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ARTICLE INFO ABSTRACT
Keywords: Urban heat island effect and local atmospheric boundary layer circulation caused by urbanization are important
Air quality simulation factors affecting the transport and spatial and temporal distribution of atmospheric particulate matter in cities

Urban land surface processes
Urban canopy model

Urban heat island

PM2s

and surrounding areas. To analyze the local atmospheric circulation and its influence on the temporal and spatial
characteristics of PMy 5 concentration over the Central Liaoning Urban Agglomeration, a heavy haze process was
selected. The atmospheric chemistry model WRF-Chem was applied for numerical simulations with sensitivity
experiments of urban canopy physical processes. The experiment case (EXP) was set up by coupling an improved
urban canopy model with WRF-Chem, in which more details of inhomogeneous wind and diffusion in the
complexed street canyon were fully and reasonably considered. Compared with the control case (CTR) by the
original WRF-Chem, the deviation of the simulated and observed near-surface temperature and atmospheric
boundary layer height was significantly improved in EXP: the error during the daytime was reduced from
—1.30% and —48.39% in CTR to —0.78% and —33.68% in EXP, respectively, while during the nighttime it was
reduced from —1.15% and —48.98% to 0.05% and —24.42%. The simulation accuracy of the near-surface PMy 5
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concentration in EXP was also significantly higher: the deviation during the daytime was 18.24% in CTR and
3.28% in EXP, while it was reduced from 40.69% in CTR to 28.88% in EXP during the nighttime. Thus, the EXP
improved significantly in meteorological simulation during the nighttime, and then particulate matter concen-
trations in EXP during the nighttime were obviously improved. This study shows that improving the wind profiles
and diffusion mechanism in urban canopy schemes in the air quality model can effectively improve the simu-
lation ability of the model on the transport and diffusion processes of atmospheric pollutants in cities and sur-
rounding areas, thus improving the simulation ability of urban near-surface air pollution concentration.

1. Introduction

In recent years, China has experienced a rapid and large-scale ur-
banization process, and many natural vegetation underlying surfaces
were converted into artificial constructions (Li et al., 2016; Yang et al.,
2020a). The process of urbanization increases the difference in the
concentrations of particulate matter between urban and suburban areas
(Crutzen, 2004; Zhang et al., 2022). Studies have shown that the con-
centration of PMy 5 rose by 1.25 pg m™° for every 1% increase in the
urbanization rate (which reflects the proportion of urban area) of China
(Wang and Fang, 2016). Approximately two-thirds of Chinese cities
have the phenomenon of Urban Haze Island, with the criterion of over 2
pg m~° difference in PMy 5 concentration between the city center and
the suburban area 30 km away from the city (Zhu et al., 2020). And most
of the population is exposed to the atmosphere with the concentration of
particulate matter greater than the national secondary standard for a
long time (Li et al., 2020d).

Further research shows that the correlation between urbanization
and air quality index is greater in northern China than in southern
China, especially in autumn and winter in many areas (Fang et al.,
2015). Northeast China is the earliest industrialized and urbanized re-
gion in China. Meanwhile, the concentration of PMy 5 in the region
increased at a rate of about 4 pg m™~> per year from 1979 to 2015 (Shi
etal., 2019; Zhang et al., 2015), with the highest concentration in winter
during the year (Li et al., 2020a, 2020c). In early November 2015, the
most severe haze pollution event in history occurred in Shenyang, one of
the most important cities in Northeast China, with PM; 5 concentration
reached 848 pug m 3 (Fu and Chen, 2017). After that, air pollution events
with a peak concentration of more than 200 pg m ™2 for PMj 5 occurred
almost every winter (Li et al., 2019a, 2019b; Liu et al., 2021). In another
major city in Northeast China, Harbin, the monthly average concen-
tration of PM3 5 also reached 150 pg m~3in January 2020 (Cheng et al.,
2022). The industry-dominated economy and the severe winter weather
led to relatively higher PMjy 5 concentration in these cities during the
winter months (Fan et al., 2020; Li et al., 2016; Meng et al., 2021b; Yang
etal., 2020b; Zhang et al., 2017). The transport of air pollutant occurred
frequently between Harbin, Changchun and Shenyang made the air
pollution situations even worse (Li et al., 2020a, 2020c). In addition, the
transport from Mongolia, southern Russia, northwestern Inner
Mongolia, eastern Hebei, and eastern Jiangsu (Ma et al., 2021a, 2021b)
greatly contributed to the PMj 5 concentration in Northeast China (Li
et al., 2020b). In an air pollution event in January 2019, the contribu-
tion of transport from the Beijing-Tianjin-Hebei region to the PMy 5
concentration in Shenyang reached 60% (Zhao et al., 2020).

The convection and vertical turbulent transport have an important
influence on the concentration of air pollutants from near-surface
emissions and regional transport (Cai et al., 2017; Lv et al., 2020). At-
mospheric boundary layer height (ABLH) and near-ground wind speed
over urban areas are the key factors to evaluate the intensity of the in-
fluence above (Luan et al., 2018; Su et al., 2018; Yin et al., 2019). Urban
ABLH and urban near-surface wind speed, influenced by the character-
istics of urban land surface processing (Daniel et al., 2019; He et al.,
2020; Ma et al., 2022; Rafael et al., 2017; Yang et al., 2019), are
significantly different from those over the surrounding suburban areas
(Gu et al., 2011; He et al., 2018). Thus, the effect of urban heat island
circulation (UHIC), which is caused by the thermal and dynamic

differences between the urban and suburban areas, ultimately impacts
the accumulation and transport of near-surface air pollutants in urban
areas. Many studies have shown that the diurnal and seasonal charac-
teristics of UHIC vary in different areas (Kim et al., 2021; Liu et al., 2020;
Tam et al., 2015). In Northeast China, which is concerned in this study,
the UHIC effect is stronger in winter and at night compared to other
regions, which may be due to the relatively stronger human activities in
these periods (Zhou et al., 2023).

Therefore, it is crucial to apply an urban canopy model that fully
considers the land surface characteristics of urban built-up canopy and
its effect on the land surface processing in simulations of urban atmo-
spheric environment. However, most of the current applied urban
modules in the mesoscale air quality models, either set constants to
parameterize the urban land surface characteristics, such as surface al-
bedo and aerodynamic roughness (Myrup, 1969), or established the
simple mathematical models of urban buildings and streets to solve the
energy balance equations of the building roofs, walls and road surfaces,
respectively (e.g., Town Energy Budget (TEB) (Masson, 2000), Urban
Canopy Model (UCM) (Kusaka et al., 2001; Ryu et al., 2011)). And then
the environmental meteorological variables such as air temperature,
turbulent kinetic energy, wind speed, wind direction and air pollutant
concentration and their diurnal variations in urban street valleys were
obtained (Cheng and Porte-Agel, 2021; Kusaka et al., 2001; Lee and
Park, 2008; Wang et al., 2021a; Yang et al., 2015).

However, more improvement is still needed in the simulation of the
near-surface air pollutant concentrations and related vertical turbulent
transport in and around cities, especially during the nighttime or in the
winter, when the simulated vertical diffusion intensity of turbulence
tends to always be on the low side in atmospheric environment simu-
lation (Chu et al., 2019; Garuma, 2018; Huang et al., 2019; Meng et al.,
2021a; Sun et al., 2021; Yang et al., 2015), which leads to the deviation
of the model simulated temporal and spatial distribution of atmospheric
pollutant concentration (Wang et al., 2021b).

Therefore, to preferably study the process of air pollution events at
night during winter, the Multi-Scale Urban Canopy Model (MSUCM)
(Liu, 2013) was coupled with the WRF-Chem as the model base for this
study. The MSUCM model takes into account more details of the in-
homogeneity of wind and turbulence in the street canyon over the urban
areas (Liu et al., 2023), which makes it better to simulate the nocturnal
urban land surface process.

The Central Liaoning Urban Agglomeration (CLUA) concerned in this
study is one of the most important urban agglomerations in Northeast
China and it developed the earliest in the process of industrialization
and urbanization in China. At present, it is dominated by heavy industry
and has a high urbanization rate. The huge anthropogenic heat emis-
sions cause significant thermal differences between the urban and sur-
rounding suburban areas in CLUA, especially in winter and at night
(Zhang et al., 2020; Zhao et al., 2013). Therefore, a typical heavy haze
process in CLUA in the winter of 2016 was selected for numerical sim-
ulations and sensitivity experiments and compared with the observa-
tion. We mainly focused on the spatiotemporal characteristics of PMj 5
concentrations, as well as the vertical temperature profiles and mixing
heights associated with particle matter transport. Particular attention
was paid to how vertical mixing near the urban surface at night affected
temporal variations in particulate matter concentrations.
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2. Data, methods and model
2.1. Design of numerical experiments

In this study, the WRF-Chem model 3.9.1.1 (https://ruc.noaa.gov/
wrf/wrf-chem/) was applied to simulate a heavy haze event in CLUA
on December 16™ —21%, 2016. The numerical sensitivity experiments of
urban canopy physical process scheme were set up. MSUCM was applied
in the experiment case (EXP) as the urban canopy model, while in the
control case (CTR), the Single-Layer Urban Canopy Model (SLUCM)
(Kusaka et al., 2001) was called. The other schemes of physical and
chemical parameterization for both the EXP and CTR cases were kept the
same, as shown in Table 1. The simulated meteorological variables (e.g.,
near-surface temperature (TSK), ABLH) and pollutant concentration
variables (e.g., PM3 5 and PM;) in the two cases were compared, and the
observations were also used for validation. Finally, the impact of surface
energy budget and urban heat island (UHI) effect on the physical
mechanisms of urban local air pollution diffusion and transport pro-
cesses was analyzed.

The CLUA is located in the central Liaoning Plain, where Shenyang,
Benxi, Anshan, Fushun and several other industrial cities are included.
Hilly terrain lies on the eastern and northern sides of the CLUA, while on
the southeast side is mainly river floodplain. As shown in Fig. 1, the
center of the simulation area was set at 41°5'N, 123°2'E, and one 32 km
parent domain and two double nested domains of 8 km and 2 km res-
olution were set-up while two-way nesting was applied. Final Opera-
tional Global Analysis (FNL) by the National Center for Atmospheric
Research (NCAR) was used as the initial global meteorological field with
a resolution of 1° x 1°. The simulation period was set to be December
13™ - 21% 2016. The first four days were used for spin-up, and the
simulation results during December 17 - 21%, 2016 were selected for
analysis.

2.2. Main different physical processing in MSUCM and SLUCM

In this study, the SLUCM and MSUCM were coupled to WRF-Chem
for sensitivity experiments of the urban land surface process. The
main different features of SLUCM and MSUCM are as follows:

The SLUCM, based on the homogeneity assumption, utilizes the
classic exponential-logarithmic profile to derive the average wind field
distribution characteristics at urban grid points as shown in Fig. 2.
However, in reality, due to the influence of inhomogeneous distributed
buildings, the wind field at various grid points in urban street canyons is
horizontally non-uniform. The MSUCM accounts for the spatial in-
homogeneity of wind and turbulence at scales ranging from 10 m to 1
km within street canyons. It introduces new wind profiles at 6 different
presentive spots on the leeward and windward within the canyon (Liu
et al., 2023). As shown in Fig. 2b and c, the wind speed near and under
the average height of the urban street canyon simulated by MSUCM is

Table 1
The parameterization schemes list in the WRF-Chem sensitivity simulations in
this study. The main difference between EXP and CTR is in bold.

Parameterization scheme CTR EXP

Urban Canopy Model SLUCM (Kusaka et al., 2001) MSUCM

Gas phase chemistry
Microphysics

RADM2 (Stockwell et al., 1990)
Lin (Lin et al., 1983; Rutledge and Hobbs, 1984)

Cumulus physics Grell 3D

Longwave radiation RRTMG

Short wave radiation RRTMG

Surface Layer MM5

Planetary boundary layer MYNN 2.5 level TKE (Nakanishi and Niino, 2009)
Anthropogenic emissions MEIC

Biogenic emissions Megan

Biomass burning emissions FINN

Aerosol RADM2/SORGAM (Schell et al., 2001)
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Fig. 1. Domains setting in model simulation for this study.

lower than that by SLUCM, causing the sensitive heat flux in the street
canyon more consistent with the observation (Offerle et al., 2007).

2.3. Observational data

In this study, the observations of TSK, ABLH, PM; 5 and PM;( con-
centrations in Shenyang are used for model validation. A boundary layer
observational project was conducted from 11:00 Local Time (LT) on
December 17 to 14:00 LT on December 23rd, 2016 in Baitapu Town
(41.6841°N, 123.4160°E), which is located 8 km south of the central
urban region of Shenyang. The Model Chuangzhi Tan Kong-1 (CZTK-1)
sounding system, developed by the Institute of Atmospheric Physics of
the Chinese Academy of Sciences, was used to measure the vertical
distributions of wind speed (WS), wind direction (WD), air temperature
(T,), and relative humidity (RH). The detective resolutions are 0.1 m s’l,
0.1°, 0.1 °C, and 0.1%, respectively, as shown in Table S1. Sounding
balloons were released at an open balcony of a low building (height <3
m) eight times per day at 02:00, 05:00, 08:00, 11:00, 14:00, 17:00,
20:00, and 23:00 LT, and a total of 50 groups of profile data were ob-
tained. The ABLH was estimated based on the vertical temperature
profile observation by the bulk Richardson number (Ri) method, as
shown in eq. (1). Moreover, hourly mean mass concentrations of PMs 5
and PM;( in Shenyang were obtained from the Liaoning real-time air
quality publishing system (http://211.137.19.74:8089/). More detailed
information about the observations, which is not important in this study,
can be found in Li et al. (2018).

2.4. Determination of the ABLH

In this study, the ABLH from observation is determined by the bulk
Richardson number (Ri) method (Vogelezang and Holtslag, 1996) based
on the observed vertical profiles of wind speed and potential
temperature.

(g) (0 — 015)(z — 7.

(U — ug)® + (v, — v)* + bu2

Ri(z) = (eq. 1)

where z and s represent the height above the ground and the surface,
respectively. g is the acceleration due to gravity, 6v is the virtual po-
tential temperature, u and v are the components of wind speed, u- is the
surface friction velocity and b is a constant. Since bu- is far less than wind
shear, this term can be ignored. In this method, the ABLH is the lowest
height at which Ri reaches a critical value. According to other research
on ABLH (Guo et al., 2016; Huo et al., 2021), the critical value is set to
0.25 in this study.

The planetary boundary layer scheme used in two simulation cases is
the MYNN 2.5 level TKE, a 1.5-order local closure scheme. It determines
the ABLH based on the threshold of the turbulent kinetic energy (TKE),
with the ABLH defined as the height where the TKE falls below a critical
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Fig. 2. (a) Wind profiles of the u component in the urban street canyon in MSUCM (red line) at different positions and SLUCM (blue line) from Liu et al. (2023). (b)
Overall averaged vertical wind profiles from MSUCM (red line), SLUCM (blue line) and observations (black dots) from Liu et al. (2023). (c) Daily variation of sensible
heat flux simulated by MSUCM and SLUCM and observed (OBS) by Offerle et al. (2007).

value of 1.0 x 107® m? s (Banks et al., 2016; De Lange et al., 2021).

2.5. Definition of NUHI

In this study, normalized urban heat intensity (NUHI) is defined to
characterize the urban heat island intensity. The formula is as follows:

(TSKurban - TSKmburban)

NUHI =
TSKsuburban

(eq. 2)

where TSKyrpan represents the mean value of TSK of urban areas, and
TSKsuburban TEPresents the mean value of TSK of suburban areas other
than urban areas in the simulation area.

2.6. Definition of AEC

In this study, atmospheric environmental capacity (AEC) is defined
as the capacity to vertically diffuse air pollutants, determined by key
local meteorological conditions such as atmospheric boundary layer
height and near-surface wind speed. The formula is as follows:

AEC = ABLH*WS (eq. 3)
where WS and ABLH represent the wind speed and the atmospheric
boundary layer height, respectively. In observation, the ABLH was ob-
tained from the sounding system and calculated by eq. (1), while in
simulation cases, it was calculated by averaging the simulated ABLH
over the model grids representing the focused urban area.

2.7. Validation method

In this study, the following statistical indexes are applied to validate
the simulation results in EXP and CTR cases. These are normalized mean
bias (NMB), normalized mean error (NME), root mean square error
(RMSE) and correlation coefficient (r), respectively. The definitions of

them are as follows:

N
> (Si—0)
NMB =-—; x 100% (eq. 4)
>0
1
N
1S — O
NME=-———— x 100% (eq. 5)
>0
1
(eq. 6)
Si—S 0,-0
> )22 ( ) (eq. 7)

r=
V(557 % (0 -0

where S; and O; represent the simulated value and the observed value of
a variable, respectively, and N indicates the number of the variable. S
and O represent the mean value of the simulation and observation of a
variable, respectively. In this study, TSK, ABLH, AEC, PM, 5, and PM;(
were the main focus variables, and the simulations of these variables in
both EXP and CTR cases were evaluated by the formula above. When the
values of NMB, NME and RMSE are closer to 0, and the value of r is closer
to 1, the better the modeling performance is.

X X
= ;2 52 (eq. 8)
e

where X; and X;, are the mean value of the differences between two cases
and observation, V32 and V,? are the variances of the differences be-
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tween two cases and observation, and n; and n, indicate the number of a
variable in two cases, respectively.

At the 95% confidence level, a two-sample Student’s t-test was per-
formed for all variables involved in this study in order to assess the
statistical significance of the differences in deviations between the
simulation results in each case and the observations. If the t-value ex-
ceeds the critical value, it means the significance test is passed, indi-
cating a significant difference in deviations between the simulation
results by EXP and CTR and the observations. Furthermore, if the NMB,
NME, and RMSE values of EXP are closer to 0 compared to the CTR, it
indicates that the simulation accuracy of these variables in EXP is
significantly improved.

3. Results and discussion
3.1. Simulation and validation of TSK and TKE

Fig. 3 illustrates the time series of TSK and NUHI in the urban and
surrounding suburban areas of CLUA in both simulation and observation
(OBS). The black dots represent observed TSK in urban areas. Red dots
and red triangles indicate simulated TSK in urban and suburban areas in
the EXP case, respectively, while blue dots and blue triangles represent
those in the CTR case. Orange and blue squares represent NUHI in the
EXP and CTR cases, respectively. Shaded areas denote nighttime pe-
riods, and the white areas denote daytime periods. As shown in Fig. 3,
the observed and simulated TSK in the study period showed obvious
diurnal variation: lower during the nighttime while higher during the
daytime. The TSK difference of urban areas between daytime and
nighttime was about 7 °C. The values and duration variation in EXP were
closer to OBS than those in CTR. Especially, the TSK in urban areas
during the nighttime in CTR was obviously lower than OBS and more
deviated than those in EXP, while two simulation cases show minor
differences in simulating the TSK of suburban areas. In both CTR and
EXP cases, the diurnal variation of TSK in suburbs was larger than that in
urban areas. The maximum difference of TSK in suburbs between day
and night reached more than 10 °C. And the TSK difference between
urban and suburban areas during the nighttime was larger than that
during the daytime.

In urban areas, the decline rate of TSK during the nighttime in EXP
was significantly slower than that in suburbs and also in CTR. This
slower cooling rate caused the TSK during the nighttime in urban areas

Atmospheric Environment 339 (2024) 120866

to be significantly higher in EXP than that in CTR and the suburbs, with a
smaller difference of urban TSK between daytime and nighttime. As
shown in Fig. 2c, the sensible heat fluxes in the urban street canyon in
MSUCM, which were more consistent with the OBS, were lower than
those in SLUCM throughout the day. During the nighttime, the TSK in
the urban street canyon gradually decreased due to radiative cooling.
The smaller flux in MSUCM slowed down the cooling rate, leading to
higher TSK in EXP. During the daytime, solar radiation is the main heat
source in the urban street canyon. Although the sensible heat fluxes in
MSUCM were smaller than those in SLUCM, the increase of TSK from
early morning began at a higher value due to the stronger heat storage
effect at night. Therefore, it led to smaller TSK differences between the
two cases during the daytime. This mechanism results in a smaller
diurnal variation of TSK in urban areas in EXP than that in CTR, which is
more consistent with OBS. Therefore, the simulation in EXP more
accurately captures the energy balance processes within the urban
street-valley canopy than those in CTR.

Fig. S1 is a scatter plot to evaluate the bias of simulated TSK in urban
areas by EXP and CTR during the study period, where the X value of each
scatter point stands for the observed TSK by OBS, while the Y value
stands for the simulated values. The red dots represent EXP results and
the blue dots represent CTR results. The red solid line and blue solid line
represent the linear fitting lines for EXP and CTR cases, respectively.
Thus, the closer the data point is to y = x (the black dotted line), the
more consistent the simulation is with the OBS. Fig. S1a illustrates the
data during the daytime, while Fig. S1b illustrates the data for night-
time. In the simulation cases discussed in this paper, daytime and
nighttime mainly refer to the 08:00 to 20:00 and 20:00 to 08:00 LT each
day, respectively. As shown in the figure, the simulation in EXP was
slightly closer to OBS than CTR case during the daytime, while the
performance of EXP case was obviously better than that of CTR case
during the nighttime. It proves that the application of MSUCM improves
the performance of WRF-Chem in urban land surface processes, espe-
cially during the nighttime. This conclusion is consistent with the
analysis of Fig. 3.

The evaluation results of the deviation between the simulated and
observed TSK in urban areas are summarized in Table 2. The statistical
indicators NMB, RMSE, NME and r are used for the evaluation. The
analysis methods have been introduced in Section 2.7 of this paper. NMB
shows us the average deviation values between simulation and obser-
vation. NME indicates the normalized mean of absolute deviation. RMSE

0-08 I I 1 1 1 1 1 1 I
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T 13
S 0.02 <
= 7]
-10 P
opF-f" : (
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Fig. 3. Time series of TSK and NUHI in urban and suburban areas of CLUA. The

black dots represent observed TSK in urban areas. Red dots and red triangles indicate

simulated TSK in urban and suburban areas in the EXP case, respectively, while blue dots and blue triangles represent those in the CTR case. Orange and blue squares
represent NUHI in the EXP and CTR cases, respectively. Shaded areas denote nighttime periods, and the white areas denote daytime periods.
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Table 2

Simulation bias evaluation of key variables. The variables with better performance in EXP than in CTR and those pass the two-sample Student’s t-test of significance are

in bold.
Key variables NMB (%) NME (%) RMSE r

CTR EXP CTR EXP CTR EXP CTR EXP

TSK (daytime) —-1.30 —0.78 1.30 0.85 0.02 0.01 0.67 0.65
TSK (nighttime) -1.15 0.05 1.20 0.38 0.01 0.00 0.79 0.80
ABLH (daytime) —48.39 —33.68 48.66 36.20 0.34 0.26 0.39 0.58
ABLH (nighttime) —48.98 —24.42 48.98 24.95 0.38 0.21 0.50 0.77
PM; 5 (daytime) 18.24 3.28 35.66 37.02 0.25 0.23 0.75 0.75
PM, 5 (nighttime) 40.69 28.88 43.22 32.82 0.32 0.24 0.80 0.86
PM; (daytime) —-12.10 —23.24 29.45 34.36 0.21 0.23 0.65 0.68
PM; (nighttime) 7.96 —1.20 23.71 18.57 0.18 0.13 0.78 0.84
AEC (daytime) —51.73 —14.52 51.76 24.70 0.30 0.15 0.77 0.86
AEC (nighttime) —44.49 7.38 44.49 24.21 0.26 0.16 0.86 0.88

is the statistical variance of normalized deviation between simulation
and observation, and the value r indicates the correlation between
simulation and observation. The data illustrating better performance of
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EXP than those in CTR and also passing the two-sample Student’s t-test
of significance are in bold in the table. According to Table 2, the devi-
ation of TSK between EXP case and OBS was generally smaller than that
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between CTR case and OBS. The trend was more obvious for the data
during the nighttime. Meanwhile, the value r between TSK values by
EXP and OBS was higher than that between CTR and OBS. It also proves
that the MSUCM model has significantly improved the simulation of
TSK.

Fig. 4 illustrates the horizontal spatial distribution of TSK in both
CTR and EXP cases and the difference between the two cases at four
typical moments during the study period. The black box shows the lo-
cations and spatial range of CLUA, and the black circles mark the loca-
tions of Shenyang (SY), Fushun (FS), Anshan (AS) and Benxi (BX), which
are four of the most important industrial cities in CLUA. The 14:00 LT on
December 18" and 19™ are selected as the typical moments to represent
the daytime, and the 23:00 LT on December 17" and 18™ are selected to
represent the nighttime, respectively. Temperature profiles by sounding
experiments are available at these four typical moments for further
comparison with the simulated temperature results. Fig. 4a-d and 4e-h
represent the horizontal spatial distribution of TSK in CTR and EXP
cases, respectively, and Fig. 4i-1 shows the horizontal spatial distribu-
tion of TSK differences between the EXP case and CTR case. The warm
colors indicate that the simulated TSK in EXP is higher than that in CTR,
while the cool colors indicate the opposite. It can be seen from Fig. 4 that
the TSK distribution in the whole region showed a trend of gradually
increasing from the northeast to the southwest at about 14:00 LT during
the daytime, and the difference between the highest and lowest TSK was
about 10 °C. And the TSK was generally low at nighttime. However, the
TSK of CLUA was higher than that over other places. The simulated
horizontal spatial distribution of TSK in both cases illustrate the UHI
effect in the main urban areas in the CLUA, e.g., Shenyang, Fushun,
Anshan and Benxi: In CTR case, the TSK difference between the urban
and suburban areas was about 2-6 °C at night and about 3-8 °C during
the daytime. While in EXP case, the TSK difference between the urban
and suburban areas during the nighttime and daytime reached 8-14 °C
and 4-10 °C, respectively. These simulated results indicate the stronger
UHI effect in EXP than those in CTR, and also the stronger UHI effect
during the nighttime than the daytime.

The intensity of UHI is quantified by NUHI. As shown in Fig. 3, the
diurnal variation characteristics of NUHI were similar in both EXP and
CTR cases. The NUHI during the nighttime was stronger than that during

(a) 12-17 23:00:00 (b) 12-18 14:00:00
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the daytime. Moreover, the NUHI in EXP case was generally 0.01 or
higher than that in CTR.

As shown in Fig. 4i-l, the differences between the EXP and CTR cases
mainly concentrate in urban areas. The TSK in urban areas in EXP was
significantly higher than that in CTR during both the daytime and
nighttime, and the TSK of Shenyang, Fushun, Anshan, Benxi in EXP was
consistently 3 °C or higher than that in CTR, especially during the
nighttime. Combined with Fig. 3, it shows that MSUCM applied in EXP
better simulates the nocturnal heat storage effect in the urban canopy
layer, thus forming a larger TSK difference between the urban and
suburban areas than that in CTR. Therefore, the intensity of UHI simu-
lated by EXP was stronger.

In addition, the black line in the lower left corner of each subplot in
Fig. 4a-h stands for the coastline of the Bohai Sea in China, and that the
lower left side of the line is the sea surface. The sea surface temperature
boundary condition from the NCEP FNL data was applied in the simu-
lations, and a horizontal gradient of temperature occured as shown in
the figures. After interpolation in the three nested grids, a reasonable
diurnal variation of the surface temperature horizontal distribution over
the sea and land surface was produced in simulations.

Fig. 5 shows the vertical profiles of the observed and simulated air
temperature in two cases at the four typical moments. The black solid
line represents the observed values, while the blue and red solid lines
show the air temperature of the urban area in CTR and EXP cases,
respectively. Additionally, the blue and red dashed lines represent the
air temperature of the suburban area in CTR and EXP, respectively. It
can be seen from Fig. 5 that the vertical lapse rate of urban temperature
below 1 km altitude was relatively consistent during the daytime, which
was approximately 8 °C km L. At 14:00 LT on December 18" and 19,
the vertical temperature lapse rate of urban area changed abruptly at
approximately 1 km and 1.3 km, respectively. According to the calcu-
lation method of ABLH described in Section 2.4, it can be inferred that
they were the ABLH at each moment. During the nighttime, the urban
temperature decreased overall at different altitudes, with a more sig-
nificant decrease near the ground. As a result, there was an obvious
vertical thermal inversion layer near the urban ground at 23:00 LT on
December 17 and 18™, respectively, which existed at about 100-200 m
and 200-500 m, respectively. However, under the inversion layer, both

(c) 12-18 23:00:00 (d) 12-19 14:00:00
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Fig. 5. Vertical temperature profiles in urban and suburban areas of CLUA at four typical moments. The black solid line represents the observed temperature in urban
areas. The red solid line and the red dashed line are the simulated temperature in urban and suburban areas in CLUA in EXP case, respectively; the blue solid line and

the blue dashed line are the simulated temperature in CTR case, respectively.
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Fig. 5a and c showed the presence of a thin but distinct thermodynamic
instability layer near the urban surface, which existed near the urban
surface and about 250 m above the ground, respectively.

The simulated temperature profiles of urban area both in EXP and
CTR cases at the four typical moments were in good agreement with the
OBS. The unstable layer developed higher during the daytime, and the
ABLH was also higher, while the temperature decreased overall at all
altitudes during the nighttime, resulting in the profile moving to the left.
And at the same time, an inversion layer occurred near the ground in
urban areas. However, the simulated TSK near the ground (such as
below 200 m) in EXP was closer to the OBS at the four typical moments
than that in CTR. At the same time, the simulated temperature profiles in
EXP case clearly indicated the presence of a near-surface unstable layer
under the inversion layer at the two typical nocturnal moments,
consistent with the observed urban characteristics. On December 17th,
the near-surface unstable layer was located below 400 m in EXP case,
and its vertical temperature lapse rate was significantly higher than that
in CTR case, thus indicating stronger instability in EXP case. On
December 18", the near-surface unstable layer in EXP case only existed
under the altitude of 100 m, but the intensity was stronger, and it was
obviously different from the strong inversion layer developing from 0 m
above the ground in CTR case. Therefore, the simulated temperature
profiles in EXP case had a better agreement with the observation. While,
apart from 14:00 LT on December 18, there were no significant dif-
ferences in the simulated temperature profiles of the suburban area from
near the surface to around 2 km altitude between the two cases, and
there was no presence of a near-surface unstable layer in the suburban
area during the nighttime.

Both the OBS and simulation in EXP case showed similar thermally
unstable layers under a certain height in the urban area, which did not
exist over the urban area in CTR, and over the suburban area in both CTR
and EXP during the nighttime. It shows the better performance of EXP at
simulating the UHI effect during the nighttime.

The vertical temperature distribution is a key factor influencing the
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Fig. 6. Time series of the vertical profiles of simulated TKE in urban areas of
CLUA in (a) CTR case, (b) EXP case and (c) the difference of two cases. The
black solid lines in (a) and (b) show the simulated ABLH in each case. In (c),
warm colors indicate higher TKE in EXP and cool colors indicate the opposite.
The thinner and thicker black lines represent the ABLH in CTR case and EXP
case, respectively.
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atmospheric turbulence, and TKE represents the intensity of atmo-
spheric turbulence. Fig. 6 shows the time series of vertical profiles of
simulated TKE profiles in urban areas of CLUA in two cases. Fig. 6a
represents the TKE in CTR, while Fig. 6b shows the TKE in EXP case. The
black solid line shows the simulated ABLH in each case. Fig. 6¢ shows
the difference between two cases, where warm colors indicate higher
TKE in EXP and cool colors indicate the opposite. The thinner and
thicker black lines represent the ABLH in CTR case and EXP case,
respectively. In the two simulation cases, TKE gradually decreased from
the surface to higher altitudes. In CTR, the near-surface TKE was mostly
maintained at about 0.5 m? s~2, while in EXP, it was generally between
0.9 and 1.5 m? 52, and the TKE difference between the two simulation
cases could reach 1.5 m? s~2. Figs. 3-5 indicate that the EXP had higher
near-surface temperatures in urban areas, thus forming a stronger
thermally unstable layer near the surface. This unstable temperature
stratification will promote the generation of near-surface atmospheric
turbulence. Therefore, the TKE in Fig. 6¢ was always positive, indicating
that it was always higher in EXP than in CTR, and this difference was
more obvious near the surface. In addition, the spatial and temporal
distribution of TKE was in good agreement with that of ABLH. The
boundary layer scheme used in this study calculates ABLH by finding the
height at which TKE drops to the threshold as described in Section 2.4.
Therefore, the higher the vertical distribution of TKE, the higher the
ABLH. The detailed analysis of the temporal and spatial distribution
characteristics of ABLH is shown in Section 3.2.

3.2. Simulation and validation of ABLH and AEC

Fig. 7 shows the time series of ABLH of urban areas in Shenyang in
both simulation and OBS. The black dot represents the observed ABLH,
and the red and blue solid lines are the simulated ABLH in EXP and CTR
cases, respectively. The shadowed parts on the figure represent the
nighttime periods, and the white parts are the daytime periods. It can be
seen from Fig. 7 that the observed ABLH had a regular diurnal variation.
Specifically, ABLH was relatively low during the nighttime, always
staying below 600 m, and gradually increased from the morning and
reached its peak in the afternoon, and the peak value could reach 1 km.
Then, it decreased again around the evening. From December 20, a
warm advection system occurred in the upper layer of Shenyang, and the
temperature inversion in the middle and upper layer was strengthened,
which resulted in the ABLH decreasing by more than 300 m from
December 17% to December 19 (Li et al., 2018). Both EXP and CTR
cases well simulated the diurnal variation of ABLH during the study
period. However, the simulated ABLH in CTR was significantly lower
than the OBS during the whole day, especially during the nighttime.
During the daytime, the ABLH in EXP was approximately 50-100 m
higher than that in CTR, while during the nighttime, the ABLH in EXP
was over 100 m in average higher than that in CTR and sometimes even
could be more than 300 m higher than that in CTR. Therefore, the
diurnal variation characteristics and numerical accuracy of urban ABLH
in EXP case were significantly closer to OBS than those in CTR case, and
the improvement at night was greater than that during the daytime. It
has been illustrated in Section 3.1 that the temperature difference be-
tween urban and suburban areas in EXP was consistently stronger than
that in CTR and was more significant at night than during the daytime.
As a result, there was a stronger UHIC in EXP, which was manifested by
higher near-surface mixing height and ABLH in urban areas. And from
the perspective of circulation, the UHI simulated in EXP also showed a
stronger characteristic during the nighttime than that during the
daytime.

The scatter plot in Fig. S2 is the validation of simulated ABLH of
urban areas in EXP and CTR by OBS. The results for daytime and
nighttime are shown in Figs. S2a and b, respectively. The simulated
ABLH in EXP was more coincident with the OBS during both the daytime
and nighttime. The correlation coefficients (r-value) of simulating and
OBS were 0.77 for EXP and 0.50 for CTR during the nighttime. During
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Fig. 7. Time series of ABLH in urban areas of CLUA. The black dots represent observed ABLH, while the red and blue solid lines indicate simulated ABLH in the EXP
and CTR cases, respectively. Shaded areas denote nighttime periods, and white areas denote daytime periods.

the daytime, the r-value for EXP was 0.58 and only 0.39 for CTR. The
rate of fitting line for EXP was also closer to y = x than those for CTR:
during the daytime, it was 0.31 (EXP) to 0.24 (CTR), while 0.71 (EXP) to
0.47 (CTR). These results illustrate a significant underestimation of
ABLH in both EXP and CTR. But the simulating ABLH in EXP was much
improved and more coincident with those in OBS, especially during the
nighttime. All of the statistical results summarized in Table 2 prove that
the ABLH results simulated in EXP were obviously more consistent with
the OBS, and the simulation deviation at night was significantly smaller
than that during the daytime. The NMB, NME and RMSE of EXP during
the nighttime were only about 50% of the corresponding indicators of
CTR, proving that the MSUCM model has significantly improved the
simulation of ABLH.

Fig. 8 illustrates the horizontal spatial distribution of ABLH at the
four typical moments (the same as Fig. 4), including the horizontal
spatial distribution in CTR case (Fig. 8a-d) and in EXP case (Fig. 8e-g)
and the difference between the two cases (Fig. 8i-1). The black box
provides the location and spatial range of CLUA. As shown in Fig. 8, the
ABLH was affected by the terrain during the daytime. Therefore, the
ABLH of CLUA and its southwest direction (e.g., the downwind direction
during this period) was significantly higher than that in other areas,
reaching 650 m and above. During the nighttime period, the ABLH in
CLUA was generally low, with a maximum value of about 450-500 m.
Under the influence of UHI effect, the ABLH of urban areas was higher
than that of the surrounding suburban areas in two cases. In CTR case,
the difference in ABLH between the urban and suburban areas was
100-200 m during the daytime and 100 m during the nighttime, while in
EXP case, the difference in ABLH between the urban and suburban areas
was approximately 200-300 m during the daytime and 150-250 m at
night. It can be seen that the difference in ABLH between the urban and
suburban areas in EXP was greater. As shown in the difference in hori-
zontal spatial distribution of ABLH, the ABLH of urban areas in EXP case
was about 100 m higher than that in CTR case during the daytime and
significantly increased by 150-200 m at night, so the difference in urban
ABLH simulated by the two cases was more significant during the
nighttime. However, the difference in distribution also showed that the
simulated ABLH of the surrounding areas around the urban areas in EXP
case was 100-150 m lower than that in CTR case.

While a higher ABLH was generated over the urban area by MSUCM,
a reduction of ABLH in surrounding areas was found. Then the hori-
zontal distribution of the vertical mixing height and environmental ca-
pacity of pollutants in and around the urban areas in EXP were also

different from the CTR.

Wind speed and the atmospheric boundary layer are important
meteorological factors influencing the transport and vertical mixing of
local air pollutants, both of which significantly impact the spatiotem-
poral distribution of air pollutants. The AEC defined in this study
effectively reflects the spatiotemporal distribution characteristics of
local atmospheric environmental capacity and atmospheric vertical
mixing ability, as determined by the combined effects of WS and ABLH.
Fig. 9 is the time series of AEC in urban areas of CLUA, showing a diurnal
pattern with higher values during the daytime and lower values at
nighttime. The simulated AEC in EXP was significantly higher than that
in CTR, with both the values and trends closer to the observation.
Although the EXP still underestimated the AEC during the daytime, it
showed significant improvements at nighttime. It was particularly
obvious from the night of December 18" to the early morning of
December 19" and the night of December 19" to the early morning of
December 20", when the EXP was not only more consistent with the
observed AEC but also accurately captured its variation characteristics.

The scatter plots in Fig. S3 present the validation of the simulated
AEC of urban areas in EXP and CTR by OBS. Figs. S3a and S3b show the
results for daytime and nighttime, respectively. At night, the correlation
coefficients (r-value) between the simulated AEC and OBS were 0.88 for
EXP and 0.86 for the CTR. During the daytime, the correlation coeffi-
cient (r-value) for the EXP was 0.86, while it was only 0.77 for the CTR.
The fitting line for the EXP was closer to y = x, especially at night. Most
of the data points in both EXP and CTR were distributed below y = x,
indicating that the two cases underestimated AEC, while the EXP oc-
casionally overestimated AEC. As shown in Table 2, the NMB, NME, and
RMSE of EXP in simulating AEC were lower than those of CTR during
both daytime and nighttime, which further proves the simulated AEC in
EXP was more consistent with the OBS. Therefore, the EXP significantly
improves the simulation accuracy of AEC, indicating that the MSUCM
model better captures the diurnal variation characteristics of near-
surface atmospheric environmental capacity and vertical mixing
capacity.

This section indicates that the MSUCM, applied in EXP, simulated
higher ABLH and AEC in urban areas than SLUCM, which was more
consistent with observations. These two metrological factors will affect
the local diffusion and accumulation processes of atmospheric pollut-
ants. And the mechanism is discussed in Section 3.3.



W. Zhang et al. Atmospheric Environment 339 (2024) 120866

2016-12-17_23:00:00 2016-12-18_14:00:00 2016-12-18_23:00:00 2016-12-19_14:00:00
44°N — :

43N
42°N -
41°N
40°N

44°N 1

43°N T |
42°N ‘.
41°N [t :
40°N LA ' A

121°E 123°E 125°E  121°E 123°E 125°E  121°E 123°E 125°E  121°E 123°E 125°E
ABLH (m)

350 450 550 800
44N 1) = D 7

43°N7 TRl BN IR TEY
42°N7 -
41°N {04

40°N A 5% s : Lo oo S T e
121°E 123°E 125°E  121°E 123°E 125°E 121°E 123°E 125°E 121°E 123°E 125°E
55 N I B ABLH (m)

-200  -100 0 100 200

Fig. 8. Horizontal spatial distribution of ABLH in (a—d) CTR case, (e-h) EXP case and (i-1) the difference between the two cases at four typical moments, where SY,
FS, BX, AS represent Shenyang, Fushun, Benxi and Anshan, respectively. In i-1, the warm colors indicate that the simulated ABLH in EXP is higher than that in CTR,
while the cool colors indicate the opposite.

2500 .
« OBS

——CTR

2000 —*EXP

o 1 1 1 1 o |
12-17 12:00 12-18 12:00 12-19 12:00 12-20 12:00 12-21 12:00 12-22
Time (LT)
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3.3. Simulation and validation of PM concentrations

Fig. 10 presents the time series of PM; 5 and PM; concentrations in
urban areas of CLUA in simulation and OBS. The black solid line rep-
resents the observed concentration, while the blue and red solid lines
separately represent the simulated concentration in CTR and EXP. The
shadowed parts on the figure represent the nighttime periods, and the
white parts are the daytime periods. As shown in Fig. 10, the observed
PM; 5 and PM; concentrations show that the diurnal variation of them
was regular and consistent, and the PM; 5 concentration accounted for
more than 60% of PM;( concentration. Therefore, this heavy atmo-
spheric pollution event was a particulate matter pollution process
dominated by PMys. The daily average concentration of particulate
matter began to increase from December 17%, and the hourly concen-
tration reached its peak at the night of December 19, with PMy5
concentration at about 280 pg m’s, and the concentration of PMj( at
about 380 pg m~ at the same time. It can be seen from Fig. 10 that the
diurnal variation of PMy5 and PM;o in EXP and CTR was in good
agreement with the OBS, but both EXP and CTR cases overestimated
PMy 5 and PMj(. In comparison, the simulated PMy 5 and PM;q con-
centrations in EXP case were generally lower than those in CTR case and
the phenomenon was more pronounced during the nighttime. Therefore,
the simulation by EXP was closer to OBS during the nighttime than
daytime, although the simulated concentration in EXP case was still
slightly higher than OBS during most nighttime periods.

Similar to Fig. S1, Fig. S4 is a scatter plot used to evaluate the
simulated PM> 5 and PM; concentrations of urban areas in two cases. As
shown in Fig. S4a, both CTR and EXP cases showed different degrees of
underestimation when PMj 5 concentration was less than 170 pg m

Atmospheric Environment 339 (2024) 120866

during the daytime, while when PM, 5 concentration was larger than
170 pg m~> during the daytime, two cases tended to overpredict the
concentration, and the deviation was generally greater than that of low
concentration (PMj 5 concentration was less than 170 pg m’3). How-
ever, the PM, 5 concentration was always overestimated in two cases at
night. The correlation r shown in Table 2 between OBS and the simu-
lated concentration by EXP was higher than in CTR, and the fitting line
was closer to y = x, which proved that the simulation by EXP was more
consistent with OBS. From Figs. S4c and d, it can be seen that the model
performance of simulating PM;( was basically the same as simulating
PM,s.

The statistical indicators in Table 2 further reflect the consistency
between simulated particulate matter concentrations in two cases and
OBS. As shown in the table, the deviation between the OBS and simu-
lated particulate matter concentrations by EXP was generally smaller
than that between the OBS and CTR and the improvement in simulating
PM, 5 and PM; concentrations by EXP was better during the nighttime
than the daytime. It was found that the deviation between the simulated
TSK and ABLH in EXP case and OBS was only half of that between CTR
and OBS, while in contrast, the simulated PM; s and PM;( concentra-
tions in EXP case were still relatively greatly deviated from OBS. The
reason may be that the emission inventories used in the simulation
process were uncertain, and it was difficult to ensure that they were
consistent with the actual emission intensity and concentration of air
pollutants.

Based on the improvement of important meteorological variables
affecting the pollution process, such as TSK, ABLH and AEC, the spatial
and temporal distribution characteristics of particulate matter concen-
trations in EXP were different from those in CTR. On the one hand, the
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EXP case effectively improved the model system problem of over-
estimating concentrations near the ground, especially at night. On the
other hand, the EXP case also improved the concentration characteris-
tics of different episodes during the pollution event.

Fig. 11 are the time series of vertical profiles of simulated PM; 5 and
PM; concentrations in urban areas of CLUA in two cases, respectively.
Fig. 11a and d show the concentrations in CTR case; Fig. 11b and e show
the concentrations in EXP case. The black solid line shows the simulated
ABLH in each case. Fig. 11c and f present the difference between the two
cases. The warm colors indicate that the concentration of particulate
matter in EXP is higher than that in CTR, while the cold colors are the
opposite. The thinner and thicker black solid lines represent the ABLH in
CTR case and EXP case, respectively. As shown in Fig. 11, the process of
the heavy haze event can be divided into three episodes according to the
pollution characteristics, meteorological conditions and the difference
between the two cases.

The first episode started from 0:00 LT on December 17 to 2:00 LT
on December 18™. During this episode, there was cross-cities transport
of particulate matter at high altitude, but the transport concentration
was low, which had no obvious effect on the accumulation near the
ground. Due to the higher ABLH and increased AEC in EXP case, the
vertical mixing of pollutants in the atmospheric boundary layer was
enhanced. As a result, the near-surface PM concentration was lower than
that in the CTR case. The second episode was from 2:00 LT on December
18™ to 1:00 LT on December 20™. The upper transport intensity of
particulate matter increased, and the near-surface pollutant emission
concentration became higher, so the pollutant accumulated rapidly
below the atmospheric boundary layer. Due to the higher ABLH in EXP
case, more pollutants had been transported and stored below the
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atmospheric boundary layer. Therefore, from 100 m above the urban-
surface, the particulate matter concentrations in EXP case were signifi-
cantly higher than those in CTR case, especially on the night of
December 19%, while higher ABLH also increased the vertical diffusion
space in EXP case and caused particulate matter concentrations to
decrease near the surface. However, as shown in Fig. 9, during the latter
part of the second episode, AEC showed a gradual decline, which further
promoted the development of the pollution event and led to a peak of
PM concentration at the end of the second episode. The third episode,
from 1:00 LT on December 20" to 24:00 LT on December 21%, ABLH was
lower than the first two episodes, and the high-altitude transport and the
near-surface pollutant emission concentration were significantly
reduced. The ABLH in EXP case was still higher than that in CTR case,
and the AEC showed a gradually increasing trend. This indicates that
during this episode, the vertical mixing capacity and vertical mixing
height in urban areas were increasing, especially in EXP. Therefore, the
near-surface particulate matter concentrations in EXP were lower than
those in CTR, which was similar to the first episode. This gradual
enhancement of atmospheric vertical mixing capacity during the
pollution event is an important meteorological condition for the end of
the pollution event. Thus, by the end of the third episode, PM concen-
trations in both simulation cases significantly decreased.

The improvement in simulating PMy 5 by EXP, which applied the
MSUCM model, was mainly based on the improvement in simulating
important meteorological conditions such as TSK and ABLH. The higher
ABLH in EXP resulted in an increased AEC and then enhanced the ver-
tical mixing of the near-surface pollutants than those in CTR. Therefore,
the accumulation rate of pollutants in EXP was obviously slower than
CTR.
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Fig. 11. Time series of the vertical profiles of simulated PM; 5 concentration in urban areas of CLUA in (a) CTR case, (b) EXP case and (c) the difference of two cases,
and of simulated PM; concentration, in (d) CTR case, (e) EXP case and (f) the difference of two cases. The black solid lines in (a)-(b) and (d)-(e) show the simulated
ABLH in each case. In (c) and (f), warm colors indicate higher PM concentration in EXP and cool colors indicate the opposite. The thinner and thicker black lines

represent the ABLH in CTR case and EXP case, respectively.
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4. Conclusion

In this study, the atmospheric chemical model WRF-Chem is applied
to simulate the spatial and temporal distribution of atmospheric par-
ticulate matter and related meteorological variables during a heavy
pollution process in CLUA, located in northeast China. A cluster of nu-
merical sensitive experiments were also set up to analyze the effect of
urbanized atmosphere-land surface process on the UHI effect and the
spatial and temporal distribution of atmospheric particulate matter in
and around the mega-city aggregation. The MSUCM was applied in the
experiment (EXP) case to consider the inhomogeneous wind vertical
profiles in the street canyon and its vertical diffusion mechanism of
urban land surface process, while the SLUCM scheme in WRF was
applied for control (CTR) case. By comparing both the EXP and CTR with
the observed near-surface temperature, atmospheric boundary layer
height and atmospheric particulate matter concentrations in the urban
street, the main conclusions of the studies are as follows:

1. The temporal and spatial variations of urban heat island intensity
(indicated by the difference in near-surface temperature between
urban and suburban areas) and the decline rate of near-surface
temperature during the nighttime in EXP case are more consistent
with the observation than those in CTR. The NME of simulated TSK
decreases from 1.20% in CTR case to 0.38% in EXP case during the
nighttime. It indicated that the physical processing, especially the
wind and diffusion mechanisms in and over the urban canopy, is key
for a good-performant simulation of near-surface temperature in the
case of air pollution in CLUA.

2. The urbanization results in more complex wind vertical profiles and
land-surface energy budget and the vertical diffusion of near ground
air pollutant. Then a higher near-surface temperature, stronger at-
mospheric turbulence, and an increase in the height of the atmo-
spheric boundary layer over urban areas were simulated in the EXP
simulation, especially during the nighttime, which is more coinci-
dent to the observation than those in CTR. The NME of the simulated
ABLH and AEC decreases from 48.98% and 44.49% in CTR case to
24.95% and 24.21% in EXP case during the nighttime, respectively.
Moreover, the higher AEC and the enhanced vertical mixing of the
near-surface pollutants finally changed the near-ground concentra-
tions during the air pollution events. The NME of the PM; 5 and PM;
concentrations decreases from 43.22% and 23.71% in CTR to
32.82% and 18.57% in EXP case during the nighttime, with the value
of r between PMy5 and PM;o concentrations by EXP and OBS
increasing to 0.86 and 0.84, respectively.

3. Over the CLUA, the urban heat island effect is stronger in winter or
during the nighttime. And it may affect the accumulation of local
near-surface emissions in urban areas and regional transport from
around regions of particulate pollution. In winter nights, the
boundary layer height over the urban areas is higher than that over
the suburbs. On the one hand, a higher mixing layer may be pro-
duced for the near-ground particulate pollution, thereby increasing
the atmospheric environmental capacity. On the other hand, a more
effective vertical transport may happen to the pollutants from the
upside atmosphere to the urban near ground. Moreover, this urban
heat island atmospheric circulation may be coupled with the other
circulation, e.g., mountain-valley breeze caused by the surrounding
topography, which results in a more complex lower atmospheric
circulation as well as the spatial and temporal distribution of atmo-
spheric pollutants in and surrounding the urban areas.
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