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One of the most concerning consequences arising from the dramatic urbanization in cities is air stagnation and
the related high concentration of air pollutants. Many studies have investigated the impact of urbanization on
air stagnation, but few have systematically evaluated such impact and its spatial-temporal variances at the mu-
nicipal scale. This study proposed an approach based on high-resolution urban climate simulations for evaluating
the impact of urbanization on air stagnation. We took the city of Shenzhen in south-eastern China, a city that
grew from a small fishing and farming village to a highly urbanized city in the past thirty years, as a compelling
case study. Using theWRF/Noah LSM/SLUCMmodel, we simulated and evaluated the probability of 6-hourly air
stagnation cases (ASCs) in 1979 and 2010 at the spatial resolution of 1-km2 to demonstrate the change over a
thirty-year period. Comparison results show that urbanization worsened the problem of air stagnation in
Shenzhen. The number of 6-hourly ASCs has increased by 21,700 for the entire Shenzhen, and by 11.4 on average
for each grid with a 1 km2 size. A maximum increase of 458 ASCs in a grid was also observed.
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1. Introduction

Urban air pollution has been pervasive inmost of theworld since the
start of industrialization (Mayer, 1999), while far before industrializa-
tion, since ancient Roman Empire time, urban dwellers had been
bedeviled by the urban air pollution (Borsos et al., 2003; Havlíček and
Morcinek, 2016). In recent years, urban air pollution has progressively
become a disturbing social problem in many countries, especially in
China, where the deterioration of air quality and its menace to public
health safety have beenwidely reported due to its harmfulness to public
health (Mar et al., 2004; Delfino et al., 2008; Halonen et al., 2008;Matus
et al., 2012; EEA, 2012; Costa et al., 2014). In China, the rapid and mas-
sive urbanization in the past three decades seems to have benefited the
urban dwellers by increasing their wealth, but it has also brought harm,
primarily through polluting the air (Zhou et al., 2004). Both the Chinese
people and the government have realized the compelling necessity to
prevent air pollution and identify appropriate measures to help reduce
air pollution in the future.

Air stagnation is the phenomenon bywhich air lasts in an area for an
extended period, which can dramatically increase local air pollutants'
concentration and the related health risks of dwellers (Korshover and
Angell, 1982; Wang and Angell, 1999; Jacob and Winner, 2009;
Horton and Diffenbaugh, 2012). An air stagnation case (ASC) is defined
as a protracted atmospheric episode characterized by poor air ventila-
tion. Existing studies on poor air ventilation mainly used low near-
surface wind speed as a meteorological indicator (Yim et al., 2009; Ng
et al., 2011; Edussuriya et al., 2014; and Yuan et al., 2014). However,
the dispersion of air pollution in urban spaces can be significantly af-
fected by many other meteorological attributes as well. The criteria of
identifying ASCs encompass not only wind speed but also a set of
other relatedmeteorological conditions, including the scavenging capa-
bility of lower atmospheric wind, the dispersing power of upper atmo-
spheric wind, the effect of precipitation on the vertical escape of
pollutants, and the temperature inversion effect on the lower atmo-
spheric wind. More frequent air stagnation could result in higher
near-surface concentrations of air contaminants such as particulate
matter and ozone (Jacob and Winner, 2009). Despite such significance,
few studies have directly identified and analyzed ASCs to understand
poor urban air ventilation since the identification of ASCs requires
carefully-defined criteria and a comprehensive analysis based onmulti-
ple fine-grained meteorological attributes. Even fewer studies were
conducted on air stagnation at the municipal scale with fine spatial
and temporal resolutions.

The impact of urbanization on air pollution is reflected mainly as
deteriorated urban ventilation conditions (Yim et al., 2009; Ng et al.,
2011; Yuan et al., 2014) and increased air pollutant emissions in cit-
ies (World Health Organization, 2006; Sarzynski, 2012). A major
cause of the deteriorated urban ventilation conditions is the changes
in land surface properties. Existing studies investigated the relation-
ship between the building morphology (one of land surface proper-
ties) and urban wind speed. Focusing on the phenomenon of air
stagnation, Horton and Diffenbaugh (2012) and Horton et al.
(2014) identified the relationship between the frequency of ASCs,
urban population density, and metrics of industrialization. Jacobson
et al. (2015) also found an urbanization-induced ring of impact
that worsened the air stagnation. However, few studies on the im-
pact of urbanization on air stagnation have considered the effects
of detailed changes in urban land surface or focused on the rapidly
urbanizing Chinese cities. This work aims to fill this gap.

In this paper, we evaluated the impact of impact of urbanization on
air stagnation and investigated its underlying mechanism. We con-
ducted comprehensive urban climate simulations and evaluated ASCs
in the context of a rapidly urbanized Chinese city, Shenzhen. By compar-
ing the evaluated air stagnation before and after the thirty years' rapid
development, we provided evidences for the impact of urbanization
on air stagnation. We first proposed an evaluation scheme that
identifies and evaluates ASCs based on urban meteorological attributes
having fine spatial-temporal details. Themeteorological attributeswere
simulated using the WRF/Noah LSM/SLUCM model with an improved
urban dataset that considers detailed urbanization-induced changes in
the land cover, building morphology, vegetation coverage, and anthro-
pogenic heat fluxes.

The remainder of the paper is organized as follows. Section 2 in-
troduces the applied methodology, including the urbanization im-
pact model and the proposed framework for identifying ASCs based
on meteorological attributes. Section 3 introduces the setup of the
WRF model, WRF primary data processing, and model evaluation.
Section 4 presents the analytical results. Section 5 discusses the
causal relationship between urbanization and air stagnation and its
physical mechanism. Section 6 summarizes the main conclusion of
this work.

2. Methodology

2.1. Study area

The fast-urbanizing cities in China are unique cases for studying the
environmental impact of urbanization. As an example of such cities,
Shenzhen went through an unprecedentedly rapid and massive urban-
ization during the past thirty years: the city, once was an aggregation of
several small fishing villages in 1979, has grown to be one of the largest
metropolitans in China and the world. Geographically, Shenzhen is a
coastal city with a territory of about 2000 km2 located in Pearl River
Delta adjoining Hong Kong, characterized by a subtropical marine cli-
mate. In the past thirty years, the city had a skyrocketed growth in its
population and economy. The population of Shenzhen increased by
more than 33 times from 314,100 in 1979 to 10.47 million in 2010.
Shenzhen's GDP went up from 196.38 million RMB in 1979 to 1150.55
billion RMB in 2011 with an average annual growth rate of 24.8%
(Statistics Bureau of Shenzhen Municipality, 2013). As a bi-product of
such rapid and massive urbanization, Shenzhen is now facing severe
air pollution problems, posing a significant health threat to its ten mil-
lion residents (He et al., 2002; Huang et al., 2012).

2.2. The impact of urbanization on urban climate

To lay the foundation of the proposed analyses, we designed an ur-
banization impact model that projects the urbanization-induced
changes to changes in urban climate (Fig. 1). Complicated interactions
exist between urbanization and the urban climate. Urbanization directly
increases the population and non-agricultural activities. On the one
hand, the increased population needs more urbanized lands for shelter-
ing and other urban functions, which significantly increases the anthro-
pogenic heat release due to increased metabolism and energy
consumption. On the other hand, increased non-agricultural activities
also increase the amount of urbanized land (for example, lands used
for industrial production) and energy consumption, which conse-
quently increases the anthropogenic heat release. The increases in the
amount of urbanized land come with dramatic changes in land surface
properties, such as the land cover, vegetation coverage, and urbanmor-
phology. Collectively, the increase in anthropogenic heat release and
changes in land surface properties alter urban land surface processes
and near-surface atmospheric circulation and eventually changes the
urban climate.

2.3. Identification scheme of air stagnation cases

The identifying method for ASCs was first introduced by Korshover
and Angell (1982) who produced the annual and monthly maps of
ASCs for a specific area of United States (east of 100° W and between
20° N and 50° N) in 1981 based on the Daily Weather Maps of NOAA's
National Weather Service. This method, designed on the theoretical



Fig. 1. The impact model of urbanization on urban climate.
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foundations laid by other researchers such as Fletcher (1949), Willett
(1949), Hewson (1951) and Korshover (1976), included the following
four criteria:

1) Lower atmospheric horizontal movement: geostrophic surface wind
speed lower than 8.0 m/s.

2) Upper atmospheric horizontal movement: wind speed at 500 mbar
lower than 13.0 m/s.

3) Air convective movement: no precipitation.
4) Duration: lasting for at least four consecutive days.

In practical calculations, Korshover and Angell (1982) replaced the
geostrophic surface wind speed with the surface wind speed as an indi-
cator of lower atmospheric horizontalmovement,which became a com-
mon practice in succeeding researches (Korshover and Angell, 1987;
Wang and Angell, 1999; Leung and Gustafson, 2005; 2014; Huang
et al., 2017). In 1999, Wang and Angell (1999) developed a dataset of
annual and monthly ASCs from 1948 to 1998 for the entire United
States. The Wang and Angell's method also used the surface wind
speed as an indicator of lower atmospheric horizontal movement. The
major difference between the two methods mentioned above is that
theWang andAngell'smethod utilized a slightly (10%) higher threshold
for lower atmospheric horizontal movement when the temperature in-
version occurs below the height of 850 mbar. Succeeding practices of
identifying ASCs (Horton and Diffenbaugh, 2012; Horton et al., 2014;
Huang et al., 2017) mostly used the Wang and Angell's method with
minor changes. Please see Section S1 in Supplementary material for a
more detailed review.

Based on the advantages of existing studies, we adopted Wang and
Angell's method and applied minor adjustments specific to our study
area. First, considering that the geostrophic surface wind is meaningless
at low latitudes, we used the surface wind speed as the indicator of the
lower atmospheric horizontal movement. Second, we adjusted the
threshold on 10-m wind speed when a temperature inversion exists
under the height of 850 mbar. Third, the height of the upper atmo-
spheric horizontal movement was set to the height of 850 mbar to
match the maximum height used to check the existence of a tempera-
ture inversion. We examined each 6-hourly meteorological episode on
each 1-km2 grid for ASCs satisfying all the following criteria.

1) Lower atmospheric horizontal movement: 10-m wind speed lower
than 4.0 m/s with the occurrence of a temperature inversion below
the height of 850 mbar. 10-mwind speed lower than 4.4 m/s other-
wise. The occurrence of a temperature inversion was identified as
episodes when the temperature does not decrease with a 100 m in-
crease in altitude (Wang and Angell, 1999).

2) Upper atmospheric horizontal movement: the wind speed at the
height of 850 mbar lower than 13.0 m/s without a temperature in-
version under the height of 850 mbar.

3) Air convective movement: precipitation less than 1 mm.
4) Duration: lasting for at least 6 h.

2.4. Experimental design

We respectively simulated urban climate in Shenzhen before and
after the thirty years' urbanization. The Case-2010 is a one-year simula-
tion of urban climate in Shenzhen in 2010, while the Case-1979 is a one-
year simulation of urban climate in Shenzhen in 1979. Air stagnation
cases are identified in both Case-2010 and Case-1979 using the same
identification scheme (Section 2.3). The identified ASCs in both cases
are compared in terms of the total number, average number per grid,
and spatial distributions to provide evidences that supports further ex-
planations of the underlying physicalmechanism between urbanization
and air stagnation.

3. Technical preparations

3.1. Atmospheric model

We utilized theWeather Research and Forecast (WRF)model as the
atmospheric model for simulating urban climate scenarios. The WRF
model was developed by National Center for Atmospheric Research
(NCAR), went through systematic quality assurance and control, and
has been applied extensively in climate diagnostics and predictions
(Wang et al., 2015). However, integrating urban land surface processes
atmunicipal scale and fine spatial resolution remains challenging, espe-
cially when considering the effects of detailed urban dynamics, such as
anthropogenic heat, land cover, vegetation coverage, and urban mor-
phology. Based on existing studies, we improved the model in three
ways. First, instead of estimating anthropogenic sensible and latent
heat with arbitrary constants, we estimated 2D anthropogenic sensible
and latent heat maps and modified the source codes to allow the input
into the model. Second, we used a field-surveyed land cover data and
remotely-sensed vegetation coverage data to refine the original geo-
graphic data provided by themodel. Third, we consider the effects of de-
tailed urbanmorphology on the urban climate by integrating a detailed
urban morphology data in the urban canopy model.
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3.2. WRF model setup

With these improvements, we set up a telescoping nests' structure
including four nested domains centering at 22°39′30″ (22.66) N,
114°11′30″ (114.19°), the center point of Shenzhen. The spatial resolu-
tion of the horizontal grid was set to 1 km in the inner-most domain.
Vertically, the same set of 51 vertical eta levels was included in each
horizontal domain. There are eight physics components (Cumulus Pa-
rameterization, Microphysics, Long-Wave and Short-Wave Radiation,
Planetary Boundary Layer, Surface layer, Land Surface Model and
Urban Canopy Model) in the model, and different schemes can be cho-
sen for each component (Wang et al., 2015).We selected the New Sim-
plified Arakawa-Schubert scheme as the Cumulus Parameterization
component, the WDM5 scheme as the Microphysics component, the
RRTMG scheme as the long-wave and short-wave Radiation Compo-
nent, the Bougeault–Lacarrere scheme as the Planetary Boundary
Layer component, the revised MM5 surface layer scheme as the Surface
Layer component, the Noah Land Surface Model as the Land Surface
Model component, and the Single Layer Urban Canopy Model as the
Urban Canopy Model (Table S1). For computational efficiency, each
one-year simulation case was divided into a series of subsequent 4-
days simulation segments. For more details, please refer to Section S2
in Supplementary material.
3.3. WRF primary data files processing

The Case-1979 and Case-2010 were simulated using the same
model setting and lateral boundary conditions but different land sur-
face datasets to reflect urbanization-induced changes in land cover,
vegetation coverage, urban morphology, and anthropogenic heat
fluxes within Shenzhen. The Case-1979 and Case-2010 respectively
used the urban land surface data within Shenzhen in 2010 and
1979. Outside of Shenzhen, both cases used the urban land surface
data in 2010 to exclude the effects of urbanization outside of
Shenzhen on air stagnation.

The originalWRF primary data have limited accuracy and resolution,
which may deteriorate the reliability of urban climate simulation re-
sults, especially for those with fine spatial-temporal resolutions
(Chang et al., 2014). Therefore, we developed high-resolution urban
land surface datasets for Shenzhen in both 1979 and 2010, including in-
formation about the urban land cover, vegetation coverage, urban mor-
phology, and anthropogenic heat fluxes. The high-resolution land
surface data was developed using multiple data sources with sophisti-
cated quality controls including government field surveys and remote
sensing imageries. For the land cover data, we first updated the out-
of-date land cover map provided by NCAR and then, instead of using
one general urban land type, we further classified urban lands into
high-, mid- and low-density urban lands based on their respective im-
pervious area fractions so that more detailed variations among urban
lands could be simulated. For vegetation coverage, we updated the
coarse vegetation coverage maps provided by WRF with high-
resolution monthly vegetation coverage maps estimated using cloud-
free multi-spectral remote sensing imagery from the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS). We also estimated and in-
cluded an extensive set of urban morphology indicators for high-
resolution urban climate simulations, including the urban fraction,
area fraction of building plan area fraction, mean building height
area weighted, standard deviation of mean building height area
weighted, building surface area to building plan area ratio, building
height number mean, and frontal area index. Illustrations of the devel-
oped high-resolution urban land surface dataset can be found in
Section S4 in Supplementary material. Primary data processing pack-
ages (geo_data_refinement and wrf_input_refinement) were also devel-
oped to update the variables in WRF primary data with the developed
urban land surface dataset.
3.4. Model evaluation

The performance of the atmospheric model used in this study were
systematically evaluated by comparing the simulated urban climatolog-
ical features with the temporal-spatial variations of observed variables
such as surface temperature, 2-m air temperature, 10-m wind speed,
relative humidity and precipitation using the Perkins Skill Score (PSS,
Perkins et al., 2007). The yearly average PSSs for all simulated meteoro-
logical attributes were larger than 0.500 while 95% of the monthly PSSs
were larger than 0.500, indicating that themodel can simulatemeteoro-
logical details at the resolution of 1-km2 appropriately in this study area.
For more details of themodel evaluation, we refer the readers to Li et al.
(n.d.).

4. Results

4.1. Urbanization-induced changes in land cover, vegetation coverage, ur-
ban morphology, and anthropogenic heat fluxes

Figs. 2, 3 and 4 show that the urbanization from 1979 to 2010 has in-
duced substantial changes in the land cover, vegetation coverage, urban
morphology, and anthropogenic heat fluxes in Shenzhen. For example,
the amount of urban land increased dramatically from 5.7 km2 in
1979 to around 707.0 km2 in 2010, and the amount of vegetation
dropped accordingly.We also observed increases in both anthropogenic
sensible and latent heat flux (Fig. 3) from close to 0 to about 200W/m2

in some areas over the 30-year period. Such dramatic urbanization-
induced changes make the city of Shenzhen a compelling case to
study the impact of urbanization on air stagnation.

4.2. Changes in the number of air stagnation cases

The number of ASCs increased remarkably over the thirty years' ur-
banization in Shenzhen. The maximum increase in the number of ASCs
in a grid reached 458, while in the entire Shenzhen, the number of ASCs
increased by 21,719 and by 11.4 on average per grid. Fig. 5 shows the
difference in the total annual number of ASCs between Case-1979 and
Case-2010 (will be referred as the difference of ASCs in the remainder
of the paper). Spatially, the number of ASCs increased drastically in
some areas, e.g., the Focus-1 area (the lower dashed box in Fig. 5),
while it cannot be ignored that in some other areas the number of
ASCs decreased, e.g., the Focus-2 area in the northwest of Shenzhen
(the upper dashed box in Fig. 5).

5. Discussion

5.1. Cause analyses of the impact of urbanization on air stagnation

Although we have observed an increase in the number of ASCs in
Shenzhen over the thirty years' urbanization, the mechanisms linking
urbanization and air stagnation are not completely clear. Therefore,
we conducted the following cause analyses to find out the mechanism.

First, Fig. 6 represents the differences between two cases in the an-
nual number of ASCs and the ASCs identified only by the surface wind
speed (grid meteorological episodes in which 10 m wind speed is
equal to or lower than 4.0 m/s together). The pattern of the difference
of ASCs (Fig. 6a) is similar to that of the difference in the annual number
of 6-hourly grid meteorological episodes in which the 10mwind speed
is equal to or lower than 4.0 m/s (Fig. 6b), which implicates the differ-
ence in the annual number of 6-hourly grid meteorological episodes in
which the 10mwind speed is equal to or lower than 4.0 m/s very likely
caused the difference of ASCs.

Second, we conducted a cause analysis to identify the main factors
leading to the increased number of ASCs in Shenzhen by analyzing the
number of episodes selected or eliminated by each identification condi-
tion. As shown in Table 1, these identification condition can be classified



Fig. 2.Changes in land cover (a) and changes inmonthly vegetation coverage in January (winter) and July (summer) in 1979 and 2010 (b). For vegetation coverage in othermonths, please
refer to the Supplementary materials.
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into two-condition sets (selection and elimination condition sets), the
selection condition set for selecting air stagnation candidates from the
6-hourly grid meteorological episodes and the elimination condition
set for eliminating some 6-hourly grid meteorological episodes from
the air stagnation candidates. The air stagnation candidates selected
by using the selection conditions of S1, S2 and S3 increased by 17,352,



Fig. 3.Differences between 1979 and 2010 in urbanmorphology indicators in Shenzhen. Indicators include: (a) urban fraction, (b) area fraction of building area, (c)mean building height
area weighted, (d) building surface area to plan area ratio, (e) building height number mean, (f) standard deviation of mean building height area weighted and (g) frontal area index.
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Fig. 3 (continued).
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Fig. 3 (continued).
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6798 and 3379 respectively in Case-2010 with respect to Case-1979,
and accordingly air stagnation candidates totally increased by 27,529
in Case-2010. The number of eliminated candidates using elimination
conditions of E4, E5 and E6 increased by 1615, 1021 and 3174 respec-
tively in Case-2010 with respect to Case-1979, and accordingly elimi-
nated candidates totally increased by 5810 in Case-2010. The
percentages of the number of eliminated candidates to the number of
total candidates are 45.9% in Case-2010 and 44.2% in Case-1979,
which most probably implicates a slight increase of 1.7% in the number
of grid meteorological episodes matching the elimination conditions in
Case-2010. Although the annual number of air stagnation candidates
matching the elimination conditions has a slight increase in Case-2010
with respect to Case-1979, it is far less than the increase in the annual
number of the air stagnation candidates in Case-2010 with respect to
Case-1979. Moreover, the numbers of the 6-hourly grid meteorological
episodes in which the 10-m wind speed is equal to or lower than
4.0 m/s, the 10-m wind speed is higher than 4.0 m/s but equal to or
lower than 4.4 m/s and a temperature inversion exists under the height
of 850 mbar increased by 20,731, 12,169 and 14,007. Therefore, this
analysis identifies the following main causes leading to an increase in
the number of ASCs in Case-2010 with respect to Case-1979 (for the
complete derivation process, please refer to Section S5 in Supplemen-
tary material):

1) The increase in the number of air stagnation candidates was caused
by the increase in the number of meteorological episodes in which
10-mwind speed is equal to or lower than 4.4m/s, especially the in-
crease in the number of meteorological episodes in which 10-m
wind speed is equal to or lower than 4.0 m/s.

2) The increase in the number of temperature inversion events en-
hanced the probability of the occurrence of air stagnation candidates
having 10-m wind speed between 4.0 m/s and 4.4 m/s.

Third, only the difference in the number of the 6-hourly grid meteo-
rological episodes in which 10-m wind speed is equal to or lower than
4.0 m/s has almost the same spatial distribution pattern as the one in
Fig. 5. Therefore, this analysis identifies the reduction of the 10 m
wind speed as the major cause of the increase of ASCs in 2010 (for the
complete derivation process, please refer to Section S6 in Supplemen-
tary material).
Fourth, the spatial distribution pattern of the difference between
Case-1979 and Case-2010 in the annual mean 10-m wind speed
(Fig. 7a) is similar to that of the number of gridmeteorological episodes
in which 10-m wind speed is equal to or lower than 4.4 m/s (Fig. 7b).
Moreover, the number of grid meteorological episodes in which the
10-m wind speed is equal to or lower than 4.4 m/s increases in the
areas where the annual mean 10-m wind speed decreases; on the
other hand, the number decreases in the areas where the speed in-
creases. Therefore, there is an inverse proportional relationship be-
tween the change of annual mean 10-m wind speed and the
difference in the number of grid meteorological episodes in which 10-
m wind speed is equal to or lower than 4.4 m/s.

Therefore, the above analyses indicated the following main causes
leading to the changes in ASCs:

1) The decrease in the 10-m wind speed in Case-2010 with respect to
Case-1979 caused an increase in ASCs in Case-2010 with respect to
Case-1979. Moreover, the spatial distribution pattern of the differ-
ence between two cases in thewind speed shaped the one of the dif-
ference of ASCs.

2) The increase in the number of grid temperature inversion enhanced
the probability which the 6-hourly grid meteorological episodes be-
come air stagnation cases.

5.2. Physical explanations of impact of urbanization on the 10-m wind
speed

This subsection provides an explanation for the decrease in the 10-m
wind speed after urbanization (Case-2010) and an explanation for the
spatial distribution pattern of the difference between Case-2010 and
Case-1979 in the 10-m wind speed.

First, theWRF/ARW/Noah LSM/SLUCMmodel calculates wind speed
inside the PBL using the formula (Eq. (1)) based on theMonin-Obukhov
similarity theory (Monin and Obukhov, 1954).

V ¼ u�
k

ln
z−d
Z0

ð1Þ

where z is the height, V is thewind speed at the height of z, u⁎ is the fric-
tion velocity, k is the Von Karman constant (k is set to 0.4 in themodel),
d is the zero-plane displacement height, and Z0 is the roughness length.



Fig. 4. Changes in the anthropogenic sensible heat flux (a) and anthropogenic latent heat flux (b) in Shenzhen in 1979 and 2010.

Fig. 5. The spatial distribution of the difference in the total annual number of ASCs
between Case-1979 and Case-2010.
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Moreover, the height of 10-m wind speed is set to the sum of the zero-
plane displacement height and 10m (z=10+ d) in calculating the 10-
m wind speed of a grid (Chen et al., 2011). Therefore, k was replaced
with 0.4 and z replaced with 10 + d in Eq. (1) to calculate the 10-m
wind speed of a grid (V10) as

V10 ≈
u�
0:4

ln
10
Z0

ð2Þ

where V10 is 10-mwind speed of a grid, u⁎ is the friction velocity of this
grid and Z0 is the roughness length of this grid. Furthermore, the differ-
ence between Case-2010 and Case-1979 in the 10-m wind speed of a
grid was calculated by Eq. (3).

Δv ¼ V102010−V101979 ð3Þ

whereΔv is the difference between Case-2010 and Case-1979 in the 10-
m wind speed of a grid, V102010 is the 10-m wind speed of a grid in the
Case-2010, and V101979 is the 10-m wind speed of a grid in the Case-
1979.

Second, among grids whose land cover is urban in Case-2010, most
of the grids have a land cover category of open shrubland in Case-
1979 (as shown in Fig. 2a). In the WRF ARW Noah LSM/SLUCM model,
the roughness length of open shrubland grid is 0.03 (Chen et al.,



Fig. 6. Differences in the annual number of ASCs (a) and in the annual number of grid meteorological episodes in which 10-m wind speed is equal to or lower than 4.0 m/s (b).

356 Z. Li et al. / Science of the Total Environment 664 (2019) 347–362
2011). Therefore, Z0 was replaced with 0.3 in Eq. (2) to calculate ap-
proximately the 10-m wind speed in these grids in Case-1979 as

V101979 ≈ 14:5u�1979 ð4Þ

where V101979 is the 10-m wind speed of these grids in the Case-1979
and u⁎1979 is the friction velocity of these grids in the Case-1979. More-
over, eighty percentage of these grids have friction velocity values be-
tween 0.3 and 0.4 (for more details, please refer to Section S7 of
Supplementary material), and accordingly the friction velocity was set
to 0.35 for the grids for further simplification of Eq. (4). Therefore,
u⁎1979 was replaced with 0.35 in Eq. (4) to calculate the approximate
10-m wind speed of these grids as

V101979 ≈ 5:075 ð5Þ

where V101979 is the 10-m wind speed of these grids in the Case-1979.
Third, V102010 was replaced with u�2010

0:4 ln 10
Z0201o

and V101979 was re-
placed with 5.075 in Eq. (3) for calculating the difference between
Case-2010 and Case-1979 in the 10-m wind speed of a grid whose
land cover category is urban in Case-2010 as

Δv ≈
u�2010
0:4

ln
10

Z02010
−5:075 ð6Þ
Table 1
Selection and elimination conditions.

Conditions set ID Condition

Selection
conditions

S1 Presence of a temperature inversion under the height of 850
mbar, and the 10-m wind speed is lower than 4.0 m/s.

S2 Presence of a temperature inversion under the height of 850
mbar, and the 10-m wind speed is equal to or higher than
4.0 m/s but lower than 4.4 m/s.

S3 Absence of a temperature inversion under the height of 850
mbar, and the 10-m wind speed is lower than 4.0 m/s.

Elimination
conditions

E4 The grid precipitation is higher than 1 mm, and the
850-mbar wind speed is equal or lower than 13.0 m/s.

E5 The grid precipitation is higher than 1 mm, and the
850-mbar wind speed is higher than 13.0 m/s.

E6 The grid precipitation is equal to or lower than 1 mm, the
850-mbar wind speed is higher than 13.0 m/s, and absence
of a temperature inversion under the height of 850 mbar.
whereΔv is the difference between Case-2010 and Case-1979 in the 10-
m wind speed of a grid whose land cover category is urban in Case-
2010, Z02010 is the roughness of this grid in the Case-2010, and u⁎2010
is the friction velocity of this grid in the Case-2010.

Fourth, Fig. 8, produced according to Eq. (6), shows the relationship
between the difference in 10-m wind speed and the friction velocity at
different roughness. As shown in Fig. 8, the difference between two
cases in the 10-mwind speed is directly proportional to the friction ve-
locity in Case-2010. For a given roughness, the difference increases with
increasing friction velocity. In particular, the difference might possibly
exceed 0 in case the roughness is small enough (e.g., the relation
curve at the roughness of 0.25 m). However, it is evident that the
slope of the relationship curve is inversely proportional to roughness.
With an increase in roughness, the relationship curve would gradually
become almost horizontal from upward sloping. This clarifies that the
flexibility in the relationship between the difference and friction veloc-
ity would reduce to almost 0 from a positive value. The acceleration of
increase in the relationship curves decreases to almost 0with increasing
roughness, i.e., if the roughness is long enough then it is possible that
the difference is a negative value at almost the same level, independent
from the friction velocity. For example, the acceleration of increase in
the relationship curve decreases to almost 0 at the roughness of
10.0 m. These laws found in the relationships between 10-m wind
speed, friction velocity, and roughness will be used in explanations for
the change in the annual mean 10-mwind speed and the difference be-
tween Case-2010 and Case-1979 in the number of grid meteorological
episodes in which 10-m wind speed is equal to or lower than 4.4 m/s.

Fifth, the friction velocity ranges between 0.21 and 0.98 and fluctu-
ates slightly around the mean value of 0.43 (for more details, please
refer to Section S8 of Supplementary material). On the other hand, the
roughness ranges between 0.0 and 10.0 m, has a mean value of 0.6 m,
and the roughness of 73% of the grids is over 0.1 m (for more details,
please refer to Section S8 of Supplementary material). Taking these
into consideration and using Eq. (6) to evaluate the difference between
Case-2010 and Case-1979 in annual mean 10-m wind speed, it is not
difficult to conclude that the annual mean 10-m wind speed of most
grids in Case-2010 decreased. Therefore, according to the above laws,
the increase of roughness caused the annual mean 10-m wind speed
of most of the grids to decrease in Case-2010 and also caused an in-
crease in the number of grid meteorological episodes in which 10-m
wind speed is equal to or lower than 4.4 m/s in Case-2010.

Sixth, Fig. 9a shows that the values of friction velocity and roughness
are higher in Focus-1 area. The roughness of most grids in Focus-1 area



Fig. 7. Changes in the annual mean 10-m wind speed (a) and the number of meteorological episodes satisfying V10m ≤ 4.4 m/s (b) in Shenzhen.
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is long enough to lessen the flexibility in the relationship curve, and ac-
cordingly, the value of the difference betweenCase-2010 andCase-1979
in 10-mwind speed of most grids in Focus-1 area is a negative value, al-
though the grids have a higher value of friction velocity. In other words,
the roughness of most grids in Focus-1 area largely increased in Case-
2010 resulted in its annual mean 10-m wind speed decreased signifi-
cantly. As for Focus-2 area, the roughness of most grids is small, but its
friction velocity is sufficiently high. As a result, its 10-m wind speed in-
creased in Case-2010 as compared to Case-1979. Therefore, the spatial
variation patterns of roughness and friction velocity in Case-2010
cause the spatial variation of the differences between Case-2010 and
Case-1979 in annual mean 10-mwind speedwhich resulted in the spa-
tial variation of the difference between Case-2010 and Case-1979 in the
number of grid meteorological episodes in which 10-m wind speed is
equal to or lower than 4.4 m/s.

Seventh, the increase in urbanized land caused a decrease of albedo
(Fig. 10a), which in turn caused an increase of surface sensible heat flux.
Moreover, increase in urbanized land also caused an increase in sensible
anthropogenic heat emission (Fig. 10b), which also caused an increase
in surface sensible heat flux. Furthermore, the surface sensible heat
Fig. 8. Relationships between Δv and u* for different z0.
flux of most grids increased in Case-2010 (Fig. 10c), thereby making
the atmospheric turbulence more vigorous in Case-2010. Therefore,
the friction velocity of most grids increased in Case-2010 with respect
to Case-1979.

Finally, explanations for the changes in 10-m wind speed can be
summarized as follows:

1) The interaction between the roughness and the friction velocity de-
termines the 10-m wind speed.

2) The urbanization in the city of Shenzhen in Case-2010 significantly
increased the roughness of most grids. The significant increases in
the roughness increased the number of gridmeteorological episodes
having a 10-m wind speed equal to or lower than 4.4 m/s.

3) Urbanization increased the anthropogenic heat and decreased the
surface albedo excessively in Case-2010,which increased the surface
sensible heat flux. Due to the increase in surface sensible heat flux,
surface turbulences thrived leading to higher friction velocity in
Case-2010 compared to that in Case-1979.

4) The decrease in roughness and the increase in friction velocity to ap-
propriate values may increase the 10-m wind speed in Case-2010
with respect to Case-1979.

5) In the Focus-2 area, 10-m wind speed in most grids increased in
Case-2010due to the small increase in the roughness and friction ve-
locity caused by the increase in surface sensible heat flux. Therefore,
in Case-2010, there are a smaller number of grid meteorological ep-
isodes inwhich 10-mwind speed is equal to or lower than 4.4m/s in
Focus-2 area due to which the 10 m wind speed increase. On the
other hand, although the friction velocity increased in Case-2010,
the value of the roughness length was enough to make the relation-
ship curve to lose its flexibility, which resulted in a significant de-
crease in the 10 m wind speed of most grids in Focus-1 area in
Case-2010 with respect to Case-1979. As a result, in Case-2010,
more grid meteorological episodes where 10 m wind speed is
equal to or lower than 4.4 m/s in Focus-1 area were observed.

5.3. Physical explanations for the increase of temperature inversion
episodes

This subsection provides an explanation for the increase in the num-
ber of temperature inversion episodes in Case-2010 with respect to
Case-1979. The number of temperature inversion episodes of most
land grids increased by 50 to 100 in Case-2010 (Fig. 11a). A temperature
inversion is usually not caused by a single factor, but by a variety of



Fig. 9. The roughness (a) and annual mean friction velocity (b) in Shenzhen urban area in Case-2010.
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factors. These factors can bemainly classified into the following catego-
ries: Turbulence, Radiation, Air Subsidence, Frontal Grand and Air
Advection.
Fig. 10.Differences in annualmean albedo (a), maximum sensible anthropogenic heat (b) and a
urban area.
The surface sensible heat flux of the Shenzhen in Case-2010 is much
higher than that in Case-1079 (Fig. 11b). The surface sensible heat flux
increased with the decrease in the surface albedo and increase in the
nnualmean surface sensible heat flux (c) between Case-2010 and Case-1979 in Shenzhen
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sensible anthropogenic heat. Consequently, the increased surface sensi-
ble heat flux resulted in more vigorous atmospheric turbulences in
Case-2010. In addition, the atmospheric temperature decreaseswith in-
creased height in the turbulentmixing layer. However, the temperature
inversion is created in the turbulence weakening layer which is a layer
Fig. 11.Differences in the annual sum temperature inversion in domain 4 (a), annual mean sur
Shenzhen (c), annual sum of temperature inversion at 20:00 in Shenzhen (d), annual sum of t
20:00 in domain 4 (f) and an annual sum of temperature inversion at 2:00 in domain 4 (g) be
between the lower layer (the turbulent mixing layer) and the upper
layer in which the turbulent mixing does not occur. The increase in sur-
face sensible heat flux enhances the atmospheric turbulence cooling ef-
fect on the top tier air of the turbulentmixing layer, and accordingly the
temperature of top-tier air decreases. The upper layer atop of turbulent
face sensible heat flux in Shenzhen (b), maximum sensible anthropogenic heat at 20:00 in
emperature inversion at 2:00 in Shenzhen (e), an annual sum of temperature inversion at
tween Case-2010 and Case-1979.
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mixing layer keeps the original temperature while the temperature of
top-tier air of the turbulent mixing layer decreases because the atmo-
spheric turbulence does not influence this layer, and accordingly more
temperature inversions are created in the turbulence weakening layer.
This mechanism analysis also coincides with the results of Wan et al.
(2017) research. The atmosphere under the height of 850mbar includes
the turbulence weakening layer and the upper layer without turbulent
mixing. Therefore, more turbulence temperature inversion episodes
were formed under the height of 850 mbar in Case-2010.

The urbanization of the Shenzhen area resulted in a decrease of the
albedo from 1979 to 2010, which increased the surface temperature
and in turn enhanced the radiation cooling effect at night. The sensible
anthropogenic heat increased at 20:00 in the urban area (Fig. 11c),
and accordingly, the surface atmospheric turbulences also thrived due
to the increase in nighttime sensible anthropogenic heat in the urban
area. It speeded up heat transfer vertically; thereby heating the upper
air rapidly and causing more radiation temperature inversion episodes.
Moreover, the radiation temperature inversion often occurs at night
time. It is an evidence that the numbers of both 20:00 and 2:00 temper-
ature inversion episodes (Fig. 11d and e) of most grids of Shenzhen, and
especially those at 20:00, increased in Case-2010 in comparison to Case-
1979. Therefore, more episodes of radiation temperature inversion oc-
curred in Case-2010 with respect to that in Case-1979.

As shown in Fig. 11f and g, more temperature inversions were ob-
served at 2:00 and especially at 20:00 in the north-western areas
where non-urban land was still present in Case-2010. Therefore, as
most of the land in Shenzhen area was already urbanized in Case-
2010, more episodes of air advection temperature inversions were ob-
served at night in non-urban areas (Fig. 2a).

To sum up, the increase in the number of temperature inversion
events in Case-2010 can be explained as follows:

1) The urbanization in large areas of Shenzhen from 1979 to 2010 de-
creased the surface albedo and increased the sensible anthropogenic
heat. As a result, the surface sensible heat increased from 1979 to
2010, which led to a more active atmospheric turbulence and more
episodes of turbulent temperature inversion.

2) More episodes of radiation temperature inversion were observed in
Case-2010 compared to Case-1979, because the decreased surface
albedo enhanced the radiation cooling effect, while the increased
sensible anthropogenic heat elevated this trend.

3) More episodes of advection temperature inversionwere observed in
the non-urban area in Case-2010 compared to Case-1979 due to the
massive urbanization in its neighboured areas.

5.4. Impact of urbanization on ASC

Urbanization caused an increase in the annual number of ASCs,
which replies to the research topic about the urbanization impact on
air stagnation. Urbanization led to the increase in roughness, which re-
sults in a decrease in 10-m wind speed. The decrease in 10-m wind
speed resulted in an increase of the number of grid meteorological epi-
sodes reaching the threshold for lower atmospheric horizontal move-
ment and therefore becoming air stagnation candidates. Moreover, a
decrease in albedo and increase in sensible anthropogenic heat emis-
sion caused the increase of surface sensible heat flux, thereby triggering
more temperature inversion episodes. This also producedmore air stag-
nation candidates. Furthermore, the number ofmeteorological episodes
reaching the eliminating thresholds (convective and upper atmospheric
movement) increased slightly. On the other hand, the annual number of
air stagnation candidates increased rapidly. Therefore, the annual num-
ber of ASCs increased significantly after urbanization. To sumup, urban-
ization caused a reduction in surface wind speed to make the air
stagnation more severe, and resulted in an increase in temperature in-
version episodes to enhance the aggravation slightly, and accordingly,
the number of ASCs increases significantly after urbanization.
Our results are also in agreement with previous researches. The
studies of Elliott et al. (2004) and Jacobson et al. (2015), for instance, re-
vealed the connection between the increase in urbanization and the de-
crease in wind speed, in good agreement with our results. The increase
in the annual number of ASCs has also been observed in other fast-
urbanizing cities such as Beijing (Jacobson et al., 2015; Huang et al.,
2017).

Our research revealed the physical mechanism of the impacts of the
changes in land cover, vegetation coverage, urban morphology and an-
thropogenic heat fluxes on air stagnation. However, besides these
changes caused by urbanization, other factors also affect air stagnation.
For example, Jacobson and Kaufman (2006) revealed that the increasing
emission of anthropogenic aerosol particle and precursor gases reduces
surface wind speed. The reduction in surface wind speed increases the
number of ASCs. The increase in the emission of anthropogenic aerosol
and precursor gases are also mainly due to the massive urbanization
since urbanization dramatically increases local population and non-
agricultural activities (Jacobson and Kaufman, 2006). Therefore, the in-
crease in the emission of anthropogenic aerosol and precursor gases
during urbanization also make air stagnation more severe.

The stricter criterion for identifying temperature inversion episodes
with respect to atmospheric stable ones resulted accordingly in a re-
duced number of temperature inversion episodes. Indeed, although
the air convectivemovement seldom occurs during an atmospheric sta-
bility episode, the pollutants can still diffuse quickly if the surface wind
speed is large enough, and accordingly it became a common practice in
the air stagnation researches to use temperature inversion as the crite-
rion for increasing 10% of the atmospheric horizontalmovement thresh-
old (Korshover and Angell, 1982, 1987; Wang and Angell, 1999; Leung
and Gustafson, 2005; Horton and Diffenbaugh, 2012; Horton et al.,
2014). Moreover, we also conducted an uncertainty examination
(Please refer to Section S4 of Supplementary material) on alternating
the criterion based on the lapse rate changes (−0.98, −0.65, −0.40)
while no significant changes in the result were found. For more details,
please refer to Section S9 of Supplementary material.

6. Conclusions

Taking Shenzhen, China as a compelling case study, we first carefully
defined the identifying criteria for ASCs based on the physical mecha-
nism of air stagnation explained in existing literature. Using the pro-
posed criteria, we then identified and evaluated ASCs in Shenzhen
with high spatial-temporal resolution. The identification was enabled
by high-resolution urban climate simulation using the WRF/Noah
LSM/SLUCM model with an improved urban land surface dataset that
integrated detailed urbanization-induced spatial-temporal changes in
land cover, vegetation coverage, urbanmorphology, and anthropogenic
heat fluxes.We observed a significant increase in the frequency of ASCs
after thirty years' rapid urbanization in Shenzhen. The proposed meth-
odology for evaluating urban air stagnation at fine spatial-temporal
scales can be applied inmany other cities. Our discussions on the impact
of urbanization on ASCs help derive policies that control air pollution
with regulated urban changes.

With a sophisticated cause analysis, we were able to conclude that
urbanization has a regulatingmechanismon air stagnation (Fig. 12). Ur-
banization significantly alters the land surface process by increasing the
roughness, decreasing the albedo of land surface, and releasing more
sensible anthropogenic heat into the near-surface atmosphere. During
urbanization, the change in population affects the emission of sensible
anthropogenic heat, changes in land cover and vegetation coverage af-
fect the albedo, and the change in urbanmorphology affects the rough-
ness. Moreover, the change in albedo, in turn affects the surface sensible
heat flux and the number of temperature inversion episodes. The
change in sensible anthropogenic heat also affects surface sensible
heat flux. The change in surface sensible heat flux causes the atmo-
spheric turbulences to thrive. The change in the atmospheric turbulence
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Fig. 12. The regulating mechanism leading to the changes in the number of ASCs. Red arrows indicate the directions of the impacts.
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affects the friction velocity. The changes in roughness and the friction
velocity affect the surfacewind speed. Furthermore, the number of tem-
perature inversion cases is affected by the changes in surface sensible
heat flux and atmospheric turbulence. Finally, the changes in tempera-
ture inversion and surface wind speed make an impact on air
stagnation.
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