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ABSTRACT

This study examined the spatial and temporal variations of severe particulate pollution days (SPPDs) in
China by using observed PM; 5 concentrations during April 2013 to February 2018 from the Ministry of
Environmental Protection of China. SPPDs were defined as those with observed daily mean PM; 5 con-
centrations larger than 150 pg m 3. Observations showed that northern China had the highest number of
SPPDs during the studied period. Since 2015, the number of SPPDs in northwestern China is comparable
to or even higher than that observed in Beijing-Tianjin-Hebei (BTH). The highest numbers of SPPDs
observed within BTH and the Yangtze River Delta (YRD) were 122 (33), 95 (17), 57 (15), 78 (18), and 31
(25) days in 2013, 2014, 2015, 2016, and 2017, respectively, indicating a general decreasing trend as a
result of emission reduction measures. SPPDs occurred mainly from November to February in BTH and in
December and January in the YRD. The major circulation patterns associated with large-scale SPPDs were
analyzed by using principal component analysis. Five typical synoptic weather patterns were identified
for BTH. The most dominant weather type (a cold high centered over the Xinjiang and Mongolian re-
gions) for BTH was also responsible for most of the SPPDs in the YRD. These results have important
implications for emission control strategies during SPPDs. Emission control measures can be applied
once the dominant circulation patterns have been predicted.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

2017; Zheng et al., 2017) and reduced atmospheric visibility (Sun
et al., 2006; Cao et al., 2012). Understanding the spatial and tem-

Rapid economic growth and associated emissions have led to
increases in aerosol concentrations in China in recent decades.
Severe particulate pollution days (SPPDs) have been observed
frequently in China with large anthropogenic emissions (Wang
et al., 2014b) and unfavorable meteorological conditions (Wang
et al., 2014a; Yang et al., 2016; Cai et al., 2017). Aerosol concentra-
tions during SPPDs in January 2013 and December 2015 reached as
high as 500 pg m~3 (Wang et al., 2014a; Li et al., 2018). Such SPPDs
caused substantial adverse effects on human health (Cohen et al,,
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poral variations of severe particulate pollution events is essential
for air quality planning in China.

Previous observational and modeling studies that examined
severe particulate pollution in China were mostly focused on the
physical and chemical mechanisms of a single episode. Ground-
based observations reported peak PMajs concentrations of
772 ugm~> in Beijing (Huang et al., 2014) and of 300 ugm~3 in
Shanghai (Andersson et al, 2015) in January 2013. Secondary
aerosols, such as sulfate, nitrate, and secondary organic carbon,
were found to contribute 30—77% to measured PM, 5 concentra-
tions during SPPDs (Huang et al., 2014). Recent studies suggested
enhanced sulfate formation during SPPDs through heterogeneous
reactions (Wang et al., 2014d) and the oxidation of SO, by NO, in
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the aqueous phase (Cheng et al., 2016a; Wang et al., 2016). A
number of studies also reported that stagnant weather conditions
(characterized by reduced wind, a strong temperature inversion,
and low boundary layer height) (Zhao et al., 2013), regional trans-
port of pollutants (Zheng et al., 2015; Zheng et al., 2016), and
aerosol-weather feedback (Wang et al., 2015; Qiu et al., 2017) were
the major factors that caused the formation and maintains of
SPPDs. However, to our knowledge, no previous studies have re-
ported on the spatial and temporal variations of SPPDs in China.

There exist previous studies that examined temporal and spatial
variations of air pollutants in recent years in China (Wang et al.,
2014c;Zhang and Cao, 2015; Han et al., 2016; Cheng et al., 2016b;
Song et al., 2017). Wang et al. (2014c) analyzed variations of six
criteria pollutants (SO, NO,, PM, 5, PMy, CO, and O3) in 31 capital
cities from March 2013 to February 2014 by using the hourly con-
centrations released by Ministry of Environmental Protection
(MEP) of China. Zhang and Cao (2015), also by using the MEP data,
investigated the spatiotemporal variations of PM; 5 for 190 cities in
2014. Song et al. (2017) analyzed PMj 5 concentrations in years of
2014—2016 from MEP, and reported that the annual mean PMay5
concentrations were decreasing nationwide but wintertime PM; 5
levels were increasing in Northern China. These studies were
focused on monthly, seasonal or annual mean concentrations and
did not examine the frequency and intensity of severe particulate
pollution in China.

Previous studies also attempted to identify the weather patterns
that determined the high levels of air pollution. Zhang et al. (2012)
used the T-mode principal component analysis (T-PCA) approach
by using sea level pressure and obtained nine weather types in
Beijing for years of 2000—2009. They discussed the characteristics
of parameters such as atmospheric visibility, AOD, and PMg under
different weather patterns, and identified the weather conditions
that were favorable to particulate pollution in Beijing. Zhang et al.
(2016) classified 5 categories of weather conditions based on the
Kirchhofer method by using geopotential height at 850 hPa altitude
during 1980—2013 and found a stagnant weather condition that
favored the accumulation of air pollutants in the North China Plain.
Miao et al. (2017) carried out the T-PCA analysis by using geo-
potential height at 925 hPa and identified seven synoptic weather
types over BTH during summertime from 2011 to 2014. They
investigated the structure of planetary boundary layer and partic-
ulate matter pollution under different weather types. These studies,
however, did not examine weather conditions conductive to SPPDs,
which have important implications for controlling emissions dur-
ing SPPDs.

The scientific goals of this study are as follows: 1) to examine the
spatial distribution and temporal variation of SPPDs over China
from April 2013 to February 2018 by using observed hourly PM; 5
concentrations from MEP and 2) to identify the typical weather
patterns that are responsible for SPPDs in BTH area and the YRD by
using T-PCA approach. A severe particulate pollution day can be
identified when the daily mean PM> 5 concentration exceeds one
concentration threshold. Following the study of Cai et al. (2017), the
threshold of 150 pg m > is used in this study, because the Chinese
government issues a ‘red alert” when the PM, 5 concentration is
forecast to exceed 150 pgm~> for 72 consecutive hours. Further-
more, according to the Air Quality Index (AQI, an integrated index
calculated from daily concentrations of SO, NO,, CO, O3, PMg and
PM, 5 measured at a monitoring station) of the Chinese MEP, air
quality becomes heavily polluted when the AQI value is larger than
200, and the AQI of 200 corresponds to an observed PM; 5 con-
centration of 150pgm~> (http://kjs.mep.gov.cn/hjbhbz/bzwb/
dghjbh/dqhjzlbz/).

Section 2 presents the data and methods used in this study,
including observed PM,s concentrations in China, the T-PCA

classification method to classify the synoptic weather patterns
during SPPDs, and the backward trajectory analysis for identifying
the origin of air masses in Beijing and Shanghai (two representative
cities for BTH and the YRD, respectively). Section 3 presents the
analysis of the spatial distribution and temporal variation of SPPDs
over China. Section 4 examines the characteristics of SPPDs in BTH
and YRD, and Section 5 shows the weather patterns that lead to
SPPDs in BTH and YRD. The discussion and conclusions are pre-
sented in Section 6.

2. Data and methods
2.1. In situ measurements of PMy 5

In January 2013, MEP started to release hourly concentrations of

the six criteria pollutants (SO, NO, PM; 5, PMyg, CO, and Os3), which
have been widely used in previous studies (Wang et al., 2014c;
Zhang and Cao, 2015; Song et al., 2017; Wang et al., 2017). Hourly
PM, 5 concentrations used in this study were downloaded from the
MEP website http://106.37.208.233:20035/. PM, 5 concentrations
are measured by the micro-oscillating balance method and the f
absorption method, following the China Environmental Protection
Standard ‘HJ 193—2013’ and ‘HJ 655—2013’ (http://kjs.mep.gov.cn/
hjbhbz/bzwb/jcffbz/201308/W020130802492823718666.pdf).
Fig. S1 shows the spatial distribution of cities with hourly measured
PM, 5 concentrations in China. The observation network contained
74 cities in 2013, expanded to 190 cities in 2014, and has main-
tained 367 cities since 2015. Each city has several (a few to a dozen)
monitoring sites with most of the sites located in urban areas. All
downloaded concentrations for each site were selected based on
the following steps: (1) data with negative or missing values are
removed; (2) a site with less than 80% valid data since starting
continuous observations is removed; and (3) the daily mean PM; 5
concentration of the city is calculated only when there were more
than 20 h of valid data during that day. Finally, 74 cities in 2013, 188
cities in 2014, and 362 cities from 2015 to 2017 are selected based
on the >80% valid data criterion.

We examined the SPPDs in China by using hourly PM; 5 con-
centrations from April 2013 to February 2018. We use the “season
year”, which includes four seasons starting from spring. Therefore,
year 2013 covered April 2013 to February 2014, and each of the
years 2014—2017 covered from March of that year to the February
of the following year. Note that year 2013 had only 11 months
because we collected the observational network data starting from
April 2013.

2.2. HYSPLIT model

Backward trajectory analysis is carried out to investigate the
potential source regions of air masses during SPPDs. The HYSPLIT
model version 4.9, developed by the Air Resources Laboratory of the
National Oceanic and Atmospheric Administration (NOAA ARL), is
used to calculate backward trajectories for all the SPPDs that
occurred from April 2013 to February 2018 in Beijing (116.4°E,
39.9°N) and Shanghai (121.3°E, 31.1°N). Four 72-h backward tra-
jectories per day (00:00 06:00 12:00 18:00) at 500 m above ground
level are computed for the two cities. Daily meteorological data are
obtained from the global data assimilation system (GDAS) provided
by the National Centers for Environmental Prediction (NCEP). The
data contain 3-hourly meteorological fields on pressure levels with
a spatial resolution of 1°. We use the Meteolnfo Software to conduct
the Cluster analysis by examining the total spatial variance (TSV)
(Wang, 2014).
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2.3. Classification of circulation patterns for SPPDs

The obliquely rotated principal component analysis in the T-
mode (T-PCA) is a commonly used tool for the classification of
circulation patterns (Huth et al,, 2008). The T-PCA calculates the
eigenvectors of the input dataset by singular value decomposition
and finds typical patterns by loadings that can be divided into
classes (Miao et al., 2017). The application of the PCA in T-mode
means that, in the input data matrix, daily patterns form the col-
umns and grid-point values form its rows (Huth, 2000). This
method has also been employed to investigate the circulation
patterns that are conducive to particulate pollution in North China
(Zhang et al., 2012; Miao et al., 2017) and the YRD (Xu et al., 2016).
In this study, we use the cost733class software package (http://
cost733.met.no) of T-PCA to identify the circulation patterns that
caused SPPDs in BTH and YRD from April 2013 to February 2018.
More details of T-PCA procedure in cost733class can be found in the
Supplementary Material.

3. Spatiotemporal variations of SPPDs in China
3.1. Spatial distribution and trend in SPPDs

Fig. 1 shows the spatial distributions of annual SPPDs observed
in China from 2013 to 2017. During all the years, SPPDs occurred
more frequently in northern China than in southern China, which is
consistent with the higher annual mean PM, 5 concentrations in
northern China than in southern China (Wang et al., 2017). The

highest numbers of SPPDs observed within BTH (YRD) (see Fig. S1
for the domains) were 122 (33), 95 (17), 57 (15), 78 (18), and 31
(25) days in 2013, 2014, 2015, 2016, and 2017, respectively. Starting
from 2015, cities in Xinjiang Autonomous Region in western China
started to release PM,5 concentrations. SPPDs in northwestern
China were comparable to or even higher than those observed in
BTH. For example, at Kashi (76.0°E, 39.47°N) there were 108, 76,
and 56 SPPDs in 2015, 2016, and 2017, respectively.

Fig. S2 presents the linear trends in annual SPPDs for 74 cities
that had continuous measurements since 2013. All cities, except for
Xi'an (108.94°E, 34.28°N), Taiyuan (112.55°E, 37.87°N), and Urumchi
(87.62°E, 43.83°N), exhibited decreasing trends of SPPDs during
2013—2017, which demonstrates that the Air Pollution Prevention
and Control Action Plan released by the Chinese government in 2012
has improved air quality over the past several years. The trends
exceeding —10 days yr~! are found in approximately half of the
cities in BTH, with a maximum value of —22.2 days yr~! in Xingtai
City (114.50°E, 37.07°N). There was only a small decreasing trend in
the number of SPPDs for Beijing. SPPDs in Beijing were 32, 39, 36, 46,
and 8 days in 2013, 2014, 2015, 2016, and 2017, respectively, pro-
ducing a linear trend of —4.1 days yr~. In the YRD, the trends in the
number of SPPDs were in the range of —2 ~ —6 days yr~.

3.2. Seasonal variations in SPPDs

Fig. S3 shows the seasonal distributions of observed SPPDs in
China from 2013 to 2017. For cities in central China (Hebei, Henan,
and Shandong provinces), the frequency of SPPDs was the highest
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Fig. 1. Spatial distributions of observed SPPDs (unit: days yr~') in China from 2013 to 2017.
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in December-January-February (DJF), followed by September-
October-November (SON) and March-April-May (MAM). Cities in
northeastern China (Liaoning, Jining, and Heilongjiang provinces)
experienced more SPPDs in SON than in DJF in 2014, 2015 and 2017
because of more stagnant days in SON than in DJF (Huang et al.,
2017) and intensive coal combustion (northeastern cities begin to
use heating in early SON due to the high latitudes). For cities in
northwestern China, SPPDs occurred mostly in DJF and MAM,
which can be explained by the large anthropogenic emissions in DJF
(Mamtimin and Meixner, 2011) and dust events in MAM (Zhang
and Cao, 2015). Among all the seasons, June-July-August (JJA) had
the lowest number of SPPDs over the past five years.

3.3. Intensity of pollution on SPPDs

Fig. 2 shows the spatial distribution of the intensity of pollution
on SPPDs. For each city, the intensity is calculated as the average of
the peak-hour PM; 5 concentration on all SPPDs identified from the
measurements available during 2013—2017. During MAM, cities in
western China were influenced by dust events, leading to the
highest PM, 5 concentrations of 500—600 pug m>. In JJA, the aver-
aged peak PM,s5 concentrations in BTH were in the range of
250—300 ug m—>. For SON, the maximum concentrations of PMj 5
of 500—600 pg m > were found in northeastern China. During DJF,
peak PMj 5 concentrations were approximately 300—400 pg m > in
the cities north of 34°N. Peak PM, 5 concentrations in most cities in
southern China (south of 34°N) were lower than those in northern
China (approximately 200—300pgm™>3 for most cities). The
abnormally high values in several cities over Fujian, Guangdong,
and Guangxi during DJF were caused by fireworks during Chinese

SPPDs in BTH (YRD) are averaged over the 10 cities (26 cities)
shown in Fig. S1. When averaged over BTH (YRD), there were 72
(20), 60 (7), 36 (6), 51 (3), and 17 (5) SPPDs in 2013, 2014, 2015,
2016, and 2017, respectively. In BTH, SPPDs occurred mainly from
November to February, which is consistent with the heating period
in North China. In this region, SPPDs occurred on approximately
half of the days in December during 2013, 2015 and 2016. In 2014,
the number of SPPDs in BTH was the highest in October, which
might have been caused by open biomass burning (Long et al.,
2016). The number of SPPDs in October in BTH has decreased
since 2015 as a result of the restriction of open biomass burning in
recent years. SPPDs in the YRD occurred mainly in December and
January. The SPPDs during these two months accounted for
approximately 90% of the annual SPPDs.

Fig. 3 displays the yearly variations in seasonal SPPDs in BTH and
the YRD. Over BTH, the number of SPPDs in MAM, JJA, and SON had a
decreasing trend, and those in DJF showed a ‘U’ shape (with no sig-
nificantimprovement) from 2013 to 2016 and a large decrease in 2017.
Over the YRD, the SPPDs in MAM and SON lasted for approximately
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4.1. Annual cycle and interannual variation

Fig. S4 shows the annual cycles of SPPDs in BTH and the YRD.

Fig. 3. Interannual variation of SPPDs in BTH (10 cities) and the YRD (26 cities) from
April 2013 to February 2018. The whisker and box show the minimum (maximum)
value and 25% (75%) percentiles, respectively.
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Fig. 2. Spatial distributions of the averaged intensity of pollution on SPPDs. For each city, the intensity is calculated as the average of the peak-hour PM, 5 concentration (unit: pg
m~3) on all SPPDs identified from the measurements available from April 2013 to February 2018.
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1-2 days from 2013 to 2017. SPPDs have not been observed during JJA
since 2015. During DJF, the number of SPPDs in the YRD showed large
decreases from 16 days in 2013 to 3—6 days in 2014—2017. The
anthropogenic emissions of major air pollutants in China decreased
from 2013 to 2017 (Zheng et al., 2018), therefore the increase in SPPDs
during DJF in BTH from 2014 to 2015 and 2016, as well as the relatively
high frequency of SPPDs during DJF in YRD in 2015 and 2017, indicate
the role of climate in the formation of SPPDs. Based on ground ob-
servations, Changetal.(2016) suggested that the EINino eventin 2015
led to a large increase of 80—100 pg m > in PM, 5 concentrations in the
North China Plain (NCP) in December 2015, which contributed to the
high number of SPPDs in BTH in December 2015 (Fig. S4). Zhao et al.
(2018) reported that PM,s concentrations in NCP reduced by
100—200 pg m~3 under strong Siberian High conditions (for example,
in January 2016) on the basis of WRF-Chem simulations.Yin and Wang
(2017) reported that the positive phase of the East Atlantic-West
Russia pattern in the middle troposphere in December 2016 led to
unfavorable meteorological conditions and a high number of SPPDs in
North China. Therefore, variability in meteorology can influence
SPPDs on subseasonal and interannual timescales.

4.2. Persistence of severe particulate pollution episodes (SPPEs)

SPPDs are classified as SPPEs based on their duration with daily
averaged PM, 5 concentration larger than 150 pg m~3. Over BTH
and the YRD, SPPEs usually lasted 1—7 days. From April 2013 to
February 2018, the frequency of episodes with a persistence of 1-7
days for BTH or YRD can be calculated as follows:

n
Foo >_k=1Dijk
] 4 7 n D
>oic12j—12-k=1Dijik

*100%, (1)

where F;  is the frequency of episodes that last for j day (or days) in
season i in BTH (or YRD). D; j i is the number of episodes that last
for j day (or days) in season i in city k of BTH (or YRD) from April
2013 to February 2018. The denominator is the total number of
episodes in the region. From April 2013 to February 2018, there
were 1063 SPPEs in 10 cities in BTH (Fig. 4), in which 72.0% and
28.0% of episodes lasted for 1-2 days and >3 days, respectively.
SPPEs with a persistence of 4 days or longer occurred mainly during
DJF. Over the same time period, there were 612 SPPEs in 26 cities on
the YRD (Fig. 4), in which 85.2% and 14.8% of episodes lasted for 12
days and >3 days, respectively.

5. Circulation patterns conducive to SPPDs in BTH and the
YRD

To identify the typical circulation patterns that were conducive

to SPPDs in BTH and the YRD, sea level pressure (SLP), geopotential
height (HGT), winds at 10 m, 850 hPa, and 500 hPa altitudes, tem-
perature and relative humidity at 27 pressure levels from the sur-
face to 100 hPa altitude were obtained from ERA-Interim datasets
for the period of 2013—2018 to constitute daily series used by the
obliquely rotated T-mode PCA method and composite analysis. We
examined the typical circulation pattern for large-scale SPPDs (for
each large-scale SPPD, more than half of the cities in BTH or the
YRD experienced severe particulate pollution) for the months with
the highest number of SPPDs (October to February in BTH, and
December to February in the YRD, as shown in Fig. S4).

5.1. Dominant synoptic weather patterns for SPPDs in BTH

From April 2013 to February 2018, 237 large-scale SPPDs
occurred in BTH, of which 199 occurred from October to February.
Using the T-PCA classification approach, 5 dominant types of syn-
optic weather patterns are identified for BTH in these months.
Table S1 summarizes the frequency and average values of the
observed meteorological parameters of the five dominant synoptic
weather patterns identified for BTH. The order of type 1 to type 5
listed in Table S1 was determined by the amount of explained
variances (Miao et al., 2017). Types 2 and 3 are the dominant
weather patterns in BTH, and were responsible for 35.7% and 31.2%,
respectively, of the 199 large-scale SPPDs in BTH. Types 1, 4 and 5
have small percentages of 12.1%, 16.6% and 4.4%, respectively. Fig. 5
presents the composite figures of SLP and 10-m winds, geopotential
height at 850 hPa and 500 hPa with corresponding winds, as well as
the pressure-longitude cross sections of temperature and relative
humidity averaged over the latitudes of 37—41°N for the five typical
circulation patterns.

Fig. 5a shows the locations of high and low pressure at sea level
for the five typical circulation patterns. In type 1, the Siberian Cold
High is anomalously weak and a weak high is centered over the Sea
of Japan. For type 2, a strong cold high with a central pressure of
1038 hPa is located over Mongolia and moves eastward and passes
through Northern China. BTH is located within the southern part of
this high. In type 3, the cold high is weak and extends from Xinjiang
autonomous region to the entire middle section of China. The
whole of eastern China has uniform pressure and therefore a small
pressure gradient, leading to weak winds that are favorable for the
formation of SPPDs. In type 4, the Siberian High with a central
pressure of 1040 hPa extends to northeastern China, and its
southeast edge influences BTH with relatively weak northwest-
erlies. In type 5, the Siberian High is weaker than in type 4, with few
impacts on eastern China. Under the type 5 circulation pattern, BTH
is influenced by a weak high pressure centered over the Korean
Peninsula, which leads to southerlies and southeasterlies in BTH.
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Fig. 4. Frequency of SPPEs with a persistence of 1—7 days for BTH and the YRD from April 2013 to February 2018. There were 1063 SPPEs in 10 cities in BTH and 610 SPPEs in 26 cities
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Fig. 5. Weather patterns for BTH. (a) sea level pressure and wind field at 10 m, (b) geopotential height and wind field at 850 hPa, (c) geopotential height and wind field at 500 hPa,
(d) pressure-longitude cross section of temperature (unit: °C), and (e) pressure-longitude cross section of relative humidity (unit: %). The cross sections are averaged over 37—41°N.
The bold blue line indicates the boundary of BTH. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

An anticyclone is located over the East China Sea at 850 hPa in all
of the circulation types (Fig. 5b). The accompanied southerlies in
eastern China weaken the East Asian Winter Monsoon (EAWM) and
enhance the transport of moist air from southern China, which
favors the formation of secondary aerosols. At 500 hPa (Fig. 5¢), a
weak East Asia trough is identified in all five patterns. The merid-
ional winds are relatively weak and westerlies prevail in northern
China. As a result, the cold and dry northwesterlies have difficulty
reaching BTH, which favors the maintenance of SPPDs.

Fig. S5 shows the same meteorological fields as in Fig. 5 but for
anomalies of these fields with respect to the means over
1988—2017. Anomalous southerlies are identified over BTH at
850 hPa and SLP. The anomalous southerlies reduce the prevailing
northwesterlies in the lower troposphere (850 hPa), leading to
weak winds (approximately 1.5ms~! for all types in Table S1) at
the surface during SPPDs. Anomalous southerlies over BTH at 850
bring warm and moist air that favors chemical formation of sec-
ondary aerosols. The temperature anomaly around 850 hPa is
higher than at the surface (Fig. S5d), which is a stable condition that
leads to the accumulation of PM; 5. We also examined the weather
patterns for none-SPPDs and found that the weather types
mentioned above were sufficient and necessary conditions for
SPPDs (see supplementary).

Transport trajectories of air pollutants are influenced by syn-
optic systems (Shu et al., 2017). Fig. S10 shows the calculated

clusters of backward trajectories of the five circulation patterns for
SPPDs in Beijing from April 2013 to February 2018. In winter, the
Siberian High appears over the Asian Continent with a strong
Aleutian Low to its east, which is the most prominent feature of the
EAWM. Therefore, strong northwesterlies prevail along the eastern
flank of the Siberian High and the East Asian Coast (Gong et al.,
2001; Hao et al,, 2016). However, air masses above 1500 m were
mainly from the northwest and west of BTH for all five circulation
types (Fig. S10). This indicates fewer cold and dry northwesterly
intrusions occurring in BTH, which is consistent with the westerlies
at 500 hPa presented in Fig. 5c. In addition, there was a cluster of
southerlies (accounting for 62.5%, 51.0%, 10.8%, 34.1%, and 59.4% for
types 1, 2, 3, 4, and 5, respectively) within the PBL (under 1000 m)
with low wind speeds in all patterns. This suggests that the
transport of air pollutant from nearby areas south of Beijing is
important when the city experiences SPPDs.

5.2. Predominant synoptic weather patterns for SPPDs in the YRD

From April 2013 to February 2018, 21 large-scale SPPDs occurred
in the YRD and all occurred in the selected most polluted months
from December to February. Because there are not enough samples
to analyze the circulation patterns, we conduct a composite anal-
ysis for the YRD. Fig. S11 presents composite figures of SLP, GHT, and
winds at 850 and 500 hPa for the 21 large-scale SPPDs that occurred
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in the YRD. During SPPDs, the Siberian High is centered over the
Xinjiang and Mongolian regions with a central pressure of
1038 hPa at the sea level. The weak pressure gradient in eastern
China leads to relatively low wind speed. At 850 hPa, the north-
westerlies prevail over the YRD. As a result, air masses were mainly
from northern China, which transported pollutants to the YRD as
they passed through polluted regions, such as BTH and Shandong
Province. At 500 hPa, the YRD was under the influence of west-
erlies, indicating a stable circulation pattern with weak cold air
intrusion. Hence, the warm (Fig. S12d) conditions within PBL is
beneficial for local pollutions.

Fig. S13 presents the clusters of 72-h backward trajectories
during large-scale SPPDs in Shanghai. Up to 51.9% of the air masses
were from northern China with a height below 1500 m. These air-
flows were related to long-range transport within the PBL from the
polluted areas (BTH and Shandong Province) to the YRD. Further-
more, a cluster (accounting for 30.8%) between 500 and 1000 m
with low wind speed indicated local transport of air pollutants
during SPPDs. The circulation pattern for SPPDs in the YRD is
similar to type 2 for BTH.

6. Discussion and conclusions

The spatial distribution, temporal variation, and intensity of
SPPDs (days with observed PMjs5 concentrations larger than
150 pg m~3) over China were investigated using observed PM, s
concentrations from April 2013 to February 2018. Results show that
northern China had the highest number of SPPDs over the past five
years. Attention should also be paid to northwestern China where
the number of SPPDs was comparable to or even higher than that
observed in BTH. As a result of emission control strategies, most
sites in China exhibited decreasing linear trends in annual SPPDs
during 2013—2017.

The highest number of SPPDs observed within BTH (YRD) was
122 (33), 95 (17), 57 (15), 78 (18), and 31 (25) days in 2013, 2014,
2015, 2016, and 2017, respectively. SPPDs occurred mainly from
November to February in BTH and during December and January in
the YRD. SPPDs had large interannual variation during winter,
especially in BTH, which was influenced by variability in meteo-
rology. During the studied period, 72.0% and 28.0% of SPPEs in the
BTH lasted for 1—2 days and >3 days, respectively, while 85.2% and
14.8% of SPPEs in the YRD lasted for 1-2 days and >3 days,
respectively.

The major circulation types associated with large-scale SPPDs
were analyzed using the T-PCA classification method. From October
to February, five typical synoptic weather patterns were classified
for BTH. The most dominant pattern (type 2) is characterized by a
strong cold high with a central sea level pressure of 1038 hPa
located over Mongolia, which moves eastward passing through
Northern China. The second dominant pattern (type 3) is charac-
terized by a weak cold high that extends from Xinjiang to the entire
middle part of China, leading to a small pressure gradient in eastern
China. These two types were responsible for 35.7% and 31.2%,
respectively, of the 199 large-scale SPPDs in BTH. The most domi-
nant weather type (type 2) for BTH was also responsible for most of
the 21 large-scale SPPDs in the YRD. Back trajectory analysis was
also carried out to understand the transport pathways of pollutants
during SPPDs. The transport of air pollutants from nearby areas
south of Beijing contributed to the SPPDs in Beijing, and those in
Shanghai were influenced by air masses that passed via the heavily
polluted BTH and Shandong Province. These results have important
implications for emission control strategies during SPPDs. Emission
control measures can be applied along the air mass pathways when
the dominant circulation patterns have been predicted.
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