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• Rapid urbanization and decrease in crop-
lands are the main characterizations of
LULC change over the YRD region from
2000 to 2018.

• Rapid urbanization leads to an increase of
monthly mean 2-m temperature by
0.4–2.1 °C but decrease of the 10-m wind
speed by 0.5–1.3 m/s in urban areas.

• Surface O3 concentration in urban areas
has increased while PM2.5 decreased due
to LULC changes in the past two decades.
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The land use/land cover (LULC) change in the fast-developing city clusters of China exhibits impacts on both the meteo-
rology and air quality. However, this effect, especially in the Yangtze River Delta (YRD), has not been well quantified. In
this study, the LULC data are extracted from Landsat satellite imageries for year 2000 and 2018 for the YRD region. The
Weather Research and Forecasting with Chemistry (WRF/Chem) model is applied to investigate the impact of historical
LULC change on regionalmeteorology and air pollution over the YRD region during the past two decades. Two simulation
scenarios are performed with two sets of LULC data to represent the pre-urbanization (LULC of year 2000) and the
most recent urban pattern (LULC of year 2018). Results indicate that rapid urbanization leads to an increase of monthly
mean 2-m temperature by 0.4–2.1 °C but decrease of the 10-m wind speed by 0.5–1.3 m/s in urban areas; the maximum
increase of daytime planetary boundary layer height (PBLH) in July and November is 289 and 132 m, respectively.
Affected by favorable changes in the meteorological conditions due to LULC change, the PM2.5 concentrations in most
urban areas show a decreasing trend, especially during the nighttime in summer. On the contrary, surface ozone (O3)
concentration in urban areas has increased by 7.2–9.8 ppb in summer and 1.9–2.1 ppb in winter. Changes in O3

concentration are inversely proportional to changes inNOx and the spatial distribution of PM2.5. Areaswith higherO3 con-
centration are consistent with areas of higher temperature and lower wind speed. Our findings reveal that LULC changes
during the past years bring observable changes in air pollutant concentrations, which should not be neglected in the YRD
region regarding air quality trends as well as policy evaluations under the warming threat.
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1. Introduction

Changes of land use/land cover (LULC) exhibit significant impacts
on the environment (Seto and Shepherd, 2009). In recent years, LULC
has changed rapidly in developing countries, particularly in China
(Deng et al., 2020; Güneralp et al., 2015; Li and Li, 2019) due to fast so-
cial and economic development (Dewan et al., 2012; Seto et al., 2002;
Verburg et al., 2004). Xu et al. (2014) identified the saturation of night-
time light brightness in the urban center and found significant increases
in suburban region of China from 1992 to 2009. With the aid of the im-
pervious surface as an indicator, Gong et al. (2019) reported that the
area of Chinese cities and towns in 2017 was 13.6 times of that in
1978. Land use types, such as cultivated land, woodland, and grassland
have been transformed into urban construction land as a result of urban
expansion in the past decade (El-Hamid et al., 2021; Sati and Mohan,
2018). These changes not only affect the thermal and physical proper-
ties of the land surfaces including roughness, thermal inertia, and al-
bedo (Ghimire et al., 2014; Sun et al., 2012) but also generate new
dynamical and thermodynamic processes (Cheng and Byun, 2008;
Kaplan et al., 2017). In addition, the impact of LULC on regional climate
affects the transport and diffusion of air pollutants in the atmosphere
(Zheng et al., 2017).

The spatial pattern of air quality parameters in urban areas is often
closely related to the level of urbanization (Ku, 2020). Urbanization
due to population growth and increased economic activities results in
massive emissions of air pollutants, thereby exacerbating the air quality
(Cole and Neumayer, 2004; Fang et al., 2015). Ozone (O3) is an impor-
tant secondary pollutant in the atmosphere and is influenced by the
changes in meteorological conditions due to LULC. Ryu et al. (2013)
demonstrated that the surface O3 concentration is 16 ppb higher at
nighttime and 13 ppb higher at daytime due to urbanization in the
Seoul metropolitan area. According to Chen et al. (2018), conversion
of rural to urban land surfaces in Beijing increased surface air tempera-
ture and planetary boundary layer height (PBLH), resulting in a rise in
surface O3 concentrations by 9.5 ppb.

The YRD region is one of the largest urban agglomerations in China, lo-
cated in the north marine monsoon subtropical climate zone of southeast
China. This region has experienced unprecedented economic development
and drastic urbanization in the past three decades (Gu et al., 2011; Han
et al., 2017). Air pollution has been largely aggravated as a result of mete-
orological environment and anthropogenic emissions (Li et al., 2019a; Li
et al., 2018; Li et al., 2019b). Different from the urban agglomeration in
North China like the Beijing-Tianjin-Hebei (BTH) region where it is a
semi-humid continental monsoon climate with four distinct seasons (Zhao
et al., 2013), the YRD region is dominated by a humid climate with mild
winter and hot,muggy summer (Zhang et al., 2015). Therefore, the impacts
of LULC change in YRD region on air quality are expected to be different
from other regions. For example, the reduction of daytime radiation inten-
sity during winter in BTH region due to urbanization led to a reduction of
O3 concentration (Tao et al., 2018), while urban sprawl in YRD region
caused noticeable increases in daytime O3 concentration (Liao et al.,
2015). Wang et al. (2009a) also reported similar results that LULC change
from the early 1990s to 2001 enhanced the surface O3 level by about
4.7% during nighttime and 2.9% during daytime over the Pearl River
Delta (PRD) and YRD regions, two highly urbanized regions in China. With
the dominant ongoing changes in LULC being urbanization, Zhan and Xie
(2022) found that changes in surface temperature, wind speed, and PBLH
lead to increase in O3 concentration by a maximum of 20 μg/m3 in
Shanghai due to urban sprawl. Additionally, the spatial distributions of
ambient fine particulate matter (PM2.5) present large regional variations
among BTH, PRD, and YRD, which is highly correlated with land use type
(Zhang et al., 2019). Remarkable differences in the relationship between
urban form and PM2.5 concentration exist in different urban agglomerations
(Mao et al., 2022).

Previous studies have primarily focused on cities in developed countries
or only a specific megacity whereas developing countries suffer muchmore
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serious air pollution due to fast urbanization. In addition, changes in other
land use types may also significantly affect the surface properties and fur-
ther influence the regional meteorological conditions and air quality. In a
rapid economic development area like YRD region, LULC alters noticeably
in a relatively short period and it is necessary to evaluate the consequences
of LULC changes. Therefore, to fill the gap described above, we systemati-
cally investigate the impacts of LULC change on meteorology and regional
air quality in YRD region for the past two decades. Results of this study can
provide guidance to future urban planning as well as air pollution projec-
tion and control.

2. Methodologies

2.1. Land use/land cover data interpretation

In this study, to better characterize the real land surface of the YRD re-
gion, LULC data are extracted from Landsat-5/7/8 imageries acquired from
United States Geological Survey (USGS) official website. Using Geographic
Information System (GIS), land use maps for year 2000 (LULC_2000) and
year 2018 (LULC_2018) are reprojected into WRF-identifiable WGS84
(World Geodetic System 1984) ellipsoids. According to the International
Geosphere Biosphere Programme (IGBP) land classification, the original
data are reclassified for the same 20 land use categories as MODIS-IGBP
with a horizontal resolution of 1 km (Table S1). Fig. S1 shows the technical
flowchart of land use data conversion.

2.2. Model configuration

TheWRF/Chem v3.9 (Grell et al., 2005) model is applied to simulate
meteorological fields and air quality fields. In this study, three nested
domains are used: horizontal grid resolution for domain 1 (D01), 2
(D02), and 3 (D03) are 36 km, 12 km, and 4 km, respectively, and 24
sigma levels with a model top set at 100 hPa are used, the first 19 layers
are within the planetary boundary layer. The D01 covers most of East
Asia and part of Southeast Asia; D02 covers east China and D03 encom-
passes the entire YRD region (Fig. 1a). The YRD region comprises
Shanghai (SH) and Jiangsu, Zhejiang, and Anhui provinces, with pro-
vincial capitals of Nanjing (NJ), Hangzhou (HZ), and Hefei (HF), respec-
tively. Fig. 1b illustrates the terrain and meteorology for the study
region, as well as the locations of observation stations. The meteorolog-
ical initial and boundary conditions of the model are 6 hourly (1.0° ×
1.0° resolution) Global Final Analysis (FNL) data, provided by the
National Center for Environmental Prediction-National Center for
Atmospheric Research (NCEP/NCAR). The chemical initial fields are
provided with outputs from the previous model cycle. The anthropo-
genic emission inventory used in this study is from the China Multi-
scale Emission Inventory (MEIC) with 0.25° × 0.25° resolution
developed by Tsinghua University (Zheng et al., 2018), which consists
of provincial data from five sectors (power, agriculture, residential, in-
dustry, and transportation) (http://meicmodel.org/). The biogenic
emissions are calculated by the Model of Emissions of Gases and Aerosol
from Nature (MEGAN) (Guenther et al., 2006), which is online coupled
in the WRF/Chem model. The physical options contain the Lin micro-
physics scheme (Lin et al., 1983), the NOAH land surface scheme
(Chen and Dudhia, 2001), the Kain-Fritsch (KF) cumulus parameteriza-
tion (only used in D01 and D02) (Kain and Fritsch, 1993), the Rapid
Radiative Transfer Model shortwave radiation scheme and the Rapid
Radiative Transfer Model longwave radiation scheme (Mlawer et al.,
1997), and the YSU boundary layer scheme (Hong et al., 2006).The
gas phase chemistry mechanism is the Regional Acid Deposition
Model-2nd generation (RADM2) (Stockwell et al., 1990) chemical
mechanism, including 63 chemical species and 136 gas phase reactions.
The aerosol module is the Modal Aerosol Dynamics Model for Europe-
Secondary Organic Aerosol Model (MADE-SORGAM) (Schell et al.,
2001). The physical and chemical schemes used in this study are listed
in Table S2.

http://meicmodel.org/


Fig. 1. The three nested modeling domains for model simulation (a); terrain height for the YRD region and distribution of ground observational stations (red dots and blue
triangles are meteorological and air quality observation sites, respectively) (b).
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2.3. Design of simulation scenarios

This study mainly focusses on the direct influence of LULC change on
meteorology and indirect influence on chemistry through the changes of
physical aspects caused by land use change. We do not look at the direct in-
fluence of land use change on chemistry (or anthropogenic emission as-
pect). Therefore, two different scenarios are simulated to investigate the
impact of LULC change in the YRD area. LULC_2000 scenario represents
land use pattern of YRD region in 2000, while LULC_2018 scenario depicts
land use pattern of YRD region in 2018. The biogenic emission changes are
not fixed but changes with the land use changes, and are calculated based
onMEGAN coupledwithin theWRF/Chemmodel. Simulation is performed
for July and November in 2018, representing summer and winter respec-
tively. The model is run as a series of smaller simulations of 144 h (six
days) duration with 24 h overlap between every two consecutive runs to
improve the model performance. The first 24 h are considered as model
spin up and the rest 120 h are used for analysis from each of the five-day
simulations. The same physics schemes, dynamics configurations, and
emission inventory are applied for both cases except for static data (LULC
datasets). Two scenarios are analyzed: the Base Scenario (LULC_2018) as
control case, using 2018 LULC of YRD; the Comparison Scenario
(LULC_2000) in which the 2000 LULC is used (Table 1).

3. Results and discussions

3.1. Model performance evaluation

3.1.1. Meteorology
We used statistical indices including the mean bias (MB), the mean

square error (RMSE), correlation coefficients (R), normalized mean bias
(NMB), normalized mean error (NME), mean fractional error (MFE) and
the mean fractional bias (MFB) to evaluate the model performance. De-
scriptions of the statistical indices are described in the Supporting
Table 1
Description of numerical simulation scenarios.

Scenario
definition

Abbreviation Land use
data

Meteorology
data

Anthropogenic
emission

Base Scenario LULC_2018 2018 FNL_2018 MEIC_2018
Comparison
Scenario

LULC_2000 2000 FNL_2018 MEIC_2018
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Information. The 2-m temperature (T2) and 10-m wind speed (WS10) for
the base scenario (LULC_2018) are compared with the hourly observations
of ground meteorological stations obtained from the National Oceanic and
Atmospheric Administration (NOAA)’s Climate Data Center archive
(http://www.ncdc.noaa.gov/oa/ncdc.html). As shown in Fig. S2, simu-
lated meteorological variables well match the actual temperature and
wind speed changes for July and November. Table 2 presents the statistical
metrics for meteorological factors, which are described in the Supporting
Information. The simulations of T2 show the highest correlation coefficients
(R) for both July and November of 0.88 and 0.94, manifesting that the
simulations generally reflect the characteristics of T2. For wind speed, the
RMSE of July is higher than November (1.1 for July and 0.9 for November)
and R of July is lower than November (0.70 for July and 0.79 for
November). It is due to strong turbulent mixing and unstable atmo-
spheric layer developed in summer (Pan and Gu, 2016; Prasad et al.,
2017). Emery et al. (2001) proposed benchmarks for validation of sim-
ulated temperature (MB within ±0.5 °C) and wind speed (MB within
±0.5 m/s and RMSE <2 m/s). Based on their results, the meteorological
performances in our study meet the proposed criteria (Table 2). In gen-
eral, simulated meteorological factors are in good agreement with the
observations.

3.1.2. Air quality
Hourly time series of PM2.5 and O3 concentrations collected at 29 air

quality monitoring stations acquired from national real-time release plat-
form for urban air quality of China National Environmental Monitoring
Centre (http:// air.cnemc.cn:18007) are compared with simulations to
evaluate the model performance of chemical fields. Time-series compari-
sons are shown in Fig. S3 and statistics are presented in Table 3. The base
scenario simulation exhibit that the WRF/Chem model generally predicts
the changes in PM2.5 and O3 concentration distributions in July and
November. Monthly mean simulated PM2.5 and O3 concentrations are
23.2 ± 9.8 μg/m3 and 36.6 ± 18.8 ppb; 42.8 ± 16.7 μg/m3 and 27.5 ±
8.2 ppb in July and November, respectively. The corresponding observa-
tions are 22.9 ± 6.2 μg/m3 and 34.6 ± 19.7 ppb; 43.5 ± 17.2 μg/m3

and 20.8 ± 15.4 ppb in July and November, respectively. It is suggested
that the model performance criteria for air pollutants is met when both
the MFE and the MFB are less than or equal to approximately +75% and
± 60%, respectively (Boylan and Russell, 2006; Epa, 2007). The results
shown in Table 3 indicate that the performances of air quality simulation
for PM2.5 and O3 are acceptable. For PM2.5, the model performances also
successfully meet the benchmarks proposed for China by Huang et al.
(2021). The PM2.5 concentrations show slight overestimation in July and

http://www.ncdc.noaa.gov/oa/ncdc.html
http://106.37.208.233:20035


Table 2
Model performance statistics for meteorological simulation of LULC_2018.

Variables July November

MS±Stda MO±Stda MB RMSE R MS ± Std MO ± Std MB RMSE R

T2(°C) 30.0 ± 2.7 29.7 ± 2.8 0.3 1.4 0.88 14.3 ± 2.2 13.8 ± 2.5 0.5 1.2 0.94
WS10(m/s) 3.7 ± 1.4 3.2 ± 1.2 0.5 1.1 0.70 3.0 ± 1.1 2.5 ± 1.0 0.5 0.9 0.73
RH(%) 72.1 ± 14.1 81.3 ± 14.5 −5.35 12.58 0.64 73.5 ± 13.6 81.4 ± 14.6 −5.48 13.05 0.69

a MS and MO represent the mean simulations and observations, respectively.

Table 3
Model performance statistics for air quality simulation of LULC_2018.

Variables July November

NMB NME MFB MFE R NMB NME MFB MFE R

PM2.5(μg/m3) 0.7 32.3 −3.7 31.9 0.47 −0.8 34.5 0.9 35.2 0.51
O3(ppb) 3.6 25.0 7.9 28.9 0.83 33.6 46.3 46.4 57.4 0.75
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underestimation in November, with the NMB of 0.7% and− 0.8%, respec-
tively. Underestimation of PM2.5 concentration is in part attributed to the
positive bias of temperature in November, deeper boundary layer is formed
and PM2.5 is well-mixed within the boundary layer (Miao et al., 2019). The
magnitudes trends for O3 concentrations are reasonably predicted in July,
with an overall correlation coefficient of 0.83 and NMB of 3.6%. The
NME for O3 is larger in November (46.3%) than in July (25.0%). The
above demonstrates that the simulated errors are acceptable and simula-
tions can capture the characteristics of chemical fields.

3.2. LULC change from 2000 to 2018

Fig. 2 shows that the YRD region experienced significant LULC changes
from 2000 to 2018. Urban and built-up land area has increased from
36,326 km2 to 54,610 km2, with a growth rate of 50.3% (Table S3). The
Fig. 2. LULC data over the YRD region derived from satel

4

rapidly urbanized areas are centralized not only in provincial cities like
SH, HZ, NJ, and HF, but in the lines including Shanghai-Wuxi-Suzhou-
Nanjing belt, Hangzhou-Jiaxing-Huzhou-Shanghai belt as well as coastal
cities like Ningbo. In addition, the decrease in croplands is prominent. As
the most dominant LULC type, croplands occupy more than 40% of the
whole YRD area. They are mainly distributed in the northern regions of
the study area. The reduction of croplands is 18,522 km2 and most of
them have transformed to urban and built-up land. Forests are mainly dis-
tributed in the southern area of the YRD region, and its area is second to
croplands. Changes in forest are negligible, with a growth rate of only
0.7%. Grassland has decreased from 4998 km2 to 3945 km2.

3.3. Impacts of LULC change on meteorology

3.3.1. 2-m temperature
The changes of LULC over the YRD region leads to changes of land sur-

face properties such as emissivity, heat capacity, and soil temperature,
which consequently affect surface air temperature. Fig. 3 shows the spatial
difference of average monthly T2 between LULC_2018 and LULC_2000 sce-
narios (i.e., LULC_2018minus LULC_2000) at 14 Local Standard Time (LST)
for daytime and 20 LST for nighttime in July and November 2018 for the
YRD region, respectively. After updating the LULC data, T2 exhibits varying
degrees of spatial, seasonal, and daily changes over YRD region. The pat-
terns of T2 positive differences are similar to the urbanization region,
lite imageries in 2000 (a) and 2018 (b), respectively.



Fig. 3. Spatial distribution of monthly average T2 differences between LULC_2018 and LULC_2000 for July_14LST(a), July_20LST(b), November_14LST (c) and
November_20LST(d).

Fig. 4. Spatial distribution of monthly average WS10 differences between LULC_2018 and LULC_2000 for July_14LST(a), July_20LST(b), November_14LST(c) and
November_20LST(d).
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ranging from 0.2–1.6 °C. Remarkably, the higher T2 difference occurs
around the urban areas. T2 in urban-grid during July (November) increased
by an average of 1.5 °C (0.4 °C) for daytime and 2.1 °C (1.2 °C) for night-
time. Results show that the rise of T2 is more evident at nighttime. This
may be attributed to the conversion of other land use types to urban,
which changes the surface albedo and affect the absorption of solar radia-
tion by altering the urban land surface (Trlica et al., 2017; Vahmani et al.,
2016). During the day, the urban structure absorbs and stores more radia-
tion, while the heat flux released by the urban canopy is larger, resulting
in the increase of surface temperature at nighttime (Du et al., 2007; Lin
et al., 2009). Furthermore, seasonal variations are observed with larger in-
crease of T2 simulated in July than that in November. In winter, the
warming effect due to urbanization is mainly concentrated in urban areas
of themid-eastern part of YRD region, especially at night. In summer, in ad-
dition to the central and eastern areas, warming effect also appears in the
southern part of YRD region.

3.3.2. 10-m wind speed
After updating the LULC, rapid urbanization also increases the surface

roughness, which exerts a drag on the airflow in the canopy and affects
the surface wind speed and mass transport in the atmosphere. Fig. 4
shows that overall, the 10-m wind speed (WS10) decreases in both summer
and winter. The variation of WS10 demonstrates regional characteristics
that in high-density urban areas, the decrease of WS10 could reach
Fig. 5. Spatial distribution of monthly average RH differences between LULC_201
November_20LST(d).

6

2.2 m/s at nighttime in summer. It should also be noticed that the increase
of wind speed is quite substantial in several regions surrounding the city
centers especially in summer nighttime. The reason is probably that the
local circulation effect caused by the stronger heat island effect due to the
weaker suburban wind speed and stable atmosphere causes the increase
in wind speed at nighttime. In some hilly regions, wind speed increases as
well, which will be discussed in Section 3.5. In addition, the difference of
WS10 also reflects temporal variability that decrease of WS10 in urban re-
gion is larger in summer than winter, with magnitude of 1.3 m/s at
14LST, 1.1 m/s at 20 LST in July and 0.7 m/s at 14 LST, 0.5 m/s at 20
LST in November, respectively. Except for east-central urban areas in YRD
region, cities far from the coastal zone also display more noticeable weak-
ening of WS10 in summer than in winter.

3.3.3. Relative humidity
The increase in T2 and lesser evaporation of water due to land use

change decrease the near surface relative humidity (RH) (Fig. 5). Season-
ally, reduction of RH in July is larger than in November. Decreases in
monthly mean RH over urban areas are 12%–19% during summer and
6%–9% in winter. Rising T2 causes more water vapor to evaporate. On
the other hand, natural land surfaces including grasslands, croplands, and
woodlands are transformed into impervious urban surface in urban domi-
nated by cement, which cause a reduction in surface moisture and result
in the decrease in RH. Abundant water vapor and higher surface
8 and LULC_2000 for July_14LST(a), July_20LST(b), November_14LST(c) and
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temperature in summer are the main reasons for the greater variations of
RH than in winter. Wang et al. (2014) also found that the effects of urban-
ization on RH are greater in summer than in winter.

3.3.4. Planetary boundary layer height
PBLH is a meteorological variable that affects the mixed exchange

of surface water vapor, heat, and upper-level momentum, making it a
key parameter in modeling vertical mixing and dilution of near-
surface pollutants (Ayotte et al., 1996; Haeffelin et al., 2012; Jia
and Zhang, 2020). In this study, the changes of PBLH (Fig. 6) are
similar to the spatial distributions of T2 in both summer and winter,
showing an overall increasing trend especially in urban areas. Larger
differences at 14 LST and lower differences at 20 LST due to the var-
iation of T2 and sensible heat flux (Fig. S4) are observed in July and
November. The increase of PBLH in summer is greater compared to
winter, with maximum value of 560 m and 320 m at 14 LST in
July and November respectively. Furthermore, PBLH increases signif-
icantly during daytime over urban areas. During daytime, the average
increase of PBLH in urban areas is 289 m (~41%) in July and 82 m
(~17%) in November. During nighttime, the increase of PBLH is
132 m (~82%) in July and 45 m (~35%) in November. In summer,
PBLH changes more conspicuously due to the unstable atmosphere.
In general, the rise of PBLH in urban areas is mainly attributed to
the increased storage of heat.
Fig. 6. Spatial distribution of monthly average PBLH differences between LULC_20
November_20LST(d).
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3.4. Impacts of LULC change on air quality

3.4.1. PM2.5 concentration
Meteorological parameters affected by changes of LULC will further

exert an influence on air quality through formation, horizontal trans-
portation, and vertical diffusion of air pollutants. In this study, PM2.5

is chosen as the indicator to investigate the influence of urbanization
on particulate matter pollution. With changes of LULC, domain-wide
PM2.5 concentration decreases in July and November, with urban re-
gions being mostly affected (Fig. 7). It is worth noting that there is a
small area where PM2.5 concentration increases perceptibly in the
northeast of YRD region at 14 LST in both July and November. By com-
paring the land use categories of the two scenarios, we can find PM2.5

concentration increased as LULC changed from farmland to water
body. Similarly, the increase of average PM2.5 concentration over
20 μg/m3 occurring at 14 LST in July also corresponds to the increased
area of water. Driven by gravitation, dry deposition is an important
pathway to remove particulate matter from the atmosphere (Tan
et al., 2020). Vegetations are efficient scavengers of PM2.5 through in-
terception from the atmosphere and are distinguished by higher rates
of dry deposition than other land use types (Litschke and Kuttler,
2008; McDonald et al., 2007). This effect is weakened due to the de-
crease of vegetation cover, which leads to the increase of PM2.5 level.
Moreover, variation of PM2.5 in different regions is related to
18 and LULC_2000 for July_14LST(a), July_20LST(b), November_14LST(c) and



Fig. 7. Spatial distribution of monthly average PM2.5 differences between LULC_2018 and LULC_2000 for July_14LST(a), July_20LST(b), November_14LST(c) and
November_20LST(d).
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meteorological factors, especially the changes of PBLH. Although WS10
displays a downward trend after LULC change, the impact is offset by
the increase of PBLH. PBLH can significantly influence the vertical
structure of atmosphere, as most locally generated pollutants tend to
be concentrated in this layer (Su et al., 2018). Except for spatial varia-
tion, PM2.5 changes also present strong diurnal pattern. During day-
time, the magnitude of decrease in PM2.5 concentration at 14 LST in
July and November are 5.4 μg/m3 (~30%) and 2.2 μg/m3 (~7%), re-
spectively. During nighttime, the decreases at 20LST are larger com-
pared to daytime, with a magnitude of 9.2 μg/m3 (~38%) in July and
10.3 μg/m3 (~24%) in November. During daytime, the large increase
of PBLH tends to be the critical factor affecting PM2.5 reduction. In
nighttime, even though the vertical diffusion of PBLH is minimal,
PM2.5 still exhibits a notable downward transport in urban areas. Mean-
while, we find that distribution of PM2.5 concentration with large re-
duction mostly corresponds to areas where wind speed shows slight
decrease or even increase, which indicates that the degree of wind
speed weakening exerts an influence on the change in PM2.5 concentra-
tion at nighttime.

The chemical components of PM2.5 (sulfate, nitrate, ammonium, ele-
mental carbon (EC), and organic carbon (OC)) differences exhibit different
spatial pattern (Figs. 8 and 9), among which nitrate decreases the most,
which is mainly attributable to two reasons: first, the increasing tempera-
ture causes evaporation of nitrate; second, as the oxidation product of
8

NOx, the reduction of nitrate is related to the decrease in NOx, which will
be analyzed in Section 3.4.2. Sulfate shows an increasing trend especially
in urban regions in summer, which is mainly due attributable to the faster
oxidation of SO2 caused by increasing temperature. As for OC and EC,
they show an overall trend consistent to PM2.5.

The relationships between the variation in meteorological parameters
and variation in PM2.5 concentration in SH, NJ, HZ, and HF suggest that
PM2.5 concentration is inversely correlated with T2, PBLH, and WS10
while positively correlated with RH (Fig. 10). Specifically, increases in T2,
PBLH, and WS10 lead to decreases in PM2.5 concentration, with correlation
coefficient of−0.34(−0.25),−0.57(−0.40), and− 0.29(−0.38) in July
(November), respectively. The influence of PBLH on PM2.5 concentration is
stronger than the influences of T2 andWS10. Despite the general decrease in
wind speeds in the urban areas of YRD, PM2.5 concentrations still show a
decreasing trend due to that the transport and diffusion effect of PBLH over-
whelms the accumulation effect caused by the decrease of wind speed. On
the other hand, RH is positively correlated with PM2.5 concentration with
correlation coefficient of 0.47 and 0.36 in July and November. High rela-
tive humidity favors hygroscopic growth of aerosols and accelerates the
transformation of gaseous pollutants into secondary aerosols components
in PM2.5 (Cheng et al., 2015; Qiao et al., 2016). Seasonally, the correlation
of T2 and PBLH with PM2.5 concentration is stronger in summer than in
winter while correlation ofWS10 and RHwith PM2.5 concentration is stron-
ger in winter than in summer.



Fig. 8. Spatial distribution of monthly average sulfate, nitrate, and ammonium differences between LULC_2018 and LULC_2000.

Fig. 9. Spatial distribution of monthly average EC and OC differences between LULC_2018 and LULC_2000.
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Fig. 11. Spatial distribution of monthly average O3 differences between LULC_2018 and LULC_2000 for July_14LST(a), July_20LST(b), November_14LST(c) and
November_20LST(d).
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3.4.2. O3 and precursor concentrations
In this section, the impact of surface temperature, wind speed, and

PBLH changes on the formation and transport of O3 are analyzed. As urban-
ization grows from the year 2000 to 2018, O3 concentrations over urban
areas increase for the whole day and exhibit a diurnal pattern (Fig. 11).
The difference of O3 concentration over urban areas is about 9.8 ppb
(~17%) at 14 LST and 7.2 ppb (~20%) at 20 LST in July, and 1.9 ppb
(~6%) at 14 LST and 2.1 ppb (~9%) at 20 LST in November respectively.
Larger differences are mainly concentrated in mega-cities including SH,
NJ, and HZ. Due to the mixing and transport of wind, O3 level in the
areas nearby the urban expanse raises at a lower rate. In addition, areas
where O3 concentrations rise generally coincide with the areas where
wind speed decreases and temperature increases. Moreover, the decreases
in RH and water vapor mixing ratio (Fig. S5) also promote the rise in O3

concentrations. The changes of O3 concentrations also exhibit certain sea-
sonality that the increase of O3 concentration for July is larger than Novem-
ber. Higher temperatures in summer promote the production of ozone by
accelerating the rate of chemical reactions (Strong et al., 2013). Previous
studies also show the direct relationship between higher temperatures
and increased O3 concentrations (Aw and Kleeman, 2003; Gupta and
Mohan, 2015; Sillman and Samson, 1995).

In addition to the direct effect on O3 concentration changes caused by
changes of meteorological parameters, O3 concentrations can also be af-
fected by photochemistry via precursors. The oxides of nitrogen (NOx)
and volatile organic compounds (VOCs) play important roles in
11
atmospheric chemistry producing O3. NO2 generates NO and an O atom
through photolysis, and then the single O atom combines with an O2 mole-
cule to produce ozone. Furthermore, NO can react with ozone to yield NO2

and O2. Areas in urban with increasing O3 concentrations generally coin-
cide with the areas where NOx decrease (Fig. 12). Fig. 13 presents the diur-
nal variation of O3 and NOx level for LULC_2000 and LULC_2018 scenarios
in the urban areas of SH, NJ, HZ, and HF in July. The O3 production of
LULC_2018 is higher in the afternoon and nighttime, which results in
higher O3 level over urban areas. O3 concentration increases largest during
daytime in NJ by up to 7.4 ppb. The variation of O3 level is inversely corre-
latedwith the variation of NOx andVOCs. The lower NOx of LULC_2018 can
be attributed to the greater conversion of NOx to O3 during daytime. Addi-
tionally, NOx is reduced over urban regions due to the change in PBLH and
meteorological conditions. The concentrations of NOx drop as PBLH in-
creases, which is similar to the trend of PM2.5. Similar results are also re-
ported by Tao et al. (2018). The decrease of NOx ranges from 1.3 to
7.5 ppb during daytime and 5.4 to 8.8 ppb during nighttime, the maxima
occur in the rush hour of the evening over urban areas. Due to decrease
of NOx in urban regions, the titration effect of O3 is weakened, causing in-
crease of O3 concentration.

The distribution of difference for VOCS (Fig. 14) is similar to that for
NOx. The decrease of VOCs is mainly distributed in urban areas. The aver-
age negative differences for VOCs over urban areas are 3.7(2.2) ppb at
14LST and 10.5(7.8) ppb at 20LST in July (November), respectively.
Under the condition of same anthropogenic emissions, VOCs primarily



Fig. 12. Spatial distribution of monthly average NOx differences between LULC_2018 and LULC_2000 for July_14LST(a), July_20LST(b), November_14LST(c) and
November_20LST(d).
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emitted by natural vegetation exhibit reduction due to the conversion of a
large amount of croplands land and forests into urban construction land.
Similar change patterns of VOCs to NOx due to LULC change are also re-
ported by Wang et al. (2009b).

3.5. Impacts of LULC change over various surface terrains

The land cover of the YRD region is complex: plains are mainly dis-
tributed in the north and eastern area, while there are low and medium-
high mountains as well as hills in the southern and southwest region.
The eastern area is adjacent to the ocean, and most of this region is
consisted of small watersheds with small catchment areas and storage
capacity (Chen et al., 2020). Affected by topography and climate, the
YRD region has large spatial heterogeneities. Impacts of LULC change
exhibit different performances in different types of terrain (Table 4
and Table 5). The increases of T2 in coastal areas are lower than those
in suburban plains, while are higher than those in urban plains. It is
worth noting that T2 in hilly areas exhibits slight reduction during sum-
mer, leading to decreases in O3 consequently. For wind speed, some
hilly areas exhibit an increase at summer night. After LULC change,
the stronger local circulation effect in the mountainous areas where
some valleys are urban makes the increase in wind speed at night. Al-
though the increases of PBLH in the hilly regions are larger than
those in suburban plains at daytime, the decreases of PM2.5 concentra-
tion in the hilly regions are lower. It can be attributed to the large
negative differences of wind speed in hilly regions during daytime,
12
which alleviate the diffusion of PM2.5. In contrast to summer, the in-
creases of O3 in suburban plains and hilly areas are higher than in
urban plains in winter.

4. Conclusions

In this study, we used the WRF/Chem modeling system coupled
with detailed land use data to investigate the impacts of LULC change
over nearly two decades (2000–2018) on meteorology and air quality
in the rapidly-expanded city cluster, the YRD region. LULC change
over YRD region during 2000–2018 presents conspicuous regional dif-
ferentiation with a rapid increase in urban and built-up land area and
occupied large area of croplands. The monthly average T2 in urban
areas increases by 1.5 °C and 0.4 °C during daytime in July and Novem-
ber, respectively. Positive differences of T2 during nighttime are
higher, as more radiation is trapped and heat released during nighttime
under high-level urbanization, resulting in a rise in surface air temper-
ature. Accordingly, RH in urban areas decreases with the increase in T2

and decrease in evaporation of water. Rapid urbanization also results in
changes in surface roughness, increasing the surface resistance. The de-
duction of WS10 in urban areas in summer (winter) is 1.3 (0.7) m/s dur-
ing daytime and 1.1 (0.5) m/s during nighttime. The decrease of wind
speed in summer is significantly greater than in winter. The diurnal
variations and spatial distribution changes of PBLH are similar to T2.
The biggest PBLH increase is found during daytime in July (289 m),
while the smallest increase occurs during nighttime in November



Fig. 13. Monthly average simulations of diurnal O3, NOx, and VOCs concentrations for LULC_2000 and LULC_2018 scenarios in SH, NJ, HZ, and HF during July.
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(45 m). Changes in T2, RH, WS10, and PBLH mainly occur in downtown
urban areas.

Spatial and temporal distributions of PM2.5 andO3 are investigated. Due
to the increases of T2 and PBLH, PM2.5 level exhibits noticeable reductions
in urban region with the magnitude of 5.4(2.2) μg/m3 at 14LST and 9.2
(10.3) μg/m3 at 20LST in summer(winter). The large increase of PBLH is
found to be the crucial factor affecting PM2.5 concentration reduction dur-
ing daytime. According to spatial distribution disparities, the decrease in
PM2.5 concentration is concentrated in urban regions. Furthermore, the
conversion of other land use categories to water results in an increase in
PM2.5. As for the relationships between PM2.5 concentration and meteoro-
logical parameters, the variation of PM2.5 concentration is inversely corre-
lated with variation of T2, PBLH, and WS10 while positively correlated
with variation of RH. For impacts on O3, surface O3 concentrations increase
obviously in July over major cities, reaching 9.8 ppb during daytime and
7.2 ppb during nighttime. In November, the changes in O3 concentrations
are about +1.9 ppb during daytime and + 2.1 ppb during nighttime in
urban areas. Areas where O3 rises are generally consistent with the areas
where WS10 decreases and T2 increases, especially in summer. The inverse
correlation betweenO3 andNOx variationmanifests that NOx decreasemay
lead to a slight increase inO3 concentration in urban regions. The reduction
in NOx during nighttime is greater than that during nighttime in summer,
resulting in a larger positive difference of O3 concentration during night-
time in summer. Regarding different terrains, impacts of LULC changes
are dissimilar. O3 level decreases in hilly areas during summer due to slight
reduction in T2. For winter, the increases of O3 concentration in suburban
plains and hilly areas are higher than in urban plains.

In addition to the effects discussed in this paper, LULC change also in-
volves several dynamic and thermal effects such as drag effect, urban heat
island effect, anthropogenic heat effect, and shading effect. Integrating
13
surface parameters such as leaf area index, green vegetation fraction, and
urban canopy height may help to better understand the effects of urbaniza-
tion on climate and air quality. Future work will be conducted to further ex-
plore the association between urban surface changes and regional air
quality.

CRediT authorship contribution statement

L. Li designed and led the research. A. S. Zhu and L. Li prepared the
paper with contributions from all co-authors. Q. Wang and M. Wang con-
ducted satellite data processing. A.S. Zhu, L. Huang, Y.J. Wang performed
modeling work. L. Li and A. Chan reviewed the paper.
Declaration of competing interest

The authors declare that they have no conflict of interest.

Acknowledgement

This study was financially supported by the National Natural
Science Foundation of China (No. 42075144, No. 42005112), and
the Shanghai International Science and Technology Cooperation Fund
(No. 19230742500).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.154669.

https://doi.org/10.1016/j.scitotenv.2022.154669
https://doi.org/10.1016/j.scitotenv.2022.154669


Fig. 14. Spatial distribution of monthly average VOCS differences between LULC_2018 and LULC_2000 for July_14LST(a), July_20LST(b), November_14LST(c) and
November_20LST(d).

Table 4
Simulated differences of meteorological variables and air pollutants at typical stations in various terrain types during daytime (nighttime) in summer.

Terrain Stations ΔT2(°C) ΔWS10(m/s) ΔRH(%) ΔPBLH(m) ΔPM2.5(μg/m3) ΔO3(ppb)

Plain(urban) Shanghai 1.4(2.8) −1.0(−1.4) −11(−3) 336(167) −3.8(−10.5) 5.4(3.1)
Nanjing 0.7(1.8) −1.1(−2.4) −3(−4) 288(125) −5.1(−12.9) 9.5(8.4)
Hangzhou 1.1(2.0) −0.8(−1.6) −8(−9) 131(84) −4.2(−11.4) 3.1(1.2)
Hefei 0.8(2.1) −0.5(−1.9) −2(−17) 125(77) −8.2(−15.7) 6.5(7.5)
Avg. 1.0(2.2) −0.9(−1.8) −6(−8) 220(113) −5.3(−12.6) 6.1(5.1)

Plain(suburban) Bozhou 0.3(0.9) −0.1(−0.4) −1(−6) 63(48) −0.5(−0.7) 0.3(0.2)
Xuzhou 0.1(0.6) −0.5(−0.8) −2(−7) 78(51) −1.2(−4.2) 2.3(0.4)
Wuhu 0.4(0.7) −0.4(−0.5) −2(−4) 32(11) −7.2(−11.1) −0.2(3.4)
Shengzhou −0.4(0.2) −0.6(−0.2) 3(2) 14(58) −3.5(2.1) 1.6(1.2)
Avg. 0.1(0.6) −0.4(−0.5) 1(−4) 47(42) −3.1(−4.5) 1.0(1.3)

Coastal Ganyu 1.2(0.4) −0.4(−1.3) −13(−11) 311(77) −7.5(−6.5) 1.2(0.5)
Shipu 1.1(0.5) −1.8(−2.5) −1(−2) 289(55) −2.1(−3.8) 0.4(0.5)
Zhoushan 0.9(0.8) −0.3(−2.7) −3(−2) 214(22) −5.4(−7.7) 2.5(1.3)
Dongtai 0.1(0.3) −0.9(−2.4) −1(−4) 114(5) −1.4(−1.8) 0.8(0.4)
Avg. 0.8(0.5) −0.9(−2.2) −5(−5) 232(40) −4.1(−4.9) 1.2(0.7)

Hilly Huangshan −0.4(−0.5) −0.7(−0.6) 7(3) 152(31) −0.2(−0.1) 1.5(−0.8)
Jinyun −0.1(0.3) −1.8(0.3) 9(5) 259(50) −0.3(−0.5) −1.3(−1.5)
Xianju −0.3(−0.2) −2.2(0.4) 13(7) 314(48) −0.5(0.2) −3.3(−4.8)
Huoshan −0.5(−0.6) −0.6(−0.4) 3(5) 56(22) −0.8(−1.1) −0.5(−1.2)
Avg. −0.3(−0.3) −1.3(−0.1) 8(5) 195(38) −0.5(−0.5) −1.0(−2.1)
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Table 5
Simulated differences of meteorological and air pollutants at typical stations in various terrain types during daytime (nighttime) in winter.

Terrain Stations ΔT2(°C) ΔWS10(m/s) ΔRH(%) ΔPBLH(m) ΔPM2.5(μg/m3) ΔO3(ppb)

Plain(urban) Shanghai 0.9(2.1) −0.8(−0.6) −4(−14) 256(135) −0.5(−4.5) 0.5(−1.8)
Nanjing 0.2(0.9) −0.6(−1.1) −1(−13) 63(23) −1.8(−9.1) 0.8(1.7)
Hangzhou 0.3(1.2) −0.1(−0.3) −7(−9) 77(54) −3.5(−7.7) 0.5(0.2)
Hefei 0.1(0.4) −0.9(−1.2) −3(−10) 68(49) −4.9(−13.5) 0.4(2.2)
Avg. 0.4(1.2) −0.6(−0.8) −4(−12) 116(65) −2.7(−8.7) 0.6(0.6)

Plain(suburban) Bozhou 0.2(0.5) −0.4(−0.4) −1(−4) 67(51) −1.2(−11.3) 0.8(2.2)
Xuzhou 0.3(0.7) −0.3(−0.7) 0(−6) 72(69) −3.4(−5.1) 3.4(2.8)
Wuhu 0.1(0.5) −0.2(−0.6) −3(−2) 23(11) −0.2(−3.8) 3.9(−1.1)
Shengzhou 0.2(0.6) −0.1(−0.1) −2(−4) 42(15) −0.6(−1.5) 0.5(1.0)
Avg. 0.2(0.6) −0.3(−0.5) −2(−4) 51(37) −1.4(−5.4) 2.2(1.2)

Coastal Ganyu 0.4(0.5) −0.9(−0.8) −7(−4) 114(39) 0.4(−1.5) 0.3(0.5)
Shipu 0.1(0.3) −0.3(−0.4) 0(2) 79(58) −0.6(−0.8) 0.2(0.1)
Zhoushan 0.2(0.2) −0.1(−0.3) −1(−2) 33(19) 0.3(−0.1) 0.8(0.4)
Dongtai 0.1(0.2) −0.1(−0.1) −3(−3) 47(25) −0.6(−1.1) −1.2(−0.9)
Avg. 0.2(0.3) −0.4(−0.4) −3(−2) 68(30) −0.5(−0.9) 0.0(0.1)

Hilly Huangshan −0.1(0.2) 0.0(−0.1) 2(−1) 21(14) −0.1(−1.4) 4.2(3.4)
Jinyun 0.4(0.6) −0.2(−0.4) −4(−2) 18(6) 0.2(−0.3) 0.8(1.2)
Xianju 0.2(0.1) −0.1(−0.1) −2(−3) 44(14) −0.6(−0.1) 0.9(0.5)
Huoshan 0.1(0.7) 0.0(−0.2) −1(−2) 15(11) −1.1(−3.6) 0.7(1.9)
Avg. 0.2(0.4) −0.1(−0.2) −1(−2) 25(11) −0.4(−1.4) 1.7(1.8)
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