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Abstract: A reduction in gaseous pollutants is an important method for mitigating PM2.5 concen-
tration in the atmosphere, and the reduction in SO2/NH3/NOx is beneficial to control secondary
inorganic aerosols in PM2.5. In this study, the Weather Research and Forecasting model with Chem-
istry model (WRF-Chem) was applied to study the impact on the PM2.5 and its secondary inor-
ganic aerosols using the scenario simulation method in the Beijing–Tianjin–Hebei (BTH) region.
The results showed that the BTH region is characterized by being NH3-rich and having a higher
[NH4

+]/[SO4
2−] ratio in southern BTH, with a ratio of more than 6.0. Source contribution to PM2.5

was highest in the 30%_SO2_40%_NH3_40%_NOx scenario, with a contribution ratio of 6.8%, fol-
lowed by 3.8% contribution in the 30%_SO2_40%_NH3 scenario, and a 3.4% contribution in the
30%_SO2_60%_NH3_60%_NOx scenario. These results indicate that synergistic reduction measures
may be suitable for controlling PM2.5 concentrations. A lower sensitivity factor, β value between
PM2.5 and NH3 suggests that solely reducing NH3 emissions is not beneficial for the BTH region.
However, this study indicates that the sensitivity of NO3

− would improve significantly if NH3

emissions are reduced sharply. A slight reduction in NH3 was found to be beneficial for controlling
NO3

− in medium and small cities, while a significant decrease in NH3 would be more suitable for
mega-cities. The study also observed that SO4

2− and its constituents continued to decrease with a
consistent β value of approximately 0.14 in the 30%_SO2_%_NH3 scenario and between 10.5 and 12.8
in the 30%_SO2_%_NH3_%_NOx scenario. These findings suggest that a synergistic reduction in
SO2-NH3-NOx emissions may be more effective in reducing PM2.5 concentrations and its secondary
inorganic aerosols (SIAs). However, it is important to ensure that the reduction in NH3 and NOx

exceeds 60% in low SO2 concentration conditions.

Keywords: PM2.5; NH3; SIA; WRF-Chem; BTH

1. Introduction

PM2.5, with an aerodynamic diameter of less than or equal to 2.5 µm, is a significant
component of atmospheric particulate matter. It has detrimental effects on human health,
leading to an increased risk of respiratory diseases, as well as heart and brain conditions [1].
Additionally, atmospheric particulate matter plays a direct role in altering the scattering and
absorption of light in the atmosphere and influences the formation of crystalline nuclei [2,3],
thus impacting the climate [4–6]. In China, there are five major air pollution regions: the
Beijing–Tianjin–Hebei region (BTH), the Pearl River Delta (PRD), the Yangtze River Delta
(YRD), the Sichuan Basin Region (SBR), and the Fenwei Plain region (FPR) [7–11]. Among
them, the BTH region stands out as the most polluted area in terms of fine particulate
matter (PM2.5 and PM10) pollution. Due to a severe pollution event in January 2013, the
BTH region attracted significant public and media attention. This event was notable for its
wide coverage, spanning 1.43 million square kilometers, as well as its prolonged duration
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of nearly one month and the high levels of pollution it exhibited. It has been compared
to historical atmospheric pollution events such as the London smog event and the Los
Angeles photochemical smog event. Extensive research has confirmed that adverse weather
conditions, elevated pollutant emissions, and the formation of secondary aerosols are
the primary factors contributing to the formation of haze in this region [12–15]. Since
then, China’s air pollution control efforts have accelerated, leading to significant results in
reducing air pollution. In the BTH region, there has been a significant decrease in PM2.5
levels, with the annual average concentration dropping from 108 ± 34 µg m−3 in 2013 to
55 ± 13 µg m−3 in 2018, representing a nearly 50% decrease. This indicates the effectiveness
and strength of PM2.5 control measures implemented in the region. Furthermore, the annual
average concentration of PM2.5 in 337 cities in 2019 was 36 µg m−3, which is close to the
national secondary air quality standard of 35 µg m−3. This demonstrates the progress made
in reducing PM2.5 pollution across the country and approaching the national air quality
targets. Zhai et al. [16] discovered that the air quality has shown continuous improvement,
with PM2.5 reduction exceeding 30% in many cities. This positive trend can be attributed
to the implementation of various air pollution control measures in China since 2013. The
“Ten Air Pollution Measures” or the Action Plan for Air Pollution Prevention and Control
have achieved significant progress, marking the initial success in the field of air pollution
prevention and control. However, this is just the beginning of China’s efforts in tackling air
pollution. The country still has a long way to go to safeguard its Blue Sky and achieve the
vision of a beautiful China by 2035.

However, despite the progress made in air pollution control, the issue of PM2.5 pol-
lution remains critical. The annual average PM2.5 concentration continues to exceed the
national secondary standard of 35 µg m−3. Moreover, the BTH region continues to ex-
perience heavy pollution events, with daily average concentrations reaching alarming
levels, particularly during winter. This is primarily due to the sharp increase in partic-
ulate matter emissions associated with winter heating, overwhelming the self-cleaning
capacity of the atmosphere. The presence of a winter inversion layer further hinders the
dispersion and dilution of particulate matter, leading to the occurrence of severe haze
pollution events. In addition to emissions, a significant portion of PM2.5 is formed through
atmospheric chemical reactions, a process known as new particle formation (NPF). This
highlights the importance of understanding and addressing the underlying atmospheric
chemistry processes that contribute to the production of PM2.5. Efforts to control PM2.5
pollution and address its complex causes and sources remain crucial in the ongoing battle
to improve air quality and achieve the goal of a cleaner and healthier environment. NPF
is a widespread phenomenon that has been observed in various locations, as indicated
by several studies [17–21]. Atmospheric chemistry processes play a significant role in the
production of various compounds, including sulfates, nitrates, ammonium, and secondary
organic aerosols. Within the realm of atmospheric chemistry research, there is a particular
focus on studying the formation and characteristics of secondary inorganic aerosols [22–27].
Several studies [17,21,28] have specifically examined the reduction in SO2 emissions. This
is because SO2 serves as a precursor for the formation of H2SO4, which plays a crucial role
in the binary and ternary nucleation processes of NPF. By reducing SO2 emissions, the
concentration of sulfate and PM2.5 can be effectively reduced. However, it is important to
note that the reduction in SO2 emissions can lead to an increase in the amount of free NH3
in the atmosphere, resulting in an ammonia-rich environment. This shift in the chemical
equilibrium has prompted recent research efforts to focus on the reduction in NH3 emis-
sions and propose corresponding control measures [29–32]. Chen et al. [33] conducted a
study that confirmed the effectiveness of NH3 reduction in inhibiting the production of sec-
ondary inorganic aerosols and controlling air pollution during the winter season in Baoding
city. The reduction in NH3 emissions has been identified as an effective and cost-efficient
method for mitigating haze events, especially as the concentration of SO2 continues to
decrease [34]. Liu et al. [35] employed the Weather Research Forecasting and Chemistry
model (WRF-Chem) to analyze the impact of NH3 emission reduction on air quality. Their
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findings demonstrated that a 15% reduction in SO2 and NOx emissions resulted in a de-
crease in PM2.5 concentration by 1–3 µg m−3, which corresponds to approximately 3% of
the levels observed in 2015. These studies primarily focused on the sensitivity analysis of
NH3’s impact on PM2.5. However, few studies have investigated the effects of different
combinations of precursor reduction on secondary inorganic aerosols. Additionally, there
is limited research on the influence of various emission reduction strategies on the spatial
distribution of component concentrations. Therefore, further research is needed to explore
the comprehensive impacts of different precursor reduction approaches and their effects
on the distribution of pollutant concentrations, including secondary inorganic aerosols, to
enhance our understanding of air pollution control strategies and their effectiveness.

This study utilizes the WRF-Chem model coupled with the Model for Simulating
Aerosol Interactions and Chemistry (MOSAIC) module to address air pollution issues in
the BTH region. The research objectives of this study are as follows: (1). Identify “ammonia
control” areas within the BTH region and compare the effects of different control measures.
The study aims to assess and compare the impacts of various ammonia control strategies on
air pollution. (2). Quantify the source contributions of PM2.5 and its secondary inorganic
aerosols (such as SO4

2−, NH4
+, and NO3

−) through scenario simulations. The study aims
to investigate the effects of NH3 control on PM2.5 and its secondary inorganic aerosols,
particularly in conditions of low SO2 concentration. (3). Analyze and quantify the influence
of gas–particle partitioning based on different scenario simulations. The study aims to
assess how different control measures affect the partitioning of pollutants between the
gas and particle phases. By employing the WRF-Chem model with the MOSAIC module,
this study aims to provide insights into the effectiveness of ammonia control measures,
the source contributions of pollutants, and the impacts of gas–particle partitioning on air
pollution in the BTH region. These findings can contribute to the development of targeted
and effective strategies for air pollution control in the study area.

2. Methodology
2.1. Model Configurations and Simulation Design

The WRF-Chem model, developed by the United States’ National Oceanic and At-
mospheric Administration (NOAA)/Earth System Research Laboratories (ESRL), is a
three-dimensional chemical transport model widely utilized for simulating regional air
quality worldwide. This model is favored for its open-source nature and user-friendly
features [36,37]. In conjunction with the WRF-Chem model, the WRF model, which is a
meteorological model, was employed to generate meteorological fields that drive the WRF-
Chem model. Prior to running the WRF model, it is necessary to utilize the geogrid.exe
component of the pre-processing WPS system to extract terrain data within the designated
domain. For our study, topography data from the United States Geological Survey (USGS)
were employed, encompassing 23 soil classifications, to provide terrain and land-use data.

For our study, we employed WRF-Chem version 3.7 to simulate the winter period of
January 2016, which represents the winter of one year. The simulations were conducted
using two-layer nested domains. The first domain, referred to as Domain 1, covers East
Asia with a grid resolution of 36 × 36 km as shown in Figure 1. The second domain,
Domain 2, focuses on a specific area in northeastern China, encompassing Beijing, Tianjin,
Hebei, Shandong, Henan, and Shanxi, with a grid resolution of 12 × 12 km. The BTH
region, which is the primary area of interest, includes two municipalities, namely Beijing
and Tianjin, along with eleven regional cities in Hebei province: Baoding, Cangzhou,
Chengde, Handan, Hengshui, Qinhuangdao, Langfang, Shijiazhuang, Tangshan, Xingtai,
and Zhangjiakou. Based on the size and population of these cities, we divided them into
three categories: mega-cities (Beijing and Tianjin), medium cities (Baoding, Cangzhou,
Handan, Qinhuangdao, Langfang, Shijiazhuang, Tangshan, and Xingtai), and small cities
(Chengde, Hengshui, and Zhangjiakou). To ensure the accuracy of the simulations, we
incorporated a spin-up period of 7 days to minimize the influence of initial conditions. In
the first layer, we set the emissions outside Domain 1 to zero. The output from the first
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layer was then used to provide initial and boundary fields for the second layer, which
includes the BTH region. Additionally, to account for regional transport, Domain 2 was set
to a broader area, not limited to the BTH region alone.
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In our study, the WRF-Chem model incorporates various chemical schemes to cap-
ture the complex atmospheric chemistry. The gas-phase chemical reactions, photolysis,
secondary generation of particulate matter, liquid-phase chemistry, and other calculation
modules are included. For the gas-phase chemical mechanism, we selected the 1999 version
of the Statewide Air Pollution Research Center (SAPRC-99) mechanism developed by
Carter [38]. The SAPRC99 mechanism utilizes a lumped species approach, categorizing
organic molecules based on their oxidation reactivity, emission magnitude, and internal
bond types. It provides a comprehensive representation of various chemical reactions,
including those involving isoprene, terpenes, ALDX, peroxyl radicals, PAN analogues,
isoprene products, organic acids, alkanes, acetone, ketones, and aromatic aldehydes. The
aerosol module used in the WRF-Chem model is the Model for Simulating Aerosol Interac-
tions and Chemistry (MOSAIC), which employs the Volatility Basis Set (VBS) with four
volatility bins for the evolution of organic aerosols [39]. MOSAIC focuses on addressing
gas–particle partitioning processes for various inorganic gases. It can be implemented
using either the modal or sectional approach to represent the size distribution of aerosols.
By incorporating SAPRC99 and MOSAIC, the WRF-Chem model allows us to simulate the
intricate interactions between gases and aerosols, enabling a comprehensive analysis of
atmospheric chemistry and the formation of secondary inorganic aerosols. WRF-Chem
model with SAPRC-99 coupled with MOSAIC is able to calculate 34 aerosol components,
including sulfate, nitrate, ammonium, organic carbon (OC), elemental carbon (EC), and
others. These components are considered to exist in both externally mixed and internally
mixed forms and can be removed from the atmosphere through dry and wet deposi-
tion processes. The SAPRC-99 mechanism combined with MOSAIC represents the most
comprehensive version available in the model repository and is widely used for research
purposes. It utilizes a sectional aerosol module and the VBS approach specifically for
organic aerosols [37]. For photolysis rate calculation, we employed the Madronich Fast
Troposphere Ultraviolet Visible (F-TUV) photolysis scheme. This scheme is not influenced
by parameterized convection, ensuring accurate calculations of photolytic rates [40]. In
terms of radiation processes, the Rapid Radiative Transfer Model for Global Climate Models
(RRTMG) shortwave and long-wave radiation scheme is implemented in our model. This
radiation scheme accounts for the direct effect of aerosols on radiation and is one of the
primary processes associated with radiation calculations [41]. Morrison double-moment mi-
crophysics scheme is employed for the calculation of the indirect effect of aerosols [42]. This
scheme can utilize both the modal and sectional approaches and is specifically designed to
capture the interactions between aerosols and cloud microphysics. To accurately calculate
the indirect effect, the aqueous phase chemistry is activated in the model. This allows
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for the representation of aerosol–cloud interactions through cloud droplet activation and
subsequent processes. As for the boundary layer scheme, we chose the Yonsei University
scheme. This scheme incorporates an inverse gradient term to account for non-locally
induced fluxes and considers entrapment processes at the top of the boundary layer. It
provides a representation of boundary layer processes, which are crucial for capturing
the vertical mixing and turbulent exchanges near the Earth’s surface. For land surface
processes, we employed the Noah Land Surface Model. This model calculates heat and
water vapor fluxes across land surfaces by considering various factors such as radiative
forcing, cloud microphysical processes, precipitation forcing, land state variables, and land
surface characteristics [43,44]. It helps simulate the interactions between the land surface
and the atmosphere. For a comprehensive overview of the optimized configurations used
in our study, see Table 1 or refer to the work of Wang et al. [45].

The emission inventory used in our model is based on the Multi-resolution Emission
Inventory for China (MECI) developed by Tsinghua University for the year 2016. This
inventory was evaluated and validated by Li et al. (2017) and Zheng et al. [46,47]. The MECI
inventory provides emissions data for ten air pollutants including SO2, NOx, CO, NMVOC,
NH3, BC, OC, PM10, PM2.5, and CO2. To obtain the input data for the WRF-Chem model,
the MECI inventory is processed through spatial allocation, time allocation, and species
allocation. The resulting data set has a resolution of 0.25◦ × 0.25◦ latitude and longitude and
is used as the anthropogenic input data for the model. The VOC chemical mechanisms used
in the model include CBIV, CB05, SAPRC99, SAPRC07, and RADM2. These mechanisms
describe the oxidation and transformation processes of volatile organic compounds. The
vertical resolution of the model is divided into 23 layers, with corresponding sigma levels
ranging from 1.000 (near the ground) to 0.000 (top of the troposphere). This vertical division
allows for a more accurate representation of atmospheric processes and interactions. The
emissions of gases and aerosols from natural sources are estimated using the Model of
Emissions of Gases and Aerosols from Nature (MEGAN) model [48,49]. MEGAN does
take into account factors such as land cover, leaf area index, weather, and atmospheric
chemical composition to estimate the emissions of VOCs, NOx, and CO from vegetation.
By incorporating the MECI inventory for anthropogenic emissions and the MEGAN model
for natural emissions, the complex interplay between human activities and natural sources
in the simulation of air pollution can be captured.

Table 1. WRF-Chem model configurations and model set up used in this study.

Physical and Chemical Processes Baseline Simulations

Simulation period January 2016
Domain East Asia (36 km), northern China (12 km)

Vertical resolution 23 layers from 1000 to 100 mb

Anthropogenic emissions MEIC [http://www.meicmodel.org/; accessed on 25
April 2023]

Biogenic emissions MEGAN 2 [48]
Dust emissions GOCART dust emissions [50]

Sea-salt emissions Gong [2003] [51]

Meteorological ICs and BCs The National Centers for Environmental
Prediction Final Analysis (NCEP-FNL) reanalysis data

Chemical IC and BC Default for 36-km; nested down from the parent domain
for 12-km

Gas-phase chemistry SAPRC-99 [38]
Photolysis Madronich F-TUV [40]

Aerosol module 4-bin MOSAIC aerosol with volatility basis set (VBS)
[39,52]

Urban surface Urban canopy model [53,54]
Shortwave radiation RRTMG [41]
Longwave radiation RRTMG [41]

Land surface NOAH Land Surface Model [43,44]

http://www.meicmodel.org/
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Table 1. Cont.

Physical and Chemical Processes Baseline Simulations

Surface layer Monin–Obukhov [55,56]
PBL Yonsei University Scheme (YSU) [57]

Cumulus Grell 3D ensemble [58]
Microphysics Morrison double-moment [42]

2.2. Scenarios Setting in Air Quality Model and Real-Time Monitoring Data

In this study, the month of January 2016 was selected for simulation to investigate the
impact of reduced SO2 emissions on PM2.5 and its secondary inorganic aerosols. January
was chosen because it represents a period of frequent heavy pollution weather, offering
an opportunity to assess the effectiveness of emission reduction measures during severe
pollution events in winter. Additionally, the SO2 concentration in 2016 was relatively high,
and a 70% reduction in emissions would align with the current air quality situation. By
conducting simulations for January 2016, the study aimed to compare the characteristics
of PM2.5 pollution under high and low SO2 concentrations and examine the influence of
gaseous pollutants on PM2.5 and its components. The findings of the study can provide
valuable insights and reference for future emission reduction policies. To complement the
modeling approach, the study also collected observational data on PM2.5 and its compo-
nents, including water-soluble organic carbon, nitrate, sulfate, OC, EC, and H+, as well
as PM10 and its components, in Handan city. In addition, gaseous pollutants including
CO, CO2, NO, NO2, NOx, NOy, SO2, and meteorological parameters (including relative
humidity, temperature, pressure, wind speed, wind direction, and rainfall) were measured
at the same time. These measurements were obtained using a continuous dichotomous
aerosol chemical speciation analyzer (Model ACSA-14; Kimoto Electric, Ltd., Osaka, Japan).
The combination of model simulations and monitoring data enhances the comprehensive-
ness and accuracy of the study’s analysis. Furthermore, data for the evaluation of the
WRF-Chem model were obtained from the website of the China National Environmental
Monitoring Center (CNEMC). This data source provides valuable information for assessing
the performance and reliability of the model in capturing real-world atmospheric condi-
tions and pollutant concentrations. By integrating model simulations, observational data,
and external data sources, the study aims to provide a comprehensive understanding of the
impact of reduced SO2 emissions on PM2.5 pollution and contribute to the development
of effective air pollution control strategies. Additionally, the data used for the evaluation
of the WRF-Chem model were obtained from the http://www.cnemc.cn (accessed on
25 April 2023).

The Brute-force method (BFM) is a sensitivity simulation approach used to deter-
mine the contribution of specific emission sources to PM2.5 concentrations. It involves
running the WRF-Chem model multiple times with different emission scenarios. The base
case simulation considers all emission sources, while subsequent simulations turn off or
modify specific sources to quantify their individual contributions to PM2.5. This method
provides detailed insights into the impact of sources such as SO2 and NH3 on PM2.5 and its
components. Although it requires multiple runs and significant storage space, the BFM
approach helps assess the effects of emission reductions on air quality and understand
source contributions to PM2.5 pollution.

The simulation period for the study spans from 25 December 2015 to 31 January 2016.
A spin-up period of 7 days is included in the simulation to minimize the influence of initial
conditions and allow the model to reach a more stable state. To reduce computational costs,
the MOSAIC-4 bin aerosol module is selected, which represents aerosol size distribution
using four different sized bins: 0.039–0.1 µm, 0.1–1 µm, 1–2.5 µm, and 2.5–10 µm. Table 2
provides details of the 11 different cases considered within a 12 km domain. The base case
represents the scenario without any reduction in the emission inventory. The “30%_SO2”
case indicates a 70% reduction in SO2 emissions, while “30%_SO2_80%_NH3_80%_NOx”

http://www.cnemc.cn
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corresponds to a scenario with a 30% reduction in SO2 emissions and an 80% reduction
in NH3 and NOx emissions, compared to their original emission levels. The Air Pollution
Index (API) was used as the primary indicator of air quality until 2013, with the main
pollutants of the day determined by their highest concentrations. PM10 and SO2 were
the dominant pollutants during that period. Over the years, the levels of SO2 have been
steadily decreasing in the region. In the BTH region, the average concentration of SO2
dropped from approximately ~300 µg m−3 in 2003 to 12 µg m−3 in 2021, a reduction that
took nearly 20 years. The annual average concentration of SO2 in the BTH region declined
from 41.7 µg m−3 in 2016 to 12 µg m−3 in 2021, representing a reduction of more than
70% (source: https://www.mee.gov.cn, accessed on 25 April 2023). Given the significant
reduction in SO2 levels, the study focuses on the “30%_SO2” case, which represents a 70%
reduction in SO2 emissions. This case is chosen to investigate the source contribution of the
SO2 reduction in PM2.5 levels.

Table 2. Summary of WRF-Chem model scenario setting in this study.

Case Name Period Description

Base

25 December 2015–31
January 2016

no emission reduction
30%_SO2 70% SO2 emission reduction
80%_NH3 20% NH3 emission reduction
60%_NH3 40% NH3 emission reduction
40%_NH3 60% NH3 emission reduction

30%_SO2_80%_NH3
70% SO2 emission reduction and 20%

NH3 emission reduction

30%_SO2_60%_NH3
70% SO2 emission reduction and 40%

NH3 emission reduction

30%_SO2_40%_NH3
70% SO2 emission reduction and 60%

NH3 emission reduction

30%_SO2_80%_NH3_80%_NOx

70% SO2 emission reduction, 20% NH3
emission reduction, and 20% SO2

emission reduction

30%_SO2_60%_NH3_60%_NOx

70% SO2 emission reduction, 40% NH3
emission reduction, and 40% SO2

emission reduction

30%_SO2_40%_NH3_40%_NOx

70% SO2 emission reduction, 60% NH3
emission reduction, and 60% SO2

emission reduction

3. Results
3.1. Quality Assurance (QA) and Quality Control (QC) in 36 km and 12 km
3.1.1. QA and QC in 36 km

Figure 2 illustrates the simulated results of CO, NO2, SO2, and PM2.5 concentrations,
along with their corresponding Mean Bias (MB) values, compared to urban monitoring data
across China. The model results are first compared with the gridded emission inventory
data obtained from http://meicmodel.org.cn/ (accessed on 25 April 2023), showing a good
spatial agreement with the emission data. The simulation results indicate higher pollutant
concentrations in the central-eastern part of China, particularly in urban clusters, which
aligns with the distribution of larger MB values. However, the Normal Mean Bias (NMB)
values are generally within or lower than ±40%, as specified in Table 3 [59]. Notably, for
CO, the WRF-Chem model captures the concentration levels well across the country, with
an average NMB value of −3.4%. This suggests that the results from the first nest grid
provide more accurate initial and boundary data for Domain 2. Regarding SO2 and NO2,
as atmospheric precursors, they are slightly underestimated over the domain, with simu-
lated concentrations of 57.4 µg m−3 and 32.9 µg m−3, respectively, compared to observed
concentrations of 69.6 µg m−3 and 54.7 µg m−3. Nevertheless, these underestimations fall
within the criteria for satisfactory performance and are considered acceptable. However,
it should be noted that some cities in the east-central region of China have overestimated

https://www.mee.gov.cn
http://meicmodel.org.cn/
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predictions relative to the reproduction of CO. The simulation results for PM2.5 demon-
strate better agreement compared to SO2 and NO2. Most cities and regions show slight
underestimations, as indicated by the MB image where they appear as small blue dots.
However, in a few cities, especially large-scale urban agglomerations, the model tends
to overestimate concentrations, like what was observed for SO2 and NO2. Overall, the
prediction of PM2.5 is slightly underestimated, with an overall MB value of −11.1% and an
NMB value of −12.4%.
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Figure 2. The simulated result of NO2 (ppb), CO (ppm), SO2 (ppb), and PM2.5 (µg m−3) and their
MB compared with observed concentration over 36 km domain.

In addition to evaluating pollutant concentrations, we also assessed the model’s
performance in simulating meteorological factors such as wind speed, wind direction,
and temperature. Meteorological data are considered to provide a better reflection of the
processes leading to peak pollution occurrences compared to pollutant concentrations
such as PM2.5. For instance, the simulated wind speed showed good agreement with the
observed data, with an average value of 2.9 m/s. The MB and NMB values for wind
speed were 0.0% and 0.1%, respectively, over Domain 1. Overall, the meteorological data
exhibited better consistency with the actual measurements compared to the simulated
pollutant concentrations. The configuration of WRF-Chem in this study demonstrates
its capability to simulate the processes of air pollution in China effectively. The output
of WRF-Chem aligns with the published model verification criteria [60], indicating a
satisfactory performance of the model in capturing important meteorological and pollution-
related processes.
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Table 3. Summary of WRF-Chem model evaluation in Domain 1.

Obs Model MB NMB NME RMSE

PCP24 17.4 3.0 −14.5 −83.0% 104.9% 44.1
PSFC 967.0 962.2 −4.8 −0.5% 1.6% 31.3

Q2 0.0 0.0 0.0 2.6% 15.9% 0.0
TEMP2 −6.4 −7.0 −0.6 −9.4% −30.6% 2.7

WDIR10 214.0 209.0 −5.0 −2.4% 33.5% 120.1
WSPD10 2.9 2.9 0.0 0.1% 43.1% 1.7

CO 2.1 2.1 −0.1 −3.4% 102.7% 4.8
SO2 69.6 57.4 −12.2 −17.5% 121.8% 188.6
NO2 54.7 32.9 −21.8 −39.9% 77.1% 59.3
O3 27.6 26.6 −1.0 −3.6% 84.8% 29.3

PM10 141.8 81.4 −60.4 −42.6% 73.7% 163.2
PM2.5 89.6 78.5 −11.1 −12.4% 77.3% 133.8

MB: Mean bias; NMB: Normalized mean bias.

3.1.2. QA and QC in 12 km

In this study, the research focused on Domain 2, and we conducted verification and
evaluation of the results within this domain to ensure the reliability of the WRF-Chem
model. The corresponding statistical data can be found in Table 4, and Figure 3 presents
a comparison between the observed and simulated concentrations of various pollutants
in Domain 2, including NO2, CO, SO2, O3, PM10, and PM2.5. The NMB of PM2.5 and NO2
decreased from double-digit values to single-digit values, indicating an improvement in the
model’s performance. However, the prediction error of O3 increased significantly, reaching
−68.8% in Domain 2. It should be noted that the model’s simulation of winter O3 exhibits a
considerable level of uncertainty, and further investigation is required to determine whether
this is due to the model’s processes or the unique characteristics of winter air pollution in
northern China. Furthermore, Figure 4 shows the peculiar hourly concentration variation
of O3 in Handan city, with high concentrations exhibiting particularly high peaks during
periods of lower photochemical reactions in winter. The presence of vertical transport
processes for O3, which are not yet fully understood, may introduce additional uncertainty
to the model results. Regarding PM2.5, the overestimation in the city is mainly concentrated
at the three junctions in Hebei, Henan, and Shandong, as observed in Figure 3. However,
this situation is not observed for PM10, where the monitoring and simulation values show
extremely similar patterns. Overall, the results indicate that the model performs reasonably
well for PM10 but exhibits some limitations in simulating O3 and PM2.5, particularly during
winter and in specific regions. Further analysis and understanding of the underlying
processes are necessary to improve the model’s performance in these areas.

Table 4. Summary of WRF-Chem model evaluation in Domain 2.

Obs Model MB NMB NME RMSE

PCP24 17.4 3.1 −14.4 −82.5% 105.1% 44.1
PSFC 967.0 966.2 −0.8 −0.1% 1.0% 22.0

Q2 0.0 0.0 0.0 1.2% 14.9% 0.0
TEMP2 −6.4 −6.5 −0.1 −1.4% −26.5% 2.3

WDIR10 214.0 207.2 −6.8 −3.2% 31.7% 116.2
WSPD10 2.9 3.0 0.0 0.9% 40.7% 1.6

CO 2.1 2.7 0.6 27.6% 84.7% 2.7
SO2 69.6 110.6 41.0 58.8% 117.2% 127.2
NO2 54.7 57.8 3.2 5.8% 59.8% 45.3
O3 27.6 8.6 −19.0 −68.8% 93.6% 33.9

PM10 141.8 100.0 −41.8 −29.5% 57.3% 120.9
PM2.5 89.6 97.4 7.8 8.7% 69.6% 91.3

NO2 (ppb), CO (ppm), SO2 (ppb), O3 (ppb), PM10 (µg m−3), and PM2.5 (µg m−3).
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The simulation results for CO in Domain 2 were not as accurate as those in Domain 1,
with a MB of 0.6 mg m−3 and a NMB of 27.6%. The southern Hebei region exhibited an
overestimated concentration of CO, as indicated in Figure 3. This discrepancy may be
attributed to the emission inventory of MEIC, which was generated using a bottom-up
approach and could introduce a significant level of uncertainty, especially considering the
active coal control measures implemented in Hebei province in January 2016 [46]. Similarly,
the model tended to overestimate the concentration of SO2. The simulated concentration
of SO2 was 110.6 ppb, which was 1.59 times higher than the observed concentration. The
NMB for SO2 was 58.8%, indicating a high level of overestimation. It is worth noting that
this study did not specifically discuss the impact of the overestimation of SO2 on PM2.5.
Overall, while the results mentioned above were acceptable for analyzing the correlation
between changes in pollutant concentrations and PM2.5 sensitivity analyses, there is room
for improvement in accurately simulating CO and SO2 concentrations in Domain 2. Further
refinement of the emission inventory and model processes may help address these issues
and enhance the overall performance of the simulation.

Figure 4 gave the hourly variation curves of NO2 (ppb), CO (ppm), SO2 (ppb), O3
(ppb), NH3 (µg m−3), and PM2.5 (µg m−3) in Handan city located at the southernmost
of Hebei province. For the six pollutants, it could be seen that the simulated results
and the observed concentration present relatively good agreement, which meant that
the model is not only credible in terms of monthly average values as above mentioned,
but also confident in terms of high-resolution data. The biggest disparity could be seen
in the simulation findings for O3, which was previously highlighted. This may require
further work in the future. Additionally, we saw that several peaks of heavy pollution
processes are not accurately replicated by the model, which was related to the model’s
own lack of mechanism, according to the simulation findings of PM2.5 [15]. We have
observed deviations in O3, NH3, SO2, and CO after 526 h, particularly in the case of
O3. Regarding the primary pollutants, there are several factors contributing to these
deviations. Firstly, we believe that the inventory data exhibit significant discrepancies
due to the interpolation of sub-provincial data to each region, introducing errors in the
process. Additionally, the model introduces larger deviations in pollutant simulations
due to variations in meteorological conditions during the bias period. Furthermore, the
monitoring data from Handan city are obtained from four monitoring stations, which may
lead to sudden increases in monitoring values (such as SO2, CO, and ammonia) due to
localized emissions occurring in a short period of time. Regarding O3, its deviations may be
attributed to the nature of the model itself, as the model lacks the inclusion of the formation
mechanism for O3 in the winter.

3.2. Determination of NH3-Rich Region in BTH Region

Figure 5 provides insights into the characteristics of the ratio of [NH4
+]/[SO4

2−] across
the Beijing–Tianjin–Hebei (BTH) region under different scenarios in January 2016. The
results indicate that the BTH region experiences a high concentration of NH3 during winter,
leading to a high ratio of [NH4

+]/[SO4
2−] in the southern areas and a lower ratio in the

northern areas. The region can be divided into four parts based on these ratios. The first
part consists of Handan, Xingtai, Hengshui, and Cangzhou cities, where the NH3-rich
condition is most prominent. The ratio of [NH4

+]/[SO4
2−] in these cities ranges from 6.0 to

7.5. The second part includes Shijiazhuang, Baoding, Langfang, and Tianjin cities, with a
ratio between 4.5 and 6.0. These areas also exhibit a relatively high NH3 concentration. The
third part encompasses Beijing, Tangshan, and most areas of Qinhuangdao city, where the
molar ratios range from 3.0 to 4.5. NH3 levels in these areas are relatively lower compared
to the previous parts. Finally, in most areas of northern Zhangjiakou and Chengde, the
NH3-rich condition is the weakest, with molar ratios between 1.5 and 3.0. This may be
attributed to lower levels of agricultural activities in these regions.
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When the emission of SO2 is reduced by 70%, there is a significant increase in the ratio
of [NH4

+]/[SO4
2−] in the southern part of the BTH region, particularly in the eastern areas

of Handan, Xingtai, and Hengshui cities. The molar ratio in these regions exceeds 9.0. This
increase in the ratio is attributed to the oxidation of SO2 in the atmosphere, which forms
H2SO4. The H2SO4 then reacts with NH3 to form (NH4)2SO4 or NH4HSO4, leading to an
increase in the concentration of NH4

+ in the atmosphere. Henan and Shandong provinces
are major contributors to NH3 emissions [47]. High NH3 emissions from the two provinces
can be transported to other regions, potentially influencing the observed [NH4

+]/[SO4
2−]

ratio. Interestingly, this study observed that the molar ratio remains relatively unchanged
when comparing the 30%_SO2 scenario to the 30%_SO2_40%_NH3_40%_NOx scenario
in the third and fourth parts of the BTH region. This suggests that reducing NH3 emis-
sions alone does not significantly alter the characteristics of this region being rich in NH3.
However, it was found that the orange color range (ratio between 7.5 and 9.0) gradually
diminishes when NH3 emissions are reduced alone, indicating a decrease in NH3 concen-
tration. Overall, these findings demonstrate the complex interactions between SO2, NH3,
and other pollutants in the atmosphere. They highlight the importance of considering the
impact of SO2 emissions’ reduction on NH3 concentration and the ratio of [NH4

+]/[SO4
2−],

taking into account regional emissions and transmission patterns.
In cases where the concentration of SO2 is low (under 30%_SO2), the high ratio region

of [NH4
+]/[SO4

2−] tends to shrink when NH3 emissions are continuously reduced or
when both NH3 and NOx emissions are reduced together. It was observed that the joint
reduction in NH3 and NOx leads to a greater shrinkage in the high ratio regions, particularly
in the southern part of the BTH region, which includes Hebei province. Regardless of
emission reduction efforts, the whole BTH region remains a high NH3 region. However,
this study highlights that the southern part of the BTH region, including Hebei province,
is particularly sensitive to emission reductions. Reductions in SO2 emissions lead to an
increase in the ratio of [NH4

+]/[SO4
2−], while reductions in NH3 or NH3_NOx result in

a decrease in the ratio of [NH4
+]/[SO4

2−]. Thus, the synergistic reduction in NH3 and
NOx is considered an effective approach for controlling the ratio of [NH4

+]/[SO4
2−] in the

southern BTH region. It should be noted that in the northern part of the BTH region where
the two mega-cities (Beijing and Tianjin) are located, the ratio of [NH4

+]/[SO4
2−] remains

largely unchanged. This is attributed to relatively low SO2 concentrations and minimal
SO2 emission reductions. The large number of motor vehicles in these cities may contribute
to NH4

+ production primarily through the conversion of local NOX, with little influence
from regional transmission. However, further research is needed to fully understand this
issue. Studying these differences in atmospheric chemical reactions between mega-cities
and smaller cities can provide valuable insights. Overall, understanding the dynamics
of the ratio of [NH4

+]/[SO4
2−] and the effects of emission reductions in different regions

helps in designing effective strategies for air pollution control and management.

3.3. Source Contribution of PM2.5 in Different Scenarios in BTH Region

This part discusses the contribution of various scenarios to PM2.5 (particulate mat-
ter with a diameter of 2.5 µm or less) in different cities within the Beijing–Tianjin–Hebei
(BTH) region. Table 5 shows that the 30%_SO2_40%_NH3_40%_NOx scenario contributed
an average of 6.8% to PM2.5, followed by 3.8% for 30%_SO2_40%_NH3, and 3.4% for
30%_SO2_60%_NH3_60%_NOx. Other scenarios had contributions below 3.0%. The con-
tribution of PM2.5 was generally very low in Beijing, with a reduction of only 2.2% in the
30%_SO2_40%_NH3_40%_NOx scenario compared to 0.6% in the 30%_SO2 scenario. In
Zhangjiakou, PM2.5 showed a significant decline of 16.0% in the 30%_SO2_40%_NH3_40%_NOx
scenario, which was 12.3 times higher than the reduction observed in the 30%_SO2 sce-
nario. Tianjin, like Beijing, is a mega-city where the contribution of PM2.5 was also low.
The smaller cities in the BTH region, such as Cangzhou, Handan, Xingtai, and Hengshui,
were better suited to reducing multiple pollutants simultaneously. The average reduction
in PM2.5 in these smaller cities was approximately 2.5 times higher than in Beijing and



Atmosphere 2023, 14, 1027 14 of 24

Tianjin. The overall impact of reducing individual pollutants on PM2.5 concentration was
minimal. However, when both SO2 and NH3 were reduced together, PM2.5 exhibited a
stronger decrease compared to reducing either pollutant alone. The combined reduction
was not greater than the sum of the reductions achieved by individual pollutant reductions.
To effectively control PM2.5 concentration, the study suggests considering a synergistic
reduction in SO2, NH3, and NOx emissions. These findings highlight the complex nature
of PM2.5 pollution and the need for comprehensive strategies involving multiple pollutants
to effectively control and reduce PM2.5 concentrations in the BTH region.

Table 5. Source contribution of emission reduction to PM2.5 in the BTH region (units: %).

Mega-City Medium Cities Small Cities
MeanBJ TJ SJZ BD CZ HD LF QHD TS XT CD HS ZJK

30%_SO2 0.6 1.7 1.6 1.7 1.7 1.8 1.1 1.5 1.1 1.7 0.9 1.9 1.3 1.4
80%_NH3 −0.3 0.9 0.2 0.2 0.6 0.4 0.1 0.2 0.3 0.3 −0.1 0.5 −0.4 0.2
60%_NH3 −0.1 1.7 0.9 0.4 2.2 1.5 0.9 0.4 0.6 1.3 −0.1 1.9 0.0 0.9
40%_NH3 0.4 2.4 1.7 1.1 3.0 2.6 1.5 0.8 0.7 2.2 0.1 3.1 0.2 1.5

30%_SO2_80%_NH3 0.6 2.0 1.8 1.2 2.2 2.2 1.7 1.5 1.3 2.0 0.9 2.4 3.5 1.8
30%_SO2_60%_NH3 0.8 2.6 2.2 1.5 3.2 3.1 2.2 1.7 1.4 2.7 1.0 3.4 5.5 2.4
30%_SO2_40%_NH3 1.4 3.8 3.7 2.7 5.4 5.1 3.0 2.3 1.8 4.4 1.2 5.6 9.0 3.8

30%_SO2_80%_NH3_80%_NOx 0.6 1.7 1.5 1.2 2.1 2.1 1.5 1.9 1.2 1.8 1.4 2.1 4.4 1.8
30%_SO2_60%_NH3_60%_NOx 0.9 2.7 2.7 2.0 4.4 4.5 2.1 3.3 1.7 3.5 2.3 4.5 9.0 3.4
30%_SO2_40%_NH3_40%_NOx 2.2 5.3 5.5 4.6 9.3 9.8 4.7 6.3 3.4 7.9 4.0 9.8 16.0 6.8

Baoding: BD; Beijing: BJ; Cangzhou: CZ; Chengde: CD; Handan: HD; Hengshui: HS; Langfang: LF; Qinhuangdao:
QHD; Shijiazhuang: SJZ; Tangshan: TS; Tianjin: TJ; Xingtai: XT; Zhangjiukou: ZJK.

To understand the sensitivity of PM2.5 concentration to SO2, NH3, and NOx, the
sensitivity factor (β) was used to study the sensitivity of PM2.5 from those cases over BTH
region [61,62]. The sensitivity factor can be defined as follows:

∆X
X

= β ∗ ∆E
E

where ∆X
X represents the relative changes in the PM2.5 concentration and ∆E

E denotes the
relative change in NOx or NH3 emissions. Figure 6 in the paper displays the sensitivity
factor, β values for PM2.5 concentration in response to reductions in SO2 and NH3 emissions.
The β values for the 30%_SO2 scenario ranged from 0.3 to 5.1, which were higher compared
to the β values for the %_NH3 scenario. This suggests that the PM2.5 concentration is more
sensitive to reductions in SO2 emissions than to reductions in NH3 emissions. The β values
for mega-cities, such as Beijing and Tianjin, were lower than those for other cities in the
30%_SO2 scenario (also in the %_NH3 scenario). This difference in sensitivity could be
attributed to the relocation of factories from Beijing and Tianjin, resulting in lower SO2
emissions in these mega-cities. In contrast, Hebei province had higher SO2 concentrations
due to coal combustion, leading to higher β values [63]. The study found that PM2.5
concentration is not highly sensitive to NH3, with a β value of less than 2. However, despite
this lower sensitivity, the study discovered that a high reduction in NH3 can still lead to a
reduction in PM2.5 by 1.5%. In the 30%_80%_NH3 scenarios, the β value was significantly
higher than that of the 30%_SO2 scenario, particularly in medium-sized cities. It is worth
noting that the β value decreased with the reduction in NH3, which is an interesting finding.
Additionally, the study observed that when both NH3 and NOx emissions were reduced by
60% in the low 30%_SO2 scenario, the β values did not exhibit a linear increase but showed
a particular sensitivity. This finding aligns with a previous study by Xu et al. [63]. In
summary, the study suggests that future reduction policies should focus on strengthening
the synergistic reduction in NH3 and NOx emissions, particularly in conditions of low SO2
concentrations. This approach could help achieve lower PM2.5 concentrations.
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3.4. Impact of Gaseous Emission Reduction on Secondary Inorganic Aerosol in PM2.5

3.4.1. Impact of Emission Reduction in BTH Region on NH4
+, SO4

2−, and NH4
+

Table 6 gives the proportions of secondary inorganic ions (NH4
+, SO4

2−, and NO3
−)

in PM2.5 under different scenarios. The study observed that the proportions of the three
components (NH4

+, SO4
2−, and NO3

−) in PM2.5 did not change significantly under dif-
ferent scenarios. Compared to the base scenario, there were rarely changes of more than
20% in these cases, with an average change ranging between 12.1% and 13.1%. Only in the
30%_SO2_40%_NH3_40%_NOx scenario, significant decreases of 30.6%, 13.8%, and 39.7%
were observed in the concentrations of NH4

+, SO4
2−, and NO3

−, respectively. The con-
centrations reached 4.3 µg m−3, 5.6 µg m−3, and 7.9 µg m−3, respectively. In the 30%_SO2
scenario, the concentrations of NH4

+, SO4
2−, and NO3

− decreased by 16.1%, 20.0%, and
11.5%, respectively. The study found that reductions in SO2 alone led to a reduction of
more than 10% in NH4

+, SO4
2−, and NO3

− compared to their concentrations in 2016. NH3
reduction had little effect on sulfate (SO4

2−) because the atmosphere already contained high
levels of NH3. However, NH4

+ and NO3
− decreased with NH3 reduction. The study ob-

served cases where higher pollutant concentrations were achieved with increased emission
reduction [64,65]. This is due to the non-linear relationship between emission reduction and
pollutant concentration. When NH3 and NOx emissions were reduced together, the study
found sustained decreases in the concentrations of NH4

+ and NO3
−, ranging from 7.0% to

29.2% and from 0.6% to 38.7%, respectively. However, the concentration of SO4
2− showed

an opposite trend. These findings highlight the complex relationships between emission
reductions and the concentrations of secondary inorganic ions in PM2.5. Reductions in
specific pollutants can have varying effects on the concentrations of different components,
and non-linear relationships may exist.

3.4.2. Sensitivity of Emission Reduction to NH4
+, SO4

2−, and NH4
+ in Different Scenarios

To understand the impact of gaseous pollutants (SO2, NH3, and NOx) on secondary
inorganic aerosols, the β values were calculated to evaluate their sensitivity. This study
found that SO4

2− exhibits higher sensitivity (β) compared to NH4
+ and NO3

−. The average
β value for SO4

2− was 0.27 in medium cities and 0.18 in mega-cities as shown in Figure 7.
It is important to note that in mega-cities, NO3

− showed no sensitivity to SO2 reduction
alone due to the suppression of NO3

− production caused by decreased aerosol liquid
water content [66]. When NH3 reduction was implemented, high sensitivity was observed
in NH4

+ and NO3
−, particularly in NO3

−. The β values for NH4
+ and NO3

− in other
cities were 0.30 and 0.41, respectively, which were 3.8 and 4.2 times higher than those
in mega-cities. With an increase in NH3 reduction (from 20% to 60%), the sensitivity of
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SO4
2− weakened, as indicated by a decrease in the β value from 0.09 to 0.01 in all cities,

which aligns with the conclusions of Cheng et al. [67]. The β values for NH4
+ and NO3

−

decreased from 0.30 and 0.41 to 0.12 and 0.17, respectively, in other cities. In contrast, in
mega-cities, the β values for NH4

+ and NO3
− increased from 0.08 to 0.09 (up to 0.10) and

from 0.10 to 0.15 (up to 0.17), respectively. This suggests that a slight reduction in NH3
is beneficial for controlling NO3

− in medium and small cities, while a more substantial
decrease in NH3 is more suitable for mega-cities.

Table 6. The proportion of secondary inorganic ions in PM2.5 under setting scenarios.

Scenarios NH4
+ SO42− NO3− NH4

+ SO42− NO3− NH4
+ SO42− NO3−

Concentration (µg m−3) Proportion in PM2.5 (%) Decrease (%)

base 6.2 6.5 13.1 4.5% 4.6% 9.4%
30%_SO2 5.2 5.2 11.6 3.9% 3.8% 8.4% 16.1% 20.0% 11.5%
80%_NH3 5.6 6.2 11.5 4.0% 4.4% 8.1% 9.7% 4.6% 12.2%
60%_NH3 5.8 6.4 12.1 4.3% 4.6% 8.6% 6.5% 1.5% 7.6%
40%_NH3 5.7 6.4 11.3 4.0% 4.6% 8.1% 8.1% 1.5% 13.7%

30%SO2_80%NH3 5.7 5.3 13.0 4.1% 3.9% 9.3% 8.1% 18.5% 0.8%
30%SO2_60%NH3 5.5 5.3 12.3 4.0% 3.9% 8.9% 11.3% 18.5% 6.1%
30%SO2_40%NH3 5.1 5.3 11.0 3.8% 3.9% 7.9% 17.7% 18.5% 16.0%

30%SO2_80%NH3_80%NOx 5.8 5.4 13.0 4.1% 3.9% 9.4% 6.5% 16.9% 0.8%
30%SO2_60%NH3_60%NOx 5.4 5.4 11.5 3.9% 4.0% 8.3% 12.9% 16.9% 12.2%
30%SO2_40%NH3_40%NOx 4.3 5.6 7.9 3.1% 4.1% 5.8% 30.6% 13.8% 39.7%
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In the 30%_SO2_80%_NH3 scenario, the sensitivity (β) of SO4
2− was much greater (β of

0.89) compared to NH4
+ (β of 0.39) and NO3

− (β of 0.06) in the BTH region. The sensitivity of
SO4

2− and NH4
+ decreased significantly when transitioning from the 30%_SO2_80%_NH3

scenario to the 30%_SO2_40%_NH3 scenario, with β values decreasing to 0.30 and 0.26,
respectively. However, the sensitivity of NO3

− continued to increase, with β values rising



Atmosphere 2023, 14, 1027 17 of 24

from 0.06 in the 30%_SO2_80%_NH3 scenario to 0.11 in the 30%_SO2_60%_NH3 scenario,
and further up to 0.22 in the 30%_SO2_40%_NH3 scenario. Until the 30%_SO2_40%_NH3
scenario, the study found that the β values of SO4

2−, NH4
+, and NO3

− were close to each
other in all cities, indicating a similar sensitivity among these components. When reducing
NH3 and NOx together in the 30%_SO2 scenario, the sensitivity of SO4

2− decreased dramati-
cally from the 30%_SO2_80%_NH3_80%_NOx scenario to the 30%_SO2_40%_NH3_40%_NOx
scenario, with a decrease in β values from 0.83 to 0.22. In contrast, both NH4+ and NO3+
increased with greater emission reductions, particularly NO3

−, which exhibited the highest
sensitivity (β value of 0.57) in the 30%_SO2_40%_NH3_40%_NOx scenario, followed by
NH4

+ (β value of 0.45) and SO4
2− (β value of 0.22).

In conclusion, considering the issue that NO3
− has been the major component in PM2.5

in some cities [62,68] a slight reduction in NH3 emissions can be an effective approach
to control NO3

− pollution in medium and small cities. This strategy can be relatively
cost-effective and yield positive results. In mega-cities, a more significant reduction in
NH3 emissions may be necessary to effectively reduce NO3

− pollution. Mega-cities often
face more complex pollution challenges, and addressing NO3

− pollution requires com-
prehensive strategies. The study suggests that the 30%_SO2_40%_NH3 scenario can yield
good results for reducing the concentrations of SO4

2−, NH4
+, and NO3

−. This scenario
balances the reduction in both SO2 and NH3 emissions, contributing to effective control of
these three components. For cities specifically aiming to address NO3

− pollution, the study
recommends adopting a synergistic reduction approach that includes controlling emissions
of SO2, NH3, and NOX. The 30%_SO2_40%_NH3_40%_NOx scenario is suggested as a
better method for achieving this goal. The study also highlights that synergistic emission
control (30%_SO2_40%_NH3_40%_NOx) can be beneficial for simultaneously reducing
concentrations of SO4

2− and NH4
+.

3.5. Impact of Emission Reduction in BTH Region on Size Distribution of Secondary
Inorganic Aerosol

3.5.1. Impact on Size Distribution of NH4
+, SO4

2−, and NH4
+ in BTH Region

The averaged concentration of PM2.5 in the base case was 122.5 µg m−3, with reduc-
tions ranging from 1.1% to 6.9% in different scenarios. Synergistic control measures led to
more significant emission reductions. Most of the mass for the three substances (SO4

2−,
NH4

+, and NO3
−) was found in bin2, accounting for 10.4% of PM2.5, followed by 2.8% in

bin1 and 2.1% in bin3, as given in Table 7. When the concentration of SO2 was reduced,
there was a significant decrease in the three substances across the bins, with reductions
of 17.9%, 15.7%, and 12.0%, respectively. The decrease in NH4

+ was higher than that of
SO4

2− and NO3
−. Under the 80%_NH3 scenario, the three substances showed a decrease

of 3.5%, 10.0%, and 13.7% in bin1, bin2, and bin3, respectively. As NH3 emission reductions
continued to increase, bin1 for all three substances increased, possibly due to NH3 affecting
the gas–solid balance [39]. In the 40%_NH3 scenario, SO4

2− ions continued to increase,
particularly in bin1 and bin2, deviating from the expected acid–base equilibrium. A similar
trend was observed in the NH3 scenario. Bin2 and bin3 of NO3

− showed a consistent
decrease, indicating a clear linear relationship with NH3. Overall, while a significant reduc-
tion in NH3 emissions slightly decreased the PM2.5 concentration, it also led to changes
in the distribution of SO4

2− and NH4
+ ions, causing an increase in particle sizes in these

categories instead of a decrease. This may impact their physical and chemical properties
and hinder overall PM2.5 control efforts [22,23] because the production of smaller particles
may indicate that more NPF was produced in the atmosphere. Although there is no abso-
lute increase in mass concentration, perhaps there is an increase in number concentration,
which requires further experimental verification. NH3 control may be more effective in
controlling nitrate (NO3

−) concentration than sulfate (SO4
2−) in the future.
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Table 7. Source contribution to secondary inorganic ions in BTH region (units: µg m−3).

PM2.5
NH4

+ SO42− NO3−

bin1 bin2 bin3 bin4 bin1 bin2 bin3 bin4 bin1 bin2 bin3 bin4

Base 122.5 1.1 4.3 0.8 0.0 0.8 4.5 1.2 0.1 2.6 8.9 1.6 0.1
30%_SO2 119.9 0.9 3.6 0.7 0.0 0.6 3.6 1.0 0.1 2.3 7.9 1.4 0.1
80%_NH3 121.2 1.1 3.8 0.7 0.0 0.8 4.3 1.1 0.1 2.5 7.7 1.3 0.0
60%_NH3 120.6 1.1 4.0 0.7 0.0 0.8 4.5 1.1 0.1 2.7 8.1 1.3 0.2
40%_NH3 119.6 1.1 3.9 0.7 0.0 0.8 4.5 1.1 0.1 2.6 7.6 1.1 0.2

30%_SO2_80%_NH3 120.1 1.0 3.9 0.8 0.0 0.6 3.7 1.0 0.1 2.6 8.8 1.6 0.1
30%_SO2_60%_NH3 119.2 1.0 3.8 0.7 0.0 0.6 3.7 1.0 0.1 2.7 8.2 1.4 0.1
30%_SO2_40%_NH3 117.2 1.0 3.5 0.6 0.0 0.6 3.7 1.0 0.1 2.7 7.2 1.1 0.2

30%_SO2_80%_NH3_80%_NOx 120.5 1.0 4.0 0.8 0.0 0.6 3.8 1.0 0.1 2.6 8.8 1.6 0.1
30%_SO2_60%_NH3_60%_NOx 118.7 1.0 3.7 0.7 0.0 0.6 3.8 1.0 0.1 2.5 7.7 1.3 0.1
30%_SO2_40%_NH3_40%_NOx 114.1 0.8 3.0 0.5 0.0 0.7 3.9 1.0 0.1 1.9 5.3 0.7 0.1

bin1: 0.039–0.1 µm; bin2: 0.1–1 µm; bin3: 1–2.5 µm; bin4: 2.5–10 µm.

The reduction in each bin of SO4
2− remains unchanged when controlling both NH3

and SO2 simultaneously, as the emission of SO2 remains unchanged. Therefore, the concen-
tration of SO4

2− in each bin does not show significant variations. In contrast, the reduction
in each bin of NH4+ continues to increase when both NH3 and SO2 are controlled together.
However, when reducing NH3 alone, the reduction in NH4

+ was not as pronounced. The
simultaneous control of NH3 and SO2 leads to more effective reductions in NH4

+ in all bins.
The behavior of NO3

− differs from the other two substances. The concentration in bin1 of
NO3

− continues to increase, while bin2 and bin3 show a continuous decrease. Additionally,
there is a significant increase in bin4. This suggests that more nitric acid is being absorbed
by coarse particulate matter (PM2.5–10), despite weak nitric acid partial pressure [69]. This
phenomenon may hinder the production of nitric acid in fine particulate matter [70].

As the concentrations of SO2 and NH3 decrease, both NO3
− and NH4

+ show a contin-
uous decrease in each bin. The reduction is particularly significant for NO3

−. The reduction
in NO3

− can range from 0.4% to 40.4%, indicating a reduction in the mass concentration of
NO3

− by approximately 40%. This reduction occurs simultaneously in all three bins. While
the reduction in NH4

+ is not as pronounced as that of NO3
−, it still shows a noticeable

decrease. The mass concentration of NH4
+ decreases by 7.0%, 13.9%, and 30.6% in the

three scenarios, respectively. The reduction in NH4
+ in the last scenario is 4.4 times that

of the first scenario. The reduction in SO4
2− ions is relatively smaller compared to NO3

−

and NH4
+. The decrease in SO4

2− slightly decreases from 18.0% to 16.3% and 15.2%. This
reduction is mainly observed in bin1 and bin2.

3.5.2. Sensitivity of Emission Reduction to NH4
+, SO4

2−, and NH4
+ in Different Cities

The β values in medium cities exhibit similar characteristics to those in small cities,
with overall stronger sensitivity. The sensitivity order is as follows: medium cities > BTH
region > small cities > mega-cities. When SO2 emissions alone are reduced, the β values of
NO3

− in bins 1 to 3 are negative as shown in Figure 8. This suggests that the concentration
of NO3

− increases as SO4
2− decreases because the decrease in SO4

2− allows NH3 to become
available and react with HNO3 in the atmosphere [71,72]. On the other hand, the β values
of NH4

+ and SO4
2− in bins 1 to 3 are positive. In the 30%_SO2 scenario, bin4 of both SO4

2−

and NO3
− shows an increase. When NH3 emissions are slightly reduced (80%_NH3), bin1

of SO4
2− and NO3

− increases, while other bins decrease. Increasing the reduction in NH3
emissions leads to higher β values in bins 2 and 3 of NO3

−, indicating that NH3 emission
reduction can effectively control NO3

− [62], particularly in mega-cities (β value of 0.21).
The concentration of bins 3 and 4 in NH4

+ decreases with NH3 emission reduction in all
cities. However, the β values decrease with increasing NH3 emission reduction, resulting
in a decrease in the concentration of bins 1 and 2 in SO4

2−. These findings suggest that
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blindly and strongly reducing NH3 may not effectively reduce NH4
+ (PM2.5) but could

contribute to an increase in SO4
2−.
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2−, and NH4
+ in different cities.

SO4
2− continuously decreases with increasing NH3 abatement. Its sensitivity β value

remains relatively constant in each bin, with mean values between 0.26–0.27, 0.16–0.17,
0.11–0.13, and 0.01–0.01 in BTH, respectively. This suggests that reducing NH3 has a
consistent and significant reduction effect on SO4

2−. Bin2, which is the main contributor to
the mass of NH4

+ and SO4
2−, shows a significant decrease in concentration. The β values

for bin2 are between 0.08 and 0.17 for NH4
+ and 0.02–0.17 for SO4

2−. This indicates that
reducing NH3 has a substantial reduction effect on both NH4

+ and SO4
2− in bin2. When

NH3 and NOx are reduced simultaneously in low SO2 emissions, there is little difference
between mega-cities and small cities. In this scenario, the concentration of bins 1 to 4 in
NO3

− increases significantly, with β values of −0.01, −0.01, −0.05, and −0.12 for bin1,
bin2, bin3, and bin4, respectively. As the abatement efforts increase, the β values of NO3

−

change from negative to positive and increase rapidly. For example, the β value of bin2
increases from −0.01 to 0.08 and then further increases to 0.34, indicating a rapid decrease
in the concentration of NO3

−. Regarding NH4
+, the β value of bin2 increases from 0.06

to 0.11 and then further increases to 0.25. This suggests that higher abatement efforts for
NH3 and NOx may be beneficial for reducing the concentration of each bin for all three
components (NH4

+, SO4
2−, and NO3

−).
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4. Discussion

The Beijing–Tianjin–Hebei region, which has been severely impacted by air pollution,
witnessed a rapid decrease in PM2.5 levels, and the reduction in alkaline gas NH3 emissions
has emerged as a crucial approach to further mitigate particulate matter pollution [29–31].
On one hand, NH3 emissions are substantial, and thus far, we have not implemented
effective measures to restrict them. Moreover, NH3, as an alkaline gas in the atmosphere,
participates in various chemical reactions, forming a significant portion of secondary
components in PM2.5. Based on the findings of Zhai et al. [72], a decrease in NH3 emissions
would lead to a decrease in particle nitrate levels by promoting more rapid deposition of
total inorganic nitrate. Our findings suggest that a substantial reduction in NH3 levels
may lead to a corresponding decrease in NO3

− concentration. However, Xu et al. [62]
argue that as SO2 levels decrease, the responsiveness of PM2.5 to the reduction in NH3 also
diminishes. This implies that measures aimed at mitigating PM2.5 by reducing NH3 must be
approached with greater scientific precision. Cheng et al. [67] concluded that agricultural
ammonia emission reduction accounted for 20.5–24.6% of PM2.5 reduction during the
2015–2018 period, and this contribution is increasing. However, most studies focus on
the positive impact of emission reduction on PM2.5 and its secondary components [73,74].
Liu et al. [35] presented a negative perspective on the impact of reduction on acid rain,
suggesting the need for different strategies based on regional variations. Consequently,
more detailed reduction plans should be tailored to different regions. We contend that the
level of detail in these reduction plans is appropriate, considering the distinct characteristics
of each region. Instead, we put emphasize on NH3 as a significant alkaline substance in the
atmosphere, owing to its semi-volatile nature and involvement in atmospheric chemical
reactions, which influence the formation of atmospheric particulate matter and gas–solid
partitioning. These processes are closely linked to the formation, coalescence, condensation,
and collision of PM2.5 new particles. Furthermore, NH3 reduction affects aerosol acidity,
making it crucial to investigate the impact of NH3 reduction on the distribution of secondary
components. This research aims to investigate the distribution of secondary components in
PM2.5, with a specific focus on examining the influence of NH3 reduction. Additionally,
it serves as a foundation for future studies on NH3 reduction and its broader impacts on
gas–solid partitioning.

5. Conclusions

This study utilized the WRF-Chem model coupled with the MOSAIC module to
examine the impact of gaseous pollutants (SO2, NH3, NOx) on PM2.5 and its secondary
inorganic aerosols in the Beijing–Tianjin–Hebei (BTH) region in January 2016. The findings
revealed that the BTH region, particularly the southern part, experiences high levels of
NH3. The molar ratio of [NH4

+]/[SO4
2−] in this area exceeds 6.0, with even higher val-

ues surpassing 9.0 in cities such as Handan, Xingtai, and Hengshui, particularly when
reducing 70% of SO2 emissions. The highest contribution to PM2.5 was observed in the
30%_SO2_40%_NH3_40%_NOx scenario, accounting for 6.8% of PM2.5, followed by 3.8% in
the 30%_SO2_40%_NH3 scenario and 3.4% in the 30%_SO2_60%_NH3_60%_NOx scenario.
The reduction in gaseous pollutant emissions had a more significant impact on PM2.5 levels
in Hebei cities compared to mega-cities. For instance, in Zhangjiakou city, PM2.5 concen-
trations decreased by 16.0% in the 30%_SO2_40%_NH3_40%_NOx scenario, which was
7.3 times higher than the reduction observed in Beijing city. The study suggests that solely
reducing NH3 emissions may not effectively decrease PM2.5 concentrations in the BTH
region. Instead, a synergistic reduction in SO2, NH3, and NOx emissions is recommended
for effectively lowering PM2.5 levels. In settings with low SO2 concentrations, it is crucial
to ensure that NH3 and NOx reductions reach a threshold of 60%. The study also observed
that the β value of bin2 in NO3

− increased from −0.01 to 0.08 and then further to 0.34 when
NH3 and NOx emissions are reduced, highlighting the importance of synergistic emission
reduction. Overall, the research provides valuable insights into the complex relationship
between gaseous pollutants, PM2.5, and secondary aerosol components, emphasizing the



Atmosphere 2023, 14, 1027 21 of 24

importance of considering multiple pollutants and specific scenarios for effective pollution
mitigation policies.
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