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Abstract

Over the past decade, Beijing has achieved positive results in controlling fine
particulate matter (PM> s) pollution. However, it remains a challenge to further reduce
PM: s concentrations to a lower level, such as the World Health Organization’s air
quality guidelines (5 pg/m?). In this study, PMas concentrations and emission
reductions over eight years covering two policy periods of air pollution abatement
(20132017 and 2018-2020) were compared to investigate the efficiency of emission
controls in Beijing and surrounding areas. An approach based on observational data,
particularly including data from a regional atmospheric background station, was
employed to calculate the relative contributions of the local emissions and regional
transport. Results show that local emission reductions play a more important role in
decreasing PM>s in Beijing. However, following a substantial decrease in local
emissions over the first period, the relative contribution of regionally transported PM> s
reached more than 50% during the second period. The results indicate that joint regional
prevention and control of air pollution are needed for Beijing in the future. In addition,
the background PM2 s concentrations over the North China Plain show an increasing
trend in recent years, which may be attributed to the increased atmospheric oxidation

capacity, thereby posing a challenge for further regional air quality management.

Keywords:
Regional transport, local emission, background level, relative contribution, air quality

improvement, PM 5

Highlights:

1. The concentration and emission of PM2 5 in Beijing showing a distinctive variation.
2. The regional joint control has great efficiency in reducing pollution.

3. After strictly limited, the PM; 5 in Beijing became dominated by regional transport.

4. The PM2 5 background level of North China Plain shown a significantly increasing.
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1 Introduction

Fine particles with an aerodynamic equivalent diameter of 2.5 pm or less, known as
PMb s, have been linked to numerous negative human health, including cardiovascular
and pulmonary disease, as well as increased morbidity and mortality from respiratory
and cardiovascular disease (Du et al., 2022; Liu et al., 2023; Sang et al., 2022; Seaton
et al., 1995). Over the past two decades, China has experienced severe haze pollution,
primarily caused by PMbas. This pollution is a result ofrapid urbanization and
industrialization (Xu et al., 2022; Zhu et al., 2023). The North China Plain (NCP) region,
home to many of China's most polluted cities, experiences exacerbated pollution due to
its topography and meteorological conditions (Li et al., 2023; Sun et al., 2017). To
mitigate pollution, the state council of the People’s Republic of China implemented a
series of policies aimed at reducing air pollution. These include the Air Pollution
Prevention and Control Action Plan (APPCAP) from 2013 to 2017 (Zhang et al., 2019b)
and the Three-year Action Plan to Fight Air Pollution (TAPFAP) from 2018 to 2020
(Shao et al., 2023). As a result of these strict emission controls, Beijing has seen a
significant decrease in annual average PM> s concentrations, from 85 pug/m? in 2013 to
37 pg/m’ in 2020. However, the concentration still far exceeds the World Health
Organization’s air quality guidelines (5 pg/m?). Therefore, further efforts to mitigate
PMb s pollution remain a critical challenge for the future (Shu et al., 2023).

To address PMz 5 pollution in the Beijing region, a crucial step is to quantify its
sources. Anthropogenic emissions and meteorological conditions are widely recognized
as the primary drivers of severe PMa s pollution (Chen et al., 2020; Chen et al., 2025;
Liu et al., 2021; Seinfeld et al., 1998; Wen et al., 2018). Regional transport also plays a
significant role, particularly due to the surrounding industrial cities and unfavorable
meteorological conditions (Feng et al., 2019; Li et al., 2021; Xu et al., 2023; Lin et al.,
2008; Sun et al., 2023; Zhang et al., 2021b). Quantifying the influence in the
neighboring region is necessary (Hernandez-Moreno et al., 2023; Onishi et al., 2025).

Distinguishing the local emission contribution (LEC) and regional transport
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contribution (RTC) to pollution in Beijing is imperative for effective mitigation
strategies. While short-term RTC during pollution events has been extensively studied
using chemical transport models (Chen et al., 2019; Jiang et al., 2015; Li and Han, 2016;
Lvetal, 2022; Wu et al., 2017; Zhang et al., 2019a; Zhang et al., 2021a; Zhang et al.,
2021Db), there remains a notable lack of research on the long-term impact of RTC across
several years (Chen et al., 2021; Zhao et al., 2020). A key challenge in this area is the
absence of accurate observational data to validate model predictions. Therefore, future
research should focus on developing reliable measurement tools and long-term
observational studies to better understand and quantify the RTC to PMa s pollution in
Beijing. This will be crucial for implementing effective regional prevention and
control measures to reduce severe air pollution over the NCP (Lv et al., 2020; Xing et
al., 2017).

Direct observations of the local and regional contributions to PMys are often
challenging. To address this, Ge et al. (2018) developed an approach, based on
observational data, to estimate the maximal regional transport contribution (MaxRTC)
and the minimal local emission contribution (MinLEC) to air pollutants in Beijing.
Subsequently, Tan et al. (2022) applied this method to analyze the trend in regional
transport’s contribution to PMz s in Beijing during the APPCAP period, revealing a
significant increase. In 2018, China introduced a new policy, TAPFAP, which imposed
stricter emission limits on industries, motor vehicles, heating system, and other sources.
Consequently, it has become essential to review and update our understanding of how
regional transport contributes to PM3 5 pollution in Beijing under these varying policies,
in order to plan and implement effective pollution control measures in the future.

In this study, we employ the approach developed by Ge et al. (2018), incorporating
an updated method for calculating the PM; 5 background levels, to estimate the changes
in the contributions of local emissions and regional transport to PM> s in Beijing from
2013 to 2020. Our objective is to assess the effectiveness of the emission control
measures implemented during the different policy periods. To achieve this, we have
defined two phases: Phase I, spanning from 2013 to 2017and encompassing the
APPCAP period; and Phase II, extending from 2015 to 2020 and covering the TAPFAP
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period, with targets referenced to 2015. The overall motivation was to provide new
insights into future air pollution control strategies, aimed at achieving lower PMz s

concentrations.

2 Data and methods

2.1 Study area and measurement site descriptions

The NCP is the most populous plain in China, extending from the Yanshan Mountains
in the north and Taihang Mountains in the west, and reaching Bohai Bay in the east
(Figure 1(a)). The geography of the NCP is favorable for the formation of pollution
episodes as the region is an air pollutant convergence zone. The westerly synoptic flow
across the Tathang Mountains sinks and warms adiabatically, creating a low-pressure
trough on the lee side (Jin et al., 2021b). During winter, the prevailing winds typically
exhibit a northeasterly pattern, while during summer they shift to a southwesterly
pattern, given the distinct influence of the subtropical high-pressure system (Fu et al.,
2014; 1., 2012; Jin et al., 2021a).

As Figure 2(a) shows, cities with high primary PMz s emissions are located on the
edge of the plain along the foothills of the mountains, and are distributed from
southwest to northeast. Southwesterly transport occurs frequently during regional
pollution episodes and serves as a trigger (Hu et al., 2022; Li et al., 2021). One of the
most polluted cities is Shijiazhuang, in the southwest of the region, which is the capital
of Hebei Province and often ranked as one of the most polluted cities in China. Beijing
has relocated much of its industry to nearby regions, but still suffers from heavy
pollution. Shangdianzi (SDZ) Station, situated northeast of Beijing within the Beijing
municipality, is one of the regional Global Atmosphere Watch (GAW) stations in China,
and it has only a few small villages and low anthropogenic emissions in its vicinity (Lin
et al., 2008). Shijiazhuang was selected in this study as a typical polluted city to
represent source regions on the NCP. Beijing was selected as the receptor area, while

SDZ was selected as the background site to represent the background concentration of
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PMb 5 in the NCP region.

2.2 Observational data

The hourly PM> .5, SO2, NO> and CO concentration data from 2013 to 2020 at 87 sites
in the NCP region were collected from the China National Environmental Monitoring

Centre (CNEMC) (http://www.cnemc.cn, last access: 17 October 2024). Specifically,

there are 12, 17 and 54 observation stations in Beijing, Tianjin and Hebei Province,
respectively, including 9 stations in Shijiazhuang. To reduce errors from individual sites,
the averaged PM: 5 as well as the related pollutants (e.g., SO and NOx) concentrations
from all stations within each city were calculated. The CNEMC observation network
does not cover the background station. Therefore, data from the SDZ atmospheric
background station in 2013-2020 operated by the China Meteorological Administration
were used to represent the concentrations of pollutants in the BG region. Commercial
instruments from Thermo Electron Corporation, USA, have been deployed to measure
O3 (TE 49C), NO/NO2/NOx (TE 42ITL), CO (TE48C) and SO» (TE 43CTL) at SDZ.
For PM; 5, an R&P model TEOM 1400A instrument with a 2.5-um cyclone inlet and a
humidity control system was used. More details can be found in Zhao et al. (2009).
Emissions data for primary PM2s5, SO> and NOx in the NCP region during the study
period were obtained from the Multi-resolution Emissions Inventory for China

(http://www.meicmodel.org, last access: 17 October 2024) (Li et al., 2017; Zheng et al.,

2018), with a spatial resolution of 0.25° x 0.25°. The yearly averaged emissions of the
three pollutants over the Beijing and Shijiazhuang areas during 2010-2020 were
geographically averaged calculated, and these are listed in Table S1. Meteorological
variables at Beijing and the SDZ background station during 2013-2020 were obtained
from the China Meteorological Administration, and these were recorded at hourly
resolution. The nearest site of meteorological measurement stations to the CNEMC
stations were selected, with the distances between the meteorological and

environmental stations not exceeding 500 meters.
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165 2.3 Approach for distinguishing local emissions from regional

166  transport

167  In this study, the relative contribution from local emissions and regional transport were
168  calculated following the method of Ge et al. (2018). This approach has been widely
169  used in other studies for the comparison with the model results in NCP (Yao et al., 2022;
170 Khuzestani et al., 2022; Song et al., 2023; Qu et al., 2024), Shandong (Zhao et al., 2018)
171  and Wuhan (Ma et al., 2021). The PM2 5 concentrations in the background (B), receptor

172 (R), and source (S) regions were divided into several parts:

173 Cs=Cs1oca™BK (D
174 CR=CR local+CRegional+BK (2)
175 CB=B'CR 10cal+CRegional+BK (3)

176 Here, Cio, represents the concentration contributed by local emissions, Cregional 18

177  the regional transport influences from polluted areas outside Beijing, which are mostly
178  located to the south and east of Beijing. Figure 1 shows them at their respective sites.
179  BK is the background concentration over the NCP, which is determined from clean air
180  masses. B reflect the relationship between local emissions (Cg joca1) in urban Beijing

181  and the impacts on the SDZ background site, with the B value always physically

182 higher than zero. We assume that Cgegiona in receptor region R is the same as that in

183 background region B based on the similar distance between the source region and the

184  receptor and background regions. Indeed, the study by Ge et al. (2018) demonstrates

185  that the uncertainty associated with this assumption can be ignored. Thus, the Cgregional

186  effects can be eliminated by subtracting Eq. (3) from Eq. (2), and then the MinLEC of
187  urban Beijing can be calculated in Eq (4), and the MaxRTC can be deduced from Eq

188 (5):
CR local CR'CB CR'CB
189 Local= = = 4)
Ck (IPCr  Cr
Cregional  Cr-BK-Cg jocat _ Cp-BK
190 Transport= Reglonal= R Rloc1< B (5)

Cr Cr Cr
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191  The difference between Cr and Cg is partly from the impacts of local emissions on
192 the air pollutants in Beijing. A larger difference between Cr and Cg therefore
193 corresponds to a larger MinLEC (Ge et al., 2018). Subtracting the BK value from Cpg
194  represents the MaxRTC, since there are very limited local emissions in SDZ.

195 The background concentration BK in Eq. (5) is important in calculating MaxRTC
196  and has usually been estimated based on the lowest concentration of air pollutants at
197  the background station. Lin et al. (2009) picked the first peak in the frequency
198  distribution of the concentration of air pollutants decomposed by two Lorentzian curve
199  fittings as the background value. Ge et al. (2018) used this method to calculate the PM> 5
200 in Beijing and SDZ, and took their average as BK value. However, the regional
201  background is not constant over the long term. Changes can cause biases in calculating
202  the contribution from regional transport using Eq. (5). Ruckstuhl et al. (2012) developed
203  the Robust Extraction of Baseline Signal (REBS) technique to estimate the background
204  level of trace gases and well-mixed air pollutants. This method is based on separation
205  of pollutant concentration into three parts—the background value, regional contribution,
206  and measurement errors from instruments—similar to the assumptions we use here, and
207  has been applied at SDZ background station in other studies (Yao et al., 2012; Yao et
208  al.,2014). However, Liu et al. (2019) argued that REBS was not suitable for estimating
209  the background of carbon monoxide at SDZ, and instead recommended the
210  meteorological method (MET) (Fang et al., 2014), which is based on the mean
211  concentrations under specified meteorological conditions every year. To make our
212 results more robust, both REBS and MET methods were employed in this study to
213 estimate long-term PMays background concentrations over the NCP. More detailed
214  descriptions of the mathematical functions and criteria used can be found in the
215 supplementary materials.

216 To assess the effect of transport from the source region, the regional transport

217  efficiency (o) was defined as
o= CRegional < CB'BK
Csiocat  Cs-BK

219 Following Eq. (1), Cgocar 1S the concentration in the source region after removal of

218 (6)
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background concentrations and represents the contribution that can be transported from
the polluted areas. The ratio between Cgjocar and Cregional> given by a, represents the

efficiency of regional transport, with a higher value signifying a greater regional
transport effect (RTE). Furthermore, to assess the efficiency of emission control on
pollution mitigation, the emission control efficiency (ECE) proposed by Tan et al. (2022)
was employed in this study. The ECE is expressed as the concentration change
corresponding to given emission change of a certain air pollutant, and is calculated as
the concentration decreasing rate (CDR) divided by the emission decreasing rate (EDR).

More details can be found in supplementary materials.

3 Results and discussion

3.1 PM:;s changes under different policies

3.1.1 Significant mitigation of air pollution in Phase I

Figure 2 illustrates the spatiotemporal variation of observed PMazs and associated
primary emissions during the study period over the NCP region. In general, emissions
in the NCP showed a significant decline in phase I, especially in the megacities of
Shijiazhuang, Baoding, Tangshan, Beijing, and Tianjin, where the decrease exceeded
0.05 pg/m*/s/yr. The decline in emissions in the surrounding rural areas is less
pronounced. Table S2 lists the annual mean and maximum PMb> s concentrations for
Beijing, the SDZ background station and Shijiazhuang. As expected, PMa;s
concentrations in the NCP region showed a significant reduction in Phase I, associated
with the implementation of emission controls. The largest reduction can be seen in
Shijiazhuang, at approximately 20 pg/m’/yr, which is twice or even three times the
reduction seen in Beijing. However, the SDZ background station did not experience a
significant change in concentration.

Table S1 summarizes the annual average emission rates, coal consumption, vehicle
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ownership, and GDP for Beijing and Shijiazhuang. Coal consumption has substantially
reduced, while vehicle ownership and GDP have increased in both areas, particularly
in Beijing. This suggests that most cities in the NCP region have reduced their emissions
without compromising economic development. The emission control efficiencies for
Beijing and Shijiazhuang are presented in Table 1. The value in Shijiazhuang is higher
than that for Beijing, indicating that the source region (i.e., Shijiazhuang) has a higher
control efficiency. Overemphasizing local emission control measures can make it more
difficult and less efficient to abate air pollution, especially in a downstream receptor

region such as Beijing (Tan et al., 2022).

3.1.2 Improvement slowdown in Phase I1

In Policy II (TAPFAP), the government requires that the PM2.5 concentration in 2020
should be reduced by 18% compared to 2015. Therefore, for the analysis from a policy
perspective, 2015 should be the target year for Phase II. As Figure 2(d) shows, the rate
of emission reduction over the NCP in Phase Il is slower. The rate of decline in primary
PMb s emissions in most industrial cities (e.g., Shijiazhuang, Baoding) is only about one
fifth of that in Phase I, reaching 0.01-0.02 pg/m?/s/yr. Tangshan experiences the largest
reduction, at about 0.05 pg/m?/s/yr. Similarly, the PMz s concentration in most cities
also shows a slower reduction, with the rate generally being below 10 pg/m*/yr.
Taking Shijiazhuang as an example, the rate of reduction in PM2 5 concentration
during Phase II was —8.1 pug/m’/yr (—10.8 ug/m?*/yr (p < 0.01) during 2018-2020),
roughly half that in Phase I —17.3 pg/m?/yr, see (Figure 3 a). This indicates that the
change in PM2 s concentration aligns with the change in emissions in the source region.
However, compared to Shijiazhuang, Beijing's emission reductions in Phase II were
more significant, with major emission reductions rate in PMz s and SO> (except NOx)
at about half that of Phase I (Figure 3 d). Interestingly, the rate of decline in the PM> s
concentration remains nearly constant from Phase II to Phase I (—8.7 pg/m>/yr in Phase
II (7.4 pg/m3/yr (p < 0.01) during 2018-2020) vs. —7.2 ug/m*/yr in Phase I), which

appears to contradict the decreasing rate of decline in precursor emissions in Beijing.
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In contrast, the rest of the NCP region experiences a concurrent decrease in both the
reduction rate of emissions and concentrations. Nevertheless, the rate of decrease in
concentration in Beijing during Phase Il is comparable to that in Shijiazhuang, and both
are similar to other cities in the NCP region. Despite the slowdown in emissions
reduction, the emission control efficiency in both Beijing and Shijiazhuang increases
(Table 1), indicating more effective control of PM» s emissions over the whole of the
NCP in Phase II (Kong et al., 2023).

The results highlight controlling regional emissions is now more crucial for
addressing pollution in Beijing than controlling local emissions, especially at low
concentrations. This finding aligns with the model results of Lv et al. (2020), who
simulated the effects of COVID-19 lockdown on reducing local traffic emissions in
Beijing and their impacts on air quality. They found that although traffic emissions
decreased substantially during the COVID-19 pandemic, their impacts on air quality
were offset by the increased atmospheric oxidization capacity in surrounding regions.
Consequently, they recommended synchronously controlling regional sources to

maximize the benefits of controlling local traffic emissions.

3.2 Decreasing contribution of local emissions

In the past 10 years, numerous studies have focused on the relative contributions to air
pollution in Beijing from local emissions and regional transport. A total of 30
publications that discuss the regional transport and the local emission contributions to
PMb s pollution in Beijing during 2013-2020 are reviewed here. The sources, methods
and key findings are summarized in Table S3. Most of these studies focused on single
case studies, with only five simulated the annual average contribution. None of them
accounted for the variation from year to year. Additionally, most previous studies
quantified the contribution using a chemical transport model, leaving a gap for reliable
assessments based on observations.

In this study, an approach based on observations was employed to estimate the

MinLEC and MaxRTC to PM: s in Beijing. Figure 4 (a) presents the results for MinLEC
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in Beijing between 2013 and 2020. The citations of these studies can be found in the
supplementary materials. The results of the MinLEC to PM: 5 in Beijing are within the
range of previously reported literature values, with consistent temporal variation from
2013-2019. Specifically, during the first three years, the MinLEC displayed a slightly
increasing trend from 53% in 2013 to 58% in 2015. The median values of various
models during different periods show a significant increase from 46% in 2013 to 61%
in 2015. However, starting from 2015, it shows a significant decrease, dropping to
nearly 30% by 2019. An independent samples t-test was conducted to compare the
differences between the periods of 2013-2015 and 2018-2020. The results revealed a
statistically significant difference between the mean value of the two groups, with a t-
value of -8.96 (p <0.01). These findings suggest that the reduction in local emissions
is likely the dominant factor contributing to Beijing’s PM2 s mitigation efforts. The
decline in local emissions may have led to a reduction of 30.7 pg/m*® in PMas
concentrations over the last eight years and could be the primary reason why the
concentration in Beijing has declined at a rate similar to that of other cities.

Our values for MinLEC fall within the range of LEC values reported in the literature,
but are slightly lower. This difference is likely due to our calculation providing an
estimate of the lower limit of LEC. The difference between MinLEC and the LEC
derived from other studies highlights the need for further validation of the impact of the

rapid decrease in local emissions.

3.3 Increasing contribution of regional transport

As shown in Figure 4 (b), the MaxRTC in Beijing experienced a significant increase,
rising from 40% in 2013 to nearly 50% in 2020. Regional transport is significantly
affected by the wind direction, particularly when southerly winds dominate (Hu et al.,
2022; Li et al., 2021). Yang et al. (2016) assessed the frequency of southerly winds
using the sine of the vector-average wind direction and found that it contributed 22%
to PMys pollution in Beijing. Despite successful emission control measures in

surrounding cities, where Cs 1ocal has shown a substantial decline (Figure 5 a), their
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relative impacts on Beijing’s air quality are intensifying. The differences between Cs
local and Cregional are narrowing, indicating the increased importance of regional
transport (Figure 5 a). It is worth noting that RTE exhibited a strong seasonal variation,
indicating that meteorological conditions, rather than the Cs iocal, are the main factor
instead driving the trend. The regional transport effect depicted in Figure 5(b) displays
a significant increasing trend of 2.2% yr"!. Concurrently, the sine of the vector-average
wind direction showed the opposite trend, further indicating a potential relationship
between southerly winds and the regional contribution to PM> s in Beijing.

As mentioned above, the PM; 5 concentration across the entire NCP region decreased
significantly due to the emission control measures. However, the yearly background
values, calculated using REBS method, show an increase from 7.25 pg/m? in 2013 to
more than 10 pg/m? after 2016 (Table S2). This increase is also confirmed by the results
obtained from the MET method, as shown in Figure 5 (c, d). In contrast to previous
studies (Ge et al., 2018; Tan et al., 2022), background values have been increasing year
by year, suggesting they may play an increasingly important role in the variation of
PM2: s pollution over the NCP region, particularly during future clean-up periods when
PMb 5 concentrations reach very low levels. Besides, the nighttime PM> 5 and nighttime
O3 during the high Os concentrations periods show a positive correlation with R reached
at 0.39 (p<0.01, two-tailed significance). On the contrary, negative correlation was
found during low O3 concentrations periods (-0.26, p < 0.01). This suggests that
increases in nighttime ozone concentrations tend to coincide with increases in nighttime
PM2.5 from 2013 to 2020, which may be due to the dominance of secondary sources
for both nighttime ozone and PMjs. Furthermore, it is also worth noting that
incorporating  the  background contribution into the regional effect
(MaxRTC + Background) increases the RTC estimate for the 2019-2020 period to 70%,
which is close to the median value reported in other studies. This evidence highlights
the importance of considering the background as an important factor, as it can
substantially influence estimates of the contribution of regional transport (up to 30% in

this study).
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3.4 Enhanced background value

As mentioned above, the background level of PM» s at the SDZ station showed a clear
upward trend during 2013-2020 (Figure 5 d). This trend is also evidenced by the
concentration heatmap at the SDZ background station (Figure S2), which demonstrates
a notable increase in low concentration values. The Hybrid Single Particle Lagrangian
Integrated Trajectory (HY SPLIT) model was employed to generate 72-hour air masses
backward trajectories from 2013 to 2020. The GDAS meteorological datasets with
horizontal resolution of 0.5° from the Air Resources Laboratory (ARL) were used.
These backward trajectories start from the SDZ background station at 100 m height
AGL (Figure 6 a-h)), with a restart every 6 h. They were calculated and clustered
annually to enhance the representativeness of the trajectory ensembles. As shown in
Table S4 and Figure 6 (i, j), the averaged concentrations of PMs and Oz were
calculated for each cluster. Although the air masses clusters varied from year to year,
three typical clusters were evident at the SDZ stations, one characterized by southbound
short-range and two by northbound short- and long-range. It is worth noting that both
of the PM, s and O3 concentrations from north direction showed a significant increasing
trend with more frequency, especially in long-range clusters. This could be one of the
reasons for the increasing background level of PM2 s in NCP region.

In order to investigate in-depth, yearly variations in different percentiles (5%, 25%,
50%, 75%, 95%) of PM2s and O3 concentrations from 2013 to 2020 were calculated
and shown in Figure 7a (selected percentiles) and Figure S3 (whole dataset). The
significant reduction in PMz s concentrations above the 75" percentile is attributable to
the pollution controls implemented in the NCP region in recent years. In contrast, a
slight upward trend in PMa s concentrations below the 25" percentile is considered to
indicate an increase in background levels. The nighttime Os concentrations also
displayed a clear upward trend, especially at the 95™ percentile. In order to explore the
relationship between low concentration of PMazs and nighttime O3, wind rose were
plotted (Figure 7 b and ¢). The results show a clear similarity in wind direction and

wind frequency distribution, with high values originating from the northwest. In other
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words, the increase in low PM2 s concentrations from the northwest is associated with
an increase in higher nighttime O3 concentrations. Besides, the nighttime PMas and
nighttime O3 during the high O3 concentrations periods show the positive correlation
with coefficient reached at 0.39 (p<0.01, two-tailed significance). On the contrary,
negative correlation was found during low O3 concentrations periods (-0.26, p<0.01).
This suggests that elevated nighttime O3z concentrations tend to coincide with the
increased nighttime PM 5 from 2013 to 2020. These may be due to the fact that higher
O3 concentrations at nighttime enhance the oxidative production of secondary aerosols.
At night, O3 oxidizes NO; to form NOs3 radicals, which subsequently react with NO» to
form N>Os (Brown and Stutz, 2012), thus leading to the formation of secondary aerosols

through heterogeneous chemistry (Jo et al., 2019; Qu et al., 2019).

4 Implications and conclusions

In this study, we compared two phases of PM: s pollution variations in the NCP region
from 2013 to 2020 and found that Phase I exhibited more substantial emission
reductions across most NCP cities compared to Phase II. Figure 8 illustrates the
evolving contributions of local emissions and regional transport across the two policy
periods. MinLEC exhibits a decreasing trend, while MaxRTC demonstrates an upward
trend. A comparison of the median values between the two policy periods reveals a
significant shift, with MinLEC decreasing by 18% and MaxRTC increasing by 7%.
Furthermore, the relative contribution of regional transport to PM2 5 pollution in Beijing
has increased notably. To effectively address future PM2s pollution in Beijing, it is
imperative to consider the influence of the surrounding areas from a broader, regional
perspective.

Despite the observation-based approach in this study, which does not account for all
PM:s dynamics, our findings highlight a notable increase in regional contributions.
Additionally, PM> s background concentrations in the NCP region have risen in recent

years, surpassing the World Health Organization’s air quality guidelines. Achieving
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further reductions in PMjs pollution will require long-term, large-scale control
measures. Policymakers should address not only primary emissions from urban and
industrial areas but also broader meteorological and atmospheric oxidant factors. Such
an approach is vital to meet China’s pollution and carbon reduction targets over the next

decade.
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Tables

Table 1 The concentration decrease rate (CDR), emission decrease rate (EDR), and
emission control efficiency (ECE) of PM2s in Beijing and Shijiazhuang during the
different policy periods.

Phase | Phase I1*
Index
Beijing Shijiazhuang Beijing Shijiazhuang

CDR (%) -9.9 -13.7 -15.1 —8.2
EDR (%) -11.1 -12.0 -11.3 —5.5
EDR ° (%) —6.9 -12.9 -2.9 —4.8

ECE 0.89 1.14 1.31 1.48

ECE® 1.44 1.06 5.22 1.71

a: To avoid the influence of COVID-19, the averages for 2015 and 2019 were chosen
for calculation.
b: Emissions contain primary PM» s, SO, and NOx.
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702 in this study— Shijiazhuang (SJZ), Beijing (BJ), and Shangdianzi (SDZ) (source:
703  NASA satellite map; http://worldwind.arc.nasa.gov). (b) Assumptions regarding PM> 5

704  concentrations in the three regions.
705

24 / 31



706

707
708
709
710

43°N " 2) 2013 Emission 43N 5) 20132020
42°N 42°N
41°N 41°N
40°N 40°N
39°N 39°N e
Emission
(ng/m/s)
(A/year)
38°N 04 |3goN L
03 Observation [ -0-05
(ng/m’) [-0.02
37°N 02 |37°N p (Alyear) -0.01
0. ‘-20 -0.001
® 10 -0.0001
36°N 0.0 |36°N
113°E 114°E 115°E 116°E 117°E 118°E 119°E  113°E 114°E 115°E 116°E 117°E 118°E 119°E
43°N T (¢) 20132017 43°N (@) 2015-2020

42°N

41°N

40°N

39°N

38°N

37°N

37°N

36°N

36°N

113°E 114°E 115°E 116°E 117°E 118°E 119°E

113°E 114°E 115°E 116°E 117°E 118°E 119°E
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Figure 3. Time series of the concentration for site (a) SJZ, (b) SDZ, (c) BJ and (d)
Normalized emissions of primary PMz 5, SO> and NOy from 2013 to 2020. The 90 days
smoothed curves (blue), and the linear regression lines during Phase I (red dashed line),
and Phase II (green dashed line) were also plotted. The slope (ki, k2) units are pg/m*/d
in (a-c) and pg/m?/s/m in (d).
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Figure 5. (a) Local PM>s concentrations in Shijiazhuang and regional pollution
transport received in Beijing, and (b) trends of regional transport effeciency a and the
sin(WD), and (c, d) the time series of PM2 s daily mean concentration in Shangdianzi
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Shangdianzi averages (blue), and using REBS (red).
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