, and (NH4)2SO4, NH4NO3, minerals, car-
bonaceous  materials  and  NaNO3 were  identified  according
to their characteristic Raman peaks; in addition, they also dis-
cussed formation  mechanisms of  Ca(NO3)2 and CaSO4 via
heterogeneous aging of CaCO3 particles based on their single
particle  analysis.  This  technique can directly identify func-
tional  groups  and  molecules  in  individual  aerosol  particles
under normal ambient conditions (Wang et al., 2021b), ren-
dering  it  a  promising  tool  for  studying  coarse  particles
(>1 μm).

Imidazoles are important photosensitizers in the tropo-
sphere,  and  can  impact  aerosol  optical  properties  as  BrC
and have potential risks for human health. In order to measure
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more imidazoles, Gao et al.  (2021b) developed a screening
workflow based on data-dependent acquisition auto MS/MS
with  a  preferred  targeted  list  containing  421  imidazoles,
using  ultra-performance  liquid  chromatography quadrupole
time-of-flight  mass  spectrometry  (UPLC-QTOF-MS).  The
method exhibited excellent performance and is able to iden-
tify a wide range of imidazoles in ambient aerosol particles
with and without using standards.

A  versatile  aerosol  concentration  enrichment  system
(VACES) was developed for hourly measurements of compo-
nents,  ecotoxicity,  and  optical  properties  of  atmospheric
aerosols, significantly increasing detection limits and reduc-
ing  measurement  biases  (Shang  et  al.,  2021a),  and  it  has
been deployed in field measurements to investigate formation
mechanisms of aerosol nitrite (Shang et al., 2021b) and BrC
(Kang  et  al.,  2022).  For  instance,  the  combination  of
VACES  with  ion  chromatography  and  ecotoxicity  assays
can  increase  detection  limits  by  one  order  of  magnitude
when compared to conventional methods; in addition, integra-
tion of VACES with optical instruments can reduce measure-
ment biases by 85% and 47% for light absorption and scatter-
ing.

A new dust generation system, which can simulate natu-
ral  dust  emission  processes  well,  was  recently  developed
and verified (Wu et al., 2023). The abundance of water-solu-
ble  sulfate  in  soil-derived  dust  produced  using  this  system
showed  good  agreement  with  that  found  in  ambient  dust
aerosols, supporting the existence of high levels of primary
sulfate in dust aerosol emitted from the Taklamakan Desert
(Wu et al., 2022). Using the newly developed dust generation
system, Wu et al. (2022) further found that aerosol–soil frac-
tionation  in  the  saltation  and  sandblasting  processes  could
increase water-soluble salts in dust aerosols relative to bulk
soil, providing new geochemical constraints for understand-
ing the origins of water-soluble ions in dust aerosol.

 3.2.    Laboratory studies

Under  the  highly  complex  air  pollution  conditions  in
China,  strong  homogenous  nucleation  and  multiphase  pro-
cesses coexist, coupled with a strong atmospheric oxidation
capacity  and  rapid  growth  of  PM2.5.  A  concept  of  “haze
chemistry” was proposed to reveal the complex air pollution
(Chu et al.,  2020), which is different from cloud chemistry
in  London  smog  and  atmospheric  photochemistry  in  Los
Angeles  photochemical  smog.  Beyond  homogenous  pro-
cesses,  gas–liquid–solid  multiphase  processes  are  a  main
issue in haze chemistry.

 3.2.1.    Inorganic species

The  NO-NO2 cycle  determines  O3 formation  and  can
enhance heterogeneous and multiphase formation of sulfate,
therefore playing a critical role in the tropospheric oxidation
capacity. It was found that SO2 can greatly promote heteroge-
neous transformation of NO into NO2 and HONO on MgO
particles  under  ambient  conditions  (Liu  et  al.,  2020a).  The
active sites for adsorption and oxidation of NO were deter-
mined to be sulfate,  where an intermediate complex, [SO4-

NO], was formed during adsorption. The decomposition of
[SO4-NO] led to NO2 formation accompanied by the change
in  sulfate  configuration,  and the  formed NO2 could  further
react with surface sulfite to generate HONO and sulfate (Ma
et al.,  2017), thus forming a positive feedback loop (Liu et
al., 2020a).

Wang et al. (2021c) carried out environmental chamber
experiments  under  near-ambient  conditions  and  found  that
the  Mn-catalyzed  oxidation  of  SO2 on  aerosol  surfaces  is
the  dominant  pathway  for  sulfate  formation  and  may
explain the missing source of sulfate aerosol. This conclusion
was further supported by observation-constrained modeling
work  (Wang  et  al.,  2022h),  which  suggested  that  Mn-cat-
alyzed oxidation on aerosol surfaces could account for >90%
of  sulfate  formation  during  haze  events.  For  comparison,
gas-phase oxidation contributed 3.1% ± 0.5% to sulfate forma-
tion  due  to  low  OH  levels,  and  H2O2 oxidation  in  aerosol
water  accounted  for  4.2%  ±  3.6%  of  sulfate  formation
because of rapid consumption of H2O2; contributions of O3

and NO2 oxidation and transition-metal-catalyzed reactions
in  aerosol  water  could  be  negligible  owing  to  low  aerosol
water contents, low pH, and high ionic strength, while the con-
tribution from in-cloud reactions was negligible due to the bar-
rier caused by stable stratification during winter haze events.
We note that several mechanisms have been proposed in the
last  few  years  to  explain  the  rapid  formation  of  sulfate
aerosol (Cheng et  al.,  2016; Wang et  al.,  2016, 2020b; Liu
et  al.,  2020b),  and  their  actual  importance  is  still  under
debate.

Chen  et  al.  (2021b)  investigated  the  thermodynamics
and kinetics of chloride, nitrate and ammonium depletion in
atmospheric aerosols. These depletion processes were general-
ized  as  a  class  of  unique  reactions  in  which  strong  acids
(HCl and HNO3) and bases (NH3) are irreversibly displaced
by weak acids (dicarboxylic acids) and bases (dicarboxylate
salts), and these displacement reactions occur exclusively in
multiphase  aerosols  with  a  large  specific  surface  area  that
facilitates prompt degassing of volatile species. A subsequent
study (Li et al., 2022b) utilized surface-enhanced Raman spec-
troscopy to measure pH evolution in aerosol  microdroplets
undergoing ammonium depletion and observed exponential
decay of aerosol pH, indicating that a self-limiting feedback
mechanism may govern the depletion process.

SO2
4

Tang et al. (2019b) investigated hygroscopic properties
of mineral  dust  samples collected from different regions in
northern  China  using  a  vapor  sorption  analyzer  (Gu  et  al.,
2017), and found that some mineral dust samples unexpect-
edly exhibited very high hygroscopicity, due to the presence
of  soluble  ions  (such  as  Cl−,  and  Na+).  A  follow-up
study (Wang et al., 2022d) found that heterogeneous reactions
of  N2O5 with  mineral  dust  could  form substantial  amounts
of ClNO2, and suggested that N2O5 uptake onto saline mineral
dust may be a previously unrecognized but potentially impor-
tant source of tropospheric ClNO2 in northern China.

Deliquescence  and  efflorescence  RH (DRH and  ERH)
regulate the phase state and liquid water contents of aerosol
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particles, and are thus of great interest in atmospheric science
and many other fields. Peng et al. (2022a) developed for the
first time a comprehensive database that included DRH and
ERH values of 110 compounds reported by previous work,
provided  their  preferred  DRH  and  ERH  values  at  298  K,
and identified current knowledge gaps in the deliquescence
and efflorescence of atmospheric particles.

 3.2.2.    Soot particles

Heterogeneous processes can also lead to the formation
of  atmospheric  radicals,  contrary  to  the  conventional  view
that aerosol particles are always a sink of atmospheric radicals
and thereby reduce the atmospheric oxidation capacity. For
example, a recent laboratory study (He et al., 2022a) found
that the heterogeneous reaction of water and O2 on carbona-
ceous surfaces could produce gas-phase OH radicals  under
irradiation,  and  thus  revealed  a  new  formation  mechanism
of gas-phase OH radicals.

·O−2

Zhang  et  al.  (2022c)  found  that  diesel  soot  particles
could  promote  heterogeneous  conversion  of  SO2 to  H2SO4

upon  irradiation,  and  further  proved  that  OH radical  is  the
major  reactive  oxygen  species  promoting  SO2 oxidation.
The photo-electrons from organic carbon react with O2 to pro-
duce superoxide radicals ( ), which then combine with H+

ions to form HO2 and H2O2, and the photolysis of H2O2 pro-
duces OH radical (Zhang et al., 2022c). This work provides
new  insights  into  H2SO4 formation  in  the  atmosphere  and
also has important implications for assessing health and cli-
mate effects of soot particles.

Zhu et al. (2020a) investigated changes in the physico-
chemical properties and oxidative potential of soot under visi-
ble-light  irradiation  in  an  environmental  chamber  with  or
without O3. Visible light markedly promoted soot oxidation,
leading to consumption of polycyclic aromatic hydrocarbons
(PAHs), formation of oxygen-containing functional groups,
and enhancement of oxidative potential. This study (Zhu et
al., 2020a) also suggested that solar irradiation could trigger
self-oxidation processes in soot, thereby affecting its atmo-
spheric  and  health  effects.  Zhu  et  al.  (2021b)  further
explored the microstructure, composition and photo-reactiv-
ity of soot, and found that the core component of soot to be
more  analogous  to  reduced  graphene  oxide  rather  than
graphene. The generation of reactive oxygen species via elec-
tron  transfer  under  visible  light  indicates  that  the  reduced
graphene oxide-like soot core can serve as a potential carbo-
photocatalyst (Zhu et al., 2021b).

 3.2.3.    Organic aerosols

Using  an  indoor  smog  chamber,  Yang  et  al.  (2021b)
examined the effects of SO2 and NH3 on photo-oxidation of
1,2,4-trimethylbenzene. In the presence of SO2, SOA yields
were considerably enhanced due to acid-catalyzed heteroge-
neous reactions, and a large number of organosulfates were
also identified; a similar positive correlation between NH3 lev-
els  and  SOA  formation  was  also  observed.  A  follow-up
study  (Yang  et  al.,  2023)  further  examined  the  effects  of
SO2 on  ozonolysis  of  cyclooctene,  and  suggested  that  the

organosulfates  produced  through  reactions  of  stabilized
Criegee  intermediates  with  SO2 contributed  remarkably  to
SOA  formation  and  growth.  Furthermore,  SOA  formation
due to atmospheric oxidation of monocyclic aromatic hydro-
carbons (Yang et al., 2022d) and anthropogenic effects on bio-
genic SOA formation (Xu et al., 2021b) have been reviewed
recently.

Shen et al. (2022) found that >70% of highly oxygenated
organic  molecules  (HOMs)  unexpectedly  formed  from
minor  initial  H  abstraction  channel  (~10%)  instead  of  the
major OH addition channel in the OH oxidation of α-pinene
under both low NO (30–100 pptv) and high NO (~20 ppbv)
conditions, and thus highlighted that minor reaction pathways
can  contribute  significantly  to  SOA formation  and  growth.
This work further identified the formation and arrangement
of alkoxy radicals as a prerequisite for fast autoxidation and
thus  the  formation  of  HOMs  from α-pinene  OH  oxidation
(Shen et  al.,  2022).  This  new pathway of  HOM formation,
generally  not  considered  in  current  chemical  mechanisms,
may also be important  for  OH oxidation of  other monoter-
penes and cyclic alkenes.

Li  et  al.  (2022e) investigated the aqueous oxidation of
eugenol,  a  typical  aromatic  compound,  and  found  that  the
SOA yield could be larger than 100%; in addition, they sug-
gested that aqueous products might be more light-absorptive
and more toxic than the precursor (Li et al., 2022e), highlight-
ing  the  impacts  of  aqueous  SOA  formation  on  air  quality
and  climate.  Wang et  al.  (2022j)  investigated  the  aqueous-
phase photolysis of methoxyphenols and nitrophenols in the
presence  of  nitrate,  and  found  that  the  nitration  of
methoxyphenols  led  to  enhanced  light  absorption.  It  was
also shown that organic chromophores, such as methoxyphe-
nols,  could  in  turn  promote  nitrite  formation  during  nitrate
photolysis, likely facilitated by solvated electrons (Wang et
al., 2021f); the formed nitrite, either in the aqueous phase or
partitioning to the gas phase as HONO, may perturb atmo-
spheric chemistry by generating OH radicals upon photoly-
sis.

 3.3.    Field observation

Recent progress in field measurements in China is intro-
duced  in  this  section,  including  trace  gases  (section  3.3.1),
aerosol particles (section 3.3.2), and applications of isotopic
techniques  (section  3.3.3)  and  remote  sensing  (section
3.3.4).

 3.3.1.    Trace gases

OH  radicals  dominate  daytime  atmospheric  oxidation
processes in the troposphere. A number of field campaigns
have  been  performed  in  various  environments  during  the
past several decades to explore atmospheric oxidation capaci-
ties  and  secondary  pollution;  however,  few  of  these  cam-
paigns were conducted in cold seasons as OH was considered
to play a minor role in winter. Three winter campaigns were
carried  out  in  Beijing  to  investigate  OH radical  chemistry,
and  revealed  a  strong  atmospheric  oxidation  capacity  that
was  about  one  to  two  times  higher  than  that  in  European
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and American urban areas (Tan et al., 2018; Lu et al., 2019;
Ma et al., 2019b). The dominant primary source of OH radi-
cals  was  HONO  photolysis  during  wintertime  in  Beijing,
but a large portion of primary sources were still missing. In
addition, Wang et al. (2022c) carried out the first field obser-
vation  of  OH  radicals  in  the  Yangtze  River  Delta  (YRD)
region, and suggested that monoterpenes could significantly
aggravate  O3 pollution  in  this  region  due  to  co-occurrence
of  high  NOx and  monoterpenes  from anthropogenic  activi-
ties.

HONO is a crucial precursor of OH radicals, but its for-
mation mechanisms are still controversial. Multi-day measure-
ments  of  HONO  and  related  pollutants  were  performed  at
three heights (8, 120 and 240 m) for the first time in Beijing
(Zhang et al., 2020c). HONO concentrations were found to
be highest  at  120 m, followed by those at  8 m and 240 m.
Ground and aerosol surfaces played similar roles in NO2 con-
version at 8 m height during the whole measurement period,
and NO2 conversion on aerosol surfaces was the most impor-
tant HONO source aloft during haze days. A strong missing
HONO source was found in the urban aloft in the daytime,
which  was  related  with  solar  radiation  and  consumed  OH
(Zhang  et  al.,  2020c),  thereby  suggesting  a  new  formation
pathway of HONO in the urban atmosphere.

Cl  and Br atoms are potent  oxidizers  and can strongly
influence the abundance of climate- and air quality-relevant
trace  gases.  Previous  research  in  polluted  regions  was
mainly focused on ClNO2 (and to a lesser extent, Cl2), and
knowledge of other Cl and Br precursors is very limited. Sig-
nificant  amounts  of  daytime dihalogen gases  were recently
observed  in  China—up  to  1  ppbv  for  Cl2 and  10  pptv  for
Br2 at  a  polluted  coastal  site  in  Hong  Kong  (Peng  et  al.,
2022c; Xia et al.,  2022a), and up to 60 pptv for BrCl at an
inland rural site on the North China Plain (NCP; Peng et al.,
2021),  suggesting  the  presence  of  significant  daytime
sources.  Laboratory  experiments  showed that  photolysis  of
particulate nitrate under acidic conditions (pH < 3.0) could
activate chloride and bromide, accounting for a large fraction
of  the  observed  daytime  Cl2 and  Br2 production  in  Hong
Kong  (Peng  et  al.,  2022c; Xia  et  al.,  2022a);  in  northern
China,  heavy  rural  household  coal  burning  during  winter
and  nitrate  photolysis  led  to  the  elevated  daytime  BrCl
(Peng  et  al.,  2021).  After  photolysis,  these  dihalogens
would produce Cl and Br atoms, thereby impacting VOC oxi-
dation, O3 production and haze formation (Li et al., 2021b;
Peng et al., 2021; Xia et al., 2022a). It was further suggested
that  nitrate  photolysis  can  also  be  a  significant  daytime  Cl
and Br source in other polluted regions.

The ability  in  characterizing atmospheric  non-methane
organic  compounds  has  been  significantly  improved  in
recent years using multiple online mass spectrometry meth-
ods,  and  the  number  of  organic  compounds  identified  and
quantified  can  reach  >1000  (Wu  et  al.,  2020a; Ye  et  al.,
2021a).  Concentrations  of  oxygenated  organic  compounds
were higher than expected in the Pearl River Delta and NCP
regions,  comprising  ~50%  or  higher  of  non-methane

organic  compounds  (Wu  et  al.,  2020a; He  et  al.,  2022b).
The “missing” OH reactivity  in  urban regions was signifi-
cantly  reduced  after  considering  these  oxygenated  species,
the photolysis of which could be a large radical source and
thus would affect O3 formation (Wang et al., 2022i).

Wang et al. (2020a) revealed a significant contribution
of  biomass  burning  to  reactive  organic  gases  in  eastern
China during the harvest season, via field measurements of
a near-complete speciation of reactive organic gases. A fol-
low-up study (Gao et al., 2022d) further quantified the contri-
bution  of  biomass  burning  to  reactive  organic  gases,  and
underscored  the  importance  of  household  biomass  burning
in addition to open biomass burning.

 3.3.2.    Aerosol particles

A  10-year-long  (2011–20)  measurement  campaign  of
water-soluble inorganic ions in PM2.5 was conducted in Bei-
jing. Due to the implementation of strict air pollution control
measures, significant decreases in PM2.5 were observed in Bei-
jing,  with  nitrate,  sulfate  and  ammonium  decreasing  at
5.10%, 8.80% and 7.64% per year (Wang et al., 2022e), and
emission  reductions  of  gaseous  precursors,  especially  SO2,
made a large contribution to the reduced PM2.5 mass concen-
trations in Beijing. PM2.5 mass concentrations have also expe-
rienced a  substantial  decrease (−9.1% per  year)  in  Nanjing
since  2013,  accompanied  by  a  larger  reduction  in  SO2

(−16.7% per year) (Ding et al., 2019). In contrast, the nitrate
fraction was significantly increased in the cold season (Ding
et al., 2019), mainly due to the increased oxidization capacity
and  increased  ammonia  availability  caused  by  substantial
reductions in SO2.

The  change  in  aerosol  chemical  compositions  with
rapidly declining emissions was also well demonstrated dur-
ing the COVID-19 lockdown. Huang et al. (2021) combined
in-situ  measurements,  satellite  observations,  and  numerical
simulations to analyze the nonlinear response of aerosol chem-
ical  compositions  to  emission  reductions  during  the  lock-
down. A sharp drop in transportation emissions led to a sub-
stantial  decrease  in  NOx,  and  the  nonlinear  response  of  O3

to NOx increased the atmospheric oxidation capacity and sub-
sequently  accelerated  the  formation  of  secondary  aerosols
(Ren et al., 2021). Under unfavorable meteorological condi-
tions, faster oxidation offset emission reductions and caused
severe  haze  pollution  in  eastern  China.  As  a  result,  a  syn-
chronous  control  of  VOCs  was  proposed  as  an  effective
way  to  overcome  deteriorating  haze  pollution  due  to  NOx

reduction.
Chen et al. (2020a) conducted the first vertical observa-

tion of precursors (e.g., N2O5, HONO and NOx) relevant for
aerosol  nitrate  formation  in  urban  Beijing.  A  conceptual
model  was  meanwhile  developed  to  understand  the  spatial
and  temporal  distribution  of  nitrate  formation  mechanisms
by  combining  vertical  observations  and  measurements  at
two other ground sites in urban and suburban Beijing. They
found that nitrate formation was mainly driven by OH oxida-
tion in the daytime and by NO3 oxidation at night during the
wintertime in Beijing (Chen et al., 2020a).
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The first  comprehensive vertical  measurements  of  fine
particle  composition  were  conducted  on  a  325  m  tower  in
urban  Beijing  (Lei  et  al.,  2021; Li  et  al.,  2022f),  using  a
PM2.5 time-of-flight  aerosol  chemical  speciation  monitor,
and it was found that there were significantly larger vertical
gradients of aerosol species in winter than summer. In particu-
lar, vertical ratios of aqueous-phase to photochemical SOA
in  winter  decreased  significantly  with  height,  indicating
stronger  aqueous-phase  chemistry  at  ground  level  than  the
city  aloft.  Lei  et  al.  (2021)  observed  large  increases  in  the
ratios of most aerosol species at 240 m compared to those at
ground level in the early morning in winter, and thus high-
lighted the impacts of the residual layer on air  pollution of
the second day.  Comparatively,  Li  et  al.  (2022f)  suggested
that  aerosol  liquid  water  played  a  more  important  role  in
aerosol formation in summer. Furthermore, it was suggested
that the higher nitrate concentration in the city aloft than at
ground  level  during  daytime  was  mainly  due  to  the
enhanced  gas-particle  partitioning  driven  by  aerosol  water
content and acidity.

NO−2
NO−2

Aqueous production of secondary aerosols is a vital but
less studied contributor to aerosol pollution and haze events.
Wang et al. (2020b) proposed a two-step aqueous-phase sul-
fate  formation  pathway  based  on  field  observations  during
winter  in  Beijing:  under  fog/cloud  conditions,  SO2 can  be
rapidly  oxidized  by  NO2 to  form sulfate  and  HONO/ ,
and HONO/  will further oxidize SO2 to produce N2O at
a pH of 5.5−7 (due to efficient uptake of ammonia). More-
over, aqueous oxidation of fossil-fuel POA was found to be
a  major  source  of  SOA during  winter  in  Beijing  (Wang  et
al., 2021a), and ring-breaking oxidation of aromatic species
in POA was proposed to be the dominant mechanism, leading
to the formation of carbonyls and carboxylic acids.

Low-volatility organic vapors are crucial intermediates
that connect VOC oxidation to SOA formation; however, mea-
suring  these  intermediates  poses  a  considerable  challenge
owing to their complex compositions and very low concentra-
tions. Detailed measurements of these intermediates, named
oxygenated  organic  molecules  (OOMs),  were  conducted
using a Chemical Ionization Atmospheric Pressure Interface
Time of Flight Mass Spectrometer in eastern China starting
in 2018 (Nie et al., 2022). More than 1500 OOMs were identi-
fied  and  assigned  to  their  likely  precursors,  with  anthro-
pogenic  aromatic  and  aliphatic  compounds  predominating
in  winter  and  non-negligible  contributions  from  biogenic
monoterpenes  and  isoprene  found  in  summer  (Liu  et  al.,
2021b; Xu et al., 2021c). The condensation of these OOMs
contributed significantly, if not dominantly, to SOA forma-
tion,  and  the  unexpected  increase  in  OOM  concentrations
from very clean to highly polluted environments suggests a
positive feedback loop between OOM formation and pollu-
tion.

Field  measurements  (Huang et  al.,  2020a; Yuan et  al.,
2020) showed that major light-absorbing species, including
methoxyphenols,  nitrophenols,  PAHs,  and  oxidized  PAHs,
could  in  total  account  for  ~10%  of  light  absorption  by

organic aerosol. Yuan et al. (2020) further used these light-
absorbing  species,  instead  of  non-light  absorbing  organic
markers,  as  inputs  in  positive  matrix  factorization  analysis
to identify sources of light-absorbing organic aerosol in Xi’
an.  Solid  fuel  combustion  was  found  to  be  the  dominant
source for light-absorbing organic aerosol in winter (~80%),
while secondary formation became the main source in sum-
mer (~60%).

Wang  et  al.  (2019)  developed  a  black-carbon-tracer
method  coupled  with  a  statistical  approach  to  separate  the
light absorption of primary and secondary BrC. In the NCP
region, primary emissions were found to contribute more to
BrC light absorption than secondary processes, and biomass
burning  and  coal  combustion  contributed  to  60% and 35%
of  primary  BrC absorption  at  370 nm (Wang et  al.,  2019).
In contrast, when compared to primary BrC, secondary BrC
contributed more  to  aerosol  light  absorption in  the  Tibetan
Plateau region (Zhu et al., 2021a).

Single particle analysis has been used in China to under-
stand the formation and aging of aerosol particles. Zhang et
al.  (2019)  performed in-situ  measurements  of  the  chemical
composition  of  individual  particles  across  the  four  seasons
in  Guangzhou,  and  observed  enhanced  aqueous  formation
of  oxalate  associated  with  Fe-containing  particles.  In  addi-
tion, in-cloud processes have been found to be an important
pathway for the formation of light-absorbing organic nitrogen
compounds  (Zhang  et  al.,  2020b; Lian  et  al.,  2021; Sun  et
al.,  2021b),  such  as  amines  and  imidazoles.  Using  size-
resolved  single-particle  chemical  compositions  and  mixing
states, a method for evaluating particle aging was developed
and used to investigate aerosol particles in Beijing (Chen et
al., 2020b, c). It was suggested that regional transport domi-
nated haze formation when PM2.5 was < 100 μg m−3, while
accumulation of local primary particles and secondary forma-
tion prevailed when PM2.5 exceeded 100 μg m−3.

A quadrupole aerosol chemical speciation monitor and
single-particle  aerosol  mass  spectrometry  were  syn-
chronously deployed to investigate the chemical composition
and mixing state of aerosols over the East China Sea (Liu et
al.,  2020c, 2022d; Sun  et  al.,  2021a).  Monomethylamine,
trimethylamine,  and  diethylamine  were  identified  as  the
most abundant amines, accounting for 50%, 16%, and 29%
of  amine-containing  particles,  respectively.  Elemental  car-
bon-,  K-,  Mn-,  and  Fe-rich  particles  were  abundant  in
monomethylamine-containing particles, and V-rich particles
were abundant in trimethylamine-containing particles, indicat-
ing that monomethylamine and trimethylamine mainly origi-
nated from terrestrial and harbor anthropogenic sources. For
comparison, both terrestrial anthropogenic and marine mark-
ers were observed in diethylamine-containing particles, sug-
gesting multiple sources for diethylamine.

Marine  aerosols  are  generally  divided  into  sea  spray
aerosol (produced via wind–sea surface interaction) and sec-
ondary  marine  aerosol  (formed  via  gas-to-particle  forma-
tion),  and  the  inability  to  distinguish  between  these  two
aerosol  types  greatly  hinders  accurate  prediction  of  the
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marine  radiative  balance.  Xu  et  al.  (2022b)  developed  a
unique  approach  to  identify  sub-micron  sea-spray  aerosol
by  using  size-resolved  hygroscopicity  measurements,  and
found  that  the  number  concentrations  of  sub-micron  sea-
spray aerosol have been significantly underestimated by tradi-
tional  methods.  In  addition,  combining field  measurements
with lab experiments, Huang et al. (2022) found that iodine-
initiated heterogeneous chemistry can substantially accelerate
particle  growth,  and  this  new  mechanism  may  explain  the
fast growth of marine secondary aerosol.

Fe solubility is one of the major factors affecting health
and biogeochemical effects of aerosol Fe. Individual particle
analysis (Li et al., 2017b; Zhu et al., 2020b) has shown that
nanosized  iron  oxides  from  anthropogenic  sources  can  be
internally  mixed  with  secondary  sulfate/nitrate  particles  in
the atmosphere. Liu et al. (2022b) also found that Fe solubility
was correlated positively with aerosol acidity and negatively
with particle size (0.32–5.6 μm), as fine iron oxide particles
had a longer residence time in the troposphere and larger sur-
face for heterogeneous aging, when compared to coarse parti-
cles. Furthermore, Zhang et al. (2022b) observed higher Fe
solubility in fine particles than coarse particles, and suggested
that primary emissions and secondary formation of dissolved
Fe  played  different  roles  for  Fe  solubility  enhancement  in
fine  and  coarse  particles.  Very  recently,  Li  et  al.  (2023)
found  that  leaching  solutions  and  contact  time  used  to
extract dissolved aerosol trace metals would greatly influence
their  measured  solubilities,  and  these  effects  showed  large
variations for different trace metals. As a result, in order to
increase  data  comparability,  it  is  warranted  to  standardize
aerosol trace metal solubility measurement protocols.

A series of rain and snow samples in China were exam-
ined  at  the  molecular  level  using  Fourier  transform  ion
cyclotron resonance mass spectrometry (Chen et al., 2022a).
The  derivatives  of  BVOCs  were  found  to  be  widely  dis-
tributed  along  the  Yangtze  River  Basin  and  contributed  to
rainwater  dissolved  organic  matter,  and  variations  in  their
molecular  compositions  were  influenced  by  combinations
of different climatic, geographical and anthropogenic activi-
ties (Chen et al., 2022a). Snow samples from four megacities
in North China were analyzed to elucidate the potential “pre-
cursor–product” pairs of organic nitrogen substances at the
molecular level,  revealing that more than 50% of the snow
CHON  molecules  may  be  related  to  oxidized  and
hydrolyzed  processes  of  atmospheric  organics  (Su  et  al.,
2021). Moreover, a new structural classification was provided
for atmospheric organosulfur species using the modified oxy-
gen and redefined aromaticity index, and typical sulfonates
and anionic surfactants of anthropogenic origins could be eas-
ily distinguished using this method (Su et al., 2022a).

 3.3.3.    Application of isotopic techniques

Measurements of isotopic compositions provide a power-
ful tool and a new perspective to explore sources and chemical
processes of aerosol particles, as demonstrated by a number
of recent studies in China, a few examples of which are intro-
duced below.

Fan et al. (2020) compared sulfur isotope fractionation
produced in atmospheric sulfate formation via different oxida-
tion  processes  in  Beijing,  and  found  that  SO2 oxidized  by
O2 (catalyzed by transition metal ions) and by NO2 dominated
aerosol sulfate formation in a wintertime haze episode. Fan
et al. (2022) explored vertical distributions of nitrate forma-
tion  pathways  in  Beijing  by  combining  oxygen  anomalies
(Δ17O) and a Bayesian model. It  was found that hydrolysis
of  NO2 to  HONO  promoted  nitrate  production  at  120  m
height (Fan et al., 2022), and low RH at 260 m height inhibited
N2O5 hydrolysis  in  the  residual  layer  on  winter  haze  days.
Zhang et al. (2022e) carried out 3 h-resolution isotope mea-
surements in Nanjing and revealed that heterogeneous hydrol-
ysis  of  N2O5 played  an  important  role  in  nitrate  formation
on haze days even during the daytime, while OH oxidation
dominated nitrate formation in the clean atmosphere.

Compound-specific  dual-carbon  isotope  (δ13C-Δ14C)
analysis  was  developed  to  investigate  sources  and  atmo-
spheric  chemical  processes  of  organic  aerosols  (Xu  et  al.,
2021a). A recent study (Xu et al., 2022a) employed this tech-
nique  to  track  precursors  and  the  formation  of  aerosol
oxalate,  an  important  component  of  aqueous  SOA.  It  was
found  that  precursors  emitted  by  anthropogenic  activities
(e.g., fossil fuel combustion) contributed to >50% of aerosol
oxalate (Xu et al., 2022a), in contrast to the traditional view
that it originated mainly from biogenic precursors.

Non-conventional  isotopic  techniques  have  also  been
employed  in  atmospheric  chemistry  research  in  China.  For
example, Fe isotopic compositions have been measured for
desert and fly ash samples (Li et al., 2022d) as well as airborne
magnetic particulate matter collected in Beijing (Zuo et al.,
2022).

 3.3.4.    Remote sensing

Satellite  remote  sensing  from American  and  European
space-borne spectrometers, such as the Tropospheric Monitor-
ing  Instrument  (TROPOMI)  and Ozone  Monitoring  Instru-
ment (OMI), has been widely used to provide long-term and
large-scale information on air pollutants. For instance, Chen
et  al.  (2022b)  retrieved  kilometer-level  glyoxal  data  from
TROPOMI,  which  were  used  to  identify  anthropogenic
VOC emission sources.

On the other hand, the poor spectral quality of the Envi-
ronmental  Trace  Gases  Monitoring  Instrument  (EMI)—the
first  Chinese  satellite-based  ultraviolet-visible  spectrome-
ter—makes  retrieval  of  air  pollutants  difficult.  In  order  to
obtain reliable results from EMI, the following optimizations
of  remote  sensing  algorithms  were  conducted:  (1)  on-orbit
wavelength calibration was set up to calculate daily instrumen-
tal spectral response functions and wavelength shifts to dimin-
ish the fitting residuals; (2) an adaptive iterative retrieval algo-
rithm was developed to select the best retrieval setting with
the minimum retrieval uncertainty; and (3) simulated irradi-
ance (instead of measured irradiance) was used to eliminate
cross-track stripes in the retrieval. Through these optimiza-
tions,  global  distributions  of  gaseous  pollutants,  such  as
NO2,  SO2 and  HCHO,  were  successfully  retrieved  from
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EMI  and  used  to  locate  high-emission  spots  (Zhang  et  al.,
2020a; Xia  et  al.,  2021; Su  et  al.,  2022b).  Furthermore,
global air quality variations during the COVID-19 pandemic
in  early  2020  were  evaluated  from  EMI  observations,  and
the abrupt drop in NO2 for many cities when effective mea-
sures were implemented to prevent the spread of the pandemic
(Liu et al., 2022a) was successfully captured.

Le  et  al.  (2020)  analyzed  TROPOMI  NO2 data  and
found substantial reductions in NO2 levels over China dur-
ing the COVID-19 lockdown period (23 January to 13 Febru-
ary); however, severe PM2.5 pollution still occurred in north-
ern China. Observational analysis and modeling work were
combined to understand the causes of severe PM2.5 pollution
during  that  period  (Le  et  al.,  2020),  suggested  to  include
enhanced heterogeneous chemistry under high RH, stagnant
meteorological  conditions,  and  unaffected  power  plant  and
petrochemical industry emissions.

Ozonesonde data and TROPOMI NO2 data were com-
bined with WRF-Chem to investigate the effects  of  typical
strong convection on the vertical redistribution of air pollu-
tants in Nanjing (Zhang et al., 2022d). Ozonesonde observa-
tions showed higher O3 and water vapor mixing ratios in the
upper  troposphere  after  convection,  indicating  that  strong
updrafts transported lower-level air masses into the upper tro-
posphere.  Ozone  production  in  the  upper  troposphere  was
driven by chemistry (5–10 times the dynamic contribution)
and reduced (−40%) by lightning NOx during the whole con-
vection  life  cycle.  In  addition,  a  new  high-resolution
retrieval algorithm was developed and employed to estimate
the  lightning  NOx production  efficiency,  which  was  deter-
mined  to  be  60  ±  33  mol  NOx per  flash  (Zhang  et  al.,
2022d).

Current assessments of aerosol radiative effects still con-
tain large uncertainties, partly because aerosols with complex
sources  have  different  shapes,  chemical  compositions  and
optical properties. Following the deployment of nationwide
ground-based observation networks and the development of
satellite  remote  sensing  technology,  the  knowledge  base
regarding aerosol chemical, optical and radiative properties
over  regional  and  global  scales  has  been  significantly
improved  in  recent  years.  For  example,  using  multi-year
observations at 50 sites from the China Aerosol Remote Sens-
ing Network, Che et al. (2019a) characterized the aerosol cli-
matologies for representative remote, rural and urban areas
in China, and suggested that coarse particles played a domi-
nant  role  at  rural  sites  near  deserts  while  light-absorbing
fine  particles  were  dominant  at  most  urban  sites.  Decadal-
scale  trends  in  total  aerosol  loading  and  aerosol  optical
depth  (AOD)  were  examined  for  five  aerosol  components
using multi-angle imaging spectroradiometer retrievals (Gui
et  al.,  2022),  and  small-sized  and  spherical  aerosols  (com-
posed  of  sulfate,  organic  matter  and  black  carbon)  were
found to be the dominant aerosol types driving the interannual
variability in land AOD during 2003–18. In addition to anthro-
pogenic and natural emissions, the contribution of meteorolog-
ical  factors  to  interdecadal  changes  in  regional  AOD  was

found to be non-negligible (Che et al., 2019b). Furthermore,
a climatology of concentrations of different aerosol composi-
tions was obtained (Li et al., 2022c) using the newly devel-
oped Generalized Retrieval of Atmosphere and Surface Prop-
erties component approach.

 3.4.    Modeling studies

Recently, the Chinese Earth System Science Numerical
Simulator Facility (EarthLab) was successfully constructed,
and  an  integrated  air  quality  modeling  system  (IAQMS-
street),  which  covers  global,  regional,  urban,  and  street
scales based on a two-way coupling technology, was devel-
oped as a key component of  EarthLab (Chen et  al.,  2021a;
Wang et  al.,  2022g).  Modules  of  heterogeneous  chemistry,
size-resolved  aerosol  microphysical  processes,  and  mixing
states  were  developed  for  IAQMS-street  to  better  simulate
air pollution in China. Careful comparison with observations
has  revealed  that  IAQMS-street  can  reproduce  global  and
regional aerosol mass and number concentrations reasonably
well, and in particular the prediction accuracy of heavy pollu-
tion episodes has greatly improved. In addition, a high-resolu-
tion  online  global  air  quality  source-receptor  model
(GNAQPMS-SM) with an uncertainty analysis tool was devel-
oped  to  effectively  compute  the  contributions  of  various
sources to ambient air pollutants (Ye et al., 2021b, 2023).

Model intercomparison using consistent model inputs is
an  extremely  valuable  approach  to  evaluating  the  perfor-
mance of numerical models and understanding the magnitude
and sources of model uncertainties. In the last two decades,
scientists in China have been actively participating in model
intercomparison  studies  (Han  et  al.,  2008; Wang  et  al.,
2008). Very recently, in the Model Inter-Comparison Study
for  Asia  (MICS-Asia)  phase  III,  scientists  in  China  led
model intercomparisons for NO2, CO and NH3 (Kong et al.,
2020), O3 and relevant species (Li et al., 2019b), aerosol con-
centrations (Chen et al., 2019a), reactive nitrogen deposition
(Ge et al., 2020), and aerosol radiative effects and feedbacks
(Gao et al., 2020).

The heterogeneous uptake of HO2 may be a significant
sink  of  HOx,  hence  impacting  the  atmospheric  oxidation
capacity.  A  multiphase  chemical  kinetic  box  model,  PKU-
MARK, was developed to simulate heterogeneous reactions
of HO2 with aerosol particles based on a novel parameteriza-
tion of γ(HO2) (Song et al., 2020), and it was found to repro-
duce  well  the  time  series  of γ(HO2)  reported  by  a  summer
field campaign at a rural site. A follow-up study (Song et al.,
2022a)  suggested  that,  although  HO2 uptake  may  not
change  the  O3 sensitivity  regime  classification  in  a  single
day,  it  could  reduce  net  O3 production  rates  by  up  to
6 ppbv h−1 in the morning.

Surface O3 concentrations steadily increased from 2013
to 2019 (Li  et  al.,  2020b),  but  emission trends of  NOx and
VOCs alone cannot  explain  well  the  increase  in  O3.  Based
on surface observations and model simulations with GEOS-
Chem, Li  et  al.  (2019c) suggested that  a  decrease in PM2.5

could  increase  summertime  O3 over  the  NCP,  due  to  the
role of PM2.5 as a scavenger of HO2 radicals that would other-
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wise  react  with  NO  to  produce  O3.  Such  an  O3 “penalty ”
was further confirmed by observational evidence that O3 pro-
duction is suppressed under high PM2.5 conditions (Li et al.,
2021a). As O3 pollution is less sensitive to NOx emission con-
trols, the need to regulate VOC emissions was underscored
(Li et al., 2019c).

Due  to  the  abrupt  drop  in  NOx emissions  during  the
COVID-19  lockdown,  the  maximum  daily  8-h  average  O3

concentrations  reached  60–70  ppbv  in  January  2020  when
they were expected to be very low. Using GEOS-Chem simu-
lations, Li et al.  (2021a) found that fast O3 production was
driven by HOx radicals from the photolysis of formaldehyde,
which was generated by VOC oxidation. It was further sug-
gested that high O3 occurrences could increase in terms of fre-
quency and severity during winter and spring without continu-
ous control to reduce VOC emissions.

An observation-based method was developed to investi-
gate the sensitivity of O3 formation to precursors during two
persistent  elevated O3 episodes in Guangdong (Song et  al.,
2022b).  Average  OH  concentrations  between  0800  and
1300 (UTC+8), derived using this method, fell into a narrow
range (2.5–5.5 × 106 mol cm−3) with a weak dependence on
NOx,  and agreed well with those observed at a rural site in
the Pearl River Delta. This method was further used to evalu-
ate  O3 production  efficiencies, ε(NOx)  or ε(VOC),  defined
as  the  number  of  O3 molecules  produced  per  molecule  of
NOx (or  VOC)  consumed,  and  the  average ε(NOx)  and
ε(VOC) were determined to be 3.0 and 2.1 ppbv/ppbv, respec-
tively (Song et al., 2022b).

Gao et  al.  (2021a)  combined online  measurement  data
with 3D factor analysis to quantify the contributions of differ-
ent pathways to secondary inorganic aerosol formation, and
identified mixed NH4NO3 and (NH4)2SO4 aqueous processes
as the most important pathway during heavy haze events. A
solute-strength-dependent  thermodynamic  and  kinetic
model  was  developed  and  employed  to  investigate  sulfate
aerosol formation (Gao et al., 2022a), revealing that aqueous
oxidation by H2O2 was the dominant pathway for sulfate for-
mation,  and  thus  suggesting  that  target  oxidant  control
could be an effective way to mitigate sulfate aerosol.

By integrating a  chemical  transport  model,  nationwide
measurements,  and  a  sophisticated  ammonia  emissions
model, Liu et al. (2019) found that controlling ammonia emis-
sions would significantly aggravate acid rain pollution, thus
offsetting the benefit of reduced fine particle pollution. As a
result, region-specific ammonia control strategies could pro-
vide a more rational and effective way to achieve co-benefits
in protecting human and ecosystem health in China. They fur-
ther proposed region-specific emission control  strategies in
the near future (Liu et al., 2019)—for instance, implementing
a  reduction  in  NH3 emissions  by  20%–30%  in  areas  with
scarce acid rain but heavy fine particle pollution (e.g., north-
ern  China),  while  giving  higher  priorities  to  SO2 and  NOx

emission  controls  in  current  acid  rain  areas  like  southern
China.

Zhu et al. (2022) investigated the spatiotemporal charac-

teristics  of  multi-pollutant  air  pollution  over  China  and
attributed  the  decline  in  multi-pollution  to  decreases  in
PM2.5–PM10 and  PM2.5–O3 co-pollution  days.  In  the  YRD
region, co-pollution days with a maximum daily 8-h average
O3 > 160 μg m−3 and PM2.5 > 75 μg m−3 generally occurred
under conditions of high RH, low wind speed, and high near-
surface air temperature (Dai et al., 2021a). Dai et al. (2023)
further found a decreased frequency in PM2.5–O3 co-pollution
days in the Beijing–Tianjin–Hebei (BTH) region during the
warm season  (April  to  October)  in  2013–20,  but  increased
proportions of PM2.5–O3 co-pollution days in PM2.5 pollution
days,  implying a strengthened relationship between O3 and
PM2.5 under low-PM2.5 conditions (Dai et al., 2023). Based
on GEOS-Chem simulations, PM2.5–O3 co-pollution days in
the BTH region were found to be associated with high concen-
trations of OH and total oxidants, sulfur oxidation ratio and
nitrogen oxidation ratio, with the sulfate concentration rank-
ing top among all aerosol species (Dai et al., 2023).

 4.    Interactions  of  air  pollution  with
meteorology, weather and climate

PBL meteorology plays a vital role in air quality via mod-
ulating the diffusion and transformation of pollutants. Both
multi-altitude measurements and atmospheric dynamic–chem-
istry  coupled  simulations  indicate  that  turbulent  motion
shapes  the  vertical  stratification  of  secondary  pollution
(Huang et al., 2020c). Enhanced nitrate and sulfate production
in the upper PBL and residual layer may contribute substan-
tially to near-surface haze pollution through vertical mixing,
underscoring the importance of  understanding air  pollution
in China from a vertical perspective. In turn, aerosols might
affect PBL evolution by perturbing the radiative energy bal-
ance. Under highly polluted conditions, the attenuation and
absorption  of  incident  solar  radiation  by  aerosols  can  heat
the atmosphere and cool  the surface,  thereby strengthening
the inversion layer and deteriorating near-surface air pollution
(Wang et al., 2018). Such interactions between aerosols and
the  PBL  could  amplify  regional  haze  pollution  in  eastern
China (Huang et al., 2020b).

Besides emission and chemical reactions, the distribution
and evolution of air pollutants are also modulated by meteoro-
logical  conditions.  In winter,  cold fronts occur periodically
and transport air pollutants quickly to downstream regions.
Combining  observations  and  tracer-tagged  simulations,
Kang et al. (2021) described 3D structures of PM2.5 during a
cold  front  over  eastern  China.  It  was  suggested  that  the
strong  northwesterly  transported  aerosol  particles  from  the
highly polluted NCP to YRD and transported warm and pol-
luted air mass to the free troposphere along the frontal surface
over  the  YRD.  In  addition,  the  contributions  of  sources  in
the NCP region to PM2.5 in the YRD region increased from ~
15% to 30% during the cold front. Liu et al. (2022c) further
found  a  seesaw  pattern  of  interannual  anomalies  of  PM2.5

between the BTH and YRD regions, and suggested that the
low  (high)  PM2.5 difference  between  the  BTH  and  YRD
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regions was associated with a strong (weak) East Asian winter
monsoon.

An  online  coupled  regional  climate–chemistry–aerosol
model (RIEMS-Chem) was developed and applied with pro-
cess  analysis  to  investigate  aerosol  radiative  feedback  to
haze formation and evolution in  the BTH region (Li  et  al.,
2020a). It was found that feedback-induced domain-averaged
changes  in  PM2.5 concentrations  could  reach  45.1  μg  m−3

(39%)  during  severe  haze  episodes  (Li  et  al.,  2020a).  This
feedback  effect  increases  aerosol  accumulation  in  the  haze
growth stage through weakening vertical diffusion, promot-
ing  chemical  reactions  and  enhancing  horizontal  advection
of upwind pollutants; plus, it also enhances removal rates in
the dissipation stage, but the effect is weak in the persistence
stage.

Gao  et  al.  (2022c)  characterized  common  features  of
the influence of the aerosol direct radiative effect on meteorol-
ogy based on five severe PM2.5 pollution events in winter dur-
ing 2013–16. It was found that aerosols caused a significant
decrease in radiative flux by 52.1–86.7 W m−2, a decrease in
2-m temperature by 0.28°C–0.97°C, and a decrease in PBL
height by 23.1–58.5 m (Gao et al., 2022c). Aerosol–radiation
interactions,  including  aerosol–photolysis  interactions  and
aerosol–radiation feedback,  can also  affect  near-surface  O3

during  co-pollution  days.  Using  WRF-Chem  simulations,
Yang et al. (2022a) investigated four PM2.5–O3 co-pollution
episodes  that  occurred  in  2014–17  and  found  that
aerosol–photolysis  interactions  dominated  the  reduction  in
daytime  near-surface  O3 in  North  China  by  inhibiting  the
chemical production of O3.

Using  WRF-Chem  coupled  with  an  urban  canopy
scheme, Wang et al. (2022a) found that local circulation regu-
lated  the  spatial  distribution  of  aerosols  and  led  to  diverse
impacts of aerosol radiative effects in urban heat islands. It
was further found that adopting cool roofs tends to aggravate
PM2.5 pollution mostly in lightly polluted regions, indicating
that  green  roofs  could  be  better  choices  given  the  current
severity  of  air  pollution  in  China  (Wang  et  al.,  2020b).
These results may offer valuable information on cooperative
management of heat islands and air pollution in China.

The anticyclonic anomalies over northeastern Asia asso-
ciated  with  stagnant  weather  conditions,  including  weak
near-surface winds, temperature inversion in the lower tropo-
sphere, low PBL height and high RH, are favorable for haze
pollution  in  the  NCP  region  (Li  et  al.,  2019a).  Using  a
weather classification technique, Li et al. (2022a) identified
two conducive patterns with the most occurrences of severe
PM2.5 pollution (daily PM2.5 >150 μg m−3), and then linked
them  to  various  climate  factors.  It  was  suggested  that  the
East Atlantic–West Russia teleconnection pattern and the Vic-
toria Mode of sea surface temperature anomalies, which are
found to be the top two dominant climate drivers leading to
conducive weather patterns in North China,  can be used to
predict  the frequency of  severe PM2.5 pollution over  North
China in the winter (Li et al., 2022a).

Global warming is likely to bring more hot days, which

may increase the frequency of O3 pollution days in regions
with high anthropogenic emissions. Wang et al. (2022f) sug-
gested  that  more  than  half  of  O3 pollution  days  during
2014–19 in the NCP region occurred under high-temperature
extremes  when  hot  and  stable  atmospheric  conditions
enhanced O3 chemical  production.  Using a  Random Forest
algorithm combined with GEOS-Chem and CMIP6 climate
models, Gong et al. (2022) suggested that future risks of O3

exceedance during hot days would significantly decrease in
the  2030s  under  the  SSP1-2.6  scenario,  but  increase  until
the 2050s under the SSP5-8.5 scenario.

Zhong  et  al.  (2021)  suggested  that  the  0.8%  (10  yr)−1

decrease in clouds in China from 1957 to 2005 was primarily
caused  by  global  warming,  and  the  moisture–convection–
latent-heat  feedback  cycle  was  the  primary  driver  of  the
trends in clouds in China as well as globally. The decreasing
trend of clouds in China has important implications for the
atmospheric  oxidation  capacity  (Zhong  et  al.,  2021),
because  enhanced  solar  insolation  as  a  result  of  less  cloud
cover will lead to higher concentrations of OH radicals and
O3.

Rapid  changes  in  emissions,  such  as  the  unexpected
emission  reductions  during  COVID-19  and  the  stringent
emission controls  in  China since 2013,  may affect  weather
and climate. By using Community Earth System Model ver-
sion  2  (CESM2)  simulations,  Yang  et  al.  (2022c)  revealed
that  the  dramatic  reduction in  aerosols  during the  COVID-
19 epidemic in eastern China could have caused a positive
sea  level  pressure  anomaly  over  the  northwestern  Pacific
Ocean, thereby strengthening moisture convergence and con-
tributing to the record rainfall in June–July 2020 in eastern
China. Gao et al. (2022b) further employed CESM2 to exam-
ine  the  rapid  climate  responses  to  emission  reductions  in
aerosol and O3 precursors over China in 2013–17, and sug-
gested that the increase in O3 and decrease in aerosols in the
lower troposphere together resulted in an anomalous warming
of 0.16°C ± 0.15°C in eastern China.

 5.    Interactions  between  the  biosphere  and
atmosphere

The  biosphere  emits  a  number  of  trace  gases  (such  as
N2O, NOx and VOCs) into the atmosphere, affecting O3 and
secondary aerosol formation and thus further impacting the
radiative  balance  and  climate  change.  On  the  other  hand,
some  atmospheric  pollutants,  such  as  O3,  have  direct
adverse effects on various plants, the interaction of solar radia-
tion with trace gases and aerosol particles can also impact pho-
tosynthesis,  and  dry  and  wet  deposition  is  an  important
sources  of  nutrients  and  toxic  elements  for  many  ecosys-
tems.

Zhao  et  al.  (2022)  combined  a  generalized  additive
model and an air quality response surface model to analyze
source–sink  relationships  of  sulfur  and  nitrogen  oxides
using the ratios of deposition to emissions (D/E). Deposition
of sulfate and nitrate was found to decline more slowly than
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the emissions of their precursors (SO2 and NOx), attributed
in part to increased precipitation (Zhao et al., 2022). Further-
more, enhanced transport of air pollution has also played an
important  role  in  the  rising  D/E  values  in  four  developed
regions  of  China  (Zhao  et  al.,  2022),  as  has  changing
aerosol chemistry in the case of sulfur compounds.

Xie et al. (2019) developed a regional climate–chemistry
–ecology  coupled  model  (RegCM-Chem-YIBs)  that
includes  a  regional  climate–chemistry  model  (RegCM-
Chem)  and  a  terrestrial  vegetation  model  (YIBs),  which  is
capable  of  exploring  the  interactions  among  O3,  CO2 and
PM2.5 by simulating interactions between the ecosystem and
the atmosphere. Meteorological factors and pollutant concen-
trations  from  RegCM-Chem  are  used  to  drive  YIBs  every
6 min, and YIBs simulates physiological processes of vegeta-
tion and calculates land surface parameters. Using RegCM-
Chem–YIBs,  Xie  et  al.  (2019)  found  that  tropospheric  O3

had a detrimental effect on plant carbon uptake and led to a
greater accumulation of CO2 in the atmosphere, and that the
terrestrial carbon sink in China was reduced by 112.2 ± 22.5
TgC yr−1 due to O3 damage. A follow-up study (Xie et al.,
2020) further suggested that atmospheric aerosols contribute
to the terrestrial carbon cycle through diffuse radiation fertil-
ization effects and hydrometeorological feedbacks, and that
the current aerosol loading can increase the terrestrial carbon
sink in China by 60 TgC yr−1.

Methane is an important greenhouse gas that contributes
significantly to global warming. Atmospheric OH oxidation
is a major sink of methane and thus affects its lifetime and
abundance.  The  methane  grown  rate  in  2020,  relative  to
2019,  was  attributed  to  increased  natural  emissions  and  an
increased atmospheric lifetime (Peng et al., 2022b). The latter
was caused by a decrease in the tropospheric OH concentra-
tion  by  ~1.6%  when  compared  to  2019,  mainly  due  to
reduced  anthropogenic  NOx emissions  associated  with  the
spread of COVID-19. This work provides an interesting exam-
ple  demonstrating  that  changes  in  emissions  from  the  bio-
sphere and atmospheric chemical processes both play impor-
tant  roles  in  determining  the  abundance  of  atmospheric
species.

 6.    Data assimilation

Chemical  data  assimilation  combines  observations  of
atmospheric  composition  and  chemical  transport  modeling
to improve the accuracy of air quality forecasts, to generate
chemical reanalysis datasets, and to constrain emission esti-
mates  or  other  uncertain  parameters.  Kong  et  al.  (2021)
released the first high-resolution Chinese air quality reanaly-
sis  dataset  (CAQRA),  which  provides  surface  fields  of
PM2.5, PM10, SO2, NO2, CO and O3 in China between 2013
and 2018 with high spatial (15 km) and temporal (1 h) resolu-
tions. This dataset assimilates observations from more than
1000 surface air quality monitoring sites by using an ensemble
Kalman filter and the Nested Air Quality Prediction Modeling
System  (NAQPMS);  in  addition,  several  algorithms  have

been  developed  to  address  the  challenges  in  chemical  data
assimilations,  ensuring the high accuracy of CAQRA. This
high  accuracy  and  fine  resolution  of  CAQRA  facilitates
assessment of long-term human and crop exposure to air pol-
lution and other  research related to  air  quality.  A modified
ensemble  Kalman  filter,  which  addresses  filter  divergence
and enables reuse of costly ensemble simulations, was devel-
oped by Wu et al. (2020b) for emission inversions in order
to make the process with high temporal and spatial resolutions
more affordable. Based on this method, CO and NOx emis-
sions were inversed with a temporal resolution of one week
and a spatial resolution of 5 km (Wu et al., 2020b).

Furthermore,  under  the  support  of  this  research  pro-
gram,  a  data  center  for  China  air  pollution  complexes  has
recently  been  developed  and  will  be  released  for  research
community access in 2023.

 7.    Summary and outlook

The air pollution complex concept proposed in 1997 by
Professor Xiaoyan TANG was based on the observation that
coal combustion and vehicle exhaust emissions coexisted in
major  cities  in  China.  This  concept  has  led  to  a  paradigm
shift in our perspective on the formation mechanisms and con-
trol policies of air  pollution, with emphasis on complexity,
interactions,  feedbacks,  and  nonlinearity  of  chemical  and
physical  processes  in  the  atmosphere.  In  the  last  25  years,
the  air  pollution  complex  has  evolved  from a  concept  to  a
comprehensive  and  sophisticated  theoretical  framework,
thanks to active research on air pollution in China supported
by  the  National  Natural  Science  Foundation  of  China  and
many other funding agencies.

Due to the length limitation, we were only able to summa-
rize in this paper a limited number of representative and sig-
nificant  studies  in  atmospheric  chemistry  in  China  in  the
last  couple  of  years.  These  advances,  together  with  those
not covered in this paper, have enriched the theoretical frame-
work of the air pollution complex and provided air pollution
control policies in China with robust scientific support. For
example,  the work that  revealed the important  contribution
of  residential  emissions  to  regional  air  quality  (Liu  et  al.,
2016) has eventually led to large-scale control of residential
emissions in northern China via the replacement of domestic
usage of  coal  and biofuels  with  natural  gas  and electricity.
In addition, the finding that controlling ammonium emissions
would  mitigate  aerosol  pollution  and  nitrogen  deposition
but  aggravate  acid  rain  in  some  regions  (Liu  et  al.,  2019)
has  not  only  made  policymakers  realize  the  complexity  of
air pollution in China and empathize with region-specific mul-
tipollutant  control  strategies,  but  also  stimulated  ammonia
control  actions  enforced  by  the  ministries  of  Eco-Environ-
ment and Agriculture of China.

Joint  efforts  from  all  interested  parties  in  China  have
led to huge success in air pollution control, and PM2.5 mass
concentrations in many regions in China have been reduced
at unprecedented rates in the last several years. In addition,
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atmospheric  research  activities  in  China  have  also  offered
great opportunities in education, training, and career develop-
ment for many graduate students and young scientists, who
have been contributing to, and will undoubtedly make even
larger contributions to, advancements in atmospheric chem-
istry. Although mainly based on research activities in China,
the  theoretical  framework  of  the  air  pollution  complex  is
also applicable to other countries and regions in the world.
A  great  number  of  people  in  many  developing  and  low-
income countries are heavily affected by severe air pollution,
and  knowledge  of  the  air  pollution  complex  concept  and
lessons learned from air pollution control in China can help
these countries improve their air quality and protect human
and  ecosystem  health,  similar  to  what  has  been  happening
in China.

Despite  remarkable  progress,  many challenges remain.
The National Ambient Air Quality Standards in China were
modified in 2012 to set the annual average PM2.5 level to be
below 35 μg m−3, which is a threshold much higher than the
value (5 μg m−3) recommended by the World Health Organi-
zation in 2021 (Xue et al., 2022). Meanwhile, the significant
decrease in PM2.5 mass concentrations during the last several
years  has  been accompanied by a  slow but  steady increase
in O3 concentrations in many regions, posing a major chal-
lenge for air pollution control in China. Therefore, cost-effec-
tive  co-control  of  PM2.5 and  O3 in  China  requires  further
understanding  in  terms  of  air  pollution  complex  formation
mechanisms. Moreover, China has committed to reach carbon
neutrality by 2060, and dramatic changes in atmospheric com-
position  will  occur  accordingly  in  the  next  few decades  in
China  during  its  journey  toward  this  goal,  providing  not
only a natural laboratory for domestic and international scien-
tists  to  advance  our  knowledge  in  atmospheric  chemistry,
but also a challenge to coordinate carbon emissions reduction
and air quality improvement to achieve the most benefits for
human  health.  Further  research  is  required  to  address  the
above-mentioned challenges.
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