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h i g h l i g h t s
� PM2.5 growth processes during 2013e2016 in the NCP and YRD region of China were investigated.
� 4-year averaged PMRRs of PM2.5 total mass are 7.07± 8.42 mgm�3 h�1 in BJ and 6.60 ± 5.99 mgm�3 h�1 in SH.
� Organic aerosol is more important in BJ, while nitrate is more important in SH.
� The PM2.5 growth processes in BJ and SH are proposed to be classified into four general categories.
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a b s t r a c t

The North China Plain and the Yangtze River Delta are the two of the most heavily polluted regions in
China. Observational studies revealed that ‘explosive’ PM2.5 mass concentration growths frequently
occurred in the two regions. This study analyzed all the PM2.5 mass concentration growth processes from
clean condition (i.e., <35 mgm�3) to heavy pollution condition (i.e., >150 mgm�3) in Beijing (BJ) and
Shanghai (SH), two representative cities of the two regions, using hourly monitored PM2.5 concentrations
during 2013e2016. 173 and 76 growth processes were identified in BJ and SH, respectively. PM2.5 rising
rates (PMRR) and dynamic growth durations were calculated to illustrate the characteristics of the
growth processes. Hourly particulate chemical composition data and meteorological data in BJ and SH
were further analyzed. The 4-year averaged PMRR of PM2.5 total mass were similarly of 7.11± 9.82 mgm�3

h�1 in BJ and 6.71± 6.89 mgm�3 h�1 in SH. A decreasing trend was found for the PM2.5 growth processes
in two cities from 2013 to 2016, reflecting the effectiveness of emission controls implemented in the past
years. The contributions of particulate components to the PM2.5 total mass growth were different in BJ
and SH. Average PMRR value of PM1 organic aerosols (OA), SO4

2�, NO3
�, and NH4

þ in BJ was 1.90, 0.95, 0.82,
and 0.53 mgm�3 h�1, respectively. Average PMRR of PM2.5 OA, SO4

2�, NO3
�, and NH4

þ in SH was 1.70, 1.18,
1.99 and 1.14 mgm�3 h�1, respectively. Based on the contributions of different components, the PM2.5

mass concentration growth processes in BJ and SH were proposed to be classified into ‘other
components-dominant growth processes’, ‘all components-contributing growth processes’, ‘one or more
explosive secondary components-dominant growth processes’, and ‘mixed-factor growth processes’.
Potential source contribution function analysis and the meteorological condition analysis showed that
source origins and prevailing wind for the two cities during different categories of growth processes had
substantial difference. The important source areas included Hebei and Shandong for BJ, and Jiangsu and
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Anhui for SH. The dominant wind directions during growth processes were northeast, south and
southwest in BJ, and were west to north in SH. The results suggested the contributing components, the
prevailing wind conditions, and the formation processes were substantially different in the two cities,
despite the similar PMRR of PM2.5 total mass during the growth processes between BJ and SH. Future
research is needed to study the detailed formation mechanisms of the different PM2.5 mass concentration
growth processes in the two cities.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

China has been suffering from serious haze pollution charac-
terized by high fine particulate matter (PM2.5) concentrations in
recent years, due to a large amount of air pollutant emissions with
the rapid growth of energy consumption associated with the fast
economic development and intensified urbanization (Bai et al.,
2014). Especially, the North China Plain (NCP) and the Yangtze
River Delta (YRD) are two of the regions with the most serious
PM2.5 pollution (Wang et al., 2015a; Zhang and Cao, 2015), and also
they are the most populous and economically developed regions in
China. Heavy PM2.5 pollution is found to pose great threats to public
health (Hu et al., 2017; Lelieveld et al., 2015; Liu et al., 2016a).

Studies have reported that PM2.5 concentration could grow
quickly in the two regions (Ji et al., 2014; Li et al., 2016; Lv et al.,
2017; Sun et al., 2014). For example, Zheng et al. (2015) found
that sharp increase in PM2.5 concentrations could be up to several
hundred mg m�3 per hour recorded in Beijing (BJ), the capital city of
China located in the NCP region, in January of 2012 and 2013. Sun
et al. (2014) also observed that the PM1 (i.e., particulate matter
with aerodynamic diameters< 1 mm) mass concentrations in BJ
during January 12-13, 2013 were more than 10 times higher than
those measured during clean periods. Li et al. (2016) found that the
average PM2.5 concentrations were 3.4 times higher during haze-
fog than clean periods in Nanjing, a megacity located in the YRD
region, in December 2013.

Many studies have been conducted in recent years to investigate
the formation mechanisms of heavy haze air pollution in the two
regions (Guo et al., 2014; Huang et al., 2014a; Sun et al., 2014, 2016;
Wang et al., 2015a; Yang et al., 2015; Zheng et al., 2015). Several
factors affecting PM2.5 growth have been identified, including high
primary emissions (Yang et al., 2016; Zhang et al., 2012b), regional
transport from highly polluted areas (Chen and Xiang-De, 2017; Fu
et al., 2016; Sun et al., 2017; Wu et al., 2017; Xue et al., 2014),
secondary transformation (Quan et al., 2015; Tian et al., 2015;Wang
et al., 2014b), as well as adverse and stagnant meteorological
conditions (Fu and Chen, 2016; Wang et al., 2018b; Zhang et al.,
2014b, 2015). For example, Kang et al. (2014) found that second-
ary compounds accounted for 49.8% of the total PM2.5 in BJ during
the winter of 2012. Huang et al. (2014b) found that secondary
aerosol formation contributed 51% of PM2.5 in episodes of severe
haze pollution in BJ during January 2013. At an urban-industrial
area of Nanjing in January of 2015, Yu et al. (2018) observed that
the average mass concentration of the dominant water-soluble ions
(SO4

2�, NO3
�, and NH4

þ) in PM2.5 was about 2e3 times higher during
the polluted periods thanmeasured during the clean periods. In the
other hand, Zhang et al. (2014b) found that more than 2/3 of the
variance of observed evolution of the fog and haze event could be
explained by the meteorological conditions (the weakened surface
winds and the anomalous inversion in the near surface) over
eastern China in January 2013.

Air pollution has become a top concern of the Chinese public,
especially in the NCP and YRD regions (Chang et al., 2017, 2018;
Huang et al., 2014b; Shu et al., 2017;Wang et al., 2015b; Zhang et al.,
2014a, 2014b). Comprehensive pollution control strategies have
been implemented, such as the Action Plan for Air Pollution Pre-
vention and Control (2013) (Liang et al., 2017; Qiu, 2014), to
improve air quality by reducing emissions of pollutants (mainly
primary PM, SO2, and NOx) (Huang et al., 2013; Wang and Hao,
2012; Zhang et al., 2012a). As a result, annual average PM2.5 con-
centrations have been declining since 2013 in the two regions
(Wang et al., 2017b). However, severe haze pollution events in the
two regions still occurred frequently during the past few years. It is
urgent to understand the formation mechanism for the severe haze
pollution events. Even though factors for individual events or
processes have been identified in previous studies, the overall
relative importance of the factors still remains unclear (Hu et al.,
2015b; Sun et al., 2014; Yang et al., 2015). The objective of this
study is to investigate the relative importance of controlling factors
for different PM2.5 mass concentration growth processes in the NCP
and YRD regions. The results will improve our understanding of the
mechanism of severe haze pollution events and help in designing
effective strategies to improve air quality in the NCP and the YRD
regions.
2. Data and methods

2.1. Study cities and data collection

In this study, we analyzed the dynamic accumulation of PM2.5
using hourly concentrations between 18 January 2013 and 31
December 2016 in BJ and Shanghai (SH). BJ and SH is the biggest
mega-cities in the NCP and YRD region, respectively (locations
shown in Fig. S1 in the Supplemental Materials). Many studies have
chosen BJ and SH to represent the air quality in NCP and YRD, such
as (Hua et al., 2015; Ji et al., 2014; Yang et al., 2015). Hourly con-
centrations of PM2.5 in BJ and SH from 18 January 2013 to 31
December 2016 were obtained from the publishing website of
China National Environmental Monitoring Center (http://113.108.
142.147:20035/emcpublish/). The measurement method for this
dataset can be found in previous studies and the references therein
(Hu et al., 2014, 2015a; Wang et al., 2014a).

Hourly PM1 chemical composition of OA, SO4
2�, NO3

� and NH4
þ in

BJ was measured by an Aerodyne Aerosol Chemical Speciation
Monitor from 1 January to 24 May 2013. The measurements were
taken at Institute of Atmospheric Physics (IAP), Chinese Academy of
Sciences (39�5802800N, 116�2201600E), which is located between the
north 3rd and 4th ring road in BJ. The sampling site is located in the
urban center, where most of the PM2.5 mass monitoring sites are
located. According to a study examining the spatial and temporal
variations of criteria air pollutants in BJ using 1-year ambient
monitoring data (Guo et al., 2017), the PM2.5 among urban sites in
Beijing is highly homogeneous. The descriptions of ACSM mea-
surements and data analysis is given in Sun et al. (2012). Hourly
PM2.5 chemical composition of OC, SO4

2�, NO3
� and NH4

þ in SH was
measured by the Monitors for AeRosols and Gases (MARGA,
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Applikon B.V., NL) (Chang et al., 2016) during 1 June 2014 to 31
December 2015. A ratio of 2 was used to convert OC to OA (i.e.,
OA¼ 2OC) (Xing et al., 2013; Zhang et al., 2014a).

2.2. PM2.5 mass concentration growth processes

We focused on the PM2.5 mass concentration growth processes
from clean condition ([PM2.5] min) to heavy pollution condition
([PM2.5] max). [PM2.5] min is the lowest PM2.5 concentrations less
than 35 mgm�3 and [PM2.5] max is the highest PM2.5 concentrations
greater than 150 mgm�3. Examples of the PM2.5 growth processes
are presented in Fig S2. PM2.5 concentration rising rates (PMRR)
were defined in Eq. (1):

PMRR
�
mg$m�3$h�1

�
¼ ð½PM2:5� maxe½PM2:5� minÞ

Duration ðhourÞ (1)

PMRR was used to illustrate the strength of the PM2.5 mass
concentration growth processes (Lv et al., 2017; Yang et al., 2015). In
this study, PMRR and dynamic growth duration are calculated to
illustrate the characteristics of the growth processes. All growth
processes of PM2.5 in BJ and SH during the four-year studying
period were screened and PMRR of each growth process was
calculated. In addition, identified PM2.5 mass concentration growth
processes during the periods with available composition mea-
surements in BJ and SH were selected for further analyses. In total,
22 PM2.5 mass concentration growth processes were identified in BJ
and 19 processes were identified in SH with available composition
measurement data. PMRR of each component was then calculated
for these growth processes. Magnification of each chemical
composition and PM2.5 total mass were calculated by dividing the
concentration at the end hour of the growth processes by the
concentration at the beginning hour of the 41 PM2.5 mass con-
centration growth processes. Then the magnification ratios (MR)
were determined using the following equation:

MR ¼ Magnification of chemical composition
Magnification of PM2:5 total mass

(2)

2.3. Meteorological and potential source contribution function
(PSCF) analysis

Meteorological conditions during each growing process in BJ
and SH were investigated, in order to further analyze the influence
of meteorological factors on the PM2.5 mass concentration growth
processes. Meteorological parameters including wind speed (WS,
m/s), wind direction (WD, �N), temperature (T, �C) and relative
humidity (RH, %) were considered in this study. Meteorological
observational data were obtained from the publishing website of
National meteorological information center of China (http://data.
cma.cn/data/). Meteorological characteristics for growing pro-
cesses with different PMRR intervals were analyzed.

The PSCF method (Hopke, 2016; Xin, 2016) was used to identify
the possible source areas by analyzing trajectory pathways. HYS-
PLIT model, developed by the Air Resources Laboratory (ARL) of the
Table 1
The number of PM2.5 mass concentrations growth process, average PMRR and average d

City Number

Total Spring Summer Fall

Beijing (BJ) 173 41 29 42
Shanghai (SH) 76 14 5 15
United States National Oceanic and Atmospheric Administration
(NOAA) (Stein et al., 2016), was used to calculate the 72-h backward
trajectories using National Centers for Environmental Prediction
(NCEP) reanalysis data. The altitude of the receptor site was set in
the height of 500m above ground level in this study. The entire
geographic region covered by the trajectories was divided into an
array of grids (defined by the cell indices i and j). The PSCF value of
each grid cell was calculated using the following equation:

PSCFi;j ¼
Si;j
Ti;j

(3)

where Si,j represents the number of trajectory endpoints for which
the measured pollutant concentration exceeds a threshold value
selected for it in the (i, j) grid cell, and Ti,j represents the total
number of trajectory endpoints that fall in the grid cell.

High PSCF values represent likely source locations. The
threshold criterion value was set at 75 mgm�3. To eliminate the
uncertainty due to the small values of Tij, an arbitrary weight
function Wij was multiplied by the PSCF value, as suggested by
Cheng et al. (1993):

1:00 40 < Ti; j
Wi; j ¼ 0:70 10< Ti; j � 40
0:42 5 < Ti; j � 10
0:17 Ti; j � 5

(4)

3. Results and discussion

3.1. PMRR in NCP and YRD

Table 1 shows the number of PM2.5 mass concentration growth
processes, average PMRR and average duration time of BJ and SH
during the study period of 2013e2016. BJ and SH had 173 and 76
growth processes respectively. The number of PM2.5 mass con-
centration growth processes in BJ was much larger than that in SH.
The results indicated the two cities had similar PMRR and duration
time. The 4-year average PMRR in BJ and SH was 7.07± 8.42 mgm�3

h�1 in BJ and 6.60± 5.99 mgm�3 h�1 in SH, respectively. The 4-year
average duration time in BJ and SH was also similar, with
43.34± 23.77 h in BJ and¼ 38.51± 21.34 h in SH. Similar PMRR
values were also found between BJ and SH for PM2.5 mass con-
centration growth processes with different duration time (shown
in Table S1 in the Supplemental Materials).

The growth processes of BJ mainly occurred in the winter, ac-
counting for about 35% of the total growth processes, followed by
24% in autumn and 24% spring. In SH, PM2.5 mass concentration
growth processes mainly occurred in winter, accounting for about
55%. Number of PM2.5 mass concentration growth processes was
the least in summer in both BJ and SH, accounting for 17% and 7%
respectively. The seasonal difference of the growth processes was
mainly due to the seasonal variations in emissions and meteoro-
logical conditions. Residential emissions of coal and biomass
burning for house heating in winter were significantly high and
contributed largely to high PM2.5 pollution (Liu et al., 2016b; Shi
uration for BJ and SH between 18 January 2013 and 31 December 2016.

Average PMRR (mgm�3h�1) Average duration time (T)

Winter

61 7.07± 8.42 43.34± 23.77
42 6.60± 5.99 38.51± 21.34

http://data.cma.cn/data/
http://data.cma.cn/data/
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et al., 2017; Sun et al., 2013). In addition, ventilation conditions
were poorer in winter than in summer due to slower wind and
shallowermixing layer height (Liu et al., 2013; Shu et al., 2017; Yang
et al., 2015; Zhang et al., 2014b).

Fig. S3 displays the relative occurrence frequency of PMRR in BJ
and SH. PMRR was categorized into seven different intervals
(0< PMRR< 2, 2< PMRR< 4, 4< PMRR< 6, 6< PMRR< 8,
8< PMRR< 10, 10< PMRR< 20, PMRR> 20; PMRR in units of mg
m�3 h�1). The results suggest that the PMRR values in BJ and SH
were mainly in the range of 2< PMRR< 8, accounting for 78% and
74%, respectively. PMRR in BJ had the highest frequency in the in-
terval of 4< PMRR< 6, which accounted for 38% and PMRR in SH
had the highest frequency in the interval of 2< PMRR<4, which
accounted for 32%.

Fig.1 shows the variation in the number of the growth processes
in BJ and SH from 2013 to 2016. A decreasing trend was found for
the PM2.5 mass concentration growth processes in BJ and SH. On
average, the number of PM2.5 mass concentration growth processes
decreased by 27.45% in BJ and 45.45% in SH from 2013 to 2016.
Comprehensive pollution control strategies have been imple-
mented since 2013 in China, such as the Action Plan for Air Pollu-
tion Prevention and Control (2013) (Liang et al., 2017; Qiu, 2014).
Emissions of major pollutants have declined and resulted in
decrease of annual average PM2.5 concentrations since 2013 in the
NCP and YRD regions (Wang et al., 2017b). The annual average
concentration of PM2.5 generally decreased by 1.5 mgm�3 year�1

from 2000 to 2015 under the implementation of 16 phases’ air
pollution control measures in Beijing (Lang et al., 2017). The
declining number of PM2.5 mass concentration growth processes
confirmed that the pollution control strategies in China have been
effective in recent years.

Fig. 2 shows the diurnal variation of the mean (25% and 75%
percentiles are also shown in the figure) PMRR in BJ and SH aver-
aged over the respective 173 and 76 growth processes. A three-peak
mode diurnal variation of the growth processes was identified in
both BJ and SH. The hours with higher PMRR in BJ were around
midnight, early morning (hours 8e10) and early evening (hours
18e19). The hours in SH with higher PMRR was similar but 1e2 h
earlier in the morning and 1e2 h later in the evening growth pro-
cesses, compared to those in BJ. A few studies have identified a
similar mid-night peak in black carbon and particle number con-
centrations in Beijing (Hua et al., 2016; Westerdahl et al., 2009),
Fig. 1. The number of PM2.5 mass concentration growth process in BJ and SH from 2013
to 2016.
because transportation of goods to Beijing via heavy-duty diesel
vehicles has been permitted at midnight only, and the number of
trucks is large. The first peak might be related to mid-night diesel
vehicle emissions, although the contribution to the total PM2.5 mass
need to be further quantified. The second and third peak might be
resulted from vehicles emissions during rush hours and/or cooking
activities for breakfast and dinner. Studies indicated that the haze
events occurred at 08:00 in North China account for nearly half of
total events from 1960 to 2012 (Chen and Wang, 2015; Hua et al.,
2016).

3.2. Chemical composition analysis

Wang et al. (2014a, c) suggested that the internal cause of the
January 2013 heavy haze pollution episode over central and eastern
China was the quick secondary transformation of primary gaseous
pollutants to secondary aerosols. Chemical composition analysis
revealed that the mass ratio of the sum of secondary inorganic
aerosols (SIA¼ SO4

2� þ NO3
� þ NH4

þ) to PM2.5 increased rapidly
during the polluted days in January 2013 at three sites (BJ, SH, and
Huaniao) (Wang et al., 2015b). PMRR of the major components (OA,
SO4

2�, NO3
� and NH4

þ) were calculated for the 22 PM2.5 mass con-
centration growth processes in BJ and 19 PM2.5 mass concentration
growth processes in SH with available composition measurement
data. Fig. 3 shows that the PMRR of the four chemical components
and the PM2.5 total mass during every growth process in BJ and SH.
The compositionmeasurements made in BJ are of PM1. A ratio of 0.7
(i.e., PM1¼0.7*PM2.5) (Wang et al., 2014b), was used to roughly
estimated the PMRR of PM1 mass in BJ. The difference between the
PMRR of the total mass and the sum of PMRR of the four compo-
nents was small in SH, indicating that the four components domi-
nate the total mass of PM2.5 in SH. This also held true for most
growth processes in BJ. SO4

2�, NO3
� and NH4

þ and OAwere dominant
in the most of PM2.5 growth processes of BJ and SH, while other
components could also contribute significantly to the PM2.5
growths in a few processes in BJ, such as the growth processes on
2013/2/14 and 2013/5/12. During these processes, other compo-
nents contributed largely to PM total mass growth.

The results also show that different growth processes were
contributed by different components. For examples, in BJ OA had
the largest PMRR on the growth process on 2013/1/22, while PMRR
of SO4

2� on 2013/5/16 and PMRR of NO3
� on 2013/4/19 was the

largest of the four components. The similar phenomenon that
different components dominate different growth processes was
also found in SH. On average of all the growth processes with
available component measurements, the average PMRR of PM1 (OA,
SO4

2�, NO3
�, and NH4

þ) in BJ was 1.90, 0.95, 0.82 and 0.53 mgm�3 h�1,
respectively. The average PMRR of PM2.5 (OA, SO4

2�, NO3
�, and NH4

þ)
in SH was 1.70, 1.18, 1.99 and 1.14 mgm�3 h�1, respectively. There-
fore, OA was more important for the mass concentration growth
processes of PM2.5 in BJ, while nitrate was more important in SH
during the studying periods.

The relative importance of different components in different
PM2.5 mass concentration growth processes was further confirmed
in Fig. 4, which shows the MR values of the three components (i.e.,
OA, SO4

2� and NO3
�) during each growth process. Based on the MR

values, relative importance of different components to the PM2.5
total mass growth during the 41 PM2.5 mass concentration growth
processes could be identified, and we propose to classify the
growth processes in BJ and SH into four general categories:

Category I: The ratios of the three components are all below 1.0,
and the ratio of at least one component was around or even under
0.5. In this category, the three major components increased with
much slower rates than PM2.5 total mass. Therefore, this category
belongs to ‘other components-dominant growth processes’. The



Fig. 2. Diurnal variations of PMRR in BJ (a) and SH (b).
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‘other components’, different from OA, SO4
2� and NO3

�, were mostly
primary components. One of the sources of ‘other components’was
dust. According to the Sand-Dust Weather Almanac 2013 (http://
cyfd.cnki.com.cn/N2016090113.htm) dust events were identified
during 2013/02/22, 2013/03/13, and 2013/05/12. But also the other
components could come from other sources for other Category I
processes, and these sources need to be identified in future studies.

Category II: The ratios of the three components are all in the
range of 0.5e1.5, which means the components, including the four
components and other components, grew at similar rates as the
PM2.5 total mass. This category is classified as ‘all components-
contributing growth processes’. The similar growths in all compo-
nents could be due to local accumulation with stagnant meteoro-
logical conditions, or transport from regions with similar PM2.5
compositions.
Category III: The rising ratio of at least one component is above

2.5, which means one or more major components increase with
much faster rates than PM2.5 total mass. This belongs to the one or
more explosive secondary components-dominant growth pro-
cesses. A few studies (Tan et al., 2018; Wang et al., 2017a, 2018a)
have revealed that the atmospheric oxidants in Beijing were high in
winter and led to large amount of secondary species formation.

Category IV: Processes that do not fall into any of the above
categories are classified as the fourth category, and this category is
more like a mixed-factor category. As an example shown in Fig. S4,
this category of growth processes typically involved a few different
developing stages, and no single factor could explain the entire
processes.

http://cyfd.cnki.com.cn/N2016090113.htm
http://cyfd.cnki.com.cn/N2016090113.htm


Fig. 3. (a) PMRR of four major components (i.e., OA, SO4
2�, NO3

� and NH4
þ), PM2.5 and PM1 in BJ, (b) PMRR of four major components and PM2.5 in SH.
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The PM2.5 mass concentration growth processes classified into
four categories in BJ and SH were presented in Table S2 in the
Supplemental Materials. Out of the 22 growth processes in BJ
during January to May 2013, there were 6, 6, 7, and 3 growth pro-
cesses of Category I-IV, respectively. Out of the 19 growth processes
in SH during June 2014 to December 2015, there were 1, 4, 4, and 10
growth processes of Category I-IV, respectively. It should be noted
that the findings may be more accurate reflecting the overall causes
of PM2.5 mass concentration growth processes in SH with contin-
uous data over a full year period but may be less accurate for BJ due
to limited data available only in five months in BJ. In addition,
comparison of the year 2014 in Shanghai to the year 2013 in Beijing
in this study should be cautions as some studies (Zou et al., 2017)
showed that the ventilation conditions in January 2013 were
extremely poor, which might be linked to Arctic conditions,
resulting unprecedentedly high PM concentrations.

3.3. PSCF and meteorological conditions analysis

Regional transport is important for PM pollution in these two
regions (Fu et al., 2014, 2016; Hua et al., 2016). In this study, the
PSCF method was used to identify the possible source areas of the
pollutants reaching BJ and SH in different categories of PM2.5 mass
concentration growth processes. Fig. 5a-d shows that emissions



Fig. 4. Classification of the dominant factors of growth processes in BJ (a) and SH (b). The magnification ratios represent the ratios of the magnification of the three components (i.e.,
OA, SO4

2� and NO3
�) to that of PM2.5 total mass concentrations. The size of the circle represents the concentration proportion of four components to the PM2.5 concentrations at the

hour of maximum PM2.5 concentrations of each growth process.
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from heavily polluted areas in the south of Beijing and local emis-
sions had a significant impact on PM concentrations in BJ. From the
analysis of Beijing PSCF calculation in category I (Fig. 5a), high PSCF
values are found mostly in the south areas to BJ, including large
areas in Hebei province, Tianjin, and North path of Shandong
province. The results also indicate that BJ is also affected by tra-
jectories far from the northeast and northwest, mainly during the
dust events (http://cyfd.cnki.com.cn/N2016090113.htm). Fig. 5b
confirmed that local emissions in BJ were responsible for PM2.5
accumulations in the 2nd category of PM2.5 mass concentration
growth processes. Fig. 5c shows that during the explosive second-
ary components growth processes, the potential sources could
come from the south areas to BJ, but also could come from the east/
northeast areas to BJ, such as Tangshan. Fig. 5d shows that the
potential source areas in category IV were located in the Heibei,
Shangdong, and Tianjin. In SH, the potential sources are in SH,
Jiangsu and Anhui provinces for most PM2.5 mass concentration
growth processes, as shown in Fig. 5e-h. During the Category I
processes, Fig. 5e, sources were mainly from northwest direction,
while for the other three categories, the sources came from more
scattered directions.

Clear difference of the source origins for different categories of
growth processes was observed in BJ and SH. Long-range transport
could have significant contributions in Category I processes in the
two cities, which was mainly related to dust events (http://cyfd.
cnki.com.cn/N2016090113.htm). In addition, especially in BJ, the
regional transport from nearly source areas also had important
contribution to Category I processes. While regional transport also
played important role in the other three categories of processes, the
trajectories was obviously longer in Category I. Compared the tra-
jectories between BJ and SH, source origins for BJ were more
concentrated around BJ, while sources for SH were more scattered
and distant from SH.

Previous studies indicated that the formation of severe haze

http://cyfd.cnki.com.cn/N2016090113.htm
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Fig. 5. PSCF plots for the PM2.5 mass concentrations growth processes in BJ (aed) and SH (eef) by the four general categories.
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Fig. 6. The wind rose of PM2.5 mass concentrations growth processes with low to high PMRR values in BJ (a) and SH (b). The PMRR values were divided into seven different intervals
(0< PMRR< 2, 2< PMRR< 4, 4< PMRR<6, 6< PMRR < 8, 8< PMRR< 10, 10< PMRR< 20, PMRR> 20; PMRR in units of mg m�3 h�1).
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episodes is closely associated with meteorological conditions such
asWS, WD, RH and T (Ding and Liu, 2014; Fu and Chen, 2016; Wang
et al., 2018b; Yang et al., 2015; Zhang et al., 2014b; Zheng et al.,
2015). Meteorological parameters WS, WD, T, and RH were
analyzed for all growth processes during the four years in this
study. Fig. 6 shows the wind direction and wind speed for growth
processes with different PMRR intervals in BJ and SH. As a com-
parison, the average wind rose for all growth processes and for
clean periods (PM2.5< 75 mgm�3) was shown in Figs. S5 and S6 in
the Supplemental Materials, respectively. The results clearly show
that specific wind directions affected air pollutants more than other
directions. This finding was consistent with a previous study by
Zhang et al. (2015). In BJ, the dominant wind directions during
growth processes were northeast, south and southwest. This was
because easterly and southerly wind could transport pollutants
from heavily polluted regions (Wang et al., 2013). While in SH, the
dominant wind directions in the growth processes were west to
north, indicating that the transport of pollutants from north and
west to SH contributed largely to PM2.5 mass concentration growth
processes (Ying et al., 2014). The four-years average WS of PM2.5
mass concentration growth processes in BJ and SH are
1.80± 0.97m/s and 2.35± 1.19m/s, respectively. Previous studies
(Lv et al., 2017; Ma et al., 2017; Sun et al., 2016; Zheng et al., 2015)
have shown that regional transport could occur with such wind
speed in Beijing. Variations of RH and T during the growth pro-
cesses in BJ and SH are shown in Fig. S7 in the Supplemental
Materials.
4. Conclusions

In this study, we analyzed the dynamic accumulation of PM2.5

using hourly concentration BJ and SH between 18 January 2013 and
31 December 2016. We focused on the PM2.5 mass concentration
growth processes from the lowest concentration <35 mgm�3 to the
peak >150 mgm�3 during 2013e2016. 173 and 76 growth processes
were identified in BJ and SH, respectively. The 4-year averaged
PMRRs in BJ and SH were 7.11± 9.82 mgm�3 h�1 and
6.71± 6.89 mgm�3 h�1, respectively. A decreasing trend was found
for the PM2.5 mass concentration growth processes in all cities due
to emission controls implemented in the past years. Despite the
similar PMRR values for PM2.5 total mass, the contributions of
components were different. Average PMRR of PM1 OA, SO4

2�, NO3
�,

and NH4
þ in BJ was 1.90, 0.95, 0.82 and 0.53 mgm�3 h�1, respectively.

Average PMRR of PM2.5 OA, SO4
2�, NO3

�, and NH4
þ in SHwas 1.70,1.18,

1.99 and 1.14 mgm�3 h�1, respectively. Therefore, OA was more
important for the growth processes of BJ in the first half of 2013,
while nitrate was more important in SH during June 2014 to
December 2015. To illustrate the importance of different compo-
nents to the growth processes, we proposed to classify the PM2.5
mass concentration growth processes in BJ and SH into four general
categories: Category I - ‘other components-dominant growth pro-
cesses’, Category II - ‘all components-contributing growth pro-
cesses’, Category III - ‘one or more explosive secondary
components-dominant growth processes’, and Category IV -
‘mixed-factor growth processes’. In BJ, there were 6, 6, 7, and 3
growth processes of Category I-IV, respectively, during January to
May 2013. In SH, there were 1, 4, 4, and 10 growth processes of
Category I-IV, respectively, during June 2014 to December 2015.
PSFC analysis showed that both long-rang transport and regional
transport were important for Category I growth processes. For
other categories, regional transport from highly polluted areas was
also important for PM2.5 growths in BJ and SH. The important
source areas weremainly located in Hebei and Shandong for BJ, and
Jiangsu and Anhui for SH. The results indicate that even though the
PMRR of PM2.5 mass concentration growth processes was similar
between BJ and SH, the contributing components, the prevailing
wind conditions, and the formation processes were substantially
different in the two cities. More studies on detailed formation
mechanisms of the different PM2.5 mass concentration growth
processes in the two cities are needed in future.
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