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Abstract: The coordinated control of PM2.5 and O3 pollution has become a critical factor restricting
the improvement of air quality in China. In this work, precursors and related influencing factors were
utilized to establish PM2.5 and O3 estimation models in the North China Plain (NCP), the Yangzi
River Delta (YRD), and the Pearl River Delta (PRD) using a multi-task-learning (MTL) model. The
prediction accuracy of these three MTL models was high, with R2 values ranging from 0.69 to 0.83.
Subsequently, these MTL models were used to quantitatively reveal the relative importance of each
factor to PM2.5 and O3 collaborative pollution simultaneously. Precursors and meteorological factors
were the two most critical influencing factors for PM2.5 and O3 pollution in three regions, with their
relative importance values larger than 29.99% and 15.89%, respectively. Furthermore, these models
were used to reveal the response of PM2.5 and O3 to each precursor in each region. In the NCP and the
YRD, the two most important precursors of PM2.5 pollution are SO2 and HCHO, while the two most
critical factors for O3 pollution are HCHO and NO2. Therefore, SO2 and VOC emissions reduction is
the most important measure for PM2.5 pollution, while VOC and NO2 emission reduction is the most
critical measure for O3 pollution in these two regions. In terms of the PRD, SO2 and NO2 are the
most important precursors of PM2.5 pollution, while the most important precursors for O3 pollution
are HCHO and SOX, respectively. Thus, NO2, SO2, and VOC emission reduction is the most critical
measure for PM2.5 pollution, while VOC and NO2 emission reduction is the most critical measure for
O3 pollution in the PRD. Overall, this study provides clues and references for the control of PM2.5

and O3 collaborative pollution in the NCP, the YRD, and the PRD.

Keywords: O3 pollution; PM2.5 pollution; multi-task learning; air quality management

1. Introduction

Nowadays, air pollution has become the most important environmental problem in
the world [1–4], and for China, PM2.5 and O3 are the two main air pollutants restricting
the improvement of air quality in China [5,6]. PM2.5 pollution harms human health and
ecosystems and affects climate change [7,8]. Previous studies have shown that PM2.5
pollution increases the risk of lower respiratory infections (LRIs) [9], coronary heart disease
(CHD) [10], and stroke [11] in humans. In addition, PM2.5 is one of the major causes of
hazy weather [12], and can lead to reduced visibility [8]. In order to effectively improve air
quality, the Air Pollution Prevention and Control Action Plan (APAP) has been promoted by
the government since 2013. Subsequently, PM2.5 pollution levels in China have improved
significantly after 2013 [13,14], while O3 pollution level has risen significantly and the area
affected by O3 pollution has expanded significantly in recent years [1,15–18]. O3 pollution
adversely affects crop growth [19,20], ecosystems [21,22], and human health by causing
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cardiovascular diseases in humans [23,24] and other issues. Furthermore, human health
and ecosystem gains from reduced PM2.5 pollution are offset by increased O3 pollution [25],
especially in densely populated and economically developed regions such as the North
China Plain (NCP), the Yangtze River Delta (YRD), and the Pearl River Delta (PRD) [21,26].
Therefore, it is necessary to reveal the main controlling factors behind PM2.5 and O3
collaborative pollution, and to propose corresponding measures.

There are similarities and differences between reducing air pollution caused by PM2.5
and O3. O3 and the secondary components in PM2.5 are both produced by atmospheric
chemical reactions, and they have similar precursors including NOX and VOC. However,
the response of O3 pollution to reductions in NOX and VOC emissions is different from that
of PM2.5 pollution. In addition, the emission reduction in ozone precursors should be in
accordance with local conditions and the corresponding proportion; unreasonable emission
reduction may lead to the exacerbation of O3 pollution [27]. For example, reductions
in NOX and VOC reduce PM2.5 pollution levels, but in the NOX-sensitivity regime, the
reduction in NOX significantly reduces O3 pollution levels, and the reduction in VOC
leads to an increase in O3 pollution levels. In contrast, in the VOC-sensitivity regime, the
reduction in VOC would significantly reduce O3 pollution levels, but the reduction in NOX
would result in an increase in O3 pollution levels [12,28].

Therefore, exploring the contribution and impact of PM2.5 and O3 precursor emissions
on PM2.5 and O3 collaborative pollution simultaneously can help to formulate synergistic
emission reduction strategies for PM2.5 and O3 precursors to be able to control PM2.5 and
O3 collaborative pollution in a better way. However, most previous studies only explored
the impacts of the influencing factors on PM2.5 pollution [29] or O3 pollution [15,16,30],
while there are fewer studies revealing the effects and contributions of the influencing
factors on PM2.5 and O3 collaborative pollution simultaneously [31–33]. Few previous
studies that simultaneously reveal the influence and contribution of influencing factors
to the synergistic pollution of PM2.5 and O3 mainly use atmospheric chemistry models,
and the accuracy of the models needs to be improved [32,33]. In addition, the few studies
that have used statistical modelling to reveal the influence and contribution of influencing
factors to PM2.5 and O3 collaborative pollution have mainly considered meteorological [10]
and precursor [34–36] factors. However, these statistical models are not able to estimate and
reveal the contribution of the same factor to both PM2.5 and O3 simultaneously, and more
than one model needs to be built to estimate and reveal the contribution of a particular
factor to both PM2.5 and O3 [35,36].

In this work, to better control PM2.5 and O3 collaborative pollution, the impacts of
precursors emissions, meteorological factors, population density, the normalized difference
vegetation index (NDVI), land use and land cover (LULC), and other influencing factors
of PM2.5 and O3 collaborative pollution are assessed comprehensively. Three regions,
including the NCP, the PRD, and the YRD, which generate more than 36% of GDP (Gross
Domestic Product) of China [37], and are the three most densely populated regions in
China, were selected as our study areas. Daily gridded PM2.5 and O3 (maximum daily 8 h
average ozone, MDA8) datasets from 2010 to 2020, daily gridded SO2 and NO2 datasets,
daily gridded Aerosol Optical Depth (AOD) products, NDVI datasets observed by Moder-
ate Resolution Imaging Spectroradiometer (MODIS), meteorological reanalysis datasets,
aerosol component dataset (AC), PM2.5 and O3 precursor reanalysis datasets, population
density, and LULC datasets of China were utilized to establish the PM2.5 and O3 estimation
model using a multi-task learning (MTL) model. Subsequently, the same PM2.5 and O3
estimation MTL model of each region (including the NCP, the PRD and the YRD) was used
to quantitatively reveal the relative importance of each factor to PM2.5 and O3 collabora-
tive pollution simultaneously, and the most critical influencing factors of PM2.5 and O3
pollution in three regions were revealed. Furthermore, the PM2.5 and O3 estimation MTL
model was used to quantitatively reveal the response of PM2.5 and O3 to each precursor
simultaneously, as well as the domain precursor pollutants of PM2.5 and O3 collaborative
pollution in the NCP, the PRD and the YRD.
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2. Data
2.1. Surface PM2.5 and O3 Estimation Products

In this study, a daily 1 km × 1 km resolution gridded PM2.5 concentration dataset
derived from the Long-Term Gap-Free High-Resolution Air Pollutant concentration dataset
(LGHAP) [14] (Bai et al., 2022) from 2010 to 2020 was utilized as one learning target of
the surface O3 and PM2.5 estimation MTL model. In addition, daily aerosol optical depth
(AOD) data derived from this LGHAP dataset during 2010 and 2020 were also utilized as
an influencing factor for PM2.5 pollution. Subsequently, PM2.5 and AOD datasets were also
uniformly resampled and upscaled to 0.1◦ for spatiotemporal matching with other model
input datasets. In addition, the daily gridded gap-free surface O3 concentration dataset
(0.1◦ × 0.1◦) from 2010 to 2020 derived from our previous study by Ma et al. (2023) [17] was
also used as another learning target of the surface O3 and PM2.5 estimation MTL model.
In this work, daily gridded surface PM2.5 and O3 concentration datasets were considered
as the surface measurements for PM2.5 and O3 pollution and were used as the modeling
targets for the surface O3 and PM2.5 estimation MTL models. For more details of the
LGHAP dataset and gap-free O3 concentration dataset, please refer to Bai et al. (2022) [14]
and Ma et al. (2023) [17].

2.2. Precursor Factors

To reveal the impact of precursor emissions on PM2.5 and O3 collaborative pollution,
precursor factor datasets including SOX, NOX, VOC, aerosol component, HCHO column
density, surface SO2, and surface NO2 were used in this study to estimate the impact of
precursors on PM2.5 and O3 collaborative pollution. Similar with surface O3, daily gridded
(0.1◦ × 0.1◦) gap-free surface SO2 and surface NO2 datasets from 2010 to 2020 were also
derived from our previous study [17]. Moreover, monthly SOX and NOX anthropogenic
emission inventories (0.1◦ × 0.1◦) were obtained from the Copernicus Atmosphere Moni-
toring Service (CAMS) atmospheric reanalysis datasets. Due to the absence of available
measurement datasets for VOC, 3 h CAMS reanalysis datasets (0.75◦ × 0.75◦) for hydrogen
peroxide (H2O2), methane (CH4), isoprene (C5H8), peroxyacetyl nitrate (PAN), hydroxyl
radical (OH), and propane (C3H8) were utilized as proxy datasets for VOC. However,
there were a large number of VOC, so using only the six VOC mentioned above instead
of all VOC would result in incomplete information on VOC, and it is widely believed
that HCHO is a by-product of the oxidation process of many VOC, so the CAMS daily
formaldehyde (HCHO) reanalysis data were also used here as an important proxy for VOC.
In addition, hourly aerosol component datasets (0.5◦ × 0.625◦) including black carbon sur-
face mass (BCSM), dust surface mass density of PM2.5 (DUSMASS25), and organic carbon
surface mass (OCSM) derived from the Modern-Era Retrospective analysis for Research
and Applications version 2 (MERRA-2) were used in this work as influencing factors for
PM2.5 pollution. MERRA-2 is the latest version of global atmospheric reanalysis for the
satellite era produced by NASA Global Modeling and Assimilation Office (GMAO) using
the Goddard Earth Observing System Model (GEOS). Finally, precursor factor datasets
were resampled to 0.1◦ for spatiotemporal matching with other model input datasets before
they were input into the PM2.5 and O3 estimation MTL model.

2.3. Meteorological Factors

In addition to precursor emission factors, PM2.5 and O3 collaborative pollution is also
governed by meteorological factors, and, therefore, a range of meteorological factors were
utilized to establish the PM2.5 and O3 estimation MTL models. Hourly meteorological
datasets (0.1◦ × 0.1◦) including surface UV radiation (UV), surface 2 m temperature (T),
boundary layer height (BLH), wind speed (WS), wind direction (WD), relative humidity
at 1000 hpa (RH), surface pressure (SP), total precipitation (TP), and total cloud cover
(TCC) derived from the fifth generation ECMWF reanalysis for the global climate and
weather reanalysis (ERA5) between 2010 and 2020 were utilized to establish the PM2.5 and
O3 estimation MTL models. Subsequently, daily accumulated UV and TP, daily averaged
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RH, SP, BLH, and TCC, daily maximum T, and hourly values of WS and WD at 14:00 p.m.
(at which the highest MDA8 and temperature is oftentimes observed) were extracted and
utilized in the PM2.5 and O3 estimation MTL models [17].

2.4. Auxiliary Data

In addition to precursors and meteorological factors, auxiliary factors including popu-
lation density, NDVI, AOD, land use and land cover datasets were utilized to establish the
PM2.5 and O3 estimation MTL models. Annual gridded population density (1 km × 1 km)
derived from the China Resource and Environmental Science Data Center (CRESDC) (Bei-
jing, China) was resampled to 0.1◦ × 0.1◦ for spatiotemporal matching with other model
input datasets. In addition, Yang and Huang (2021) [38] provided annual LULC datasets for
China, where LULC1 to LULC9 denote cropland, forests, shrubs, grasslands, watersheds,
snow and ice, wasteland, impervious surfaces, and wetlands, respectively. Moreover, NDVI
datasets derived from the 16-day product of MODIS with a grid resolution of 0.05◦ × 0.05◦

and daily AOD were two other influencing factors used in the PM2.5 and O3 estimation
MTL models. Finally, these auxiliary factor datasets were resampled to 0.1◦ for spatiotem-
poral matching with other input datasets before modelling. All datasets utilized in this
work were summarized in Table S1.

3. Methods
3.1. Multi-Task Learning Modelling

As an extension of traditional statistical modelling, machine learning methods, due to
their excellent performance, have been widely used for air pollutant estimation modelling in
recent years [15,17,39,40]. However, these machine learning models are not able to estimate
and reveal the contribution of the same factor to both PM2.5 and O3 simultaneously, and
more than one model needs to be built to estimate and reveal the contribution of a particular
factor to both PM2.5 and O3. Therefore, the multi-task learning (MTL) model was applied
to this study to simulate both PM2.5 and O3 pollution in the same model and to reveal
the impact and contribution of each factor on PM2.5 and O3 pollution simultaneously.
Multi-task learning, known as inductive transfer or inductive bias learning, describes the
joint learning of multiple related tasks so that the knowledge contained in one task can
be utilized by the others, thus improving generalization of the model [41–43]. The hidden
layer of the MTL model consists of two parts: the shared layer and the split layer [44]. The
shared layer can learn from all tasks and capture the intrinsic features of the data. The split
layer can use latent features learnt from previous layers to learn task-specific information.
The model can share information between different tasks and be specialized for individual
tasks by sharing and splitting in layers [45]. The model can be represented simply as

PM2.5, O3 ∼ f (VOCs, Aerosol component, NOX , HCHO, SOX , NO2, SO2, AOD, LULC1, LULC2,
LULC3, LULC4, LULC5, LULC7, LULC8, LULC9, BLH, RH, SP, T, TCC, TP, UV, WD,

WS, NDVI, POPU, Month)
(1)

where PM2.5 and O3 denote the target time series of the MTL models in each region. SO2
and NO2 are daily gridded surface SO2 and NO2 estimation products. SOX and NOX are
monthly gridded CAMS total anthropogenic emissions. HCHO is the daily formaldehyde
from CMAS reanalysis data, while VOC represent six kinds of CAMS reanalysis Volatile
Organic Compounds, including Hydrogen peroxide (H2O2), Isoprene (C5H8), Peroxyacetyl
nitrate (PAN), Hydroxyl radicals (OH), Methane (CH4), and Propane (C3H8). In addi-
tion, aerosol component represents three kinds of a mainly primary aerosol composition,
including Black Carbon Surface Mass (BCSM), Dust Surface Mass Density of PM2.5 (DUS-
MASS25), and Organic Carbon Surface Mass (OCSM) derived from the MERRA-2 datasets.
The explanation of other variables can be found in Section 2.

To quantitatively evaluate the influence and contribution of each factor to the PM2.5
and O3 collaborative pollution in the NCP, the YRD, and the PRD, and further quantitatively
estimate the response of PM2.5 and O3 collaborative pollution of each region to each
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precursor factor, MTL estimation models between the PM2.5 and O3 and their influencing
factors for the NCP, the YRD, and the PRD were first established. Subsequently, PM2.5
and O3 MTL estimation models for these three regions were utilized to quantitatively
estimate the contribution and impact of each factor to PM2.5 and O3 collaborative pollution
in that corresponding region, and to quantitatively evaluate the responses of PM2.5 and O3
collaborative pollution to each precursor factor in that corresponding region. To establish
the PM2.5 and O3 MTL estimation models for the NCP, the YRD, and the PRD, precursor
emissions, meteorological factors, population density, AOD, NDVI, LULC, and other PM2.5
and O3-influencing factors were first resampled to 0.1◦ × 0.1◦ for spatiotemporal matching
with other model input datasets before they were input into the PM2.5 and O3 estimation
MTL model. Among these datasets, PM2.5 and O3 datasets in these three regions were
considered as the target variables of the PM2.5 and O3 estimation MTL models, while
the other influencing factors were used as model input-dependent variables. Taking the
MTL modelling in North China as an example, daily surface MDA8 and surface PM2.5
concentrations and related influencing factors for the corresponding location and date were
matched into a single data pair, with all pairs for the NCP including all datasets between
2010 and 2020. Considering that the input sample size of the MTL models of NCP is too
large (58,827,538 data pairs), the model input samples were temporally resampled and
spatially resampled to reduce the sample size of the model input datasets. For temporal
resampling, data pairs from 2010, 2012, 2014, 2016, 2018, and 2020 were selected. For
spatial resampling, one out of every two data rows in the latitudinal direction were selected.
Then, the 13,562,481 data pairs after spatiotemporal sampling were randomly divided into
10 parts, and 2 parts from all 10 parts were firstly selected as training samples, and then
1 part of the data pairs from the remaining 8 parts were randomly selected as validation
samples. All impact factors datasets were normalized prior to input into the PM2.5 and
O3 estimation MTL model of each region. The shared layer number for the PM2.5 and
O3 estimation MTL model was set to 100, while the task-specific tower layer number for
PM2.5 and O3 were set to 120, and 120, respectively. To improve the robustness of the
model, 10 random trials were conducted for the MTL model, and the average result of these
10 trials was considered as the final MTL model result of each region. The flowchart of this
work is shown in Figure 1, below.

3.2. MTL Modelling Accuracy Validation

After the PM2.5 and O3 estimation MTL models of three regions were established, the
prediction accuracy of these three models were evaluated. In this work, two commonly used
statistical indicators, including R2 and root-mean-squared error (RMSE), were calculated
between spatial-temporal co-located observed PM2.5 and O3, and the model estimated
PM2.5 and O3 to quantitatively evaluate the model accuracy and performance. These two
statistical indicators can be described as the following equations:

R2 = 1 − ∑n
i=1(oi − fi)

2

∑n
i=1(oi − o)2 (2)

RMSE =

√
1
n

n

∑
i=1

( fi − oi)
2 (3)

where oi denotes observed PM2.5 or O3, fi represents the estimated PM2.5 or O3, o is arith-
metic means of the observed PM2.5 or O3 values, and n denotes the number of data pairs.
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3.3. Relative Importance Evaluation and Estimation of the Impacts from Each Precursor

To evaluate the relative importance of each factor to the PM2.5 and O3 collaborative
pollution of each region, sensitivity analyses based on the PM2.5 and O3 estimation MTL
model are required to determine the contribution of each factor. Taking AOD as an example,
a scenario without AOD was simulated by replacing the time series of AOD with zero,
while all other factors remained unchanged (Equation (4)). Subsequently, the response
of PM2.5 and O3 to AOD (denoted as PM2.5−resp , O3−resp in Equation (5)) was modeled as
the PM2.5 and O3 difference between the original simulated PM2.5 and O3 (denoted as
YPM2.5 , YO3 in Equation (3)) and the later PM2.5 and O3 simulated with the AOD time series
was replaced with zero (denoted as Y

′
PM2.5 , Y

′
O3 in Equation (4)):

YPM2.5 , YO3 ∼ MTL(NOX , NO2, SOX , SO2, AOD, BLH, VOCs, LULC1, LULC2, LULC3, LULC4, LULC5,
LULC7, LULC8, LULC9, Aerosol component, NDVI, POPU, RH, SP, T, TCC, TP, UV, WD,

WS, Month)
(4)

Y′
PM2.5 , Y′

O3 ∼ MTL(NOX , NO2, SOX , SO2, AOD∗, BLH, VOCs, LULC1, LULC2, LULC3, LULC4,
LULC5, LULC7, LULC8, LULC9, Aerosol component, NDVI, POPU, RH, SP, T, TCC, TP,

UV, WD, WS, Month)
(5)

PM2.5−resp , O3−resp = YPM2.5 , YO3 − Y′
PM2.5 , Y′

O3 (6)

where AOD∗ represents the masked AOD time series. PM2.5-resp and O3-resp denote the
responses of PM2.5 and O3 to AOD. Likewise, PM2.5 and O3 responses to other influencing
factors were also evaluated through such a sensitivity analysis scheme.

In addition, a similar method to the sensitivity analyses described above was also
used to quantitatively estimate the impact of each precursor on PM2.5 and O3. Taking NOX
as an example, a scenario of changes in NOX concentration was modeled by replacing the
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NOx concentration in each day of 2011–2020 with NOx values from the corresponding date
in 2010, while all other factors remained unchanged. This scenario simulated a change
in NOx concentration using the NOx concentration in 2010 as a baseline. Subsequently,
the impact of NOX on PM2.5 and O3 (denoted as PM2.5−resp , O3−resp in Equation (8)) was
calculated as the PM2.5 and O3 difference between the simulated original PM2.5 and O3
(denoted as YPM2.5 , YO3 in Equation (6)) and the PM2.5 and O3 simulated with the NOx
time series replaced by NOx concentration in each day of 2010 (denoted as Y′

PM2.5 , Y′
O3 in

Equation (7)):

Y∗PM2.5 , Y∗O3 ∼ MTL(NOX , NO2, SOX , SO2, VOCs, Aerosol component) (7)

Y∗
′
PM2.5 , Y∗

′
O3 ∼ MTL(NO∗

X , NO2, SOX , SO2, VOCs, Aerosol component) (8)

PM2.5−resp
∗, O3−resp

∗ = Y∗PM2.5 , Y∗O3 − Y∗
′
PM2.5 , Y∗

′
O3 (9)

where NO∗
X represents masked values of NOx. PM2.5−resp

∗ and O3−resp
∗ denote the responses

of PM2.5 and O3 to NOx. Likewise, PM2.5 and O3 responses to other precursor factors were
evaluated through this sensitivity analysis scheme. A brief introduction to the sensitivity
analysis scheme can be found in the work of Ma et al. (2023) [17].

4. Results
4.1. Model Performance Verification

Figure 2 showed the sample-based validation results of these three MLT model-
estimated PM2.5 and O3 datasets in the NCP, the YRD, and the PRD. It indicated that
MTL model-estimated PM2.5 and O3 results exhibit a high correlation with the gridded
surface PM2.5 and O3 measurements in all three regions. The sample-based validation
results in Figure 2 indicate that the prediction accuracy of these three models is high, the R2

values of these three models were all larger than 0.69, and the RMSE values were all smaller
than 16.95 µg m−3. Among these three regions, the PM2.5 and O3 estimation MTL model
in the NCP had the highest predictive accuracy, with R2 values of 0.79 and 0.82 for PM2.5
and O3 estimation results, and RMSE values of 15.72 µg m−3 and 16.15 µg m−3 for PM2.5
and O3 estimation results, respectively. In addition to the NCP, the accuracy of the PM2.5
and O3 MTL estimation model for the YRD was the second highest among the models in
these three regions, with R2 values of 0.78 and 0.79, and RMSE values of 13.80 µg m−3 and
16.02 µg m−3 for PM2.5 and O3 estimation results, respectively. Additionally, the accuracy
of the PM2.5 and O3 estimation MTL model in the PRD was also high, with R2 values of 0.69
and 0.70, and RMSE values of 9.40 µg m−3 and 16.95 µg m−3 for PM2.5 and O3 estimation
results, respectively. In general, the PM2.5 and O3 MTL estimation models in these three
regions developed in this study can approximate the spatiotemporal variation patterns of
O3 and PM2.5 with high precision.

4.2. Relative Importance of Each Explanatory Variable

The relative importance of explanatory variables for surface PM2.5 and O3 pollution in
the NCP, the YRD, and the PRD are depicted in Figure 3. For PM2.5 and O3 pollution in
the NCP, the PRD, and the YRD, the PM2.5 and O3 precursor-related variables (including
HCHO, six kinds of VOC, aerosol component, SO2, NO2, SOX, and NOX) are the most
critical of all influencing factors, with their relative importance ranging from 29.99% to
40.65%. Among these precursors, VOC (including HCHO, C3H8, C5H8, CH4, H2O2, OH,
and PAN) and aerosol components (including BCSM, DUSMASS25, and OCSM) are found
to be the most important dominant precursors for both PM2.5 pollution and O3 pollu-
tion in these three regions, with their relative importance values ranging from 22.66% to
33.17%. These results indicate that surface O3 and PM2.5 pollution in these three regions are
largely regulated by VOC, aerosol components, SOX, and NOX, which means that reducing
the emissions of VOC, aerosols, SOX, and NOX can effectively reduce the O3 and PM2.5
pollution levels in the NCP, the PRD, and the YRD.



Sustainability 2024, 16, 2475 8 of 28

Sustainability 2024, 16, x FOR PEER REVIEW 8 of 28 
 

PM2.5 and O3 estimation MTL model in the PRD was also high, with R2 values of 0.69 and 
0.70, and RMSE values of 9.40 µg m−3 and 16.95 µg m−3 for PM2.5 and O3 estimation results, 
respectively. In general, the PM2.5 and O3 MTL estimation models in these three regions 
developed in this study can approximate the spatiotemporal variation patterns of O3 and 
PM2.5 with high precision.  

 
Figure 2. Density scatterplots of sample-based validation results of three PM2.5 and O3 pollution 
estimation MTL models in the NCP, the YRD, and the PRD. Sample-based validation results of the 
surface PM2.5 and O3 estimation results in the NCP are shown in (a,d), respectively, while (b,e) de-
note results for model-estimated surface PM2.5 and O3 in the YRD. (c,f) indicate validation results of 
estimated surface PM2.5 and O3 in the PRD. 

4.2. Relative Importance of Each Explanatory Variable 
The relative importance of explanatory variables for surface PM2.5 and O3 pollution 

in the NCP, the YRD, and the PRD are depicted in Figure 3. For PM2.5 and O3 pollution in 
the NCP, the PRD, and the YRD, the PM2.5 and O3 precursor-related variables (including 
HCHO, six kinds of VOC, aerosol component, SO2, NO2, SOX, and NOX) are the most crit-
ical of all influencing factors, with their relative importance ranging from 29.99% to 
40.65%. Among these precursors, VOC (including HCHO, C3H8, C5H8, CH4, H2O2, OH, 
and PAN) and aerosol components (including BCSM, DUSMASS25, and OCSM) are found 
to be the most important dominant precursors for both PM2.5 pollution and O3 pollution 
in these three regions, with their relative importance values ranging from 22.66% to 
33.17%. These results indicate that surface O3 and PM2.5 pollution in these three regions 
are largely regulated by VOC, aerosol components, SOX, and NOX, which means that re-
ducing the emissions of VOC, aerosols, SOX, and NOX can effectively reduce the O3 and 
PM2.5 pollution levels in the NCP, the PRD, and the YRD.  

In addition to precursor emission variables, meteorological factors are the second 
most important influencing variables on PM2.5 and O3 pollution in the NCP, the YRD and 
the PRD, with the relative importance values of these meteorological factors ranging from 
15.89% to 20.11%. These meteorological factors include surface UV radiation, surface 2 m 
temperature, relative humidity at 1000 hPa, boundary layer height, wind speed, wind di-
rection, surface pressure, total precipitation, and total cloud cover. Among these meteor-
ological variables, temperature, UV radiation, and relative humidity are the three most 
important meteorological factors for PM2.5 and O3 pollution in the NCP, the YRD, and the 
PRD, with their relative importance values ranging from 1.84% to 3.99%. These results are 
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estimation MTL models in the NCP, the YRD, and the PRD. Sample-based validation results of the
surface PM2.5 and O3 estimation results in the NCP are shown in (a,d), respectively, while (b,e) denote
results for model-estimated surface PM2.5 and O3 in the YRD. (c,f) indicate validation results of
estimated surface PM2.5 and O3 in the PRD.

In addition to precursor emission variables, meteorological factors are the second
most important influencing variables on PM2.5 and O3 pollution in the NCP, the YRD
and the PRD, with the relative importance values of these meteorological factors ranging
from 15.89% to 20.11%. These meteorological factors include surface UV radiation, surface
2 m temperature, relative humidity at 1000 hPa, boundary layer height, wind speed,
wind direction, surface pressure, total precipitation, and total cloud cover. Among these
meteorological variables, temperature, UV radiation, and relative humidity are the three
most important meteorological factors for PM2.5 and O3 pollution in the NCP, the YRD,
and the PRD, with their relative importance values ranging from 1.84% to 3.99%. These
results are consistent with previous studies [46–53], and high temperatures, strong UV
radiation, and suitable relative humidity provide an appropriate environment to promote
ozone photochemistry and the formation of ozone pollution. Similar to O3 pollution,
appropriate temperature and solar radiation, as well as high relative humidity also provide
a suitable environment for the generation and concentration of PM2.5 pollution, which
is also consistent with the results of previous studies [47,54–57]. Besides precursors and
meteorological factors, there are several factors such as AOD, land use and land cover,
NDVI, population, topography, and month that have a strong influence on PM2.5 and O3
pollution in the NCP, the YRD, and the PRD, and their relative importance ranges from
21.40% to 23.46%. Among these variables, LULC2 and month are revealed to the most
important influencing factors for O3 pollution in these three regions, with the relative
importance larger than 1.74%, and 1.77%, respectively, while AOD and LULC2 are revealed
to be the most important influencing factors for PM2.5 pollution in these three regions, with
the relative importance larger than 1.74% and 3.84%, respectively.
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Figure 3. The relative importance of each explanatory variable to PM2.5 pollution and O3 pollution
using the MTL estimation models in the NCP, the PRD, and the YRD. In this figure, VOC represent
HCHO and six kinds of Volatile Organic Compounds, including Hydrogen peroxide, Isoprene,
Peroxyacetyl nitrate, Hydroxyl radicals, Methane and Propane. Aerosol Components represent three
kinds of a mainly primary aerosol composition, including Black Carbon Surface Mass, Dust Surface
Mass Density of PM2.5, and Organic Carbon Surface Mass.

4.3. PM2.5 and O3 Collaborative Pollution Response to Each Precursor

To quantitatively estimate the impact of each precursor on the PM2.5 and O3 collabora-
tive pollution of each region, sensitivity analyses based on the PM2.5 and O3 estimation MTL
models are applied to determine the contribution of each factor. Taking the concentration
of each precursor in 2010 as a baseline, a scenario of changes in this precursor concentration
was modeled by replacing the concentration of this precursor in each day of 2011–2020
with values from the corresponding date in 2010, while all other influencing factors of
PM2.5 and O3 collaborative pollution remained unchanged. Subsequently, the impact of
this specific precursor on PM2.5 and O3 was calculated as the PM2.5 and O3 difference
between the simulated original PM2.5 and O3, and the PM2.5 and O3 simulated with this
special precursor time series were replaced by its concentration from the corresponding
date in 2010.

Figure 4 depicted the temporal patterns of the annual response of PM2.5 and O3
pollution to each precursor during 2011–2020 estimated by the MTL models in the NCP,
the PRD, and the YRD. The results showed that among these seven PM2.5 precursor factors,
four influencing factors with the largest PM2.5 pollution response in these three regions
were SO2, HCHO, NO2, and SOX, and a 10-year average value of PM2.5 response for these
four factors were larger than 0.30 µg m−3. The variations of these four precursors had
the greatest impact on PM2.5 pollution in these three regions, which means that emission
reduction in these four precursors is the most effective measure to mitigate PM2.5 pollution
in the NCP, the PRD, and the YRD. However, the two most crucial precursors of PM2.5 are
different across these three regions. The two most important influencing factors on PM2.5
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pollution in the NCP (YRD) are SO2 and HCHO, with 10-year averaged PM2.5 response
values of 2.64 µg m−3 (2.01 µg m−3), and 1.71 µg m−3 (0.95 µg m−3), respectively. However,
the two most important impact factors on PM2.5 pollution in the PRD are SO2 and NO2,
with 10-year averaged PM2.5 response values of 1.24 µg m−3 and 0.88 µg m−3, respectively.
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the YRD, and the PRD are shown in (a,c,e), respectively, while (b,d,f) denote results for the annual
response of O3 pollution to each precursor in the NCP, the YRD, and the PRD.

In terms of O3 pollution, it indicated that among these O3 precursors, three influencing
factors with the largest O3 pollution response in these three regions were HCHO (the
by-product of many VOC oxidation processes, and a critical proxy of VOC), NO2, and
SOX, and the 10-year average O3 response values for these three factors were larger than
0.6 µg m−3. The variations of these three precursors had the greatest impact on O3 pollution
in these three regions, which means that the emission reduction in VOC, NO2, and SOX
is the most effective measure to mitigate O3 pollution in the NCP, the PRD, and the YRD.
Moreover, the two most crucial precursors of O3 are different across these three regions.
The two most important influencing factors on O3 pollution in the NCP (YRD) are HCHO
and NO2, with 10-year averaged O3 response values of 1.00 µg m−3 (2.89 µg m−3) and
0.70 µg m−3 (0.55 µg m−3), respectively. However, the two most important impact factors
on O3 pollution in the PRD are HCHO and SOX, with 10-year averaged O3 response values
of 1.79 µg m−3 and 0.47 µg m−3, respectively.

In terms of the temporal patterns of PM2.5 and O3 pollution responses to precursor
variations, the responses of PM2.5 and O3 pollution to different precursor factors in different
regions have different temporal variation features. For PM2.5 pollution, the temporal
variation patterns of the PM2.5 pollution response to SO2 in the NCP, the YRD, and the
PRD were similar. And, the response values of PM2.5 pollution to SO2 in these three
regions increased from 2011 to 2015, peaked in 2015, decreased from 2015 to 2017, reached
a minimum value in 2017 (2018 for the PRD), then elevated again from 2017 (2018 for the
PRD) to 2020, and reached a second peak in 2020. However, the temporal variation patterns
of the response of PM2.5 to HCHO in these three regions were different. The response
values of PM2.5 to HCHO in the NCP increased from 2011 to 2015, peaked in 2015, and
decreased from 2015 to 2020, while the response values of PM2.5 pollution to HCHO in the
PRD and the YRD showed an overall decreasing trend from 2011 to 2020. The temporal
variation patterns of the response values of PM2.5 pollution to NO2 in these three regions
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were similar, and the response values of PM2.5 to NO2 increased from 2011 to 2015, peaked
in 2015, and then decreased from 2015 to 2020. In addition, the temporal variation patterns
of the response values of PM2.5 pollution to SOX in these three regions were different, and
the response values of PM2.5 to SOX in the NCP increased from 2011 to 2014, peaked in 2014,
and then decreased from 2014 to 2020, while the response values of PM2.5 to SOX in the
PRD decreased from 2011 to 2016, reached a minimum value in 2016, and then increased
from 2016 to 2020. Different from the response of PM2.5 to SOX in the NCP and the PRD, the
response values of PM2.5 to SOX in the YRD showed an overall decreasing trend from 2011
to 2020. For O3 pollution, the temporal variation patterns of the O3 response to HCHO in
the NCP, the YRD, and the PRD were similar. The response values of O3 to HCHO in these
three regions increased from 2011 to 2014, peaked in 2014, and decreased from 2014 to 2020.
The temporal variation patterns of the response values of O3 pollution to NO2 in these
three regions were similar, and the response values of O3 to NO2 increased from 2011 to
2015 (2014 for the PRD), peaked in 2015 (2014 for the PRD), and then decreased from 2015
(2014 for the PRD) to 2020. However, the temporal variation patterns of the response of O3
to SOX in these three regions were different. The response values of O3 to SOX in the NCP
and the YRD showed an overall increasing trend from 2011 to 2020, while the response
values of O3 pollution to SOX in the PRD decreased from 2011 to 2014, reached a minimum
value in 2014, and then increased from 2014 to 2020. In addition, the temporal variation
patterns of the response values of O3 pollution to SO2 in these three regions were different,
and the response values of O3 to SOX in the NCP and the YRD increased from 2011 to 2014,
peaked in 2014, and then decreased from 2014 to 2020, while the response values of O3 to
SO2 in the PRD increased from 2011 to 2015, reached a minimum value in 2015, decreased
from 2015 to 2017, reached a minimum value in 2017, and then increased from 2017 to 2020.
Different from the response of O3 to HCHO, SOX, NO2, and SO2 in these three regions, the
response values of O3 to VOC showed an overall increasing trend from 2011 to 2020.

Figure 5 depict the spatial patterns of the annual response of PM2.5 pollution to each
precursor during 2011–2020 estimated by the MTL models in the NCP. The results indicated
that among these precursors, SO2, HCHO, SOX, and NO2 were the four most important
precursors for PM2.5 pollution in the NCP, which was consistent with the results presented
in Figure 4a. Among these precursors, the amplitude of PM2.5 response to SO2 was the
largest, with the values of the PM2.5 response to SO2 higher than +12 µg m−3 in parts of
Shandong Province in 2015 and the PM2.5 response to SO2 lower than −18 µg m−3 in parts
of the Jing-Jin-Ji (Beijing, Tianjin, and Hebei provinces) region in 2020. This may be related
to the isotropic feedback of PM2.5 pollution on SO2 [58]. Compared with 2010, the SO2
concentration in (shown in Figure S1) 2011 in the NCP was relatively higher, so the response
value of PM2.5 to SO2 in 2011 was positive. From 2012 to 2013, SO2 concentrations in the
NCP were lower than those in 2010, especially in the Jing-Jin-Ji region (Beijing, Tianjin, and
Hebei provinces) and the Lu-Yu region (Shandong and Henan provinces), so the response
values of PM2.5 pollution to SO2 were negative from 2012 to 2013. During 2014–2017,
SO2 concentrations in the NCP increased significantly and were larger than those in 2010,
especially in Hebei, Shandong, Henan, and Shanxi provinces, so the response values of
PM2.5 to SO2 in 2014–2017 were positive, and the response value was largest in 2015. In
contrast, SO2 concentrations from 2014 to 2017 in Beijing and Tianjin were lower than those
in 2010, so the response values of PM2.5 to SO2 in Beijing and Tianjin were negative, and
the response value was largest in 2017. From 2018 to 2020, SO2 concentrations in the NCP
were smaller than those in 2010, especially in the Jing-Jin-Ji region and the Lu-Yu region, so
the response value of PM2.5 to SO2 in 2018–2020 was negative, and the amplitude of the
response value was largest in 2020.
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In addition to SO2, the amplitude of the response of PM2.5 pollution to HCHO (the
by-product of many VOC oxidation processes, and a critical proxy of VOC) was the
second largest among all precursors, with the PM2.5 response values to HCHO higher than
+6 µg m−3 in parts of the Ji-Lu-Yu (Hebei, Henan, and Shandong provinces) region in 2011.
This may be related to the positive feedback of PM2.5 pollution on HCHO (also known as
VOC). Compared with 2010, the HCHO (i.e., VOC) concentration in 2011–2020 in the main
region of Ji-Lu-Yu was relatively higher, so the response value of PM2.5 to VOC in 2011–2020
was positive. However, the response value of PM2.5 to VOC in the main regions of the NCP
increased during 2011–2015, reached the peak value in 2015, and then decreased during
2015–2020. Meanwhile, HCHO concentrations (shown in Figure S2) and the anthropogenic
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emissions of VOC (shown in Figure S3) showed an overall increasing trend from 2010 to
2020. This may be related to the nonlinear relationship between HCHO (VOC emissions)
and PM2.5 pollution in the NCP [57,59–61]. Before 2015, VOC emissions were not saturated
for PM2.5 pollution, and the positive response of PM2.5 pollution increased gradually with
the increase in VOC emissions. However, VOC emissions began to saturate for PM2.5
pollution after 2015, and the contribution of rising VOC emissions to the increase in PM2.5
pollution levels is gradually declining, where the positive response of PM2.5 pollution
gradually decreased with the increase in VOC emissions between 2015 and 2020.

Besides SO2 and HCHO, the amplitude of the response of PM2.5 pollution to SOX is
the third largest among all precursors, with the PM2.5 response values to SOX higher than
+4 µg m−3 in parts of the Ji-Lu-Yu region in 2014. This may be due to the positive feedback
of PM2.5 pollution on SOX. Compared with 2010, the SOX concentration (shown in Figure
S4) in 2011–2020 in the main region of Ji-Lu-Yu was relatively higher, so the response value
of PM2.5 to SOX in 2011–2020 was positive. However, the response value of PM2.5 to SOX
in the main regions of the NCP increased during 2011–2014, reached the peak value in
2014, and then decreased during 2014–2020. Meanwhile, SOX concentrations (shown in
Figure S6) increased from 2010 to 2014, and then decreased during 2014–2020.

Moreover, the amplitude of the response of PM2.5 pollution to NO2 is the fourth largest
among all precursors, with PM2.5 response values to NO2 higher than +3 µg m−3 in parts
of the Ji-Lu-Yu region in 2015. This may be due to the positive feedback of PM2.5 pollution
on NO2 [33,62,63]. Compared with 2010, the NO2 concentration (shown in Figure S5) in
2011–2012 in the central and southern NCP was lower, so the response value of PM2.5 to
NO2 in 2011–2012 was negative. However, the NO2 concentration in 2013–2017 in the
main part of the NCP was relatively higher, so the response value of PM2.5 to NO2 in
2013–2017 was positive. From 2018 to 2020, the NO2 concentration in the main part of the
NCP was relatively lower, so the response value of PM2.5 to NO2 in 2018–2020 was negative.
Compared with these four precursors, the response of PM2.5 pollution to CAMS-VOC,
aerosol component, and NOX were relatively smaller.

Figure 6 depicts the spatial patterns of the annual response of O3 pollution to each
precursor during 2011–2020 estimated by the MTL models in the NCP. The results indicated
that among these precursors, HCHO, NO2, SOX, and VOC were the most important four
precursors for O3 pollution in the NCP, which was consistent with the results shown in
Figure 4b. Among these precursors, the amplitude of the O3 response to HCHO was the
largest, with O3 response values to HCHO higher than +5 µg m−3 in northwestern parts of
the NCP. This may be due to the different response patterns of O3 to HCHO in different
regions. In the Ji-Lu-Yu region, the response of O3 pollution to HCHO was negative, and
the level of O3 pollution decreased with the increase in HCHO concentration. Compared
with 2010, the HCHO concentration (shown in Figure S2) in 2011–2020 in the Ji-Lu-Yu
region was relatively higher, so the response value of O3 to HCHO was negative during
2011–2020. In contrast, the responses of O3 pollution to HCHO in the northwestern part of
the NCP (Shanxi province and northwest part of Hebei province) and southeastern part
of the NCP (Anhui province, the Jiangsu province, and the southeast part of Shandong
province) were negative from 2011 to 2016, and then turned positive from 2017 to 2020.
The level of O3 pollution in the northwestern and northwest parts of the NCP increased
with the decrease in HCHO concentration between 2011 and 2016, and then increased with
the increase in HCHO concentration between 2017 and 2020. Compared with 2010, the
HCHO concentration in 2011–2016 in the northwestern and northwest parts of the NCP
was relatively lower, and the response value of O3 to HCHO in this region was positive
during 2011–2016; however, the HCHO concentration in 2017–2020 in this region was
relatively higher, and the response value of O3 to HCHO in this region was positive during
2017–2020.
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For NO2, the response value of O3 pollution to NO2 in the main region of the NCP
decreased from 2011 to 2016, reached a minimum value in 2016, and then increased from
2016 to 2020. This may be related to the negative feedback of O3 pollution on NO2 [64,65].
The NO2 concentration in 2011–2012 in the main region of the NCP was relatively lower
than that in 2010, and the response value of O3 to NO2 in 2011–2012 was positive. Compared
with 2010, NO2 concentration (shown in Figure S5) in the NCP increased from 2013 to 2016
and was relatively higher, and the response value of O3 pollution to NO2 was negative
and decreased from 2013 to 2016. Compared to 2010, NO2 concentrations in the NCP
were relatively higher between 2017 and 2019 and relatively lower in 2020, and NO2
concentrations decreased from 2017 to 2020. Meanwhile, the response value of O3 pollution
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to NO2 decreased from 2017 to 2020, and the response value was negative between 2017
and 2019 and was positive in 2020.

During 2011–2020, the response value of O3 pollution to SOX in the NCP increased
between 2011 and 2014, reached the peak value in 2014, and then decreased from 2014
to 2020. This may be related to the isotropic feedback of O3 pollution on SOX. The SOX
emission in the northern Hebei province, Beijing, and Tianjin in 2011–2015 were smaller
than that in 2010 (shown in Figure S4), so the response value of O3 to SOX was negative in
this region from 2011 to 2015, while the SOX in the border area of the Hebei, Henan, and
Shandong provinces in 2011–2015 were larger than that in 2010, so the response value of
O3 to SOX was positive in this region during 2011–2015. Meanwhile, SOX emission in the
NCP during 2016–2020 was lower than that in 2010; therefore, the response value of O3 to
SOX in 2016–2020 is negative in the NCP.

For VOC, the response of O3 to VOC in the NCP increased from 0.1 µg m−3 in 2011
to 2 µg m−3 in 2020. This may be related to the isotropic feedback of O3 pollution on
VOC in the NCP [66–68]. VOC emissions in the NCP increased from 2011 to 2020 and
were relatively higher than that in 2010 (shown in Figure S3), and the response value of
O3 pollution to VOC was positive and increased from 2011 to 2020. Compared with these
four precursors, the response of O3 pollution to SO2, NOX, and aerosol components were
relatively smaller.

Figure 7 depicts the spatial patterns of the annual response of PM2.5 pollution to each
precursor during 2011–2020 estimated by the MTL models in the YRD. Similar with the
NCP, the results indicated that among these precursors, SO2, HCHO, NO2, and SOX were
the four most important precursors for PM2.5 pollution in the YRD, which was consistent
with the results presented in Figure 4c. Among all precursors, the amplitude of the PM2.5
response to SO2 was the largest, with the values of the PM2.5 response to SO2 higher than
+9 µg m−3 in the south part of Jiangsu province in 2015 and the PM2.5 response to SO2
lower than −12 µg m−3 in the north parts of the YRD in 2020. This may be due to the
isotropic feedback on PM2.5 pollution to SO2. Compared with 2010, the SO2 concentration
(shown in Figure S6) in 2011 in the YRD was relatively high, so the response value of PM2.5
to SO2 in 2011 was positive. From 2012 to 2013, the SO2 concentration in the YRD was
lower than that in 2010, especially in the north part of the YRD, so the response values of
PM2.5 pollution to SO2 were negative from 2012 to 2013. However, the SO2 concentration
in the YRD increased significantly in 2014–2017, and was larger than that in 2010, so the
response values of PM2.5 to SO2 in 2014–2017 were positive. Meanwhile, the amplitude
of the response value increased between 2014 and 2015, reached the peak value in 2015,
and then decreased in 2016–2017. From 2018 to 2020, the SO2 concentration in the YRD
decreased significantly and was lower than that in 2010, especially in the north part of the
YRD, so the response value of PM2.5 to SO2 in 2018–2020 was negative, and the response
value decreased in 2018–2020.

In addition to SO2, the amplitude of the response of PM2.5 pollution to HCHO is the
second largest among all precursors, with the PM2.5 response values to HCHO higher than
+2.5 µg m−3 in the north parts of the YRD in 2011. This may be due to the different response
patterns of PM2.5 pollution to HCHO in different regions. The response of PM2.5 to HCHO
in the southern part of the YRD (including the southern part of the Anhui province, the
northern part of Zhejiang province, and Shanghai) were likely due to negative feedback
between 2011 and 2020. HCHO concentration (shown in Figure S7) in the southern part
of the YRD increased in 2011–2020, and was higher than that in 2010, but the responses of
PM2.5 to HCHO were negative during 2011–2020 in this region. In the scenarios simulated
by the MTL model, simulated PM2.5 concentration decreased in 2011–2020 when it was
compared with that in 2010. However, the response of PM2.5 to HCHO in the northern part
of the YRD (including the northern part of the Anhui province and the Jiangsu province)
were likely due to negative feedback between 2011 and 2015 and turned to be positive
feedback between 2016 and 2020. The HCHO concentration in the northern part of the
YRD decreased in 2011–2015, and was lower than that in 2010, and the responses of PM2.5



Sustainability 2024, 16, 2475 16 of 28

to HCHO were positive during 2011–2015 in this region, while HCHO concentration in
this region increased in 2016–2020, and was higher than that in 2010, and the responses of
PM2.5 to HCHO were positive during 2016–2020 in this region.
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Besides SO2 and HCHO, the amplitude of the response of PM2.5 pollution to NO2 is
the third largest among all precursors, with PM2.5 response values to NO2 higher than
+5 µg m−3 in the central and southern YRD in 2015. This may be due to the positive feedback
of PM2.5 pollution on NO2 [33,62,63]. Compared with 2010, the NO2 concentration (shown
in Figure S8) in 2011–2012 in the northeastern part of the YRD was lower, so the response
value of PM2.5 to NO2 in 2011–2012 was negative in this region, while the NO2 concentration
in 2011–2012 in the central part of the YRD was higher, so the response value of PM2.5 to
NO2 in 2011–2012 was positive in this region. Moreover, the NO2 concentration in 2013
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in the YRD was relatively higher than that in 2010, so the response value of PM2.5 to NO2
in 2013 was positive. From 2014 to 2020, the NO2 concentration in the northern YRD was
relatively lower than that in 2010, so the response value of PM2.5 to NO2 in 2014–2020 was
negative in this region, while NO2 concentration in the central and southern YRD was
relatively higher than that in 2010, so the response value of PM2.5 to NO2 in the central and
southern YRD was positive from 2014 to 2020.

Moreover, the amplitude of the response of PM2.5 pollution to SOX is the fourth largest
among all precursors, with PM2.5 response values to SOX higher than +3 µg m−3 in the
Anhui province in 2013. This may be due to the positive feedback of PM2.5 pollution to
SOX. SOX concentrations in 2011, 2013–2015, and 2019 in the YRD were relatively higher
than that in 2010 (shown in Figure S9), so the response values of PM2.5 to SOX in 2011,
2013–2015, and 2019 were positive. However, SOX concentrations in 2012 in the northern
YRD were relatively lower than that in 2010, so the response values of PM2.5 to SOX
in 2012 were negative in northern YRD, while SOX concentrations in 2012 in southern
YRD were relatively higher than that in 2010, so the response values of PM2.5 to SOX in
2012 were positive in the southern YRD. In addition, SOX concentrations in 2016–2018
and 2020 in the YRD were relatively lower than that in 2010, so the response values of
PM2.5 to SOX in 2016–2018 and 2020 were negative in the YRD. Compared with these four
precursors, the response of PM2.5 pollution to CAMS-VOC, aerosol components, and NOX
were relatively smaller.

Figure 8 depicts the spatial patterns of the annual response of O3 pollution to each
precursor during 2011–2020 estimated by the MTL models in the YRD. It indicated that
among these precursors, HCHO, NO2, SOX, and VOC were the most important four
precursors for O3 pollution in the YRD, which is consistent with the results presented
in Figure 4d. Among these precursors, the amplitude of the O3 response to HCHO was
the largest in 2015, with the O3 response to HCHO higher than +9 µg m−3 in eastern
parts of the Jiangsu province. This may be due to the different response patterns of O3
to HCHO in different regions. The response of O3 to HCHO in the southern part of the
YRD (including the southern part of the Anhui province, the northern part of the Zhejiang
province, and Shanghai) were likely due to negative feedback between 2011 and 2020.
HCHO concentration (shown in Figure S7) in the southern part of the YRD increased
in 2011–2020, and was higher than that in 2010, but the responses of O3 to HCHO were
negative during 2011–2020 in this region. However, the response of O3 to HCHO in the
northern part of the YRD (including the northern part of the Anhui province and the
Jiangsu province) were likely due to negative feedback between 2011 and 2015, and turned
to be positive feedback between 2016 and 2020. HCHO concentration in the northern part
of the YRD decreased in 2011–2015, and was lower than that in 2010, and the responses of
O3 to HCHO were positive during 2011–2015 in this region, while HCHO concentration in
this region increased in 2016–2020 and was higher than that in 2010, and the responses of
O3 to HCHO were positive during 2016–2020 in this region.

For NO2, the response value of O3 pollution to NO2 in the main region of the YRD
decreased from 2011 to 2016, reached a minimum value in 2016, and then increased from 2016
to 2020. This may be related to the negative feedback of O3 pollution on NO2 [64,65]. The NO2
concentration (shown in Figure S8) in 2011–2012 in northeastern YRD was relatively lower
than that in 2010, and the response value of O3 to NO2 in 2011–2012 was positive, while NO2
concentration in 2011–2012 in the central part of the YRD was higher, so the response value
of O3 to NO2 in 2011–2012 was negative in this region. Moreover, the NO2 concentration
in 2013 in the main part of the YRD was relatively higher than that in 2010, so the response
value of O3 to NO2 in 2013 was negative. From 2014 to 2020, the NO2 concentration in
northern YRD was relatively lower than that in 2010, and the response value of O3 to NO2 in
2014–2020 was positive in this region, while the NO2 concentration in central and southern
YRD were relatively higher than that in 2010, and the response value of O3 to NO2 in central
and southern YRD were negative from 2014 to 2020.



Sustainability 2024, 16, 2475 18 of 28

Sustainability 2024, 16, x FOR PEER REVIEW 19 of 28 
 

precursors, the response of O3 pollution to SO2, NOX, and aerosol components were rela-
tively smaller.  

 
Figure 8. The annual spatial distribution of the response of O3 pollution to each precursor in the 
YRD during 2011–2020. 

Figure 9 depicts the spatial patterns of the annual response of PM2.5 pollution to each 
precursor during 2011–2020 estimated by the MTL models in the PRD. Similar with the 
NCP and the YRD, the results indicated that among these precursors, SO2, NO2, HCHO, 
and SOX were the four most important precursors for PM2.5 pollution in the PRD, which 
are consistent with the results present in Figure 4e. Among these precursors, the ampli-
tude of the PM2.5 response to SO2 was the largest, with the values of the PM2.5 response to 
SO2 higher than +6 µg m−3 in the western region of the PRD in 2015 and the PM2.5 response 
to SO2 lower than −12 µg m−3 in the central part of the PRD in 2020. This may be due to the 

Figure 8. The annual spatial distribution of the response of O3 pollution to each precursor in the YRD
during 2011–2020.

Moreover, the amplitude of the response of O3 pollution to SOX is the third largest
among all precursors, with O3 response values to SOX lower than –3 µg m−3 in the Anhui
province in 2020. This may be due to the different response patterns of O3 pollution to SOX
in different regions. The responses of O3 to SOX in the YRD were likely due to negative
feedback in 2011. From 2012 to 2013, the responses of O3 to SOX in the Jiangsu province
were likely due to positive feedback, while the responses of O3 to SOX in the Anhui and
Zhejiang provinces were likely due to negative feedback. In addition, from 2014 to 2020,
the responses of O3 to SOX in the YRD were likely due to positive feedback. In 2011, SOX
concentrations in the southwestern region of the YRD were relatively higher than that in
2010 (shown in Figure S9), so the response values of O3 to SOX in 2011 were negative, while
SOX concentrations in the northeastern region of the YRD were relatively lower than that
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in 2010, and the response values of O3 to SOX in this region were positive. However, from
2012 to 2013, SOX concentrations in the northeastern region of the YRD were relatively
lower than that in 2010, so the response values of O3 to SOX in this region were negative,
while SOX concentrations in the other parts of the YRD were relatively higher than that
in 2010, and the response values of O3 to SOX in these regions were negative. In addition,
during 2014–2020, SOX concentrations in the main part of the YRD were relatively lower
than that in 2010, so the response values of O3 to SOX were negative in this region; however,
SOX concentrations in western YRD in 2014, and in Shanghai and the Jiangsu province in
2017, were higher than those in 2010, and, therefore, the values of the O3 response to SOX
were positive in these regions.

For VOC, the response of O3 to VOC in the YRD increased from 0.1 µg m−3 in 2011
to 1.5 µg m−3 in 2020. This may be related to the isotropic feedback of O3 pollution on
VOC in the YRD [66–68]. VOC emissions in the YRD increased from 2011 to 2020 and were
relatively higher than that in 2010 (shown in Figure S10), and the response value of O3
pollution to VOC was positive and increased from 2011 to 2020. Compared with these
four precursors, the response of O3 pollution to SO2, NOX, and aerosol components were
relatively smaller.

Figure 9 depicts the spatial patterns of the annual response of PM2.5 pollution to each
precursor during 2011–2020 estimated by the MTL models in the PRD. Similar with the
NCP and the YRD, the results indicated that among these precursors, SO2, NO2, HCHO,
and SOX were the four most important precursors for PM2.5 pollution in the PRD, which
are consistent with the results present in Figure 4e. Among these precursors, the amplitude
of the PM2.5 response to SO2 was the largest, with the values of the PM2.5 response to
SO2 higher than +6 µg m−3 in the western region of the PRD in 2015 and the PM2.5
response to SO2 lower than −12 µg m−3 in the central part of the PRD in 2020. This may
be due to the isotropic feedback of PM2.5 pollution on SO2 [58]. Compared with 2010, SO2
concentration (shown in Figure S11) in 2011, and 2013–2014, in the PRD was relatively
higher, so the response value of PM2.5 to SO2 in 2011, and 2013–2014, were positive. In 2012,
SO2 concentration in the PRD was lower than that in 2010, and the values of the PM2.5
response to SO2 were negative. In the northwestern part of the PRD, the SO2 concentration
was larger than that in 2010, but it decreased significantly from 2015 to 2020, and, therefore,
values of the PM2.5 response to SO2 were all positive in 2015–2020, but the spatial extent
covered by positive values gradually decreased. In contrast, the SO2 concentration in the
southeastern part of the PRD was lower than that in 2010, and it decreased significantly
from 2015 to 2020, and, therefore, values of the PM2.5 response to SO2 were all negative in
this period, but the spatial extent covered by negative values gradually increased.

In addition to SO2, the amplitude of the PM2.5 response to NO2 was the second largest
among all precursors, with values of the PM2.5 response to NO2 higher than +5 µg m−3

in western PRD in 2014. This may be due to the positive feedback of PM2.5 pollution on
NO2 [33,62,63]. In 2011–2013, NO2 concentration (shown in Figure S12) in the PRD was
lower than that in 2010, so values of PM2.5 response to NO2 were negative in this region.
From 2014 to 2020, the NO2 concentration in the main part of the PRD was relatively higher
than that in 2010, so value of the PM2.5 response to NO2 was positive. Moreover, NO2
concentrations in the southeastern part of the PRD between 2015 and 2019 and in the
southern part of the PRD in 2020 were relatively lower than that in 2010, so the response
value of PM2.5 to NO2 was negative.
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Besides SO2 and NO2, the amplitude of the response of PM2.5 pollution to HCHO is
the second largest among all precursors, with the PM2.5 response values to HCHO higher
than +2 µg m−3 in north parts of the PRD in 2011. This may be due to the different response
patterns of PM2.5 pollution to HCHO in different regions. The response of PM2.5 to HCHO
was likely due to negative feedback in northwestern PRD in 2011 and the entire PRD in
2013, while the response of PM2.5 to HCHO was likely due to positive feedback in central
and southeastern PRD in 2011, and in the entire PRD in 2012 and 2014–2020. The HCHO
concentration (shown in Figure S13) was lower in the northwestern YRD in 2011, and the
entire PRD in 2013, than that in 2010, and then values of the PM2.5 response to HCHO were
positive. Moreover, the HCHO concentration was higher in central and southeastern PRD
in 2011, and in the entire PRD in 2012 and 2014–2020, than that in 2010, and then values of
the PM2.5 response to HCHO were positive. HCHO concentration increased between 2014
and 2020; however, the positive values of the PM2.5 response to HCHO decreased in this
period. This may be related to the nonlinear relationship between HCHO (VOC emissions)
and PM2.5 pollution in the PRD [57,59–61]. After 2014, HCHO (VOC emissions) began to
saturate for PM2.5 pollution, and the contribution of rising HCHO (VOC emissions) to the
increase in PM2.5 pollution levels gradually declined, and the positive response of PM2.5
pollution gradually decreased with the increase in VOC emissions between 2015 and 2020.
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Moreover, the amplitude of the response of PM2.5 pollution to SOX is the fourth largest
among all precursors, with the PM2.5 response values to SOX higher than +1 µg m−3 in
the southwestern province in 2011. This may be due to the positive feedback of PM2.5
pollution on SOX. SOX concentrations decreased between 2011 and 2020 and were higher in
2011–2014 than that in 2010 (shown in Figure S14), so the response values of PM2.5 to SOX
in 2011–2014 were positive, while SOX concentrations were lower in 2015–2020 than that
in 2010, and, therefore, values of the PM2.5 response to SOX in 2015–2020 were negative.
Compared with these four precursors, the response of PM2.5 pollution to CAMS-VOC,
aerosol components, and NOX were relatively smaller.

Figure 10 depicts the spatial patterns of the annual response of O3 pollution to each
precursor during 2011–2020 estimated by the MTL models in the PRD. It indicated that
among these precursors, HCHO, NO2, SOX, SO2, and VOC were the most important five
precursors for O3 pollution in the PRD, which are consistent with the results present in
Figure 4f. Among these precursors, the amplitude of the O3 response to HCHO was the
largest in 2015, with the values of the O3 response to HCHO higher than +4 µg m−3 in
northern parts of the PRD. This may be due to the different response patterns of O3 to
HCHO in different regions. The response of O3 to HCHO in central PRD was likely due to
negative feedback in 2011–2012 and in 2014–2020, while the response of O3 to HCHO in
the other regions of the PRD, except the central part, was likely due to positive feedback
in 2012 and in 2014–2020. Except for the central region of the PRD, the response of O3
to HCHO was likely due to negative feedback in 2011, and in contrast, the response was
likely due to positive feedback in 2013. The HCHO concentration was higher in central
PRD in 2011–2012, and 2014–2020, than that in 2010, but the responses of O3 to HCHO
were negative, while the HCHO concentration was higher in the other regions of the PRD,
except the central part, in 2012 and 2014–2020 than that in 2010, and then the responses
of O3 to HCHO were positive. The HCHO concentration was lower in 2011 in the other
regions of the PRD, except the central part, than that in 2010, but the responses of O3 to
HCHO were positive. However, the HCHO concentration (shown in Figure S13) was lower
in central PRD in 2013 than that in 2010, and, therefore, the responses of O3 to HCHO were
negative, while the HCHO concentration was lower in the other regions of the PRD, except
the central part, in 2013 than that in 2010, but the responses of O3 to HCHO were positive.

Moreover, the amplitude of the response of O3 pollution to SOX is the second largest
among all precursors, with O3 response values to SOX lower than –3 µg m−3 in southern
PRD in 2011. This may be due to the positive feedback of O3 pollution on SOX. SOX
concentrations decreased between 2011 and 2020 and were higher in 2011–2014 than that in
2010 (shown in Figure S14), and, therefore, the response values of O3 to SOX in 2011–2014
were positive, while SOX concentrations were lower in 2015–2020 than that in 2010, and,
therefore, values of the O3 response to SOX in 2015–2020 were negative.

For NO2, the response value of O3 pollution to NO2 in the main region of the PRD
decreased from 2011 to 2016, reached a minimum value in 2016, and then increased from
2016 to 2020. This may be related to the different response patterns of O3 pollution to NO2
in the PRD [64,65]. The response of O3 to NO2 was likely due to negative feedback in
2011–2013, while the response of O3 to NO2 was likely due to positive feedback in central
PRD from 2014 to 2020. However, the response of O3 to NO2 was likely due to positive
feedback in northeastern PRD in 2014–2015 and 2017–2020, while the response of O3 to
NO2 was likely due to negative feedback in this region in 2016. In addition, the response of
O3 to NO2 was likely due to negative feedback in northwestern PRD in 2014–2020, while
the response of O3 to NO2 was likely due to positive feedback in southwestern PRD from
2015 to 2020. However, the response of O3 to NO2 was likely due to negative feedback
in southwestern PRD in 2014. The NO2 concentration in 2011–2013 was relatively lower
than that in 2010, and the response value of O3 to NO2 was positive (shown in Figure S12),
while the NO2 concentration in central PRD was higher during 2014–2020 than that in
2010, so the response value of O3 to NO2 was positive. Moreover, the NO2 concentration
in northeastern PRD was relatively higher than that in 2010, so the response value of O3
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to NO2 was positive, while the NO2 concentration was relatively higher in this region in
2016 than that in 2010, but the response value of O3 to NO2 was negative in 2016. The NO2
concentration was relatively higher in northwestern PRD in 2014–2020 than that in 2010, but
the response value of O3 to NO2 in 2014–2020 was negative, while the NO2 concentration
was relatively lower in southwestern PRD during 2015–2020 than that in 2010, and the
response value of O3 to NO2 was negative. However, the NO2 concentration was relatively
higher in southwestern PRD than that in 2010, and the response value of O3 to NO2 was
negative in this region from 2015 to 2020.
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For SO2, the response value of O3 pollution to SO2 in the main region of the PRD
increased from 2011 to 2015, reached the peak value in 2015, and then decreased from 2016
to 2020. This may be due to the different response patterns of O3 pollution to SO2. The
response of O3 to SO2 was likely due to negative feedback in 2012, while the response of
O3 to SO2 was likely due to positive feedback in 2011 and in 2013–2020. Compared with
2010, SO2 concentration in 2011 and 2013–2014 in the PRD were relatively higher (shown in
Figure S11), so the response value of O3 to SO2 in 2011 and 2013–2014 were positive. In 2012,
the SO2 concentration in the PRD was lower than that in 2010, and the values of the O3
response to SO2 were negative. In the northwestern part of the PRD, the SO2 concentration
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was larger than that in 2010, but it decreased significantly from 2015 to 2020, and, therefore,
values of the O3 response to SO2 were all positive in 2015–2020, but the spatial extent
covered by positive values gradually decreased. In contrast, the SO2 concentration in the
southeastern part of the PRD was lower than that in 2010, and it decreased significantly
from 2015 to 2020, and, therefore, values of the O3 response to SO2 were all negative in this
period, but the spatial extent covered by negative values gradually increased.

For VOC, the response of O3 to VOC in the PRD increased from 0.1 µg m−3 in 2011
to 2.0 µg m−3 in 2020. This may be related to the isotropic feedback of O3 pollution on
VOC in the PRD [66–68]. VOC emissions in the PRD increased from 2011 to 2020 and were
relatively higher than that in 2010 (shown in Figure S15), and the response value of O3
pollution to VOC was positive and increased from 2011 to 2020. Compared with these
four precursors, the response of O3 pollution to SO2, NOX, and aerosol components were
relatively smaller.

5. Discussion

Most previous studies only explored the impact of the influencing factors on PM2.5
pollution [29] or O3 pollution [16,30], while there are few studies revealing the effects and
contributions of the influencing factors on PM2.5 and O3 collaborative pollution simul-
taneously [31–33]. In addition, statistical models have also been used by few studies to
reveal the influence and contribution of influencing factors to PM2.5 and O3 collaborative
pollution, with the mainly considered influencing factors being meteorological [10] and
precursor [34–36] factors. In this work, the relative importance of precursor emissions,
meteorological factors, population density, NDVI, LULC, and other factors on PM2.5 and O3
collaborative pollution in the NCP, the PRD, and the YRD were assessed comprehensively.
In addition, few previous studies using statistical models are not able to estimate and
reveal the contribution of the same factor to both PM2.5 and O3 simultaneously, and more
than one model needs to be built to estimate and reveal the contribution of a particular
factor to both PM2.5 and O3 [35,36]. In this work, daily gridded PM2.5 and O3 datasets
and their relative influencing factors were utilized to establish the PM2.5 and O3 MTL
estimation model. Subsequently, the same MTL model was used to quantitatively reveal
the relative importance of each factor to the PM2.5 and O3 collaborative pollution in each
region simultaneously. Furthermore, the response of PM2.5 and O3 to each precursor, as
well as the most important precursors for PM2.5 and O3 collaborative pollution, in the
NCP, the PRD, and the YRD were quantitatively revealed by the PM2.5 and O3 estimation
MTL model.

6. Conclusions

In this work, daily gridded PM2.5 and O3 (maximum daily 8 h average ozone, MDA8)-
estimated datasets, precursors, meteorological factors, AOD products, population density,
NDVI, and LULC from 2010 to 2020 in three typical regions, including the NCP, the YRD,
and the PRD, were utilized to establish the PM2.5 and O3 MTL estimation models for three
regions. The sample-based validation results indicated that MTL model-estimated PM2.5
and O3 concentrations exhibit a high correlation with surface PM2.5 and O3 measurements
in the NCP, the YRD, and the PRD. The prediction accuracy of these three MTL models
was high, with R2 values of these three models ranging from 0.69 to 0.83, and RMSE values
ranging from 9.40 µg m−3 to 16.95 µg m−3.

Subsequently, the PM2.5 and O3 estimation MTL models in the NCP, the PRD, and
the YRD were used to quantitatively reveal the influence and contribution of each factor
to PM2.5 and O3 collaborative pollution simultaneously. For PM2.5 and O3 pollution in
these three regions, precursors (including HCHO, six kinds of VOC, aerosol components,
SO2, NO2, SOX, and NOX) were revealed to be the most critical of all influencing factors,
with their relative importance ranging from 29.99% to 40.65%. Among these precursors,
VOC (including HCHO, C3H8, C5H8, CH4, H2O2, OH, and PAN) and aerosol components
(including BCSM, DUSMASS25, and OCSM) were found to be the most important dominant
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precursors for both PM2.5 pollution and O3 pollution, with their relative importance values
being larger than 22.66%. In addition to precursors, meteorological factors are the second
most important influencing variables on PM2.5 and O3 pollution in these three regions,
with their relative importance values ranging from 15.89% to 20.11%. Moreover, there are
several factors such as AOD, LULC, NDVI, population, topography, and month that have a
strong influence on PM2.5 and O3 pollution for these regions. These results indicate that
surface O3 and PM2.5 pollution in these three regions are largely regulated by VOC, aerosol
components, SOX, and NOX, which means that reducing the emissions of VOC, aerosols,
SOX, and NOX can effectively reduce the O3 and PM2.5 pollution levels in the NCP, the
PRD, and the YRD.

Furthermore, PM2.5 and O3 estimation MTL models were used to quantitatively reveal
the response of PM2.5 and O3 to each precursor pollutant in the NCP, the PRD, and the YRD.
The results showed that among these seven PM2.5 precursor factors, the four influencing
factors with the largest PM2.5 pollution response in these three regions were SO2, HCHO,
NO2, and SOX, which means that the emission reduction in these four precursors is the
most effective measure to mitigate PM2.5 pollution in the NCP, the PRD, and the YRD.
However, the two most crucial precursors of PM2.5 are different across these three regions.
The two most important influencing factors on PM2.5 pollution in the NCP and YRD are
SO2 and HCHO, with 10-year averaged PM2.5 response values of 2.64 µg m−3 (for SO2 in
the NCP) and 2.01 µg m−3 (for SO2 in the YRD), and 1.71 µg m−3 (for HCHO in the NCP)
and 0.95 µg m−3 (for HCHO in the YRD), respectively. However, the two most important
impact factors on PM2.5 pollution in the PRD are SO2 and NO2, with 10-year averaged
PM2.5 response values of 1.24 µg m−3 and 0.88 µg m−3, respectively.

In terms of O3 pollution, it indicated that HCHO, NO2, and SOX were the three
influencing factors that had the greatest response from O3 in these three regions, and
their 10-year average O3 response values were larger than 0.6 µg m−3, which means that
emission reduction in VOC, NO2, and SOX, are the most effective measures to mitigate O3
pollution in the NCP, the PRD and the YRD. Moreover, the two most crucial precursors
of O3 are different across these three regions. The two most important influencing factors
on O3 pollution in the NCP and the YRD are HCHO and NO2, with 10-year averaged
O3 response values of 1.00 µg m−3 (for HCHO in the NCP) and 2.89 µg m−3 (for HCHO
in the YRD), and 0.70 µg m−3 (for NO2 in the NCP) and 0.55 µg m−3 (for NO2 in the
YRD), respectively. However, the two most important impact factors on O3 pollution in the
PRD are HCHO and SOX, with 10-year averaged O3 response values of 1.79 µg m−3 and
0.47 µg m−3, respectively.

Overall, in the NCP and the YRD, VOC emission reduction is the most important mea-
sure to control PM2.5 and O3 collaborative pollution. In addition, SO2 emission reduction
is another critical measure to control PM2.5 pollution, while NO2 emission reduction is
another critical measure to control O3 pollution. For the PRD, NO2 emission reduction is
the most important measure to control PM2.5 and O3 collaborative pollution. In addition,
SO2 and VOC emission reduction is another critical measure to control PM2.5 pollution,
while VOC emission reduction is another critical measure to control O3 pollution. Overall,
this study provides clues and references for the control of PM2.5 and O3 collaborative
pollution in the NCP, the YRD, and the PRD.
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