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A B S T R A C T   

With fast economic development, urban expansion and air pollution are two main eco- 
environmental challenges confronting China. Though both are associated with intensified 
human activities, their impacts on urban environment are investigated separately, and the syn-
thetic effect and intricate interaction of the two have not been fully understood. Here, based on 
in-situ measurements and online-coupled meteorology-chemistry modelling, the impacts of 
anthropogenic aerosol and urbanization are investigated simultaneously at Beijing-Tianjin-Hebei 
city cluster during a typical pollution season. The two processes exhibit opposite influences on 
meteorology and air quality. Aerosol via its radiative effect tends to cause net loss of solar energy 
with 3 ◦C cooling at the ground surface and 1 ◦C warming in the upper boundary layer. In 
contrast, urbanization yields large increment of net surface solar radiation as well as sensible heat 
flux, leading to over 1 ◦C warming in the lower atmosphere. Such modifications of boundary layer 
structure alter the accumulation and formation of air pollution. Urbanization effect dominated in 
the modification of near-surface air temperature and air pollution, making the synthetic effect a 
linear combination of two processes. The study highlights a comprehensive understanding of air 
pollution and urbanization and their synergy effect on urban environment over megacities.   

1. Introduction 

The fast development of economy and society brings great challenges to the earth climate system. As one crucial anthropogenic 
impact, rapid urban expansion leads to dramatic changes in the underlying surface properties (Kalnay and Cai, 2003). Specifically, 
impervious urban surface with lower albedo could increase the absorption of solar radiation and inhibit evapo-transpiration, and 
hence perturb surface energy budget and meteorology especially precipitation in the city and downwind areas (Lo et al., 2007; Tao 
et al., 2015; X. Yang et al., 2011). Evidence suggests that convective activities and the movement of storms may also be disturbed by 
urban surfaces (Zhong et al., 2015). Combined with anthropogenic heat released from fuel combustion and air conditioning, urban 
areas exhibit a distinct temperature increment in comparison with rural areas, which is well acknowledged as urban heat island (UHI) 
effect (Oke, 1973, 1982). Therefore, the structure of urban boundary layer differs remarkably from rural counterparts, associated with 

* Corresponding author at: School of Atmospheric Sciences, Nanjing University, Nanjing, China 
E-mail address: xinhuang@nju.edu.cn (X. Huang).  

Contents lists available at ScienceDirect 

Urban Climate 

journal homepage: www.elsevier.com/locate/uclim 

https://doi.org/10.1016/j.uclim.2024.102020 
Received 1 February 2024; Received in revised form 17 April 2024; Accepted 14 June 2024   

mailto:xinhuang@nju.edu.cn
www.sciencedirect.com/science/journal/22120955
https://www.elsevier.com/locate/uclim
https://doi.org/10.1016/j.uclim.2024.102020
https://doi.org/10.1016/j.uclim.2024.102020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.uclim.2024.102020&domain=pdf
https://doi.org/10.1016/j.uclim.2024.102020


Urban Climate 56 (2024) 102020

2

heat stress and health risks (Frehlich et al., 2006; Li et al., 2016; S. Miao et al., 2009; Sarrat et al., 2006). 
Intensive human activities in urban areas produce not only land use change and anthropogenic heat but also tons of atmospheric 

pollutant emissions, leading to severe air pollution. High loadings of PM2.5 could exert negative impacts on both human health as well 
as regional climate and environment (Buseck and Pósfai, 1999; Charlson et al., 1992). Plenty of suspended aerosols in urban areas 
perturb radiation budget of the earth system by directly interacting with the solar/terrestrial radiation and indirectly participating in 
cloud microphysics (Albrecht, 1989; Ramanathan et al., 2001). Global average climate forcing caused by radiative effect of aerosols is 
estimated to be − 1 W m− 2, with great temporal and spatial variations (X. Huang et al., 2015; Kim, 2005; Masson-Delmotte et al., 2021). 
Studies have reported that aerosol can also alter multi-scale atmospheric circulations such as Asian monsoon and regional convective 
precipitation (Fan et al., 2015; Meehl et al., 2008). Moreover, radiatively active aerosols can play an important role in altering 
planetary boundary layer (PBL) stability, triggering a positive feedback between aerosol and PBL meteorology called aerosol-PBL 
interaction (Ding et al., 2016; J. Wang et al., 2014; H. Yu et al., 2002). 

As the largest developing country, China's economic boom has been accompanied by rapid urbanization. The Beijing-Tianjin-Hebei 
(BTH) city cluster on the north of North China Plain consists of Beijing municipality, Tianjin municipality and Hebei Province, covering 
an area of 216,000 km2 with population exceeding 100 million. Pronounced UHI effect has been identified over the BTH city cluster 
using meteorological station observations or land surface temperature retrieved from satellite products (Ren et al., 2007; P. Yang et al., 
2013), which contributed to the warming trends over the past 50 years (L. Zhou et al., 2004). Considering its unique geographic 
location, the influence of sea-land breeze and mountain-valley breeze further complicates the local circulations over urban areas (Y. 
Miao et al., 2015). In addition, due to growing emissions of gases and aerosol precursors from industry, energy production and traffic, 
BTH city cluster became a noticeable hotspot for air pollution. Under stagnant synoptic conditions, high loadings of aerosol make the 
region one of the most heavily polluted areas in the world (Jiang et al., 2015; Sun et al., 2014; Zheng et al., 2015). Therefore, the 
impacts of both urbanization and aerosol on regional climate and environment are remarkable in the BTH city cluster. 

Although studies have explored impacts of urbanization and aerosol pollution separately, the synthetic effect and intricate 
interaction have not been fully understood. Based on multiple observations and online-coupled meteorology-chemistry simulations, 
the impacts of aerosol radiative effect and urbanization on urban meteorology and air quality over BTH city cluster during a typical 
heavily-polluted season were investigated and compared in details. The synthetic effect and possible interaction between these two 
processes are illustrated as well. The remainder of this paper is organized as follows. Section 2 decribes the observational data and 
numerical experiments with detailed model configuration. Results and discussions are presented in Section 3, followed by conclusions 
summarized in section 4. 

2. Data and methods 

2.1. Observational data 

In this study, land use type is identified by MODerate resolution Imaging Spectroradiometer (MODIS) land cover product 
(MCD12Q1) with IGBP classification, which is derived using supervised classifications of MODIS reflectance data at a resolution of 500 
m. Satellite-retrieved aerosol optical depth (AOD) at 550 nm provided by MODIS Collection 6.1 with a horizontal resolution of 10 km 
× 10 km was applied to depict spatial distribution of aerosol pollution. MODIS data products of land cover and aerosol properties can 
all be ordered at https://ladsweb.modaps.eosdis.nasa.gov/search/. 

Hourly meteorological fields including air temperature, relative humidity as well as surface winds archived at US National Climate 
Data Center were collected to represent real-time meteorological conditions (https://www.ncei.noaa.gov/data/global-hourly/access). 
PM2.5 concentrations released by Ministry of Ecology and Environment of China have been analyzed to reveal spatiotemporal vari-
ations of surface aerosol pollution (https://www.cnemc.cn). Atmospheric vertical profiles at Beijing (39.93 oN, 116.28◦E) were 
detected twice a day at 00 and 12 UTC by radiosondes (http://weather.uwyo.edu/upperair/sounding.html). Air temperature, wind 
and water mixing ratio were reported on primarily mandatory pressure levels for the lower troposphere. 

Observation minus forecast (OMF) analysis is adopted here to show the influence of aerosol and urbanization on the boundary layer 
struture. 24-h forecast results from Global Forecast System (GFS, https://rda.ucar.edu/datasets/ds084.6/) were compared with real- 
time observations from in-situ monitoring stations. The GFS model with a spatial resolution of 0.25o × 0.25o is run without considering 
the effect of land-use change or aerosol. Hence, disparities between atmospheric sounding/surface observations and the forecast 
datasets could somehow reflect the perturbations induced by these factors. Such methods have been successfully applied to reveal the 
impact of urbanization and land-use change on climate (Kalnay and Cai, 2003) as well as the aerosol's influence on meteorology (X. 
Huang and Ding, 2021). 

2.2. Numerical experiments 

Multiple numerical experiments were conducted using regional online-coupled meteorology-chemistry model WRF-Chem version 
3.7 (Grell et al., 2005). We adopted two nested model domains (Fig. S1). The spatial resolution of the parent domain is 20 km which 
covers eastern China and its surrounding areas, while the inner domain applies a 4 km grid interval over BTH city cluster. The vertical 
grid contains 40 sigma levels from the surface to 50 hPa. Half of the total layers are placed below 1 km to better describe boundary 
layer processes with the first layer being approximately 10 m. The simulation is conducted for the whole month of December 2016. 
Each run lasts for 36 h and the last 24-h results were analyzed. The first 5-day integration is considered as model spin-up to acquire 
regional atmospheric chemistry background, and the chemical outputs from the previous run are used as the initial conditions for the 
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following run. The initial and lateral boundary conditions of meteorological fields are provided by National Center for Environmental 
Prediction Final Analysis data with 1o × 1o spatial resolution and 6-h interval. 

Key physical parameterization options for the WRF-Chem modelling are Lin microphysics scheme with the Grell cumulus 
parameterization to reproduce the cloud and precipitation processes (Grell and Dévényi, 2002; Lin et al., 1983). The sophisticated 
Noah land surface scheme developed by Ek et al. (2003) is used to describe the land-atmosphere interactions, including detailed land 
surface processes of thermodynamics and hydrology, such as moisture diffusion and evapo-transpiration. Rapid Radiative Transfer 
Model shortwave and longwave radiation scheme (Iacono et al., 2008) combined with Yonsei University PBL scheme (Hong et al., 
2006) is applied to describe aerosol radiative effect and its influence on PBL meteorology. For the numerical representation of at-
mospheric chemistry, we used the Carbon-Bond Mechanism version (Zaveri and Peters, 1999) photochemical mechanism along with 
Model for Simulating Aerosol Interactions and Chemistry aerosol model (Zaveri et al., 2008). Aerosols of 11 species are separated into 
four bins (0.039–0.156, 0.156–0.625, 0.625–2.5, and 2.5–10 μm) according to their dry diameter. The assumptions of spherical 
particles and internally mixing are made in each bin to compute optical properties of aerosol based on Mie theory. Physical and 
chemical schemes applied are summarized in Table S1. 

Monthly anthropogenic emissions of aerosols and its precursors were obtained from Multi-resolution Emission Inventory for China 
(MEIC) (Li et al., 2017b). Emissions of major pollutants, such as CO, SO2, NOx, NH3 and speciated VOCs from five sectors including 
power plants, residential combustion, industry, transportation and agricultural activities for the year 2016 are all included. Further, 
MEGAN (Model of Emissions of Gases and Aerosols from Nature) module embedded in WRF-Chem model is used to calculate biogenic 
emissions online. Soil-derived dust emissions and sea salt emissions are described by GOCART emission scheme. 

A single-layer urban canopy model (UCM) developed by Kusaka and Kimura (2004) is coupled into WRF-Chem to simulate urban 
meteorology. The UCM model recognizes the three-dimensional nature of the urban surface, considering the shadowing, reflections 
and the trapping of radiation in a street canyon. Treated as a part of the sensible heat flux, anthropogenic heat (AH) is included in the 
study characterized by a diurnal cycle with two peaks at rush hours of 08 and 17 Local Time. The peak value of AH is assigned to be 90 
W m− 2 (Allen et al., 2010; Tewari et al., 2007; M. Yu et al., 2014). The total sensible heat flux from roof, wall, roads and the urban 
canyon is then passed to land surface model. For a given WRF grid cell, the Noah land surface model calculates surface fluxes and 
temperature for vegetated areas (such as trees and parks) and the UCM provides the fluxes for urban surfaces (F. Chen et al., 2011). 

Four experiments are conducted with identical domain setting and parameterizations except for different consideration of aerosol 
radiative effect and urbanization effect (Table S2). In order to represent urbanization effect, land cover in the model are updated using 
MCD12Q1 of the year 2016 and then proceed with UCM (EXP_ARI0_URB1). Urban grid points in the control experiment are all 
subscribed with surrounding vegetation categories (L. Chen et al., 2018; S. Miao et al., 2009; N. Zhang et al., 2010), mainly croplands 
(EXP_ARI0_URB0). The disparities between EXP_ARI0_URB1 and EXP_ARI0_URB0 are attributed to the influence of urbanization. For 
aerosol direct radiative effect, the inclusion and exclusion of aerosol scattering and absorption in the radiation transfer are indicated by 
ARI0 and ARI1. The difference between EXP_ARI1_URB0 and EXP_ARI0_URB0 are attributed to aerosol-radiation interaction. Since 
aerosol-radiation interaction overwhelmed aerosol-cloud interaction in polluted urban areas (Rosenfeld, 2008), the aerosol indirect 
effect was excluded without further discussion in this study. The synthetic effect of these two processes is considered in 
EXP_ARI1_URB1. 

Fig. 1. (a) Average aerosol optical depth (AOD) derived from MODIS satellite retrievals during the winter of 2016 over eastern China. The blue 
rectangle encircled the Beijing-Tianjin-Hebei city cluster. (b) MODIS derived urban land cover (in red) of BTH region over its topography. Three 
main cities including Beijing (BJ), Tianjin (TJ), Shijiazhuang (SJZ) with Taihang Mountain and Yan Mountain are marked as well. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3. Results and discussions 

3.1. Observational evidence of aerosol radiative effect and urbanization 

The BTH city cluster is characterized with rapid urbanization and severe air pollution (Fig. 1). Although clean air actions have been 
implemented for years, heavy aerosol pollution still frequently strikes the region due to unfavorable meteorological conditions and 
half-open basin topography (X. Huang et al., 2020; X. G. Liu et al., 2013; Zheng et al., 2015). The maximum AOD during the winter of 
2016 over BTH region exceeded 2.0, indicating a severe aerosol pollution. The most polluted area lies in the east of Taihang Mountain 
and south of Yan Mountain including three main cities: Beijing, Tianjin and Shijiazhuang. Wintertime air quality of this region varies 
with mid-latitude synoptic systems especially cold fronts. Such variations were illustrated by daily PM2.5 shown in Fig. 2a. Beijing 
experienced five pollution episodes from the beginning of December 2016 to the end of January 2017, with an average daily PM2.5 
concentration exceeding 75 μg m− 3 (Fig. 2a). 

Distinct differences were identified when comparing the atmospheric temperature profile detected by radiosonde with GFS fore-
casts, namely OMF analysis, under clean and polluted conditions at Beijing (Figs. 2b-2c). Here, clean and polluted days were classified 
based on their daily PM2.5 concentration, which are denoted by blue and red dots in Fig. 2a. Specifically, daily PM2.5 greater than (less 
than) 75th percentile (25th percentile) is defined as a polluted (clean) day, and days with clouds or precipitation were excluded. As 
shown, the OMF results exhibited a stabilized stratification under polluted conditions, i.e., upper-level warming and near-surface 
cooling, which can be mainly attributed to radiative effect of aerosols. Scattering and absorption of aerosols reduced the incident 
solar radiation, decreased surface sensible heat flux and hence near-surface temperature, which accounted for the cold bias as large as 
3 ◦C at 1000 hPa. In addition, absorbing aerosols trapped part of the incident solar energy in the lower atmosphere, increased the 
shortwave heating rate and subsequently led to atmospheric warming approximate to 1 ◦C. Such inversions are frequently observed 
during the winter and are related to aerosol pollution over eastern China (Q. Huang et al., 2021; X. Huang et al., 2018). 

In contrast, the OMF analysis for clean days showed a positive bias >1 ◦C at the surface and decrease monotonically along the 
altitude to about 800 hPa (Fig. 2b). In other words, the observed air temperature in the lower atmosphere is usually warmer than 
expected by the forecast model without considering the anthropogenic influences. A highly possible explanation is the more pro-
nounced urban heat island effect on clean days. Lower surface albedos, higher Bowen ratio and the increase of surface energy storage in 
urban areas tend to perturb the surface energy budget, resulting in higher near-surface temperature in cities (Chakraborty et al., 2016; 

Fig. 2. (a) Variations of daily average surface PM2.5 concentration in Beijing during the winter of 2016–2017. PM2.5 concentrations lower than 25th 
percentile (larger than 75th percentile) are marked in blue (red) to represent the clean (polluted) days. (b) Vertical profiles of OMF analysis under 
clean conditions at Beijing. Solid lines and shaded areas indicate the average and 25-75th percentile. Zero line in grey dashed pattern is shown for 
reference. (c) Same as (b) but for polluted conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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D. Zhou et al., 2016). Such a warming at lower urban boundary layer is further confirmed by numerical simulations under the influence 
of urbanization. 

3.2. The respective impacts of aerosol and urbanization on urban environment 

To quantitatively understand impacts of aerosol and urbanization, model simulations were conducted using WRF-Chem, and then 
evaluated against observations to verify model's ability to reproduce the actual meteorology and chemistry fields. Generally, the 
simulated meteorological variables agree well with the measurements (Fig. S2). The mean bias of air temperature and relative hu-
midity (RH) at ground surface are − 0.83 ◦C and − 10%, with correlation coefficients approximate to 0.8 and 0.6, respectively. The 
model slightly overestimated the observed wind speed, resulting in a positive mean bias of 0.6 m s− 1, which could be attributed to the 
coarse topography used in the study. Vertical profile of atmospheric temperature is also captured reasonably well compared with 
radiosonde observations, indicating that the model can describe the atmospheric stratification as well as PBL processes (Fig. S3). As for 
spatial and temporal variations of air pollutants, time series and spatial distribution of PM2.5 from simulations and real-time mea-
surements are shown in Figs. S4-S5. The magnitudes and variations of PM2.5 could be reproduced generally well with some over-
estimations during the polluted episodes, probably due to uncertainties in emission inventory and sub-grid scale parameterizations. 

According to WRF-Chem simulations, surface energy budget was greatly modified by urbanization and aerosol radiative effect 
(Fig. 3). Owing to lower surface albedo at urban areas, the net solar radiation at surface increased by about 20 W m− 2 under the 
influence of urbanization. Correspondingly, sensible heat flux at surface increased, with a magnitude larger than the increment of net 
surface shortwave radiation, probably due to the release of anthropogenic heat. Such energy modifications caused by urbanization 
centered at urban region with limited influence on surrounding areas. In contrast to urbanization, aerosol radiative effect exerts 
perturbation over a relatively large scale and exhibited prominent regional disparities. The decrease of the net surface solar radiation 

Fig. 3. Average perturbations of (a) net surface solar radiation and (b) sensible heat flux at surface due to urbanization during the winter of 2016. 
The same for (c) and (d) but caused by aerosol radiative effect. The red lines in (a) and (c) represent the vertical cross-sections to reveal the in-
fluences of urbanization and aerosol radiative effect on boundary layer in Figs. 4–5. Main cities including Beijing (BJ), Tianjin (TJ) and Shijiazhuang 
(SJZ) are marked on the map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 4. Cross-section of average perturbations induced by urbanization within boundary layer along BJ-TJ axes during the winter of 2016. (a) Air temperature (shading) and boundary layer height (solid 
line for EXP_ARI0_URB1 and dashed line for EXP_ARI0_URB0). (b) PM2.5 concentration (shading) and turbulent exchange coefficient (contour line labelled with changing percent). (c) O3 concentration 
(shading) and relative humidity (contour line labelled with changing magnitude). 
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Fig. 5. Cross-section of average perturbations induced by aerosol radiative effect within boundary layer along BJ-TJ axes during the winter of 2016. The variables presented are the same as Fig. 4.  
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resembled the distribution of AOD which showed a positive gradient from south to north. With the averaged AOD being 0.56 and 
surface PM2.5 concentration being 150 μg m− 3, the maximum reduction of the solar radiation at surface reached as high as 80 W m− 2. 
Accordingly, the sensible heat flux also decreased by 30%, indicating a decline of buoyancy from the ground surface for PBL 
development. 

Modifications in meteorology and chemistry within the boundary layer induced by these two processes are analyzed as well (Fig. 4). 
As has been previously revealed by OMF results in Fig. 2b, urbanization may result in near-surface warming, also known as UHI effect. 
The warming due to urbanization reached 1.1, 0.5 and 0.3 ◦C at Beijing, Tianjin and Shijiazhuang, and decreased linearly along the 
altitude to about 500 m. The different warming magnitudes are associated with city size and population (Manoli et al., 2019; Memon 
et al., 2008). A reduction in RH as well as water vapor mixing ratio was expectable given the concrete surface and less vegetation in the 
urban areas. The near-surface warming promoted the turbulent mixing and the daytime development of PBL, which was further 
confirmed by the pronounced increase of PBL height and turbulent exchange coefficient. Moreover, the near-surface warming forced a 
low-pressure anomaly and hence created convergent air flow over the urban areas. Such a convergence along with the updrafts over 
urban region made up the UHI circulation, which favored the vertical transport within PBL as well as the dispersion of air pollutants. 
Correspondingly, PM2.5 reduction and increment was identified near the surface and at upper-level above, up to 20 and 3 μg m− 3, 
respectively. However, as another important atmospheric pollutant, surface O3 was found to increase, probably due to higher tem-
perature and more vigorous photochemistry (P. Liu et al., 2020; Otero et al., 2016). It should be noted that the upward transport of 
urban air pollution by UHI circulation may affect air quality in downwind suburban or rural areas, and even worsen the urban air 
quality once again through the surface convergence. 

On the contrary, the influence of aerosol radiative effect is almost opposite to urbanization (Fig. 5). Near-surface air temperature 
could drop nearly 1 ◦C since the incident solar energy are blocked by aerosols. Simultaneously, atmospheric warming induced by 
absorbing aerosols reached about 0.5 ◦C, greatly contributing to the stable stratification within the boundary layer. The vertical 
temperature profile altered by scattering and absorbing aerosols was in accordance with the OMF analysis under polluted conditions in 
Fig. 2c. Therefore, insufficient surface buoyancy combined with stabilized lower troposphere greatly suppressed the vertical mixing of 
the air mass and the development of PBL, which is indicated by over 20% reduction of turbulent exchange coefficient in Fig. 5b. Such 
modifications also facilitated the subsequent accumulation of air pollutants emitted from the urban surface. Compared with the 
simulation excluding aerosol's effect, the average reduction of the PBL height and the enhancement of PM2.5 concentration are esti-
mated to be 120 m and 15 μg m− 3, respectively. Due to slower reaction rates in a dimming and cooler atmosphere, surface O3 decreased 
by about 1 ppb (Otero et al., 2016). The two-way interaction between aerosol and the PBL meteorology has been reported in regional 
air pollution in eastern China (Ding et al., 2016; Li et al., 2017a; Z. Wang et al., 2018) and plays an important role in the aggravation of 
aerosol pollution (Dong et al., 2017; Slater et al., 2020; Su et al., 2022; X. Zhang et al., 2018). Considering the opposite impacts of 
aerosol and urbanization over urban areas, it is essential to explore their synthetic influence. 

3.3. The synergy effect of aerosol and urbanization with their interactions 

The influences of aerosol and urbanization are coupled with each other and may vary with different air pollution levels, resulting in 
synthetic impact and intricate interaction of two processes. Here, perturbations of near-surface air temperature and PM2.5 concen-
tration are adopted to illustrate the magnitude of aerosol radiative effect and urbanization, and their response to changing aerosol 

Fig. 6. Separate and synthetic effects of aerosol and urbanization vary with different air pollution levels at three main cities in BTH city cluster. (a) 
Perturbations of near-surface air temperature caused by aerosol radiative effect and urbanization along with daytime average PM2.5 concentration. 
Regression lines are given with their slopes. (b) same as (a) but for perturbations of surface PM2.5 concentration. 
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pollution level was shown in Fig. 6. The perturbations in air temperature and PM2.5 concentration due to urbanization are always 
larger than aerosol radiative effect, suggesting the dominant effect of urbanization at all pollution levels. Moreover, the perturbations 
in response to various aerosol pollution level was demonstrated. According to the impact of aerosol radiative effect illustrated bofore, it 
is predictable that the reduction of near-surface air temperature and the enhancement of surface PM2.5 would increase with elevated 
aerosol loadings, exhibiting a changing slope of − 5 × 10− 3 ◦C/(μg m− 3) and 9 × 10− 2%/(μg m− 3), respectively. In contrast, the air 
temperature perturbations caused by urbanization increased with higher aerosol loading, with the slope of the fitting line being 7 ×
10− 3 ◦C/(μg m− 3), indicating that the urbanization effect was also sensitive to aerosol pollution level. In all, urbanization effect 
dominates in the modification of near-surface air temperature and air quality, making the synthetic effect a linear combination of two 
processes. Also, it can be inferred that with increasing aerosol pollution level, urbanization effect consistently prevails over aerosol 
radiative effect. Notebly, the maximum value of AH applied in the model may be overestimated since all urban grids are assumed to be 
highly-commercial region with the highest AH emission (Tewari et al., 2007). Therefore, the relative importance of urbanization may 
be overvalued with uncertainties. 

Surprisingly, the near-surface warming caused by urbanization showed a positive correlation with PM2.5 concentration, indicating 
that aerosol may act to enhance UHI intensity (Fig. 7a). The average UHI intensity (indicated by air temperature perturbations induced 
by urbanization) is 1 ◦C when daytime average PM2.5 is 50 μg m− 3 and increased to almost 3 ◦C when PM2.5 reaches 200 μg m− 3. Such a 
relationship was also reported in several cities with observational and experimental methods (Han et al., 2020; Jonsson et al., 2004; G. 
Yang et al., 2021), especially during polluted days in Beijing (L. Chen et al., 2018). Two atmospheric processes may take responsibility 
for the intensification of urban warming with higher PM2.5 concentration. Compared with simulation excluding aerosol radiative 
effect, the urban boundary layer are more stable with smaller turbulent exchange coefficient under the influence of aerosol (Fig. 7b). 
The weakened turbulence not only confines more pollutants to a shallower PBL, but also prevents the transport and diffusion of heat 
released, which contributes to the reinforcement of UHI intensity (Han et al., 2020). Additionally, apart from the attenuation of 
shortwave radiation, aerosol may also interfere with longwave radiation, reflected by an increase in downwelling longwave radiation 
at surface and a reduction of outgoing longwave radiation (OLR) of the earth system. Such an influence of aerosol acts much like a thin 
low cloud warming the atmosphere, which aggravates the warming in urban areas (Cao et al., 2016). Considering the interaction of 
urbanization and aerosol radiative effect, lower PM2.5 concentration under more restrict emission policy may contribute to the 
mitigation of UHI during the winter in the future. 

4. Conclusions 

Fast urban expansion and intensive emissions of air pollutants are two of the most important aspects of human activities, yet their 
impacts on urban environment are often investigated separately. Based on in-situ measurements and online-coupled meteorology- 
chemistry numerical simulations, the synthetic impact and intricate interaction of aerosol radiative effect and urbanization are 
investigated simultaneously at BTH city cluster. Respective impacts of urbanization and anthropogenic aerosol on urban meteorology 
and air quality are revealed and compared in details. Aerosol radiative effect tends to produce net loss of solar energy at the surface, 
which dominates the polluted days with 3 ◦C cooling at ground surface and 1 ◦C warming in the upper boundary layer. Such modi-
fications of boundary layer structure favor the accumulation of air pollution, indicated by 10% increase of surface PM2.5 in average. In 
contrast, urbanization yields large increment of net surface solar radiation and sensible heat flux, which is more prominent during 
clean days, leading to over 1 ◦C warming in the lower atmosphere. The buoyancy supported by surface warming and UHI circulation 

Fig. 7. (a) Relationships of daytime average PM2.5 concentration and UHI intensity for three main cities in BTH city cluster. Markers are colored 
with daytime PBL height. (b) Comparison of daytime average outgoing longwave radiation (OLR) and turbulent exchange coefficient between 
simulation scenario EXP_ARI1_URB1 and EXP_ARI0_URB1. 
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over urban surface is conducive to the vertical transport and dispersion of air pollution. In all, the two processes exhibit opposite 
influences on meteorology and air quality. 

Furthermore, the synthetic effect and intricate interaction of urbanization and aerosol are illustrated both in simulations and 
observations. The near-surface warming caused by urbanization showed a positive correlation with PM2.5 concentration, indicating 
that aerosol may act to enhance UHI effect via increasing the stability of boundary layer and perturbing longwave radiation budget. 
Urbanization effect dominated in the modification of near-surface air temperature and aerosol pollutant, making the synthetic effect a 
linear combination of two processes. With more restricted emission control strategy such as carbon peak and carbon neutrality goals 
implemented in the future, negative impacts of aerosol on human health and urban environment could be greatly reduced in China, 
and may contribute to the mitigation of UHI during the winter. However, the on-going development of city clusters into megacities or 
gigacities may further amplify urbanization effect and complicate its circulation pattern. The study promotes a comprehensive un-
derstanding of air pollution and urbanization as well as their interactions over megacities. 
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