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Land use and land cover changes (LULCC) alter local surface attributes, thereby modifying energy 
balance and material exchanges, ultimately impacting meteorological parameters and air quality. 
The North China Plain (NCP) has undergone rapid urbanization in recent decades, leading to dramatic 
changes in land use and land cover. This study utilizes the 2020 land use and land cover data obtained 
from the MODIS satellite to replace the default 2001 data in the Weather Research and Forecasting-
Community Multiscale Air Quality (WRF-CMAQ) model. It simulates and analyzes the direct impact 
of LULCC on meteorological parameters and the indirect impact on surface ozone (O3) concentration 
through physical and chemical processes in the North China Plain during July in the summer. Six 
rapidly urbanizing cities were selected to represent the North China Plain. The results show that LULCC 
significantly increased sensible heat flux and 2-m temperature in rapidly urbanizing areas throughout 
the diurnal cycle, with more pronounced effects during the daytime, ranging from 6.49 to 23.46 W/
m2 and 0.20–0.59 °C, respectively. The 10-m wind speed decreased at night and increased during the 
day, with changes ranging from − 0.43 to 0.27 m/s at night and − 0.16 to 0.15 m/s during the day. The 
planetary boundary layer height generally increased, with a larger rise during the daytime, ranging 
from 23.63 to 84.74 m. Simultaneously, surface O3 concentrations increased during both daytime 
and nighttime. The daytime increase ranged from 2.89 to 9.82 μg/m3, while the nighttime increase 
ranged from 1.76 to 7.77 μg/m3. LULCC enhanced meteorological and chemical processes as well as 
vertical transport, leading to an increase in O3. At the same time, it reduced the increase in O3 through 
horizontal transport and dry deposition processes. These changes are related to the meteorological 
variations. The impact on O3 concentrations was not limited to the surface but extended to the top 
of the planetary boundary layer (approximately 1500 m). Below 500 m, vertical transport increased 
O3 concentrations, while horizontal transport decreased O3 concentrations. Additionally, the 
meteorological and chemical processes induced by LULCC showed enhanced effects above the surface, 
whereas the dry deposition process had a smaller impact on O3 concentrations above the surface. This 
study reveals the significant impact of urban expansion on regional meteorological parameters and 
air quality. It optimizes the model’s simulation of regional air quality and provides new insights into 
understanding the effects of urbanization on meteorological conditions and air quality.
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In the past decade, with the continuous acceleration of industrialization and urbanization processes, air quality 
in China has deteriorated gradually. In response, China introduced the “Air Pollution Prevention and Control 
Action Plan” in 2013. Since then, air quality in China has gradually improved, with a steady decline in fine 
particulate matter (PM2.5)1,2. However, during this period, the problem of ozone (O3) pollution has become 
more severe3,4. Since 2013, surface O3 has become one of the main environmental issues in the North China 
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Plain5,6. Severe O3 pollution not only poses risks to human health and ecosystems but also affects socio-economic 
aspects7,8. Multiple studies have demonstrated that the formation of O3 is closely related to human activities and 
is also influenced by meteorological parameters, land cover types, and other factors9–11.

O3 can be formed through nonlinear reactions involving precursor substances such as nitrogen oxides 
(NOX) and volatile organic compounds (VOCs), or it can accumulate through regional transport processes12,13. 
Therefore, meteorological parameters (such as temperature, humidity, radiation, cloud cover, and wind speed) 
may influence surface O3 and its precursor concentrations by affecting photochemical reaction rates and vertical 
transport. The increase in O3 levels is typically attributed to higher temperatures and solar radiation flux14,15, 
along with lower humidity and cloud cover16,17. Moreover, these meteorological parameters can indirectly 
influence the generation of O3 precursors, thereby affecting the variations in O3 concentrations12. Additionally, 
wind patterns can accumulate surface O3 by influencing its horizontal and vertical transport18,19. Previous studies 
have highlighted the significance of meteorological parameters in influencing O3

5,9,20. Therefore, investigating 
the impact of meteorological parameters is essential. As urban areas expand, land use and land cover changes 
(LULCC) can impact local meteorological parameters, air quality levels, and even regional climate conditions21,22. 
This is typically achieved through alterations in surface roughness, albedo, and heat storage characteristics23,24. 
The impact of LULCC varies across different regions, but rapid urbanization and decreased surface vegetation 
intensify its effects on regional meteorological fields and air quality25. Therefore, there is a growing need to study 
the effects of LULCC through numerical simulation methods.

Many previous studies have utilized numerical and modeling simulation methods to establish the relationship 
between meteorological parameters and surface O3 concentration, as well as the impact of LULCC on urban 
meteorological fields and O3 in China26,27. Yang et al.28, synthesizing 212 articles utilizing air quality model 
(AQM) simulations of O3, demonstrated that meteorological factors consistently contribute to the accumulation 
of O3 concentrations. They recommended optimizing land use data to improve the simulation effectiveness of 
O3. Qu et al.29 employed the Weather Research and Forecasting (WRF) model to investigate surface temperature 
changes resulting from land use variations in the North China Plain from 1992 to 2005. They found that the 
regional average surface temperature increased by 0.03 °C per year, and the spatial distribution of climate change 
closely resembled the changes in land use. Jiang et al.30 utilized the Weather Research and Forecasting with 
Chemistry (WRF-Chem) model to investigate the impacts of current and future climate change and land use 
type variations on O3 concentrations in Texas. They found that the combined influence of these two factors on O3 
concentrations could reach up to 6.2 ppbv, and land use changes could lead to an increase of 2–3 days in extreme 
O3 events in August. Modeling studies on the impact of rapid urbanization in the Sichuan Basin have revealed 
that in regions undergoing rapid urbanization, both temperature and planetary boundary layer height increase. 
Changes in meteorological phenomena also alter the physical and chemical processes associated with variations 
in PM2.5 and O3 concentrations, ultimately leading to changes in pollutant concentrations31,32. Research on the 
Yangtze River Delta and the Beijing-Tianjin-Hebei region has consistently confirmed that LULCC leads to an 
increase in surface temperature, a decrease in wind speed, and exacerbation of vertical transport. These factors 
undoubtedly contribute to the accumulation of surface O3

33,34.
As China’s anthropogenic emissions continue to decrease, the influence of meteorological parameters on 

pollutants is receiving increasing attention. Understanding the physical and chemical impact processes of 
meteorological parameters on surface O3 formation is essential. The North China Plain, with its vast territory 
and concentration of large cities, has seen continuous expansion of urban areas since 2001, prompting greater 
concern about the associated atmospheric pollution issues. In this study, we utilized the Weather Research and 
Forecasting-Community Multiscale Air Quality (WRF-CMAQ) model to investigate the impact of land use 
and land cover changes on summer urban meteorology and surface O3 in the North China Plain (NCP) since 
2001. We replaced the default 2001 land use data in WRF with land use and land cover data obtained from the 
Moderate Resolution Imaging Spectroradiometer (MODIS). Additionally, we employed the Process Analysis 
(PA) module of the CMAQ model to quantitatively simulate the physical and chemical processes influencing O3. 
This research aims to understand the potential impacts of land use changes and provide insights for designing 
pollution control measures while avoiding adverse meteorological effects.

Data and methods
Model configuration description
We used the WRF v4.3.3 (https://www.mmm.ucar.edu/models/wrf)35 to simulate meteorological parameters. The 
initial and boundary conditions were obtained from the Final (FNL) analysis dataset provided by the National 
Centers for Environmental Prediction (NCEP)36, with a temporal resolution of 6 h and a spatial resolution of 
1.0° × 1.0° (https://rda.ucar.edu/datasets/d083002/). The model was configured with three nested domains, each 
with horizontal resolutions of 27, 9, and 3 km, respectively. The outermost domain covered most parts of China, 
the middle domain encompassed the entire NCP, and the innermost domain included six administrative regions: 
Beijing (BJ), Tianjin (TJ), Hebei (HB), Shanxi (SX), Henan (HN), and Shandong (SD) provinces (Fig. 1a). The 
model has a top at 50 hPa and is configured with 45 vertical layers, with a higher density near the surface and 
a lower density at higher altitudes. The CMAQv5.4 model (https://www.epa.gov/cmaq)37 is used to simulate 
surface O3 concentrations, with the necessary meteorological input data provided by WRF. The nested domain 
settings and horizontal resolution are the same as those of WRF, with 45 vertical layers also set for both models. 
The physical parameterization schemes used by the WRF and CMAQ models are shown in Tables S1 and S2. 
These schemes have also been used in other studies focusing on the North China Plain or China as a whole38–40. 
Additionally, the same configuration schemes have been validated in our previous studies to be applicable across 
various regions in China41,42. The emission inventory utilized the 2020 Multi-resolution Emission Inventory 
model for Climate and air pollution research (MEIC) developed by Tsinghua University ​(​​​h​t​t​p​:​/​/​m​e​i​c​m​o​d​e​l​.​o​r​g​
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.​c​n​​​​​)​​​4​3​​,​​4​4​​​. Biogenic emissions were calculated using the Model of Emissions of Gases and Aerosols from Nature 
version 2.1 (MEGAN v2.1) and meteorological inputs from the WRF model45.

To investigate the impact of LULCC on local meteorology and pollutant concentrations, it is necessary to 
replace the default 2001 land cover and land use dataset in WRF with the 2020 MODIS MCD12Q1 product 
(https://lpdaac.usgs.gov/products/mcd12q1v061)47. The downloaded MCD12Q1 product uses the IGBP17 
classification method (Table S3). In the WRF model simulation, no adjustments were made to the meteorological 
conditions to better isolate the individual impact of changes in land cover and land use data. By analyzing the 
pollutant monitoring data from six administrative regions in the North China Plain for the year 2020, it was 
found that ozone pollution was most severe in the months of July and August. Therefore, the study period was 
selected as July of the years 2001 and 2020. A spin-up period of 5 days before July (June 26–June 30) was set to 
avoid adverse effects from initial conditions48,49.

Process analysis
The process analysis module can quantify the contribution of individual processes to model predictions and 
display the relative importance of each process. Additionally, the information provided by the chemical process 
analysis can be used to identify key features of different chemical mechanisms. The process analysis module can 
be divided into two parts: Integrated Process Rate (IPR) analysis and Integrated Reaction Rate (IRR) analysis. 
IPR concerns the net impact of all physical processes and chemical reactions on model predictions. IRR analysis 
details the chemical transformations described in the model’s chemical mechanisms. For more details on process 
analysis, refer to the study by Jang et al.50,51.

This study uses the IPR module in PA analysis to analyze the indirect effects of LULCC-induced physical and 
chemical changes on surface O3. O3 concentration depends on various physical processes (such as horizontal 
transport52 and vertical mixing53), photochemical processes, and deposition removal processes54. The processes 
selected for this study include horizontal advection (HADV), vertical advection (ZADV), horizontal diffusion 
(HDIF), vertical diffusion (VDIF), gas-phase chemistry (CHEM), dry deposition (DDEP), aerosol processes 
(AERO), and cloud processes (CLDS). Horizontal transport is the sum of horizontal advection and horizontal 
diffusion, while vertical transport is the sum of vertical advection and vertical diffusion. Cloud processes involve 
liquid-phase reactions and cloud/rain scavenging, and aerosol processes involve condensation, atmospheric 
new particle formation, and aerosol growth. Therefore, in this study, the DDEP, AERO, and CLDS processes 
are collectively referred to as the deposition (DEPO) process, the HADV and HDIF processes are collectively 
referred to as the horizontal transport (HTRA) process, and the ZADV and VDIF processes are collectively 
referred to as the vertical transport (VTRA) process55.

Data sources and model evaluation
The meteorological monitoring data and pollutant monitoring data used in this study are sourced from the China 
Meteorological Data Service Center (http://data.cma.cn/) and the China National Environmental Monitoring 
Center (http://www.cnemc.cn/), respectively. All monitoring data are generated hourly. Meteorological 
monitoring data included temperature and wind speed, while pollutant monitoring data focused on ozone. 
To ensure the suitability of the data for validating model simulation results, preprocessing was conducted 
according to the "Technical Specifications for Ambient Air Quality Monitoring" (HJ 664-2013), which involved 
filtering out spatial and temporal outliers from the monitoring data. The locations of all air quality stations and 
meteorological stations within the NCP are depicted in Fig. 1b.

Fig. 1.  Schematic diagram of the model’s three nested domains (a) and the locations and elevations of all 
meteorological monitoring stations (blue circles) and background atmospheric pollution monitoring stations 
(orange triangles) within the NCP (b). Note: All the maps in this paper were created using ArcGIS v10.846 
(https://www.esri.com/).
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The simulation results of the WRF and CMAQ models were evaluated using Mean Bias (MB), Mean Error 
(ME), Root Mean Square Error (RMSE), Normalized Mean Bias (NMB), Normalized Mean Error (NME), 
and Pearson Correlation Coefficient (R). These evaluation metrics have also been widely used in other studies 
to validate the reliability of the WRF and CMAQ models56–58. The calculation formulas for each metric are 
provided in Supplementary Material Table S4.

Scenario design
In this study, we primarily focused on the direct impact of LULCC on meteorological parameters in the NCP 
region and the associated physical changes that indirectly affect surface O3. We did not consider the direct 
impact of LULCC on surface O3 (such as changes in anthropogenic emission inventories). Therefore, we set 
up two scenarios with different land use data (Table 1). The Case 2001 scenario uses the default 2001 land use 
and land cover data in the WRF model to represent the land use pattern in the NCP region for 2001. The Case 
2020 scenario uses the 2020 land use and land cover data to replace the default data, representing the land use 
pattern in the NCP region for 2020. The analysis of monitoring data revealed that O3 pollution frequently occurs 
in July in the study area, thus July 2020 was selected as the study period. Additionally, biogenic emissions for 
both scenarios were recalculated based on the LULC year, a task completed using the MEGAN tool described in 
the methods section. Apart from this, the model setup, parameterization schemes, and anthropogenic emission 
inventories were identical for both scenarios. It is important to note that the simulation period for meteorological 
parameters in both scenarios was selected as July 2020. Therefore, the differences in simulation results between 
the two scenarios (Case 2020–Case 2001) can be used to quantify the direct impact of LULCC on meteorological 
parameters and the indirect impact on surface O3.

As shown in Fig. 2a, China’s urbanization rate increased from 37.66% in 2001 to 63.89% in 2020, nearly 
doubling (data source: National Bureau of Statistics of China: https://data.stats.gov.cn/). During this period, 
the NCP also experienced significant urban expansion. The most drastic changes were observed in major cities 
within each province, where rapid transformation from farmland to urban built-up areas took place. In contrast, 
such changes were less pronounced in rural areas and regions with sparse human activity. These transformations 
could alter surface characteristics, thereby affecting regional meteorological parameters and near-surface air 
quality. To clearly demonstrate the impact of LULCC, we selected a representative city from each of the six 
administrative regions in the NCP for study. In addition to the two municipalities, Beijing and Tianjin, one 
prefecture-level city was chosen from each of the other four provinces based on the largest growth in urban 
population from 2001 to 2020. These representative cities are Shijiazhuang, Zhengzhou, Jinan, and Taiyuan. 
The urban population data were sourced from the annual statistical bulletins of each province. Based on the 
changes in urban area between 2001 and 2020, the regions of most significant surface change, specifically urban 
expansion areas (UEA) where the surface transformed from vegetation to urban areas from 2001 to 2020, were 
identified in each representative city (Fig. 2b). These regions will be the focus of the subsequent discussion.

Results and discussion
Model evaluation
The meteorological parameters selected for evaluating the WRF model performance include 2-m temperature 
(T2, °C) and 10-m wind speed (W10, m/s). The evaluation period is July 2020, excluding the model spin-up 
time. From Table S5, it can be observed that the WRF model effectively reproduced the variations in T2 across 
all study areas, with all regions exhibiting MB values less than 1.0 and ME values less than 2.6. Regarding W10, 
MB and ME ranged from 0.92 to 1.23 and from 1.72 to 2.31, respectively, indicating a tendency for the model 
to slightly overestimate in all regions. This may be attributed to regional atmospheric dynamics and model 
parameterization31. Regional atmospheric dynamics may have caused discrepancies between actual conditions 
and model simulations, and certain simplifications or assumptions in the model parameterization process may 
have further amplified these differences. The model validation results of this study are consistent with other 
studies using the WRF model in China59–61. Overall, the simulation of meteorological parameters by WRF for 
the NCP region is deemed acceptable.

Table S6 presents the performance evaluation results of the CMAQ model using observed O3 concentrations. 
The results indicate that NMB values for most regions meet the standards proposed by Emery et al.62 (standard 
values: NMB <  ± 15%, NME <  ± 25%, R > 0.50). Although a few regions exceed the standards, the maximum 
NMB value is only − 0.22, with all NME values less than 0.45 and R values greater than 0.6. These findings are 
similar to results from other studies focusing on the NCP region6,63. Overall, the simulation results of the CMAQ 
model are reliable and can be used for the subsequent content of this study.

Direct impact of LULCC on meteorological parameters
LULCC can regulate the surface energy balance by altering local surface roughness length, radiative albedo, and 
vegetation stomatal resistance, and it affects the surface material exchange64,65. To study the impact of LULCC 
on meteorological parameters, we quantified the effects of LULCC on sensible heat flux (SHF), 2-m temperature, 

Scenario Land use and land cover Meteorology data Anthropogenic emission

Case 2001 2001 WRF_2020 MEIC_2020

Case 2020 2020 WRF_2020 MEIC_2020

Table 1.  Model simulation scenario setting.
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10-m wind speed, and planetary boundary layer height (PBLH) in the study area under the two scenarios. For 
each meteorological parameter, we mapped the spatial distribution of changes induced by LULCC (Figs. 3, 4, 5 
and 6). To more clearly study the diurnal and nocturnal differences in the impact of LULCC on meteorological 
parameters and surface O3 concentration, this paper defines the period from 08:00 to 19:00 local time as daytime 
and from 20:00 to 07:00 the next day as nighttime.

As shown in Fig. 3, SHF, being a major component of turbulent exchange between the urban canopy and 
the atmospheric boundary layer66, increased in the UEA regions of the six representative cities both during 
the daytime and nighttime. The average nighttime increase ranged from 0.12 to 6.94 W/m2, while the daytime 
increase was more significant, with an average growth of 6.49 to 23.46 W/m2. From the spatial distribution, 
it can be seen that the areas of SHF increase highly overlap with the UEA regions. This may be due to the 
higher heat capacity of artificial materials, causing urban surfaces to absorb more solar radiation and store more 
heat67,68, leading to a significant increase in sensible heat flux. The increased sensible heat flux raises the surface 
temperature and enhances vertical turbulence between the surface and the air12,69,70. The changes in T2 are 
similar to those in SHF, with areas of significant increase also highly overlapping with the UEA regions (Fig. 4). 
The UEA regions of the six representative cities experienced noticeable temperature increases throughout the 
entire day. The average daytime increase ranged from 0.14 to 0.31 °C, while the nighttime increase was more 
pronounced, with an average increase ranging from 0.20 to 0.59 °C. As land use types gradually transition to 
urban land, urban cement pavements and various artificial materials, which have a strong ability to absorb solar 
radiation, store a large amount of heat during the daytime. Consequently, these urban areas release the stored 
heat at night, significantly increasing surface temperatures. The slightly lower daytime temperature increases 
in UEA regions compared to nighttime may be due to the higher thermal inertia of the urban canopy, which 

Fig. 2.  Comparison of land use and land cover data between 2001 and 2020 (a), and schematic maps depicting 
the spatial distribution of UEA in the selected six representative cities (b). In (b), the red rectangular grids 
represent UEA regions, with a grid resolution of 3 km. The parentheses following the city names represent the 
province or municipality directly under the central government.
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Fig. 5.  Spatial distribution of changes in W10 during daytime and nighttime under the influence of LULCC in 
six representative cities. Daytime refers to 08:00–19:00 local time (a), and nighttime refers to 20:00–07:00 local 
time the next day (b). The average values in the figure represent the average change in W10 in the UEA regions 
during these time periods. The gray-bordered grids are used to mark the UEA regions of the representative 
cities.

 

Fig. 4.  Spatial distribution of changes in T2 during daytime and nighttime under the influence of LULCC in 
six representative cities. Daytime refers to 08:00–19:00 local time (a), and nighttime refers to 20:00–07:00 local 
time the next day (b). The average values in the figure represent the average change in T2 in the UEA regions 
during these time periods. The gray-bordered grids are used to mark the UEA regions of the representative 
cities.

 

Fig. 3.  Spatial distribution of changes in SHF during daytime and nighttime under the influence of LULCC in 
six representative cities. Daytime refers to 08:00–19:00 local time (a), and nighttime refers to 20:00–07:00 local 
time the next day (b). The average values in the figure represent the average change in SHF in the UEA regions 
during these time periods. The gray-bordered grids are used to mark the UEA regions of the representative 
cities.

 

Scientific Reports |         (2025) 15:2001 6| https://doi.org/10.1038/s41598-025-85940-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


slows down the warming process during the day32,71. For W10, the UEA regions of the six representative cities 
generally showed a decreasing trend, but the decrease was relatively slight. In some cities, W10 decreased at night 
while increasing during the daytime (Fig. 5). The overall range of change was from − 0.43 to 0.27 m/s at night and 
from − 0.16 to 0.15 m/s during the day. The increase in nighttime wind speed is mainly attributed to temperature 
changes (Fig. S1). As nighttime temperatures rise, wind speeds also increase correspondingly. The stronger heat 
retention capacity of artificial materials leads to a larger temperature difference with the surroundings, and this 
greater energy differential enhances W10. This is similar to the conclusion reached by Chang et al., who found 
that urbanization led to an increase in wind speed in southern Taiwan by 0.5 m/s during the day and 1.2 m/s 
at night72. This can be attributed to the heating differences between urban surfaces and surrounding farmland 
surfaces. For PBLH, the UEA regions of the six representative cities generally exhibited an overall increasing 
trend throughout the day, with the increase being more pronounced during the daytime (Fig. 6). The average 
nighttime change ranged from 4.42 to 38.39 m, while the average daytime change ranged from 23.63 to 84.74 m. 
The changes in PBLH can be attributed to variations in T2 and sensible heat flux. After sunrise, solar radiation 
heats the surface air, gradually increasing the temperature and enhancing atmospheric turbulence. Considering 
the higher heat capacity of urban surfaces, vertical mixing intensifies. Additionally, the larger increase in sensible 
heat flux during the day leads to a more pronounced increase in PBLH during the daytime, while the increase 
is weaker at night73,74.

Overall, from 2001 to 2020, the UEA regions of the six representative cities show an overall increase in SHF, 
T2, and PBLH throughout the day, while W10 exhibits a trend of nighttime decrease and daytime increase. The 
spatial distribution of the changes in meteorological parameters corresponds to the UEA regions, indicating 
that LULCC leads to these changes in meteorological parameters. This result is consistent with findings from 
previous studies27,31,32, although there may be variations in the study areas and the magnitudes of changes 
in meteorological parameters, the overall trend of LULCC’s impact on meteorological parameters remains 
consistent.

1.3. Indirect Impact of LULCC on Surface O3 and Analysis of Physical and Chemical Pathways.
LULCC can directly affect surface O3 concentrations by altering surface vegetation cover and land use, 

thereby impacting natural and anthropogenic emissions. On the other hand, it can indirectly influence surface 
O3 concentrations by changing surface albedo and plant transpiration, which in turn affect regional temperature 
and atmospheric circulation75. Previous studies have shown that O3 concentrations can increase due to the 
influence of meteorological conditions, external transport, and stratospheric transport76–79. Figure 7 shows the 
spatial distribution of the monthly average surface O3 concentration differences for the six representative cities 
from 2001 to 2020. As can be seen from the figure, the impact of LULCC on surface O3 is mainly concentrated 
in the UEA regions, with the areas of significant change highly overlapping with the UEA regions of the six 
representative cities. In terms of temporal variation, the impact of LULCC resulted in an all-day increase in 
surface O3 concentrations in the UEA regions. The average daytime increase ranged from 2.89 to 9.82 μg/m3, 
while the average nighttime increase ranged from 1.76 to 7.77 μg/m3. Therefore, it can be inferred that LULCC 
enhances the heat storage capacity and increases surface roughness in the UEA regions during the daytime, 
providing favorable conditions for the production and accumulation of surface O3.

To gain a clearer understanding of the indirect impact pathways of LULCC on surface O3, we conducted an 
hourly analysis of the physical and chemical processes affecting surface O3 formation in the UEA regions. Based 
on the changes in these processes under the two scenarios, we created Fig. 8. It can be observed that the impact of 
LULCC on various physical and chemical processes is mainly concentrated during the daytime, while the effects 
are relatively weaker at night. Under the influence of LULCC, the contribution of the CHEM process gradually 
increases, promoting surface O3 formation during the daytime and reducing surface O3 concentration at night. 
This may be related to the increased temperature, which enhances various photochemical reactions, including 
both the formation and removal of surface O3

80. Apart from the CHEM process, the VTRA process also shows 
an increase in surface O3 concentration, indicating that vertical turbulence continuously supplies surface O3 

Fig. 6.  Spatial distribution of changes in PBLH during daytime and nighttime under the influence of LULCC 
in six representative cities. Daytime refers to 08:00–19:00 local time (a), and nighttime refers to 20:00–07:00 
local time the next day (b). The average values in the figure represent the average change in PBLH in the 
UEA regions during these time periods. The gray-bordered grids are used to mark the UEA regions of the 
representative cities.
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from aloft. The enhanced temperature and PBLH promote vertical atmospheric movement within the planetary 
boundary layer, transporting more O3 to the surface81,82. However, it was observed that the VTRA process in 
Beijing promotes O3 reduction during the daytime. This could be due to the significant urban heat island effect 
in large cities, where vertical upward airflows above the urban area may transport O3 away from the surface83,84. 
The HTRA and DEPO processes predominantly mitigate surface O3 concentration. The enhanced wind speed 
during the daytime intensifies the HTRA process’s role in reducing surface O3, and the DEPO process also 
contributes more to O3 reduction due to the influence of LULCC. It was observed that the DEPO process in 
Beijing increased surface O3 during the daytime. This may be due to the significant reduction in vegetation in 
highly developed urban areas, which leads to a diminished role of dry deposition in removing O3, thus resulting 
in a positive contribution to O3 concentration85. The red line in the Fig. 8 represents the overall change in surface 
O3 concentration due to LULCC, including both the direct impact through emission inventories and the indirect 
impact through physical and chemical processes. The blue line represents the combined effect of various physical 
and chemical processes. It can be seen that the overall trend of indirect impacts remains consistent with the total 
change, contributing significantly to both the increase and decrease of surface O3. This demonstrates that the 
indirect effects of LULCC on surface O3 through various physical and chemical processes are significant and 
cannot be ignored.

When the underlying surface properties change, urban surfaces replace land, and urban buildings replace the 
original vegetation, which inevitably impacts vertical height as well. Therefore, we created hourly distribution 
charts of O3 concentration from the surface to 5000 m for the six representative cities and analyzed the indirect 
effects of various physical and chemical processes at vertical levels (Fig. 9). After conducting a vertical analysis 
of O3 concentration in the UEA regions of the representative cities, we found that the impact of LULCC on O3 
concentration is not limited to the near-surface level. This influence can extend up to the top of the planetary 
boundary layer (approximately 1500 m), a phenomenon observed in all six representative cities (Fig. S2). Within 
the space above the surface and below 500 m, the processes that increase and decrease O3 concentration are the 
VTRA and HTRA processes, respectively. This is because, near the surface, vertical turbulence and horizontal 
advection are both enhanced by meteorological factors, making their effects on O3 enhancement and reduction 
more significant. Above 500 m, horizontal advection carries O3 from distant areas, leading to an accumulation 
of O3 at certain heights. This accumulated O3 is then mixed throughout the planetary boundary layer by vertical 
turbulence86, a phenomenon that is intensified by LULCC. Additionally, the CHEM process induced by LULCC 
promotes O3 formation not only at the surface but also shows an enhanced effect above the surface. On the other 
hand, the DEPO process primarily affects surface O3 concentrations, having a relatively smaller impact on O3 
concentrations above the surface.

Conclusion
In this study, we used the 2020 land use and land cover data obtained from the MODIS satellite to replace the 
default 2001 data in the WRF-CMAQ model. The modeling study investigated the direct impact of LULCC on 
meteorological parameters and the indirect impact on surface O3 concentration through physical and chemical 
processes in the North China Plain during July in the summer.

To clearly demonstrate the impact of urbanization on meteorological factors and air quality in the North 
China Plain, we selected six representative cities that have undergone rapid urbanization to represent the 
overall changes in the region. The study results indicate that LULCC led to significant increases in SHF and 
T2 throughout the diurnal cycle, particularly during daytime. This may be attributed to the absorption of solar 
radiation by urban building materials. Regarding W10, most urban areas experienced a decrease in wind speed 
during nighttime and an increase during daytime. This could be linked to urbanization causing increased 
surface temperature differentials, which affect wind speeds. Additionally, research on PBLH revealed that UEA 
regions generally exhibited an increasing trend throughout the diurnal cycle, particularly with more pronounced 
increases during daytime. This could be attributed to enhanced atmospheric turbulence due to elevated surface 

Fig. 7.  Spatial distribution of changes in the monthly average surface O3 concentration during daytime and 
nighttime under the influence of LULCC in six representative cities. Daytime refers to 08:00–19:00 local time 
(a), and nighttime refers to 20:00–07:00 local time the next day (b). The average values in the figure represent 
the average change in O3 in the UEA regions during these time periods. The gray-bordered grids are used to 
mark the UEA regions of the representative cities.
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temperatures in urban areas. The study found that the O3 concentration in the UEA regions increased significantly 
during both daytime and nighttime due to LULCC. The average increase during the daytime ranged from 2.89 to 
9.82 μg/m3, and during the nighttime from 1.76 to 7.77 μg/m3. The analysis of physical and chemical processes 
indicates that LULCC enhances meteorological and chemical processes, as well as vertical transport, leading 
to an increase in O3, while horizontal transport and dry deposition processes reduce the O3 increase. These 
physical and chemical processes also exhibit diurnal variations. The CHEM process promotes the formation 
of surface O3 during the day and reduces surface O3 concentrations at night. The HTRA and DEPO processes 
primarily reduce O3 accumulation during the day, with weaker effects at night. The VTRA process contributes 
to O3 accumulation throughout the day. A notable exception is Beijing, where the VTRA process dilutes O3 and 
the DEPO process accumulates O3. This phenomenon may be related to the urban heat island circulation in 

Fig. 8.  Hourly contributions of various physical and chemical processes (CHEM: chemical processes, HTRA: 
horizontal transport, VTRA: vertical transport, DEPO: deposition processes) to surface O3 concentration 
in the UEA regions of representative cities (a–f) under the two scenarios. The bar charts represent the 
contributions of each process, the red line indicates the overall change in surface O3 concentration due to 
LULCC, and the blue line represents the combined contributions of all physical and chemical processes due 
to LULCC, which is the indirect effect of LULCC focused on in this study. Daytime refers to 08:00–19:00 local 
time (unshaded area), and nighttime refers to 20:00–07:00 local time the next day (shaded area).
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mega-cities and the relatively sparse vegetation. The impact of LULCC on O3 concentrations is not limited to the 
surface but extends up to the top of the planetary boundary layer (approximately 1500 m). Below 500 m, vertical 
transport processes have increased O3 concentrations while horizontal transport processes have decreased them. 
Additionally, meteorological and chemical processes influenced by LULCC show enhanced effects above the 
surface, whereas dry deposition has a minimal impact on ozone concentrations above the ground. Overall, 
both the direct impacts of LULCC on meteorological parameters and its indirect effects through physical and 
chemical processes on surface ozone concentrations are significant.

Fig. 9.  Vertical distribution of hourly differences in O3 concentration under the influence of LULCC in the 
UEA regions of representative cities (a–f), along with the contributions of various physical and chemical 
processes (CHEM: chemical processes, HTRA: horizontal transport, VTRA: vertical transport, DEPO: 
deposition processes) to O3 concentration changes in the vertical direction. The contributions are separated 
into daytime (with a white background) and nighttime (with a gray background) periods according to local 
time.
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By summarizing previous case studies on air quality modeling, Yang et al.28 proposed that optimizing land 
use data could improve simulation accuracy. However, previous studies on LULCC have primarily focused on 
large-scale regions such as the global75,87, Asia25,88, the United States89, and China90, while smaller-scale studies 
have concentrated on popular areas such as the Beijing-Tianjin-Hebei region34, the Southwest Basin31, and the 
Yangtze River Delta33. There has been relatively limited research on the North China Plain. In this study, we took 
the North China Plain as an example to investigate the impact of urban expansion on meteorological parameters 
and air quality in the region. This research will contribute to optimizing the simulation accuracy of regional air 
quality models and help understand the changes in meteorological fields and regional air quality brought about 
by the rapid development of large cities. It will provide valuable insights for formulating future regional air 
quality improvement policies and sustainable development goals.

Data availability
Data is provided within the manuscript or supplementary information files.
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