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Abstract Beijing has experienced a rapid urbanization in the last few decades and has been suffering from
serious air pollution during recent years. The Weather Research and Forecasting-Chem model is used to
quantify the effects of urbanization on regional climate and air quality and those of urban heat island (UHI)
mitigation strategy on urban air quality in Beijing, with a special focus on the impacts under different weather
conditions (heat waves in summer and polluted days in winter). The modification of rural land use into
urban impervious surface significantly increases 2-m temperature (T2) and planetary boundary layer height
but decreases 2-m relative humidity (RH2) and 10-m wind speed (WS10) in urban Beijing, which further leads
to the increases in surface-layer O3 concentrations of 9.5 ppbv in summer and 1.8 ppbv in winter and the
decreases in PM2.5 concentrations of 16.6 μg m�3 in summer and 26.2 μg m�3 in winter. Compared with
normal days (clean days), the UHI intensity is enhanced by 11.1% during heat waves in summer (by 16.7%
during polluted days in winter). Although increasing urban albedo is an effective mitigation strategy to
decrease UHI intensity, it worsens the urban air quality. When the urban albedo increases from 0.2 to 0.85, the
daily average PM2.5 concentrations are increased by 10.2 (6.1) μg m�3 in summer (in winter), and the daily
maximum O3 concentrations are increased by 12.8 ppbv under heat waves in summer.

1. Introduction

Urbanization refers to the population shift from rural to urban areas, which makes towns and cities larger.
This process has been recognized as an extreme example of land use and land cover change caused by
human activities (Li & Bou-Zeid, 2013; Sharma & Joshi, 2016). In China, the urban population is almost
tripled from 1985 to 2015, with the built-up areas expanding from 9386 to 52,102 km2 (National Bureau
of Statistics of China, 2016). By transforming natural vegetation to artificial constructions, urban sprawl
dramatically alters the land surface properties, such as heat storage, surface albedo, and roughness
length and therefore significantly influences the surface energy budget (Jacobson et al., 2015; Wang
et al., 2012), atmospheric circulation (Li et al., 2016), and precipitation (Holst et al., 2016; Miao et al.,
2011), which further affects the air quality in urban boundary layer (Liao et al., 2015; Ryu et al., 2013; Zhu
et al., 2015).

The most well-known urban climate feature caused by urbanization is the so-called “urban heat island” (UHI),
which means the urban area is obviously warmer than its surrounding rural areas (Lin et al., 2016; Oke, 1973;
Rotach et al., 2005; Zhang et al., 2015). To quantify the urban-rural differences in temperature (and also other
meteorological parameters), one classical method is comparing the observations from urban and rural sites
(Chrysanthou et al., 2014; Gaffin et al., 2008; Lin & Yu, 2005; Yan et al., 2009). However, inconsistency in
observational records induced by site relocations or instrumental updates may lead to large uncertainties
(Ren et al., 2008; Trewin, 2010; Yang et al., 2011). Moreover, it is difficult to designate sites as truly rural
stations (Jones et al., 2008; Ren et al., 2007). Because of up-to-date inversion methods and wall-to-wall
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coverage of satellite products, remote-sensing techniques are widely used to examine the influence of urba-
nization. For instance, UHI based on land surface temperature (LST) measurements can be obtained from
remote sensors (Lazzarini et al., 2013; Owen et al., 1998; Shen et al., 2016; Zhou et al., 2014). However, coarse
temporal resolutions, classification uncertainties in underlying surface types, and impacts of clouds and aero-
sols during rainy seasons or over heavy polluted regions may generate large biases (Chen, Zhang, Zhu, et al.,
2017; Reynolds et al., 2017; Xie et al., 2008).

With the development of high-performance computing technology, conducting numerical simulations by
using advanced chemistry-climate models coupled with urban-land modules has been an applicable
approach to estimate the impacts of urbanization (Chen et al., 2011). By using the Weather Research and
Forecasting (WRF) model, Zhang et al. (2010) investigated the impacts of urbanization on regional climate
over YRD (the Yangtze River Delta, China) and found that the mean near-surface temperature in urbanized
areas was increased, while the diurnal temperature range was decreased both in summer and winter.
Wang et al. (2014) also used the WRF model to estimate the impacts of urban expansion on regional climate
over PRD (the Pearl River Delta Region, China). They reported that the reductions in vegetated and irrigated
cropland due to urban sprawl significantly reduced near-surface water vapor by 1.5 g kg�1 in summer and
0.4 g kg�1 in winter. Lin et al. (2008) used the WRF model to analyze the effects of UHI on land sea circulation
over northern Taiwan and reported that UHI enhanced the sea breeze in the daytime and weakened the land
breeze during the nighttime. WRF simulations were also conducted by Yang et al. (2014) to examine the
impact of urbanization on rainfall over the Milwaukee-Lake Michigan region. The thermodynamic perturba-
tions produced by urbanization on surface temperature and pressure could enhance the intrusion of the lake
breeze and facilitate the formation of a convergence zone, which were favorable for deep convection in
urban areas.

Most previous numerical studies paid attention to the influence of urbanization on urban meteorological
fields (Flanner, 2009; Miao et al., 2009; Wang et al., 2012; Yang et al., 2016), while few focused on the effects
of urbanization-induced changes in meteorology on air quality. Wang et al. (2007) used mesoscale atmo-
spheric MM5 and chemistry STEM-2K1 models to explore the impacts of urbanization on O3 concentrations
over PRD. The results showed that surface O3 concentrations were enhanced in the urban expansion regions
by 10 ppbv in the daytime and 15 ppbv in the nighttime owing to increased temperature and decreased
wind speed. By using a high-resolution chemical transport model (CMAQ), Ryu et al. (2013) showed that
enhanced turbulence caused by urbanization diluted NOx over South Korea, which contributed to the ele-
vated O3 levels through the reduced O3 destruction by NO in the NOx-rich environment. Liao et al. (2015) con-
ducted 2-month simulations using WRF-Chemistry (WRF-Chem) modeling system and reported that
urbanization reduced near-surface PM10 concentrations over YRD owing to increased PBLH, with a maximum
decrease of 57.6 μg m�3 during nighttime in July.

These existing modeling studies on urbanization effects over China were mainly focused on the YRD region
(Liao et al., 2015; Tao et al., 2015) and the PRD region (Li et al., 2016; Wang, Wu, et al., 2009), and few analyzed
the impacts over the North China Plain, especially in Beijing metropolitan area. As the capital of China, Beijing
has experienced a continued and rapid urbanization process in the last few decades (Chen, Zhang,
Pengwang, et al., 2017; Song et al., 2014) and has been suffering from serious air pollution during recent years
(Gao et al., 2015, 2016; Han et al., 2014). It is necessary to examine the influence of urbanization on meteor-
ology and air quality over Beijing.

Previous observational studies indicate that the frequency of heat waves (HWs) has increased during the last
few decades (Coumou et al., 2013; Hansen et al., 2010; Yan et al., 2009). IPCC AR5 (the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change) suggests that HWs will become more frequent and last
longer in the late 21st century. By comparing the observations from an urban site and a rural site, Li et al.
(2015) reported that HWs could not only increase the ambient temperature in urban and rural regions but
also enhance the UHI intensity (quantified by the difference in urban-rural temperature), implying the
synergies between HWs and UHI. In recent years, China has been experiencing severe haze pollution, with
fine particulate matter reaching unprecedentedly high levels across many cities, and the frequency of haze
events has been reported to increase over the past decades (Cai et al., 2017; Ding & Liu, 2014; Wang et al.,
2015). Cao et al. (2016) reported that the haze pollution could enhance UHI in China, implying the synergies
between haze pollution and UHI. It is of great interest to quantify the synergistic effects of urbanization and
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different weather conditions (i.e., HWs in summer and polluted days in winter) on boundary layer meteorol-
ogy and air quality in Beijing.

Because of the growing concerns on UHI from scientists and the general public, mitigation strategies to
reduce UHI intensity have been proposed, such as urban greening (Fallmann et al., 2016; Sharma et al.,
2016) and increasing surface albedo (Taha, 2008; Touchaei et al., 2016). Mackey et al. (2012) pointed out that
the cool roof strategy was a viable and cost-effective approach to mitigate the city-scale UHI effect. However,
few studies focus on the effects of UHI mitigation measures on urban air quality, and in fact it is an issue that
needs attention for urban planner and policy makers.

We present here a study to quantify the effects of urbanization on regional climate and air quality and the
influence of UHI mitigation measures on urban air quality in Beijing, with special attention on the impacts
under different weather conditions (i.e., HWs in summer and polluted days in winter), using the WRF-Chem
model version 3.7 coupling with a single-layer urban canopy model (SLUCM). The descriptions of study area
and observation data are presented in section 2. Model configuration is presented in section 3. Section 4
evaluates the model performance and shows the results. The conclusion and discussion are presented in
sections 5 and 6, respectively.

2. Description of Study Area and Observation Data
2.1. Description of Study Area

Beijing, as the capital of China, is located in north China and regarded as the political, economic, and cultural
center of China. It is also one of the world’s most populous capital cities. According to the reports from the
official Chinese Government Statistics agency, the population of Beijing at the end of 2015 is approximately
21.7 million, with a sustained and rapid growth of around 20% decade�1 since 1960s; its population density
of 150 persons/hectare in built-up areas (within the fourth ring road) ranks fourth over China. The urban built-
up area of Beijing in 2015 is 1,401 km2, with an average annual growth rate of 11.6% since 2000. Although the
urbanized area in Beijing only accounts for about 2.7% of the total urban area in China, the land use and land
cover changes from natural vegetation to impervious surface have a great impact on local climate and air
quality over Beijing.

Beijing has a typical temperate and continental monsoon climate, with four distinct seasons and an annual
mean temperature of 11.8 °C. Generally, the weather in Beijing is hot and humid in summer, and cold and
dry in winter. Beijing has been suffering from serious air pollution during recent years. The annual concentra-
tion of PM2.5 in Beijing is 80.4 μg m�3 in 2015, with 26 days of heavy pollution (defined as a day with 24-hr
average PM2.5 concentration> 150 μg m�3). The PM2.5 pollution in Beijing is especially severe during winter.

2.2. Description of Observation Data

The simulated meteorological parameters, including temperature, relative humidity, wind speed, and
wind direction, are compared with daily ground-level meteorological observations at the Beijing Capital
International Airport (ZBAA; 39.93°N, 116.28°E), and these data can be collected from the Weather
Underground Website (http://www.wunderground.com). Sounding data of temperature, relative humidity,
and wind speed at the ZBAA station (station number is 54511) are obtained from the University of
Wyoming (http://weather.uwyo.edu/upperair/sounding.html). This meteorological observation site is marked
in red triangle in Figure S1a in the supporting information. The hourly measurements of surface-layer O3 and
PM2.5 concentrations at 12 sites (1001A–1012A, marked in blue dots in Figure S1b) in Beijing are provided by
the China National Environmental Monitoring Center (http://113.108.142.147:20035/emcpublish/). The
Aerosol Robotic Network (AERONET), a ground-based remote-sensing aerosol network consisting of world-
wide automatic Sun- and sky-scanning spectral radiometers (Holben et al., 1998) provides the aerosol optical
depth (AOD) products at 440 and 675 nm, which are used to calculate the AOD at 550 nm with the Angstrȍm
exponent. The AERONET Level 2.0 AOD data (cloud-screened and quality-assured data) at two sites (Beijing
[39.98°N, 116.38°E] and Beijing_CAMS [39.93°N, 116.32°E], marked in black triangles in Figure S1d) are utilized
in this study. Hourly downward solar radiation at the Xianghe station ([39.75°N, 116.96°E], marked in purple
star in Figure S1c) is taken from World Radiation Monitoring Center-Baseline Surface Radiation Network
(http://bsrn.awi.de) and is used to evaluate energy budget simulated by the WRF-Chem model. More details
can be found in Tables 1 and S1 in the supporting information.
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3. Model Configuration
3.1. WRF-Chem Model

The WRF Model version 3.7 (Skamarock et al., 2008) coupled with Chemistry (Grell et al., 2005) is employed to
investigate the impacts of urbanization on boundary layer meteorology and air quality over the Beijing
metropolitan region. WRF-Chem is configured with three nested domains (Figure 1) using 63 × 53, 70 × 70,
and 73 × 73 grid points at 27, 9, and 3-km horizontal resolution, respectively. The first domain covers nearly
all the Northern China and the regions of Huanghai and Bohai Sea Circle. Beijing is set to be the center of the
innermost nested domain. In order to minimize the influence from lateral boundary conditions, simulation
results in the inner region of the third domain (39.41°N–41.18°N, 115.19°E–117.52°E) with 68 × 68 grid points
are selected to analyze following Wu et al. (2012) and Chen, Zhang, Zhu, et al. (2017). The vertical grid con-
tains 29 full sigma levels from the surface to 50 hPa, of which the lowest 12 layers are below 1 km for finer
resolution in the planetary boundary layer, and the first layer is approximately 16 m.

The initial and lateral boundary conditions of meteorological fields are obtained from the National Center for
Environmental Prediction Final Analysis data with 1° × 1° spatial resolution and 6-hr temporal intervals.
Four-dimensional data assimilation (FDDA; Otte, 2008) with a nudging coefficient of 3.0 × 10�4 for the

Table 1
Information for the Measurements Used in the Model Evaluation

Data setsa Parametersb Date frequency Number of sites Data sources

ZBAA T2, RH2, WS10, WD10 Daily 1 http://www.wunderground.com
ZBAA T, RH, WS 08:00, 20:00LST 1 http://weather.uwyo.edu/upperair/sounding.html
CNEMC O3, PM2.5 Hourly 12 http://113.108.142.147:20035/emcpublish
AERONET AOD Hourly 2 https://aeronet.gsfc.nasa.gov/
WRMC-BSRN SWDOWN Hourly 1 http://bsrn.awi.de

aZBAA: an international standard weather station at the Beijing Capital International Airport; CNEMC: the China National Environmental Monitoring Center;
AERONET: the Aerosol Robotic Network; WRMC-BSRN: the World Radiation Monitoring Center-Baseline Surface Radiation Network. bT2: temperature at 2 m;
RH2: relative humidity at 2 m; WS10: wind speed at 10m; WD10: wind direction at 10 m; AOD: aerosol optical depth; SWDOWN: shortwave downward radiation flux.

Domain01

Domain02

Domain03

Figure 1. The configuration of the three two-way nested domains for the Weather Research and Forecasting-Chem
simulation.

10.1002/2017JD027501Journal of Geophysical Research: Atmospheres

CHEN ET AL. 4326

http://www.wunderground.com
http://weather.uwyo.edu/upperair/sounding.html
http://113.108.142.147:20035/emcpublish
https://aeronet.gsfc.nasa.gov/
http://bsrn.awi.de


temperature, humidity, and wind at all levels is adopted in WRF-Chem
model to reduce the model bias of simulated meteorological fields (Lo
et al., 2008). The output data from a global chemical transport model
MOZART-4 are used as the chemical initial and boundary conditions
(Emmons et al., 2010).

The gas-phase chemical mechanism carbon bond mechanism (Zaveri &
Peters, 1999) coupled with an 8-bin sectional aerosol model, Model for
Simulating Aerosol Interactions and Chemistry (Zaveri et al., 2008), with
aqueous chemistry is used in this study. The aerosol size distribution is
divided into discrete size bins defined by their lower and upper dry
particle diameters (Gao et al., 2015). All major aerosol species are consid-
ered in this model, including sulfate, nitrate, ammonium, chloride,
sodium, black carbon, primary organic mass, liquid water, and other
inorganic mass (Zaveri et al., 2008). The sophisticated Noah land surface
scheme developed by Chen et al. (1996) is used to describe the land-
atmosphere interactions, which incorporates detailed land surface
process of thermodynamics and hydrology, such as vegetation evapo-

transpiration, soil runoff, and moisture diffusion. The SLUCM (Kusaka et al., 2001; Kusaka & Kimura, 2004) is
used to represent the thermal and dynamic effects of urban grids. SLUCM recognizes three-dimensional
natures of urban surfaces (roof, wall, and road). The shadowing, reflections, and trapping of radiation are also
considered (Chen et al., 2011). Anthropogenic heat (AH), treated as one part of the sensible heat flux in
SLUCM (Chen et al., 2011), is included in our study and the AH is characterized by a diurnal cycle with two
peaks at rush hours of 08:00 and 17:00 (LST). The maximum value of AH is set to be 90 W m�2 following
Zhang et al. (2013) and Chen et al. (2016). Detailed parameterization schemes used in this study are listed
in Table 2.

3.2. Emissions

The anthropogenic emissions are taken from the monthly 2010 Multi-resolution Emission Inventory for China
(http://www.meicmodel.org/). The inventory includes species of sulfur dioxide (SO2), nitrogen oxides (NOx),
carbon monoxide (CO), carbon dioxide (CO2), nonmethane volatile organic compounds, ammonia (NH3),
black carbon, organic carbon, PM2.5, and PM10. The emissions of all species include four sectors (power, indus-
try, residential, and transportation). The biogenic emissions are calculated online using the Model of Emission
of Gases and Aerosol from Nature (Guenther et al., 2006). The biomass burning emissions are taken from the
Global Fire Emissions Database (Randerson et al., 2005). Dust emission is calculated using the algorithm pro-
posed by Shao (2004), and sea salt emission is calculated online following Gong et al. (1997).

3.3. Numerical Experiments

To examine the effects of urbanization over Beijing, we perform four simulations with four different land use
scenarios for Beijing (Table 3). The CTL case represents current urban situation, in which the land use con-
dition is based on high-resolution Moderate Resolution Imaging Spectroradiometer satellite observation
data (Figure 2a). Same as CTL, but all urban grids are replaced by irrigated cropland in the NOURB case
(Figure 2b). Irrigate cropland is the most common land cover type in and around Beijing and is often used

to represent the preurbanization land cover type (Wang et al., 2012,
2014). In the United States Geological Survey (USGS) case (Figure 2c),
the urban areas from USGS land use types are used, while the
other land uses remain the same as NOURB. The USGS land use types
are based on 1992–1993 1-km Advanced Very High Resolution
Radiometer data. A future (year 2050) urban form of Beijing, referred
to as COMPACT case (Figure 2d), is also designed following Yang et al.
(2016). In the COMPACT case, Beijing is an ideal monocentric city, and
the number of urban grids is doubled compared with that in the CTL
case. The added urban coverage is distributed around the old urban
core region of the CTL case.

Table 2
Options in the WRF-Chem Model Used in This Study

Options WRF-Chem

Microphysics option Purdue Lin scheme
Longwave radiation option RRTMG scheme
Shortwave radiation option RRTMG scheme
Surface layer option Revised MM5 Monin-Obukhov scheme
Land surface option Unified Noah land surface model
Urban canopy model Single-layer UCM scheme
Boundary layer option YSU scheme
Cumulus option Grell 3-D ensemble scheme
Photolysis scheme Fast-J
Dust scheme Shao_2004
Chemistry option Carbon bond mechanism
Aerosol option Model for Simulating Aerosol Interactions

and Chemistry
Analysis nudging On (including gird nudging and surface

nudging)

Table 3
Experimental Design

Case Urban scenario Urban albedo

CTL Moderate Resolution Imaging
Spectroradiometer (MODIS) urban

0.2

NOURB No urban 0.2
USGS United States Geological Survey

(USGS) urban
0.2

COMPACT Compact urban 0.2
ALBEDO MODIS urban 0.85
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To examine the impacts of UHI mitigation (increasing urban albedo) on air quality, another simulation
(referred to as ALBEDO case) is designed, with albedo of roofs, walls, and roads within all urban grids increas-
ing from 0.2 to 0.85, following Wang et al. (2013). The albedo of 0.85 represents an ideal highly reflective
white paint (Fallmann et al., 2016).

All the physical and chemical schemes and the emission inventory are the same in these cases. The impacts of
urbanization on boundary layer meteorological parameters and air pollutant concentrations can be quanti-
fied by comparing the simulation results of CTL, NOURB, USGS, and COMPACT cases. The differences between
ALBEDO and CTL simulations represent the effects of increasing urban albedo.

In order to match the periods when observation data are available, our simulations are conducted for the per-
iods from 26 June to 31 July 2015 and 16 November to 21 December 2015, by reinitializing meteorological
conditions every 15 days with National Center for Environmental Prediction Final Analysis data and including
an overlap period of 5 days for each simulation block as model spin up to minimize the effects of the initial
condition. The results from CTL case during 1 to 30 July 2015 (as summer) and 21 November to 20 December
2015 (as winter) are used to compare with observations for model evaluation.

4. Results
4.1. Model Evaluation
4.1.1. Meteorology
Figure 3 shows the time series of observed and simulated daily averaged 2-m temperature (T2), 2-m relative
humidity (RH2), 10-m wind speed (WS10), and 10-m wind direction (WD10) at ZBAA station during 1 to 30 July
2015 (as summer, a1–d1) and 21 November to 20 December 2015 (as winter, a2–d2). The corresponding

1 5 10 50 100 200 400 600 800 1000 1500 2000 (m)

NOURB

USGS

A A’

CTL

CMPACT

(a) (b)

(c) (d)

Figure 2. The spatial distribution of Beijing urban grids marked in red for (a) CTL, (b) NOURB, (c) USGS, and (d) COMPACT
simulations. Line AA0 in (a) denotes the cross section across the city belt in the Beijing metropolitan area. The black
circles in (d) represent the five ring roads. Terrain height is shown by the colored shading (m).
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statistical metrics, including mean bias (MB), root mean square error (RMSE), and correlation coefficient (R),
are listed in Table 4.

As shown in Figure 3, the simulated meteorological variables agree well with observations. For temperature,
the WRF-Chem model almost perfectly reproduces the high values in summer and low values in winter, with
high Rs of 0.97 in summer and 0.92 in winter. Both MBs are less than 1 °C. For relative humidity, the model
captures the temporal variations fairly well, with Rs of 0.92 in summer and 0.94 in winter, but underestimates
the observed values with MBs of �5.1% in summer and �5.9% in winter. Qian et al. (2016) pointed out that
different planetary boundary layer and surface parameterizations had large impacts on surface moisture
fluxes and that the setting of the schemes could result in the mismatch of relative humidity between obser-
vations and simulations. The bias of relative humidity can also be found in other studies (Gao et al., 2015;
Zhang et al., 2009). Generally, the simulated wind speed agrees well with the measurements with Rs lager
than 0.8. But the model underestimates the wind speed both in summer (MB is �0.84 m s�1) and in winter
(MB is �0.21 m s�1). This underestimation may be caused by the inaccurate land surface characteristics we
used in this study. The simulated wind directions in summer agree well with observations with R of 0.93,
MB of +17.8°, and RMSE of 24.6°. However, a large deviation can be found in winter, especially for the north-
erly winds (north-northwest winds from simulation versus north-northeast winds from observation), which
may be attributed to the coarse model resolution.

Observed and simulated vertical profiles of temperature, relative humidity, and wind speed from ZBAA sta-
tion at 08:00 and 20:00 (LST) averaged over summer and winter are also shown in Figures S2 and S3.
Generally, the model captures the vertical profiles of temperature quite well both in summer and winter.
However, the performance of relative humidity and wind speed is not as good as that of temperature.
Overestimation of relative humidity and underestimation of wind speed are found both in summer
and winter.
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Figure 3. Time series of observed (in black dots) and simulated (in red dots) daily 2-m temperature (k), 2-m relative humidity (%), 10-mwind speed (m s�1), and 10-m
wind direction (°) at the ZBAA station during 1 to 30 July 2015 (a1–d1) and 21 November to 20 December 2015 (a2–d2).
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4.1.2. Particle Matter and Gas-Phase Pollutants
Figure 4 shows the time series of observed and simulated daily surface-layer O3 and PM2.5 concentrations
during 1 to 30 July 2015 (as summer, a1–b1) and 21 November to 20 December 2015 (as winter, a2–b2).
The observations are averaged among the 12 stations in Beijing (1001A–1012A), and the model results are
from CTL case. Daily O3 and PM2.5 concentrations at each station are shown in Figures S3–S6. The statistical
parameters are listed in Table 4.

In general, the WRF-Chemmodel reasonably reproduces the magnitudes and variations of observed surface-
layer O3 (PM2.5) concentrations both in summer and winter, with RMSEs of 11.8 ppbv (19.8 μg m�3) in
summer and 3.6 ppbv (40.3 μg m�3) in winter, and Rs of 0.84 (0.8) in summer and 0.9 (0.93) in winter.
However, the model underestimates the peak values of PM2.5 concentrations in winter, especially during
the heavy polluted period from 27 November to 1 December 2015. The underestimation can be found at
nearly all the 12 stations (Figure S7), which is partly attributed to the outdated emission inventory. What is
more, the negative bias of relative humidity may also account for underestimation of aerosol concentrations
during fog-haze event in winter (Mölders et al., 2012).
4.1.3. Aerosol Optical Depth
Figure 5 shows the scatterplots of hourly AOD values at 550 nm taken from AERONET and CTL case for two
sites (Beijing and Beijing_CAMS) during 1 to 30 July 2015 (as summer, a1–b1) and 21 November to 20
December 2015 (as winter, a2–b2).

Table 4
Statistics for the Observed and Simulated 2-m Temperature (Temp, k), 2-m Relative Humidity (RH, %), 10-mWind Speed (WS, m s�1), 10-mWind Direction (WD, °), Surface
O3 (ppbv), and PM2.5 (μg m�3) Concentrations During 1 to 30 July 2015 (as Summer) and 21 November to 20 December 2015 (as Winter)

Variables

Summer Winter

OBSd SIMd MBa RMSEb Rc OBSd SIMd MBa RMSEb Rc

Temp (k) 299.8 300.6 0.79 0.85 0.97 272.5 273.2 0.66 1.4 0.92
RH (%) 66.9 61.8 �5.1 5.4 0.92 65.8 59.9 �5.9 10.7 0.94
WS (m s�1) 2.39 1.56 �0.84 0.90 0.83 2.75 2.54 �0.21 1.1 0.87
WD (°) 154.4 172.2 17.8 24.6 0.93 143 250.1 107.1 183.1 0.31
O3 (ppbV) 48.2 56.9 8.7 11.8 0.84 9.1 11.1 2.0 3.6 0.90
PM2.5 (μg m�3) 62.0 68.4 6.4 19.8 0.80 120 121.7 1.6 40.3 0.93

Note. Where SIMi and OBSi indicate the predicted and observed parameter, respectively. i refers to a given time, and nstd is the total number of samples.
aMean bias, MB ¼ Pnstd

i¼1 SIMi � OBSið Þ=nstd: bRoot mean square error, RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPnstd

i¼1 SIMi � OBSið Þ2=nstd:
q

cCorrelation coefficient,

R ¼
Pnstd

i OBSi � OBS
� �� SIMi � SIM

� ��� ��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPnstd

i OBSi � OBS
� �2 þPnstd

i SIMi � SIM
� �2q :

d OBS ¼ 1
nstd

�
Xnstd

1
OBSi , SIM ¼ 1

nstd
�

Xnstd

1
SIMi :
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Figure 4. Time series of observed (in black dots) and simulated (in red dots) daily O3 (ppbv) and PM2.5 (μg m�3) concentrations averaged among the 12 stations in
Beijing (1001A–1012A) during 1 to 30 July 2015 (a1–b1) and 21 November to 20 December 2015 (a2–b2).
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Figure 5. Scatterplots of the observed and simulated hourly aerosol optical depth (AOD) at Beijing and Beijing_CAMS sites
during 1 to 30 July 2015 (a1–b1) and 21 November to 20 December 2015 (a2–b2). Also shown in panels are the 1:1, 1:2, and
2:1 lines (dashed). The normalized mean bias and the correlation coefficient between simulated and observed AOD are
shown on the top right corner of each panel.
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Figure 6. Time series of observed (in black dots) and simulated (in red dash lines) hourly shortwave downward radiation
flux (SWDOWN) at the Xianghe station during (a) 1 to 30 July 2015 and (b) 21 November to 20 December 2015. The
mean bias and the correlation coefficient between simulated and observed SWDOWN are shown on the top right corner of
each panel. Unit: W m�2.
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The WRF-Chem model generally reproduces the observed AOD values within a factor of 2. The Rs between
observations and simulations are in the range of 0.5–0.79. The normalized MBs are negative (from �40.4%
to �8.1%), indicating the underestimation of simulated AOD at both stations. The underestimation can also
be found in other studies (Gao et al., 2015; Hu et al., 2016). The coarse-resolution (inner) setting and inaccu-
rate anthropogenic aerosol emission may lead to this underestimation.
4.1.4. Radiation
In order to evaluate the surface energy budget, simulated hourly shortwave (SW) downward radiation flux is
compared with observations at the Xianghe radiometric station (Figure 6). The simulation results from CTL
case agree well with the observed values, not only the daily maximum but also the small values when
weather phenomena occurred, such as the heavy fog-haze event happened in 1 December 2015. The MBs
are 8.9 W m�2 in summer and 1.9 W m�2 in winter; the Rs are 0.88 in summer and 0.96 in winter.

In summary, WRF-Chem model reproduces the spatial-temporal evolutions of both meteorological and
chemical variables fairly well, which provides confidence for further investigation.
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Figure 7. The differences in T2 (°C), RH2 (%), WS10 (m s�1), planetary boundary layer height (m), surface O3 (ppbv), and PM2.5 (μg m�3) concentrations between CTL
and NOURB simulations (CTL minus NOURB) averaged during 1 to 30 July 2015 (as summer, a1–f1) and 21 November to 20 December 2015 (as winter, a2–f2).
The urban area of Beijing is marked by the green lines. Mean values from CTL and NOURB simulations and their differences averaged over the urban grids are shown
above each panel.

10.1002/2017JD027501Journal of Geophysical Research: Atmospheres

CHEN ET AL. 4332



4.2. Impacts of Urbanization on Meteorology and Air Quality

Urbanization is considered as an irreversible process. Rapid changes in land cover during urban sprawl can
modify the surface properties, such as urban surface albedo, and then have significant impacts on boundary
layer meteorology and air quality. Figure 7 shows the differences in T2, RH2, WS10, PBLH, surface O3, and PM2.5

concentrations between CTL and NOURB cases (CTL minus NOURB, representing the impacts of urban
sprawl) averaged in summer and winter. Due to increased heat capacity and decreased surface albedo
induced by urbanization, T2 is increased by 1.8 °C in summer and 1.2 °C in winter averaged over the urban
grids, and the warming areas are concentrated in the center of the highly urbanized region. More solar

 Relative Humidity (%)

 O3 (ppbV)

 PM )

(a1)

(c1)

(b1)

(d1)

(a2)

(b2)

(c2)

(d2)

Figure 8. Cross sections of differences in temperature (°C), relative humidity (%), O3 (ppbv), and PM2.5 (μg m�3) between
CTL and NOURB cases along AA0 (marked in Figure 2a) averaged during 1 to 30 July 2015 (a1–d1) and 21 November to
20 December 2015 (a2–d2). The planetary boundary layer height simulated by CTL (in red line) and NOURB (in purple line) is
also shown in each panel. The thick purple bar along the horizontal ordinate represents the extent of urban areas, and
the black-shaded areas represent terrain.
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radiation absorbed and trapped in the urban canopy in summer can explain the larger increase in T2 during
summer than that during winter. Urban sprawl changes land cover from natural land surface to impervious
concrete surface, and therefore, less water is available for evaporation in urbanized areas, which makes
RH2 decrease by 9.5% in summer and 5.4% in winter. Urbanization can also increase the surface roughness
owing to the friction effect of tall buildings. The dragging force makes the near surface wind speed in
urban areas decrease, with the magnitude of �0.4 m s�1 in summer and �0.1 m s�1 in winter.
Urbanization increases the PBLH by 107.4 m in summer and 69.1 m in winter. The larger increase in PBLH
in summer may be attributed to the larger increase in T2. The surface-layer O3 concentration is increased
both in summer (+9.5 ppbv) and winter (+1.8 ppbv). The increased air temperature accelerates O3

formation by increasing its reaction rate. Meanwhile, the decreased wind speed suppresses O3 transport
and facilitates O3 accumulation in urban areas. The PM2.5 concentration is decreased by 16.6 μg m�3 in
summer and 26.2 μg m�3 in winter, respectively. Although urban sprawl makes the wind speed in
urbanized areas reduced which is unfavorable for transport, the increased PBLH may dilute and disperse
the surface-layer PM2.5 concentrations.

Cross sections of differences in temperature, relative humidity, O3, and PM2.5 between CTL and NOURB cases
averaged in summer and winter are shown in Figure 8. Urban sprawl increases the near-surface air tempera-
ture in urban areas but decreases it at the higher altitudes (400–1,000 m) both in summer and winter. The
changes in relative humidity are contrary to those of temperature, with the maximum increase above the
height of 500 m. The changes in air temperature can directly influence the rate of O3 formation (Li et al.,
2016; Liao et al., 2015). Therefore, the patterns in O3 differences are similar to those in temperature changes
in the boundary layer. Urban sprawl decreases the PM2.5 concentrations over the urbanized areas, and the
reduction is found from the surface up to the height of 500 m. However, the PM2.5 concentrations exhibit
increases in rural areas both in summer and winter, with the magnitude of 6 μg m�3.

To explain the increase in PM2.5 concentrations over rural areas, we show cross sections of simulated PM2.5

concentrations and wind fields from the four cases (NOURB, USGS, CTL, and COMPACT) at 18:00 LST on 6

Figure 9. Cross sections of PM2.5 concentrations (μg m�3, in colored shading) and wind fields (m s�1, in black arrows) from (a) NOURB, (b) USGS, (c) CTL, and
(d) COMPACT simulations along AA0 (marked in Figure 2a) at 18:00 (LST) on 6 December 2015. The planetary boundary layer height simulated by each case is
also shown in each panel (red line). The thick purple bar along the horizontal ordinate represents the extent of urban areas in each simulation. The black-shaded areas
represent terrain. Note that the vertical velocity is multiplied by a factor of 10 when plotting wind vectors.
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December 2015 in Figure 9. From NOURB to USGS, and further to CTL and COMPACT, the urban areas are
significantly expanded. Urban sprawl changes natural landscape into impervious surface, which increases
the heat capacity and heat storage and makes more solar radiation absorbed in urban areas. After sunset,
more heat flux is released from the urban canopy, and therefore, the lower urban atmosphere becomes
warmer than surrounding rural areas. Because of the enhanced urban turbulent mixing and upward
transport by the rising branch of UHI circulation, more aerosol particles in urban areas are carried to the
upper atmosphere (>1 km), which reduces the surface-layer PM2.5 concentrations in urban areas. Parts of
the lifted aerosol particles are transported to downwind areas by upper-level westerly wind; some are
accumulated around the urban-rural borders by the sinking branch of UHI circulation. The trapped PM2.5

at the suburban region may not only worsen the air quality in rural areas but also further exacerbate air
quality in urban areas through aerosol particle recirculation by the surface UHI convergence.

To better understand the effects of urbanization on boundary layer meteorology and air quality over Beijing
under different weather conditions, we highlight HW days in summer and polluted days in winter in Figure 10.
In summer, a day with the daily mean temperature averaged over the urban areas in Beijing larger than 35 °C
is defined as an HW day (Smith et al., 2013; Tan et al., 2007). In winter, a day with the daily mean PM2.5 con-
centration averaged over the urban areas in Beijing larger than 75 μg m�3 is classified as a polluted day (see
the Grade II standard defined by the National Ambient Air Quality Standards of China).

Table 5 shows the impacts of urbanization on meteorological and chemical parameters averaged over the
Beijing urban areas under different weather conditions. In summer, the UHI intensity, quantified by the dif-
ference in urban-rural temperature, is enhanced by 11.1% (from 1.8 °C in normal days to 2.0 °C during HWs).
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Figure 10. Time series of simulated daily (a) near-surface air temperature (k) during 1 to 30 July 2015 and (b) surface PM2.5 concentration (μg m�3) during 21
November to 20 December 2015 averaged over the Beijing urban areas. The red dots in (a) and (b) represent the hot days and the polluted days, respectively.

Table 5
The Impacts of Urbanization on 2-m Temperature (Temp, k), 2-m Relative Humidity (RH, %), PBLH (m), Surface O3 (ppbv), and PM2.5 (μg m�3) Concentrations Averaged
Over the Beijing Urban Areas

Period
Weather
Condition

Temp (k) RH (%) PBLH (m) O3 (ppbv) PM2.5 (μg m
�3

)

CTL
a

NOURB
b

Delta
c

CTL NOURB Delta CTL NOURB Delta CTL NOURB Delta CTL NOURB Delta

Summer (1 to 30
July 2015)

BG
d

303.4 301.6 1.8 55.6 65.3 �9.6 922.4 815.7 106.7 59.5 49.7 9.8 75.1 91.5 �16.3
HW

d
308.8 306.8 2.0 41.0 49.2 �8.3 1146.3 1033.1 113.3 81.9 75.0 7.0 72.5 91.8 �19.4

Winter (21 November
to 20 December
2015)

AQS1
e

271.0 269.8 1.2 46.2 54.6 �8.4 757.4 667.8 89.5 19.1 15.5 3.5 21.7 27.5 �5.8
AQS2

e
273.6 272.1 1.4 65.9 71.4 �5.5 456.5 389.8 66.7 5.2 3.9 1.3 176.6 216.1 �39.5

aParameters simulated by CTL case averaged over the urban grids. bParameters simulated by NOURB case averaged over the corresponding urban grids in CTL
case. cThe differences between CTL and NORUB simulations (CTL minus NORUB). dBG and HW are defined in Figure 12. eAQS1 and AQS2 are defined in
Figure 11.
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Figure 11. The differences in simulated all-sky radiative forcing between CTL and NOURB cases averaged during 21 November to 20 December 2015. AQS1 denotes
the clean days with the daily mean surface PM2.5 concentration averaged over the Beijing urban areas less than 75 μg m�3, while AQS2 represents the polluted
days with the PM2.5 concentration larger than 75 μg m�3. “BOT” and “ATM” denote the radiative forcing at the surface and in the atmosphere, respectively.
“NET” denotes the sum of shortwave (SW) and longwave (LW) radiative forcing. Unit: W m�2.
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The decrease in relative humidity induced by urban sprawl is reduced from 9.6% in normal days to 8.3%
under HWs. The increase in PBLH owing to urbanization is larger under HWs (113.3 m) than that in normal
days (106.7 m). The impact of urbanization on O3 concentrations is reduced from +9.8 ppbv in normal days
to +7.0 ppbv under HWs. The decreases in PM2.5 concentrations induced by urbanization are larger under
HWs (19.4 μg m�3) than those in normal days (16.3 μg m�3).

In winter, the UHI intensity is enhanced by 16.7% (from 1.2 °C in clean days to 1.4 °C in polluted days). The
decrease in relative humidity induced by urban sprawl is reduced from 8.4% in clean days to 5.5% in polluted
days. The increase in PBLH owing to urbanization is smaller in polluted days (66.7 m) than that in clean days
(89.5 m). The impact of urbanization on O3 concentrations is reduced from +3.5 ppbv in clean days to
+1.3 ppbv in polluted days. The decreases in PM2.5 concentrations induced by urbanization are larger in pol-
luted days (39.5 μg m�3) than those in clean days (5.8 μg m�3).

As discussed above, UHI intensity is enhanced in polluted days during winter. To explain this phenomenon,
we show the differences in simulated all-sky radiative forcing (RF) between CTL and NORUB cases averaged
during winter in Figure 11. Table 6 lists the changes in RF induced by urbanization averaged over the Beijing
urban areas under different weather conditions. At the surface (referred to as BOT), urban sprawl has a posi-
tive SW radiative perturbation in urbanized areas due to the radiation trapping effects and reduced surface
albedo caused by urbanization. More aerosols absorb and scatter more solar radiation in polluted days; there-
fore, the SW radiation flux is smaller (14.9 W m�2 in clean days versus 5.6 W m�2 in polluted days). Urban
sprawl significantly increases the surface temperature and therefore more longwave radiation is emitted in
the urban areas. The influence of urbanization on the longwave radiation is enhanced from �13.7 W m�2

in clean days to �16.4 W m�2 in polluted days. Generally, urbanization produces a net warming effect at

Table 6
The Differences in Simulated Radiative Forcing Between CTL and NOURB Cases (CTL Minus NOURB) Averaged Over the Beijing Urban Areas During 21 November to 20
December 2015 Under Different Weather Conditions

SWa Radiation LWa Radiation NETa Radiation

AQS1a ASQ2a Avgb AQS1 AQS2 Avg AQS1 AQS2 Avg

BOTa 14.9a 5.6 8.2 �13.7 �16.4 �15.1 1.2 �10.8 �6.9
ATMa �1.0 �2.1 �1.6 6.9 11.5 9.7 5.9 9.4 8.1

Note. Unit: W m�2.
aSW, LW, NET, AQS1, AQS2, BOT, and ATM are defined in Figure 11. bAvg denotes the mean value averaged during 21 November to 20 December 2015.
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Figure 12. Urban heat island (UHI) intensity (°C) with different urban albedo values under different weather conditions. The red bars and green bars represent UHI
intensity with an urban albedo value of 0.2 and 0.85, respectively. In summer, “background” (BG) denotes the normal days when daily mean near-surface air
temperature averaged over the Beijing urban areas is less than 35 °C, while “heat wave” (HW) denotes the hot days when the temperature is larger than 35 °C. In
winter, AQS1 represents the clean days and AQS2 represents the polluted days, which are defined in Figure 11.
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the surface in clean days, with a regional-averaged RF of 1.2 W m�2, while a net cooling effect of
�10.8 W m�2 is found at the surface during polluted days. This means more radiation is released from the
surface and therefore warms the air temperature over urban areas in polluted days, which leads to the
enhancement of UHI intensity. This can also be verified by the larger net RF in the atmosphere (9.4 W m�2

in polluted days versus 5.9 W m�2 in clean days).

4.3. Impacts of Increasing Surface Albedo on Meteorology and Air Quality

Rapid urban expansion significantly increases the air temperature in urban areas and then enhances the UHI
intensity, which further affects the thermal comfort of human beings living in urban areas and causes heat-
related health problems (Chen et al., 2016). Increasing urban albedo is an effective mitigation strategy to
reduce UHI intensity (Touchaei et al., 2016). The cool surfaces and roofs increase the reflection of incoming
solar radiation in urban areas and therefore reduce the sensible heat flux and the heat storage available
for transmission to the air (Li et al., 2014).

Figure 12 shows the impacts of increasing urban albedo on UHI intensity under different weather conditions.
The urban albedo in the CTL case (current urban situation) is set to 0.2. In summer, the UHI intensity is 1.8 °C in
normal days and increased to 2.0 °C during HWs. When the albedo of roofs, walls, and roads within all urban
grids increase from 0.2 to 0.85 (an ideal highly reflective white paint), the UHI intensity is significantly
decreased both in normal days (by 28.0%) and hot days (by 29.9%). In winter, the UHI intensity is increased
from 1.2 °C in clean days to 1.4 °C in polluted days. The UHI mitigation by increasing urban albedo is more
effective during clean days (by 64.7%) than in polluted days (by 38.3%), indicating that more aerosols may
not only enhance the UHI intensity but also weaken the mitigation effects on UHI in winter.

The impacts of increasing surface albedo on relative humidity and PBLH are also analyzed in Figure 13. When
the albedo increase from 0.2 to 0.85, the RH2 is increased by 3.1% in summer and 4.7% in winter averaged

3.1 = (57.2) - (54.1)

(a1)

(b1) (b2)

(a2)
4.7 = (63.8) - (59.1)

-71.4 = (873.4) - (944.8) -34.2 = (509.4) - (543.6)

Summer Winter
 = ALBEDO CTL

Figure 13. The differences in RH2 (%) and planetary boundary layer height (m) between ALBEDO and CTL simulations
(ALBEDO minus CTL) averaged during 1 to 30 July 2015 (as summer, a1–b1) and 21 November to 20 December 2015
(as winter, a2–b2). The urban area of Beijing is marked by the green lines. Mean values from ALBEDO and CTL simulations
and their differences averaged over the urban grids are shown above each panel.
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over the Beijing urban areas. Because more solar radiation is reflected back to the space, turbulent mixing in
urban areas becomes weaker and therefore the PBLH is decreased by 71.4 m in summer and 34.2 m in winter.

Increasing urban albedo helps to mitigate UHI effect, and it also has impacts on urban air quality. Table 7
shows the effects of increasing urban albedo on the daily maximum and the daily average PM2.5 and O3 con-
centrations averaged over the Beijing urban grids under different weather conditions. When the albedo
increases from 0.2 to 0.85, both the daily maximum and the daily average surface-layer PM2.5 concentrations
are increased in summer and winter. The daily average PM2.5 concentrations are increased by 10.2 μg m�3 in
summer and 6.1 μg m�3 in winter. The increases in surface-layer PM2.5 concentrations may be attributed to
the decreases in PBLH. Compared with normal days (clean days), the increase in PM2.5 concentrations is larger
under HWs during summer (in polluted days during winter). The daily mean O3 concentrations averaged over
the Beijing urban areas are decreased both in summer and winter when the urban albedo is increased.
However, the daily maximum O3 concentration in summer is increased, and the increase is larger under
HWs (12.8 ppbv) than in normal days (0.38 ppbv), mainly due to the high intensity of reflected SW radiation
accelerating photochemical reactions of O3 formation.

In general, increasing urban albedo is an effective strategy to mitigate UHI effect, but it worsens urban air
quality. The PM2.5 concentrations during summer and winter and the daily maximum O3 concentrations in
summer are all increased when the urban albedo increases. It is necessary to strike a balance between UHI
mitigation and air quality improvement for Beijing.

5. Conclusion

We investigate the influence of land use change due to urbanization on boundary layer meteorology and air
quality in Beijing using an online coupled meteorology and aerosol/chemistry model WRF-Chem. The
impacts of UHI mitigation strategy (i.e., increasing urban albedo) on urban air quality are also analyzed. We
pay special attention to these effects under different weather conditions (i.e., HWs in summer and polluted
days in winter). Model evaluation against the observation data indicates that the WRF-Chem model captures
the spatial-temporal evolutions of both meteorological and chemical parameters in Beijing fairly well.

The modification of rural land use into urban impervious surface leads to significant changes in boundary
layer meteorology (temperature, relative humidity, wind speed, and PBLH) and air quality (surface-layer O3

and PM2.5 concentrations) in urban Beijing. The near-surface air temperature is increased by 1.8 °C in summer
and 1.2 °C in winter, but a decrease is found at the higher altitudes (400–1,000 m). The changes in relative
humidity are contrary to those in temperature, with a decrease of 9.5% in summer and 5.4% in winter at
the height of 2 m and an increase above the height of 500 m. The increase in surface roughness in urbanized
areas contributes to the decrease in WS10 of 0.4 m s�1 in summer and 0.1 m s�1 in winter. Enhanced turbulent
mixing induced by urban sprawl leads to the increase in PLBH of 107.4 m in summer and 69.1 m in winter. The
patterns of changes in surface O3 concentrations are similar to those in temperature, with an increase of
9.5 ppbv in summer and 1.8 ppbv inwinter. The surface-layer PM2.5 concentration is decreased by 16.6 μgm

�3

in summer and 26.2 μg m�3 in winter, which is mainly attributed to the increase in PBLH.

Table 7
Impacts of Increasing Surface Albedo on the Daily Maximum and the Daily Average PM2.5 (μg m

�3) and O3 (ppbv) Concentrations Averaged Over the Beijing Urban Areas
Under Different Weather Conditions

Species
Weather
condition

Summer (1 to 30 July 2015) Winter (21 November to 20 December 2015)

Daily maximum Daily average Daily maximum Daily average

ALBEDO CTL Delta ALBEDO CTL Delta ALBEDO CTL Delta ALBEDO CTL Delta

PM2.5(μg m�3) Type1a 124.2 114.9 9.3 84.5 75.1 9.4 37.1 34.0 3.1 24.6 21.7 2.9
Type2b 140.4 113.4 27.0 89.6 72.5 17.1 200.5 192.1 8.5 184.6 176.6 8.0
Avg 125.8 114.8 11.1 85.1 74.9 10.2 136.3 128.8 7.5 123.0 116.9 6.1

O3(ppbV) Type1a 100.0 99.6 0.38 55.9 59.5 �3.5 28.3 31.9 �3.7 16.9 19.1 �2.2
Type2b 156.4 143.7 12.8 80.4 81.9 �1.6 15.6 17.7 �2.2 4.6 5.2 �0.6
Avg 105.5 103.7 1.8 58.4 61.7 �3.3 19.4 21.9 �2.5 8.3 9.3 �1.0

aIn summer, Type 1 means normal days. In winter, Type 1 means clean days. bIn summer, Type 2 means heat wave days. In winter, Type 2 means polluted days.
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We also focus on these effects under different weather conditions (i.e., HWs in summer and polluted days in
winter). Compared with normal days (clean days), the UHI intensity, quantified by the difference in urban-
rural temperature, is enhanced by 11.1% during HWs in summer (by 16.7% during polluted days in winter).
The decreases in relative humidity induced by urbanization are smaller in hot days and polluted days. The
increases in PBLH due to urbanization are larger during HWs in summer but smaller during polluted days
in winter. Urbanization can increase the surface-layer O3 concentrations over the urbanized areas both in
summer and winter, but the impacts are reduced during HWs and polluted days. The decreases in surface-
layer PM2.5 concentrations induced by urbanization are larger in hot days and polluted days.

Increasing urban albedo is an effective mitigation strategy to reduce UHI intensity. When the urban albedo is
increased from 0.2 to 0.85, the UHI intensity is decreased by 28.0% in normal days and by 29.9% in hot days
during summer, and by 64.7% in clean days and by 38.3% in polluted days during winter. Although increasing
urban albedo is an effective way to decrease UHI intensity, it worsens the urban air quality. When the urban
albedo is increased from 0.2 to 0.85, the daily average PM2.5 concentrations are increased by 10.2 μg m�3 in
summer and 6.1 μg m�3 in winter, the daily maximum O3 concentrations are increased by 12.8 ppbv under
HWs in summer.

The findings from the study have important implications for urban planning in Beijing. The adverse effects of
urbanization on regional climate and air quality (and ulteriorly on human comfortableness) should not be
overlooked; it is also necessary to strike a balance between UHI mitigation and air quality improvement
for Beijing.

6. Discussion

There are some uncertainties in our simulation that need to be addressed in future studies:

1. The urban canopy parameters (UCPs), such as building height, street width, and surface albedo, are crucial
factors and can affect the accuracy of simulation results (Chen et al., 2011; Ching, 2013). At present, the
UCPs used in this study are default values taken from the WRF-Chem look-up table. More realistic and
detailed gridded UCPs data should be used in future studies.

2. Model simulations with analysis nudging are preferable to those without because analysis nudging can
improve initial and boundary conditions by combining high resolution upper level and surface observa-
tions with global analysis fields to generate more accurate meteorological data for air quality simulations
(Lo et al., 2008; Wang, Bruyère, et al., 2009; Yegorova et al., 2011). However, Rogers et al. (2013) indicated
that different nudging strategies (no FDDA, FDDA excluded from PBL, and so on) can lead to significant
differences in simulation results. As compared in Table S4, simulated meteorological fields (T2, RH2,
WS10, and WD10) and pollutant concentrations (O3 and PM2.5) in CTL (nudging at all model levels and
all domains) are different from those simulated by NUDGING (nudging above the boundary layer and
in outer domains; detail FDDA parameters used in the NUDGING case can be found in Table S2) at both
the near surface layer and at the near PBL layer. Bowden et al. (2012) pointed out that analysis nudging
applied to the inner domain can achieve a reduction of bias in basic meteorological fields compared to
restricting the influence of input fields only to the outer domain, which is also supported by Table S3.
However, Rogers et al. (2013) showed that the nudging method used within the atmospheric boundary
layer and the inner domain may smooth the differences between control and sensitivity simulations.

3. As Akbari et al. (2016) classified that a clean, smooth, and solar-opaque white surface with a solar reflec-
tance of nearly 0.85 can strongly reflect visible and near-infrared radiation. But this cool type is an ideal
highly reflective white paint (Fallmann et al., 2016), and in reality, the albedo should be less than 0.85
mainly limited by reflective materials in addition to glare problems and aesthetic preferences (Vahmani
et al., 2016). Therefore, advancements in material technology for reflective roof to mitigate the UHI have
been a continued effort among scientific researchers and urban planners (Ferrari et al., 2013; Gartland,
2008; Karlessi et al., 2011; Roman et al., 2016; Santamouris et al., 2011). In addition, urban greening,
another useful and practical method to mitigate the UHI intensity (Fallmann et al., 2016; Li et al., 2014),
is also helpful for the improvements in urban environment (Li et al., 2010; Yang et al., 2008) because green
vegetation can sequester carbon, reduce soil erosion, improve water quality, and provide habitat for wild-
life and recreation for urban dwellers (Gorsevski et al., 1998). The decreased urban air temperature caused
by cool roof and urban greening can further reduce the demand of cooling energy from air conditioning
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in summer (Shahmohamadi et al., 2010), which also means that the emissions of air pollutants from elec-
tricity generation by power plants may become lower (Gorsevski et al., 1998). However, the decreased air
temperature can also affect the atmospheric boundary layer, including reduced vertical mixing, lower
boundary layer depth, and weaker convective rolls. The lowered horizontal wind speeds and vertical mix-
ing make the atmosphere near the surface to be stagnant, which may potentially cause air quality issues
(Sharma et al., 2016). These competing feedbacks will be considered in our future study in detail.

4. With the acceleration of industrialization and urbanization in China, anthropogenic and biogenic emis-
sions have changed a lot. Jiang et al. (2017) concluded that the increase of urban land cover leads large
surface warming, while anthropogenic aerosols cause widespread cooling at the surface. Their joint effect
on the surface temperature and the circulation is dominated by the aerosols’ effect with a reduced mag-
nitude. Chen et al. (2014) reflected that, although the impacts of land use changes on air quality are non-
negligible, the emission distribution and emission load exert a more significant influence on air quality
than the land use change. Therefore, a further discussion about the urbanization impacts associated with
the changes of anthropogenic and biogenic emissions on boundary layer meteorology and air quality will
be studied in our future work.

5. Facing the Bohai Sea, Beijing is frequently influenced by the sea-land breeze circulations. What is more,
Beijing is surrounded by mountains on three sides, and therefore, it is also affected by the mountain-
valley breeze circulations. The rapid urbanization process of Beijing leads to the formation of UHI circula-
tions. Quantifying the combined effects of the three circulations on regional climate and air quality over
Beijing will be an interesting research topic.
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