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Accurate characterization of land use and land cover changes (LULCC) is essential for numerical models to capture LULCC-induced effects on regional meteorology and air quality, while outdated LULC dataset largely limits model capability in reproducing land surface parameters, particularly for complex terrain. In this study, we incorporate land cover data from MODIS in 2019 into the Weather Research and Forecasting (WRF) model to simulate the impacts of LULC on meteorological parameters over the Sichuan Basin (SCB). Further, we conduct Community Multiscale Air Quality (CMAQ) simulations with WRF default LULC and MODIS 2019 to probe the effects on regional air quality. Despite consistency found between meteorological observations and WRF-CMAQ simulations, the default WRF land cover data does not accurately capture rapid urbanization over time compared with MODIS. Modeling results indicate that magnitude changes trigged by LULCC are highly varied across SCB and the impacts of LULCC are more pronounced over extended metropolitan areas due to alteration by urbanization, featured by elevating 2-m temperature up to 2°C and increased planetary boundary layer height (PBLH) up to 400 m. For air quality implications, it is found that LULCC leads to basin-wide O3 enhancements with maximum reaching 21.6 μg/m3 and 57.2 μg/m3 in the daytime and nighttime, respectively, which is mainly attributed to weakening NOx titration effects at night. This work contributes modeling insights into quantitative assessment for impacts of LULCC on regional meteorology and air quality which pinpoints optimization of the meteorology-air quality model.
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1. Introduction

As urbanization proceeds ever more quickly, the impacts of land use and land cover change (LULCC) on local meteorological conditions, urban air quality, and regional climate change have become increasingly important in the past few decades (IPCC, 2014; Oke et al., 2017). The role of LULCC in land-atmosphere interactions is represented in altering land surface parameters including surface roughness, land surface albedo, and soil properties, subsequently modulating atmospheric circulations, radiative forcing, and energy balances (Brovkin et al., 2013; Song et al., 2018; Patel et al., 2020). Although it has been found the impacts of LULCC varied considerably among different regions, the dramatic LULCC in megacities and major city clusters has become more apparent due to the human-induced urbanization and deforestation processes (Civerolo et al., 2007; Vahmani et al., 2016; Krayenhoff et al., 2018). Therefore, accurate representations of LULCC are crucial for weather predictions and regional air quality modeling.

Extensive efforts have been made for identifying the impacts of LULCC on meteorological fields and urban air pollution through satellite-derived land parameters and numerical models (Lin et al., 2016; Sharma et al., 2017). In previous studies, the Weather Research and Forecasting (WRF)-Community Multiscale Air Quality (CMAQ) modeling system has been widely used for characterizing environmental consequences of LULCC across the globe (Kumar et al., 2014; Glotfelty et al., 2021). For instance, Georgescu et al. (2013) investigated the impacts of urban expansion on Arizona’s Sun Corridor in US and found that the most dramatic urban expansion condition could result in up to 4°C in surface temperature. Gaur et al. (2021) examined the feasibility of land-cover datasets in WRF over the City of Ottawa and reported that urban parameterization with updated land cover map yields better WRF model performance. Furthermore, Glotfelty et al. (2021) indicated that outdated land cover data in WRF may cause considerable bias in reproducing land surface processes. In China, Wang K. et al. (2021) found that incorporating LULCC and four-dimensional data assimilation (FDDA) into WRF-CMAQ could reduce model bias in reproducing temperature and wind speed in Beijing-Tianjin-Hebei area. Similarly, Wang H. et al. (2021) investigated the applicability of urban canopy models in conjunction with Moderate Resolution Imaging Spectroradiometer (MODIS) 2017 land cover data in urban particulate matter pollution over Chengdu city and concluded that updating land cover yields could improve underestimation in PM2.5 concentrations. The abovementioned literature demonstrates the critical need of capturing LULCC in accurate urban modeling.

As the rapidly developing economic zone located in southwestern China, the Sichuan Basin (SCB) has experienced dramatic LULCC and worsened air pollution due to urbanization and industrialization (Qiao et al., 2019; Wu et al., 2021). Using the WRF- Community Multiscale Air Quality (CMAQ) model, Wang H. et al., (2022) concluded that LULCC over Chengdu between 2000 and 2017 weakened ventilation conditions in summer. Although several studies have applied the WRF-CMAQ modeling system to investigate the effects of LULCC on meteorology and air quality, accurate capturing meteorological fields and air pollutants formation remains challenging for WRF-CMAQ especially in complex terrain due to limitations in outdated land surface parameters, thus near real-time land use and land cover datasets from satellites (MODIS, Sentinel-2, etc) are expected to enhance the model capability in representing land-atmosphere interactions and may improve prediction skills of models. In addition, limited prior work mainly focused on megacities (Chengdu and Chongqing), while basin-wide LULCC and subsequent impacts on air quality have received much less attention (Wang H. et al., 2021; Wang Y. et al., 2022).

In this work, we leverage the WRF-CMAQ modeling system and MODIS land cover data in 2019 to investigate the influence of LULCC on regional meteorological fields and air pollutants levels over the SCB by comparing model results of the 2019LULC scenario to the baseline scenario with default WRF LULC. This paper is organized as follows. In Section 2, we introduce the source of surface meteorological observations and air quality data, MODIS land use and land cover products, and the configuration of WRF-CMAQ model. In Section 3 we analyze the differences between MODIS 2019 and the WRF default dataset, evaluate the model performance against the routine monitoring network, and probe the spatial and temporal effects of LULCC. In Section 4, we summarize major findings and implications for regulatory measures.



2. Methodology


2.1. Ground-level observation data

Hourly observations of 2-m temperature (T2), 2-m relative humidity (RH2), 10-m wind speed (WS10), and 10-m wind direction (WD10) were acquired from long-term observation data sets collected by Sichuan Provincial Meteorological Service. Ground-level air pollutants concentrations were provided by Sichuan Environmental Monitoring Center. These ground-level observations were used for WRF-CMAQ model validation.



2.2. Modis land use and land cover products

To probe the effects of LULCC on basin-wide meteorology and regional air quality, two scenarios are considered. The default land cover and land use dataset in WRF based on Moderate-resolution Imaging Spectroradiometer (MODIS) for the year of 2001. Thus, the simulation conducted using WRF_default MODIS 2001 data is treated as baseline scenario (hereafter denote as WRF_default). In contrast, aiming for capture LULCC over the past few decades, the MODIS MCD12Q1 for 2019 is adopted and further coupled into the WRF model for replacing the default outdated dataset (hereafter denote as 2019LULC).



2.3. WRF-CMAQ model

The WRFv4.1.1 was used to simulate meteorological fields with three nested domains (Skamarock et al., 2019), as shown in Figure 1. The innermost domain covers the metropolitan areas of the SCB (Supplementary Figure S1). The grid resolution for three two-way nested domains was 27, 9, and 3 km, respectively. The simulation period spans from 28 June to 31 August, 2019, with simulation results for June treated as spin-up. National Centers for Environmental Prediction (NCEP) Final (FNL) 1.0° × 1.0° reanalysis data1 which is available every 6 h, were used to provide initial and boundary conditions for WRF. The configurations of physical parameterization scheme are similar to our previous studies due to well-documented behavior, including Lin scheme for microphysics (Chen and Sun, 2002), RRTMG and Goddard for longwave and shortwave radiation (Baek, 2017), YSU scheme for planetary boundary layer (Hong et al., 2006), revised MM5 similarity for surface layer (Jiménez et al., 2012), Grell 3-D scheme for cumulus parameterization (Grell and Dévényi, 2002), Noah land surface model scheme for surface exchange of heat, moisture and momentum (Chen and Dudhia, 2001). The vertical layer is configured for 30 eta levels with 14 layers within the PBL aiming for better characterizing mesoscale processes within the PBL. Two high-resolution WRF model experiments were conducted in this work, including WRF_default and 2019LULC. For the WRF default experiment, we use the original land cover data in WRFv4.1.1. In the 2019LULC experiment, the land cover of WRF was updated by Moderate Resolution Imaging Spectroradiometer (MODIS) MCD12Q1 product for 2019, as discussed in Section 2.2.
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FIGURE 1
 Map of three nested WRF-CMAQ model domains.


CMAQ v5.3.2 was used to simulate ozone and its precursors (Appel et al., 2021). The Carbon-Bond chemical reaction mechanism (CB06) and the Aerosol 06 (AERO6) aerosol mechanism were applied in the CMAQ model (Pye et al., 2017; Luecken et al., 2019). The boundary condition used for the largest domain of CMAQ is clean air, while the BCs for the nested domains are extracted from the CMAQ Chemical Transport Model (CCTM) concentration files of the larger domain. Anthropogenic emissions were based on Multi-resolution Emission Inventory for China (MEIC) for 2019, with a grid resolution of 0.25° × 0.25° (Zheng et al., 2018, 2021). The Model of Emissions of Gases and Aerosols from Nature (MEGAN, version 2.1) was adopted to estimate the biogenic emissions based on emission factors from global database, leaf area index, and plant function types from MODIS products (Guenther et al., 2012; Wu et al., 2020). It should be noted that physical parameterizations, anthropogenic emission inventory, and chemical mechanisms are the same, thus the comparison between modeling results of WRF_default and 2019LULC reflects effects on meteorology and air quality due to LULCC alone.

To identify the contributions of atmospheric dynamics and chemical reactions to O3 formation, the integrated process rate (IPR) module embedded in CMAQ model is implemented for the diagnosis of hourly O3 variations and underlying factors (Czader et al., 2013; Hogrefe et al., 2018). These processes include dry deposition (DDEP), gas phase chemical production (CHEM), cloud process (CLDS), horizontal advection (HADV), horizontal diffusion (HDIF), vertical advection (ZADV), and turbulent mixing (VDIF).




3. Results and discussion


3.1. Spatial changes of land use and land cover over the SCB

Figure 2 presents the map of LULC based on land use datasets in WRFv4.1.1 model and MODIS MCD12Q1 products for 2019 over the SCB. As expected, croplands occupy most areas of SCB and some forest types are visible in northern and southwestern SCB. In addition, deciduous broadleaf trees are depicted in Leshan and northern Mianyang based on MODIS 2019, suggesting the potential influence of biogenic VOC emissions on air quality due to relatively high BVOC emission potential (Zhang et al., 2022). It is worth noting that the expansion of urban areas due to rapid urbanization are well captured in MODIS 2019 as compared with outdated WRF default profile, particularly for the enlargement of urban core areas (Chengdu and Chongqing cities) and build-up of extended metropolitan regions.
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FIGURE 2
 Land use classification in WRF model over Sichuan Basin (A) WRF default data (B) MODIS MCD12Q1 for 2019.




3.2. Evaluation of model performance

The simulated meteorological parameters and air pollutants levels were paired with observations in time and space for model evaluation. The statistical metrics, including mean bias (MB), mean fractional bias (MFB), mean fractional error (MFE), index of agreement (IOA), and root-mean-square error (RMSE) (definitions shown in Supplementary Text S1), are calculated.

The evaluation for WRF model performance is detailed in our previous work (Wang Y. et al., 2022). Briefly, WRF well reproduced the day-to-day variations of T2 with IOA higher than 0.8 and NMB less than 0.2 for all cities within the SCB. For RH2, the MB and NMB are ranged 1.4–1.5 and −0.21-0.63 among cities, respectively, indicating strong capability of WRF in reproducing RH2 variability across the SCB. However, the wind speed was slightly overestimated by the WRF model in the SCB, which might be associated with uncertainties in atmospheric dynamics and physical PBL parameterizations. In general, the meteorological fields simulated by WRF well reflected the features and variability of atmospheric dynamics and the model bias was comparable to previous studies (Zhang et al., 2019; Yang et al., 2020).

Figure 3 compares the observed and simulated hourly O3 concentrations for cities within the SCB in August 2019 in the WRF_default scenario. Evidently, the diurnal variations and day-to-day variability of O3 levels are both well captured by the CMAQ model, with all IOA values higher than 0.7. Specifically, the CMAQ model yields excellent performance in simulating Chengdu, Mianyang, Deyang, and Meishan cities with MFB values less than 0.3 (Emery et al., 2017). Despite the good agreement between observations and CMAQ simulations, it can be seen that CMAQ underestimates O3 peaks in Chengdu, Deyang, and Meishan, which might be related to bias in meteorological parameters and uncertainty in MEIC emission inventory. Overall, the WRF-CMAQ modeling system successfully captured and reproduced the meteorological variability and variations air pollutants concentrations over the study period.

[image: Figure 3]

FIGURE 3
 Time series of observed and simulated ambient O3 for cities within the SCB in August 2019.




3.3. Impact of LULCC on surface meteorology

The LULCC could affect land surface parameters including albedo, stomatal resistance, and roughness length, thus subsequently further influencing ground-level energy budget and mass exchange. To investigate the impacts of land use and land cover changes on regional meteorology, the modeled 2-m temperature and planetary boundary layer height (PBLH) in 2019LULC are compared with results in WRF_default, as shown in Figures 4–6. The most significant effects induced by LULCC were mainly found over extended metropolitan regions across the SCB which correspond to substantial alteration in land use types induced by rapid urbanization, and the largest changes are found in Chengdu and Chongqing cities due to strong anthropogenic activities occurred in these areas. In rural areas, the shift of land use resulted in slight changes in T2. Evidently, T2 in the afternoon and nighttime T2 increased by 1.0–2.0°C across extended metropolitan areas (areas experience land use transition from croplands to urban and built up), and increases in T2 were much more prominent in the afternoon. This phenomenon could be associated with enhanced absorption capacity of radiation from urban surface, which results in much heat storage in the daytime. At night, the relatively high thermal inertia of urban canopy could weaken the cooling process, thus leading to higher nighttime T2 compared with the WRF_default scenario. In contrast, slight decreases in T2 were found in the morning. It is also worth noting that T2 considerably decreased over the intersection of Chongqing, Suining, and Guangan cities.

[image: Figure 4]

FIGURE 4
 Differences in modeled monthly-averaged T2 (°C) between 2019LULC and WRF_default scenarios at 02:00, 08:00, 14:00, 20:00 over the SCB in August 2019.
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FIGURE 5
 Differences in modeled monthly-averaged PBLH (m) between 2019LULC and WRF_default scenarios at 02:00, 08:00, 14:00, 20:00 over the SCB in August 2019.
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FIGURE 6
 Differences in simulated monthly-averaged O3 between 2019LULC and WRF_default scenarios at 02:00, 08:00, 14:00, 20:00 over the SCB in August 2019.


Figure 5 displays the spatial changes in PBLH across the SCB between 2019LULC and WRF_default. While the influential magnitudes vary strongly across the study domain, it can be found that LULCC caused increases of PBLH up to 400 m in the afternoon over extended metropolitan regions, particularly for Chengdu and Chongqing cities. However, WRF simulations depicted distinctly different patterns at night, with substantial PBLH increases over Mianyang (Figures 5A,C). It is worth noting that noticeable effects depicted by model simulations exhibit excellent agreement with grids featured by urbanization, indicating that changes in meteorological parameters are largely determined by urbanization processes. These spatial patterns and magnitude changes in T2 and PBLH are comparable to previous modeling work by Wang H. et al., (2022), who reported that intense thermal inertia and high heat capacity in urban canopy led to nocturnal T2 increased by 3–4°C in Chengdu, the megacity situated at western SCB.



3.4. Impact of LULCC on ground-level O3

The formation of ambient O3 is determined by the abundance of precursor emissions (NOx and VOCs) and meteorological conditions which influence the photochemical reactions in the atmosphere. Prior studies have indicated that O3 variations are largely attributed to changes in T2 and PBLH (Hu et al., 2021). Figures 6, 7 display the spatial distribution of hourly O3 and average changes in MDA8 O3 between 2019LULC and WRF_default scenarios over the study domain. Further, hourly contributions from each physical and chemical process to ambient O3 in Chengdu are shown in Figure 8. It can be clearly seen that LULCC led to moderate O3 enhancements both in the daytime and nighttime in August 2019. Spatially, the increases of MDA8 O3 ranged from 4.6–24.7 μg/m3 and largest changes mainly correspond to grid cells with substantial LULCC (extended metropolitan). Further analysis based on IPR (Figure 8) suggests that such increases are primarily attributed to weak dry deposition which consume less ambient O3 due to land use alteration, while daytime gas-phase chemistry changed only slightly in response to the variations of T2 and PBLH. Specifically, lead area index (LAI) and vegetation fraction are key factors which governs the quantification of deposition velocities in the CMAQ model. As the vegetation fraction was changed by updating land use and land cover, depositions velocities of O3 in CMAQ simulations might be overestimated in the WRF_default scenario. In contrast, the increment magnitude of O3 at night was much higher than daytime and peak O3 increases (up to 57.2 μg/m3) were found in metropolitan Chengdu and Chongqing at night. In southern SCB, moderate nighttime O3 enhancements around 12.0 μg/m3 were mainly depicted over Luzhou, Neijiang, and Zigong cities. In addition to obvious changes in densely populated city clusters, northern SCB also exhibited considerable changes in MDA8 O3, despite the relatively low anthropogenic emissions and slow urbanization process over this region. Interestingly, nighttime O3 changes do not correspond to PBLH because of insignificant variations in PBLH (Figure 5), which suggests that reduced NOx act as the dominant factor in explaining this phenomenon. As seen in Figure 9, nighttime NOx levels in 2019LULC were much less than that in WRF_default scenario with maximum reductions reaching 26.8 μg/m3 across densely populated areas. This phenomenon is primarily linked to increase of PBLH over these areas, which results in intense NOx dilution within the PBL then weaken photochemical reactions because of insufficient precursors. At night, NOx titration is the governing process in determining O3 chemistry and lowered NOx concentrations generally lead to less O3 consumption, subsequently causing high O3 levels to endure. A similar pattern in nighttime O3 changes has also been observed in Beijing-Tianjin-Hebei city cluster (Tao et al., 2018).
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FIGURE 7
 Map of simulated monthly-averaged MDA8 O3 in (A) 2019LULC and (B) WRF_default scenarios and (C) differences of MDA8 O3 between 2019LULC and WRF_default over the SCB in August 2019.
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FIGURE 8
 Diurnal pattern of hourly physical and chemical processes contributions to ambient O3 concentrations in Chengdu city in August 2019.


[image: Figure 9]

FIGURE 9
 Differences in simulated NO2 between 2019LULC and WRF_default scenarios at night over the SCB in August 2019.





4. Conclusion

In this study, we adopt land use and land cover data derived from the MODIS satellite into the WRF-CMAQ modeling system to probe the impacts of LULCC on meteorological fields and regional air quality over the SCB in 2019. The LULCC is well represented in MODIS 2019, particularly for the rapid urbanization and development of extended metropolitan areas.

The land alteration results in changes in meteorological parameters with magnitudes that vary strongly across regions. Modeling results show that LULCC leads to obvious increases in T2 (up to 2°C) in the afternoon and the warming endured during the nighttime with the most prominent changes found over urban areas and extended metropolitan, which could be attributed to higher radiation absorption capacity and high thermal inertia of urban surface. For PBLH, LULCC generally elevates the PBLH up to 400 m in the afternoon, while insignificant variations are depicted at night, with moderate ascending PBLH over Mianyang city. These changes in meteorological parameters subsequently affect O3 air quality. We found basin-wide substantial O3 enhancements in both daytime and nighttime, with the increment of O3 up to 23.8 μg/m3 in daytime and 54.8 μg/m3 at night. The O3 enhancement during daytime is mainly affected by weakened dry deposition and the nighttime increase of O3 could be explained by reduced NOx titration effects.

Previous studies have noted that chemical transport models (CTMs) generally underpredict summertime O3 levels, particularly for O3 peaks (Yang et al., 2020; Wu et al., 2022; Zhang et al., 2022). Here, we show that accounting for LULCC in CTMs could dramatically improve O3 underestimation by the CMAQ model over the SCB, demonstrating the urgent need for characterizing LULCC in land surface parameters for better model capability. Overall, the findings of this work reveal the importance of LULCC in altering regional meteorology and air quality, shedding insights on urban planning and climate adaptation strategy.
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