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ABSTRACT

There is a growing challenge posed by the coexistence of fine particulate matter (PM2.5) and ground-level ozone (O3). 
Despite the significant reductions in primary particles and a variety of gaseous pollutants achieved by conventional air 
pollution control, O3 pollution has remained or even increased in many areas, demonstrating the shortcomings of single-
pollutant regulation. This review examines how the efficiency evaluation and path optimization of regional atmospheric 
governance can be viewed through the prism of synergistic emission reduction to coordinate control of PM2.5 and O3. It 
initially explains the chemical linkage between PM2.5 and O3 through common precursors, the atmosphere’s capacity for 
oxidation, photolysis, heterogeneous reactions, and regional transport. It subsequently discusses efficiency evaluation 
methods, such as indicator systems, data envelopment analysis, slack-based measure models, Malmquist indices, spatial 
econometric methods, and integrated benefit assessment. The review also discusses pathways for emission reduction 
across the industrial, power, transport, residential, and agricultural sectors, with a focus on differentiated VOCs-NOx 
sensitivity, NH3 regulation, structural adjustment, clean-energy transition, process optimization, and scenario-based 
cost-benefit analysis. Lastly, it suggests a regional path-optimization framework that combines air-quality modeling, 
economic analysis, cross-regional responsibility sharing, policy synergy, and adaptive, data-driven governance. The 
review claims that successful atmospheric governance needs to shift toward mechanism-based, regionally coordinated, 
and welfare-oriented decision-making to achieve sustainable air-quality improvements, health protection, carbon 
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co-benefits, and regional equity.
Keywords: PM2.5; Ozone; Synergistic Emission Reduction; Governance Efficiency; Regional Path Optimization

1.	 Introduction
PM2.5 and ground-level ozone (O3) remain two of the 

most significant indicators of atmospheric environmental 
quality in the region [1]. In most areas, particularly those 
experiencing rapid industrialization, urban growth, and 
energy-system transformation, air pollution control has 
entered a new phase in which reducing a single pollutant 
is no longer the main focus; rather, it is a coordinated mit-
igation of complex, compound, and regionally transported 
pollution. In recent decades, significant achievements have 
been made in reducing primary particulate emissions and 
conventional gaseous pollutants through measures such 
as industrial end-of-pipe treatment, retrofitting coal-fired 
power plants, vehicle emission standards, and clean energy 
substitution. These efforts have helped achieve significant 
reductions in PM2.5 levels in most cities and regions. Nev-
ertheless, O3 pollution has become more pronounced, and 
in certain places it has even remained at the same level or 
even increased, despite the overall downward trend in par-
ticulate matter. This divergence implies that the existing 
single-pollutant governance framework is inadequate to 
address the nonlinear, interactive nature of the current at-
mospheric pollution environment [2,3].

The simultaneous presence of PM2.5 and O3 pollution 
is a testament to the complexity of atmospheric chemi-
cal processes and the structure of emissions in the region. 
PM2.5 consists of both primary and secondary elements 
that are formed through atmospheric reactions of sulfur 
dioxide, nitrogen oxides, volatile organic compounds, am-
monia, and other precursors. O3, in its turn, is a secondary 
pollutant that is mostly produced in the process of photo-
chemical reaction of nitrogen oxides and volatile organic 
compounds under the influence of solar radiation. The 
processes that form PM2.5 and O3 are not independent. Al-
terations in aerosol loading can affect solar radiation, pho-
tolysis rates, atmospheric oxidation capacity, and bound-
ary layer dynamics, which in turn affect O3 production. 
Likewise, when atmospheric oxidation is enhanced, the 
formation of secondary aerosols, such as sulfate, nitrate, 
and secondary organic aerosol, can be accelerated. In turn, 

emission reduction policies that focus on one pollutant can 
yield synergistic benefits and trade-offs or even unintended 
adverse impacts on other pollutants. By way of example, a 
decrease in nitrogen oxide levels might reduce the forma-
tion of nitrate aerosols, but under VOC limitation, it might 
also promote the formation of O3. Similarly, a decrease 
in PM2.5 can enhance atmospheric visibility and affect the 
formation of O3. These interactions render the synergistic 
management of PM2.5 and O3 a key scientific and policy 
problem [4,5].

A further complexity in how regional atmospheric 
environment governance is carried out is the spatial mobili-
ty of air pollutants and their precursors. The characteristics 
of regional transport of PM2.5 and O3 pollution are often 
highly regional; i.e., air quality in one city is influenced not 
only by local emissions but also by those of neighboring 
cities [6]. The atmospheric circulation and economic supply 
chains tend to connect industrial clusters, transportation 
corridors, energy bases, urban agglomerations, and agricul-
tural regions. Consequently, isolated local control measures 
might not be very effective due to a lack of regional coordi-
nation. Joint prevention and control, differentiated emission 
reduction, regional responsibility-sharing, and cross-border 
compensation have thus become significant elements of at-
mospheric governance [7]. Nevertheless, the success of these 
measures depends on the ability to coordinate policy instru-
ments, emission reduction targets, industrial structures, and 
environmental capacities across administrative boundaries. 
This raises an important question: how can the efficiency 
of governance of atmospheric environments in the regions 
be measured under the mandate of synergistic PM2.5 and O3 
control, and how can optimal emission-reduction pathways 
be designed to maximize environmental, economic, health, 
and social benefits?

The available literature has provided useful informa-
tion on air pollution control, the development of emission 
inventories, atmospheric chemical processes, the assess-
ment of health risks, and policy analysis. The governance 
of PM2.5 has frequently centered on the apportionment of 
sources, the reduction of concentrations, the restructuring 
of industries, and health benefits [8]. Research on O3 pollu-
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emission reduction. Conversely, this article underscores the 
need to investigate the correlations between governance 
inputs and outputs, such as financial investment, energy 
consumption, technological innovation, administrative reg-
ulation, industrial adjustment, public health improvement, 
carbon reduction, and ecological benefits [12]. This point of 
view can be used to determine whether a region is actual-
ly attaining air-quality improvement due to efficient and 
sustainable governance or merely due to high-cost, short-
term, or spatially transferred measures.

Third, the article develops a path-optimization view 
of regional atmospheric environmental governance [13]. The 
best emission solution (i.e., emission-reduction pathway) 
is unlikely to be the same across regions for PM2.5-O3 pol-
lution. Regions vary in terms of industrial structure, energy 
mix, transport structure, meteorological conditions, and pho-
tochemical sensitivity regimes. Thus, the emission reduction 
strategies should be geographically distinguished and altered 
dynamically. In the case of VOC-limited regions, the con-
trol of reactive VOC species from industrial use of solvents, 
petrochemical processes, vehicle evaporation, and consum-
er products may need to be given priority [14]. In the case 
of NOx-limited regions, joint reductions in emissions from 
combustion might prove more efficient. In areas affected by 
both local and external transport, regional actions may be re-
quired. Through the contemplation of such links, this review 
will attempt to provide a decision-oriented framework to 
underpin differentiated, cost-effective, and synergistic gov-
ernance strategies.

Fourth, this paper expands the concept of synergy in 
pollutant control to policy coordination. Synergistic emis-
sion reduction should not be limited to the coordinated 
mitigation of PM2.5 and O3; it should also encompass inte-
grating air pollution control and carbon neutrality, protect-
ing public health, upgrading industry, transforming energy 
sources, and adapting to climate change [15]. Various mea-
sures, including renewable energy replacement, transport 
electrification, clean industrial processes, and urban green 
infrastructure, can deliver multiple environmental bene-
fits. Some measures, however, may also involve trade-offs, 
such as a high demand for electricity, or a redistribution of 
emitted materials, or an uneven distribution of the burden. 
Thus, there is a need to conduct a thorough review to de-
termine how various policy tools can enhance governance 

tion has focused on photochemical sensitivity, VOCs-NO 
control regime, precursor reduction, and meteorological 
effects [9]. In the meantime, efficiency evaluation studies 
have employed methods such as data envelopment analy-
sis, stochastic frontier analysis, slack-based measure mod-
els, Malmquist productivity indices, and spatial econo-
metric analyses to measure environmental governance 
performance. Moreover, air quality models and scenario 
simulations have been used extensively to estimate the ef-
fects of other emission-reduction options. Though these 
streams of research are well developed, they are usually 
fragmented. Most studies assess the efficiency of atmo-
spheric governance using aggregate pollution indicators 
without fully accounting for the chemical relationship 
between PM2.5 and O3. Others examine synergistic emis-
sion-reduction mechanisms but pay little attention to the 
efficiency of governance, resource allocation, and path op-
timization. As a result, atmospheric science, environmental 
economics, and regional policy optimization still lack con-
nections to one another.

The novelty of this review is that it seeks to integrate 
synergistic emission reduction, efficiency evaluation, and 
regional path optimization into a single analytical model [10]. 
First, unlike traditional reviews that treat PM2.5 control and 
O3 mitigation separately, this article takes a coordinated con-
trol of PM2.5 and O3 as its main focus. It highlights that the 
governance of PM2.5 and O3 should not be regarded as two 
parallel policy agendas but rather as an integrated system 
influenced by precursor emissions, atmospheric oxidation 
capacity, meteorological factors, regional transport, and so-
cioeconomic activities. This article sheds light on the scien-
tific foundation of policy design that can not only avoid the 
effects of pollutant substitution but also ensure multi-pollut-
ant co-benefits.

Second, this review presents a new core dimension 
of synergistic atmospheric control: governance efficien-
cy [11]. The governance of air pollution is not just a question 
of whether pollutant concentrations can decrease, but also 
of whether environmental improvement will be achieved 
at a reasonable cost to the economy, with efficient use of 
resources, fair distribution of responsibilities across the 
region, and sustainable social benefits. The evaluation 
systems used in the past are usually centered on the end 
outcomes, which may include a change in concentration or 
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efficiency without producing fragmented or even opposing 
policy outcomes. The article addresses that requirement by 
exploring how the policies aimed at reducing emissions, 
regional coordination mechanisms, and multi-objective op-
timization models may be coupled.

The main aim of the proposed review is to provide 
a systematic, interdisciplinary insight into how the gov-
ernance of the regional atmospheric environment can be 
evaluated and optimized from the perspective of syner-
gistic control of PM2.5 and O3 

[16]. The specific focus of the 
article is to explain the atmospheric processes underlying 
PM2.5-O3 interaction, summarize the current methods of 
assessing the efficiency of governance, compare the key 
emission reduction pathways across sectors and regions 
and propose the integrated framework of regional path 
optimization. The review also finds major limitations in 
the current research, including the failure to sufficiently 
consider nonlinear chemical responses, lack of sufficient 
integration of air-quality models and efficiency models, 
insufficient treatment of regional spillover effects, and in-
adequate assessment of co-benefits across air pollution, 
carbon emissions, and public health.

By addressing these concerns, this article will con-
tribute to scientific research and to the practice of envi-
ronmental policy. Scientifically, it helps narrow the gap 
among atmospheric chemistry, environmental manage-
ment, and regional economics. On a methodological level, 
it provides a foundation for constructing more comprehen-
sive evaluation systems that account for multi-pollutant 
interactions and multi-dimensional governance outcomes. 
In practice, it can inform policymakers planning differ-
entiated, cooperative, and adaptive air pollution control 
strategies in areas experiencing simultaneous PM2.5 and 
O3 issues. As atmospheric governance enters the phase of 
deep emissions reduction, intricate interactions among pol-
lution, high-quality development demands, and the need to 
integrate efficiency evaluation and path optimization will 
become increasingly important. A synergistic perspective 
is thus critical to improving air quality in the region, re-
ducing health risks, and promoting environmental justice 
and sustainable development [17]. The overall conceptual 
framework linking emission sources, atmospheric trans-
formation, governance efficiency evaluation, and regional 
path optimization is presented in Figure 1.

Figure 1. Conceptual framework of regional atmospheric governance from a synergistic PM2.5 and O3 control perspective.

2.	 Mechanisms and Theoretical Ba-
sis of Synergistic PM2.5 and O3 
Control

2.1.	Formation Mechanisms of PM2.5 and O3 

Representative pollutants in regional atmospheric 

pollution are PM2.5 and ground-level O3, but their forma-

tion mechanisms differ significantly. PM2.5 is a mixture of 
primary particles, which are created during combustion, 
industrial processes, dust, and biomass burning, and sec-
ondary particles, formed as a result of the atmospheric 
chemical reactions [18]. Sulfate, nitrate, and ammonium are 
the main inorganic aerosols generated through the oxida-
tion of SO2, NOx, and NH3, and secondary organic aerosol 
is formed through the oxidation of volatile organic com-
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particles also serve as surfaces for heterogeneous chem-
istry, such as reactions involving radicals and the lifetime 
of active nitrogen species. The reduction of PM2.5 levels is 
likely to lead to more photochemical reactions, thus en-
hancing the rise in O3 levels under specific conditions. This 
phenomenon is in part why some areas have lower PM2.5  

levels, but higher and worsening levels of O3 pollution [22].
The interaction between PM2.5 and O3 is not fixed but 

varies with season, location, meteorology, and emission 
structure. In winter, high humidity and stable boundary 
layers may favor secondary aerosol formation, while O3 

pollution is generally weaker due to limited photochemis-
try. In summer, strong solar radiation and high temperature 
promote O3  production and secondary organic aerosol for-
mation. Therefore, synergistic control must move beyond 
static emission-reduction targets and incorporate seasonal 
and regional differences in chemical response [23].

2.3.	Role of Precursors in Synergistic Emission 
Reduction
Controlling PM2.5 and O3 fundamentally depends on 

controlling shared, interacting precursors, such as NOx, 
VOCs, SO2, NH3, and primary PM. NOx is a dual gas in the 
atmosphere [24]. It can act as a precursor to PM2.5 formation 
via nitrate formation, and it can also be a precursor to O3 
formation in the atmosphere. But the impact of NOx reduc-
tion on O3 depends on the VOCs–NOx sensitivity regime. 
This twofold attribute makes NOx control a necessity while 
also posing a potential risk without chemical diagnosis.

VOCs play a very important role in the formation of 
O3 and SOP [25]. The chemical reactivity and aerosol forma-
tion potentials of VOC species vary. Oxygenated VOCs, 
aromatics, and a few industrial solvent-related compounds 
can play a significant role in both O3 and secondary organ-
ic aerosol formation. So, it is important to recognize that 
VOC control should not only focus on the overall reduc-
tion of VOC emissions, but also on the reactivity of VOC 
species and priorities of VOC sources. Industrial coating, 
production of petrochemicals, solvent use and evaporation 
from vehicles and fuel storage are among the main ones.

Historically, SO2 control has played a major role in 
reducing P2.5 by reducing sulfate formation [26]. However, 
with reduced SO2 emissions, nitrate and organic aerosols 
can become more significant contributors to PM2.5. The 
role of NH3 also continues to increase due to its ability to 

pounds. Thus, PM2.5 pollution is controlled not only by 
direct particulate emissions but also by the availability of 
gaseous precursors, the atmospheric capacity for oxidation, 
humidity, temperature, and aerosol liquid water content.

O3 is a typical secondary photochemical pollutant. It 
is not emitted directly in large amounts but is produced by 
photochemical reactions of NO in the form of NO in the 
presence of VOCs under the influence of solar radiation [19]. 
The interaction between O3 and its precursors is extremely 
nonlinear. In VOC-limited regimes, individual NOx reduc-
tions may reduce O3 titration, but reducing VOCs may be 
more effective. In the regimes of NOx -limited, the inhibi-
tion of O3 is generally inhibited by the reduction of NOx. 
This nonlinear response complicates O3 control compared 
to traditional pollutant control and necessitates region-spe-
cific diagnosis of photochemical sensitivity.

The co-occurrence of PM2.5 and O3 in the air suggests 
that control of primary emissions has shifted toward con-
trol of secondary transformations [20]. This change neces-
sitates a greater comprehension of atmospheric chemical 
processes. A policy that merely leads to a decrease in over-
all emissions might not necessarily produce commensurate 
changes in air quality. Rather, the success of control efforts 
is determined by the composition of emissions, ratios of 
precursors, weather patterns, and regional transportation 
routes.

2.2.	Chemical Coupling between PM2.5 and O3

While PM2.5 and O3 may be considered as two distinct 
policy targets, they are chemically and physically linked to 
each other. The coupling is primarily caused by the oxida-
tion capacity of the atmosphere, the rates of the photolysis, 
the rates of the heterogeneous reactions and the compe-
tition of the precursors. O3 and other oxidants (hydroxyl 
radicals and nitrate radicals) oxidize SO2, NOx, and VOCs, 
and increase the formation of sulfate, nitrate, and second-
ary organic aerosol (SOA) [21]. From this perspective, it is 
expected that higher photochemical activity would lead to 
more secondary PM₂.₅ formation.

Concurrently, PM2.5 may impact O3 generation 
through radiation transfer and atmospheric chemistry 
changes. High aerosol loading can scatter and/or absorb 
solar radiation, which will decrease the rates of photolysis 
and surface-based photochemical O3 production. Aerosol 
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capacity of the atmosphere for oxidation must be taken 
into account for the governance efficiency assessment and 
path optimization. Pollution responses can vary from re-
gions with similar emissions due to variations in oxidation 
conditions, meteorology, and aerosol chemistry.

2.5.	Regional Transport and Cross-Boundary 
Coupling
Particulate matter of size (PM2.5) and ozone (O3) pol-

lution are not local but regional issues [30]. Trans-boundary 
movement of pollutants and precursors can occur via at-
mospheric circulation. PM2.5 may be directly transported 
and O3 may be transported directly and/or as its precursors 
which generate O3 downwind. It is also possible for sec-
ondary aerosols to be created during transport, in which 
case pollution seen in one region could come partly from 
another region.

Regional transport is a governance challenge because 
the benefits of emissions reduction do not necessarily oc-
cur within the geographic boundaries of the jurisdiction 
that has the cost of control [31]. Pollution sources can cause 
significant air-quality impacts even though local sources 
are well controlled; and local sources can contribute sig-
nificantly to the pollution in upwind areas. This spatial 
mismatch poses difficulties in matters of who is responsi-
ble, policy coordination and compensation. It also implies 
that if the effects of pollution inflows and spillovers are 
not taken into account in the local evaluation of efficiency, 
the latter may be biased.

Due to the regional nature of PM2.5-O3 pollution, 
coordinated governance between cities and provinces in 
airsheds is needed. Joint prevention and control should not 
be based on administrative boundaries alone, but should be 
based on atmospheric transport pathways, source-receptor 
relationships, and chemical sensitivity within the region [24]. 
It is necessary to find the focus of transmission corridors, 
dominant source areas and priority areas in the region for 
effective regional governance. When there is no coordina-
tion, local measures could result in spatial re-distribution 
of emissions or duplicate investments, leading to fragment-
ed governance.

In addition to emissions and chemical transforma-
tions, meteorological conditions strongly regulate the 
accumulation and dispersion of PM2.5 and O3. Stagnant 
weather conditions, characterized by weak surface winds, 

neutralize the acidic species and promote the formation of 
ammonium nitrate and ammonium sulfate. Sources of NH3 
are mainly agricultural activities and livestock production, 
fertilizer application, and waste treatment, which tend to be 
less controlled than sources from industry and traffic. Weak 
control of NH3 can limit further reductions in PM2.5 and re-
duce the effectiveness of control over NOx and SO2 

[27].
Therefore, a synergistic strategy for emission re-

duction is needed to account for the combined effects of 
precursor reductions. The challenge is finding reduction 
pathways that benefit secondary aerosol reduction and O₃ 
formation without causing unwanted chemical reactions.

2.4.	Atmospheric Oxidation Capacity and 
Compound Pollution
The concept of atmospheric oxidation capacity is a 

key framework for understanding the relationship between 
PM2.5 and O3 

[24]. It is a measure of the atmosphere's capac-
ity to convert primary pollutants into secondary pollutants, 
and is mainly governed by oxidants like OH, O3, NO3 radi-
cals, and hydrogen peroxide. High oxidation capacity pro-
motes gas-to-particle conversion of gaseous precursors to 
secondary aerosols and boosts photochemical O3 produc-
tion. So the oxidation capacity is a chemical connection 
between particulate pollution and photochemical pollution.

For areas with high anthropogenic emissions high 
oxidation capacity can cause rapid secondary transforma-
tion, resulting in concurrent PM2.5 and O3 episodes. For in-
stance, the oxidation of VOCs can result in the secondary 
formation of O3 via the formation of peroxyl radicals, and 
additional oxidation products can lead to the formation of 
secondary organic aerosol [28]. Under conditions condu-
cive for gas-particle partitioning, NOx oxidation may be a 
significant pathway to nitrate aerosol formation. The gas-
phase, aqueous-phase, and heterogeneous pathways are all 
possible mechanisms for SO2 oxidation, and the signifi-
cance of each pathway will vary with the humidity, aerosol 
acidity, oxidant concentration, and metal-catalyzed reac-
tions.

An important finding is that controlling primary pol-
lution alone may not be sufficient to control compound 
pollution when atmospheric oxidation strength is high. On 
the other hand, controlling highly reactive VOCs and NOx 
can decrease O3 and secondary PM2.5 by slowing radical 
propagation and secondary transformations [29]. Hence, the 
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reduced ventilation, and anticyclonic circulation, can sup-
press pollutant dispersion and promote the accumulation 
of primary pollutants and secondary products. At the local 
scale, the atmospheric mixing height determines the avail-
able volume for pollutant dilution; a shallow boundary 
layer, particularly during nighttime stable conditions, can 
substantially enhance near-surface pollutant concentra-
tions. Pollutants and precursors accumulated within noc-
turnal residual layers may subsequently be transported or 
mixed downward when the boundary layer develops after 
sunrise, contributing to morning pollution episodes. Fur-
thermore, pollutant recirculation processes can prolong 
regional pollution impacts. In coastal areas, sea-breeze 
circulation may transport urban emissions offshore during 
the day and return aged pollutants inland later, while val-
leys and complex terrains can promote repeated circulation 
and pollutant accumulation. Therefore, atmospheric gover-
nance strategies should consider meteorological variability 
through enhanced forecasting, dynamic emission-control 
measures during unfavorable dispersion conditions, and 
the integration of meteorological parameters into chemical 
transport models and governance efficiency assessments.

2.6.	Theoretical Framework for Synergistic 
Control
The concept of synergistic control of PM2.5 and O3 

can be explained by combining the principles of atmo-
spheric chemistry, environmental economics, and regional 
governance theory. Synergistic control, from the point of 
view of the atmospheric chemistry, would involve identi-
fying the synergistic response of PM₂.₅ and O₃ to precursor 
reductions and designing emission strategies to maximise 
the co-benefits [32]. The environmental-economic view in-
volves assessing the effectiveness of the use of resources 
in improving air quality, the economic costs, and the health 
and ecological impacts. It needs to be coordinated across 

policy goals, sectors, and jurisdictions in the context of re-
gional governance.

There should be three fundamental parts to a com-
plete synergistic control framework. The first is mech-
anism recognition, which helps clarify the interaction 
between PM2.5 and O3 via PM2.5 precursor–PM2.5 oxidant–
PM2.5 meteorology, and PM2.5 –O3 transport. The second 
is efficiency evaluation, which quantifies the governance 
inputs-outputs relationship in terms of multi-dimensional 
outputs such as pollutant reductions, health impacts, car-
bon mitigation and economic impacts. The third is path 
optimisation which seeks to identify alternative strategies 
for emission reduction which differ between regions and 
sectors, given a range of constraints [33].

This approach suggests that best governance does not 
necessarily mean the highest rate of emission reductions; 
but rather the most effective mix of actions within a certain 
range of chemical, economic and institutional parameters. 
For instance, a VOC-limited O3 formation area will need 
to focus on controlling VOCs while an area where the ni-
trate contribution to PM2.5 is high will need coordinated 
reduction of NOx and NH3 

[21]. Process upgrading and clean 
energy substitution might be required in industrial areas 
while traffic emissions and the substitution of solvents and 
regional coordination might be emphasized in urban areas.

In general, the implementation of synergic PM2.5 and 
O3 control is a shift from pollutant-oriented to system-ori-
ented management of the atmosphere [34]. Theoretically, it 
is an approach that acknowledges the complex adaptive 
nature of air pollution control, with chemical feedbacks, 
spatial spillovers, economic trade-offs, and institutional 
coordination at play. Governance measures for the future 
should be mechanism-oriented, regionally differentiated, 
adaptable and benefit-oriented. The main mechanisms 
linking PM2.5 and O3 formation and their implications for 
synergistic control are summarized in Table 1.

Table 1. Mian mechanisms linking PM2.5 and O3 formation in regional atmospheric environments.

Mechanism Influence on PM2.5 Influence on O3
Implication for Synergistic 

Control

Shared precursors
NOₓ, VOCs, SO2, and NH3 

contribute to secondary aerosol 
formation

NOₓ and VOCs drive photo-
chemical O3 production

Control strategies must target 
precursor combinations rather 

than single pollutants

Atmospheric oxidation capacity
Strong oxidation promotes 

sulfate, nitrate, and secondary 
organic aerosol formation

Strong oxidation accelerates 
photochemical O3 generation

Oxidation capacity should be 
considered in both efficiency 

evaluation and pathway design
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Mechanism Influence on PM2.5 Influence on O3
Implication for Synergistic 

Control

VOCs–NOₓ sensitivity
VOCs contribute to secondary 

organic aerosol; NOx contributes 
to nitrate aerosol

O3 response depends on 
VOC-limited or NOx-limited 

regimes

Region-specific diagnosis is 
required before reducing NOx or 

VOCs

Aerosol–radiation interaction Aerosols affect photolysis and 
atmospheric stability

Reduced PM2.5 may increase 
solar radiation and enhance O3 

formation

PM2.5 reduction may alter O3 
chemistry and should be as-

sessed dynamically

Heterogeneous reactions
Aerosol surfaces promote 

secondary inorganic aerosol 
formation

Heterogeneous reactions affect 
radical and reactive nitrogen 

cycles

Aerosol chemistry should be 
included in model-based policy 

assessment

Regional transport PM2.5 and precursors can be 
transported across regions

O3 and its precursors can form 
or accumulate downwind

Joint regional control is nec-
essary for airshed-level gover-

nance

3.	 Efficiency Evaluation of Regional 
Atmospheric Environment Gover-
nance

3.1.	Connotation and Dimensions of Gover-
nance Efficiency
Evaluation of efficiency is one of the analytical 

tools to understand whether the regional governance of 
the atmospheric environment produces desirable environ-
mental results with reasonable input of resources and the 
cost of the institutions [10]. Governance efficiency cannot 
only be understood as simply reducing pollutant levels 
when discussing synergistic PM2.5 and O3 control. Short-
term air-quality gains may be achieved either through 
large-scale investment, which can lead to more inefficient 
governance, through temporary production restrictions, or 
through relocation of polluting industries, that can lead to 
more sustainable governance but may not necessarily be 
efficient. Thus, the efficiency of the governance of the at-
mosphere should be interpreted as a linkage between sev-
eral inputs, several outputs, and other socioeconomic con-
straints.

Governance efficiency on the input side typically 
comprises of environmental investment, regulatory re-
sources, pollution-control facilities, technological inno-
vation, energy-structure adjustment, industrial upgrading, 
and administrative coordination [35]. On the output side, re-
ductions in PM2.5 -O3 and their precursors, better air-quality 
attainment rates, reduction in health risks, ecological bene-
fits, reduction in carbon emissions, and economic co-bene-
fits are included. The efficiency evaluation in the regional 
compound pollution control should take into account the 

undesirable outputs, including residual pollutant emissions, 
health losses, carbon emissions and cross-regional pollu-
tion transfer.

An important aspect of the synergistic governance 
of PM2.5 –O3 is the fact that efficiencies could differ in the 
way pollutants are synergically controlled. It is possible 
for the PM2.5 level to go down while O3 goes up, which 
can make it appear better air quality but be an actual de-
crease in overall governance effectiveness. By the same 
token, if pollution is shifted from one region to another 
due to reduction in emissions elsewhere, the efficiency 
measurement for the region with the reduced emissions 
may be overstated. Therefore, an integrated approach that 
takes into account multi-pollutant interactions, regional 
spillovers and sustainability is required in assessing gover-
nance efficiency [11].

3.2.	Indicator Systems for Evaluating Atmo-
spheric Governance Performance
The indicator system for building construction is 

the basis of efficiency assessment. A scientifically sound 
indicator system should capture the complexity of the re-
gional atmospheric governance system and be measurable 
and comparable. Traditional evaluation systems tend to 
be based on a single indicator, for example, PM2.5 concen-
tration, SO2 emissions or air-quality compliance rates [36]. 
While these indicators are helpful, they cannot provide a 
complete picture of synergistic PM2.5 and O3 control as they 
lack consideration for secondary pollution formation, pre-
cursor interactions, and policy trade-offs.

Environmental, economic, technological, health and 
governance are all aspects of a comprehensive indicator 

Table 1. Cont.



507

Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

tal governance systems where both economic, environmen-
tal and social outputs exist.

The traditional DEA model, however, is not relevant 
in the governance of the atmosphere. It frequently makes 
assumptions about proportional changes in inputs and out-
puts and may fail to take into account unwanted outputs, 
like emissions of pollutants or losses of health. To address 
this, many slack-based measure models have been intro-
duced. SBM models can incorporate excesses in the inputs 
and deficiencies in the outputs of an economic system, such 
as undesirable outputs, and consequently give a more real-
istic measure of the system's environmental efficiency [38]. 
Adverse outcomes in PM2.5 –O3 governance can be undesir-
able PM2.5 concentrations, O3 exceedance days, NOx emis-
sions, VOC emissions, carbon emissions and population 
exposure risk.

Dynamic efficiency models like the Malmquist pro-
ductivity index also can help identify the changes in gov-
ernance efficiency over time [39]. This is crucial because 
atmospheric governance is a longer-term process which 
requires technological advancement, industrial transfor-
mation and policy learning. By decomposing efficiency 
change into technical efficiency change and technological 
progress, the Malmquist index can assist in determining 
whether efficiency improvements are due to better resource 
use or innovation or structural upgrading. Another type of 
model that can be useful for regional governance is spatial 
DEA and network DEA. Spatial models include spillovers 
of neighbouring regions, while network models split gov-
ernance in several stages, including emission reduction, 
transformation of the atmosphere, improving concentra-
tion, and realizing health benefits.

Although input–output models are useful, they 
should be applied with caution. Efficiency scores are very 
dependent on the choice of indicators, data quality, model-
ling assumptions, and the definition of the decision-mak-
ing units. A city might be efficient because it can have a 
lower base emission, a favourable meteorology, or pollu-
tion is transported away. Thus, efficiency models need to 
be used in conjunction with atmospheric modelling, source 
apportionment analysis and spatial econometric methods 
to increase the explanatory power [40]. Table 2 compares 
commonly used methods for assessing efficiency and their 
applicability to PM2.5–O3 synergistic governance.

system [13]. Environmental indicators can include annual 
average values of PM2.5, maximum daily 8-hour average 
values of O3, concentration of NO2, SO2, VOC, NH3 emis-
sions, their components as secondary aerosols and days of 
compound pollution. Pollution control investment, indus-
trial output, energy consumption, environmental taxation 
and cost of emission reduction are some of the indicators 
of the economy. Technological indicators can include the 
share of clean-energy and end-of-pipe treatment efficien-
cies, upgrading of industrial processes, vehicle emission 
standards, and green innovation capacity. Health-related 
variables could be lower mortality rate, lower risk of respi-
ratory and cardiovascular disease, increased population ex-
posure, and reduced health costs. Examples of governance 
indicators include regulatory intensities, interregional co-
ordination, capacity for policy implementation, and public 
participation.

But careful selection of indicators is important. Too 
many indicators can lead to redundancy and diminish the 
interpretability of the information, and too few indicators 
can result in the loss of essential mechanisms. Further-
more, the meaning of an indicator can vary from place to 
place. A reduction in NOx emissions, for instance, can have 
a beneficial impact on PM₂.₅ control because it can lead to 
a reduction in nitrate formation, but can have a negative 
impact in VOC-limited urban areas because it can increase 
O3 formation [24]. So, assessment approach should not only 
monitor pollutants, but also chemical sensitivity and re-
gional emission structure. The designer of a useful indica-
tor system for synergistic governance should differentiate 
between direct outcomes, intermediate mechanisms and 
broader benefits.

3.3.	Input–Output Efficiency Evaluation 
Methods
The input–output efficiency models are used exten-

sively to assess the performance of environmental gover-
nance. Of these, one of the most popular non-parametric 
techniques is data envelopment analysis [37]. DEA bench-
marks a set of decision making units (like cities, provinc-
es or a city or province and its urban agglomerations) for 
relative efficiency, using input and output indicators. The 
benefit of this is that it can be used with several inputs and 
outputs and does not need to have a specific production 
function. This makes it applicable in complex environmen-
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Table 2. Common methods for evaluating regional atmospheric governance efficiency.

Method Main Function Advantages Limitations Application in PM₂.₅–O₃ 
Synergistic Governance

Data envelop-
ment analysis

Measures relative efficien-
cy among regions using 

multiple inputs and outputs

Suitable for complex 
multi-input and multi-out-

put systems

Sensitive to indicator selec-
tion and does not directly 
explain chemical mecha-

nisms

Can compare governance 
efficiency across cities or 

provinces

Slack-based 
measure model

Evaluates efficiency while 
considering input excesses 

and undesirable outputs

Handles pollutant emissions 
and environmental losses 

more realistically

Requires reliable undesir-
able-output indicators

Suitable for including PM2.5 

O3, NOx, VOCs, and carbon 
emissions as undesirable 

outputs

Malmquist pro-
ductivity index

Measures dynamic effi-
ciency change over time

Distinguishes technical effi-
ciency change from techno-

logical progress

Less effective for explain-
ing short-term chemical 

responses

Useful for tracking long-term 
governance improvement and 

policy learning

Spatial econo-
metric model

Identifies spatial spillovers 
and regional dependence

Captures cross-boundary 
pollution and policy inter-

action

Requires spatial weight ma-
trices and careful interpre-

tation

Useful for evaluating region-
al transport and neighbor-

ing-region effects

Chemical trans-
port model

Simulates pollutant forma-
tion, transport, and trans-

formation

Mechanism-based and suit-
able for scenario analysis

Data-intensive and uncer-
tain under complex emis-

sion conditions

Essential for testing PM2.5 

–O3 response to precursor 
reductions

Integrated as-
sessment model

Links air quality, economy, 
health, and policy costs

Supports multi-objective 
decision-making

May simplify atmospheric 
chemistry or regional het-

erogeneity

Useful for selecting cost-ef-
fective and health-oriented 

control pathways

3.4.	Integration of Environmental, Economic, 
Health, and Social Benefits
One of the most important issues for assessing the 

efficiency of regional atmospheric governance is how to 
incorporate multiple benefits. Air pollution control leads to 
direct environmental benefits but also to impacts on health, 
economy, climate, and social issues [41]. Although both 
PM2.5 and O3 have important health impacts, their exposure 
patterns, seasonal characteristics, and populations affected 
vary. The effects of PM2.5 are often linked to chronic expo-
sure, whereas those of O3 pollution are more likely to man-
ifest during the warm season, potentially resulting in short-
term respiratory effects. As such, an effective governance 
approach to reducing PM2.5 and increasing O3 levels could 
have mixed or partial health impacts.

Pollution-control costs are not the only benefits to 
consider in an economic evaluation. Improved air quality 
can benefit medical spending, labor productivity, urban 
attractiveness, and green industrial development. Mean-
while, industries, transport systems, and energy-intensive 
sectors with high emissions might face adjustment costs 
due to emission reduction. Therefore, the benefits and 
costs of efficiency, and their distribution among sectors 
and populations, should be taken into account [42].

The incorporation of carbon reduction grows in 
significance. There are a number of air pollution control 

measures, including coal substitution, renewable energy, 
electrification of transport, and industrial energy-efficien-
cy improvements, that can help lower air pollutants and 
greenhouse gases. Not every end-of-pipe control yield 
carbon benefits; however, some may increase energy use. 
A high-efficiency governance pathway should, therefore, 
maximize the co-benefits between the reduction of PM2.5, 

the mitigation of O₃, the reduction of carbon, and the pro-
tection of health [10].

Social benefits encompass environmental justice, 
community satisfaction, risk communication, and insti-
tutional trust [43]. Even if regions do not have the top ex-
posure-reduction efficiency scores, they may need to use 
more rigorous exposure-reduction measures for vulnerable 
populations. Here, efficiency assessment should not be 
considered without regard to fairness. A governance pro-
cess that leads to average regional improvement but leaves 
disadvantaged communities vulnerable to high pollution is 
not socially welfare efficient.

3.5.	Spatial–Temporal Heterogeneity of Gov-
ernance Efficiency
The efficiency of atmospheric governance is highly 

heterogeneous across spatial and temporal scales [44]. In-
dustries, energy systems, emission intensities, transport 
situation, meteorological conditions, and governance ca-
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and adapt to the evolving pollution mechanisms and gov-
ernance priorities.

3.6.	Limitations of Existing Efficiency Evalua-
tion Approaches
While various approaches have been developed to 

assess the efficiency of atmospheric governance, gaps re-
main in the existing literature. First, current evaluations 
largely rely on PM2.5 or traditional pollution levels and fail 
to adequately account for O3 or the non-linear relationship 
between PM2.5 reduction and O3 

[24]. This could cause an 
overestimation of governance performance in areas where 
PM2.5 has decreased and O3 has increased. If a synergistic 
assessment framework is used, PM2.5 and O3 should not 
be treated as independent pollutants.

Secondly, there are existing models that do not ex-
plicitly include atmospheric chemical mechanisms [9]. 
DEA, SBM, and efficiency models in general can measure 
relative performance, but cannot explain what the response 
of air quality is for a chosen emission reduction strategy. 
Efficiency scores can be descriptive rather than diagnostic 
unless they are integrated into chemical transport models 
or derived from sensitivity analyses of photochemical con-
ditions. This restriction is particularly relevant to O3 con-
trol, where a reduction in NOx under different VOC-NOx 

regimes can yield different outcomes.
Third, spillover effects are not sufficiently taken up 

regionally. Generally, administrative regions are used as 
evaluation units; however, the atmospheric processes do 
not occur along administrative boundaries. Without ac-
counting for cross-boundary transport, assessments of re-
sponsibility and of policy effectiveness and efficiency may 
be skewed. Future research is needed to include source-re-
ceptor modeling, spatial econometrics, and regional input–
output analysis in order to gain a more comprehensive un-
derstanding of both atmospheric and economic linkages [46].

Fourth, there is a lack of integration of health, car-
bon, and equity benefits. Pollutant concentration or emis-
sions is used as an output in many efficiency evaluations, 
but exposure of the population, avoided mortality, climate 
co-benefits or distributional impacts are not fully quan-
tified [47]. This makes the results of evaluations less poli-
cy-relevant. A region with a low population but high emis-
sions reduction can earn a high score, and a region with 
high vulnerability and low emissions reduction can earn 

pacities vary across regions. High pressure of precursor 
emissions and PM2.5 pollution can be expected in heavy 
industrial areas, and high pressure of O3 pollution in large 
urban areas, as a consequence of traffic emissions, solvent 
use, and VOCs–NOx sensitivity. Agricultural regions can 
be a major source of NH3, which can impact secondary 
inorganic aerosol (SIA) formation. Thus, the efficiency 
results from the same policy measure can vary from one 
region to another.

The spatial heterogeneity is further increased by re-
gional transport [6]. Upwind areas can affect pollution, and 
central cities downwind can be impacted by surrounding 
industrial belts or transportation corridors. Local responsi-
bility and contribution, as calculated based on local emis-
sions and air quality, may not reflect the actual responsi-
bility and contribution. Strictly speaking, a low efficiency 
region can also be an efficient region if the external pollu-
tion influx is large, and vice versa. Spatial source-receptor 
relationships should therefore be considered in the effi-
ciency assessment.

Governance efficiency is dynamic over time, de-
pending on the cycling of policy changes, technological 
advances, economic restructuring, meteorological varia-
tion, and seasonal chemical regimes [11]. The concentration 
of PM2.5 pollution is usually higher in winter when the me-
teorological conditions tend to be less favorable, while the 
concentration of O3 pollution is generally higher in spring 
and summer when the weather is more favorable for the 
formation of O3. So, annual-average indicators can mask 
seasonal compromises. The air quality for PM2.5 control 
may be good in winter, whereas it may be poor for O3 miti-
gation in summer. Hence, assessments of efficiency should 
not rely exclusively on annual averages but should also 
consider analyses for each season and each episode.

Long-term temporal evaluation is also required be-
cause the marginal benefit of control measures may decline 
over time. In the initial stages of pollution control, sizeable 
pollution reductions can be accomplished by phasing out 
polluting capacity and end-of-pipe pollution abatement. 
The further reduction of emissions is more difficult, ne-
cessitating more sophisticated measures, including species 
control of VOC, control of NH3, regional coordination, 
and low-carbon structural transformation [45]. This change 
implies that the assessment of efficiency must be flexible 
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sons, and levels of economic development. Thus, a consis-
tent pathway for emission reduction is not possible. Rather, 
they should be developed based on the prevailing sources, 
chemical sensitivity, and regional transport patterns.

Industrial sources can be significant contributors to 
SO2, NOx, VOCs, and primary particulate matter (PM). 
Industrial and steel manufacturing, cement making, petro-
chemicals, nonferrous metals, and chemical manufacturing 
all emit direct emissions and secondary aerosol precursors. 
In many industrial areas, end-of-pipe control has already 
reduced significant amounts of SO2 and dust; however, 
VOCs, such as those from incomplete combustion, solvent 
use and storage tanks, and leaks, are difficult to control. 
This sector has a specific importance in the context of co-
ordinated action for PM2.5 and O3 control because of the 
complexity of VOC species [29].

Historically, the power sector has been a major 
source of SO2, NOx, and primary particulate emissions. 
Many areas have seen a significant reduction in emissions 
from coal-fired power plants through ultra-low-emission 
retrofits, dust removal, desulfurization, and denitrification. 
Power-sector control remains significant in areas with high 
coal dependence and in areas where electricity demand ris-
es with electrification. The great difficulty is to prevent the 
transition to more electric transportation, industrial, and 
building fleets from merely shifting emissions from end-
use sectors to the power sector [48].

Transport emissions are strongly linked to urban O3 
formation, as vehicles emit NOx and VOCs in the urban 
area with high photochemical activity [49]. NOx and primary 
particles can be emitted at high levels from diesel vehicles, 
heavy-duty trucks, non-road machinery, and shipping, and 
gasoline vehicles and fuel evaporation can be significant 
VOC sources. Transport control is very beneficial to health 
because pollutants are emitted close to where people are 
exposed. NOx reduction from traffic should be coordinated 
with VOC reduction; however, particularly in VOC-limited 
cities, reductions in NOx alone may exacerbate O3.

These include consumer products with solvents, 
cooking, small boilers, heating, and the combustion of coal 
and biomass at residential and commercial facilities. The 
individual sources may be small, but they can add up to a 
significant amount during periods of winter heating. Appli-
cations of fertilizer, livestock production, and agricultural 

a low score. Therefore, we need to strengthen the expo-
sure-weighted and welfare-oriented indicators.

Lastly, there is uncertainty about the data. Uncer-
tainties exist in the emission inventories, VOC species 
profiles, NH3 emissions, regional transport contribution, 
and health exposure functions [24]. The uncertainty can 
have implications for efficiency scores and policy recom-
mendations. Uncertainty analysis, scenario comparison, 
and robustness testing should be included in future evalu-
ations. More importantly, efficiency evaluation should not 
remain a one-dimensional ranking tool but should develop 
to become a decision-support framework to uncover mech-
anisms, identify inefficiencies, and suggest optimized re-
gional emission reduction pathways.

In conclusion, it is proposed to shift the perspective 
of efficiency evaluation of regional atmospheric environ-
ment governance from one-pollutant outcome assessment 
to multi-pollutant, mechanism-informed, and welfare-ori-
ented assessment [11]. The most meaningful indicator of 
synergistic control of PM2.5 and O3 is not just a reduction in 
concentrations; if pollution is reduced in a way that is co-
ordinated through regional governance, it improves health, 
reduces carbon emissions, and achieves equitable develop-
ment. The most meaningful indicator of synergistic control 
of PM2.5 and O3 is not simply a decline in concentration, 
but coordinated pollution reduction through regional gov-
ernance, improved health, carbon mitigation, and equitable 
development by scientifically optimized and economically 
efficient pathways.

4.	 Emission Reduction Pathways for 
Coordinated PM2.5 and O3 Mitiga-
tion

4.1.	Sectoral Emission Characteristics: Indus-
try, Power, Transport, Residential, and 
Agriculture
To successfully coordinate PM2.5 and O3 mitigation 

efforts, an understanding of precursor emissions at the sec-
tor level, as well as precursor response in the atmosphere, 
is needed. A complex mixture of primary particles, NOₓ, 
VOCs, SO2, NH3, and carbonaceous aerosols forms region-
al air pollution [21]. These pollutants come from various 
sectors, and their proportions differ across regions, sea-
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ment of solvents can offer specific benefits [50].
Differentiated strategies also need to be used for 

each season. During the summer, high sensitivity to VOCs 
and NOx is important due to strong radiation and high tem-
peratures. Nitrate aerosol formation could be more signif-
icant during winter months, and controlling NOx and NH3 

could be more beneficial for PM2.5. Thus, seasonal emis-
sion control would be beneficial for enhancing efficiency 
through policy measures that coincide with the atmospher-
ic chemical conditions [23].

4.3.	Structural Adjustment, Energy Transi-
tion, and Clean Technology Substitution
It is not possible to achieve long-term synergis-

tic control without end-of-pipe treatment. Structural ad-
justment and energy transition are necessary as they cut 
emissions at the source and may offer co-benefits on air 
pollution, carbon mitigation, and industrial upgrading [51]. 
Industrial restructuring can help lower emissions by re-
moving obsolete production capacity, improving resource 
use, encouraging the circular economy, and shifting from 
less to more carbon-efficient industries. It should be em-
phasized, however, that in the process of structural ad-
justment, the transfer of polluting activities from one geo-
graphic location to another should be avoided, as this may 
lead to an improvement in air quality in the area where the 
pollution source is removed, but to an increase in pollution 
transfer to the other area.

Energy transition is a fundamental approach to reduc-
ing SO2, NOx, primary particles, and carbon emissions [52]. 
Using renewables instead of coal and natural gas, if appro-
priate, and low-carbon electricity can help cut emissions 
from combustion. In urban areas, clean heating, building en-
ergy efficiency, and electrification will help lower the num-
ber of winter PM2.5 events associated with diffuse coal and 
biomass combustion. Overall, buses, taxis, private vehicles 
and logistics vehicles can be electrified, minimizing near-
road exposure to NOx and particles in the transport sector. 
However, the environmental impacts of electrification will 
depend on the ‘cleanliness’ of the electricity source and the 
lifecycle of batteries.

Clean tech substitution is also crucial in the industri-
al sector [53]. The direct emission and precursor formation 
can be minimized with low-NOx combustion, high-effi-
ciency boiler, electric furnace, hydrogen-based metallur-

waste management are particularly relevant for NH3 emis-
sions. While NH3 control has been underappreciated in 
many instances, it is critical for lowering emissions of am-
monium nitrate and ammonium sulfate, particularly when 
SO2 and NOx emissions have been reduced [27]. So, reduc-
ing agricultural emissions should be part of the regional 
process of atmospheric governance instead of a rural envi-
ronmental problem.

4.2.	VOCs–NOx Sensitivity and Differentiated 
Precursor-Control Strategies
The nonlinear relationship between VOCs and NOx 

is crucial to the effectiveness of O3 mitigation. However, 
in VOC-limited regimes (typical in dense urban and in-
dustrial settings), VOC availability determines the amount 
of O3 formed. Under these conditions, a decrease in NOₓ 
can lead to a decrease in the nitric oxide titration and an 
increase in O3. Hence, VOC control should be targeted, es-
pecially by reducing highly reactive VOC species. NOx re-
duction is usually more effective at reducing O3 formation 
in NOx-limited regimes that typically occur in downwind 
and rural and suburban areas [29].

This different sensitivity is key for synergistic PM2.5 
and O3 mitigation. Reducing NOx can reduce nitrate aero-
sol and nitrogen deposition, but may affect O3. However, 
if the design of NOx control is suboptimal, it can lead to 
declines in PM2.5 and deterioration in O3, thereby lowering 
overall governance efficiency. On the other hand, VOC 
reduction with good targeting can reduce the formation of 
O3 and secondary organic aerosol, resulting in synergies. 
Hence, the use of diagnostic tools like observation-based 
models, emission-ratio analysis, satellite retrievals, radi-
cal chemistry indicators, and chemical transport modeling 
should form the basis for precursor-control strategies [32].

Total VOC emissions should not be the only measure 
for controlling VOCs. The ozone formation potentials and 
SOA yields of VOCs vary from one VOC to another. Sol-
vent-derived aromatics, industrial and vehicular alkenes, 
and oxygenated VOCs (OVs) produced in industrial pro-
cesses and consumer products can be very reactive. A so-
phisticated VOC control strategy should be able to identi-
fy priority species and VOC sources, rather than making 
broad, low-efficacy reductions. Specific actions like leak 
detection and repair, using low-VOC raw materials, vapor 
recovery, closed production systems, and better manage-
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proved combustion control, heat recovery, fugitive-emis-
sion management, and digital monitoring can reduce 
emissions before they enter treatment systems. For VOC 
control, process optimization is particularly important be-
cause fugitive emissions from storage, transfer, mixing, 
coating, and leakage are often difficult to capture through 
terminal treatment alone. In petrochemical and chemical 
industries, leak detection and repair programs, vapor bal-
ancing, and sealed sampling can significantly reduce re-
active VOC emissions.

The integration of end-of-pipe treatment with pro-
cess optimization represents a shift from passive control 
to active pollution prevention. This shift is important for 
coordinated PM2.5 and O₃ mitigation because secondary 
pollution is sensitive to emission composition and timing. 
Stable, continuous, and well-managed emission reductions 
are often more effective than temporary or emergency con-
trols [55].

4.5.	Nature-Based and Urban Planning Inter-
ventions
While reducing direct emissions is necessary for im-

proving air quality, NbS and urban planning interventions 
can complement these efforts. Urban green spaces, eco-
logical corridors, vegetation barriers, and regional land-
use planning have various effects that influence pollutant 
dispersion, intensity of heat-islands, exposure, and micro 
climatic conditions [56]. These interventions can also indi-
rectly control O3 formation and exposure to the population 
by reducing urban temperature and enhancing the spatial 
ventilation.

The contribution of vegetation to PM2.5 and O3 con-
trol needs to be evaluated, however. Biogenic VOCs pro-
duction by some plant species can be a source of O3 and 
SOA formation at high NOx conditions. For urban green-
ing, therefore, it is necessary to favor low-emission species 
and take into account local photochemical sensitivity. The 
inappropriate design of green belts can also affect the air 
exchange in street canyons and affect the concentration of 
near-road pollutants [24]. Therefore, NbI interventions need 
to be complemented by weather forecasting and urban de-
sign and cannot be considered universally beneficial.

The potential of urban planning for reducing emis-
sions lies in the potential of reorienting mobility, land use, 
and energy demand [57]. Compact development, transit-ori-

gy, green ammonia, clean raw materials and low-solvent 
manufacturing. The use of water-based, powder or radia-
tion-curable materials as substitute for VOC-intensive ma-
terials can lower the formation of O3 and secondary organic 
aerosols in VOC intensive industries. Precision fertiliza-
tion, slow-release fertilizers, better manure management 
and livestock feeding optimization for agriculture can low-
er NH3 emissions.

One of the problems is that, often, structural and 
technological pathways involve a higher initial invest-
ment and longer implementation time than end-of-pipe 
measures. The advantages they offer, however, are more 
long-lasting and penetrating. Thus, these measures should 
not be discounted due to their less immediate reduction in 
emissions in the short term in the governance efficiency 
evaluation. Avoided future costs, technological learning, 
health benefits and climate co-benefits need to be taken 
into account for long-term pathway optimization [8].

4.4.	End-of-Pipe Control and Process Optimi-
zation
End-of-pipe control remains an indispensable com-

ponent of atmospheric governance, particularly for sectors 
with large point-source emissions [54]. Technologies such 
as flue gas desulfurization, selective catalytic reduction, 
electrostatic precipitators, fabric filters, wet scrubbers, and 
VOC treatment systems have played an important role in 
reducing conventional pollutants. These measures are es-
pecially effective when emission sources are concentrated, 
monitoring is feasible, and compliance can be enforced.

However, the marginal benefits of end-of-pipe con-
trol may decline after major sources have been retrofitted. 
Further reductions may require higher costs, more precise 
management, and better operation and maintenance. In 
some cases, pollution-control devices may reduce one pol-
lutant while increasing energy consumption or generating 
secondary waste. For example, inefficient VOC treatment 
may produce incomplete oxidation by-products, while 
some control technologies may increase carbon emissions 
due to additional energy demand [50]. Therefore, end-of-
pipe control should be evaluated not only by removal effi-
ciency but also by lifecycle environmental performance.

Process optimization can complement end-of-pipe 
control by reducing pollutant generation during produc-
tion [55]. Cleaner raw materials, closed-loop systems, im-
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operating and maintenance costs, industrial restructure, 
energy substitution, monitoring, enforcement, and social 
adjustment [59]. The benefits include reduced premature mor-
tality, reduced disease burden, improved labor productivity, 
ecosystem protection, improved visibility, reduced carbon 
emissions, and better quality of life. Exposure-based evalua-
tion is more important because the health benefits are likely 
to outweigh the majority of the risks. Social benefits from 
an emission cut in a high-population-density area could be 
larger than those in a low-density area.

Multi-objective optimization can also assist in de-
veloping a policy by considering multiple environmental 
objectives, economic costs, technological feasibility, car-
bon constraints, and equity considerations [60]. Optimiza-
tion should not converge to a single universal pathway, but 
rather provide a collection of potential pathways for vari-
ous regions. The emphasis for a high-efficiency pathway 
for a heavy industrial region could be on industrial restruc-
turing, clean energy substitution, and NH3 coordination, 
while for a megacity, it could be on reactive VOC control, 
traffic electrification, solvent management, and regional 
transport coordination.

What’s most effective about scenario simulation and 
cost–benefit assessment is their power to shift the deci-
sion-making process from an experience-based approach 
to an evidence-based approach to selecting pathways. But 
uncertainty needs to be addressed explicitly. These un-
certainties exist in emission inventories, meteorological 
projections, profiles of VOC species, health-response func-
tions, and costs of technology [24]. They should then com-
pare several options, test their sensitivity assumptions, and 
indicate what can still be done to benefit in different future 
scenarios.

From a comprehensive mitigation perspective, coor-
dinated PM2.5 and O3 mitigation needs an integrated emis-
sion reduction pathway which incorporates source-specific 
control, chemical-sensitivity diagnosis, transformation 
of the structure, clean technology substitution, process 
optimization, urban planning, and regional scenario as-
sessment [61]. Reducing emissions is not just a matter of 
reducing emissions of the right pollutant in the right place 
at the right time; it is a matter of reducing the right emis-
sions from the right source in the right region at the right 
time. Such a pathway can ensure lasting improvements in 

ented design, mixed land use, pedestrian infrastructure, 
and low-emission zones can help to reduce vehicle reliance 
and transport emissions. Shifting from areas with high 
emissions from industrial activities to areas with inhabi-
tants can lessen exposure, but the greater the distance, the 
higher the emissions of commuters or the greater the risk 
can be passed on from the industrial activity to peripheral 
areas. Thus, any intervention based on planning needs to 
focus on reducing emissions, reducing exposure, economic 
accessibility, and environmental justice.

At the regional level, the use of ecological zoning 
and optimization of industrial layout can decrease the ac-
cumulation of pollution in sensitive areas and avoid the 
concentration of high-emission industries in poorly venti-
lated regions and transport corridors. These are especial-
ly relevant in cities or urban areas where the use of land, 
land use, industrial development, and the transport of air 
through the atmosphere are tightly linked [57].

4.6.	Scenario Simulation and Cost–Benefit As-
sessment of Alternative Emission Reduc-
tion Pathways
Scenario simulation is essential for comparing alter-

native emission reduction pathways under complex PM2.5–
O3 interactions [58]. Because atmospheric responses are 
nonlinear, policy effectiveness cannot be reliably inferred 
from emission reduction quantities alone. Chemical trans-
port models, observation-based models, source-apportion-
ment tools, and integrated assessment models can be used 
to simulate how different sectoral and regional control 
measures affect pollutant concentrations, exposure, health 
outcomes, and economic costs.

Scenario design should include both single-sector 
and multi-sector pathways. For example, one scenario may 
emphasize industrial VOC reduction, another may focus 
on transport NOₓ control, and a combined scenario may 
integrate VOC, NOx, NH3, and primary PM control. Com-
paring these scenarios can reveal synergistic effects, trade-
offs, and marginal benefits [58].

In regions where PM2.5 has declined but O3 remains 
high, scenarios should pay particular attention to VOCs–
NOx sensitivity and the possibility that further PM2.5 reduc-
tion may alter photolysis and atmospheric oxidation [58]. 
Cost–benefit assessment can be used to help choose efficient 
pathways. The costs consist of pollution-control equipment, 
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regional atmospheric environmental quality only if it is 
based on efficient mechanisms. The key emission features, 

emission control options, co-benefits, and trade-offs are 
listed below in Table 3.

Table 3. Sector-specific emission reduction pathways for coordinated PM2.5 and O3 mitigation.

Sector Major Emissions Control Measures Expected Synergistic 
Benefits

Potential Trade-Offs Or 
Concerns

Industry
SO₂, NOₓ, VOCs, prima-
ry PM, secondary aerosol 

precursors

Clean production, low-VOC raw 
materials, leak detection and repair, 
desulfurization, denitrification, dust 

removal

Reduces secondary PM2.5, 
O3 precursors, and indus-

trial exposure risks

High investment costs; 
risk of relocating pollu-
tion-intensive industries

Power genera-
tion

SO2, NOx, primary PM, 
CO2

Renewable energy substitution, 
ultra-low-emission retrofits, and 
energy-efficiency improvement

Reduces combustion-re-
lated PM₂.₅ precursors 
and carbon emissions

Electrification benefits 
depend on the power 
sector’s cleanliness

Transport NOₓ, VOCs, primary PM, 
black carbon

Vehicle electrification, public 
transport, low-emission zones, 

fuel-quality improvement, control 
of heavy-duty diesel vehicles

Reduces near-road ex-
posure, NOx, VOCs, and 

primary particles

NOₓ reduction alone may 
increase O3 in VOC-lim-

ited areas

Residential and 
commercial

Primary PM, VOCs, NOx, 
combustion emissions

Clean heating, building energy 
efficiency, replacement of scattered 
coal and biomass, low-VOC prod-

ucts

Reduces winter PM2.5 epi-
sodes and local exposure

Scattered sources are 
difficult to monitor and 

regulate

Agriculture NH₃, dust, biomass-burn-
ing emissions

Precision fertilization, manure man-
agement, slow-release fertilizers, 

straw-burning control

Reduces ammonium 
nitrate and ammonium 

sulfate formation

Agricultural NH₃ control 
may face economic and 

behavioral barriers

Urban planning 
and land use

Traffic-related emissions, 
exposure concentration, 

heat-island effects

Transit-oriented development, venti-
lation corridors, low-emission urban 
zones, low-biogenic-VOC greening

Reduces population expo-
sure and supports long-
term emission reduction

Poor vegetation choice 
may increase biogenic 

VOC emissions

5.	 Regional Path Optimization and 
Governance Synergy

5.1.	Regional Coordination Mechanisms and 
Joint Prevention-Control Systems
Path optimization is important at the regional level 

due to the fact that PM2.5 and O3 pollution do not respect 
administrative boundaries [33]. The pollutants and their pre-
cursors can be transported between cities and provinces 
and secondary pollutants can develop during transport. 
Therefore, the air quality in one area can be influenced by 
emissions from other areas as well as by local emissions 
sources. This spatial interdependence can lead to partial 
benefits from isolated local governance, duplication of 
costs or even pollution displacement. Hence, the coordi-
nation of the different regions is not an auxiliary policy 
action, but an essential action for the implementation of 
effective synergistic control of PM2.5 and O3.

Joint prevention-control systems are institutional 
foundations for regional atmospheric governance [24]. Typ-
ically, these systems comprise of a single monitoring sys-
tem, shared emission inventories, co-ordinated response 

plans, joint air-quality forecasting, and synchronised pol-
lution control measures during pollution episodes. Their 
success will rely on the ability of regions to shift from 
campaign-style cooperation to stable, rule-based and sci-
ence-driven coordination. In many instances, regional 
cooperation will be at its strongest when there is a severe 
pollution event happening, and weaker in the day to day of 
governance. This will reduce the predictability and conti-
nuity of emission reductions.

The regional coordination mechanism should be 
more effective based on airshed management, not ad-
ministrative division. Airsheds are indicative of the path-
ways in the atmosphere, regional circulation patterns, 
and source-receptor relations. If the governance units are 
aligned with pollution transmission properties, a more co-
herent policy coordination is possible. This is especially 
relevant for PM2.5 and O3 control, as the processes by which 
they are formed and transported are different. While PM2.5 

control might be more concerned with the direct transport 
of particles and influence on secondary aerosol precursors, 
O3 control needs to take into account downwind production 
of O3 from transported VOCs and NOx. So, the regional co-
ordination should be pollutant-specific, seasonal and path-
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also result in the reduction of O3 and SOM, although the 
extent of the reduction will vary depending on the species 
involved and the chemical conditions. So, chemical sensi-
tivity parameters should be incorporated into the optimiza-
tion model or coupled with an atmospheric model to avoid 
misleading conclusion.

The potential for marginal abatement costs should 
also be taken into account in the design of the policy. There 
are some sectors where significant emissions reductions 
can be achieved at relatively low cost, and others where 
emissions reductions will be expensive to achieve through 
technological transformation. But it is not enough to min-
imize costs. Reducing emissions in concentrated areas 
could lead to more health benefits than the same amount of 
emission reduction in less dense areas. The same is true for 
O3 benefits: controlling highly reactive VOCs yields great-
er benefits than controlling less reactive ones. Therefore, 
the best allocation should consider integrated marginal 
benefits, such as concentration reduction, exposure reduc-
tion, carbon co-benefits, and ecosystem protection [58].

5.3.	Coupling of Air-Quality Models, Econom-
ic Models, and Decision-Support Systems
Science simulation and policy evaluation must be 

combined to optimize paths in the region. Air-quality mod-
els can project impacts of emissions reductions on PM2.5, 
O3, and precursor levels, and economic models can calcu-
late control costs, industrial impacts, energy transitions, 
and welfare impacts [61]. These outputs can be linked to de-
cision-support systems and analyzed to provide policy-rel-
evant pathways based on model results.

Chemical transport models are especially significant 
since they depict processes in the atmosphere, including 
emissions, transport, chemical transformation, deposition, 
and interaction with meteorology [64]. They can predict 
the impact of emission abatements in one region on air 
quality in another region and identify source-receptor re-
lationships. Air-quality models are required for O3 control 
because sensitivity to precursors can’t be fully captured by 
fixed emission ratios. They facilitate the separation of the 
contributions of primary particles, sulfate, nitrate, ammo-
nium, and secondary organic aerosol to PM2.5 control.

Economic models evaluate feasibility and economic 
costs in complement to atmospheric simulations [11]. In-
put-output models may be used to estimate the impacts of 

way-specific [45].
But there are institutional obstacles to coordination 

as well. In areas where the local economy relies heavily on 
energy consumers, local governments might focus on eco-
nomic activity, jobs and revenue, among other concerns. 
Unequal control burdens arise from the different structures 
of industries and the capacity of the environment. Re-
gional cooperation can be superficial if there are no clear 
benefit-sharing and responsibility allocation processes. So 
optimization of governance pathways needs not only to be 
done technically in terms of modeling but also institution-
ally in the sense of innovating institutions [62].

5.2.	Optimization Models for Emission Reduc-
tion Allocation and Policy Design
The problem of emission reduction allocation is one 

of the main problems in regional path optimization [12]. The 
challenge is how to divide the responsibilities for reducing 
emissions between regions, sectors and pollution sources 
in order to maximise environmental and social benefits 
with minimum cost. Conventional allocation techniques 
are based on targets set by administration, past emissions 
or standard reduction rates. While they are easy to apply, 
they could fail to take into account regional variations in 
the intensity of emissions, sensitivity of the atmosphere, 
economic capacity and marginal abatement costs.

Optimization models offer a more structured ap-
proach to designing policies. To find emission reduction 
ways according to several constraints, one can use linear 
programming, nonlinear programming, multi-objective 
optimization methods, genetic algorithms and robust opti-
mization. The constraints can range from air quality stan-
dards, carbon emission caps, industrial production, avail-
ability of technologies, policy costs, health-risk limits, to 
equity needs [63]. For PM2.5 –O3 synergistic control, the opti-
mization models should account not only for the amount of 
emission abatement but also on the chemical effectiveness 
of the emission abatement of various precursors.

One of the greatest challenges is the non-linear rela-
tionship of the emission reductions of VOC and NOx with 
the O3 reductions [24]. Optimal reduction plan for PM2.5 may 
not be optimal for O3. For instance, a significant decrease 
in NOx can be beneficial for decreasing nitrate aerosol, but 
can also lead to an increase in O3 in VOC-limited urban 
areas. On the other hand, reduction of reactive VOC can 
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erated by the production of goods and services consumed 
outside the country. Atmospheric contribution is a concept 
based on source-receptor relationships and the actual ef-
fects of regional emissions on the air quality at downwind 
receptors. Economic capacity accounts for the fact that 
wealthier areas may have the capacity to invest in cleaner 
technologies. Benefit Distribution takes into account who 
benefits most from the reduction in pollution [65].

There are ways to make regional cooperation more 
fair and stable through compensation [7]. Incentive align-
ment can be achieved through ecological compensation, 
fiscal transfer payments, joint pollution control funds, 
technology sharing programs, and regional emissions trad-
ing. For instance, downwind areas that may see emission 
reductions due to upwind areas could provide financial or 
technical assistance to upwind emission control projects. 
Likewise, economically developed urban areas can enable 
cleaner industrial transitions in neighboring manufacturing 
areas that contribute to regional pollution.

But the compensation schemes have to be well 
thought out. A single objective of emission reduction quan-
tities might be sufficient to drive low-quality or short-term 
emission reductions. When not considering the effective-
ness of the atmosphere, money can be spent on measures 
that provide less-than-optimal air-quality benefits. It can 
lack transparency and undermine public trust if it fails to 
do so. Hence, compensation should be tied to confirmed 
reductions in emissions and to modeling the source's ben-
efits to the receptor, reductions in health risks, and long-
term structural improvements [66].

Environmental equity should also be one aspect of 
cross-regional responsibility sharing. High-polluting in-
dustries should not be transferred to less developed areas 
of the country as part of pollution-control policies. This 
could lead to reductions in air quality in the center of ur-
ban areas, but to increases in exposure and health risks in 
the fringe areas. Spatial transfers of environmental burden 
must be avoided and a fair governance system must ensure 
even distribution of both burden and benefit [47].

5.5.	Policy Synergy among Air Pollution Con-
trol, Carbon Reduction, and Public Health 
Protection
Synergistic governance should extend beyond the 

coordinated control of PM2.5 and O3 to include carbon re-

emissions reductions in one sector on other sectors of the 
economy. Computable general equilibrium models can 
assess the wider economic adaptation responses to policy 
scenarios. Cost-benefit analyses can be used to compare 
costs to health and environmental benefits. These tools can 
be used together to find pathways that are not only envi-
ronmentally effective but also economically realistic.

However, there are several limitations to model 
coupling. The high-resolution emission inventories, me-
teorological data, and chemical mechanisms needed for 
atmospheric models are all uncertain. The economic mod-
els might oversimplify technological change, behavioral 
responses, and regional inequality. Technically complex 
decision-support systems can be elaborate yet still rely on 
assumptions built into the model design. Hence, model re-
sults should not be regarded as accurate forecasts. They are 
considered organized evidence to measure the options for 
policies in an uncertain world [64].

An advanced decision support system should enable 
feedback between monitoring data, simulation, policy im-
plementation and performance evaluation. It is not a one-
size-fits-all optimal solution; rather, it should enable adap-
tive governance. Optimal pathways need to be revised as 
emissions, technology, climate, and socioeconomic condi-
tions evolve. This is particularly crucial for PM2.5  and O3, 
since the atmospheric chemistry and precursor sensitivity 
could vary with time as emission structure changes [32].

5.4.	Cross-Regional Responsibility Sharing 
and Compensation Mechanisms
We need to share responsibility across regions, as 

the costs and benefits of atmospheric governance are often 
regionalized. The potential emission reduction costs are 
high in upwind areas, and the air-quality benefits are large 
in downwind areas. Industrial areas can deliver goods and 
energy to more distant areas in the region, and also have 
a higher environmental burden. Regional cooperation can 
face resistance and implementation challenges if there are 
no feasible mechanisms for fair responsibility sharing [7].

The allocation of responsibility should be determined 
according to the production responsibility, consumption 
responsibility, contribution to the atmosphere, economic 
capacity and distribution of benefits. Production-based re-
sponsibility focuses on emissions arising in a region. Con-
sumption-based responsibility accounts for emissions gen-
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duction and public health protection [33]. Air pollution con-
trol and climate mitigation are closely interconnected, as 
many sources of PM2.5 precursors and GHGs are linked 
to fossil fuel use, industrial processes, transport, and resi-
dential energy generation. Renewable energy replacement, 
energy-efficiency improvements, electrification, industrial 
retrofits, and clean heating can help reduce air pollutants 
and carbon emissions.

But some air pollution control options have carbon 
co-benefits [41]. Energy is needed in some end-of-pipe tech-
nologies, which can lead to higher indirect CO2 emissions. 
Likewise, some low-carbon measures may have complex 
impacts on air quality, depending on how they are man-
aged. For instance, while electrification will lower tailpipe 
emissions, its overall impact will depend on the power 
generation mix. When biomass combustion is inefficient, 
it can contribute to particulate and VOC emissions while 
reducing fossil carbon emissions. Hence, policy synergy is 
not about merely putting policies together, but about think-
ing in terms of their entire life cycle.

Another criterion to consider for path optimization is 
public health protection [10]. Both PM2.5 and O3 are harmful 
to human health, but in different ways. Both PM2.5 and O3 

negatively affect human health, but they do so through dif-
ferent spatial and temporal exposures. Concentrations of 
PM2.5 tend to be associated with longer-term chronic health 
effects, while O3 is strongly correlated with photochemical 
episodes during warm seasons and with respiratory health 

effects. A policy that lowers PM2.5 concentrations and rais-
es O3 concentrations during the summer could not be the 
most health-beneficial option. Hence, in optimizing for 
health, population exposure, vulnerable groups, seasonal 
risk, and pollutant-specific health-response relationships 
should be taken into account.

The integration of health benefits can change pol-
icy priorities. The health benefits of emission reductions 
in densely populated cities may be greater than those in 
more remote industrial areas, even if emissions are lower. 
Emissions from traffic, residential combustion, and solvent 
use can yield substantial benefits for reducing exposure, 
as these sources are near population centers. Designing 
health-oriented policies can thus enhance the social effi-
ciency of atmospheric governance [17].

Additionally, there is a need to coordinate the au-
thorities responsible for the environment, energy, industry, 
transport, agriculture, and public health in order to have 
policy synergy [13]. The lack of coordination in governance 
can result in inconsistent targets and duplicated invest-
ments. However, energy policy might aim to increase elec-
trification, environmental policy might aim to reduce NOx 
emissions, and health policy might aim to reduce exposure, 
all of which must be woven together into a coherent path-
way. Co-benefits can be reinforced and trade-offs avoided 
through multi-objective governance. The key dimensions 
of regional path optimization and governance synergy are 
organized in Table 4.

Table 4. Framework for regional path optimization and governance synergy.
Optimization Dimension Core Objective Main Tools or Mechanisms Relevance to PM2.5–O3 Control

Regional coordination Align control measures across 
airsheds

Joint prevention-control sys-
tems, unified monitoring, shared 
forecasting, and regional emer-

gency response

Addresses cross-boundary trans-
port and secondary formation

Emission allocation Distribute reduction responsibil-
ities efficiently

Multi-objective optimization, 
marginal abatement cost analy-
sis, source-receptor modeling

Identifies where and which 
emissions should be reduced 

first

Chemical sensitivity diagnosis Avoid adverse pollutant respons-
es

VOCs–NOx sensitivity analy-
sis, observation-based models, 

chemical transport models

Prevents NOx control from 
worsening O3 under VOC-limit-

ed conditions

Economic efficiency Maximize benefits under cost 
constraints

DEA, SBM, cost–benefit 
analysis, integrated assessment 

models

Links environmental improve-
ment with governance inputs 

and economic feasibility

Health-oriented governance Reduce population exposure and 
disease burden

Exposure assessment, health-
risk valuation, vulnerable-popu-

lation analysis

Prioritizes measures with the 
greatest public health benefits
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Optimization Dimension Core Objective Main Tools or Mechanisms Relevance to PM2.5–O3 Control

Carbon and air-quality synergy Coordinate pollution control 
with climate targets

Clean energy transition, electri-
fication, lifecycle assessment, 

industrial upgrading

Enhances co-benefits between 
PM2.5 reduction, O3 mitigation, 

and carbon neutrality

Equity and compensation Balance regional costs and ben-
efits

Ecological compensation, fiscal 
transfers, regional funds, and 

technology sharing

Prevents pollution transfer and 
supports fair responsibility shar-

ing

Adaptive governance Update pathways based on 
changing conditions

Real-time monitoring, satellite 
data, AI forecasting, dynamic 

policy adjustment

Enables timely responses to 
changing PM2.5 –O3 interactions

5.6.	Future Directions for Intelligent, Adap-
tive, and Data-Driven Governance
Moving towards intelligent, adaptive, data-driven 

regional atmospheric governance will be essential in the 
future [67]. Traditional governance tends to focus on period-
ic planning, the setting of targets for the upcoming year(s), 
and an evaluation at the end of the year. Although these 
tools are still relevant, they are not sufficient to effectively 
address dynamic PM2.5–O3 interactions. The conditions and 
emissions sources in the atmosphere change quickly, as 
do industrial activities and human exposure. Governance 
pathways need to be continually modified in light of re-
al-time evidence.

High-resolution monitoring networks are key to this 
shift. Information on pollutant concentrations, precursor 
distributions, and exposure patterns can be obtained in 
greater detail from ground-based monitoring, satellite re-
mote sensing, mobile observations, unmanned platforms, 
and low-cost sensors. These data can be used to enhance 
air-emission inventories, detect abnormal emissions, mon-
itor pollutant transport, and assess the effectiveness of 
policies. Enhanced monitoring is particularly required for 
VOC and NH3; the lack of data is a limitation to the accu-
rate diagnosis of secondary pollution mechanisms [24].

AI and machine learning (machine learning) help to 
predict, identify sources, conduct sensitivity analyses, and 
assess policy impacts. These techniques can reveal nonlinear 
patterns and stitch together a massive amount of data from 
monitoring, weather, emissions, traffic, industry, and health 
care systems. However, data-driven methods should not 
be used in place of a mechanism-based model. Prediction 
might be good in purely statistical models, but they may not 
be adequate for explaining chemical aspects of processes or 
assessing emission control scenarios under conditions dif-

ferent from the past. The most promising avenue is the cou-
pling between machine learning, atmospheric chemistry, and 
economic modeling and policy simulation [68].

There is a need for adaptive governance as well. In-
stead of a list of pathways with predetermined emission 
reductions, there is a need for policies to incorporate feed-
back mechanisms that adjust strategies based on observed 
results. When NOx is reduced, and O3 increases, stronger 
VOC control should be implemented. When nitrate is a 
major component of PM2.5, the coordination of NH3 and 
NOx needs to be enhanced. When regional transport is 
a major source of local pollution episodes, the extent of 
joint control should be increased. This adaptive approach 
enables governance to adjust to the changes in the atmo-
sphere and socio-economic conditions [69].

The use of digital decision-support platforms will 
enhance further regional cooperation [70]. Data platforms, 
emission inventories, regional forecasting systems, and 
policy dashboards can facilitate data sharing and mitigate 
information asymmetry between jurisdictions. Data gov-
ernance, however, needs to address data quality control, 
privacy, institutional accountability, and the need to make 
data publicly accessible. Governance for intelligence is 
not an “all things technical” process but is firmly rooted in 
fairness, accountability, and the public good.

To achieve regional path optimization and gover-
nance synergy, we need to move from a fragmented, pol-
lutant-based governance structure to an integrated, mech-
anism-based, regionally coordinated governance. The best 
route is not necessarily the one that achieves the largest 
absolute emissions reduction, but the one that delivers the 
most total reductions in PM2.5, improvements in air quality, 
reductions in O3, carbon neutrality, public health benefits, 
and regional equity within realistic economic and insti-

Table 4. Cont.
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tutional constraints [17]. A regional adaptive optimization 
model integrating monitoring, modeling, multi-objective 

decision-making, implementation, and feedback adjust-
ment is shown in Figure 2.

Figure 2. Regional path optimization model for synergistic PM2.5–O3 governance.

6.	 Conclusion
The regional stage of atmospheric environmental 

governance has become more complex, with the coordinat-
ed control of PM2.5 and O3 becoming more important than 
the reduction of individual pollutants. Particulate pollu-
tion-photochemical pollution interaction is a multidimen-
sional problem of nonlinear atmospheric chemistry, com-
mon sources of precursors, regional pollution transport, 
and evolving socio-economic structures. While many areas 
have made significant progress in reducing PM2.5 through 
traditional emission-reduction measures, ongoing or wors-
ening O3 episodes show that such policies are no longer ef-
fective. Good governance should, therefore, move towards 
synergy, mechanisms, and region-based differentiated ap-
proaches.

The key messages from this review are that the re-

lationship between PM2.5 and O3 is linked to emissions of 
their precursors, to O3 production capacity in the atmo-
sphere, to photolysis, to the nature of heterogeneous re-
actions, and to meteorological conditions. A decrease in 
SO2, NOx, VOCs, NH3, and primary particles can result 
in varying impacts dependent on the local and seasonal 
chemical sensitivity. Specifically, NOx reduction will yield 
benefits for nitrate aerosol reduction in some cases, may 
also yield benefits for O3 in VOC-limited cases, and will 
yield co-benefits for secondary organic aerosol reduction 
in VOC-limited cases. These interactions show that the 
reduction of emissions should be based not only on the 
amount of emissions but also on the type (species) of pol-
lutant, the type of source (category), the chemical regime, 
and the emission time.

Evaluation of efficiency is an important basis for 
assessing whether atmospheric governance leads to en-
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planning, and data-based decision support. Further focus 
needs to be placed on VOC species profiles, NH3 control, 
dynamic O3 sensitivity, health-risk valuation, and uncer-
tainty analysis. Connecting efficiency evaluation to path 
optimization can enable more precise, adaptive, equitable, 
and sustainable regional atmospheric governance.
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