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Abstract

The impact of urbanization-induced land-cover change and increase in anthropogenic
emissions on the air quality of the megacity cluster of the Yangtze River Delta is investigated using the
WRF-Chem model coupled with an urban canopy model at cloud-resolving resolution. The urban land-cover
effect results in considerable reduction of near-surface aerosol concentrations over urban regions and an
increase in particle concentrations at higher altitudes over the surrounding rural areas. The urban heat island
effect increases the lower atmospheric instability and vertical velocity, thus increasing the planetary
boundary layer height and ventilation over the urban area, favoring the dispersion of pollutants from
urbanized areas to their immediate vicinities. However, the urbanization-induced increases in aerosol
emissions outweigh that of land-cover change, resulting in a net increase in surface particle concentrations
by up to 50 μg m 3 and the occurrence of winter haze by more than 10 d season 1 in the Yangtze River
Delta region.

Plain Language Summary Urbanization can signiﬁcantly impact land-cover properties, surface
heating, and emissions of air pollutants. China has experienced very rapid urbanization in the past few
decades. Yangtze River Delta urban region became the largest megacity cluster in the world. In this study, we
use an atmospheric model to examine how the urbanization-induced changes affect the air quality in the
YRD urban and surrounding rural areas. Land-cover change and associated surface heating effect provide a
favorable condition for moving pollutants out of Yangtze River Delta urban areas, but the increased pollutant
emissions add even more, resulting in a net increase in the occurrence of winter haze. The number of
days with very poor air quality increased by up to 10 days in each winter during 2000s, compared to 1970s.
1. Introduction
Urbanization can signiﬁcantly affect boundary layer micrometeorology and regional climate via changes in
the surface properties, enhanced anthropogenic heating, and emissions of anthropogenic pollutants. The
most discernible impact of urbanization is the urban heat island (UHI) effect that can lead to a warmer environment over urban areas than surrounding areas (Landsberg, 1981; Oke, 1982, 1987). The UHI has been well
documented to change the regional climate via the modiﬁcation of surface evaporation (Wienert & Kuttler,
2005) and atmospheric circulations (Lei et al., 2008; Shepherd & Burian, 2003) over and around urbanized
areas (Feng et al., 2014; Inoue & Kimura, 2004; Lin et al., 2016; Miao et al., 2010; Zhong et al., 2017; Zhou
et al., 2004). At the same time, human activities in the metropolitan areas consume a large amount of energy,
resulting in increased emissions of pollutants and their precursors and consequently aerosol loading in the
atmosphere (Han et al., 2014; Wang et al., 2006). Atmospheric aerosols have long been recognized to affect
the radiative heating proﬁles in the atmosphere via aerosol-radiation interactions (Charlson et al., 1992;
Hansen et al., 1997; McFarquhar & Wang, 2006; Qian et al., 2006, 2015; Yu et al., 2006) and affect clouds and
precipitation via aerosol-cloud interactions (Fan et al., 2015; Qian et al., 2010; Rosenfeld, 2000; Rosenfeld
et al., 2008; Tao et al., 2012; Zhong et al., 2015, 2017). However, particulate pollutants over urbanized area include
a large fraction of ﬁne particulate matter (PM2.5), which directly affects both atmospheric visibility and human
health (von Bismarck-Osten et al., 2013;van Dingenen et al., 2004; Han et al., 2014; Pope & Dockery, 2012).
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China, the Yangtze River Delta (YRD) has become the largest metropolitan cluster in the world. The urban
land-cover expansion has induced a remarkable warming due to the UHI effect, with the annual mean warming exceeding 0.16 °C/decade (Du et al., 2006; Ren et al., 2008; X. M. Wang et al., 2015; Yang et al., 2017), while
several other studies suggest a smaller warming effect at the large scale (Li et al., 2004; Parker, 2006; F. Wang
et al., 2015). Meanwhile, large metropolitan areas with ever-growing population are steady source regions of
anthropogenic pollutants, such as sulfates, nitrates, and black carbon (Qian et al., 2001). The rapid urbanization growth has caused severe air pollution problem in the urbanized regions (Chan & Yao, 2008; Huang et al.,
2009). More than three quarters of the urban population in China are exposed to poor air quality that does
not meet the national standards, especially during winter time (Shao et al., 2006).
The impact of urbanization on local and regional climate via the UHI effect and aerosol emissions has been
examined in previous studies (e.g., Qian & Giorgi, 1999; Qian et al., 2006, 2007; Zhong et al., 2015, 2017).
Numerical modeling studies have also been performed to quantify the impact of urban expansion on air quality in eastern China (Liao et al., 2015; Tao et al., 2015), which demonstrated that urban land-cover change
reduces the near-surface concentrations of PM2.5. However, very few studies have quantiﬁed the individual
and combined effects of urbanization-induced UHI and elevated emissions on pollutant particles over and
around major metropolitan areas. The objective of this study is to assess the inﬂuence of urbanizationinduced UHI and anthropogenic emissions on near-surface pollutant concentrations and the occurrence of
winter haze events, and to better understand the underlying mechanism of urbanization-haze interaction
through the changing planetary boundary layer (PBL) structure over the YRD megacity cluster of China.

2. Methodology
In this study, the WRF-Chem model (Fast et al., 2006; Grell et al., 2005; Qian et al., 2010) coupled with a singlelayer urban canopy model (Chen et al., 2001; Kusaka et al., 2001) is used to simulate climate features and air
quality in the YRD region. We conduct three sets of 5-year (2006–2010) simulations with a horizontal grid spacing of 3 km and 50 vertical levels extending to 50 hPa. Initial and boundary conditions for meteorological
ﬁelds are derived from the National Center for Environmental Prediction FNL global reanalysis data on a
1° × 1° grid at 6-hr interval (https://rda.ucar.edu/datasets/ds083.2/). The simulations are initialized on 15
December of the previous year for each year during 2006–2010 to allow for a 16-day spin-up time and then
continuously integrated for the entire year. Detailed conﬁgurations of the physical parameterization schemes
used in the model can be found in Table 1 in Zhong et al. (2017).
Three experiments (i.e., “LU + Emission,” “Emission,” and “None”) are conducted to separate the responses to
aerosol and land use (LU) changes from their combined effects. “LU + Emission” experiment represents the
“present” (2006) urbanization level for both land-cover and anthropogenic emissions. The dominant landcover data set is derived from the U.S. Geological Survey 30s data set that includes 24 categories of landcover type, except that the land cover over the urban areas is updated using the stable nighttime light product (version 4) at 1-km spatial resolution (http://ngdc.noaa.gov/eog//dmsp/downloadV4composites.html).
Anthropogenic emissions of aerosols and their precursors are prescribed based on the Asian emission inventory (Zhang et al., 2009). Black carbon, organic matter, and SO2 emissions are obtained from the China emission inventory for 2008 (Lu et al., 2011).
Figures 1a and 1b illustrate the land-cover category and anthropogenic black carbon emission ﬂuxes for the
“LU + Emission” simulation, respectively. They show that areas with strong emissions are mainly located in
city clusters such as Shanghai (SH), Hangzhou, and Suzhou-Wuxi-Changzhou, all within the megacity belt.
The “Emission” simulation uses the present aerosol emission data but with the land cover of the 1970s. In
the “None” experiment, both land cover and emissions are set to the conditions of the 1970s. The differences
between LU + Emission and Emission, Emission and None, and LU + Emission and None are used to derive the
effect of urban land-cover change, anthropogenic emissions, and their combined effect, respectively. The
impact of urbanization on air pollution is investigated only in boreal winter (December, January, and
February), which is the season when persistent haze pollution episodes in cities are more likely to develop
(Birmili & Hoffmann, 2006; Chen & Wang, 2015). To evaluate the model results, the wintertime near-surface
temperature and precipitation from the LU + Emission simulation are compared with the meteorological station observations for 2006–2010 (Figure S1 in the supporting information). The simulated spatial pattern of
near-surface air temperature agrees well with the observations, with warmer temperatures in the YRD
ZHONG ET AL.
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Figure 1. Spatial distributions of (a) land use categories for year 2006; (b) black carbon (BC) emission rates (units: μg m s ) averaged over 2006–2010; (c) differences in annual 2-m temperature (units: °C) between simulations “LU + Emission” and “emission”; (d and g) differences in PM2.5 mass concentration at the surface
3
(units: μg m ) between simulations “LU + Emission” and “Emission” and between “Emission” and “None,” respectively, with the near-surface winds simulated in
2
“None” superimposed. (e and h) The same as (d) and (g), but for column-integrated PM2.5 mass (units: g m ). (f and i) The same as (d) and (g), but for the ratio of
integrated PM2.5 above 500 m to that below 500 m. The stippled (black dots) areas have statistically signiﬁcant changes. The boxes in (a) outline the urban and
downwind rural regions over which further analyses are conducted, and box R1 in (e) marks the cross-sectional area analyzed.

megacity cluster region. The model also captures the observed precipitation distribution except for an
underestimation over the southern part of the domain.

3. Urbanization Impact on Pollutant Distribution
Distinct land-cover change effect on 2-m air temperature (T2m) can be seen in Figure 1c, showing an average
temperature increase of about 0.53 °C in urban areas and 0.96 °C in commercial areas as delineated in
Figure 1a. A maximum increase is observed in SH, where the temperature increases by 1.27 °C. Figure 1d
ZHONG ET AL.
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shows the difference in surface PM2.5 mass concentration between the “LU + Emission” and “Emission” simulations, representing the urban land-cover effect that induces a signiﬁcant decrease in surface PM2.5 concentrations over urban and peripheral suburban areas. A maximum reduction (~43 μg m 3) is found over SH. The
downwind rural regions only show marginal reductions. Urban land-cover change also affects the vertical distribution of aerosols (Figures 1e and 1f). As a result, the ratio of the integrated PM2.5 mass above 500 m to that
below 500 m increases over the entire domain of study. Speciﬁcally, the ratio is increased by ~30–40% and
~10% (Figure 1f) over the urban and rural areas, respectively, suggesting the presence of more air pollutants
at higher altitudes compared to lower atmosphere. As the PBL height (PBLH) is lower than 500 m in our simulation (not shown), we infer that more aerosol particles are lifted above the PBL due to the land-cover change.
For clarity, Figure S2 illustrates the simulated vertical distributions of PM2.5 and PM10 mass concentration for all
three simulations over urban and rural regions. Over urban regions, the PM2.5 mass is largely reduced below
500 m but increased above 500 m (Figure S2a) due to the urban land-cover change. For the rural area, however, PM2.5 mass concentrations increase only above 500 m (Figure S2c). Thus, the urban land-cover effect
tends to transport more pollutants upward over the urban areas. The difference plot (Figure 1e) shows a reduction in the column-integrated PM2.5 mass (up to 4.23 g m 2) over the megacity belt due to the land-cover
change. In contrast, over the rural areas, the column-integrated PM2.5 only increases slightly (up to 1.5 μg m 2).
According to Figure S2, the urban land-cover associated decrease (increase) in column mass of particles over
the urban (rural) areas is mainly due to the decrease (increase) below (above) 500 m. Consistent with the prevailing monsoon circulation, northeasterly dominates the YRD in winter (Figure 1g). The prominent increase
in air pollutants only occurs in the free troposphere downwind (southwestern) of the city clusters, indicating
the transport of uplifted aerosols from the megacity belt by the prevailing northwesterly.
Figures 1g–1i show the differences in surface PM2.5 mass concentration, column-integrated PM2.5, and aerosol vertical distribution, respectively, between the “Emission” and the “None” simulations. As expected,
increased anthropogenic emissions increase the near-surface and the column-integrated PM2.5 concentration not only over the urbanized areas but also almost over the entire simulation domain (Figures 1g–1i).
The increase in pollutants has a maximum in the lower atmosphere of the megacity belt (Figure 1h).
Comparison between Figures 1d and 1g and 1f and 1i shows that the absolute change in PM2.5 mass concentration attributed to pollutant emissions is more striking than that due to urban land-cover change.
Therefore, the net urbanization impact is dominated by aerosol emissions, resulting in a net increase in
pollutant concentrations, both at the surface and over the entire column, in the YRD region (not shown).
As is well established, the most discernible impact of urban land-cover change, that is, the UHI effect, tends to
warm the environment and further modify the atmospheric circulations. To conﬁrm that the changes in aerosol spatial distribution are induced by the urban land-cover effect (seen in Figures 1 and S2), we plot the
changes in vertical proﬁles of PM2.5 mass concentration (Figure 2a) over urban and downwind rural areas
(according to Figure 1a) in the daytime and nighttime, respectively, due to land-cover effect. The PM2.5 mass
concentration below 500 m is reduced over urbanized area with a maximum reduction of 13.70 and
3.79 μg m 3 during daytime and nighttime, respectively. In the rural area, a maximum increase in PM2.5 concentrations (~4 μg m 3) is observed around 1,000 m during daytime. The nighttime changes follow similar a
pattern as daytime, but with smaller magnitudes.
Figures 2b and 2d illustrate the UHI effect on the vertical proﬁles of potential temperature, vertical velocity,
and divergence over urban and rural areas. During the daytime, potential temperature increases near the surface but decreases at higher altitudes over urbanized area, which indicates a decrease in atmospheric stability in urbanized area. By contrast, the low-level atmospheric stability increases in rural area during the
daytime. Likewise, the lower tropospheric vertical velocity also increases dramatically with maximum values
around 400 m (see Figure 2c) over urbanized area in the daytime. In addition, the urban land-cover effect also
favors daytime convergence below 500 m (see Figure 2d) and divergence above. On the contrary, over rural
area, the urban land-cover effect causes a reduction in the vertical velocity along with enhanced divergence
below 500 m and increased convergence above. During nighttime, however, the UHI impact on vertical velocity and divergence is small.
Figure S3 shows the diurnal cycle of the urban land-cover effect on 2-m temperature, sensible heat ﬂux, PBLH,
and surface PM2.5 mass concentration over urban area (shown in Figure 1a). The difference in 2-m
ZHONG ET AL.
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Figure 2. Differences in vertical proﬁles of (a) PM2.5 mass concentration (units: μg m ), (b) potential temperature (units:
1
5
°C), (c) vertical velocity (units: m s ), and (d) divergence (units: 10 ) for urban (solid line) and rural area (dashed line) in
the daytime (red line) and nighttime (black line)between simulations “LU + Emission” and “Emission.”

temperature is positive starting from 0600 LST and increases gradually until reaching a maximum value of
0.93 °C at 1700 LST. However, the temperature decreases slightly from 2000 LST to early morning. Such a
nighttime cooling effect is also found in satellite observation (Figure S4). In our simulations, there are three
urban categories, that is, commercial, high-density residential, and low-density residential area (Figure 1a).
Negative UHI effect at nighttime only occurs in the latter two categories where anthropogenic heating is
much weaker than in commercial area. The LU change in the low-density residential area leads to lower
skin temperature but higher sensible heat and upward longwave radiation ﬂux during daytime, indicating
a greater surface energy loss to the atmosphere due to increased surface roughness and emissivity in
urban canopy. Therefore, the daytime energy storage deceases in the subsurface, which limits the upward
ground ﬂux and accelerates the cooling after sunset in the low-density residential area.
Consistent with 2-m temperature, the surface sensible heat ﬂux and PBLH (Figures S3b and S3c) also
increase gradually from 0600 LST and reach a maximum during afternoon, followed by a drop till 0600
LST. However, the PBLH is increased throughout the entire day despite the negative UHI near the surface
during nighttime. In accordance, the surface PM2.5 (Figure S3d) decreases due to the land-cover change,
especially during the daytime. The magnitude of reduction in PM2.5 increases gradually from 0000 LST
and reaches a peak reduction of 30.58 μg m 3 at 1400 LST. Overall the magnitude of UHI effect and its
induced changes in aerosol over YRD dominate during the daytime over the smaller changes
during nighttime.
ZHONG ET AL.
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1

Figure 3. Latitude-height plot of the differences in (a) wind vectors (units: m s ) and PM2.5 mass concentration (shaded;
3
2
1
units: μg m ), (b) planetary boundary layer height (units: m), and (c) ventilation coefﬁcient (units: m s ) between
simulations “LU + Emission” and “Emission” in the daytime.

Collocated UHI effects on wind vector and PM2.5 concentrations over region R1 (Figure 1e) during daytime
are shown in Figure 3. Consistent with the aerosol vertical distribution, modiﬁcation of the wind circulation
suggests that pollutants emitted in urban region can be lifted from the near surface and transported to
the immediate vicinities. As a result, the PM2.5 concentrations decrease dramatically below 200 m over urban
areas, with a maximum reduction of 11.28 μg m 3. On the contrary, there is a slight increase in PM2.5 concentrations over rural areas. The ventilation coefﬁcient (VC) over R1 during daytime is estimated using
Equation (1), where U is the mean horizontal wind speed within PBL (Ashraﬁ et al., 2009):
VC ¼ PBLH U

(1)

Higher VC value indicates potentially stronger dilution of air pollutants at the surface (Sujatha et al., 2016).
Figure 3 clearly shows that both the mean PBLH and U increase over urbanized area in the YRD (i.e. SH,
Suzhou-Wuxi-Changzhou, and Hangzhou), with a peak increase of PBLH reaching 92.74 m. Thus, the VC
increases in urbanized area and decreases slightly over rural area, supporting our argument of increased
transport efﬁciency of pollutants from urban area to the peripheral region.
Extreme haze episodes repeatedly shrouded the megacities of China in recent years, with atmospheric visibility reduced down to 100 m (Chan & Yao, 2008; Wang et al., 2014). Extreme haze pollution not only disrupts
transportation services (e.g., closed highways and canceled ﬂights) but also causes major environmental and
ZHONG ET AL.
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health problems. Figure 4 illustrates the changes in diurnal cycle of
haze occurrence over urbanized areas due to anthropogenic emissions
and/or land-cover effect. By deﬁnition, a haze event occurs when the
visibility is less than 10 km and relative humidity is less than 90%
(Quan et al., 2011). The visibility is calculated as follows:
VIS ¼ 3:912=β

Figure 4. Diurnal cycle of the difference in haze occurrence between simulations “Emission” and “None” (black bar), “LU + Emission” and “Emission” (blue
bar), and “LU + Emission” and “None” (red bar), respectively, over urbanized area.

(2)

where β refers to the total optical extinction coefﬁcient due to aerosol
particles and/or cloud droplets. We can see that the anthropogenic
emissions induced by urbanization substantially increase the occurrence of haze days, especially during the nighttime by about
10 d season 1, due to weak mixing and dispersion. The maximum relative change of haze occurrence is observed at 1700 LST, with a value of
over 200%. In contrast, the urban land-cover change exerts an opposite
impact on the frequency of haze days, reducing it by up to 50%. The
reduction of haze events due to land-cover change effect is highest
during late afternoon (1400–2000 LST) when UHI effect is most prominent (shown in Figure S3a). The mechanistic understanding gained
from this study suggests that good air quality and haze free conditions
can be achieved more effectively within the megacity belt by reducing
the present emissions because the UHI effect can offset almost half of
the enhancement in haze events associated with the present increase
in emissions.

4. Summary
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The WRF-Chem model coupled with a single-layer urban canopy model is employed to investigate the
inﬂuences of urbanization-induced land-cover change and increase in anthropogenic emissions on aerosol
concentrations in the YRD during winter season. As expected, the increased anthropogenic emissions
increase the PM2.5 concentration dramatically over the urbanized areas and the downwind rural regions.
In contrast, the urban land-cover effect leads to a decrease in surface and lower tropospheric PM2.5
concentrations over the megacity belt and peripheral regions. Moreover, due to the urban land-cover effect,
the ratio of PM2.5 mass above 500 m to that below 500 m is increased by up to 40% and 10% over the
megacity belt and downwind rural regions, respectively. Such changes in the ratio indicate that the urban
land-cover effect can redistribute pollutants from the lower troposphere of megacities to higher altitudes
and broader areas. As a result, the column-integrated PM2.5 mass increases over the downwind rural areas,
mainly above 500 m.
Our analysis also shows that these changes in pollutants over YRD associated with urban land-cover change
are prevalent mainly in daytime, during which atmospheric instability and convergence below 500 m and
divergence above all increase. As a result, the increased vertical velocity and ventilation over urban areas
tend to lift the boundary-layer aerosol particles higher to be transported by prevailing winds to surrounding
rural areas. However, the increase in aerosol emissions outweighs the UHI effect, resulting in a net increase in
particle concentrations (up to 50 μg m 3) and haze days (up to 200%) over the entire YRD region due to urbanization. Nevertheless, the UHI effect can offset up to 50% of the increase in haze events.
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