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The alarming increase of ambient ozone (O3) levels across China raises an 

urgent need in understanding underlying mechanisms of regional O3 events 

for highly urbanized city clusters. Sichuan Basin (SCB) situated in southwestern 

China has experienced severe O3 pollution at times in summer from 2013 

to 2020. Here, we  use the WRF-CMAQ model with the Integrated Source 

Apportionment Method (ISAM) to investigate the evolution mechanism and 

conduct source attribution of an extreme O3 episode in the SCB from June 

1 to 8, 2019. This typical summer O3 episode is associated with the synoptic-

driven meteorological phenomenon and transboundary flow of O3 and 

precursors across the SCB. Weak ventilation in combination with stagnant 

conditions triggered the basin-wide high O3 concentrations and enhanced 

BVOC emissions substantially contribute up to 57.9 μg/m3 MDA8 O3. CMAQ-

ISAM indicates that precursor emissions from industrial and transportation 

have the largest impacts on elevating ambient O3 concentrations, while power 

plant emissions exhibit insignificant contributions to basin-wide O3 episodes. 

These results improve the understanding of the summertime O3 episode in the 

SCB and contribute insights into designing O3 mitigation policy.
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Introduction

As a crucial oxidant in the atmosphere, ozone (O3) is a secondary pollutant formed 
through photochemical reactions of biogenic and anthropogenic precursors in the 
atmosphere (Atkinson, 2000; Seinfeld and Pandis, 2016). The increase of ground-level O3 
adversely impacts human health, damages plant physiological functions, and reduces crop 
productivity (Anenberg et al., 2010). The Global Burden of Diseases Study 2015 reported 
that exposure to O3 contributed to 254 000 deaths globally from chronic obstructive 
pulmonary disease (COPD) in 2015 (Cohen et al., 2017). Due to the nonlinear relationship 
between O3 and its precursors (NOx and VOCs), decreases in precursor concentrations may 
not necessarily result in a corresponding decrease in O3. Conversely, disproportionate 
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reductions in NOx and VOCs emissions may worsen O3 pollution 
(Wu et al., 2022). Therefore, a comprehensive understanding of O3 
formation in response to the reduction in precursor emissions is 
urgently needed for the effective design of control measures.

With the rapid industrialization and urbanization since the 
2000s, air pollution in China has become increasingly severe featured 
by frequent high PM2.5 and O3 episodes (Richter et al., 2005; Apte 
et al., 2015). Although NOx and SO2 emissions have been effectively 
controlled through stringent pollution control measures, elevated O3 
levels in urban areas remain as an important environmental issue (Liu 
and Wang, 2020). Previous studies have shown that the Beijing–
Tianjin–Hebei (BTH) area, Pearl River Delta (PRD), Yangtze River 
Delta (YRD) and Sichuan Basin are the four major urban clusters in 
China that suffer severe O3 pollution (Wu et al., 2020; Wang et al., 
2021). The Sichuan Basin is the most developed economic zone in 
western China which is home to approximately 116 million residents 
within an area of 260,000 km2. The basin is nestled between the Daba 
Mountains to the north, the Yunnan-Guizhou Plateau to the south, 
the Tibetan Plateau to the west and the Wushan Mountains to the 
east. Given the deep basin topography, unique climate dynamics, in 
conjunction with intense anthropogenic emissions, considerable 
attention has been devoted to urban O3 pollution across the Sichuan 
Basin (Song et al., 2018; Simayi et al., 2020; Wang H. et al., 2022). 
Based on long-term ambient measurements of trace gasses, Wu et al. 
(2022) reported that O3 exceedance events and regional O3 episodes 
continuously increased over the Sichuan Basin during warm season 
from 2014 to 2019. Using the comprehensive air quality model with 
extensions (CAMx), Du et al. (2022) found that a reduction ratio of 
1:3 for NOx/VOCs is the most beneficial pathway for O3 mitigation in 
metropolitan Chengdu. While prior studies have focused on 
identifying the spatial and temporal patterns and conducting source 
apportionment of O3 in the Sichuan Basin, the formation mechanism 
of O3 pollution in the Sichuan Basin remains unclear. In addition, the 
meteorological and chemical impacts on O3 episodes need to 
be further investigated.

In this study, we investigated the formation of a high O3 episode 
in that occurred in the summer of 2019 for revealing the governing 
processes of O3 formation by using the Weather Research and 
Forecasting-Community Multiscale Air Quality (WRF-CMAQ) 
modeling system. Further, CMAQ-ISAM is applied for conducting 
source apportionment of ambient O3 across the SCB. The paper is 
organized as follows. In Sect. 2, the model configuration is described. 
The model performance results as indicated by comparisons with 
observations – including meteorological and ground-level air 
pollutant observations – and the results of sensitivity experiments are 
presented in Sect. 3. The conclusions are given in Sect. 4.

Methodology

WRF-CMAQ model

The WRF-CMAQ modeling system is adopted to simulate a 
high O3 episode in the Sichuan Basin from 1 June to 8 June, 2019. 

WRF v4.1.1 is used to simulate meteorological fields using the 
National Centers for Environmental Prediction (NCEP) Final 
(FNL) 1.0° × 1.0° reanalysis data1 as initial and boundary 
conditions. The physical parameterizations for the WRF model are 
same as our previous work (Yang et al., 2020). There are 30 vertical 
layers from the ground to 100 hPa.

CMAQ v5.3.2 is employed to simulate O3 and its precursors 
with carbon-bond chemical mechanism (CB06) and the AERO6 
aerosol module (Pye et al., 2017; Luecken et al., 2019; Appel et al., 
2021). The grid resolution for the three-nested model domains is 
27 km, 9 km and 3 km, respectively. Here, we analyzed only the 
innermost domain, which covers most cities within the Sichuan 
Basin. Boundary inflow to inner domains is extracted from outer 
domain CMAQ simulations. Anthropogenic emissions of air 
pollutants are based on Multiresolution Emission Inventory for 
China (MEIC) in 2017 with five emission sectors included 
(transportation, agricultural, power plant, industrial, and 
residential; Zheng et al., 2018). The Model of Emissions of Gasses 
and Aerosols from Nature (MEGAN, version 2.1) was used to 
calculate the biogenic emissions (Guenther et al., 2012; Wu et al., 
2020). All model simulations are conducted from 20 May to 8 June 
and model outputs prior to 1 June are discarded as spin-up 
(Figure 1).

Ambient measurements

Ground-level meteorological observations were collected 
from the monitoring stations were obtained from the China 
Meteorological Data Service Centre.2 Hourly air pollutants 

1 http://dss.ucar.edu/datasets/ds083.2/

2 http://data.cma.cn/

FIGURE 1

Three-nested domains of WRF-CMAQ modeling system.
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concentrations (O3 and NO2) were acquired from Sichuan 
environmental monitoring center and rigorously checked 
following data accuracy guides (Wang H. et al., 2022).

Integrated source apportionment 
method

The Integrated Source Apportionment Method (ISAM) in 
CMAQ has been widely used in prior studies for investigating the 
response of air pollutants to changes in specific emission sources 
and quantifying the contributions of source regions to pollutants 
levels in receptor areas (Valverde et al., 2016; Kitagawa et al., 2021; 
Yang et al., 2021). Unlike OSAT/PSAT in the CAMx model, ISAM 
explicitly characterizes reactions of individual species rather than 
lumped species, thus enabling detailed source apporitionment 
along simulations. For each tagged source sector or region, ISAM 
uses a two-dimensional Jacobian matrix to diagnose changes of 
each species between model integration timesteps. For source 
apportionment of O3, ISAM uses the ratio between production 
rate of hydrogen peroxide to nitric acid (PH2O2/PHNO3) to 
identify O3-VOCs-NOx sensitivity regimes (Kwok et al., 2015). The 
ratio of PH2O2/PHNO3 <0.35 is distinguished as VOCs-limited 
regime while NOx-limited regime is for PH2O2/PHNO3 higher 
than 0.35.

Statistical metrics for model evaluation

The mean bias (MB), normalized mean bias (NMB), root 
mean square error (RMSE), and index of agreement (IOA) are 
used to evaluate the WRF-CMAQ model simulations of 
meteorological parameters and gas-phase species. The 
calculations of the MB, NMB, RMSE, and IOA are defined by 
equations (1)–(4), respectively, where Pi denotes values 
derived from model simulation and Oi represents 
observed values.
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Results and discussion

Evaluation of WRF and CMAQ model 
performance

Four national meteorological stations are selected to validate 
the simulated meteorological fields (Chengdu, Meishan, Ziyang, 
Neijiang). Table 1 presents the statistical metrics for the hourly 2-m 
temperature (T2), 2-m relative humidity (RH2), and 10-m wind 
speed (WS10) at Chengdu, Meishan, Ziyang, and Neijiang 
meteorological stations. As shown in Table 1, IOA values for T2 for 
all sites are higher than 0.90 and MB values are lower than 1.5°C, 
indicating that the model can adequately reproduce the variations 
of T2 across the SCB. For RH2, it can be clearly seen that WRF well 
captures temporal variations of RH2, while WRF tends to 

TABLE 1 Statistical metrics of WRF model performance compared with the observed meteorological parameters at Chengdu, Meishan, Ziyang and 
Neijiang stations from June 1 to 8, 2019.

Chengdu Meishan Ziyang Neijiang

T2 (°C) MB 1.49 0.75 1.09 0.62

NMB 0.06 0.03 0.04 0.02

RMSE 2.07 1.77 1.98 1.70

IOA 0.94 0.96 0.94 0.95

RH2 (%) MB −15.51 −3.78 −9.74 −1.19

NMB −0.22 −0.06 −0.14 −0.02

RMSE 22.42 13.43 16.30 10.24

IOA 0.73 0.88 0.84 0.90

WS10 (m/s) MB 0.99 1.28 0.74 0.44

NMB 0.53 0.97 0.32 0.18

RMSE 1.65 1.97 1.83 1.59
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underestimate the RH2 for all cities with the most significant 
underestimation in Chengdu (MB higher than 15%). In addition, 
despite the slight overestimation of WS10, the WRF model 
adequately simulated the transition of wind fields over the study 
period, with correlation coefficients of the simulated and observed 
10-m u- and v-components reaching 0.64 and 0.71, respectively.

Figure 2 displays the time series of simulated and observed O3 
for Chengdu, Deyang, Mianyang, Nanchong, Neijiang, and Zigong 
cities over the study period. It can be clearly seen that the diurnal 
variations and temporal pattern of O3 were well captured by the 
CMAQ model simulation. O3 concentration peaked in the afternoon 
while it decreased at night due to NOx titration, which is coincident 
with periods of photochemical activity (Deng et al., 2019). Compared 
with the observations, the R values among cities are higher than 0.75 
and all NMBs are <0.20, indicating that modeled O3 levels are in 
good agreement with the observations (Emery et al., 2017). However, 
it is worth noting that peak O3 levels were underestimated by CMAQ 
for Chengdu, Deyang, and Mianyang cities, resulting in relatively 

high MB values. This phenomenon could be  attributed to 
overestimated daytime NO2 concentrations in urban areas (Zheng 
et al., 2021). Despite the moderate bias in the WRF-CMAQ modeling 
system, the model performance in this study is comparable to prior 
work, and the IOA values are even higher than in published literature 
(Yang et al., 2020; Wang Y. et al., 2022).

In general, the variations of meteorological parameters and 
gaseous pollutants simulated by the WRF-CMAQ modeling 
system agree well with ground-level observations across the SCB, 
indicating the robustness of the simulated meteorological fields 
and air pollutants levels.

Characterization of summertime O3 
episode

Figure 3 presents the spatial pattern of the simulated ground-
level MDA8 O3 concentrations from 1 June to 8 June 2019. 

A B

C D

E F

FIGURE 2

Time series of observed and simulated surface O3 concentrations at (a) Chengdu, (b) Deyang, (c) Mianyang, (d) Nanchong, (e) Neijiang, and  
(f) Zigong cities from June 1 to 8, 2019.
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Further, daily synoptic patterns at 500 hPa over China are shown 
in Figure 4. At the beginning of this episode (1 June), there were 
few polluted air masses advected across the SCB due to the stable 
synoptic background field. As a result, ambient O3 was mainly 
formed from local sources and peak O3 levels were mainly found 
in urban areas. Notably, the urban center of Chongqing exhibited 
MDA8 O3 in excess of National Ambient Air Quality Standards 
(NAAQS; MDA8 O3 higher than 160 μg/m3), suggesting the 
governing role of local meteorological conditions and 
anthropogenic emissions in O3 formation. With the development 
of the synoptic pattern, anthropogenic precursors emitted from 
southern and southeastern SCB were streaming northward and 
gradually accumulated in downwind regions on 2nd June. At the 
same time, high levels of MDA8 O3 concentrations were clearly 
observed across the Chengdu Plain and southern SCB due to 
unfavorable meteorological conditions. On 3rd June, synoptic 
wind fields in combination with stagnant conditions considerably 
exacerbated the regional O3 episode, which lead to basin-wide 
exposure to high levels of O3 (peak MDA8 O3 reaching 256.3 μg/
m3). It is worth noting that elevated O3 levels can also be observed 
over northeastern SCB where anthropogenic emissions of NOx 
and VOCs are comparatively lower than in other areas within the 
SCB, indicating the remarkable O3 enhancement attributed to 

meteorological-driven mesoscale processes. On the basis of 
substantial accumulated precursors, synoptic-driven wind fields 
continued to fuel regional O3 formation, and O3 hotspots were 
mainly found in the Chengdu Plain and southern SCB., With the 
eastward of southwest vortex on 5th June, moderate basin-wide 
precipitation led to dramatic reductions in O3 concentrations. 
Over this period, spatial patterns of O3 pollution were mainly 
influenced by local meteorological phenomena and anthropogenic 
emissions. On 7th June, high levels of ambient O3 were depicted 
throughout the SCB, which arise from the effects of a slow-moving 
high-pressure system. This episode ended on 8th June as the 
thermally driven circulation forced clean air masses through the 
SCB, subsequently reducing basin-wide O3 concentrations.

Source attribution of ambient O3

Previous studies have suggested that both biogenic and 
anthropogenic emissions significantly contribute to O3 formation 
(Yang et al., 2020; Wang Y. et al., 2022). However, to effectively 
reduce ambient O3 levels, it is of vital importance to assess the 
relative contributions of different source sectors to surface O3 
formation. In this section, we  evaluated the contributions of 

A B C

D

G H

E F

FIGURE 3

(A-H) Spatial map of ground-level MDA8 O3 concentrations over the SCB from 1 June to 8 June, 2019.
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A B C

D E F

FIGURE 5

(A-F) BVOC contributions to ground-level MDA8 O3 over the SCB from 1 June to 6 June, 2019.

biogenic, industrial, power plant, residential, and transport 
emissions to O3 in the Sichuan Basin, using CMAQ-ISAM to 
quantify the effect of each source on O3 concentrations.

The contribution of biogenic sources to MDA8 O3 during the 
summer O3 episode identified by CMAQ-ISAM is presented in 
Figure 5. It can be clearly seen that the effects of BVOCs became 
increasingly prominent with the evolution of this episode. When 
the period turns to the most polluted conditions, BVOCs 
contributed upwards of 57.9 μg/m3 to MDA8 O3 across the 
Chengdu Plain and southern SCB, which substantially elevates 
peak O3 concentrations and affect the build-up of basin-
wide episode.

Figure 6 shows the relative contributions of power, industrial, 
residential, and transportation sources to MDA8 O3 concentration. 
For anthropogenic sectors, industrial and transportation sectors 
exhibit comparable contributions to O3 formation (approximately 
30 μg/m3) in the SCB, compared with other sectors. This 
phenomenon is because industrial emissions account for more 
than 60% of anthropogenic VOCs compared to residential and 
transportation emissions. Thus, industrial emissions explained the 
majority of basin-wide O3 enhancements in affected regions 
including urban and suburban areas. Unlike industrial emissions, 
the role of precursors emitted from transportation was much more 
prominent in urban areas, with peak levels found in metropolitan 
Chengdu and urban Chongqing (Wang Y. et  al., 2022). The 
contribution of the residential source showed a distinct spatial 

E F

A B

C D

FIGURE 4

(A-F) Map of synoptic pattern at 500 hPa over China from 1 June 
to 6 June, 2019.
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pattern that exhibited the largest values over southern SCB. By 
contrast, emissions of power plants made insignificant 
contributions to MDA8 O3 (<15 μg/m3), which is primarily 
attributed to substantial reductions in NOx emissions from power 
plants. Therefore, reducing industrial and transportation 
emissions is crucial for reducing O3 pollution in the SCB.

Conclusion

The interplay of sources, advection, and chemical reactions 
has limited the full characterization of extreme air pollution 
events. In this study, we  leverage the WRF-CMAQ modeling 
system to reproduce a summer O3 episode over the SCB in June 
2019. This episode was strongly influenced by meteorology-driven 
processes and elevated anthropogenic emissions, representing a 
typical basin-wide summer O3 exceedance event. Model 
evaluation showed that both spatial and temporal changes of 
meteorological parameters and air pollutants concentrations 
across the SCB were well captured by the model. We depict that 
O3 rapidly spiked to peak levels under the synoptic-driven wind 

fields. In particular, when the southeasterlies prevail in the basin, 
O3 and precursors streaming westward significantly contribute to 
the downwind MDA8 O3 levels.

Based on the CMAQ-ISAM model, we  find comparable 
contributions from the transportation and industrial sectors, 
which both elevate MDA8 O3 by about 30 μg/m3. Emissions of 
power plants showed moderate effects on O3 formation, with the 
most significant impacts over southern SCB. Limited impacts of 
power plant emissions are simulated by CMAQ due to relatively 
low emission amount. Consistent with prior studies, enhanced 
BVOC emissions during the episode not only play crucial roles 
in local O3 formation but can also exert a profound influence on 
the whole basin due to regional transport, which could even 
contribute 57.9 μg/m3 to MDA8 O3. Therefore, regulatory 
measures should keep the focus on cutting precursor emissions of 
industrial and transportation sectors, aiming for achieving 
compliance with O3 air quality standards.

Concerning the severe summertime O3 pollution in the SCB, 
this work provides a comprehensive assessment on O3 formation 
and identifies the importance of anthropogenic and biogenic 
sources in this typical exceedance event through high-resolution 

A B

C D

FIGURE 6

Sector-based anthropogenic contributions to MDA8 O3 concentrations across the SCB from 1 June to 6 June, 2019. (a) Industrial, (b) 
transportation, (c) power plant, (d) residential.
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air quality modeling. However, we note that the CMAQ model 
tends to underpredict peak O3 levels in urban areas, which 
potentially underestimates the contribution of anthropogenic 
sectors. Future studies aid in improving model performance 
through data assimilation and building emission inventory 
through a top-down approach is warranted for further 
understanding of O3 formation in the SCB.
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