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Abstract: Air pollution in North China (NC) is an important issue affecting the economy and health.
In this study, we used a regional climate model, the Weather Research and Forecasting Model with
Chemistry (WRF-Chem) to project air pollution in NC and investigate the variations of air pollutions
response to future climate changes, which probably has an implication to strategy and control policy
for air quality in NC. A comprehensive model evaluation was conducted to verify the simulated
aerosol optical depth (AOD) based on MODIS and MISR datasets, and the model also showed
reasonable results in aerosol concentrations. Future changes of air pollution in the middle of the 21st
century (2031-2050) were projected in the two Representative Concentration Pathways (RCP4.5 and
RCP8.5) and compared with the situation in the historical period (1986-2005). In the two RCPs, the
simulated averaged PM, 5 concentration was projected with the highest values of 50-250 ug-m~2 over
the Bohai Rim Economic Circle (BREC) in winter. The maximum AOD is in the Beijing-Tianjin-Hebei
(BTH) region in summer, with an average value of 0.68. In winter, in the RCP4.5 scenario, PM; 5
concentration and AOD obviously declined in BTH and Shandong province. However, in the RCP8.5
scenario, PM; 5 concentration and AOD increased. Results indicated that air pollution would be
reduced in winter if society developed in the low emission pathway. Precipitation was projected
to increase both in the two RCPs scenarios in spring, summer, and winter, but it was projected to
decrease in autumn. The planetary boundary layer height decreased in the two RCPs scenarios in the
central region of NC in the summer and winter. The results indicated that changes of meteorological
conditions have great impact on air pollution in future scenarios.

Keywords: air pollution; Representative Concentration Pathways (RCP) scenarios; projection; North
China; meteorological influence

1. Introduction

With the development of the economy and urbanization, China has been suffering
from an air pollution problem in the past two decades. Many previous studies revealed
that in China, a significant decline in air quality has become more serious [1,2]. There
was no doubt that air quality has been an important issue around the world. Urban air
pollution is associated with increased mortality and morbidity in both developed and
developing countries [3,4]. In 2019, the World Health Organization (WHO, 2019) [5] listed
air pollution as the most important environmental problem that threatens public health
and causes about 7 million deaths worldwide every year. Therefore, the assessment of
air quality is a very critical issue. Air pollution in China is worse than other countries in
East Asia, which has caused a severe impact on climate change [6-8]. A large number of
previous studies have demonstrated that the effects of aerosol pollution on climate change
were significant [9,10].
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The further urbanization was a consequence of the growing industry. In the period
of 1978-2017, more than 550 million migrants moved to cities, resulting in a large rising
of urban population from 18 to 57% [11]. Figure 1 showed the population density of
China in 2000. Most of the population was concentrated in the NC plain, the Yangtze
River Delta, and the Pearl River Delta due the development of prosperous cities. The
Beijing-Tianjin—-Hebei (BTH) Economic Circle and the Bohai Rim Economic Circle (BREC)
are located in NC. Therefore, the manufacturing and services industries in coastal areas are
relatively developed.

Population Density
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Figure 1. The density of population in China.

At present, air pollution has gradually shifted from the traditional total suspended
particulate matter and inhalable particle matter (PMjp) and SO, pollution to a compound
pollution that is a mixture of fine particles (PM;5) and polluting gases such as O3, SOy,
and NOx in China. The fine particulate pollution threatens the health of more than
400 million people in NC. Haze was affected by both atmospheric aerosol loadings and
weather conditions [12]. Recent studies have shown that the region suffers the highest
particle matter (PM) concentrations and the longest pollution episodes [13]. The highest
PM concentrations were observed, and more dust aerosols were observed in NC [14].
The annual population-weighted-average (PWA) concentrations of various pollutants
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in NC were greater than those in Southern China, and PM; 5 pollution in winter was
worsening [15]. Many studies have explored the changes in air quality in different regions
in the climate change scenarios. Yahya et al. (2017) used WRF-Chem to project the climate
and air quality, and the results illustrated that the difference in the spatial distribution
of meteorological elements were induced by variations of aerosols” emissions in future
scenarios [16]. Another study based on RAMS-CMAQ projected changes of aerosol species
between three RCP scenarios and indicated that the impact of climate change on different
species tends to be consistent [17]. The study by Cai et al. (2013) simulated spatial
distributions of PM;p by WRF-Chem and manifested that northwestern and northern
China are the two regions with the largest dust aerosol sources in East Asia [18].

Meteorological condition was another factor inducing the serious air pollution in NC,
which influenced the processes of removal, diffusion, and transformation [19,20]. Climate
change in NC might have caused the frequency, intensity, and duration of atmospheric
compound pollution events to increase [21]. Several air pollution events were caused by
weather conditions rather than sudden increases of emissions. He et al. (2013) revealed that
local meteorological conditions were the main factors causing the day-to-day variations
of SO,, NO,, and PM; for the winter of 2002-2007 in Lanzhou, Northwestern China [22].
In recent years, several extreme air pollutions in the vast areas of NC in winter were
related to extreme weather conditions [23]. Furthermore, some studies had attempted to
identify the correlation between pollutants and meteorological factors [24,25]. The results
have shown that the low planetary boundary layer height (PBLH) [26], the weakening of
northerly winds [27], the decrease of relative humidity [28], and the increase of sea level
temperature [29] have also led to the increase of winter haze in eastern China.

Although there were a few studies focused on the projection of air pollutions, which
was also based on the model simulation, few of them paid attention to those variations
in NC. In this study, we focused on the projection of air pollutions in NC in the two
RCP scenarios based on a high-resolution regional climate model WRF-Chem V.3.9.1. The
main purpose was to investigate the variations of air pollutions response to future climate
changes, which probably has an implication to strategy and control policy for air quality
in NC.

2. Model, Data, and Methodology
2.1. Model and Simulation
2.1.1. WRF-Chem Model Configuration

WRF-Chem is a regional atmospheric chemistry model that fully couples a meteoro-
logical module and chemical mode online. Different from the global climate model (GCM)
with coarse resolution, WRF-Chem can be used to simulate the feedback process on a wide
range of spatial scales, as it is a non-hydrostatic model with domain nesting [30]. More
details about WRF-Chem were described in a previous study [31]. Now, the development
of WRF-Chem is more comprehensive, and the application is more extensive.

The 3.9.1 version of WRF-Chem (Figure S1) was used in this study, the projection was
centered at 33°N, 103.3°E with 170 and 124 grid points in the east-west and north-south
directions, respectively. The horizontal resolution was 27 km, and the vertical grid in the
model consists of 27 levels ranging. The Lin microphysics scheme [32] was used in this
simulation. The Rapid Radiative Transfer Model (RRTM) was applied to calculate long
wave radiation processes [33]. Aerosol and gas phase chemistry were described, using the
second Regional Acid Deposition Mode (RADM2) photochemical mechanism [34] and the
Modal Aerosol Dynamics model for Europe (MADE), which incorporates the Secondary
Organic Aerosol Model (SORGAM) [35,36]. RADM2 included 63 prognostic species and
136 reactions [37]. Aerosol direct feedback was turned on. Short-wave radiation was the
Dudhia scheme [30]. More details about WRF-Chem simulations are summarized in Table 1.
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Table 1. Physical and chemical scheme adopted in the WRF-Chem simulations.

Model Configurations Aerosol-Containing Feedback Mechanism
Microphysics scheme Lin
Shortwave radiation scheme Dudhia
Long wave radiation scheme RRTM
Cumulus parameterization scheme Multi-scale KF
Photolysis scheme Fast-J
Gas chemical scheme RADM2
Aerosol chemistry scheme MADE/SORGAM
Aerosol effect feedback On

2.1.2. Simulation Design

In this study, WRF-Chem simulated air quality and climate over NC for a historic
period (1986-2005) and future decades (2031-2050) in the RCP4.5 and RCP8.5 scenarios. The
initial and boundary conditions, with a horizontal resolution of 1° x 1° and time resolution
of 6 h, used in WRF-Chem were from the global Bias-Corrected Climate Model output,
which is the first version of NCAR’s CESM [38] (https:/ /rda.ucar.edu/datasets/ds316.1/
(accessed on 20 May 2020)). The daily surface meteorological observation data in NC are
supported by the CN05.1 data [39] provided by the China Meteorological Administration
(CMA), with a horizontal resolution of 0.25°(latitude) x 0.25°(longitude).

The anthropogenic emission inventory was an important part of air quality numerical
research and prediction. The pollution emission data used in the simulation is based on
the China Multi-Resolution Emission Inventory (MEIC) [40], which was developed by the
INTEX Inventory team at Tsinghua University and provides a monthly grid emission list
with a spatial resolution of 0.25° x 0.25° (http:/ /meicmodel.org/index.html (accessed on
21 May 2020)). The MEIC emissions are representative of the year 2016 with the domain
(Figure S2) applicable spans from 30° to 45°N and from 104.8° to 125°E. This inventory was
a model of China’s anthropogenic emissions of air pollutants and greenhouse gases based
on a cloud computing platform. Therefore, it could assess China’s carbon emissions more
accurately than the IPCC method [41,42]. It covers ten major air pollutants and greenhouse
gases including SO,, NOx, CO, NMVOC, NHj3, CO,, PM; 5, PMyg, black carbon (BC), and
organic carbon (OC) from five sectors such as power, industry, residential, transportation,
and agriculture.

2.2. Data and Methodology
2.2.1. Selection of Climate Change Scenarios

In this study, we selected the RCP4.5 and RCP8.5 scenarios, which are the two most
used by the climate modeling community and represent relatively low and high GHG
radiative forcing, respectively. In the RCP4.5 scenario, global emissions of three types of
GHGs will peak in 2040; then, GHG (greenhouse gas) concentrations and radiative forcing
will stabilize in 2070. Regarding the RCP8.5 scenario, GHG concentrations and radiative
forcing will increase over time from 2000 to 2100 [43,44].

2.2.2. Observational Datasets and Model Evaluation Protocol

In order to evaluate the model performance, we used AOD data from satellite retrievals
the Multi-angle Imaging Spectroradiometer (MISR) [45] and Medium-Resolution Imaging
Spectroradiometer (MODIS) [46] aboard the NASA Terra satellite and Aqua satellite in
this study. AOD measurements obtained from satellite remote sensors could provide
a cost-effective method as a source of supplementary information for determining the
concentration of ground particles. This parameter is proportional to the number of particles
in the air and depends on their mass concentration [47]. It could be used to calculate
large aerosol content and was the key factor to determine the climate effect of aerosol
radiation and the degree of air pollution. So, it could be used as a parameter to estimate
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the ground particulate matter [48,49], which is also an important factor to determine the
aerosol climate effect.

The model evaluation includes spatial distribution, temporal variation, and statistical
analysis. Two sets of satellite data were used to verify the AOD simulated by the WREF-
Chem model. For historical periods, based on model validation, we also conducted a basic
analysis of the pollutants output by the model during the period 1986-2005. Then, we
evaluated PM, 5 and BC, sulfate (SO4), and other pollutants closely related to pollutant
emissions based on previous studies and conducted quantitative analysis on them. The lim-
itations and uncertainties of model input and the representation of atmospheric processes
in WRF-Chem could be better verified by this evaluation and comparison.

3. Evaluation of Model Performance
3.1. Aerosol Optical Depth

The observed and simulated annual mean AOD in NC in 2000-2005 are shown in
Figure 2a—c. Despite there being a slightly bias low at local scales, the observations and
modeled results presented similar spatial distribution. There was a large AOD enhance-
ment over industrial and densely populated regions, including the BTH region and the
coastal areas. The three data sets all illustrated lower AOD values over north of the study
area such as Inner Mongolia and Shanxi Province. In general, compared to MODIS, the
simulation underestimated the AOD in NC, which agreed with the previous studies [50].
The reason for the underestimation in NC was the understated injection height of the
total dust emissions and biomass burning emissions by WRF-Chem [51,52]. The spatial
distribution of AOD could not clearly represent the range and the uncertainty.

WRF-Chem MODIS MISR
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Figure 2. Averaged AOD in 2000-2005 derived from model (a), MODIS (b), and MISR (c).

Therefore, we compared simulated annual and monthly time series of AOD during
the training period with MODIS and MISR observations. WRF-Chem, MISR, and MODIS
data were shown by using the box and whisker plots for average level, degree of volatility,
and upper and lower bounds from 2000 to 2005 (Figure 3a,b). The middle line in the
boxplot represented the median, bottom, and top lines of the boxplot represent 25th and
75th limits respectively, and the markers at the end of dotted lines represent minimum and
maximum values that are not outliers. From Figure 3a, it was found that there was almost
no difference between the WRF-chem and MISR for annual variation of median AOD, while
some distinction existed for MODIS. The 25th and 75th percentiles of AOD values were
close, especially in 2004 and 2005. We also summarized the AOD monthly statistics across
different regions in NC (Figure 3b). In spite of a statistically lower number of simulated
variations of the monthly AOD (given by the error bar), it was close to the MISR dataset.
Column AOD was reasonably well simulated in winter, autumn, and spring, even though
there were some discrepancies in summer and April. Compared with MODIS and MISR,
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the simulation performed well for median AOD in winter, spring, and autumn. It was
interesting to note that the AOD of 2000, 2004, and 2005 was consistent for MISR and the
model (Figure 3c); however, underestimations existed between MODIS and the simulation.

Comparison of simulation and observations
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Figure 3. (a) Individual year averaged with error bar (blue—model, red—MODIS, green—MISR), (b) is the same with
(a) but for monthly average. (c) is the year averaged AOD in 2000-2005.

3.2. Ground Distribution of Major Components

Figure 4 shows the spatial distribution of annual mean mass concentrations of major
chemical components, which include PM; 5, BC, OC, SOy, nitrate (NO3), ammonium (NHy),
and secondary organic aerosol (SOA) in NC simulated by WRF-Chem from 1986 to 2005.
The spatial variation of annual major pollutants concentration is consistent with the spatial
distribution of AOD (Figure 2), which also showed the increasing trend of pollutants
from northwest to southeast in NC. It showed a high concentration of pollution over
the industrial or densely populated regions. PM; 5 concentration and its major chemical
species showed spatially similar spatial distribution. The maximum annual averaged PM, 5
concentration was observed in the mega cities in NC (150 ug-m~3), such as Beijing and
Tianjin. Similar spatial distributions of other chemical components were also presented.
The amount of BC emission in Hebei, Henan, and Shandong provinces was more than
those in other places [53].

The annual averaged variation of PM; 5 in NC was basically in the range of 26 to
32 ug-m~3 (Figure 5). Most of the components of PM, 5 were derived from OC, followed
by NO3, BC, NHy, SOA, and SO4. The fluctuations in the total PM; 5 were influenced
by changes of NO; and OC. Their concentrations were in the range of 5-7 jig-m~3 and
12-14 pg-m~3, respectively. The annual mean carbonaceous aerosols (the sum of OC and
BC) fluctuated during 19862005 with a peak in 1995, which was consistent with the results
of Streets et al. (2009) [54]. The variations of annual averaged BC, SO4, SOA, and NHy
were relatively stable during 1986-2005. The multi-year averaged concentrations were
4 ug~m’3, 1.8 pg-m’3, 3.2 ug-m’g, and 2.4 ug~m’3, while the proportions in PM, 5 were
about 14%, 6%, 11%, and 9% respectively. The NHy4, NOj3, and SO, in atmosphere were
basically formed by a gas-to-particle process as a result of chemical reactions of precursor
gases [55,56] and were named “secondary inorganic ions”. The secondary inorganic ions
(the sum of SOy, NO3, and NHy) were in the range of 9 to 12 pug-m~3, which comprised
one-third of the annual average PM, 5 in NC.

The maximum seasonal averaged PM, 5 concentrations were observed in winter and
the minimum were observed in summer. It was noted that the air pollution in NC mainly
occurred in autumn and winter (Figure 5). The highest seasonal average PM; 5 that was
produced in winter in all urban cities in China may be due to high emissions from the
heating period and/or poor dispersion of air pollutants [53]. The OC and BC concentrations
in the spring and summer were less than those in the autumn and winter. The seasonal
variations of carbonaceous aerosols in winter should be related to the heating activities and
biomass burning in this region [57-60].
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Figure 4. The year averaged surface concentration (ug-m_3) of (a) PM, 5, (b) BC, (c) OC, (d) SOy,
(e) NOs, (f) NHy, and (g) SOA in 1986-2005.
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Figure 5. The year averaged surface concentration of PM; 5, BC, OC, SO4, NO3, NH4, and SOA
in 1986-2005.
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More coal consumption combined with a stable meteorological condition might be the
reason for the high PM, 5 concentrations in winter [61-64]. The secondary inorganic ions
also have obvious seasonal changes; e.g., secondary inorganic ions accounted for 50% of
PMj; 5 concentration in winter and only 18% in summer. It was noted that NOj3 increased
obviously from 8 to 12 ptg-m 3, which was one of the main reasons for the increase in PM, 5
concentration in winter. Based on consistency with previous studies, it proved that the
model reproduced the air pollution distribution in the historical period in NC.

4. Projection of Air Pollution and Meteorological Conditions in the RCPs Scenarios
4.1. Projection of Air Pollution

Figure 6 shows the spatial distribution of the seasonal averaged AOD in the RCP4.5,
RCP8.5, and their changes with respect to historical period. The seasonal average AOD
in summer (JJA, June-July-August) was the greatest, followed by winter (DJF, December—
January-February), autumn (SON, September—October-November), and spring (MAM,
March—-April-May).

In the two RCPs, their mean AOD was in the range of 0.08-0.48 in spring, 0.16-0.68 in
summer, 0.12-0.48 in autumn, and 0.08-0.56 in winter, respectively. The seasonal variation
of AOD had the peak value of 0.68 in summer over BTH. One of the most important factors
was the highest PBLH in summer. Secondly, the summer temperature and humidity were
high, which were conducive to the formation of aerosols [65]. The greatest values in other
seasons were 0.52, 0.48, and 0.44 in winter, autumn, and spring respectively, which were
located in the areas close to mega cities, e.g., Beijing and Tianjin. Compared to the historic
period, the junction of Inner Mongolia and Liaoning had a slightly larger increase than
other regions in the summer under two scenarios. The AOD showed the largest reductions
with the range of 0.02-0.08 in the RCP4.5 scenario over NC in autumn, especially in Hebei
and Henan Province. The spatial distributions of projected AOD under RCP8.5 were similar
to those under RCP4.5. It was noted that in winter, the changes of simulated AOD basically
demonstrated different spatial performance under two scenarios. AOD was projected
to decrease in the study region of NC excepted to BTH. However, the simulated AOD
performed an obvious increase in the whole NC in the RCP8.5 scenario, with a maximum
increase exceeding 0.06. This may be attributed to the decrease in precipitation in winter,
but high humidity is conducive to the formation of aerosols. We further compared the
seasonal differences of AOD between the RCP4.5 and RCP8.5 scenarios (bottom panel in
Figure 6). In RCP4.5, AOD was slightly less than that under the RCP8.5 in NC in spring
and summer, with a value of 0.02-0.04. Compared with RCP4.5, AOD in autumn showed
a minor increase in western NC but decreased in BTH under the RCP8.5. Importantly, in
winter, RCP8.5 could lead to an apparent increase of AOD in NC against RCP4.5, such as
in BTH and Henan province. That meant more serious pollution in winter in the RCP8.5
compared to that in the RCP4.5.

Figures 6 and 7 show the spatial distribution of PM, 5 in the two RCP scenarios and
their differences. It was found that the spatial distributions of PM, 5 concentration and
AOD were similar in the two RCP scenarios. The PMj; 5 concentrations both demonstrated
the maximum in winter and the minimum in summer. This may be attributable to more
frequent rainfall in summer, which could remove PM; 5 [65]. The averaged PM; 5 concentra-
tion in most of the areas of NC were in the range of 10-100 jtg-m 2 in spring and summer.
In autumn, there was a concentration of PM; 5 100-200 ug~m’3 in most regions. The aver-
aged concentration was 100-250 pg-m~2 in winter. This was due to the increased emission
derived from the heating winter, low PBL, and less precipitation [66,67]. The simulated
PM2.5 concentrations in NC were consistent with previous studies and corresponding to
the frequent occurrence of haze pollution in recent years [12,68].

In consideration of the difference between historic period and the future, PM, 5 levels
in the RCP4.5 are expected to be controlled well except for autumn PM; 5 concentrations
in BREC with an increase range of 4-12 ug'm_3. In winter, the largest reduction of PM; 5
concentrations with the range of 10-12 pg-m~3 were in Tianjin, Hebei, and Shandong
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provinces. Jiang et al. (2013) also showed the largest decreases in winter in NC, which
was based on GEOS-Chem models [69]. However, the degree of reduction was slightly
different. The large reduction in PM, 5 concentration in our simulation could be attributed
to the difference in emission reduction between the RCP and A1B scenarios and our higher
model resolution, which can better represent the oxidant environment and transportation
process. In the RCP8.5, the seasonal spatial distribution changes in spring and summer
were slightly similar to those in the RCP4.5. In autumn, there was an apparent reduction
in central Hebei, with values of 4-10 ug-m~3. Furthermore, PM, 5 increased by about
6-10 ug-m 2 in the coastal part of Hebei and Shanghai province. In winter, there was a
large increase mainly in the central area of NC, with values of 2-8 pg-m=>.

RCP85 - 20THC RCP85 RCP45 - 20THC RCP45

RCP85 - RCP45

Figure 6. Averaged AOD in MAM, JJA, SON, and DJF in the RCP4.5 and RCP8.5 scenarios, and their
changes relative to historical period. Figures in the bottom are represented the differences of AOD
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Figure 7. The same as Figure 6 but for the surface concentration of PM2.5.

There were also some points worth noting about the difference between the two sce-
narios. Compared to RCP4.5, the PM, 5 concentration in the RCP8.5 scenario at Shandong
province increased by 2-8 jig-m~3, whereas it decreased by 0—4 pg-m 2 in BTH in spring.
In autumn, the concentration of PM; 5 decreased in most of the regions of NC, especially in
Shandong in southern Hebei province, with values of 4-10 ug-m~3. In winter, the compar-
ison results revealed more PM, 5 concentrations in NC under the RCP8.5 scenario, with
the increase of 10-12 ug-m’3. Gao et al. (2021) also showed the largest increase of PM; 5
concentration in the RCP8.5 scenario over the NC region based on RAMS-CMAQ during
2045-2050 [17]. The predicted changes in the annual average concentration of PM; 5 and
AOD under RCP4.5 and RCP8.5 provided possible options for the control and reduction of
PMj 5 air pollution nationwide.
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4.2. Projection of Meteorological Conditions

The previous study indicated that the meteorological elements, e.g., precipitation
and boundary layer height, were attributed to the interdecadal changes (or trends) of
regional air pollution in China [70]. For example, precipitation had a removing effect on
atmospheric pollution. PBLH was related to vertical mixing, which affects the dilution of
pollutants emitted near the ground through various interactions and feedback mechanisms.
In this section, we explored the seasonal changes of precipitation (Figure 8) and PBLH
(Figure 9) caused by the warming in the future and tried to find the connection between
meteorological elements and air pollutions.
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Figure 8. Projection of precipitation in MAM, JJA, SON, and DJF. Changes in precipitation which are represented the RCP4.5
minus 20THC, RCP8.5 minus 20THC, and RCP8.5 minus RCP4.5.
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Figure 9. The same as Figure 8 but for the level of boundary layer.

Precipitation in NC was mainly concentrated in summer due to the influence of
the East Asian monsoon, followed by autumn, spring, and winter. Compared to the
historic period, precipitation was projected to increase over all of NC in spring under
the two scenarios. It is noted that the greatest increases of precipitation were in summer,
with a value of 1.5 mm/day in BTH. On a regional scale, the changes in precipitation
responded relatively well to the pollution (Figures 6 and 7) in spring and summer. In
autumn, changes of precipitation both showed entire decreasing patterns. Under RCP4.5
and RCP8.5 scenarios, the overall precipitation increased in the entire region of NC in
winter, with values of 0.2-0.6 mm/day. The increase in winter pollutants under the RCP8.5
scenario (Figure 7) may be due to the insignificant increase in precipitation, but it provides
humidity conditions for air aerosols that are conducive to aerosol moisture absorption
growth, thereby increasing the concentration of PM; 5 [66].

A comparison of within-scenario results revealed that changes in the summer were
similar to those in spring, but the values were greater. There was decreased precipitation
in the range of 0.6-1.2 mm/day in southern Hebei and its surrounding regions. The result
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showed that the increase in relative humidity in winter under the RCP8.5 scenario caused
more serious pollution

The projected PBLH under the two RCP scenarios and their difference are shown in
Figure 9. The PBL is highest in summer and lowest in winter. The possible explanation is
that the higher solar radiation and heat flux in summer lead to stronger surface heating,
which in turn produces stronger turbulence and convection [71]. Compared to the historic
period, PBLH increased in most of NC except for the central region in spring under two
scenarios. In the summer, it is observed that most of the land areas of the NC domain
receive lower PBLH, especially in BTH, with decrement of 840 m. While in autumn, a
large increment of PBLH was found in basically the entire NC region. Correspondingly,
both the PM; 5 concentration and AOD in autumn decreased (Figures 6 and 7). In winter,
PBLH had undergone opposite changes under the two scenarios. It was mainly due to
the variations of turbulence processes induced by the different thermal states between
the two scenarios. RCP8.5 caused a decrease, which directly affected the distributions
and magnitudes of PM2.5 concentrations in NC along with PBLH changes. The difference
between the two scenarios revealed that PBLH decreased by 16-31 m in spring. However,
in summer and autumn, the PBLH increased in the RCP8.5 scenario compared with the
RCP4.5 scenario, with a range of 8-32 m. RCP8.5 could cause an obvious decrease in PBLH
in winter, with the maximum reduction of 48 m in southern Hebei and its surrounding
areas. It was found that the lower the local PBLH, the lower the turbulence intensity, which
is not conducive to the diffusion of pollutants.

5. Conclusions and Discussion

In this paper, WRF-Chem driven by the MEIC inventory was used to simulate the
seasonal changes of air pollution in NC in the RCP4.5 and RCP8.5 scenarios. The results of
the evaluations showed that WRF-Chem could capture the spatial distributions variations
of AOD at annual and seasonal temporal scales.

In the RCP4.5 and RCP8.5 scenarios, the projected spatial distributions of AOD were
similar, with the maximum in summer. The greatest concentration was located in BTH,
which averaged AOD peak values of 0.44, 0.68, 0.48, 0.52 across four seasons, respectively.
The maximum PM; 5 concentration was in winter, followed by autumn, summer, and
the lowest in spring, with values of 10-250 pg-m 2, 10-200 ug-m 3, 10-100 pg-m 3, and
10-100 pg-m~3, respectively. AOD and PM, 5 showed the great variation in autumn and
winter but weaker changes in spring and summer. In the two RCP scenarios, AOD showed
the maximum reduction in autumn compared with other seasons in BREC. In the RCP8.5,
AOD was effectively increased. A comparison between the changes in two scenarios
revealed that increased AOD was presented in the RCP8.5 pathway.

In the RCP4.5, the maximum decreased PM; 5 in the range of 2-12 pg-m’?’ occurred in
winter. Compared to RCP4.5, there was a higher decline in autumn for RCP8.5, especially
in the coastal region, with values of 4-10 pg-m~—3. However, there was more PM, 5 con-
centration in the range of 4-12 pig-m~3 in winter for RCP8.5 compared to RCP4.5, which
indicated heavy pollution while selecting a high emission pathway.

Meteorological conditions also had a large connection with the projection of air pol-
lution. Actually, the impact of meteorological conditions on air quality was not a single
one but rather the result of a combination of multiple factors. In autumn, precipitation
decreased, but PBLH increased in the two RCPs, which partly explained the decrease in
PM,; 5 concentration and AOD in Hebei and the surrounding areas. In winter, the reduction
of PM; 5 and AOD in BERC could be affected by the increased precipitation and PBLH in
the RCP4.5. A high GHGs emission pathway induced decreased PBLH, which would be
further related to the increased air pollution through vertical mixing.

In summary, in the RCP8.5 scenario, the severe air pollution in NC was expected
to continue, especially in winter, but the situation was alleviated in the RCP4.5 scenario.
Our research provided a meaningful assessment of future emission scenarios. The RCP4.5
pathway probably improved air quality compared to that in the RCP8.5 scenario. Actually,
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the projection of air quality depended on the assumptions of future climate status and
emission scenarios, which had great uncertainties. Nevertheless, this study assessed the
impact of different scenarios on air pollution, which would help to guide the development
of emission control strategies.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1s13163064 /51, Figure S1: The structure of WRF-Chem (derived from WRF-Chem Version
3.9.1.1 User’s Guide), Figure S2: The emission distribution in China of MEIC Inventory in 2016.

Author Contributions: C.D.: Validation, Formal analysis, Writing—Original Draft, Visualization.
Z.J.: Conceptualization, Methodology, Investigation, Writing—Original Draft, Writing—Review
and Editing, Supervision. Y.X.: Software, Formal analysis. Z.H.: Validation. X.Z.: Resources,
Formal Analysis. W.D.: Supervision. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the key National Natural Science Foundation of China
(91644225), the National Key Research and Development Program of China (2016YFA0602701),
Innovation Group Project of Southern Marine Science and Engineering Guangdong Laboratory
(Zhuhai) (No. 311020008), and the Open Program (SKLCS-OP-2020-9) from the State Key Laboratory
of Cryospheric Science, Northwest Institute of Eco-Environment and Resources, Chinese Academy
of Sciences.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The simulation data are available on request from the correspond-
ing author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cai, C,; Raleigh, N.C.; Wang, K.; Zhang, X.; Zhang, Y.; Wang, L. T. Application of WRF-Chem Model over East Asia: Model
Evaluation and Aerosol-Meteorology Feedbacks. Atmos. Environ. 2013, 124, 285-300.

2. Guo, H; Xu, M,; Hu, Q. Changes in near-surface wind speed in China: 1969-2005. Int. ]. Climatol. 2011, 31, 349-358. [CrossRef]

3. Samet, ].M.; Dominici, E; Zeger, S.L.; Schwartz, ].; Dockery, D.W. The National Morbidity, Mortality, and Air Pollution Study Part
I: Method and Methodologic Issues. Res. Rep. 2000, 94, 5-14.

4. Dominici, F; McDermott, A.; Zeger, S.L.; Samet, ]. M. On the use of generalized additive models in time-series studies of air
pollution and health. Am. J. Epidemiol. 2002, 156, 193-203. [CrossRef]

5. World Health Organization (WHO). Health Topics: Popular, Air pollution, Overview. Available online: https://www.who.int/
health-topics/air-pollution#tab=tab_1 (accessed on 20 December 2020).

6. Wang, Y.; Zhuang, G.; Tang, A.; Yuan, H.; Sun, Y,; Chen, S.; Zheng, A. The ion chemistry and the source of PM2.5 aerosol in
Beijing. Atmos. Environ. 2005, 39, 3771-3784. [CrossRef]

7. Qian, Y,; Kaiser, D.P.,; Leung, L.R.; Xu, M. More frequent cloud-free sky and less surface solar radiation in China from 1955 to
2000. Geophys. Res. Lett. 2006, 33. [CrossRef]

8. Huebert, B.J; Bates, T.; Russell, P.B.; Shi, G.; Kim, Y.J.; Kawamura, K.; Carmichael, G.; Nakajima, T. An overview of ACE-Asia:
Strategies for quantifying the relationships between Asian aerosols and their climatic impacts. J. Geophys. Res. Space Phys. 2003,
108, 8633. [CrossRef]

9.  Wang, J.; Jin, P;; Bishop, P.L.; Li, F. Upgrade of three municipal wastewater treatment lagoons using a high surface area media.
Front. Environ. Sci. Eng. 2012, 6, 288-293. [CrossRef]

10. Rosenfeld, D.; Woodley, W.L. Pollution and Clouds. Phys. World 2001, 14, 33. [CrossRef]

11. Zhang, K. Urbanization and Industrial Development in China. In China’s Urbanization and Socioeconomic Impact; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 21-35. [CrossRef]

12.  Zhang, ].K; Sun, Y,; Liu, Z.R;; Ji, D.S;; Hu, B.; Liu, Q.; Wang, Y.S. Characterization of submicron aerosols during a month of
serious pollution in Beijing, 2013. Atmos. Chem. Phys. 2014, 14, 2887-2903. [CrossRef]

13. Wang, Y; Yao, L.; Wang, L.; Liu, Z; Ji, D.; Tang, G.; Zhang, J.; Sun, Y.; Hu, B.; Xin, J. Mechanism for the formation of the January
2013 heavy haze pollution episode over central and eastern China. Sci. China Earth Sci. 2014, 57, 14-25. [CrossRef]

14. Wang, Y.Q.; Zhang, X.Y.; Sun, ].Y.; Zhang, X.C.; Che, H.Z,; Li, Y. Spatial and temporal variations of the concentrations of PMy,
PM; 5 and PM; in China. Atmos. Chem. Phys. 2015, 15, 13585-13598. [CrossRef]

15. Song, C.; Wu, L.; Xie, Y;; He, J.; Chen, X.; Wang, T; Lin, Y,; Jin, T.; Wang, A_; Liu, Y,; et al. Air pollution in China: Status and

spatiotemporal variations. Environ. Pollut. 2017, 227, 334-347. [CrossRef]


https://www.mdpi.com/article/10.3390/rs13163064/s1
https://www.mdpi.com/article/10.3390/rs13163064/s1
http://doi.org/10.1002/joc.2091
http://doi.org/10.1093/aje/kwf062
https://www.who.int/health-topics/air-pollution#tab=tab_1
https://www.who.int/health-topics/air-pollution#tab=tab_1
http://doi.org/10.1016/j.atmosenv.2005.03.013
http://doi.org/10.1029/2005GL024586
http://doi.org/10.1029/2003JD003550
http://doi.org/10.1007/s11783-011-0280-z
http://doi.org/10.1088/2058-7058/14/2/30
http://doi.org/10.1007/978-981-10-4831-9_2
http://doi.org/10.5194/acp-14-2887-2014
http://doi.org/10.1007/s11430-013-4773-4
http://doi.org/10.5194/acp-15-13585-2015
http://doi.org/10.1016/j.envpol.2017.04.075

Remote Sens. 2021, 13, 3064 15 0f 17

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Yahya, K.; Campbell, P.; Zhang, Y. Decadal application of WRF/Chem for regional air quality and climate modeling over the U.S.
under the Representative Concentration Pathways scenarios. Part 2: Current vs. future simulations. Atmos. Environ. 2017, 152,
584-604. [CrossRef]

Gao, Y.; Zhang, M.; Wu, C. Analysis of aerosol distribution variations over China for the period 2045-2050 under different
Representative Concentration Pathway scenarios. Atmos. Ocean. Sci. Lett. 2021, 14, 100027. [CrossRef]

Cai, WJ.; Wang, C.; Jin, Z.; Chen, J. Quantifying Baseline Emission Factors of Air Pollutants in China’s Regional Power Grids.
Environ. Sci. Technol. 2013, 47, 3590-3597. [CrossRef]

Ocak, S.; Turalioglu, E.S. Effect of Meteorology on the Atmospheric Concentrations of Traffic- Related Pollutants in Erzurum,
Turkey. J. Int. Environ. Appl. Sci. 2008, 3, 325-335.

Xu, J.; Yan, E; Xie, Y.; Wang, F; Wu, J.; Fu, Q. Impact of meteorological conditions on a nine-day particulate matter pollution
event observed in December 2013, Shanghai, China. Particuology 2015, 20, 69-79. [CrossRef]

Cai, W,; Li, K;; Liao, H.; Wang, H.; Wu, L. Weather conditions conducive to Beijing severe haze more frequent under climate
change. Nat. Clim. Chang. 2017, 7, 257-262. [CrossRef]

He, J.; Yu, Y,; Liu, N.; Zhao, S.P. Numerical model based relationship between meteorological conditions and air quality and its
implication for urban air quality management. Int. J. Environ. Pollut. 2013, 53, 265-286. [CrossRef]

Zou, Y.; Wang, Y.; Zhang, Y.; Koo, ].H. Arctic sea ice, Eurasia snow, and extreme winter haze in China. Sci. Adv. 2017, 3, €1602751.
[CrossRef]

He, ]J.; Gong, S;; Yu, Y.; Yu, L.; Wu, L.; Mao, H,; Song, C.; Zhao, S.; Liu, H,; Li, X.; et al. Air pollution characteristics and their
relation to meteorological conditions during 2014-2015 in major Chinese cities. Environ. Pollut. 2017, 223, 484-496. [CrossRef]
[PubMed]

Rebekic, A.; Loncaric, Z.; Petrovic, S.; Maric, S. Pearson’s or spearman’s correlation coefficient—Which one to use? Poljoprivreda
2015, 21, 47-54. [CrossRef]

Wang, J.; Zhao, Q.; Zhu, Z.; Qi, L.; Wang, X.L.; He, J. Interannual variation in the number and severity of autumnal haze days in
the Beijing-Tianjin-Hebei region and associated atmospheric circulation anomalies. Dyn. Atmos. Ocean. 2018, 84, 1-9. [CrossRef]
Yang, Q.; Yuan, Q.; Li, T.; Shen, H.; Zhang, L. The relationships between PM; 5 and meteorological factors in China: Seasonal and
regional variations. Int. |. Environ. Res. And Public Health 2017, 14, 1510. [CrossRef]

Ding, T.; Ke, Z. Characteristics and changes of regional wet and dry heat wave events in China during 1960-2013. Theor. Appl.
Climatol. 2014, 122, 651-665. [CrossRef]

Xiao, F; Cheng, Z.; Wang, S.; Hua, Y.; Xing, J.; Hao, J. Local and Regional Contributions to Fine Particle Pollution in Winter of the
Yangtze River Delta, China. Aerosol Qual. Res. 2015, 16, 1067-1080. [CrossRef]

Skamarock, W.; Klemp, J.; Dudhia, J.; Gill, D.; Barker, D.; Wang, W.; Huang, X.Y.; Duda, M. A Description of the Advanced
Research WREF Version 3. In A Description of the Advanced Research WRF Version 3; UCAR/NCAR—Research Data Archive: Boulder,
CO, USA, 2008; p. 113.

Grell, G.A.; Peckham, S.E.; Schmitz, R.; McKeen, S.A.; Frost, G.; Skamarock, W.C.; Eder, B. Fully Coupled Online Chemistry
within the WRF Model. Atmos. Environ. 2005, 39, 6957-6975. [CrossRef]

Lin, Y.L,; Farley, R.D.; Orville, H.D. Bulk parameterization of the snow field in a cloud mode. J. Appl. Meteorol. 1983, 22, 1065-1092.
[CrossRef]

Mlawer, E.J.; Taubman, S.T.; Brown, P.D.; Iacono, M.].; Clough, S.A. Radiative transfer for inhomogeneous atmospheres: RRTM, a
validated correlated-K model for the longwave. |. Geophys. Res. 1997, 102, 16663-16682. [CrossRef]

Stockwell, WR.; Middleton, P.; Chang, ].S.; Tang, X. The second generation regional acid deposition model chemical mechanism
for regional air quality modeling. J. Geophys. Res. 1990, 95, 16343-16367. [CrossRef]

Ackermann, L].; Hass, H.; Memmesheimer, M.; Ebel, A.; Binkowski, ES.; Shankar, U. Modal aerosol dynamics model for Europe:
Development and first applications. Atmos. Environ. 1998, 32, 2981-2999. [CrossRef]

Schell, B.; Ackermann, L].; Hass, H.; Binkowski, ES.; Ebel, A. Modeling the formation of secondary organic aerosol within a
comprehensive air quality model system. J. Geophys. Res. 2001, 106, 28275-28293. [CrossRef]

Balzarini, A.; Pirovano, G.; Honzak, L.; Zabkar, R.; Curci, G.; Forkel, R.; Hirtl, M.; José, R.S.; Tuccella, P; Grell, G. WRF-Chem
model sensitivity to chemical mechanisms choice in reconstructing aerosol optical properties. Atmos. Environ. 2015, 115, 604-619.
[CrossRef]

Hurrell, ] W.; Holland, M.; Gent, PR.; Ghan, S.J.; Kay, ]J.E.; Kushner, PJ.; Lamarque, J.-F; Large, W.G.; Lawrence, D;
Lindsay, K.; et al. The Community Earth System Model: A Framework for Collaborative Research. Bull. Am. Meteorol. Soc. 2013,
94, 1339-1360. [CrossRef]

Wu, J.; Gao, X.J. A gridded daily observation dataset over China region and comparison with the other datasets. Chin. J. Geophys.
2013, 56, 1102-1111. (In Chinese) [CrossRef]

He, K. Multi-resolution Emission Inventory for China (MEIC): Model framework and 1990-2010 anthropogenic emissions. In
AGU Fall Meeting Abstracts; American Geophysical Union: Washington, DC, USA, 2012; Volume 2012.

Liu, E; Zhang, Q.; Tong, D.; Zheng, B.; Li, M.; Huo, H.; He, K.B. High-resolution inventory of technologies, activities, and
emissions of coal-fired power plants in China from 1990 to 2010. Atmos. Chem. Phys. 2015, 15, 13299-13317. [CrossRef]

Liu, Z.; Guan, D.; Wei, W,; Davis, S.; Ciais, P.; Bai, J.; Chaopeng, H.; Zhang, Q.; Hubacek, K.; Marland, G.; et al. Reduced carbon
emission estimates from fossil fuel combustion and cement production in China. Nat. Cell Biol. 2015, 524, 335-338. [CrossRef]


http://doi.org/10.1016/j.atmosenv.2016.12.028
http://doi.org/10.1016/j.aosl.2020.100027
http://doi.org/10.1021/es304915q
http://doi.org/10.1016/j.partic.2014.09.001
http://doi.org/10.1038/nclimate3249
http://doi.org/10.1504/IJEP.2013.059921
http://doi.org/10.1126/sciadv.1602751
http://doi.org/10.1016/j.envpol.2017.01.050
http://www.ncbi.nlm.nih.gov/pubmed/28122671
http://doi.org/10.18047/poljo.21.2.8
http://doi.org/10.1016/j.dynatmoce.2018.08.001
http://doi.org/10.3390/ijerph14121510
http://doi.org/10.1007/s00704-014-1322-9
http://doi.org/10.4209/aaqr.2015.08.0496
http://doi.org/10.1016/j.atmosenv.2005.04.027
http://doi.org/10.1175/1520-0450(1983)022&lt;1065:BPOTSF&gt;2.0.CO;2
http://doi.org/10.1029/97JD00237
http://doi.org/10.1029/JD095iD10p16343
http://doi.org/10.1016/S1352-2310(98)00006-5
http://doi.org/10.1029/2001JD000384
http://doi.org/10.1016/j.atmosenv.2014.12.033
http://doi.org/10.1175/BAMS-D-12-00121.1
http://doi.org/10.6038/cjg20130406
http://doi.org/10.5194/acp-15-13299-2015
http://doi.org/10.1038/nature14677

Remote Sens. 2021, 13, 3064 16 of 17

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Chen, M; Lin, E. Global Greenhouse Gas Emission Mitigation Under Representative Concentration Pathways Scenarios and
Challenges to China. Clim. Chang. Res. 2010, 6, 436—442. [CrossRef]

Moss, R.; Edmonds, J.A.; Hibbard, K.A.; Manning, M.R.; Rose, S.K.; van Vuuren, D.; Carter, T.R.; Emori, S.; Kainuma, M.;
Kram, T.; et al. The next generation of scenarios for climate change research and assessment. Nat. Cell Biol. 2010, 463, 747-756.
[CrossRef]

Diner, D.; Beckert, J.; Reilly, T.; Bruegge, C.; Conel, J.; Kahn, R.; Martonchik, J.; Ackerman, T.; Davies, R.; Gerstl, S.; et al. Multi-
angle Imaging SpectroRadiometer (MISR) instrument description and experiment overview. IEEE Trans. Geosci. Remote Sens.
1998, 36, 1072-1087. [CrossRef]

Remer, L.; Kaufman, YJ.; Tante, D.; Mattoo, D.; Chu, D.A.; Martins, ].V.; Levy, R.C.; Kleidman, R.G.; Eck, T.E.; Vermote, E.; et al.
The MODIS Aerosol Algorithm, Products, and Validation. ]. Atmos. Sci. 2005, 62, 947-973. [CrossRef]

Gupta, P; Christopher, S. Particulate matter air quality assessment using integrated surface, satellite, and meteorological products.
J. Geophys. Res. Atmos. 2009, 114. [CrossRef]

Dey, S.; Girolamo, L.D.; Van Donkelaar, A.; Tripathi, S.N.; Gupta, T.; Mohan, M. Variability of outdoor fine particulate (PM; 5)
concentration in the Indian Subcontinent: A remote sensing approach. Remote Sens. Environ. 2012, 127, 153-161. [CrossRef]
Chitranshi, S.; Sharma, S.P.; Dey, S. Satellite-based estimates of outdoor particulate pollution (PMjg) for Agra City in northern
India. Air Qual. Atmos. Health 2015, 8, 55-65. [CrossRef]

Ma, Y,; Jin, Y.; Zhang, M.; Gong, W.; Hong, J.; Jin, S.; Shi, Y.; Zhang, Y.; Liu, B. Aerosol optical properties of haze episodes in
eastern China based on remote-sensing observations and WRF-Chem simulations. Sci. Total Environ. 2021, 757, 143784. [CrossRef]
Bi, J.; Huang, J.; Hu, Z.; Holben, B.; Guo, Z. Investigating the aerosol optical and radiative characteristics of heavy haze episodes
in Beijing during January of 2013. J. Geophys. Res. Atmos. 2014, 119, 9884-9900. [CrossRef]

Palacios-Pena, L.; Bard, R.; Baklanov, A.; Balzarini, A.; Brunner, D.; Forkel, R.; Hirtl, M.; Honzak, L.; Lépez-Romero, ].M.;
Montévez, ].P; et al. An Assessment of Aerosol Optical Properties from Remote-Sensing Observations and Regional Chemistry—
Climate Coupled Models over Europe. Atmos. Chem. Phys. 2018, 18, 5021-5043. [CrossRef]

Qin, Y; Xie, S. Spatial and temporal variation of anthropogenic black carbon emissions in China for the period 1980-2009.
Atmos. Chem. Phys. 2012, 12, 4825-4841. [CrossRef]

Streets, D.G.; Yan, F; Chin, M.; Diehl, T.; Mahowald, N.; Schultz, M.; Wild, M.; Wu, Y.; Yu, C. Anthropogenic and natural
contributions to regional trends in aerosol optical depth, 1980-2006. . Geophys. Res. Atmospheres. 2009, 114, DO0D18. [CrossRef]
Seinfeld, J.H.; Pandis, S.N. Atmospheric Chemistry and Physics: From Air Pollution to Climate Change, 2nd ed.; John Wiley & Sons:
Hoboken, NJ, USA, 2006.

Guo, S.; Hu, M.; Wang, Z.B,; Slanina, J.; Zhao, Y.L. Size-resolved aerosol water-soluble ionic compositions in the summer of
Beijing: Implication of regional secondary formation. Afmos. Chem. Phys. 2010, 10, 947-959. [CrossRef]

Cheng, Y,; Engling, G.; He, K.B.; Duan, EK.; Ma, Y.L.; Du, Z.Y,; Liu, ].M.; Zheng, M.; Weber, R.J. Biomass burning contribution to
Beijing aerosol. Atmos. Chem. Phys. 2013, 13, 7765-7781. [CrossRef]

He, K;; Yang, F; Ma, Y.; Zhang, Q.; Yao, X.; Chan, C.K,; Cadle, S.; Chan, T.; Mulawa, P. The characteristics of PM2.5 in Beijing,
China. Atmos. Environ. 2001, 35, 4959-4970. [CrossRef]

Duan, F; Liu, X; Yu, T.; Cachier, H. Identification and estimate of biomass burning contribution to the urban aerosol organic
carbon concentrations in Beijing. Atmos. Environ. 2004, 38, 1275-1282. [CrossRef]

Wang, Q.; Shao, M.; Liu, Y.; William, K,; Paul, G.; Li, X;; Liu, Y.; Lu, S. Impact of biomass burning on urban air quality estimated
by organic tracers: Guangzhou and Beijing as cases. Atmos. Environ. 2007, 41, 8380-8390. [CrossRef]

Niu, E; Li, Z,; Li, C; Lee, K.; Wang, M. Increase of wintertime fog in China: Potential impacts of weakening of the Eastern Asian
monsoon circulation and increasing aerosol loading. J. Geophys. Res. Atmos. 2010, 115. [CrossRef]

Wang, J.; Wang, S.; Jiang, J.; Ding, A.; Zheng, M.; Zhao, B.; Wong, D.C.; Zhou, W.; Zheng, G.; Wang, L.; et al. Impact of
aerosol-meteorology interactions on fine particle pollution during China’s severe haze episode in January 2013. Environ. Res. Lett.
2014, 9, 094002. [CrossRef]

Zhao, X.J.; Zhao, PS.; Xu, J.; Meng, W.; Pu, WW.; Dong, F.; He, D.; Shi, Q.F. Analysis of a winter regional haze event and its
formation mechanism in the North China Plain. Atmos. Chem. Phys. 2013, 13, 5685-5696. [CrossRef]

Zhao, PS.; Dong, E; He, D.; Zhao, X.]J.; Zhang, X.L.; Zhang, W.Z.; Yao, Q.; Liu, H.Y. Characteristics of concentrations and chemical
compositions for PM2.5 in the region of Beijing, Tianjin, and Hebei, China. Atmos. Chem. Phys. 2013, 13, 4631-4644. [CrossRef]
Gong, W.; Huang, Y.; Zhang, T.; Zhu, Z,; Ji, Y.; Xia, H. Impact and Suggestion of Column-to-Surface Vertical Correction Scheme
on the Relationship between Satellite AOD and Ground-Level PM2.5 in China. Romote Sens. 2017, 9, 1038. [CrossRef]

Liu, Z,; Shen, L.; Yan, C.; Du, J.; Li, Y.; Zhao, H. Analysis of the Influence of Precipitation and Wind on PM2.5 and PM10 in the
Atmosphere. Adv. Meteorol. 2020, 5, 5039613. [CrossRef]

Qu, Y;; Han, Y,; Wu, Y.; Gao, P.; Wang, T. Study of PBLH and Its Correlation with Particulate Matter from One-Year Observation
over Nanjing, Southeast China. Remote Sens. 2017, 9, 668. [CrossRef]

Wang, L.; Liu, Z,; Sun, Y,; Ji, D.; Wang, Y. Long-range transport and regional sources of PMj; 5 in Beijing based on long-term
observations from 2005 to 2010. Atmos. Res. 2015, 157, 37-48. [CrossRef]

Jiang, H.; Liao, H.; Pye, H.O.T.; Wu, S.; Mickley, L.J.; Seinfeld, ]. H.; Zhang, X.Y. Projected effect of 2000-2050 changes in climate
and emissions on aerosol levels in China and associated transboundary transport. Atmos. Chem. Phys. 2013, 13, 7937-7960.
[CrossRef]


http://doi.org/10.1360/972010-1322
http://doi.org/10.1038/nature08823
http://doi.org/10.1109/36.700992
http://doi.org/10.1175/JAS3385.1
http://doi.org/10.1029/2008JD011496
http://doi.org/10.1016/j.rse.2012.08.021
http://doi.org/10.1007/s11869-014-0271-x
http://doi.org/10.1016/j.scitotenv.2020.143784
http://doi.org/10.1002/2014JD021757
http://doi.org/10.5194/acp-18-5021-2018
http://doi.org/10.5194/acp-12-4825-2012
http://doi.org/10.1029/2008JD011624
http://doi.org/10.5194/acp-10-947-2010
http://doi.org/10.5194/acp-13-7765-2013
http://doi.org/10.1016/S1352-2310(01)00301-6
http://doi.org/10.1016/j.atmosenv.2003.11.037
http://doi.org/10.1016/j.atmosenv.2007.06.048
http://doi.org/10.1029/2009JD013484
http://doi.org/10.1088/1748-9326/9/9/094002
http://doi.org/10.5194/acp-13-5685-2013
http://doi.org/10.5194/acp-13-4631-2013
http://doi.org/10.3390/rs9101038
http://doi.org/10.1155/2020/5039613
http://doi.org/10.3390/rs9070668
http://doi.org/10.1016/j.atmosres.2014.12.003
http://doi.org/10.5194/acp-13-7937-2013

Remote Sens. 2021, 13, 3064 17 of 17

70. Che, H,; Gui, K;; Xia, X.; Wang, Y.; Holben, B.N.; Goloub, P.; Cuevas-Agull6, E.; Wang, H.; Zheng, Y.; Zhao, H.; et al. Large
contribution of meteorological factors to inter-decadal changes in regional aerosol optical depth. Atmos. Chem. Phys. 2019, 19,
10497-10523. [CrossRef]

71.  Schneider, J.; Eixmann, R. Three years of routine raman Lidar measurements of tropospheric aerosols: Backscattering, extinction,
and residual layer height. Atmos. Chem. Phys. 2002, 2, 313-323. [CrossRef]


http://doi.org/10.5194/acp-19-10497-2019
http://doi.org/10.5194/acp-2-313-2002

	Introduction 
	Model, Data, and Methodology 
	Model and Simulation 
	WRF-Chem Model Configuration 
	Simulation Design 

	Data and Methodology 
	Selection of Climate Change Scenarios 
	Observational Datasets and Model Evaluation Protocol 


	Evaluation of Model Performance 
	Aerosol Optical Depth 
	Ground Distribution of Major Components 

	Projection of Air Pollution and Meteorological Conditions in the RCPs Scenarios 
	Projection of Air Pollution 
	Projection of Meteorological Conditions 

	Conclusions and Discussion 
	References

