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Abstract: Haze is a majorly disastrous type of weather in China, especially central and eastern of
China. The development of haze is mainly caused by highly concentrated fine particles (PM2.5) on a
regional scale. Here, we present the results from an autumn and winter study conducted from 2013
to 2020 in seven highly polluted areas (27 representative stations) in central and eastern China to
analyze the growth mechanism of PM2.5. At the same time, taking Beijing Station as an example, the
characteristics of aerosol composition and particle size in the growth phase are analyzed. Taking
into account the regional and inter-annual differences of fine particles (PM2.5) distribution, the local
average PM2.5 growth value of the year is used as the boundary value for dividing slow, rapid, and
explosive growth (only focuses on the hourly growth rate greater than 0). The average value of PM2.5

in the autumn and winter of each regional representative station shows a decreasing trend as a whole,
especially after 2017, whereby the decreasing trend was significant. The distribution value of +∆PM2.5

(PM2.5 hourly growth rate) in the north of the Huai River is lower than that in the south of the Huai
River, and both of the +∆PM2.5 after 2017 showed a significant decreasing trend. The average PM2.5

threshold before the explosive growth is 70.8 µg m−3, and the threshold that is extremely prone to
explosive growth is 156 µg m−3 to 277 µg m−3 in north of the Huai River. For the area south of the
Huai River, the threshold for PM2.5 explosive growth is relatively low, as a more stringent threshold
also puts forward stricter requirements on atmospheric environmental governance. For example,
in Beijing, the peak diameters gradually shift to larger sizes when the growth rate increases. The
number concentration increasing mainly distributed in Aitken mode (AIM) and Accumulation mode
(ACM) during explosive growth. Among the various components of submicron particulate matter
(PM1), organic aerosol (OA), especially primary OA (POA), have become one of the most critical
components for the PM2.5 explosive growth in Beijing. During the growth period, the contribution of
secondary particulate matter (SPM) to the accumulated pollutants is significantly higher than that of
primary particulate matter (PPM). However, the proportion of SPM gradually decreases when the
growth rate increases. The contribution of the PPM can reach 48% in explosive growth. Compared to
slow and rapid growth, explosive growth mainly occurs in the stable atmosphere of higher humidity,
lower pressure, lower temperature, small winds, and low mixed layers.

Keywords: PM2.5; explosive growth; chemical compositions; diameter; threshold

1. Introduction

Regional-scale, high-concentration aerosols are important causes of haze in central
and eastern China [1,2]. Among a variety of pollutants, high concentrations of PM2.5 are
still the most important aerosol pollutant, as well as the main cause of haze [3–5]. Elevated
PM2.5 affects human health, the environment, and even climate [6,7]. The main causes
that affect the production and consumption of PM2.5 include chemical reaction processes,
meteorological factors, and emission sources [8–10]. When the emission source is stable,
the temporal and spatial characteristics of air pollution mainly depend on meteorological
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factors [11]. The meteorology can influence the particulate matter (PM) evolution through
many ways, e.g., secondary formation, accumulation or dilution, liquid-phase and hetero-
geneous reactions to secondary aerosols, etc. [12,13]. Under adverse atmospheric diffusion
conditions, generally characterized by weak wind speeds, high relative humidity (RH), and
low planetary boundary layer height, PM2.5 can quickly accumulate to a very high concen-
tration [8]. The study by Zhang et al. [14] shows that the unfavorable weather elements
in the winter of Beijing-Tianjin-Hebei can cause the PM2.5 concentration to increase by
about 40% to 100% compared with other seasons. In light of single meteorological elements,
Sun et al. revealed that, at low RH levels (<50%), PM increases linearly as a function of
RH, among which OAs present the largest mass increase rate at 11.4 mg m−3/10% RH
during wintertime in Beijing. In addition, the secondary formation is also one of the most
important factors for the occurrence and development of haze weather [15]. Quan et al. [16]
found that the conversion from NOx and SO2 to nitrate and sulfate was likely accelerated,
and that both significantly increased in haze events. The secondary formation also pro-
motes the formation of organic aerosols under certain conditions, and the rapid formation
of secondary OA (SOA) under strong photochemical reactions can lead to more serious air
pollution [17,18].

As a result of large reductions in anthropogenic emissions, the air pollution has
been significantly improved with the successful implementation of “Action Plan on Pre-
vention and Control of Air Pollution” in 2013 in China [19]. However, severe haze
episodes still happen in some areas of central and eastern China (including Beijing-Tianjin-
Hebei [10], Yangtze River Delta [20], Sichuan-Chongqing area [21], Fenwei Plain [22],
Central China [23], etc.) in autumn and winter. For example, the rapidly spread coron-
avirus disease limited people’s outdoor activities and, hence, caused substantial reductions
in anthropogenic emissions in 2020; however, there are still two persistent heavy pollution
incidents from January 25 to 28 and February 8 to 14 in Beijing [24].

In heavy haze pollution, pollutants exhibit different growth rates at various stages of
accumulation. Under different meteorological conditions, they may exhibit slow growth
or rapid growth, and may increase by tens or even hundreds in one hour or several hours
called “explosive growth” in the later stage of pollution. There is no qualitative conclusion
about the cause of the rapid and even explosive growth of PM2.5. Zheng et al. [25] highlight
that the trans-regional transportation of pollutants has led to a rapid increase in pollution.
Wang et al. [26] believed that the secondary transformation and nucleation effect of aerosols
played a more important role through simulation studies. The study by Zhong et al. [13]
attributed the rapid increase in pollution more to the effect of meteorological factors, and
their study concluded that more than 70% of the increase in PM2.5 can be attributed to
the feedback effect after the persistent deterioration of the boundary layer meteorological
conditions. Zhong et al. [27] conducted a study of 28 pollution episodes in Beijing from 2013
to 2017 and concluded that a threshold value for PM2.5 explosive growth is 100 µg m−3 in
Beijing. Above this threshold, the positive feedback from aerosols to near-ground radiative
cooling to anomalous inversion is effectively triggered. However, faced with the decreasing
PM2.5 concentration year by year, this threshold may change over time and show some
geographical differences. Regional emission controls were effective in reducing the PM2.5
mass concentration. However, the changes in SOA and inorganic aerosol were comparably
small and even had slight increases [24]. Therefore, exploring the chemical component
contribution and particle size evolution of aerosol particles is of great significance for further
understanding the growth characteristics and physicochemical mechanism of PM2.5. In
this study, ground-based PM2.5 observation data and meteorological element data are used
to discuss the thresholds and year-on-year changes of PM2.5 in several major polluted areas
in China from 2013 to 2020 under three growth mechanisms (slow, rapid, and explosive).
The correlation between meteorological elements and the accumulation rate of pollutants
is also discussed. At the same time, using the PM chemical composition and particle size
distribution data, the contribution of PM composition and size distribution at different
rates of pollutant cumulative stage is analyzed.
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2. Materials and Methods

The following data are used in this study. (1) Hourly PM2.5 mass concentration from
2013 to 2020 in autumn and winter (October of the current year to February of the following
year) is obtained by controlled stations of the Ministry of Environmental Protection in
Northeast China (including Harbin (HEB), Changchun (CC) and Shenyang (SY)), Beijing-
Tianjin-Hebei and surrounding areas (including Beijing (BJ), Tangshan (TS), Shijiazhuang
(SJZ), Xingtai (XT), Jinan (JN) and Zhengzhou (ZZ)), Feiwei Plain (LinFen (LF), BaoJi (BaJ),
XiAn (XA)), Yangtze River Delta (Nanjing (NJ), Hefei (HF), Shanghai (SH), Hangzhou (HZ)),
Sichuan-Chongqing (Chengdu (CD) and Chongqing (CQ)), Central China (Wuhan (WH),
Huangshi (HS), Nanchang (NC) and Changsha (CS)) and Pearl River Delta (Guangzhou
(GZ), Shenzhen (SZ), and Zhuhai (ZH)). The data used were the mean values of urban
observation stations. The geographical location of the relevant stations is shown in Figure 1.
(2) To match the above area, the hourly conventional meteorological element data, including
wind speed, relative humidity, wind direction, pressure, temperature etc., are provided by
National Meteorological Information Center of the China Meteorological Administration
(urban stations average). The time resolution of meteorological elements is 1 h. In order to
more intuitively show the growth periods of PM2.5, taking Beijing as an example, Figure A1
in Appendix A shows the time series of PM2.5 and meteorological elements in January
2015 in Beijing. Furthermore, the average diurnal of PM2.5 and meteorological variables
from 2013 to 2020 in autumn and winter in Beijing is shown in Figure A2. (3) The chemical
composition data of submicron PM (PM1) were sampled from Institute of Atmospheric
Physics (IAP, 39◦58′28′ ′ N, 116◦22′16′ ′ E), an urban site located between the north 3rd and
4th ring road in Beijing (Jiang et al., 2015). The sampling time was October 2012 to February
2013. The sampling instrument was the Aerosol Chemical Speciation Monitor (ACSM), with
a time resolution of ~15 min. ACSM mainly detects particles below 1 µm, which can realize
real-time online determination of OA, sulfate (SO4

2−), nitrate (NO3
−), ammonium salt

(NH4
+), and chloride (Chl). The detailed description of the relevant instrument principles

and parameters of the ACSMs have been to the references of Sun et al. [28] and Ng et al. [29].
At vaporizer temperature of ~600 ◦C, the ACSM cannot detect refractory materials, e.g.,
mineral dust and black carbon (BC). Thus, an aethalometer (Model AE22, Magee Scientific
Corporation, Berkeley CA, USA) is used to simultaneously measure BC in PM2.5. The
PM2.5 and gaseous species (including CO, SO2, NO, NOx, and Ox) were measured by
a heated Tapered Element Oscillating Microbalance (1400a, Thermo Scientific, Waltham,
MA, USA) and various gas analyzers (Thermo Scientific). (4) The data of aerosol number
spectrum from 27 November 2014 to 28 February 2015, with a time resolution of 3 min
and a measurement range of 14.6 nm to 661.2 nm, were measured by an scanning mobility
particle sizer (SMPS), provided by the Beijing Meteorological Bureau, China. (5) The PM2.5
grid distribution data come from a 1-km-resolution PM2.5 dataset, called China High Air
Pollutants (CHAP, https://weijing-rs.github.io/product.html (accessed on 18 September
2021)) from 2013 to 2020 across China, generated by the Moderate Resolution Imaging
Spectroradiometer (MODIS, MODIS Collection 6 MAIAC AOD product (MCD19A2))
and multi-angle implementation of the atmospheric correction (MAIAC) algorithm (Wei
et al., 2021). The inversion method is the space–time extra-trees (STET) model with high
accuracies (i.e., cross-validation coefficient of determination, CV-R2 = 0.86–0.90) and strong
predictive powers (i.e., R2 = 0.80–0.82) [30].

The Roche method is used to calculate the height of the atmospheric mixing layer
height (MLH). It is a method proposed by Nozaki et al. [31] in 1973 to estimate the height
of the mixed layer using ground meteorological data. This method takes into account
that the atmospheric mixing layer is the result of the combined action of thermal and
dynamic turbulence. Moreover, the movement of the atmosphere in the upper boundary
layer often interconnect and feedback with ground meteorological elements, so ground
meteorological parameters can be used to estimate the height of the mixed layer. In addition,
positive matrix factorization (PMF) [32] was preformed to resolve distinct OA factors from
specific sources on ACSM mass spectra. The related principles and steps of this method are

https://weijing-rs.github.io/product.html
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detailed in Ulbrich et al. [33] and Decarlo et al. [34]. In this study, we limit PMF analysis
to m/z 12–125 considering the low contribution of m/z 125–150 to the total signal. An Igor
Pro-based PMF evaluation tool (PET, v 2.04) is used to further evaluated the results of PMF.
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3. Results and Discussion
3.1. Average Distribution of PM2.5 in Autumn and Winter of China from 2013 to 2020

Figure 1 shows the average distribution of PM2.5 mass concentration in the autumn
and winter (October of the current year to February of the following year) of 2013–2020
based on satellite inversion in the central and eastern of China. On average, Northeast
China, Beijing-Tianjin-Hebei, and surrounding areas (Fenwei, Yangtze River Delta, Sichuan-
Chongqing, Central China, and Pearl River Delta (seven regions)) are the major areas where
PM2.5 concentration is relatively high in China. The following research on the growth law of
PM2.5 is also mainly carried out for the above-mentioned regions and representative cities.

We carried out annual statistics on the average concentration of PM2.5 in autumn and
winter (Hereinafter refers to as average PM2.5 concentration) of selected representative
stations since 2013. As shown in Figure 2, from the perspective of the evolution of the time
series, since 2013, the PM2.5 of the seven regional representative stations shows an overall
decreasing trend. For the three regional representative stations of Northeast China, Beijing-
Tianjin-Hebei and surrounding areas and Fenwei (north of the Huai River in China), the
pollution of PM2.5 in autumn and winter is significantly lower after 2016 than before. From
2013 to 2016, 30% of the representative stations in the above three regions had an average
PM2.5 mass concentration more than 115 µg m−3 (115 µg m−3 is the limit concentration of
average daily moderate pollution stipulated by the Ministry of Environmental Protection
of the People’s Republic of China), and 87% of statistical values exceed 75 µg m−3 (the
second grade of NAAQS released in 2012 by the Ministry of Environmental Protection of
the People’s Republic of China, http://kjs.mep.gov.cn/hjbhbz/bzwb/dqhjbh/dqhjzlbz/
201203/t20120302224165.htm (accessed on 7 September 2021)). The highest average value
of PM2.5 exceeds 200 µg m−3 (Shijiazhuang in 2013). However, in the autumn and winter
from 2017 to 2020, the average PM2.5 concentration is lower than 115 µg m−3, and only 30%

http://kjs.mep.gov.cn/hjbhbz/bzwb/dqhjbh/dqhjzlbz/201203/t20120302224165.htm
http://kjs.mep.gov.cn/hjbhbz/bzwb/dqhjbh/dqhjzlbz/201203/t20120302224165.htm
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of sites have an average PM2.5 more than 75 µg m−3 north of the Huai River. Especially by
2020, the statistics of all sites in the three regions are lower than 75 µg m−3.
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The other four areas with a lower latitude south of the Huai River in China (Yangtze
River Delta, Sichuan-Chongqing, Central China, and Pearl River Delta) have significantly
less fine particulate pollution than the three areas north of the Huai River (Northeast,
Beijing-Tianjin-Hebei and surrounding areas, and Fenwei). Among the valid data, except
for HF and WH in 2013, which average PM2.5 concentration exceeded 115 µg m−3, other
statistical values are all lower than 115 µg m−3. For the Pearl River Delta region, after 2015,
the average PM2.5 value was lower than 35 µg m−3 (24-h NAAQS of US EPA). Among sites
south of the Huai River, the proportion of average PM2.5 concentration exceeds 75 µg m−3,
which accounts for 26% from 2013 to 2017. However, from 2018 to 2020, the average of
PM2.5 is all below 75 µg m−3. A number of studies showed that the main reason for the
gradual decrease in the concentration of PM2.5 in central and eastern China is the decrease
in the concentration of gaseous precursors under the joint emission controls and, hence, the
suppression of secondary growth and formation [35,36]. However, many studies have also
pointed out the importance of meteorological conditions, which can help to explain the
reduction in PM2.5 concentration of over 50% [14]. The combined effect of meteorological
factors and anthropogenic emissions makes the cause of air quality improvement still
uncertain [37]. The main reason that the PM2.5 concentration in the north of Huaihe River
is higher than that in the south of the Huaihe River is the comprehensive effect of industrial
layout, industrial structure, meteorological factors (precipitation, atmospheric diffusion
conditions), and topography, etc.

3.2. Classification of PM2.5 Growth Periods in Central and Eastern China form 2013 to 2020

To explore the growth mechanism of PM2.5 in autumn and winter, the data of PM2.5
growth periods (GP, hourly growth rate > 0) from 2013 to 2020 were selected year by year.
Unless otherwise specified, the following research only focuses on the hourly growth rate
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greater than 0, that is, the data during the positive GP. The hourly growth rate of PM2.5 (unit:
µg m−3/h) is expressed as +∆PM2.5. Figure 3 shows the statistical value of +∆PM2.5 at
different representative stations in autumn and winter year by year. Similar to the average
PM2.5 concentration, with the Huai River as the boundary, the +∆PM2.5 of the representative
station in the southerly latitude area is lower than that of the northerly latitude station
(autumn and winter). In terms of average value, the mean range of +∆PM2.5 north of the
Huai River is 10.7–40.9 µg m−3/h between 2013 to 2017 (on the left side of the dotted line).
Among them, the maximum value of 40.9 µg m−3/h appeared in the Harbin (Northeast
China) in 2013. Except for Shijiazhuang and Changchun, the average +∆PM2.5 of 12 of the
14 sites (north of Huai river) in 2015–2016 was lower than that in 2013 and 2014. However,
the +∆PM2.5 of eight sites rebounded in 2016 comparing to 2015. After 2017, +∆PM2.5
has a stepwise decline. Except for Linfen (Fenwei) and Harbin (Northeast China), whose
+∆PM2.5 is 27.2 and 21.5 µg m−3/h, respectively, all other stations decreased by less than
19 µg m−3/h. Especially in 2021, the maximum value of +∆PM2.5 is only 15.3 µg m−3/h
with a relatively concentrated distribution range of each site between 15.3 µg m−3/h and
9.4 µg m−3/h. For the representative stations south of the Huai River (on the right side of
the dotted line), the average of +∆PM2.5 is less than 20 µg m−3/h except for Hefei in 2013,
which was 21.6 µg m−3/h. After 2017, all stations of +∆PM2.5 educe to within 15 µg m−3/h
and within 10 µg m−3/h in 2020.

The statistical results of the 25th, 50th, and 75th percentiles of +∆PM2.5 are similar to
the average overall. The distribution value of +∆PM2.5 in the north of the Huai River is
lower than that in the south of the Huai River, and the +∆PM2.5 after 2017 also showed
a significant decreasing trend compared with that before 2017. In the statistical results,
the value of the 50th (median value) of the +∆PM2.5 is significantly lower than that of the
average, indicating that values greater than the 50th deviate are higher than those less than
the 50th.

The PM2.5 concentration before the start of growth is classified with 75 µg m−3 as the
boundary, divided into clean and pollution, of which pollution is further divided into light
(75–115 µg m−3), moderate (115–150 µg m−3), and heavy pollution (>150 µg m−3). The
+∆PM2.5 is compared based on the PM2.5 background mass concentration (clean, lightly
polluted, moderately polluted, and severely polluted) before the start of the growth. At
the same time, the proportions of pollution background, as well as the proportions of light,
moderate, and severe pollution (under pollution background) before the start of growth,
are shown in Figure 4. Still using the Huai River as the division, the proportion of PM2.5
growth occurring in the pollution background in south of the Huai River is significantly
lower than that of the sites north of the Huai River. Among the representative stations
in the Pearl River Delta, only 7–8% of PM2.5 growth occurred in pollution. Among other
representative stations south of the Huai River, the highest probability of PM2.5 growth
occurring in the pollution is Wuhan (42.0%), followed by Nanjing (40.0%) and Changsha
(40.1%). Other sites are all below 40%. For the 14 representative stations north of the Huai
River, the proportion of the PM2.5 increase in pollution is higher than 33%, and 78.6% of
the stations are higher than 40%. For the stations of Shijiazhuang and Xingtai, in particular,
the proportion of pollution background is as high as 55.5% and 56.8%, respectively. Further
classifying pollution into light, moderate, severely pollution, as indicated in Figure 4, in the
pollution background, the sites south of the Huai River are dominated by light pollution,
with the lowest being 55% (Hefei) and an average of 71.2%. In contrast, more than 50%
of the PM2.5 growth occurs in moderate and heavy pollution in the pollution background
of the stations north of the Huai River. It is noteworthy that the proportion of heavy
pollution is significantly higher than that of moderate, especially for Shijiazhuang and
Xingtai, where the proportion of the PM2.5 growth occurs in heavy pollution (53.7% and
48.0%, respectively) once the light pollution is exceeded.

The average of +∆PM2.5 corresponding to clean, light pollution, moderate pollution,
and heavy pollution background was calculated before growth in GP (Figure 4 below). It
can be seen from Figure 4 that, among all representative stations, the average of +∆PM2.5
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corresponding to the clean background before GP is the lowest, followed by light, moderate,
and heavy pollution. Among them, the average of +∆PM2.5 under a clean background
generally less than 15 µg m−3 and the increase value is generally under 10 µg m−3 h−1

in most areas south of the Huai River. Under the background of light pollution, the
distribution range of the average +∆PM2.5 at stations north of the Huai River is between
11.2 µg m−3 h−1 and 24 µg m−3 h−1, with an average of 16.1 µg m−3 h−1. South of
the Huai River is slightly lower, with an average of 10.2 µg m−3 h−1 of +∆PM2.5 under
a light pollution background. Under moderate and severe backgrounds, the average
+∆PM2.5 at stations north of the Huai River were 19.0 µg m−3 h−1 and 26.6 µg m−3 h−1,
respectively. The average +∆PM2.5 south of the Huai River (moderate: 12.3 µg m−3 h−1,
severe: 15.1 µg m−3 h−1) is significantly lower than that in the north of the Huai River, but
still higher than the average +∆PM2.5 under the background of clean and light pollution
of the site. Therefore, in each regional representative site, the background concentration
of PM2.5 before GP has an important impact on the PM2.5 growth rate. Overall, a higher
degree of air pollution before the growth leads to a faster average growth rate of the PM2.5.

The PM2.5 shows different growth rates during GP (+∆PM2.5 > 0). According to the
value of +∆PM2.5, we divided GP into three categories as slow growth (SLG), rapid growth
(RAG), and explosive growth (EXG). The atmosphere aerosol background concentration
and the growth rate of PM2.5 both show obvious regional and inter-annual differences
(Figures 2–4). We define the average annual +∆PM2.5 from 2013 to 2020 as the threshold
Ak,year (K represents the region) for determining the type of growth (SLG, RAG, or EXG)
of the stations in that year. Figure 3a shows the value of Ak,year. Slow growth (SLGk, year),
defined as the +∆PM2.5, is less than Ak, i.e., SLGk, year < Ak,year; the interval of rapid growth
(RAGk, year) is between 1 and 2 times of Ak,year, i.e., Ak,year ≤ RAGk, year ≤ 2* Ak,year; and
the +∆PM2.5 of explosive growth (EXGk, year) is more than double that of the threshold, i.e.,
EXGk, year > 2* Ak,year.
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Since the +∆PM2.5 in GP is closely related to the initial PM2.5 concentration, there
should be a certain PM2.5 concentration threshold to judge the rapid or even explosive
growth of PM2.5. Zhong et al. [13] found that, when PM2.5 reached a certain threshold, the
positive feedback from aerosols to near-ground radiative cooling to anomalous inversion
is effectively triggered, which subsequently results in explosive rising of PM2.5. In each
representative station, the proportion of EXG in GP is 6.2–13.8%, with an average of 10.3%
(Figure 5). Among them, the EXG of Tangshan (Beijing-Tianjin-Hebei and surrounding
areas) accounted for more than 20% of the GP, which was the highest among all representa-
tive stations. Although the proportion of the EXG is lower than the RAG and the SLG, the
EXG played a vital role in the occurrence and development of the heavy pollution process.
It is necessary to quantify the relevant threshold of the EXG.

Figure 5 presents the average PM2.5 concentration thresholds before EXG in represen-
tative stations in each region during autumn and winter from 2013 to 2020. The statistical
value of the lower quartile (25th) of PM2.5 before EXG can be used as the reference threshold
of PM2.5 concentration for EXG, and the upper quartile (75th) characterizes that exceeding
this critical value is extremely prone to EXG [13,27]. In the relatively heavily polluted
stations north of the Huai River, the average PM2.5 threshold before the EXG is 70.8 µg m−3.
Among them, the threshold in Beijing is 68.3 µg m−3, which is slightly lower than the
strict threshold (71 µg m−3) proposed by Zhong et al. [13] for the EXG of PM2.5 in Beijing.
The stations with the highest EXG threshold is Shijiazhuang (91.0 µg m−3), followed by
Harbin (89.1 µg m−3) and Zhengzhou (88.9 µg m−3). Although the PM2.5 concentration
threshold is the highest, the probability of EXG in these three cities (Shijiazhuang, Harbin
and Zhengzhou) is still higher than the average proportion in the north of the Huai River
(11.5%). For the area south of the Huai River, air pollution is relatively light, but at the same
time, the threshold for PM2.5 explosive growth is relatively low, and a more stringent thresh-
old also puts forward stricter requirements for atmospheric environmental governance. The
upper quartile of the initial PM2.5 mass concentration values is much higher than the lower
quartile (threshold) with the distribution interval from 156 µg m−3 to 277 µg m−3 for the
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area north of the Huai River. Beijing’s upper quartile value is 156 µg m−3, which indicates
that an explosive growth of PM2.5 will likely occur once it is higher than this value.

As a comparison, the statistical values of SLG and RAG are lower than that of EXG,
while the relevant thresholds can also be used as a stage indicator of prevention and control
measures.

Atmosphere 2022, 13, x FOR PEER REVIEW 9 of 18 
 

 

of PM2.5 above 75µg m−3 before the growth and the proportion of light, moderate, and heavy pol-
lution (upper). 

Since the +ΔPM2.5 in GP is closely related to the initial PM2.5 concentration, there 
should be a certain PM2.5 concentration threshold to judge the rapid or even explosive 
growth of PM2.5. Zhong et al. [13] found that, when PM2.5 reached a certain threshold, the 
positive feedback from aerosols to near-ground radiative cooling to anomalous inversion 
is effectively triggered, which subsequently results in explosive rising of PM2.5. In each 
representative station, the proportion of EXG in GP is 6.2–13.8%, with an average of 
10.3% (Figure 5). Among them, the EXG of Tangshan (Beijing-Tianjin-Hebei and sur-
rounding areas) accounted for more than 20% of the GP, which was the highest among all 
representative stations. Although the proportion of the EXG is lower than the RAG and 
the SLG, the EXG played a vital role in the occurrence and development of the heavy 
pollution process. It is necessary to quantify the relevant threshold of the EXG. 

 
Figure 5. Thresholds for slow growth (SLG), rapid growth (RAG), and explosive growth (EXG) of 
each region and its representative stations, and the fraction of three growth methods. The dot is the 
average; the vertical line is the 10th percentile (bottom) and the 90th percentile (top); and the hor-
izontal line is the 25th, 50th, and 75th percentile from top to bottom (the picture below is the same). 

Figure 5 presents the average PM2.5 concentration thresholds before EXG in repre-
sentative stations in each region during autumn and winter from 2013 to 2020. The sta-
tistical value of the lower quartile (25th) of PM2.5 before EXG can be used as the reference 
threshold of PM2.5 concentration for EXG, and the upper quartile (75th) characterizes that 
exceeding this critical value is extremely prone to EXG [13,27]. In the relatively heavily 
polluted stations north of the Huai River, the average PM2.5 threshold before the EXG is 
70.8 µg m−3. Among them, the threshold in Beijing is 68.3 µg m−3, which is slightly lower 
than the strict threshold (71 µg m−3) proposed by Zhong et al. [13] for the EXG of PM2.5 in 
Beijing. The stations with the highest EXG threshold is Shijiazhuang (91.0 µg m−3), fol-
lowed by Harbin (89.1 µg m−3) and Zhengzhou (88.9 µg m−3). Although the PM2.5 con-
centration threshold is the highest, the probability of EXG in these three cities (Shijia-
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each region and its representative stations, and the fraction of three growth methods. The dot is
the average; the vertical line is the 10th percentile (bottom) and the 90th percentile (top); and the
horizontal line is the 25th, 50th, and 75th percentile from top to bottom (the picture below is the same).

3.3. Size Distribution

Figure 6 shows a comparison of average size distributions before and after GP, SLG,
RAG, and EXG in Beijing (27 November 2014 to 28 February 2015). As indicated in Figure 6,
from SLG, RAG, to EXG, the peak number concentration gradually increasing. The peak
number concentration spectrum distribution of GP is between SLG and RAG. After the
growth started, the peak number concentration of the three growth rates all increased
significantly. However, there is no significant difference in the peak number concentration
particle size before and after the growth of the three growth ways. According to the
definition of Hussein et al. (2004), different particle sizes could be divided into four modes:
the nucleation mode (0.01~0.02 µm), the Aitken mode (0.02~0.1 µm), the accumulation
mode (0.1~1 µm), and the coarse mode (1~10 µm) [38]. Limited by the measuring range
of the instrument, the coarse mode is not studied in this article. In terms of the number
of concentrations, before and after the three growth ways, the number concentration of
the nucleation mode (NUM), the Aitken mode (AIM), and the accumulation mode (ACM)
all show varying degrees of growth (Table 1). Among RAG and EXG, the increasing
number concentration of AIM and ACM is more significant. Calculated from Table 1,
during the SLG, the particles’ concentration growth rate of the NUM, AIM, and ACM are
1691/cm−3 h−1, 586/cm−3 h−1, and 325/cm−3 h−1, respectively. However, the growth rate
of the number concentration of NUM decreases to 941/cm−3 h−1 and 668/cm−3 h−1 in the
RAG and EXG, respectively. Simultaneously, the growth rate of AIM in the RAG and EXG
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is 3.5 times and 7.7 times higher than that of SLG, respectively. For the ACM, in particular,
the growth rate in the EXG can reach 4483/cm−3 h−1 in Beijing during autumn and winter.
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Table 1. Statistical values of particle number concentration in each mode before and after (1-h interval)
slow, rapid, and explosive growth in Beijing.

Particle Size Mode Before
Growth/cm−3

After
Growth/cm−3

Number of
Samples

SLG

Nucleation mode 1241 2932

425Aitken mode 9687 10,273

Accumulation mode 5529 5854

RAG

Nucleation mode 2190 3131

201Aitken mode 11,696 13,760

Accumulation mode 7098 9838

EXG

Nucleation mode 3601 4269

115Aitken mode 13,451 17,972

Accumulation mode 9252 13,735

Comparing with the three growth rates, the peak diameters gradually shift to larger
sizes with the growth rate increasing. The particle diameters corresponding to the peak
concentration of SLG is ~65 nm, and the peak particle diameters of RAG and EXG grow to
~94 nm and ~103 nm, respectively. Since the growth rate of PM2.5 is closely related to the
degree of air pollution, the average growth rate under pollution background is, on average,
higher than that of clean conditions, which is similar to the results of Guo et al. [39], who
showed that the average particle diameters of aerosols in Beijing gradually increase from
cleaning to pollution with an average daily mass growth of 50~110 µg m−3. The study
by Xu et al. [40] showed that the increased particle size of OA mainly corresponds to
SOA, while the particle size of POA hardly changes. At the same time, the hygroscopicity
parameter of OA increased substantially with particle size and has played a further role in
promoting the increase in pollution.

Figure 7 shows the number concentration spectrum distribution of 12 times PM2.5
episodes in 2014 and 2015 during autumn and winter. In the cumulative phase of the
pollution process, slow, rapid, and explosive growth alternately occur. Before reaching the
peak concentration in most heavy pollution episodes (especially the peak concentration of
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PM2.5 exceeding 200 µg m−3), it is accompanied by an obvious explosive increase in PM2.5.
Consistent with the above conclusions, when the EXG occurs, the number concentration
of NUM does not increase significantly, and the particle size with increased concentration
is mainly distributed in AIM and ACM. Since the growth rate of pollution is related to
the mass concentration of PM2.5 (Section 3.2), the rapid and explosive growth usually
occurs in severe air pollution. On the one hand, there is a noticeable absence of new
particle formation as the pollution episode develops. On the other hand, with the stable
atmospheric situation, small particles keep growing by collision and hygroscopic growth.
While the NUM particles contribute negligibly to the particle mass concentration, the severe
pollution episodes (high growth rate) are attributable to the presence of numerous large
particles.
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3.4. Chemical Composition

To explore the contribution of aerosol components in SLG, RAG, and EXG during
autumn and winter in Beijing (October 2012 to February 2013), Figure 8a shows the average
contribution of PM1 species (PM1 = OA + SO4

2− + NO3
− + NH4

+ + Chl + BC) to the increas-
ing mass concentration in GP. Among the growing concentration of PM1, the contribution
of OA exceeds 50% on average (discuss only in the increased concentration, same below).
With the increase in +∆PM2.5, in particular, the proportion of OA gradually increases. The
contribution of OA to the EXG reaches 57.3%, which is significantly higher than the RAG
(52.1%) and SLG (54.3%). Among the inorganic components (SO4

2− + NO3
− + NH4

+ + Chl),
in addition to the EXG, NO3

− contributes the most in SLG and RAG, followed by NH4
+

and SO4
2−. However, when the growth rate increases, the contribution of NO3

− gradually
decreases, while the contribution of SO4

2− is the opposite. In the EXG, the contribution
of SO4

2− is slightly higher than that of NO3
−, becoming the largest contributor to the

inorganic components. Sun et al. [41] concluded that with the increase in relative humidity
in autumn and winter, SO4

2− increased rapidly through liquid phase chemical reactions,
while NO3

− mainly existed in the form of particulate matter, gas-particle transformation
was inhibited. Photochemical reactions during the day become the main production mecha-
nism of NO3

−. It can be seen from Figure 9 that the relative humidity (RH) before the EXG
is significantly higher than that of RAG and SLG. Higher RH accelerated the growth rate of
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SO4
2−, resulting in a significant increase in the proportion of SO4

2− in the accumulated
pollutants.
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Figure 9. Statistic graphs of temperature (Temp), pressure (Pres), wind speed (WS), humidity (RH),
and mixed layer height (MLH) before the explosive, fast, and slow growth in Beijing.

PMF analysis of ACSM mass spectra of OA identified two components, i.e., hydrocarbon-
like OA (HOA) and oxygenated OA (OOA), as compared to the simultaneous observation
of gas components (O3, SO2, NOx, and CO, etc.), and various organic source spectra. In
this study, HOA is closely related to BC (a tracer for combustion emissions, r2 = ~0.63)
and NOx (r2 = ~0.57), indicating the important contribution of vehicle sources. OOA has a
high correlation with SO4

2− (r2 = ~0.68) and NO3
− (r2 = ~0.77), which are both secondary

inorganic species, indicating that OOA is driven by regional production mostly. In the
RAG and EXG, POA (in this study = HOA) contributes more than 60% to the growth
concentration of OA on average, which is significantly higher than the average proportion
of POA in all growth periods (~55.8%) (Figure 8c). The high proportion of HOA is also
reflected the important contribution of traffic sources to the accumulation of pollutants in
the RAG and EXG. Contrary to the change in humidity, the average temperature before the
EXG is the lowest among the three growth rates, followed by RAG (Figure 10b). Studies
have shown that the decrease in temperature is conducive to the increase in POA mass con-
centration [42], which also partly explains the higher proportion of POA in the accumulated
OA during the EXG. Therefore, among the various components of PM1, OA, especially
POA, have become one of the most critical components for the EXG in Beijing during
autumn and winter. In the GP, SOA (in this study = OOA) contributed 47.1% of OA in SLG.
Furthermore, in the RAG and EXG, the contribution of SOA decreased to 39% and 34% on
average. Figure 10 shows the mass spectra of average OA before and after GP and three
growth ways. As illustrated, the intensities of hydrocarbon ion series of m/z 55 (mainly
C3H3O+, C4H7

+), m/z 57 (mainly C3H5O+, C4H9
+), and m/z 43, characterized by a mass

spectral pattern of HOA, show a significant increase after three growth ways. Among them,
the growth intensity of EXG is higher than that of SLG and RAG. OOA is characterized
by the prominent peak of m/z 44 (CO2

+). Before and after growth, the intensities of m/z
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44 decreased significantly. In the EXG, the intensity of m/z 44 decreases from 11.3% to
10.2% of the total OA signals. Although the proportion of SOA is significantly lower than
that of POA in GP, the proportion of SOA in GP is significantly higher than the average
observed throughout the autumn and winter (31%). The research of Xu et al. [40] also
showed that SOA plays an enhanced role during more severely polluted days. Therefore,
in the process of pollution accumulation, SOA also plays a vital role in the increase in OA.
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Secondary aerosol (SPM = SO4
2− + NO3

− + NH4
+ + OOA) is the most important

component of PM1, accounting for ~71% of PM1 in autumn and winter in Beijing on average,
and has a significant impact on atmospheric extinction [43]. During the GP, the contribution
of SPM to the accumulated pollutants is still significantly higher than that of PPM (Chl +
BC + HOA). However, from slow to rapid to explosive growth, the proportion of SPM in
the increased PM gradually decreases (63% to 59% to 52%) (Figure 8b). During the EXG,
the contribution of the PPM can reach to 48% in the increasing concentration of pollutants.
PPM mainly comes from local biomass combustion, traffic and catering emissions, and
its contribution to pollution accumulation cannot be underestimated. Figure 8d shows
that, during the observation period, the proportions of SLG, RAG, and EXG are 71%, 21%,
and 8%, respectively, in Beijing during observation. Compared to SLG and RAG, EXG
mainly occurs in the quiet and stable atmosphere of higher humidity, lower pressure, lower
temperature, small winds, and low MLH (Figure 10).

4. Conclusions

We select a total of 27 representative stations in seven areas (Northeast China, Beijing-
Tianjin-Hebei and surrounding areas, Feiwei Plain, Yangtze River Delta, Sichuan-Chongqing,
Central China and Pearl River Delta) in central and eastern China to analyze the year-on-
year evolution trend of PM2.5 pollution in the autumn and winter from 2013 to 2020. The
increased stage of pollutants is divided into SLG, RAG, and EXG, according to the different
accumulation rate of pollution. Taking Beijing as an example, a comparative study is
conducted on the distribution characteristics of aerosol particle size, the contribution of
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chemical components, and the differences in meteorological conditions in three growth
rates. The average value of PM2.5 in the autumn and winter of each regional representative
station shows a decreasing trend as a whole, especially after 2017, where the decreasing
trend was significant. The +∆PM2.5 in the north of the Huai River is lower than that in the
south of the Huai River, and the +∆PM2.5 after 2017 also showed a significant decreasing
trend compared with that before 2017. The average PM2.5 threshold before the EXG is
70.8 µg m−3, and the threshold that is extremely prone to EXG ranges from 156 µg m−3 to
277 µg m−3 in the stations north of the Huai River. For the area south of the Huai River,
the threshold for PM2.5 EXG is relatively low, while a more stringent threshold also puts
forward stricter requirements for atmospheric environmental governance. With the growth
rate increase, the peak number concentration diameters gradually shift to a larger size in
Beijing. The number concentration increasing mainly distributed in AIM and ACM during
EXG. Among the various components of PM1, OAs, especially POA, have become one
of the most critical components for the EXG of pollutants in Beijing. During the GP, the
contribution of SPM to the accumulated pollutants is significantly higher than that of PPM.
However, with the increase in growth rate, the proportion of SPM gradually decrease. In
the EXG, the contribution of the PPM can reach up to 48%. Compared to SLG and RAG,
EXG mainly occurs in the stable atmosphere of higher humidity, lower pressure, lower
temperature, small winds, and low MLH.
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