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Abstract: Air pollution has become a great challenge to achieving sustainable development. Among
the pollutants, aerosols significantly affect human health and play an important role in global
climate change. The concentration of aerosols in the ambient air is influenced strongly by the regional
transport of pollutants and their precursors and may vary considerably under different meteorological
conditions in different years. This inter-annual variation in meteorology may yield conflicting results
in the quantification of the contribution from regional transport of air pollutants. It creates uncertainty
for local governments to develop pollution control measures to reduce the challenges to sustainable
development. Previous studies on this issue are often year-specific or cover short time spans, and the
inter-city transport of air pollutants in the long term is still not fully understood. Therefore, in this
study, the Weather Research and Forecasting (WRF) model and Community Multiscale Air Quality
(CMAQ) model was used to assess inter-annual variations in the contribution of inter-city transport
to the PM2.5 concentration in the Beijing–Tianjin–Hebei region from 2010 to 2019. To highlight the
impact of inter-annual variations in meteorology, the authors used the same emission inventory and
the same model configurations for the 10-year simulation. The major findings can be summarized
as follows: (1) Both PM2.5 concentration and inter-city transport in the Beijing–Tianjin–Hebei (BTH)
region were influenced by the inter-annual variation in meteorological conditions. (2) The simulated
annual average concentrations in 13 cities in BTH are highly variable, with fluctuations ranging from
30.8% to 54.1%, and more evident variations were found in seasonal results. (3) Seven out of thirteen
cities have a contribution from regional transport exceeding 50%, which are located in the eastern half
of the Beijing–Tianjin–Hebei region. (4) The magnitude of the regional transport contribution varies
significantly among the cities of BTH, on an annual basis, from a minimum inter-annual fluctuation
of 8.9% to a maximum of 37.2%, and seasonal fluctuation is even more strongly evident. These results
indicate that, when formulating pollution control strategies, inter-annual changes in meteorological
conditions should not be ignored.

Keywords: inter-annual meteorological variation; WRF/CMAQ; inter-city transport; regional
air pollution

1. Introduction

Since the Chinese government implemented the “Action Plan on the Prevention and
Control of Air Pollution” in 2013 to reduce anthropogenic emissions, the air quality in
China has improved significantly. After the outbreak of COVID-19 in late 2019, the Chinese
government enacted a strict isolation decision, which also had some temporary effects on
air quality [1–3]. Specifically, in Beijing–Tianjin–Hebei (BTH), one of the most polluted
regions of China, the annual concentration of fine particulate matter with an aerodynamic
diameter ≤ 2.5 µm (PM2.5) showed a decrease of 51.9% from 2013 (106 µg/m3) to 2020
(51 µg/m3) (http://www.cnemc.cn/jcbg/zghjzkgb/, (accessed on 21 April 2022)). Behind
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these exciting achievements, it should be noted that under unfavorable meteorological
conditions, cold-season PM2.5 pollution processes still occur, which have detrimental effects
on human health and ecosystems. For example, on 22–24 January 2022, the average
concentration of PM2.5 in Beijing reached 123 µg/m3.

The ambient PM2.5 concentration is influenced by both meteorological conditions
and regional transport [4,5]. Previous studies found that meteorological factors, such as
temperature, relative humidity, atmospheric pressure, and the planetary boundary layer
(PBL) height, were closely related to PM2.5 concentration [6]. Specifically, high humidity
promotes hygroscopic growth of aerosols and leads to a higher pollution level [7]. When
the PBL height became lower, aerosols were generally confined near the surface, resulting
in high surface PM2.5 concentration [8]. Enhanced near-surface winds will reduce the air
pollution level through turbulence and outward transport of pollutants. Studies in China
indicated that the influence of meteorological conditions on PM2.5 concentration, as well as
its spatial and temporal distribution, is significant [9–13]. For instance, Zhai et al. [9] applied
a stepwise multiple linear regression model to assess the meteorological contribution to
PM2.5 and found that 12% of the decrease in PM2.5 from 2013 to 2018 was attributable
to meteorology. Gui et al. [11] demonstrated that meteorology can explain 48% of PM2.5
concentration during 1998–2016 over Eastern China. Xu et al. [12] found that the fluctuating
range of meteorological impact on PM2.5 concentration was between 9.3% and 55.1% from
2000 to 2017. Zhang et al. [14] estimated the contributions of meteorological changes to
PM2.5 reduction from 2013 to 2017; the results show that PM2.5 concentration in winter
increases by approximately 40–100% compared with other seasons due to unfavorable
weather conditions.

Lots of studies have investigated the relationship between regional transport and the
formation of PM2.5 pollution in different areas of China [15–25] and found that the air
quality was affected by both local emissions and regional transport of pollutants. Hua
et al. [26] found that during periods of severe air pollution, the effect of regional transport
tends to be more significant, and changes in meteorology may lead to remarkable changes
in the contribution rate of regional transport. However, there are significant differences in
terms of how much PM2.5 pollution can be contributed by regional transport [27–31]. Taking
Beijing as an example, Lang et al. [31] and Chang et al. [23] evaluated the contribution
of regional transport to PM2.5 in Beijing in 2010 and 2014, respectively. Wang et al. [32]
investigated this issue in the BTH region in 2015. The results of Lang et al.’s study reveal
that the annual average contribution of regional transport to PM2.5 in Beijing was 42.2%,
and 45.9% according to Chang et al., while Wang et al. found that regional transport only
contributed 33.7%. Furthermore, significant differences in the regional contribution in each
season between these studies could be found. For example, Lang et al. estimated that the
regional contribution to PM2.5 in Beijing in July was 75.2%, Chang et al. stated it was 61.9%,
but Wang et al. found that it was only 38.4%. These studies are often based on a specific year,
and thus the differences in pollutant emissions, meteorological conditions, and simulation
tools in these different years can lead to conflicting results. Among them, the role of
meteorology may be very important, as the frequency of the occurrence of unfavorable
meteorological conditions, the duration, and the scope of influence are different each year.
However, the extent to which the regional contribution to air quality varies under various
meteorological conditions is not yet fully understood.

In a pioneering study, Dong et al. [33] evaluated the impacts of inter-annual mete-
orological conditions on regional air pollution transport in the BTH region from 2014 to
2017 by employing CMAQ embedded within the Integrated Source Apportionment Model
(CMAQ-ISAM). Their results suggest that the regional transport is sensitive to meteorology
variation, with the impacts of meteorological variations on regional transport being up to
40% in spring and winter. However, their conclusion is based on a relatively limited time
span. Inspired by Dong et al. [33], our previous study [34] employed the WRF/CMAQ
model to investigate this issue in Beijing over a longer time span (2001–2015) and found
that inter-annual meteorological variation has a considerable impact on both PM2.5 con-
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centration in Beijing and the contribution of regional transport. However, the conclusions
of our previous study are only based on a local scale, and whether the same conclusion
can be drawn about the influence of inter-annual variation in meteorological conditions on
inter-regional transport is still unknown.

Therefore, the WRF/CMAQ modeling system was employed to investigate the inter-
annual variation in inter-regional transport contribution to PM2.5 under various meteoro-
logical conditions from 2010 to 2019. As one of most polluted regions, the BTH region was
selected as the research area. Notably, the emission inventory and model configuration
were kept constant throughout the study, except for the inter-annual meteorological condi-
tion. The results of this study will help policymakers formulate more effective, regional
joint-emission control policies.

2. Methodology
2.1. Study Area and Modeling Domains

The study area and the two-level nested domains of the model system are shown in
Figure 1. The grid resolution of domain 1 is 27 km × 27 km (158 rows and 184 columns),
covering most of China. Domain 2 is set with a grid resolution of 9 km × 9 km (90 rows
and 65 columns), covering the BTH region.
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2.2. Model Configuration and Input Data

In this study, to investigate the impact of interannual meteorological variation on the
regional transport contribution from 2010 to 2019, the WRF/CMAQ model system was
employed for simulation. The input data and model configuration of the modeling system
are shown as follows:

Meteorological data: The WRF model uses Final Analysis (FNL) data with a temporal
resolution of 6 h and a horizontal resolution of 1◦ × 1◦ provided by the National Center for
Environmental Prediction (NCEP) to generate the initial and boundary conditions, which
provided the meteorological input for the CMAQ model (https://rda.ucar.edu/datasets/
ds083.2/, (accessed on 21 April 2022)).

Emission data: The anthropogenic emissions data used in this study were obtained
from the Multi-resolution Emission Inventory of China (MEIC). As a complement, the
biomass burning emission developed by Zhou et al. was also used [35].

The WRF model configuration: The Purdue-Lin microphysics parameterization
scheme [36], the Noah Land-Surface scheme [37], the Yonsei University (YSU) Planetary

https://rda.ucar.edu/datasets/ds083.2/
https://rda.ucar.edu/datasets/ds083.2/
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Boundary Layer (PBL) scheme [38], the New Goddard shortwave radiation scheme, the
GFDL longwave radiation scheme, and the Grell–Devenyi cumulus scheme were selected
as the major meteorological physical schemes in this study.

The CMAQ model configuration: The Carbon Bond 05 (CB05) mechanism with
chlorine and the updated toluene chemistry [39] was selected as the gaseous chemistry
mechanisms; the sixth generation CMAQ aerosol module (AERO6), extended sea salt
emission, and thermodynamics were used as aerosol mechanisms [40].The ISAM module,
implemented within the CMAQ model and using the trace method to tag the emissions
from different regions [41], was used to calculate the impact of inter-regional transport on
PM2.5 in the BTH region.

2.3. Model Evaluation

The WRF model and the CMAQ model have been extensively used and evaluated
in the authors’ [34,42–46] and other researchers’ studies [19,23,47,48]. The same is the
case with the ISAM module [41,49,50]. In this study, a similar evaluation method by
Chen et al. [34] and various statistical indicators were used to evaluate the performance of
the model.

To evaluate the performance of the WRF model, simulated and observed meteoro-
logical parameters for 170 sites in January, April, July, and October 2014 were compared
and shown in Table 1. The observation data were obtained from the China Meteorological
Administration (http://data.cma.cn/, (accessed on 21 April 2022)) [51]. High correlation
coefficients (R, 0.70–0.90) and low Normalized Mean Bias (NMB, ±20%) and Normalized
Mean Error (NME, 3.37–32.97%) proved that the model performances were acceptable.

Table 1. Performance statistics for T2, RH2, and WS10 at 170 sites within the study area.

Parameters Month MB 1 MAE 2 NMB 3

(%) NME 4 (%) R 5

T2
(Temperature at

2 m)
unit: ◦C

January 0.93 1.63 6.23 3.37 0.87
April 1.67 2.83 10.70 17.93 0.83
July 4.37 4.67 16.50 17.43 0.83

October 2.33 3.03 17.53 22.10 0.90

RH2
(Relative humidity

at 2 m)
unit: %

January −6.67 13.60 −12.73 24.60 0.80
April −6.83 11.13 −13.60 24.33 0.73
July −13.73 15.83 −13.93 18.87 0.80

October −12.67 17.13 −18.13 24.73 0.77

WS10
(Wind speed at

10 m)
unit: m/s

January 0.07 0.70 −3.20 30.43 0.70
April 0.23 0.50 15.50 32.53 0.70
July 0.47 0.63 15.57 29.90 0.70

October 0.27 0.50 17.40 32.97 0.70
1 MB: Mean Bias. 2 MAE: Mean Absolute Error. 3 NMB: Normalized Mean Bias. 4 NME: Normalized Mean Error.
5 R: correlative coefficient.

To evaluate the performance of the CMAQ model, the comparisons of simulated and
observed PM2.5 concentrations at 130 sites (http://www.cnemc.cn/, (accessed on 21 April
2022)) [52] for each simulated month (January, April, July, October in 2014) are shown in
Table 2. The results show a high correlation coefficient (R, 0.79–0.90) between the observed
and simulated concentrations. The values of MFB and MFE ranged from −6.59% to −5.30%,
and from 8.31% to 11.97%, respectively. According to the suggested criteria (MFB ± 60%
and MFE < 75%) by Boylan and Russell [53], the simulation results are within the acceptable
range. These differences exist between the simulated and the observed values and can be
explained by the unavoidable deficiencies of meteorological and air quality models and the
inherent uncertainties of meteorological data and emission inventories [54–56].

http://data.cma.cn/
http://www.cnemc.cn/
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Table 2. Performance statistics for PM2.5 concentrations at 130 sites within the study area.

Species Month NMB (%) NME (%) MFB 6 (%) MFE 7 (%) R

January −9.41 19.54 −6.59 10.25 0.79
PM2.5 April −7.99 16.01 −5.61 10.49 0.83

(µg/m3) July 1.10 21.07 −5.30 11.97 0.83
October −9.58 18.12 −5.57 8.31 0.89

6 MFB: Mean Fractional Bias. 7 MFE: Mean Fractional Error.

3. Results and Discussion

This study investigates the impact of inter-annual meteorological changes from 2010
to 2019 on the PM2.5 concentration in each city in the Beijing–Tianjin–Hebei region and
the contribution of regional transport to PM2.5 between cities. In order to highlight the
impact of meteorological variation in different years, the emission inventory of the same
year (2014) was used in the 10-year simulation, and all model configurations were kept
consistent, only changing each year’s meteorological data. It should be noted that, in order
to improve the computational efficiency, four months (January, April, July, and October)
were selected as the representative months of each year in this study. Although there will
be some differences compared with the 12-month calculation scheme, this study can still
reflect the impact of inter-annual changes in PM2.5 concentration and regional transport.

Before proceeding with further analysis, it is necessary to review the changes in
PM2.5 concentration in the BTH region in the past decade. In order to show more clearly
the improvement of air quality, the authors compare four-year periods by dividing the
past 12 years from 2010 to 2021 into 3 phases for discussion. As shown in Figure 2, the
air quality in the region has significantly improved in recent years. In particular, the
central and southern regions, which were once highly polluted in the past, have improved
more significantly.
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Figure 2. Changes in PM2.5 concentration in 13 cities in the Beijing–Tianjin–Hebei region from
2010–2021.

3.1. Impact of Inter-Annual Meteorological Variation on PM2.5 Concentration in
Beijing–Tianjin–Hebei Region

Table 3 lists the average concentration of PM2.5 in 13 cities in the BTH region from 2010
to 2019 based on the 2014 emission inventory. The results show that the 10-year average
PM2.5 concentration in 13 cities ranged from 30.1 µg/m3 to 134.4 µg/m3, showing a strong
spatial inhomogeneity distribution. The highest PM2.5 concentration was found in Baoding
(134.4 µg/m3), and the concentrations in cities located in the southern part of the study
area, such as Shijiazhuang, Xingtai, and Handan, were also relatively higher (128.2 µg/m3,
104.2 µg/m3, and 122.0 µg/m3, respectively). In contrast, the PM2.5 concentrations in cities
located in the northern part of the study area, such as Zhangjiakou and Chengde, were
relatively low. It should be noted that the concentration of PM2.5 in all cities exceeded that
recommended by the World Health Organization in 2006 (10 µg/m3, WHO, 2006), and the
value was improved in 2021 (5 µg/m3, WHO, 2021).
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Table 3. Annual average concentration of PM2.5 in 13 cities in the BTH region from 2010 to 2019
(Simulated based on the 2014 emission scenario, unit: µg/m3).

Year BJ TJ HD XT HS SJZ CZ LF BD TS QHD CD ZJK

2010 87.1 91.1 135.7 115.0 109.4 141.0 110.6 103.4 138.6 98.0 61.5 57.5 29.8
2011 75.4 83.8 120.5 106.5 98.0 125.5 90.3 92.1 121.2 79.2 56.1 47.5 27.7
2012 75.5 76.4 120.8 100.0 89.5 126.2 84.9 82.8 131.8 81.3 54.4 47.9 26.9
2013 103.4 99.1 149.3 127.0 119.5 161.1 121.8 118.0 169.1 102.0 67.2 53.0 33.6
2014 92.4 95.5 125.6 111.7 98.8 133.5 104.4 107.5 149.5 104.3 72.5 62.8 35.3
2015 78.1 86.9 115.1 96.7 91.5 122.3 91.8 93.1 128.9 95.6 65.1 50.5 33.3
2016 71.1 73.8 116.3 100.9 87.4 121.2 76.0 79.1 128.8 78.1 52.6 47.7 28.6
2017 99.1 97.9 121.8 101.3 98.4 122.8 97.8 105.5 137.4 108.8 72.3 64.0 34.6
2018 94.8 111.3 104.8 88.7 83.7 113.5 92.0 101.2 112.0 116.5 87.8 53.0 23.4
2019 80.4 84.6 110.0 94.1 87.0 114.7 87.5 91.6 126.7 96.6 63.7 52.6 27.7

Average 85.7 90.0 122.0 104.2 96.3 128.2 95.7 97.4 134.4 96.0 65.3 53.6 30.1
Fluctuation (%) 37.7 41.6 49.5 36.8 37.2 54.1 47.9 39.9 52.8 40.0 53.9 30.8 39.6

Abbreviations used for the cities: BJ, Beijing; TJ, Tianjin; HD, Handan; XT, Xingtai; HS, Hengshui; SJZ, Shijiazhuang;
CZ, Cangzhou; LF, Langfang; BD, Baoding; TS, Tangshan; QHD, Qinhuangdao; CD, Chengde; ZJK, Zhangjiakou.

In addition to evident changes in spatial distribution, the inter-annual variation in
PM2.5 concentrations in these cities is also significant. The 10-year fluctuation rate (Fluc-
tuation rate = (Maximum − Minimum)/Average × 100%) of PM2.5 concentration and
the annual anomaly (the term “anomaly” refers to a departure from the reference value
or long-term average; here, Anomaly = Annual Concentration − 10-year Average) were
calculated in each city and are listed at the bottom of Table 3. The fluctuation rate in
13 cities ranged from 30.8% to 54.1%, indicating that the PM2.5 concentrations in BTH
regions could be highly sensitive to the inter-annually varying meteorological conditions.
Of the 13 cities, Shijiazhuang had the largest inter-annual variation in PM2.5 concentration
(with a fluctuation rate of 54.1%), indicating that it was the most significantly affected by
the inter-annual variation in meteorology. Although the fluctuation rate of Chengde was
the smallest among the 13 cities, it still reached 30%.

Good regional consistency was found in the inter-annual changes in PM2.5 concentra-
tion in the 13 cities over the 10 years. As shown in Figure 3, in most cases, the anomalies of
cities inside the BTH region had the same sign (all positive or negative). However, there
were also a few years in which anomalies were of the opposite sign. For example, in 2018,
some cities had positive anomalies, while other cities had negative anomalies. Specifically,
cities in the southern part of the BTH region, such as Baoding, Shijiazhuang, Xingtai, Heng-
shui, and Handan have basically the same anomalies (negative), while positive anomalies
are found in most cities in the northern region. However, regional characteristics could
be found in the study area, and the geographically adjacent cities generally show good
consistency, indicating that the inter-annual variations in meteorological conditions in the
BTH region show more regional characteristics rather than local.

Figure 4 shows the simulated 10-year average PM2.5 concentration in the 13 cities for
each season (represented by January, April, July, and October). Strong seasonality is also
shown in the multi-year averaged PM2.5 concentration. The corresponding inter-annual
variations in the seasonal values are also presented in the figure. It was found that the PM2.5
concentration in winter is the highest, followed by fall and spring, and the concentration
in summer is the lowest. A similar situation occurred in the inter-annual changes in the
average PM2.5 concentration in each season. The variation in winter is the most significant
among the four seasons, with the fluctuations in 13 cities ranging from 59.5% to 112.3%. In
winter, Baoding and southern cities, such as Shijiazhuang, Xingtai, and Handan are more
sensitive to meteorological changes than the other cities. In contrast, in northern cities, such
as Zhangjiakou, Chengde, and Qinhuangdao, the inter-annual changes among the four
seasons are less significant than in other cities, although winter is still the most significant
among the four seasons.
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3.2. Average Transport of PM2.5 among Cities in the BTH Region from 2010 to 2019

Figure 5 lists the transport matrix of PM2.5 in the BTH region from 2010 to 2019. Similar
to Li et al. [7], Wang et al. [21] and Chang et al. [14], the transport matrix was built by
combining the interactions between each of the two cities in the study region. Each value
in the table represents the 10-year averaged contribution of the source city to the PM2.5
concentration in the receptor city. It should be noted that the simulation grids that fall in
the urban area of each city in BTH region were regarded as the receptors. The authors
placed blue bars in the table with lengths proportional to the regional contribution values
to show the relative level of each value more clearly. Local contribution values are marked
with grey bars. It was found that nearly half of them have a local contribution of more
than 50% (six cities, marked with green font in Figure 5), and the other half (seven cities,
marked with red font in Figure 5) have a local contribution of less than 50% (meaning
that the contribution of regional transport exceeds 50%). Figure 6 further illustrates the
receptor cities’ local contribution and the regional contribution of major source cities. Each
receptor city can be identified clearly in the map, since they are often dark green because
of their large local contributions. The contribution rate of local areas and that of the
surrounding cities with relatively large contributions are also labeled in the figure. By
comparing Figures 5 and 6, strong interactions can be found among the receptor city and its
adjacent neighbors. Additionally, the contributions from remote areas outside of the BTH
region (represented by others in Figure 5) also play an important role, with contribution
values ranging from 17.6% to 45.5%, indicating that the concentration of PM2.5 can be
influenced by emissions from local or surrounding cities, as well as by long-range transport
of air pollutants.
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Figure 5. Transport matrix of PM2.5 in the BTH region from 2010 to 2019 (unit: %). Note: the lengths
of blue bars in the table are proportional to the regional contribution values. Local contribution
values are marked with grey bars and the contributions from remote areas outside of the BTH region
are marked with orange bars. The local contribution of more than 50% are in green font and less than
50% are in red font.
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Figure 6. The receptor cities’ local contribution and the regional contribution of major source cities in
the BTH region (based on the transport matrix in Figure 5).

Figure 7 shows the 10-year averaged PM2.5 contribution rate of regional transport in
cities inside the BTH region from 2010 to 2019. The regional transport contribution over
50% is indicated in dark green, and 40–50% is indicated in green. In terms of the spatial
distribution of the annual average, the eastern half of BTH region is more significantly
influenced by regional transport, while the western half is dominated by local contributions.
From the perspective of each season, winter is the weakest in terms of regional transport
influence, while spring, summer, and fall are more pronounced overall, and do not show
significant seasonal differences.

Sustainability 2022, 14, x FOR PEER REVIEW  10  of  16 
 

contributions. From the perspective of each season, winter is the weakest in terms of re‐

gional transport influence, while spring, summer, and fall are more pronounced overall, 

and do not show significant seasonal differences. 

 

Figure 7. The 10‐year (2010–2019) averaged PM2.5 contribution rate of regional transport in cities in 

the BTH region (unit: %). 

3.3. Impact of Inter‐Annual Meteorological Variation on the Contribution of Regional Transport 

in the BTH Region 

As the inter‐annual variation in meteorological conditions has a significant influence 

on PM2.5 concentrations in the BTH region, it is necessary for us to further investigate the 

impact of meteorological variation on the regional transport in each city of the BTH re‐

gion. In order to determine the fluctuation in the contribution of regional transport to the 

PM2.5 of each city due to the inter‐annual variation in meteorological conditions, as shown 

in Figure 8, the authors calculated the fluctuation rate of the 10‐year transport contribution 

values for each city, including the annual average and four‐seasonal value. Figure 9 pre‐

sents the detailed transport contributions in each season from 2010 to 2019. It was found 

that the magnitude of the regional transport contribution varies significantly among the 

cities of BTH, on an annual basis, from a minimum inter‐annual fluctuation of 8.9% to a 

maximum of 37.2%. The adjacent cities of Beijing, Tianjin, Tangshan, and Qinhuangdao 

are located in regions with relatively minimal inter‐annual fluctuations. Seasonally, win‐

ter has the most significant inter‐annual variation in terms of regional contribution, fol‐

lowed by spring and  fall, with summer showing  the weakest variation  in comparison. 

Generally, seasonal fluctuation is more evident than that of the annual average. In other 

words, the extremes that occur in the seasons may be masked by their annual averages. 

Therefore, the correlation between the annual averages and the values in each season was 

further investigated. 

 

Figure 8. The fluctuation in the regional transport contribution to the PM2.5 of each city due to the 

inter‐annual variation in meteorological conditions during 2010–2019 in the BTH region (Fluctua‐

tion = (Maximum − Minimum)/Average × 100%). 

Figure 7. The 10-year (2010–2019) averaged PM2.5 contribution rate of regional transport in cities in
the BTH region (unit: %).



Sustainability 2022, 14, 6210 10 of 15

3.3. Impact of Inter-Annual Meteorological Variation on the Contribution of Regional Transport in
the BTH Region

As the inter-annual variation in meteorological conditions has a significant influence
on PM2.5 concentrations in the BTH region, it is necessary for us to further investigate
the impact of meteorological variation on the regional transport in each city of the BTH
region. In order to determine the fluctuation in the contribution of regional transport to
the PM2.5 of each city due to the inter-annual variation in meteorological conditions, as
shown in Figure 8, the authors calculated the fluctuation rate of the 10-year transport
contribution values for each city, including the annual average and four-seasonal value.
Figure 9 presents the detailed transport contributions in each season from 2010 to 2019. It
was found that the magnitude of the regional transport contribution varies significantly
among the cities of BTH, on an annual basis, from a minimum inter-annual fluctuation
of 8.9% to a maximum of 37.2%. The adjacent cities of Beijing, Tianjin, Tangshan, and
Qinhuangdao are located in regions with relatively minimal inter-annual fluctuations.
Seasonally, winter has the most significant inter-annual variation in terms of regional
contribution, followed by spring and fall, with summer showing the weakest variation
in comparison. Generally, seasonal fluctuation is more evident than that of the annual
average. In other words, the extremes that occur in the seasons may be masked by their
annual averages. Therefore, the correlation between the annual averages and the values in
each season was further investigated.
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Figure 8. The fluctuation in the regional transport contribution to the PM2.5 of each city due
to the inter-annual variation in meteorological conditions during 2010–2019 in the BTH region
(Fluctuation = (Maximum − Minimum)/Average × 100%).

Figure 10 illustrates the contribution anomalies of regional transport. The anomalies
were calculated based on the annual average of each year and the 10-year average during
2010–2019 in the BTH region, due to the inter-annual variation in meteorological conditions.
It can be found that, compared with annual averages, the values of each season show a
much more dramatic magnitude of change. Furthermore, values above and below the
historical average in different seasons often cancel each other out, causing the annual
average to be close to the historical average. For instance, in the summer and winter of
2011, the most unfavorable meteorological conditions for regional transport in 10 years
(the largest negative anomaly) appeared in most cities, but the most favorable conditions
(the largest positive anomaly) occurred in the fall of that same year, resulting in the annual
average value being of normal magnitude when compared with the historical average. On
the contrary, when the anomalies of each season are overwhelmingly polar (either positive
or negative), their annual average values will undoubtedly show the largest anomalies.
This situation can be seen in 2010 and 2013.
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Figure 10. Contribution anomalies of regional transport (%) based on the annual average of each year
and the 10-year average during 2010−2019 in the BTH region, due to the inter-annual variation in
meteorological conditions.

4. Conclusions

In this study, the WRF/CMAQ model was used to investigate inter-annual variations
in the contribution of inter-city transport to the PM2.5 concentration in the Beijing–Tianjin–
Hebei region from 2010 to 2019. To highlight the impact of inter-annual meteorological
variations, the authors used the same emission inventory and the same model configura-
tions for the 10-year simulation. In order to improve the computational efficiency, four
months (January, April, July, and October) were selected as the representative months of
each year in this study. There will be some differences compared with the 12-month calcu-
lation scheme, but this study can still reflect the impact of inter-annual changes in PM2.5
concentration and regional transport. The major findings can be summarized as follows:

(1) Inter-annual variation in meteorological conditions has an impact on both PM2.5
concentration and inter-city transport in the Beijing–Tianjin–Hebei (BTH) region.

(2) The results show that the 10-year average PM2.5 concentration in 13 cities ranged from
30.1 µg/m3 to 134.4 µg/m3, showing a strong spatial inhomogeneity distribution.
The highest PM2.5 concentration was found in Baoding (134.4 µg/m3), and the cities
located in the southern part of the study area.

(3) The simulated annual average concentrations in 13 cities in BTH are highly vari-
able, with fluctuations ranging from 30.8% to 54.1%, and more evident variations
were found in seasonal results, with winter having the most significant
inter-annual variation.

(4) Seven out of thirteen cities have a contribution from regional transport exceeding 50%,
which are located in the eastern half of the Beijing–Tianjin–Hebei region, while the
western half is dominated by local contributions.
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(5) The magnitude of the regional transport contribution varies significantly among the
cities of BTH, on an annual basis, from a minimum inter-annual fluctuation of 8.9% to
a maximum of 37.2%, and seasonal fluctuation is even more strongly evident.

(6) Both in terms of concentration and regional contribution, values above and below the
historical average in different seasons often cancel each other out, causing the annual
average to be close to the historical average.

These results suggest that regional transport of air pollutants has non-negligible
contributions to the local air pollution and varies considerably with the inter-annual
change in meteorology. For Chinese policy makers, it is necessary to consider inter-annual
variation in meteorological conditions when developing pollution control strategies due
to the significant interannual fluctuations in PM2.5 concentrations and the contribution of
regional transport. The evaluation of policy options must be based on sufficient temporal
data, as using only one year may result in significant uncertainty. Control strategies that
can be adjusted seasonally are preferable to those that adjusted annually, since extremes
that occur in one or several seasons may be masked by annual averages. For further PM2.5
reduction, local emissions must be controlled more effectively, but equal efforts must also
be paid to regional emission. It should be noted that using emissions from different years
as input for the simulations in this study may yield different results. This is because the
emissions of different years have different combinations of PM2.5 and its precursors. This
issue is subject to a more comprehensive follow-up study.
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