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A B S T R A C T   

In this study, the WRF-CMAQ model integrated with BEM urban canopy model was used to 
simulate the concentrations of Ozone (O3) and its precursors, NOx and VOCs, in warm season of 
Chengdu, conduct source apportionment and formation analysis. The results show that the O3 in 
Chengdu exhibits a west-high/east-low spatial pattern, attributable to nearly 40% contribution 
from boundary sources representing the transport role of the Sichuan Basin, regional sources from 
districts emitting high precursor concentrations, and increasing biogenic contributions from 
western areas due to rising BVOCs emissions during the warm season. NOx from traffic and VOCs 
from industrial sources, both prevalent in Chengdu's high urban density areas, chemically react to 
form O3, making these sectors primary contributors to O3. NOx photochemical reactions pro-
ducing O3 occur at 150 m–2500 m with peak generation rates of 10 μg/(m3⋅hr). Ground-level NO 
titration removal is most significant during heavy traffic (14:00–21:00), ranging from − 70 to 
− 200 μg/(m3⋅hr). O3 is replenished through similar rates of daytime vertical diffusion and 
nighttime horizontal advection, correlating with urban density across regions. Controlling 
Chengdu's warm season O3 requires focusing on long-distance external transport and regional 
precursor emission reductions, with strategies tailored to local urban characteristics.   

1. Introduction 

Tropospheric ozone (O3) is an important component of the atmosphere and is crucial in atmospheric chemistry. Tropospheric O3 is 
also a secondary pollutant formed by a series of photochemical reactions between nitrogen oxides (NOx) and volatile organic com-
pounds (VOCs) under solar radiation (Li et al., 2019), with many adverse effects on human health, global ecosystems, and climate 
(Arneth et al., 2010; Cohen et al., 2017). In recent years, with China's rapid industrial and economic development and the expansion of 
urban areas, high concentrations of O3 pollution have frequently occurred in densely populated urban areas such as the Beijing- 
Tianjin-Hebei region, the Pearl River Delta, the Yangtze River Delta, and the Sichuan Basin (Liu et al., 2020; Yu et al., 2019). 
Therefore, preventing and controlling O3 pollution have become popular topics in China's atmospheric environment. 
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To study the prevention and control of O3 pollution, it is crucial to understand its precursors, NOx (NO, NO2), and VOCs. Under light 
conditions, NO2 generates NO and O3. In the absence of VOCs, NO rapidly regenerates NO2 due to the strong oxidizing properties of O3, 
resulting in a steady-state cycle. However, the VOCs present in the actual atmosphere can oxidize NO to NO2, preventing O3 from 
undergoing a strong oxidizing reaction with NO and causing O3 to accumulate continuously (Steinfeld, 1998). Therefore, there is a 
nonlinear relationship between the degree of O3 pollution and the levels of NOx and VOCs. Controlling the emission reduction ratio of 
both NOx and VOCs based on the O3 sensitivity coefficient critically impacts the change in the O3 concentration in urban areas (Du 
et al., 2022). 

Although conventional back-trajectory cluster analysis (Brankov et al., 1998) and O3 source apportionment techniques (Li et al., 
2013) can infer the potential source regions and emission source types of O3, they cannot provide the contribution rates of different 
regions or the specific concentration distributions and contributions of different emission sources. The brute-force method (BFM) can 
determine the contribution rate of a target emission source by setting all emissions, except for the target, to zero (Wang et al., 2014). 
However, this approach is computationally demanding for large-scale studies and does not consider the nonlinear impacts among 
different pollution sources (Wang et al., 2010). The integrated source apportionment module model (CMAQ-ISAM) uses the emission 
inventory, which cooperates with the physical and chemical transport calculation module inside the model to perform source 
apportionment on the target pollutants in the form of labels, and obtains their spatiotemporal distribution characteristics, contribution 
rates and reaction process rates. Wang et al. (2023b) used CMAQ to simulate O3, NOx and VOCs in the Pearl River Delta region and 
concluded that the local emission contribution of VOCs is much greater than that of NOx and O3, both of which have strong transport 
capabilities. Zhang et al. (2023) used the integrated reaction rate module (IPR) in CMAQ to analyze the source and formation 
mechanism of O3 and its precursors in the Beijing-Tianjin-Hebei region and concluded that the boundary conditions (BCONs) and local 
emission contributions were similar and that vertical diffusion during the day led to an increase in the near-surface O3 concentration. 

Chengdu is in the western Sichuan Basin and is one of the largest cities in southwestern China. Due to the proximity of the Qinghai- 
Tibet Plateau in western Chengdu, the Longquan Mountains in the east, and the mountainous terrain in the north and south, Chengdu is 
prone to serious O3 pollution events in summer (Tan et al., 2018). In the summer of 2016 (July August) in Chengdu, O3 caused severe 
pollution for 27 days, and the average maximum 8-h concentration reached 322 μg/m3 (Tan et al., 2020). The peak net O3 production 
in the four major urban areas of Chengdu in the autumn of the same year was 20–28 ppbv/h (Tan et al., 2018). Related studies have 
analyzed O3 pollution in Chengdu and its surrounding counties in the Sichuan Basin area (Du et al., 2022; Lei et al., 2023; Yang et al., 
2020). The results showed that the degree and contribution of O3 pollution in Chengdu were significantly greater than those of the 
remaining Sichuan Basin (Lei et al., 2023); currently, O3 simulation analysis research within Chengdu is relatively limited. 

Existing research mainly focused on O3 pollution in the entire Sichuan Basin. There are few studies on the simulation, source 
analysis and process analysis of O3 pollution in Chengdu at the urban scale (Du et al., 2022; Wang et al., 2024; Yang et al., 2021). 
Research summarizing the characteristics of O3 pollution in Chengdu and providing a basis for the formulation of relevant 

Fig. 1. WRF-CMAQ simulation area. (a) simulation domain, (b) spatial distribution of the urban building density of Chengdu, (c) distribution of 
meteorological and air quality monitoring sites, (d) Chengdu's 16 districts and counties delineated for the ISAM region setting. 
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environmental protection policies are needed. In this study, we simulated the meteorological field in Chengdu based on the weather 
research and forecasting model considering the urban canopy model (WRF-UCM), and jointly used the CMAQ-ISAM model and IPR 
module to analyze the regional transport source and formation mechanism of O3 and its precursors under the influence of major 
anthropogenic and biological source emissions in various districts, counties and urban areas of Chengdu. In Section 2, the configu-
ration of the model, the introduction of each module, and two source resolution scenarios are briefly described. In Section 3, the 
spatiotemporal distribution of regional emissions, the contribution rates of emission sources in the two scenarios and the process 
analysis between different transport mechanisms are analyzed. Finally, conclusions are made in Section 4. 

2. Data and methods 

2.1. WRF-CMAQ model configuration 

We used WRFv4.1.2 (Skamarock et al., 2019) to simulate meteorological conditions and the community multiscale air quality 
model (CMAQv5.3.2) to simulate O3 concentrations in Chengdu city. The integrated source apportionment module (ISAM) was applied 
to analyze the spatiotemporal distribution and regional emission contributions of O3 and its precursors (VOCs and NOx), while the 
integrated process rate module (IPR) was used to determine the rate of change in O3 during the chemical-physical simulation process. 
The simulation period is from March 1 to August 31, 2022, predominantly includes the spring and summer seasons in 2022, which 
roughly represents the duration of this year's warm season. As a period prone to O3 pollution, Chengdu has experienced multiple heavy 
O3 pollution events in the spring and summer of 2022. Among them, a serious O3 pollution event occurred in August 2022. During this 
event, the O3 concentrations exceeded the daily maximum 8-h average (MDA8) limit (165 μg/m3) of the Chinese Ambient Air Quality 
Standard (GB 3095–2012) for about 20 days. The WRF model has three nested layers, as shown in Fig. 1. The outermost layer, d01, has 
a spatial resolution of 27 km × 27 km, while the inner two layers, d02 and d03, have spatial resolutions of 9 km × 9 km and 3 km × 3 
km, respectively. Among them, d03 covers the entire range of Chengdu. The vertical layer distributions of WRF and CMAQ are 
consistent, and there are 35 σ layers from the surface to the tropopause. To optimize the simulation results of the meteorological 
variables in the Chengdu area and increase the accuracy of the O3 concentration simulations, the WRF model was run with the BEM 
urban canopy model (a multilayer urban canopy model combined with air-conditioning systems), The WRF model parameterization 
method and the gas phase chemical mechanism and aerosol chemical mechanism used by CMAQ are shown in Table 1. 

2.2. Input data and data processing method 

The WRF input data were the 0.25◦ × 0.25◦FNL global reanalysis data provided by the US National Environmental Prediction 
Center (NECP), and the simulation results were used as the initial conditions (ICONs) and BCONs of the meteorological field required 
by CMAQ. The default underlying surface data in WRF were constructed for 2000, which is significantly different from the current 
underlying surface results for Chengdu. To reduce the simulation bias caused by it, we used the 2020 MODIS global 500 m resolution 
land use product. To meet the requirements of the BEM canopy model in WRF for the division of high-density, medium-density and 
low-density urban surfaces, we use a 3*3 window based on the MODIS land use product to count the proportion of urban surface, 
taking 50% and 80% as the boundaries, the urban surface of the three densities are divided, as shown in Fig. 1b. 

For the emission inventory of the simulated area, the emissions from anthropogenic sources came from the China Multiscale 
Emission Inventory Model (MEIC) with a resolution of 0.25◦ × 0.25◦ developed by Tsinghua University (Zheng et al., 2018), and its 
2020 emission inventory was used. We utilized the emission inventory allocation tool developed by Wang et al. (2023a) to process the 
2020 MEIC emission inventory across four sectors: transportation, residential, industrial, and power sources. The data of road dis-
tribution, population density, and industrial area distribution data were used to perform spatial allocation into the CMAQ model's grid; 
the emissions from natural sources were calculated by MEGANv2.1 (Guenther et al., 2012). Finally, the emission inventory we ob-
tained for CMAQ simulations contains two spatial resolutions: the resolution of the outermost layer (d01) is 27 km, and that of the 
innermost layer (d03) is 3 km. The simulated pollutant concentrations of d01 are used as the BCONs and ICONs of d01 to ensure that 
the external transport can be captured by the model. 

Table 1 
WRF and CMAQ modeling configurations.  

Model Model attribution Configuration 

WRF Microphysics WSM3 (Hong et al., 2004)  
Shortwave radiation RRTM (Mlawer et al., 1997)  
Longwave radiation Dudhia (Dudhia, 1989)  
Surface layer physics Revised MM5 Monin-Obukhov  
Land surface model Noah Land Surface Model (Ek et al., 2003)  
PBL physics scheme MYJ (Janjić, 1994)  
Cumulus Parameterization Kain-Fritsch (Kain, 2004)  
Urban canopy model BEM  

CMAQ Gas-phase chemistry CB06(Yarwood et al., 2010)  
Aerosol module AERO6(Murphy et al., 2017; Pye et al., 2017)  

Y. Xian et al.                                                                                                                                                                                                           



Urban Climate 56 (2024) 102017

4

2.3. ISAM module and configuration 

The integrated source apportionment method (ISAM) is a tagging-based source apportionment method commonly used in 
conjunction with CMAQ. It is widely applied to track different pollutant sources, particularly those with primary and secondary 
pollutants. The tagged species are incorporated into the chemical transport module for atmospheric chemical and physical process 
calculations. Kwok et al. (2015) applied ISAM to simulate the contributions of nine source categories to O3 concentrations in California 
and compared the results with the brute-force method. They found that the source apportionment results, except for biogenic sources, 
from both methods had a correlation of >0.9. 

ISAM uses two tagging methods: regional tagging and emission source tagging. When the various types of tagged emission pol-
lutants enter the chemical transport mode, under the dominance of chemical mechanisms, some of pollutants from varied tagged 
categories act as reactants to produce O3, with varying concentration proportions. Consequently, tagged emission sources can be 
considered as a source of O3, despite O3 not being the primary pollutant. In this study, we tracked the regional emissions from 15 
districts of Chengdu city and the high-density urban area of Chengdu (CDurban, comprising the Qingyang, Chenghua, Wuhou, Jin-
jiang, and Jinniu districts), as shown in Fig. 1d. The final O3 emissions inventory included both anthropogenic and biogenic sources, 
with anthropogenic sources consisting of five categories: industrial, power, residential, and transportation. O3 source apportionment 
analysis was divided into two scenarios based on two tagging methods: (1) without distinguishing the types of emission sources, all 
regions were tagged, and each region contained all five types of emission sources; (2) without distinguishing the emission regions, the 
five different types of emission sources were tagged separately. In addition, the BCONs, ICONs, and untagged emissions (OTHR) that 
drive the CMAQ simulation process were automatically tagged as supplementary contributions to the simulation results. BCONs mostly 
include global background values and long-range transport contributions from emission sources outside the simulation area (Kitagawa 
et al., 2021; Zhang et al., 2023).In this study, the BCONs of d03 is obtained from the simulation results of d01 and mainly represents the 
contribution of external pollutant transport to d03. The OTHR includes default emission sources in the model that are not explicitly 
tagged. 

2.4. Process analysis module 

To understand the mechanism of O3 formation in Chengdu city during summer, the integrated process rate (IPR) module (Gipson, 
1999), embedded in CMAQ, was used in this simulation. In general, in CMAQ simulations, after the atmospheric physical and chemical 
transport modules have been calculated, only the concentration information of the target species can be obtained. The IPR provides 
detailed change information during the model prediction process. In this study, seven major physical and chemical processes were 
chosen for analysis, namely, vertical advection (ZADV), horizontal advection (HADV), horizontal diffusion (HDIF), vertical diffusion 
(VDIF), dry deposition (DDEP), cloud processes (CLDS) and chemical processes (CHEM), on the overall impact of O3 and the net change 
rate of its precursors (Xing et al., 2017). 

In the analysis of the IPR results, the reaction processes of different regions near the ground were first examined. The process 
change rates of the 16 emission locations for O3 were statistically averaged on a monthly hourly basis to obtain the daily average 
changes in O3 for each region, thereby analyzing the characteristics of O3 formation in each region. Additionally, the daytime and 
nighttime change rates of each process for O3 in each layer between 150 and 2500 m were analyzed in each region, and the diurnal 
variation of O3 above the near-surface and its impact on the ground level were investigated. 

2.5. Site description and model validation methods 

In this study, the meteorological variables and O3 concentrations of WRF and CMAQ were verified using the hourly observation 
data from meteorological stations and environmental monitoring stations in Chengdu in August 2022. Meteorological observation data 
were obtained from five different districts in Chengdu city, including Chengdu (CD), Jianyang (JY), Longquanyi (LQY), Pengzhou (PZ), 
and Jintang (JT). O3 data from air monitoring stations were obtained from six sites in several counties and districts of Chengdu city, as 
shown in Fig. 1c. These environmental stations are evenly distributed within Chengdu city. The Jinbo Road (JBL) station in the Jinniu 
district is a typical urban site, the Science City (KXC) station is in the southern Shuangliu district, the Qingbaijiang Technician College 
(QBJJSFY) station is in the campus environment of the eastern Qingbaijiang district, and the stations in the western part of Chengdu 
city are Hairong Pharmaceutical (HRYY), Wenchang Middle School North Campus (WCZXBXQ), and Ziyuan (ZY), located in 
Dujiangyan (DJY), Qionglai (QL), and Chongzhou (CZ), respectively. 

The statistical parameters used to evaluate the simulation performance included the mean absolute error (MAE, Eq. 1), correlation 
coefficient (R), normalized mean error (NME, Eq. 2), normalized mean bias (NMB, Eq. 3), mean fractional error (MFE, Eq. 4), and mean 
fractional bias (MFB, Eq. 5), where P represents the simulated value and O represents the observed value. According to Boylan and 
Russell (2006), when |MFB| ≤ 60% and |MFE| ≤ 75%, the model results were within an acceptable range of error. When |MFB| ≤ 30% 
and |MFE| ≤ 50%, the simulation performance was good. 

MAE =
1
N

∑N

i=1
∣ Pi − Oi ∣ (1)  
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(4)  

MFB =
1
N

∑N

i=1

(Pi − Oi)

(Oi + Pi/2)
(5)  

3. Results and discussion 

3.1. Model performance evaluation 

The verification results between the meteorological variables simulated by WRF and the observed data from the meteorological 
stations are shown in Fig. S1 and Table 2. The verification was performed using daily averages from March to August. The correlation 
coefficients for temperature (T2) at the five stations were relatively good (from 0.95 to 0.97). However, due to the uncertainty of the 
atmospheric dynamics and physical boundary layer parameterization schemes employed by the model in simulating wind fields in the 
complex terrain of Chengdu (Hallar et al., 2021), the correlation coefficients for wind speed (WS) were relatively low (from 0.59 to 
0.75), with an MAE of approximately 1 m/s. Considering the values of the error parameters (NME, NMB, MFE, and MFB) for both 
meteorological variables, the simulation accuracy of the meteorological field was within an acceptable range. The verification results 
of the CMAQ-simulated MDA8 O3 concentration and observation data of six environmental stations in Chengdu are shown in Table 2, 
and the observed and simulated values of O3 concentration from March 1 to August 31 are shown in Fig. S2. The correlation co-
efficients (from 0.63 to 0.74) for all sites demonstrated a good correlation. Additionally, |MFB| ≤ 30% and |MFE| ≤ 30% indicated that 
the accuracy of the O3 concentration simulation was satisfactory. The KXC site located in Shuangliu District in southern Chengdu has a 
higher MAE (31.12 μg/m3), the MAEs for other stations ranged from 17.22 to 21.52 μg/m3, indicating relatively larger errors at the 
urban stations, which may have been attributed to certain inaccuracies in the WRF model simulations of the meteorological conditions, 
impacting the concentration field distribution. Other factors contributing to the uncertainties in the calculation results for Chengdu 
especially the Shuangliu region, include the selected chemical mechanism, errors in emission inventories, and uncertainties in their 
distribution (Ou et al., 2016). The commonly used chemical mechanisms in the CMAQ model for simulating O3 concentrations include 
CB06, SAPRC99, SAPRC07, and RACM2. Variations in their respective VOC emission inventory methodologies (e.g., CB06 accounts for 
carbon bond numbers when quantifying VOC emissions, resulting in comparatively higher emissions of PAR relative to other chemical 
mechanisms) can affect VOC and consequently O3 concentration simulations. Additionally, differences in the chemical reaction 

Table 2 
Verification of simulation results.  

Model Station 
name 

Validated parameter MAE R NMB NME MFE MFB 

WRF 

CD T2 2.08 0.95 6.5% 8.63% 5.76% 4.04%  
WS 0.51 0.60 − 16.34% 23.76% 15.49% − 9.91% 

JY T2 1.41 0.96 0.52% 5.82% 6.47% 7.83%  
WS 1.36 0.75 − 50.13% 50.21% 38.28% − 38.17% 

LQY T2 1.94 0.97 − 6.23% 7.93% 5.37% − 3.78%  
WS 1.42 0.66 − 51.25% 51.34% 39.65% − 39.47% 

PZ T2 1.97 0.96 − 6.21% 8.18% 5.76% − 4.01%  
WS 1.41 0.59 − 57.65% 57.65% 46.87% 46.87% 

JT T2 2.01 0.80 − 1.76% 6.93% 4.45% − 0.79%  
WS 1.35 0.59 − 47.75% 48.02% 37.16% − 36.76%  

CMAQ 

WCZXBXQ 

O3 concentration 

21.52 0.65 − 16.03% 26.26% 20.02% − 12.20% 
HRYY 20.81 0.74 − 10.76% 23.65% 17.40% − 8.88% 
ZY 17.23 0.73 3.74% 22.67% 16.13% 2.18% 
QBJJSFY 17.22 0.63 − 11.71% 22.35% 16.21% − 7.87% 
KXC 31.12 0.65 − 36.70% 37.41% 28.72% − 27.89% 
JBL 18.40 0.69 − 11.91% 24.51% 18.32% − 7.46%  
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intensities among these mechanisms can result in varying simulation errors, particularly due to the reactions of HO2-NO, RO2-NO, and 
the decomposition of NO2 (Kitayama et al., 2019). According to the spatial distribution of the stations in the Chengdu area, it can be 
deduced that the average values of all verification parameters of the three sites in the western Chengdu (WCZXBXQ, HRYY, ZY) outside 
the high-density urban area are greater than those of the three sites in central Chengdu and surrounding urban areas. The reason was 
that under urban area conditions, the model could not accurately simulate the environmental characteristics of the urban area where 
the sites were located, which led to errors in meteorological variables and subsequently affected the calculation results of the CMAQ 
chemical process (Zhang et al., 2007). Overall, the simulated O3 concentration had a relatively high correlation with the observed 
concentration at the stations, which was similar to the results of previous meteorological and environmental simulation studies 
conducted in Chengdu (Wang et al., 2021). 

3.2. Spatial distribution characteristics of temperature, O3, and its precursors 

Before analyzing the sources of O3 pollution in Chengdu, it was necessary to first understand the spatial distribution characteristics 
of the meteorological environment field during the warm season of 2022, as shown in Fig. 2, for the corresponding simulation results. 
The northwestern area adjacent to the Western Sichuan Plateau features complex terrain and lower atmospheric stability, with variable 
wind directions and higher wind speeds compared to those of the plains. In contrast, due to the unique topography of the Sichuan Basin 
(Fig. 1), the plain areas experience low-speed northeasterly winds, the urban areas affected by buildings exhibit the lowest wind 
speeds, and the wind speeds are higher in the JY and JT regions. Except for the mountainous areas in western Sichuan adjacent to the 
Qinghai-Tibet Plateau in the west, during the warm season of 2022, Chengdu experienced an average temperature ranging from 19 to 
25 ◦C (Fig. 2a) with a uniform spatial distribution, and the influence of some O3 pollution chemical processes was strengthened. The 
seasonal average MDA8 O3 concentration in Chengdu from March to August 2022 is shown in Fig. 2b. The western districts and 
counties of Chengdu had a relatively high O3 concentrations, ranging from 250 to 350 μg/m3.The Pidu (PD) and Wenjiang (WJ) areas 
in the western main urban area had the highest MDA8 O3 concentrations, while the eastern districts and counties had relatively lower 
MDA8 O3 concentrations. The concentration in the urban area was the lowest. This spatial distribution of O3 was consistent with the 
simulation results obtained by Liu et al. (2020) for the summer of 2017. The distributions and concentration differences of O3 between 
spring and summer are shown in Fig. S3. The highest MDA8 O3 concentrations in spring were lower than those in summer, with a more 
pronounced east-west discrepancy. High concentration areas shift from DJY in spring to XD and PD in summer, with an overall increase 
ranging from 40 to 120 μg/m3, and a greater increase in urban areas. 

The seasonal average distributions of VOCs and NOx are illustrated in Fig. 2c and Fig. 2d, respectively. In the MEIC emission source 
inventory, the main urban area of Chengdu is the main emission area of VOCs and NOx, and the simulation results also show that the 
main urban area of Chengdu is an area with high concentrations of VOCs and NOx. However, outside the main urban area of Chengdu, 
there are differences in concentration levels between the two, which is mainly due to biological VOCs (BVOCs). According to Zhang 
et al. (2022), the emission intensity of BVOCs at the edge of the Sichuan Basin is relatively high, and due to the advection of BVOCs by 

Fig. 2. Seasonal mean values of the meteorological environment in Chengdu from March to August 2022: (a) temperature, (b) MDA8 of O3 con-
centrations, (c) VOCs concentrations, and (d) NOx concentrations, with arrows in the figure indicating the wind direction. 
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prevailing winds to the downwind area of Chengdu, the concentration of VOCs in the eastern and western regions outside the urban 
area is greater than that of NOx. 

3.3. O3 source apportionment of regions in the Chengdu area 

According to the setup of the source apportionment scenario (1), the spatial distribution characteristics of the seasonal MDA8 O3 
concentration and wind field during the warm season of 2022 for the 16 tagged districts in Chengdu are shown in Fig. S4. The initial 
concentration for each tagged area was ranged from 40 to 70 μg/m3. The distribution of O3 originated from all regions was generally a 
high-value area in the tagged area, and it spread to the west of Chengdu along the direction of the wind field starting from the tagged 
area and began to accumulate after reaching the mountainous area in the west, eventually forming the characteristic of high O3 
concentrations in the west and low concentrations in the east (Fig. 2b). The O3 transport in different tagged areas had different dis-
tribution ranges due to the influence of the local environment and wind field and was generally positively related to the local con-
centration. CDurban, DJY, and LQY had relatively high local emissions among all regions. The CDurban and western districts and 
counties (DJY, PD, SL, and WJ) had relatively high local emissions among all regions, so their impacts on long-distance transport to 
other regions were relatively low compared to those on local emissions. CDurban, PD, SL, and WJ are in urban areas where anthro-
pogenic emissions are dominant, in the center of Chengdu, so they are the major regional sources of pollution for their adjacent areas. 
Due to the persistent northeasterly wind, the O3 distribution trajectories from each region showed a southwestward spread, resulting in 
similar characteristics to those of the DJY, with less diffusion and transport to other districts, such as the QL and PJ, in southwestern 
Chengdu. In contrast, the QBJ, LQY, PZ, XD, and XJ regions had more significant southwestward diffusion effects due to the influence 
of the wind field, which was one of the important reasons for the high O3 pollution in the west. Located in the easternmost part of 
Chengdu, JY and JT are situated on the eastern side of the Longquan Mountains. The higher wind speeds in these areas accelerate the 
transport of O3, resulting in a situation where the external O3 concentration is higher than the local O3 concentration and blocking part 
of the O3 transport to the main urban area. 

To quantitatively evaluate the regional sources of O3 and its precursors, VOCs and NOx, Fig. 3 shows the seasonal mean contri-
bution rates of each substance in each region. Fig. 4 shows the daily contribution rates of local and other regional emissions to 
CDurban. In addition to the contribution rate of the marked area, the contribution rates of the ISAM's default BCONs, ICONs, and OTHR 

Fig. 3. Seasonal mean contribution rates of O3, VOCs, and NOx, to the 16 tagged regions in Chengdu under the regional source apportion-
ment scenario. 
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involved in the distribution and transport calculations were also determined. From the results of the seasonal contribution calculations 
for each region, the contribution of BCONs was one of the major sources of O3 in each region, with a contribution rate ranging from 
37.4% to 65.7%, which is consistent with the relevant analysis results of O3 sources during the warm season in urban areas (Zhang 
et al., 2023; Zhao et al., 2022). The regional pollution characteristics of O3 were evident. The local emission contributions of western 
counties, such as CZ, DY, PJ, and XJ, were much smaller than the transport contributions from other regions. Since the BCONs are 
generated through the d01 pollution concentration results, the eastern counties JT, JY, and LQY are susceptible to the transport of O3 
originating from outside Chengdu, and their boundary condition contributions are significantly greater than those of other regions. 
CDurban, DJY, PD, SL, QL, and WJ are in the central and western regions of Chengdu, and their pollution characteristics were similar in 
terms of local emissions and transport contributions from other regions. The results in Fig. S4 show that the continuous easterly wind in 
the Sichuan Basin was the main reason for the gradual increase in O3 pollution in Chengdu from east to west. In areas dominated by 
local emissions, the local contribution rate to O3 was greater in summer than in spring (Fig. S5). 

For the seasonal average contributions of NOx and VOCs across regions (Fig. 3b and Fig. 3c), compared with the local emission 
contributions of O3 in each region, the local emission contributions of NOx were significantly greater. Correspondingly, the contri-
bution rates of BCONs decreased in each region. The BCONs contribution rates of both substances exhibit east-west regional disparities, 
with significant local emission contributions in counties surrounding main urban areas (PD, QBJ, SL). The BCONs contribution rate of 
VOCs is elevated due to the greater transport of biogenic VOCs (BVOCs) compared to NOx in all regions. 

For the daily average pollution contribution rates of CDurban (Fig. 4), there were differences in the daily average contributions of 
local emissions, other regional emissions and BCONs throughout the warm season. The difference in the daily average contribution rate 
of BCONs was the most obvious (ranging from a maximum of 78.2% to a minimum of 9.3%), which was likely due to daily meteo-
rological field changes. In terms of the contributions of the surrounding districts and counties to CDurban, the areas with high 
contribution rates included LQY, XD, QBJ, and SL. These areas are geographically adjacent to or located in the northeast of CDurban, so 
O3 spreads to the southwest to CDurban due to the wind field. Among them, SL has become the main source area of CDurban due to the 
concentration of emission sources. There are differences in the impact of regional emissions on CDurban between spring and summer. 
In the spring, the local emission contribution of CDurban was lower than that in the summer. In summer, there are often consecutive 
periods when the transport contribution of surrounding areas increases significantly (such as June 26 to July 16 and July 18 to August 
15), while there are fewer such periods in spring. 

The daily mean contribution rates of NOx and VOCs from different regional emissions to CDurban, as illustrated in Fig. 4b and 
Fig. 4c, show that local emissions remain the dominant source, followed by contributions from BCONs and external regional transport. 
The daily average contributions of the boundary sources of NOx and VOCs differ slightly in spring. However, due to the increase in and 
transport of BVOC emissions over the Sichuan Basin in summer (Zhang et al., 2022), the boundary contribution of VOCs in summer is 
greater than that of NOx. For regional sources of NOx and VOCs, SL and XD had relatively large impacts on CDurban. It is noted that 
they are also O3 regional sources of CDurban. 

Overall, BCONs are a significant source of O3 pollution in Chengdu during the warm season, indicating that the transport impact 

Fig. 4. Daily mean contribution rates of MDA8 O3, VOCs, and NOx to CDurban under the regional source apportionment scenario.  
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from long-distance areas outside the city is one of the factors that should be considered during O3 control. CDurban's local emissions 
have a lower impact on O3 than precursors, indicating that in addition to CDurban's O3 being affected by the photochemical reaction of 
local precursors, regional O3 transport is also an important factor. The SL and XD areas, which contribute significantly to CDurban's O3, 
NOx and VOCs, should be focused on. 

3.4. O3 source apportionment of emissions in the Chengdu area 

Since the simulated O3 concentration distribution characteristics were closely related to the emission sources, different types of 
emission sources had varying effects. According to the source apportionment scenario (2), the spatial distributions of the seasonal 
mean MDA8 O3 concentrations in Chengdu generated by industrial, residential, power, transportation, and biological sources were 
shown in Fig. S6. Among them, emissions from residential and power sources peak at relatively low levels (approximately 30 μg/m3)., 
while industrial, transportation, and other sources could reach the highest emission concentrations (80 μg/m3). From the spatial 
distribution, it could be observed that the O3 concentration was still higher in the western region than in the eastern region, and 
emissions from all sources were high in the PD and WJ regions, similarly, due to the transport effect of the wind field, low concen-
trations were observed in the eastern part of the Longquan Mountains. Regarding the spatial distribution of O3 concentration caused by 
each emission source, the high-value area for industrial sources was in certain industrial zones within Chengdu city, with dispersion 
occurring in the central and western regions. For transportation sources, the high-value area began in CDurban, WJ, and PD and spread 
westward along the road network in neighboring areas such as DY, PJ and CZ. Since transportation emissions primarily affect the NOx 
concentration, the influence of transportation sources on the dispersion of O3 originates from the chemical reaction of the generated 
NOx with VOCs. This influence was further driven by the easterly winds, extending the dispersion to the western region of Chengdu. A 
high-value distribution of O3 emissions from biological sources was found in low-density areas of the city, particularly near the western 
mountainous regions of Sichuan. This indicated that the high vegetation coverage in the western region contributed to BVOCs gen-
eration, which was one of the factors increasing O3 concentrations in the western area. 

Fig. 5 presents the seasonal mean contribution rates of the five tagged emission sources to O3 and its precursors in different districts 
and counties of Chengdu. The boundary conditions, still represent the total transport contribution of all types of emission sources from 
the outer simulation area, which is consistent with the regional apportionment scenario. Regarding warm season emission source 

Fig. 5. Seasonal mean contribution rates of O3, VOCs, and NOx of the 16 tagged regions in Chengdu under the source apportionment scenario for 
different emission types. 
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contributions to O3 (Fig. 5a), the sources with relatively high contribution rates to the O3 and NOx concentrations were transportation, 
industrial, and biological sources. The contribution rates of the other two anthropogenic sources, residential and power sources, were 
relatively stable across all regions and had lower contribution rates. Comparing each region, regarding the contribution of O3, BCONs 
still accounted for the highest proportion. The contribution of transportation sources in CDurban is greater than that in other regions, 
while the contribution of biogenic sources in the western districts is relatively higher. Regarding the contribution of NOx emission 
sources, the proportion of BCONs is significantly lower than that of O3, which mainly comes from transportation sources and industrial 
sources, and transportation sources are generally higher than industrial sources. Excluding CDurban, industrial sources are the primary 
contributors to VOCs emissions in all regions. The contribution of biological sources is relatively obvious in the western and central 
districts and counties, indicating that in addition to externally transmitted BVOCs, areas with dense vegetation in the west are the main 
local sources of BVOCs emissions in Chengdu. 

For the daily emission source contribution rates in CDurban (Fig. 6(a)-(c)), except for high BCONs days, the main emission sources 
(transportation, industrial, and residential) of O3, NOx and VOCs show no significant daily contribution differences in spring and 
summer. However, the contribution of biogenic sources clearly increase during summer, which is directly correlated with the rise in 
BVOC emissions reported by MEGAN (Zhang et al., 2022). 

Although boundary conditions have a greater contribution to Chengdu's O3 concentration, they are difficult to control. We should 
focus on O3 precursor emissions from traffic sources and industrial sources in Chengdu, and formulate corresponding emission 
reduction measures to reduce O3 concentrations. 

3.5. Atmospheric process contributions to O3 in the Chengdu area 

To further investigate the contributions of seven different physical and chemical processes to O3 pollution in the 16 regions of 
Chengdu city, we utilized the CMAQ process analysis tool to calculate the hourly mean changes in warm season O3 concentration rates 
at the ground level (50–100 m) for different counties and under different physical and chemical processes. 

According to the overall results of each region (Fig. 7), within the scope of Chengdu, the processes important for O3 concentration 
variations within Chengdu city were chemical process (CHEM), vertical diffusion (VDIF), horizontal advection (HADV), and dry 
deposition (DDEP). Among these processes, horizontal advection and vertical diffusion contributed to the increase in O3 concentra-
tions, while chemical processes and dry deposition primarily acted to remove O3. The vertical diffusion process significantly impacted 
the increase in O3 concentrations in most regions during the period of 10:00 to 18:00, while its influence was weaker during the 
nighttime period. On the other hand, the horizontal advection process primarily contributed to the increase in O3 concentrations 
during the periods from 00:00 to 9:00 and from 19:00 to 23:00. The dry deposition process mainly occurred from 10:00 to 18:00 and 
contributed to O3 removal. This phenomenon was related to the daytime boundary layer height and atmospheric stability (Miao et al., 
2018). The chemical process significantly contributed to the reduction in near-surface O3 concentrations and occurred during all 

Fig. 6. Daily mean contribution rates of O3, VOCs, and NOx to CDurban under the source apportionment scenario for different emission types.  
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periods. In most regions, the highest rate of change (from − 70 to − 200 μg/(m3⋅hr)) was reached starting at 17:00. However, there were 
also certain regions where positive chemical processes during the daytime contributed to an increase in O3 concentrations. This could 
be attributed to the high temperatures and intense sunlight during the daytime period, which led to O3 generation through photo-
chemical reactions. Furthermore, during the period of frequent motor vehicle traffic starting at 17:00, O3 underwent titration reactions 
with a large amount of NO generated by anthropogenic traffic sources, resulting in a depletion of O3 concentrations (Zaveri, 2003). 
Outside the heavily trafficked areas, O3 continued to be transported between regions through horizontal advection, resulting in a 
combination of local emissions and regional transport that contributed to O3 pollution in each region. 

Due to variations in geographical location, environmental factors, meteorological conditions, regional pollution transport and 
urban density, different regions exhibit distinct characteristics in terms of the contribution rates of near-surface O3 transport mech-
anisms. The analysis divides the area into three categories: eastern (JT, JY), western (CZ, DJY, CZ, DY, QL, PJ), and urban (CDurban, 
WJ, PD, WD, XJ, SL, LQY, QBJ). For the urban region, the variations in near-surface O3 are primarily governed by vertical diffusion and 
chemical processes; during the period of frequent vehicular activity (14:00–21:00), there was a strong vertical diffusion and removal 
through chemical processes. The chemical removal amounts in CDurban and QBJ both reached the highest values in the entire region 
(− 200 μg/(m3⋅hr)) at night (19:00 and 20:00), and the overall removal amounts were higher than those in the eastern and western 
regions. This is directly related to the oxidation reaction of high concentrations of NOx (Fig. 2c) and O3 in urban areas. (Palmgren et al., 
1996). The generation of O3 by horizontal advection only occurred in XJ, which is located southwest of CDurban, and WJ and PD, 
which are located in the upwind area west of the Longquan Mountains. For the western region, due to the decrease in urban density, 
the overall removal amount of O3 by chemical processes is lower than that in urban areas. Only DJY and CZ had relatively high removal 
amounts due to the presence of high-density urban areas. Due to the continuous westerly wind field in the warm season, the increasing 
effect of horizontal advection on O3 is significantly enhanced in the western region, and the continuous increase occurs from night to 
7:00 the next day. The elimination ability of dry deposition also increases slightly due to environmental differences. In southwestern 
areas (DY, QL, and PJ) with high vegetation coverage, O3 is chemically generated during the daytime starting at 7:00 due to the 
emission of BVOCs and the catalytic effect of residual NOx (Atkinson, 2000). For the eastern region, due to lower local O3 concen-
trations, the absolute value of the change is relatively low, but the horizontal advection is also significant due to the wind field. A 
comparison of the average physical and chemical process change rates in the warm season in each region is shown in Fig. S7. The 
maximum change rate increases due to the increase in O3 concentrations in summer, and the intensity of the dry deposition process is 
also greater than that in spring. 

Furthermore, the daytime (07:00–18:00) and nighttime (19:00–07:00) mean change rates of each process in the upper near-surface 
layer (150–2500 m) of Chengdu are presented in Fig. 8. During the daytime, chemical processes contribute positively to O3 con-
centrations at upper levels, and the change rate is greater at 150–1000 m, indicating that this height is the main photochemical 

Fig. 7. Monthly mean O3 process rates per hour in 16 regions of Chengdu near the surface (50–100 m), including vertical advection (ZADV), 
horizontal advection (HADV), horizontal diffusion (HDIF), vertical diffusion (VDIF), dry deposition (DDEP), cloud physical processes (CLDS), and 
chemical processes (CHEM). 
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reaction height of O3 in Chengdu and that the corresponding vertical diffusion plays a negative role in the O3 concentration. At the 
same time, there is also a certain negative contribution from horizontal advection. At night, within 150–500 m where the change rate is 
relatively high, the main positive contribution to O3 is horizontal advection, while chemical processes make a negative contribution to 
O3. This finding is consistent with the conclusion obtained by Zhang et al. (2019) through sounding balloon observations in the urban 
area of Shanghai. Therefore, photochemical reactions in the boundary layer were the primary source of O3 in the upper atmosphere. 
Through the continuous process of vertical diffusion, the upper-level O3 was transported to the near-surface to compensate for the 
losses caused by NO titration at night. This resulted in an increased contribution of near-surface vertical diffusion, which was ulti-
mately transported to the urban surface through dry deposition and NO titration (Tang et al., 2017). Additionally, due to the decrease 
in the rate of increase in the upper-level O3 concentration and changes in the wind field at night, horizontal advection plays a dominant 
role in O3 transport. 

The results for each of the three regions are shown in Fig. S8 and Fig. S9. In urban areas, urban heat island circulation in high- 
density areas complicate meteorological conditions and elevate the boundary layer in urban zones (Mughal et al., 2019), causing 
the total change rate of photochemical reactions on O3 concentration during the day and the transport height of horizontal advection at 
night to be higher than those in non-urban areas. In addition, due to the higher NOx emissions in urban areas, the intensity of the O3 
titration reaction is stronger at night, especially in CDurban. Since the western region is downwind, the removal rate of horizontal 
advection is lower than that in urban areas. In the eastern region, due to higher local wind speeds, the removal of horizontal advection 
and the intensity of vertical advection are greater. For CDurban, the intensity and reaction height of vertical diffusion during both day 
and night exceed those of other areas. This is due to the formation of a residual layer near the surface caused by radiative cooling after 
sunset (Stull, 1988). The O3 present in this residual layer descends and mixes into the newly formed mixed layer during the next day's 
sunrise (Hu et al., 2013), and coupled with the impact of urban heat islands and building topography on wind speed, CDurban has a 
greater residual layer and mixed layer, which strengthens the height and intensity of this process (Sarrat et al., 2006). 

4. Conclusions 

We employed the WRF-CMAQ model, along with source apportionment and process analysis modules, to analyze the O3 levels, 
precursor VOCs and NOx contributions, and formation mechanisms in Chengdu city during warm seasons in 2022. Our work shows that 
due to the advection transport of the northeasterly wind field, the overall O3 concentrations in Chengdu exhibit a spatial distribution 
with high concentrations in the west and low concentrations in the east. The precursors NOx and VOCs are mainly distributed in urban 
areas with high concentrations. Regional transport analysis shows that O3 in Chengdu is mainly influenced by local emissions of NOx 

Fig. 8. Monthly mean O3 process rates in warm season day (07:00–18:00) and night (19:00–07:00) in all areas of Chengdu at different altitudes 
ranging from 150 to 2500 m. 
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and VOCs, as well as O3 transported from outside areas. This leads to varying O3 levels across regions, largely due to local and 
boundary sources. It's suggested that high-emitting areas like SL and XD near Chengdu's urban center should control emissions and 
possibly create a regional plan to manage O3 transport from afar. The primary sources of O3 in Chengdu's urban area are the emissions 
of NOx from traffic and industrial, and VOCs from residential areas, which together significantly contribute to O3 concentrations. The 
contribution of biogenic emissions from BVOCs transported from western Chengdu and the Sichuan Basin will increase in summer. 
That is, in addition to controllable anthropogenic emissions, biological sources should also be considered for summer O3 pollution 
events in Chengdu. According to the process analysis results, O3 in Chengdu is mainly generated by photochemical reactions in the 
upper near-surface layer during the daytime, and then mainly diffuses vertically to the near-surface layer. A small part is transported 
horizontally to other areas under the action of the wind field, and is eliminated through titration reactions at night. At the same time, in 
urban areas with higher NOx concentrations, the intensity of photochemical reactions, ozone vertical diffusion, and horizontal 
advection are greater than those in non-urban areas. It is necessary to pay attention to the daytime sunshine, temperature, and the wind 
field characteristics at night for the prevention and control of O3 pollution in Chengdu. 
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